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Deep brain stimulation (DBS) has been successfully applied in several neurological and psychiatric
disorders. A substantial number of patients suffering from a brain disorder either do not, or insufficiently,
respond to pharmacological treatment. This results in increasing costs for public health systems and a
growing burden for society. Fortunately, the number of approved indications for DBS keeps expanding,
thereby improving the quality of life of many individuals. Nevertheless, defining the optimal target
and stimulation paradigm for the individual patient remains a challenge. In this Special Issue, a series
of twelve papers is presented by international leaders in the field on the current trends in clinical deep
brain stimulation for a range of neurological and psychiatric disorders.

One of the most common psychiatric disorders considered to be treated using DBS is
depression. Unfortunately, recent randomized controlled trials show disappointing results of DBS for
treatment-resistant depression (TRD). Contrary to these findings, the meta-analysis conducted by Hitti
et al. shows that DBS is an effective treatment for TRD [1]. This promising finding should serve as an
encouragement for future studies to optimize patient selection, stimulation settings and target selection.
In line with this, Roet et al. also plead for a more personalized treatment approach for patients suffering
from TRD [2]. They conclude that depression should not be considered as one disorder and patients
should be subtyped. Target selection would depend on specific patient characteristics assessed by a
variety of biomarkers, such as clinical characteristics and findings from (functional) imaging studies.
The authors argue that postoperative monitoring using momentary assessment techniques could be
helpful in optimizing DBS therapy for the individual patient suffering from major depressive disorder.
Khairuddin et al. conducted an in-depth literature review on DBS treatment of the subcallosal cingulate
in patients with TRD [3]. This review displays the immense differences in response and remission
rates between studies. These differences might be overcome by a more personalized approach. The
authors underline the complexity of evaluating treatment effects in this patient group. Important
inroads are also being made in the understanding of DBS working mechanisms in the treatment of
TRD using preclinical studies. Animal studies show distant stimulation effects in the limbic network
and neuroplasticity, as well as modifications at the molecular level.

In contrast to major depressive disorder, DBS for obsessive compulsive disorder (OCD) has the
approval of the FDA as a humanitarian device exemption. The individual outcome of DBS, however,
varies between patients. Generally, several pharmaceutical, as well as non-pharmaceutical, behavioral
therapies are offered to patients before DBS surgery. The potential amplifying effect of these therapies
in combination with DBS has insufficient attention. The review by Görmezoǧlu et al. highlights the
need to better investigate the synergetic effects of cognitive behavioral therapy (CBT) and DBS in
patients suffering from OCD [4].

J. Clin. Med. 2021, 10, 178; doi:10.3390/jcm10020178 www.mdpi.com/journal/jcm1
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Chronic pain is a debilitating neurological symptom which is difficult to treat. Its inherently
chronic nature has a huge impact on the quality of life of the individual affected, as well as societal
costs. From a pathophysiological perspective, it is not surprising that many efforts have been made to
treat patients using DBS. Yet, clinical studies thus far are not very promising. Caston et al. provide a
complete overview on the cerebral pain network and potential targets for DBS [5]. The authors put
forward a novel avenue to define potential DBS targets. They postulate combining electrocorticography
or stereo-EEG (sEEG) with the thermal grill illusion method to map the cerebral pain network to depict
possible targets. An interesting approach suggested by Shirvalkar and colleagues is to use sEEG [6].
They propose a trial period in which the electrodes are initially externalized. The effect of stimulation
can then first be evaluated before a complete DBS system is implanted. Moreover, this strategy gives
the opportunity to obtain neural signals, which might be used as biomarkers of stimulation-induced
pain relief.

The most widely used indications for DBS remain Parkinson’s disease (PD) and essential tremor
(ET). DBS is considered a standard treatment for these disorders. Still, there is plenty of room for
improvement. In this prospect, Bogdan and colleagues propose a novel individualized approach to
optimize DBS settings for patients with ET [7]. Optimal tremor control can be achieved in patients
who do not respond to conventional DBS settings or show habituation. Therefore, commercial
DBS parties need to provide access for clinicians to stimulation options beyond the standard set of
stimulation settings.

Traditionally, DBS electrodes are implanted whilst using local analgesia on the patient. A trend is
to conduct DBS surgeries under general anesthesia [8]. Park and colleagues argue that the classical view,
that DBS surgeries for PD patients are best performed in an awake condition to conduct micro-electrode
recordings (MER) and macrostimulation, is ready for a change. Their literature review forms the basis
to initiate non-inferiority studies to confirm the safety and efficacy of DBS surgeries under general
anesthesia. In our electrophysiology study, we studied the effects of procedural sedation and analgesia
(PSA) on MER [9]. One of our main findings was that dexmedetomidine reduces the power of the
multi-unit activity (MUA) in a dose-dependent matter. The power of the MUA is a parameter which
is commonly used to identify the subthalamic nucleus (STN). To what extent the use of anesthetics
alters the MER signal that hampers accurate identification of the STN needs further study. Of utmost
importance to achieve an optimal lead placement is the quality of the planning based on magnetic
resonance imaging (MRI). Our imaging group provided a critical viewpoint on the optimization
of pre-operative imaging at the level of acquisition, data-processing and planning software [10].
The individual success of DBS relates considerably to psychological aspects. Baertschi et al. show
that illness representations and coping strategies in PD patients are not changed by DBS. However,
psychological variances between PD patients should be considered in the acceptation process of life
with DBS [11]. Finally, we are challenged by Artusi and colleagues to advance our decision making in
the selection process for DBS in PD patients. The current clinical assessment could well benefit from
decision support systems, including well-defined phenotypic as well as genetic aspects [12].

The novel concepts to optimize DBS have been developed in a fascinating rally over recent
decades. Imaging techniques, using high-field MRI, have evolved considerably. New generations of
DBS systems offer more programming options, thereby expanding the therapeutic window. The failure
of randomized controlled DBS trials for several different disorders is reflected by the critical reviews
presented in this Special Issue. A trend towards a different scientific policy using a more individualized
approach for each patient will open new avenues in the field of DBS, while further neurotechnical
advances may, in the future, allow DBS or alternatives to DBS to be offered to a broader group of
patients. To conclude, we endorse a mechanism-based approach using translational research programs
involving diverse experts ranging from basic neuroscientist, engineers, ethicists and clinicians to
advance the field of DBS.

Funding: This research received no external funding.

2



J. Clin. Med. 2021, 10, 178

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hitti, F.L.; Yang, A.I.; Cristancho, M.A.; Baltuch, G.H. Deep brain stimulation is effective for treatment-resistant
depression: A meta-analysis and meta-regression. J. Clin. Med. 2020, 9, 2796. [CrossRef] [PubMed]

2. Roet, M.; Boonstra, J.; Sahin, E.; Mulders, A.E.; Leentjens, A.F.; Jahanshahi, A. Deep brain stimulation for
treatment-resistant depression: Towards a more personalized treatment approach. J. Clin. Med. 2020, 9, 2729.
[CrossRef] [PubMed]

3. Khairuddin, S.; Ngo, F.Y.; Lim, W.L.; Aquili, L.; Khan, N.A.; Fung, M.-L.; Chan, Y.; Temel, Y.; Lim, L.W. A
decade of progress in deep brain stimulation of the subcallosal cingulate for the treatment of depression. J.
Clin. Med. 2020, 9, 3260. [CrossRef] [PubMed]
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Abstract: Major depressive disorder (MDD) is a leading cause of disability and a significant cause
of mortality worldwide. Approximately 30–40% of patients fail to achieve clinical remission
with available pharmacological treatments, a clinical course termed treatment-resistant depression
(TRD). Numerous studies have investigated deep brain stimulation (DBS) as a therapy for TRD.
We performed a meta-analysis to determine efficacy and a meta-regression to compare stimulation
targets. We identified and screened 1397 studies. We included 125 citations in the qualitative review
and considered 26 for quantitative analysis. Only blinded studies that compared active DBS to
sham stimulation (k = 12) were included in the meta-analysis. The random-effects model supported
the efficacy of DBS for TRD (standardized mean difference = −0.75, <0 favors active stimulation;
p = 0.0001). The meta-regression did not demonstrate a statistically significant difference between
stimulation targets (p = 0.45). While enthusiasm for DBS treatment of TRD has been tempered by
recent randomized trials, this meta-analysis reveals a significant effect of DBS for the treatment of
TRD. Additionally, the majority of trials have demonstrated the safety and efficacy of DBS for this
indication. Further trials are required to determine the optimal stimulation parameters and patient
populations for which DBS would be effective. Particular attention to factors including electrode
placement technique, patient selection, and long-term follow-up is essential for future trial design.

Keywords: deep brain stimulation; treatment-resistant depression; depression; meta-analysis;
meta-regression; subcallosal cingulate gyrus; medial forebrain bundle; inferior thalamic peduncle;
ventral capsule; ventral striatum

1. Introduction

Major depressive disorder (MDD) is one of the most common psychiatric diseases,
and while a number of therapies are available, many patients remain symptomatic despite
treatment [1,2]. Well-established treatment modalities for MDD include psychotherapy, medication,
and electroconvulsive therapy (ECT) [3–9]. While ECT is efficacious for many patients resistant to
medication and therapy, there are significant adverse effects associated with ECT, including cognitive
and memory dysfunction [3]. Furthermore, there are patients who are refractory to multiple available
therapies, including ECT. Patients who fail to improve following treatment with two or more therapies
are considered to have treatment-resistant depression (TRD) [5,8,10–12]. Due to the considerable
number of treatment non-remitters (30–40% of patients with MDD), developing novel therapies for
TRD represents a major unmet need.

J. Clin. Med. 2020, 9, 2796; doi:10.3390/jcm9092796 www.mdpi.com/journal/jcm5
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Deep brain stimulation (DBS) is a technique that uses implanted intracranial electrodes to modulate
neural activity. It is currently a well-established, FDA-approved treatment for movement disorders
such as Parkinson’s disease (PD) and essential tremor (ET) [13,14]. In addition to movement disorders,
DBS has been explored as a treatment modality for psychiatric conditions. Multiple human trials
have explored the efficacy of DBS for TRD. Anatomic targets have included the ventral anterior
limb of the internal capsule (vALIC) [15], ventral capsule/ventral striatum (VC/VS) [16], subcallosal
cingulate (SCC) [17–22], inferior thalamic peduncle (ITP) [23], medial forebrain bundle (MFB) [24,25],
and lateral habenula [26]. Reports regarding the efficacy of DBS for TRD have been mixed, with some
studies demonstrating encouraging results, while others have shown a lack of efficacy relative to sham
stimulation. To leverage all of the available data, we performed a meta-analysis to determine the
efficacy of DBS for TRD. We then performed a meta-regression to compare stimulation targets. While
prior meta-analyses have been undertaken [27–29], here we included only studies that compared active
to sham stimulation in a blinded fashion. Furthermore, our analysis includes more recent studies.

2. Methods

2.1. Search Strategy

We used the PubMed database to identify studies investigating DBS for MDD and screened
all studies for inclusion. We used the following search terms to identify relevant studies:
(“deep brain stimulation”[MeSH Terms] OR (“deep”[All Fields] AND “brain”[All Fields] AND
“stimulation”[All Fields]) OR “deep brain stimulation”[All Fields] OR “DBS”[All Fields]) AND
(“depressive disorder”[MeSH Terms] OR (“depressive”[All Fields] AND “disorder”[All Fields]) OR
“depressive disorder”[All Fields] OR “depression”[All Fields] OR “depression”[MeSH Terms]). All
studies were considered, including studies written in other languages. The search was conducted
on 10/16/2019, and the analysis followed the Preferred Reporting Items for Systematic reviews and
Meta-Analyses (PRISMA) guidelines.

2.2. Study Inclusion and Exclusion Criteria

Only studies that investigated the efficacy of DBS for MDD were included. We excluded studies
that utilized other therapies to treat MDD (e.g., ECT, epidural stimulation, vagal nerve stimulation,
transcranial magnetic stimulation, or tDCS). We also excluded studies that investigated comorbid
depression in the context of other disorders, such as epilepsy, dystonia, Tourette syndrome, anorexia
nervosa, obsessive–compulsive disorder, schizophrenia, headache, ET, and PD. We excluded all
non-human studies. Of the studies relevant to DBS as a treatment for MDD, we excluded case
reports, non-systematic reviews, perspectives, commentaries, editorials, and opinions. We included
the remainder of the studies for our qualitative review. For the quantitative meta-analysis, we only
included studies in which sham stimulation was compared to active stimulation in a blinded fashion
(either single- or double-blind). The clinical trial designs were varied and included both crossover and
parallel studies.

2.3. Data Extraction and Outcome Measures

Our primary outcome was the efficacy of DBS as a treatment for depression as assessed by
changes in the Hamilton Depression Rating Scale (HDRS) or Montgomery–Åsberg Depression Rating
Scale (MADRS) scores. We compared sham stimulation scores to active stimulation scores. The
data were extracted from tables when provided. If tables with the raw data were not provided, the
WebPlotDigitizer tool was used to extract data from published graphs. We also extracted the number
of patients, stimulation target, side effects of treatment, adverse events, study design, and depression
rating scale used.

6
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2.4. Statistical Methods

Statistical analysis was conducted in R using the meta, metaphor, and dmetar packages.
We followed the guide published by Harrer et al. to conduct the analysis [30]. A random-effects model
was employed for the meta-analysis to account for differences in study populations. We used the
DerSimonian–Laird estimator for τ2 (variance of true effect magnitude distributions), as it is the most
widely used estimator. The studies included in the quantitative analysis used different depression
rating scales. Therefore, we computed standardized mean differences so that the studies could be
compared. We also calculated heterogeneity (I2) of the studies in R. The differential efficacies of
the various stimulation targets were compared with mixed-effects meta-regression. R was used to
generate funnel plots and conduct Egger’s test. Means are presented with their corresponding standard
deviations. A p-value < 0.05 was considered statistically significant.

3. Results

We used fairly broad search terms (see Section 2) to ensure the inclusion of all studies relevant to
the use of DBS as a therapy for depression. Our search identified 1397 studies, and all were screened for
inclusion (Figure 1). We excluded 964 studies at the abstract/title level because these studies either did
not use DBS as the therapeutic modality, examined depressive symptomatology in the context of other
diseases, or were non-human animal studies. Of the remaining relevant studies, 308 were excluded
because they were case reports, non-systematic reviews, perspectives, commentaries, editorials, or
opinions. The remaining 125 studies were included in our qualitative review. We then screened
these studies for inclusion in our quantitative meta-analysis. Twenty-six studies were candidates for
inclusion at the abstract level. Thirteen studies were excluded because they did not compare active to
sham stimulation [31–43], and one study was excluded as it included only three patients [44]. Therefore,
12 studies [15–25] (186 unique patients) were included in the meta-analysis and meta-regression
(Table 1). The Raymaekers et al. study was analyzed as two separate studies, because this study
included two anatomically distinct stimulation targets, and both targets were evaluated with blinded
stimulation periods.

Figure 1. Flowchart of studies selected for inclusion in the qualitative review and
quantitative meta-analysis.
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Table 1. Studies included in meta-analysis and meta-regression.

Study Location N Blinded Crossover

Bergfeld et al. 2016 vALIC 16 Yes
Coenen et al. 2019 MFB 16 No

Dougherty et al. 2015 VC/VS 29 No
Fenoy et al. 2018 MFB 6 Yes

Holtzheimer et al. 2012 SCC 10 Yes
Holtzheimer et al. 2017 SCC 85 No

Merkl et al. 2013 SCC 6 Yes
Merkl et al. 2018 SCC 4 Yes *

Puigdemont et al. 2015 SCC 5 Yes
Ramasubbu et al. 2013 SCC 4 Yes
Raymaekers et al. 2017 IC/BST 5 Yes
Raymaekers et al. 2017 ITP 5 Yes

* Only half of the patients crossed over. IC/BST: internal capsule/bed nucleus of the stria terminalis; ITP: inferior
thalamic peduncle; MFB: medial forebrain bundle; SCC: subcallosal cingulate; vALIC: ventral anterior limb of the
internal capsule; VC/VS: ventral capsule/ventral striatum.

The studies included in the meta-analysis had varied trial designs (Table 1). Due to our inclusion
criteria, all studies contained a period of blinded sham stimulation and blinded active stimulation. The
duration of the active and sham stimulation periods, however, was heterogeneous. The average blinded
stimulation duration was 7.5 ± 6.6 weeks. All studies contained an open-label period of long-term active
stimulation following the blinded phases. These long-term data were not included in the meta-analysis,
since the goal of the present study was to compare blinded active stimulation to blinded sham stimulation.
The majority of the trials (75%) were done in a crossover fashion (Table 1). Thus, all of the patients in
these studies received both active and sham stimulation in a blinded fashion. Importantly, these study
designs allow for within-subject comparisons and may enhance statistical power.

Using a random-effects model, our meta-analysis revealed that active stimulation results in a
greater decline in HDRS/MADRS scores relative to sham stimulation (standardized mean difference
(SMD) = −0.75; −1.13 to −0.36, 95% confidence interval (CI); p-value = 0.0001; Figure 2). There was
moderate heterogeneity across studies (I2 = 59%).

 
Figure 2. Meta-analysis forest plot depicting changes in HDRS/MADRS scores with active stimulation
compared to sham stimulation. CI: confidence interval; IC: internal capsule; ITP: inferior thalamic
peduncle; SMD: standardized mean difference; PI: prediction interval.
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In addition to differences in study design, the studies also investigated the efficacy of DBS for
TRD using different stimulation targets (Table 1). The most common target was the SCC (50% of
studies), followed by the internal capsule (IC, 25%), MFB (17%), and ITP (8%). While there were
a limited number of studies, we utilized meta-regression to determine if the available data would
reveal an optimal stimulation target. The meta-regression, however, did not demonstrate a statistically
significant difference (p = 0.45) between stimulation targets (Figure 3).

Figure 3. Meta-regression forest plot comparing various stimulation targets. CI: confidence
interval; IC: internal capsule; ITP: inferior thalamic peduncle; MFB: medial forebrain bundle; SCC:
subcallosal cingulate; SMD: standardized mean difference; TE: treatment effect; seTE: standard error of
treatment effect.

Since the duration of stimulation during the blinded phase varied between studies, we performed
another meta-regression to determine if there was an association between the duration of active
stimulation and SMD. Our analysis did not reveal a significant effect of stimulation duration on SMD
outcomes (p = 0.20).

Publication bias is an important concern when conducting a meta-analysis. We investigated for
possible publication bias by first generating a funnel plot (Figure 4). We then tested for asymmetry of
the funnel plot with Egger’s test. The test revealed that there was no statistically significant asymmetry
in the plot (intercept −1.9; 95% CI −3.864–0.056; p = 0.07), thus arguing against publication bias. Given
the strong trend of Egger’s test and the fact that one study (Fenoy et al. 2018) was a clear outlier,
as depicted in the funnel plot, we re-analyzed the data with this outlier study excluded. Using a
random-effects model, a meta-analysis of the pared data confirmed that active stimulation results in a
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greater decline in HDRS/MADRS scores relative to sham stimulation (SMD = −0.62; 95% CI −0.95 to
−0.30; p = 0.0002). Removing the outlier study decreased study heterogeneity (I2 = 45%) and decreased
the likelihood of publication bias as estimated by Egger’s test (intercept −1.3; 95% CI −3.26–0.66;
p = 0.21).

Figure 4. Funnel plot of studies included in the quantitative analysis.

We examined and compiled the adverse events reported in the studies included in the quantitative
meta-analysis. The adverse events occurring in greater than 1% of patients are listed in Table 2,
and the full list of adverse events in each study is detailed in Supplementary Table S1. The most
common complaint was headache (26% of patients), followed by visual disturbances (21%), worsening
depression (16%), sleep disturbances (16%), and anxiety (14%). All other adverse events were only seen
in less than 10% of patients (Table 2). The authors of the original studies reported that the vast majority
of adverse events were transient and were often resolved by stimulation parameter adjustment. The
headaches were often postoperative and resolved a few days after surgery. A significant number
of patients (n = 16, 8%) expressed suicidal ideation, and a similar number of patients (n = 15, 8%)
attempted suicide. Completed suicides were rare. In two studies, one patient from each study who had
no response to DBS committed suicide [15,16]. In one large study, there were two deaths by suicide in
the control group during the open-label phase [17]. Finally, in another study, two patients committed
suicide [23]. These suicides were deemed to be unrelated to DBS, because both patients had a history
of suicide attempts and DBS did not appear to increase impulsivity [23].
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Table 2. Adverse events.

Adverse Event Patients (N) Patients (%)

Headache 50 26
Blurred Vision/Diplopia 41 21
Worsening depression 31 16

Sleep Disturbances 30 16
Anxiety 26 14

Pain Around Neurostimulator 17 9
Nausea 16 8

Suicidal Ideation 16 8
Pain Around Incisions 16 8

Post-operative discomfort 16 8
Suicide Attempt 15 8
Device Infection 15 8

Balance/Gait Problems 13 7
Non-Specific Somatic Complaints 12 6

Pain/pulling sensation around
Extension Wires 11 6

Other infections 10 5
Agitation 9 5

Paresthesias 9 5
Restlessness 8 4

Disinhibition/Impulsivity 8 4
Hypomania 8 4

Confusion/Cognitive impairment 8 4
Swollen Eyes 6 3

Excessive Sweating 6 3
Memory Disturbance 6 3

Weight Gain/hyperphagia 6 3
Lethargy 6 3

Abnormal Body Temperature 5 3
Hypertension 5 3

Postoperative Delirium 4 2
Constipation 4 2

Speech difficulties 4 2
Panic attack 4 2

Diarrhea 4 2
Irritability 4 2

Libido decrease/increase 4 2
Increase in drug side effects 4 2

Skin Disorder 4 2
Neuralgia 4 2

Drowsiness 4 2
Palpations Around
Neurostimulator 3 2

Neck Pain 3 2
Mania 3 2

Hallucinations 3 2
Palpitations 3 2
Weakness 3 2

Mood swings 3 2
Difficulty voiding/urinary

retention 3 2

Back pain 3 2
Electrode revision 3 2

Elective hospitalization 3 2

11



J. Clin. Med. 2020, 9, 2796

4. Discussion

MDD is a very prevalent neuropsychiatric condition. Although there are a number of existing
treatment modalities, many patients remain symptomatic despite adequate treatment protocols. There
is an urgent need for additional treatment options for TRD, since it is a significant source of morbidity
and mortality.

Pathological neural activity (either hyperactivity or hypoactivity) may lead to neurological or
psychiatric disease, and non-pharmacological neuromodulatory techniques may be used to ameliorate
these conditions. DBS is a neuromodulatory approach that is an FDA-approved treatment for
movement disorders, so multiple investigators have trialed DBS as a therapy for TRD. Initial open-label
reports regarding the efficacy of DBS for TRD were encouraging [36,45], and subsequently, multiple
randomized trials were initiated and completed [16,17]. The large-scale trials, however, did not reveal
a significant difference between the control and treatment groups. A number of reasons have been
posited to explain these negative results, including choice of stimulation target, electrode placement
technique, patient selection, and short-term follow-up of patients [43,46–52].

Due to the discrepancy between earlier reports and larger trials, we undertook a meta-analysis
to investigate the efficacy of DBS for TRD. In agreement with prior analyses [27–29], we found a
significant effect of DBS on TRD. Specifically, active stimulation was associated with an improvement
in depression scores relative to sham stimulation. The effect size of this treatment is medium to large,
as indicated by the SMD of −0.75 [53]. This effect size is much larger than the small effect sizes (~0.3)
seen with pharmacologic antidepressant treatment of patients with MDD [54]. Our findings extend
those of prior analyses by including all currently available studies and by only including blinded
studies that utilized a trial design in which active stimulation was compared to sham stimulation.
Importantly, analyzing the data in this manner allows for the control of placebo effects. While some
patients are able to detect active stimulation due to side effects such as visual disturbances, these effects
are largely absent with a stimulation parameter adjustment [24,25]. With most studies including an
optimization phase prior to the blinded assessments, it is reasonable to propose that comparing active
stimulation to sham stimulation controls for placebo effects.

We conducted a meta-regression to determine if the data would reveal an optimal stimulation target.
Due to the limited number of available studies, our analysis did not demonstrate an optimal target.
With further research, the answer to this question may be elucidated in the future; however, a significant
limitation is the heterogeneous nature of MDD neurobiology (i.e., symptoms of depression as a common
manifestation of multiple brain functional abnormalities). It may be that instead of one optimal
stimulation target for all patients, the optimal stimulation target varies across individuals [46,55–58].

As with any therapy, there is a risk of publication bias since studies with positive results and large
effect sizes are more likely to be published than studies with small effect sizes or negative results [59].
To investigate publication bias in DBS for depression, we plotted the studies in a funnel plot and
used Egger’s test to assess for asymmetry. We did not find evidence of publication bias in this series
of studies.

DBS is a well-tolerated treatment for movement disorders, but it is important to critically evaluate
potential side effects of DBS for depression. The thoroughness of adverse event reporting varied
between the studies. Nonetheless, the majority of adverse events were transient. Furthermore, many
side effects were relieved by a stimulation parameter adjustment, as is seen with DBS for movement
disorders. Patients with MDD are at significant risk for suicide, and patients with TRD have an even
higher risk of suicide [60,61]. Currently available data do not demonstrate an increased risk of suicide
with DBS, since suicide was rare in these studies and occurred at a lower rate than in patients with
severe MDD not receiving DBS [62]. Moreover, the completed suicides occurred in non-responders
or were deemed unrelated to DBS. As an invasive therapy, DBS may be perceived by patients as a
“last resort” for recovery. Therefore, non-responders may represent a particularly high-risk group for
suicide. Psychoeducation and adequate discussion of post DBS treatment options to reframe those
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perceptions may decrease the risk of suicide. In summary, published trials have demonstrated the
safety of DBS for TRD.

While the results of this meta-analysis are encouraging, additional large-scale clinical trials
demonstrating the efficacy of DBS for TRD are essential. Crucial to these efforts will be careful
consideration of future trial design [24,63]. The large-scale clinical trials of DBS for TRD conducted to
date have utilized a parallel trial design, whereas many of the smaller trials employed a crossover
design (Table 1). Given the negative outcomes of the large-scale trials, a crossover design may
be optimal to investigate the efficacy of DBS for TRD. As a therapy, DBS is unique in that sham
stimulation and active stimulation may be compared within individuals, thereby facilitating crossover
trial design. Crossover studies require fewer patients to achieve significance, so this design optimizes
statistical power [64]. Some studies have used customized trial designs with a variable optimization
period [15,65]. Ensuring proper optimization prior to randomization may be necessary to determine
the efficacy of DBS for TRD. Another important factor in trial design is the length of time that the
patient undergoes therapy. Long-term open-label studies have demonstrated that the efficacy of DBS
for TRD improves over time, so longer trials may be necessary [17,18,38,66,67]. Finally, depression
severity waxes and wanes throughout a patient’s disease course. Therefore, trial designs that compare
groups at specific time points may not be optimal. Integrating scores over predefined time periods
may enhance outcome assessment.

In addition to trial design, proper electrode targeting is important for the efficacy of DBS for
the treatment of depression. Instead of targeting brain nuclei, as is routinely done, targeting fiber
tracts using patient-specific tractography may be important for therapeutic efficacy [49–52,58,68].
Furthermore, stereotactic accuracy of electrode placement is essential. For example, intraoperative
phenomena, such as brain shift, should be accounted for [48]. Patient selection is also a critical
consideration for future studies. The available data have demonstrated that there is a subgroup of
patients that respond to this therapy and a subgroup that does not. Determining patient-specific
factors (e.g., anatomical or symptom-based) that predict response to DBS for TRD may enable targeted
selection of patients for whom DBS would be therapeutic [43,69–75]. These patient-specific factors
could then be used as study inclusion criteria to enhance the probability of study success.

5. Conclusions

While enthusiasm for DBS as a therapy for TRD has been tempered by recent randomized trials,
this meta-analysis reveals that active stimulation significantly ameliorates depression in patients with
TRD. The meta-regression did not reveal an optimal stimulation target to treat depression due to
the small size and number of available studies, and also likely due to the heterogeneous nature of
this condition’s neurobiology. Additional trials are needed to determine optimal stimulation targets.
Further studies are also required to establish the patient populations for whom DBS would be effective.
Particular attention to factors that include electrode placement technique, patient selection, and
long-term observation is essential for future trial design.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/9/2796/s1,
Table S1: Complete list of adverse events.
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Abstract: Major depressive disorder (MDD) affects approximately 4.4% of the world’s population.
One third of MDD patients do not respond to routine psychotherapeutic and pharmacotherapeutic
treatment and are said to suffer from treatment-resistant depression (TRD). Deep brain stimulation
(DBS) is increasingly being investigated as a treatment modality for TRD. Although early case
studies showed promising results of DBS, open-label trials and placebo-controlled studies have
reported inconsistent outcomes. This has raised discussion about the correct interpretation of trial
results as well as the criteria for patient selection, the choice of stimulation target, and the optimal
stimulation parameters. In this narrative review, we summarize recent studies of the effectiveness of
DBS in TRD and address the relation between the targeted brain structures and clinical outcomes.
Elaborating upon that, we hypothesize that the effectiveness of DBS in TRD can be increased by a more
personalized and symptom-based approach. This may be achieved by using resting-state connectivity
mapping for neurophysiological subtyping of TRD, by using individualized tractography to help
decisions about stimulation target and electrode placement, and by using a more detailed registration
of symptomatic improvements during DBS, for instance by using ‘experience sampling’ methods.

Keywords: major depressive disorder; treatment resistant depression; deep brain stimulation;
neuropsychological subtypes; personalized treatment approach

1. Introduction

Major depressive disorder (MDD) is a common mood disorder that affects one’s feelings, thoughts,
and behavior. According to the DSM-5, for a diagnosis of MDD, five of the following symptoms need to
be present for at least two weeks: depressed mood, reduced interest or pleasure, weight loss or reduced
appetite, insomnia or hypersomnia, psychomotor agitation or retardation, fatigue or loss of energy,
worthlessness or excessive guilt, impaired concentration or indecisiveness, and recurrent thoughts
of death or suicidal ideation or attempts. Either ‘depressed mood’ or ‘loss of interest or pleasure’ is
essential for a diagnosis [1]. The total number of people suffering from MDD worldwide was estimated
to be 322 million in 2015 and its prevalence increased by 18.4% between 2005 and 2015 [2]. Therefore,
effective treatment of MDD merits intense consideration.
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Whereas psychotherapy and antidepressant medication are effective in the majority of patients,
approximately one third of patients do not respond to these therapies. In the Sequenced Treatment
Alternatives to Relieve Depression (STAR*D) trial, the cumulative remission rate of MDD patients
after four successive treatments was 67% [3]. In line with this, a meta-analysis of 92 studies of
the effectiveness of psychotherapy showed that 62% of patients no longer met the criteria of depression
after treatment [4]. Failure to respond to a treatment algorithm of several steps is commonly referred
to as treatment resistance, although there is still discussion about the exact definition of treatment
refractoriness [5]. Treatment-resistant depression (TRD) is associated with more (comorbid) mental
health disorders, a higher number of hospitalizations, and more suicide attempts, leading to higher
treatment costs compared to non-TRD [6]. In addition, patients with TRD show a higher demand of
healthcare resources and costs of health care compared to non-TRD patients [7]. Various alternative
treatment options for TRD are currently being investigated, including vagal nerve stimulation [8],
repetitive transcranial magnetic stimulation (rTMS) [9], and deep brain stimulation (DBS) [10].

The aim of this narrative review is to provide an overview of recent studies of the effectiveness of
DBS in TRD with a special focus on the relationship between the targeted brain structures and clinical
outcomes. Based on these findings, we discuss the importance of distinguishing between different
clinical phenotypes of depression that would allow for more personalized symptom-based treatment
approaches, which may be a key factor in improving treatment outcomes.

2. Recent Insights on the Pathophysiology of Depression

It is hypothesized that in depression, there is an imbalance in the limbic
cortico-striatal-thalamo-cortical (CSTC) mood circuits [11,12], yet many aspects of circuitopathy
in MDD remain largely unknown. Based on different models [11,12], three main components of
the CSTC mood circuits have been proposed (Figure 1). First, the ventral component is essential
for recognizing emotions and initiating an adequate emotional and behavioral response. In this
circuit, the amygdala, ventral striatum, ventral part of the anterior cingulate cortex, orbitofrontal
cortex, ventrolateral prefrontal cortex, and downstream structures such as the hypothalamus and locus
coeruleus are involved. Second, the dorsal component that regulates the emotional responses and
requires cognitive processing. Here, the dorsolateral and dorsomedial prefrontal cortex, the dorsal
part of the anterior cingulate cortex, and the hippocampus are involved. Third, a modulating region is
present, although no consensus has been made about its precise anatomical organization and function.
Some have suggested that this component consists of the thalamus and the rostral part of the anterior
cingulate cortex [11–13]. As implied by Mayberg et al., the model of depression indicates that depression
is associated with a decreased activity in dorsal limbic and neocortical regions and a relative increase in
ventral paralimbic regions. Treatment of depression therefore requires the inhibition of the overactive
ventral regions, resulting in the disinhibition of the underactive dorsal regions. To mediate this process,
proper functioning of the rostral cingulate cortex is required [12]. These mood circuits overlap with
the circuitry involved in compulsive traits; DBS of the ventral capsule/ventral striatum (VC/VS) in
treatment resistant obsessive-compulsive disorder (OCD) patients has led to improvements in mood
which prompted studying the application of DBS in TRD patients [14,15].
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Figure 1. Schematic representation of emotional processing and its neurobiological base. Figure from
Moonen et al. (2017) [16] with permission.

Expanding the Cortico-Striatal-Thalamo-Cortical Mood Circuits

One region that is not included in the CSTC mood circuits and yet has been a region of interest for
DBS targeting in depression for over a decade is the subgenual cingulate gyrus/cortex (SCG/SCC) [10].
This region has shown hyperactivity in untreated depressed patients [17], is part of the ventral
component, and has projections to the amygdala, hippocampus, superior and medial temporal gyri,
ventral striatum, mid- and posterior cingulate cortex, thalamus, hypothalamus, periaqueductal gray,
and lateral habenula [18,19]. Furthermore, in recent years, it has become known that several other
brain areas all belonging to the ventral component play a role in the pathophysiology of depression.
Among these are the thalamic peduncles (THp) that interconnects with the prefrontal cortex including
the orbitofrontal cortex (OFC) [20], the medial forebrain bundle (MFB) that projects to the frontal cortex,
the NAcc and ventral striatum [21], and the ventral part of the anterior limb of the internal capsule
(vALIC) which forms a homeostatic system with the MFB and the bed nucleus of the stria terminalis
(BNST) [22] (Figure 2).
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Figure 2. Cortico-striatal-thalamic-cortico mood circuits divided in a dorsal, ventral, and modulating
compartment based on Alexander et al. [11], Mayberg et al. [12], and Moonen et al. [16] expanded
with regions researched with deep brain stimulation (DBS) for treatment-resistant depression (TRD).
DLPFC; dorsolateral prefrontal cortex, DMPFC; dorsomedial prefrontal cortex, ACC; anterior cingulate
cortex, THp; thalamic peduncles, OFC; orbitofrontal cortex, VLPFC; ventrolateral prefrontal cortex,
MFB; medial forebrain bundle, vALIC, ventral part of the anterior limb of the internal capsule, BNST;
bed nucleus of the stria terminalis, SCG; subgenual cingulate gyrus, HPA axis; hypothalamic pituitary
adrenal axis.

3. Deep Brain Stimulation for Treatment-Resistant Depression

DBS is an invasive neuromodulation technique that is effective in managing clinical symptoms
of neurological and psychiatric disorders, such as Parkinson’s disease (PD) [23,24] and OCD [25].
At stimulation settings commonly used in clinical practice, DBS decreases the spontaneous firing
of neuronal populations and activates axonal projections near the electrode [26]. This modulates
pathological activity and replaces it with regular patterns of discharge with intervals of burst activity [27,
28]. More recent theories suggest that DBS destabilizes abnormal synchronous oscillatory activity
within the basal ganglia circuitry improving hyperkinetic symptomology [24]. However, the exact
mechanism(s) by which DBS normalizes electrical activity in the basal ganglia and exerts beneficial
effects on PD symptoms remain unknown. In DBS for TRD, target selection has mostly been based
on either neuroimaging studies or clinical observations of mood improvement following DBS in
OCD [10,15,29]. For these reasons, the underlying mechanisms of action are poorly studied. DBS
studies for TRD (Table 1) and the outcomes for selected brain targets (Table 2) are described below.
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3.1. Subgenual Cingulate Gyrus/Cortex

The first clinical trial of DBS of the SCG for TRD was performed in 2005 and included six patients
with MDD [10]. The severity of depression was measured using the Hamilton Depression Rating Scale
(HDRS) and the Montgomory Asberg Depression Rating Scale (MADRS). The HDRS has been the gold
standard for the assessment of depression for years [51]. A clinical response is commonly defined as
a decrease in the HDRS score of more than 50% compared to baseline, and clinical remission is defined
as a decrease in the HDRS score to eight or less. After one month, two out of six patients met the criteria
for response. At the end of the sixth month, a response was seen in four out of six patients, with three
of the patients reaching remission or near remission. Preliminary observations with positron emission
tomography (PET) showed a metabolic hyperactive SCG (Brodmann area 25, Cg 25) during depressive
states. It was speculated that DBS would reduce this hyperactivity [17] (Table 2). The improvement in
depression scores after DBS was thought to be due to effectively disrupting focal pathological activity
in limbic-cortical circuits. After 3 months of stimulation of the subgenual cingulate region (CG25) in
patients suffering from TRD, local cerebral blood flow (CBF) was decreased in CG25 and the adjacent
orbitofrontal cortex (Brodmann area 11). Moreover, after three and six months of stimulation, CBF was
decreased in the hypothalamus, anterior insula, and medial frontal cortex of long-term responders,
while CBF increased in the dorsolateral prefrontal cortex (dlPFC), dorsal anterior, posterior cingulate,
and premotor and parietal regions (Table 2) [10]. In the different open-label trials, response rates
varied from 20 to 57% after 1 month, 33.3 to 87.5% after 6 months, and 29 to 62.5% after 12 months
(Table 1) [10,33,49,52–61]. In a long term follow-up, Kennedy et al. (2011) reported response rates
at 1, 2, and 3 years after DBS implantation in the SCC of TRD patients of 62.5%, 46,2%, and 75%,
respectively [52] (Table 1). In a case series of DBS of the SCG in five TRD patients, a decrease in the score
of the depression rating scale was only found in one of the five TRD patients. This patient turned out
to be stimulated in the posterior gyrus rectus (PGR) based on single subject tractography results rather
than the initially targeted CG25 [62]. A recent exploratory meta-analysis of four observational studies
investigating DBS for TRD (Holtzheimer et al. 2012, Lozano et al. 2012, Puigdemont et al. 2012, and
Kennedy et al. 2011) reported relatively large response and remission rates following DBS treatment:
the twelve-month response and remission rates were 39.9% (95% CI = 28.4% to 52.8%) and 26.3% (95%
CI = 13% to 45.9%). The included studies reported a significant decrease in depression scores between
3 and 6 months (Hedges’ g = −0.27, p = 0.003), while no additional decrease was found between 6
and 12 months, suggesting that maximal antidepressant effects occur mostly within the first 6 months
of treatment [63]. However, adverse events can occur, including worsening of depression, suicidal
ideation, and seizures (Table 1). A study consisting of a double-blind active vs. sham stimulation
phase of four weeks, followed by an open-label stimulation for up to 24 months, reported no significant
differences between the active and sham stimulation of the SCG and no reduction in HDRS scores in
the first four weeks. In the open-label phase, response rates were 37.5%, 43% and 23% after 6, 12 and
28 months, respectively. Remission rates were 12.5% and 14.2% at 6 and 12 months, respectively, and
33.3% at 24 and 28 months [64].

A randomized controlled trial (RCT) investigating DBS of the subcallosal cingulate, known
as the BROADEN trial, was aborted prematurely. The study lasted six months, during which all
patients should have received SCC implantation surgery. After six months, blinding would have been
uncovered and both groups would have been offered open-label DBS for another six months. At
the end of the first six months, responses of the treatment group and control group were predicted to
be 40% and 18.5%, respectively. In this trial, the response rate was defined as more than or equal to
a 40% decrease in MADRS scores from baseline. However, after six months, only 20% of patients (n =
12) in the treatment group showed a response versus 17% of patients (n = 5) in the control group. At
that time, a futility analysis predicted the probability of a successful study outcome to be 17% or less
leading to the funding for DBS electrodes for this study to be discontinued. The actual study was never
published, but results were published and mentioned in Morishita et al. (2014) [65,66]. It has been
postulated that the patients enrolled in the BROADEN trial had extreme and chronic depression with
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a mean duration of the current depressive episode of 12 years, nearly twice that of previous open-label
studies. Therefore, these patients could have required a longer treatment period before significant
results emerge. Long-term outcomes of SCG DBS in TRD patients for up to 8 years show that most
patients have a sustained antidepressant response [60]. However, these results need to be interpreted
carefully as the patient group consisted of both MDD and bipolar type-II disorder patients. Further
comparison between high- and low frequency DBS in the SCG in TRD showed no significant difference
in effectiveness between the two groups and a 44.44% response rate at 13 months of stimulation [67].

3.2. Nucleus Accumbens

Another brain region involved in MDD is the nucleus accumbens (NAcc), part of the mesolimbic
dopaminergic circuit involved in different cognitive functions such as motivation and reward [33]
(Table 2). DBS of the NAcc exerts immediate and long-term positive clinical effects in TRD and has been
shown to significantly improve depression scores within one week [33]. Visualized with PET–computed
tomography (PET-CT or PET/CT), NAcc-DBS increased metabolic activity in the ventral striatum,
dlPFC, dorsomedial PFC (dmPFC), cingulate cortex, and the amygdala. Furthermore, metabolic
activity in the vmPFC, ventrolateral prefrontal cortex (vlPFC), dorsal caudate nucleus, and part of
the thalamus were decreased. Targeting the NAcc was essential for the effect of DBS on anhedonia
(i.e., the inability to feel pleasure) in patients suffering from TRD. However, when Schlaepfer et al.
(2008) looked at single items of depression rating scales, capturing aspects of anhedonia such as ‘work
and activities’, ‘apparent sadness’, and the ‘inability to feel’, no significant improvements were found
following NAcc-DBS. A follow-up study showed a 50% response rate in 10 patients suffering from TRD
undergoing NAcc-DBS after 10 months [53]. In a more recent study reporting the long term effects of
NAcc-DBS, 45% of TRD patients (n = 11) were classified as responders with a 50% reduction in HDRS
scores after 12 months of stimulation, which remained until the last follow-up of 4 years [54] (Table 1).
Several side effects were reported, such as seizure, agitation, and a transient increase in anxiety. In
addition, one attempted suicide and one completed suicide were reported, for which the relation with
the DBS treatment is uncertain.

3.3. Ventral Capsule/Ventral Striatum

The ventral capsule/ventral striatum (VC/VS) is thought to be hyperactive in MDD [36] (Table 2).
Capsulotomy (i.e., lesioning) of the VC/VS improved not only OCD symptoms but also depressive
symptoms, inspiring stimulation of the VC/VS for TRD [15]. In an open-label trial that stimulated
the VC/VS in 15 TRD patients, responder rates at three months, six months, and 12 months were 53.3%,
46.7%, and 53.3%, respectively, using the MADRS as an outcome measure, and were 46.7%, 40%, and
53.3%, respectively, using the HDRS as an outcome measure [55]. Adverse events ranged from pain or
discomfort at the incision site, to hypomania, mixed bipolar state, and increased depression due to
battery depletion.

The first RCT of DBS of the VC/VS for TRD was performed by Dougherty et al. (2015) who
stimulated 30 patients for 16 weeks. There were no significant differences in response rates between
the intervention and sham group in the double-blind phase [68,69]. Another RCT of VC/VS DBS in
eight TRD patients was discontinued after an interim futility analysis of active vs. sham stimulation
showed no difference in effects between the two groups after 16 weeks. These results were never
published but were discussed by Rezai et al. [70].

3.4. The Ventral Part of the Anterior Limb of the Internal Capsule

The anterior limb of the internal capsule (ALIC) is another brain region that was initially studied
for DBS in OCD. One study aimed at stimulating the NAcc discovered that most treated OCD patients
(9 out of 16) actually received DBS in the ventral part of the ALIC (vALIC), which improved obsessive
compulsive scale scores, showed anti-depressive effects, and led to the clinical implementation of
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vALIC-DBS in TRD [29]. DBS of the vALIC has also been associated with a decreased metabolism in
the OFC, subgenual anterior cingulate cortex, and right dlPFC [71–73] (Table 2).

The first RCT of DBS of the vALIC for TRD was conducted by Bergfeld et al. (2016), investigating
25 TRD patients during a 52 week open-label trial, which resulted in a significant decrease in HDRS
scores in the whole group during the optimization phase, although overall HDRS scores were still
in the depression range (22.2 at baseline vs. 15.9 after optimization phase). Ten of the 25 patients
could be classified as responders, with a more than 50% decrease on the HDRS. After the optimization
phase, a RCT with a cross-over design including nine responders and seven non-responders ensued
and showed a significantly lower score in the active DBS phase compared with the sham DBS phase
(mean HDRS score of 13.6 (95% CI; 9.8–17.4 vs. 23.1 (95% CI; 20.6–25.6)) (HDRS < 0.001). However,
the scores on the HDRS in the active treatment group were still within the mild to moderate depression
range [74]. Both crossover phases lasted approximately 21 and 18 days, respectively.

3.5. Lateral Habenula

The activity of the lateral habenula (LHb) is negatively associated with reward, meaning its
neurons increase their firing rate in a non-reward situation or in the omission of a reward. LHb
hyperactivity could therefore explain the lower reward-seeking behavior in TRD [75] (Table 2).
Speculation that DBS of the LHb could lead to the inhibition of hyperactivity prompted the first
case study of LHb-DBS in TRD, which notably led to full remission of the patients’ depressive
symptoms [44]. A clinical non-randomized study in six patients suffering from TRD is currently being
held, investigating the safety, tolerability, and benefit of LHb DBS in TRD. Patients that respond at
12 months of stimulation will enter a randomized, staggered withdrawal phase. During this phase,
a double-blind discontinuation will be attempted at month 12 or 13, decreasing the stimulation by 50%
and then completely discontinuing it during the following two weeks. Evaluation will take place at 15
months, where, in the meantime, escape criteria are included, and if met, will stop the blinded phase in
continuing with an open treatment [76].

3.6. Thalamic Peduncles

The inferior thalamic peduncle (ITP) is a bundle of fibers connecting the OFC to the thalamus.
The OFC is thought to play a role in the non-reward tractor theory of depression, where the orbitofrontal
non-reward system is more easily triggered in depression, causing negative emotional states [77]
(Table 2). Stimulating the ITP could disrupt this enhanced triggering and lead to less depressive
symptoms. ITP stimulation for OCD has already shown improvements of the score on the Yale-Brown
Obsessive-Compulsive scale in five OCD patients [45]. A case study in one TRD patient reported that
DBS of the ITP decreased depressive symptoms [78]. However, within this study, two brain regions
were investigated, the second being the BNST.

3.7. Bed Nucleus of the Stria Terminalis

The BNST is involved in a range of behaviors, such as stress response, social behavior, and extended
duration of fear states. This nucleus assesses sensory information from the environment, coupled
together with the subjects current mood and arousal, integrating a proper response to environmental
and social setting changes [22] (Table 2). Raymaekers et al. (2017) indicated that both BNST and ITP
stimulation could alleviate depressive symptoms; however, due to a small sample size, no statistical
analyses were conducted [78].

3.8. Medial Forebrain Bundle

The medial forebrain bundle (MFB) is a fiber tract connected to various parts of the limbic system
thought to play a role in reward-seeking systems [21] (Table 2). In one trial, DBS of the superolateral
branch of the MFB resulted in more than a 50% decrease in depressive symptoms in six out of seven
TRD patients within seven days [47]. An additional interim analysis of MFB-DBS in TRD confirmed
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these findings, showing more than a 50% decrease in depressive symptoms in three out of four patients
within seven days of stimulation. At 26 weeks follow-up, two patients showed more than an 80%
decrease in depression rating scales [49] (Table 1).

Taken together, the results of the aforementioned studies of DBS for TRD imply that stimulation
at a number of different brain areas can alleviate depressive symptoms, which is in line with the view
that MDD is a circuitopathy involving various brain regions and networks mainly within the limbic
CSTC mood circuits [12,79]. However, how DBS of those targets improves the depressive symptoms is
not completely clear. Moreover, stimulation parameters vary between studies due to a need to adjust
and balance therapeutic effects to side effects.

MDD is a circuitopathy that involves a wide range of brain structures and exhibits diverse clinical
manifestations. Therefore, a one-size-fits-all approach to the DBS targeting may not be beneficial
in all patients, whereas a patient-centric selection based on individually disrupted neurocircuits
could improve therapeutic outcomes. In evaluating the effects of DBS, one needs to focus on
overall improvement on depression rating scales as well as individual scores and symptom-specific
improvements. This will enhance the understanding of the effects of DBS and eventually contribute to
the development of more personalized treatment approaches. Seemingly, this also applies in other
psychiatric disorders such as OCD, where personalized approaches with content-specific DBS targets
have already proven to be beneficial [80].

4. Towards a More Personalized DBS Treatment Approach for Treatment-Resistant Depression

Since open-label trials and RCT data on DBS in TRD show inconsistent results, this gives rise to
discussion about the chosen study designs, the correct interpretation of results, and the best target(s)
for neuromodulation. Depression entails different clinical subtypes and looking at homogenous
subgroups of depressed patients may lead to a personalized DBS approach. This would be superior
to looking at primary outcomes across all participants. Importantly, a prerequisite to this approach
is the ability to determine pathoanatomical substrates of specific subtypes. How to implement such
a more personalized approach to DBS treatment for TRD is discussed below.

4.1. Clinical and Neurophysiological Subtypes of Depression

Most response rates in depression treatments to date have been measured with changes in
average levels among all patients treated. However, depressive symptomatology varies highly among
individuals, making the standardization of positive outcomes challenging. Mood, sleep rhythm,
concentration, psychomotor, and cognitive domains can all be disturbed in depression, while treating
one selected brain structure within the mood circuit may not have an effect on all aforementioned
symptoms nor have an effect on the main symptomatology of all depressed patients.

Subdividing TRD into different subtypes, involving distinct clinical symptoms as well as distinct
patterns of dysfunctional connectivity in limbic and frontal striatal networks, may reveal different
subtype-related outcomes for each investigated brain region, and if so, patient selection for a given brain
target could enhance treatment effectiveness [81]. Analysis of resting-state connectivity biomarkers
previously revealed four connectivity-based biotypes of depression characterized by either anxiety,
increased anhedonia, psychomotor retardation, and/or increased anergia and fatigue. Moreover,
patients could not be differentiated into a particular subtype based on clinical features alone and
clustering them based on functional connectivity was needed [82]. Therefore, imaging procedures as
well as featured symptoms should be taken into account when treating TRD with DBS. It is conceivable
that subdividing TRD patients according to connectivity-based biotypes will shed new light on
the interpretation of previous DBS study results, and that the integration of functional connectivity in
future DBS studies will reveal clinically relevant subgroups that might respond to DBS of a specific
target within the mood circuit. Altogether, it can be suggested that better assessment of therapeutic
outcomes at symptom level might be accomplished when TRD patients with dominant anergia/fatigue
symptoms (biotype 2) are stimulated within the CG 25; and patients characterized by more anxiety
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(biotype 4) are stimulated within the thalamic region, as suggested by Drysdale and coworkers [82].
Likewise, SCG stimulation could alleviate sleep disturbances and NAcc stimulation could improve
anhedonia (Table 2).

4.2. Individual Tractography

Another way in which DBS efficiency can be improved is to ameliorate the implantation of
electrodes with the usage of individualized, patient-specific, deterministic tractography targeting.
Riva-Posse et al. (2018) used individualized patient-specific tractography targeting for SCC-DBS
surgeries in TRD patients, aiming at the convergence of the four white matter bundles: the forceps
minor, uncinate fasciculus, cingulum, and fronto-striatal fibers. This resulted in a response rate of
81.8% and a remission rate of 54% after a one year trial period, which proved greater than the previous
open-label trials [83]. In a recent study, diffusion tensor imaging (DTI) tractography was used to
target SCC-DBS more optimally, and the authors examined the impact of tract activation on clinical
response at 6 and 12 months. Stimulation of vmPFC pathways by SCC-DBS was associated with
a positive response and stimulation of the cingulum was associated with a 6 month, but not a 12 months
DBS response. Monopolar stimulation of 130 Hz was applied with either pulse width (90–450 μs)
or amplitude (4–8 V) progressively increased every month, based on response status. Patients were
changed to bipolar settings if monopolar stimulation caused adverse effects. It was speculated that
targeting more ventral, rather than the dorsal mPFC projections, might improve the response [84].

4.3. Combining Deep Brain Stimulation with Cognitive-Behavioral Therapy

It is plausible that better therapeutic outcomes could be achieved if DBS is applied in combination
with concurrent treatments, such as pharmacotherapy with antidepressants or cognitive-behavioral
therapy (CBT) in TRD. Studies focusing on the added effect of concurrent treatments to DBS have
not been conducted in patients with TRD. The results from studies in OCD patients treated with DBS
show that adding CBT to DBS has added beneficial effects [85]. Studies targeted at revealing the added
effects of concomitant treatments after DBS for TRD would also provide information that may facilitate
establishing a treatment algorithm to determine the place of these treatments in DBS patients.

4.4. Biomarkers

Biomarkers are quantifiable characteristics of biological processes, which could prove helpful
in improving diagnostic objectivity of MDD and TRD as well as help in personalizing its treatment.
For MDD, no specific biomarkers have yet been found, though several markers have been shown to
be potential candidates, such as brain-derived neurotrophic factor (BDNF), interleukins (IL) 1 and 6,
tumor necrosis factor (TNF), malondialdehyde (MDA), hypothalamic-pituitary-adrenal (HPA) activity,
and cortisol responses [86,87]. Every biomarker as a standalone shows a low sensitivity and specificity,
partly explained by the heterogeneity of MDD. To overcome this shortcoming, either examining
a biological panel of several markers [88] or phenotyping MDD and TRD into distinct subtypes could
be considered. However, a recent meta-analysis showed that only cortisol has a predictive effect on
onset/relapse and recurrence of MDD making the integration of biomarkers for personalizing TRD
treatment a futuristic milestone yet to be discovered [89].

4.5. Insights into Symptomatic Improvement after Deep Brain Stimulation

For TRD, different regions in the mood circuit can be stimulated with DBS (Table 2), although
it is still unclear which depressive-symptoms respond to the stimulation of a specific target. More
research into the mood circuit is needed to untangle which emotions arise from specific brain regions.
This may vary from basic animal research, disentangling neuronal function per brain region, and
ultra-high field MR studies in humans, all of which could shed light on the dysfunctional brain circuits
in TRD. In contrast to the motor system that is studied thoroughly [90,91], emotional circuitry is far less
understood. One reason for this is that animal research into mood circuitry remains complicated as
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there is considerable heterogeneity between species [92]. Modeling depression in animals is complex
as there are several depressive-like behavior models, such as the chronic unpredictable stress paradigm
(CUS), which give insight into depression pathology [93]. DBS is investigated within these models to
unravel behavioral and cellular changes following DBS [94].

Alongside the standard clinical rating scales, the use of momentary assessment techniques, such
as the experience sampling method (ESM), could enhance the documentation of the momentary mood
states [95]. The ESM includes short repeated assessments of experiences and behaviors, as well as
moment-to-moment changes in mental states in the context of daily life. Research has shown that
depressed patients can improve their depressive symptomology while using weekly ESM for six
weeks, and add-on ESM derived feedback resulted in a significant decrease in HDRS scores compared
to controls (p < 0.01; −5.5 point reduction in HDRS at 6 months) [96]. In add-on-derived feedback,
a psychologist or psychiatrist gives feedback on the association between the participants momentary
affective states and specific daily life contexts [97]. ESM-derived feedback could further improve
treatment by showing within-subject changes in a heterogeneous TRD population and contribute to
clinical decision-making [97]. In the case of DBS, the use of ESM may reveal specific response patterns
depending on the brain region that is stimulated, which can provide valuable information about
emotional circuitry. This can be done using well-evaluated day-to-day scores, including questionnaires
that go into detail on current mood and adaptive functioning.

5. Conclusions

More personalized treatment approaches hold the potential to increase the overall efficacy of DBS
for TRD. Precise evaluations of symptoms, biomarkers, and resting-state connectivity patterns are
essential when distinguishing clinical subtypes of TRD. Moreover, subtyping may provide more insight
into the working mechanisms of DBS and help in selecting optimal targets in patients. Monitoring of
biomarkers at multiple time points during treatment along with evaluation of ESM data, in parallel
with clinical assessments of mood using standardized depression-rating scales, will lead to a better
understanding of symptom changes when stimulating specific brain regions. Such considerations
could further lead to optimal adjustments of stimulation parameters as long-term effects of DBS on
mood occur.
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Abstract: Major depression contributes significantly to the global disability burden. Since the
first clinical study of deep brain stimulation (DBS), over 446 patients with depression have now
undergone this neuromodulation therapy, and 29 animal studies have investigated the efficacy
of subgenual cingulate DBS for depression. In this review, we aim to provide a comprehensive
overview of the progress of DBS of the subcallosal cingulate in humans and the medial prefrontal
cortex, its rodent homolog. For preclinical animal studies, we discuss the various antidepressant-like
behaviors induced by medial prefrontal cortex DBS and examine the possible mechanisms including
neuroplasticity-dependent/independent cellular and molecular changes. Interestingly, the response
rate of subcallosal cingulate Deep brain stimulation marks a milestone in the treatment of
depression. DBS achieved response and remission rates of 64–76% and 37–63%, respectively,
from clinical studies monitoring patients from 6–24 months. Although some studies showed
its stimulation efficacy was limited, it still holds great promise as a therapy for patients with
treatment-resistant depression. Overall, further research is still needed, including more credible
clinical research, preclinical mechanistic studies, precise selection of patients, and customized electrical
stimulation paradigms.

Keywords: deep brain stimulation; treatment-resistant depression; major depressive disorder;
subcallosal cingulate; medial prefrontal cortex

1. Introduction

Major depressive disorder (MDD) contributes significantly to the global disability burden and
social burden [1,2]. In the US from 2005 to 2010, the economic burden of patients with major depressive
disorder increased by 21.5% to $210.5 billion [3]. The main symptoms of MDD include severe
sadness, anxiety, cognitive deterioration, and suicidal thoughts [4]. Although its etiology is uncertain,
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genetic predisposition, developmental deficits, hormonal imbalance, and a stressful lifestyle may
increase the risk for MDD [5–10].

Prior to the discovery of antidepressant medication, surgical ablation was used to effectively
treat MDD in the US and Europe [11]. Pharmacological antidepressants first appeared in
the late 20th century and these first-generation drugs became the first line treatment for
depression [12]. However, newer generations of antidepressants were barely more effective than
first-generation tricyclic antidepressants [13] and this has led to the emergence of treatment resistance.
Treatment-resistant depression (TRD) is the failure to respond to the three different classes of treatment:
antidepressants, psychotherapy, or electroconvulsive therapy given at a sufficient dose and time [14,15].
Approximately 20% to 30% of patients are refractory to pharmacotherapy and nearly 60% respond
inadequately [16,17], which can result in worse clinical responses, leading to additional social
burdens [18]. As the pathogenesis of MDD involves multiple structures, a broad-acting safe therapy
needs to be developed [19,20].

With much progress in surgical techniques and advances in cardiac pacemakers,
electrical stimulation has matured to become an adjustable stimulatory regimen [21]. Deep brain
stimulation (DBS) is a procedure whereby deep brain structures are stimulated via precisely
implanted electrodes. It was first used to alleviate movement disorders in patients with Parkinson’s
disease [22]. With advances in our understanding of the limbic circuitry, the focus has shifted to the
antidepressant-like effects of DBS [23]. Some recent clinical studies have shown that DBS holds great
promise in treating patients with TRD, and mechanistic studies in animals are currently in progress.

The use of DBS as a treatment for TRD was first proposed in a study by Kruger et al. on the
differences in regional cerebral blood flow (rCBF) between remitted patients and bipolar depression
(BD) patients [24]. They observed that rCBF in Brodmann Area 25 (BA25) was higher in remitted and
BD patients compared to control patients and this was also seen in healthy patients with self-rated
high negative affect [25]. Furthermore, Kruger et al. noted that mood provocation did not change
the rCBF to this region in BD patients compared to MDD patients, indicating that dysfunction in the
region was specific to depression [24]. Mayberg et al., who are pioneers of DBS as a treatment for
depression, subsequently targeted BA25 after detecting metabolic abnormalities within the region
that were consistent with those found in patients with TRD [19]. This landmark paper led to further
developments in the application of DBS of this region as a treatment for depression.

Indeed, several research groups have used DBS to treat depression by targeting different brain
regions in the limbic system. Jimenez et al. applied DBS to the inferior thalamic peduncle,
whereas Schlaepfer et al. applied DBS in the nucleus accumbens core [26,27] and successfully
performed DBS on the medial forebrain bundle [28]. With rapid developments in DBS as a treatment
for TRD, research is now focusing on the subcallosal cingulate (SCC). This review aims to examine
and consolidate clinical and preclinical research on the use of DBS as a treatment for depression,
targeting the subcallosal cingulate in humans and the ventromedial prefrontal cortex, the anatomical
correlate in rodents.

2. Outline of the Review

The online PubMed database was searched for research articles in English using a Boolean
operation with keywords including “deep brain stimulation” AND “depression” AND “subcallosal
cingulate” OR “rodent” AND “medial prefrontal cortex”. Relevant articles cited in the reference lists
of the identified publications were also included. PubMed was utilized due to its extensive collection
of indexed peer-reviewed journals. This review highlights the development of DBS as a treatment
for TRD and discusses the findings and limitations of preclinical and clinical studies published in
the recent decade. The neuroplasticity-dependent and -independent aspects of the molecular and
cellular changes due to DBS are also discussed. Lastly, some potential approaches that may improve
the precision, safety, and efficacy of DBS are proposed.
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3. The Development of Deep Brain Stimulation as a Treatment for Depression

Deep brain stimulation involves the stereotactic implantation of thin electrodes in deep
brain structures that are used to deliver electrical stimulation generated by a subcutaneous pulse
generator [29,30]. Stimulation is generally applied at either a low/moderate frequency (5–90 Hz) or high
frequency (100–400 Hz). Since the inception of DBS, a number of studies have demonstrated that this
modality has the ability to treat pain, obsessive-compulsive disorder, and Parkinson’s disease [16,21,31].
Its efficacy has been verified in Parkinson’s disease patients, in which high frequency stimulation (HFS)
of specific brain region(s) in the basal ganglia was able to stop tremors [21,32]. The use of DBS has
been given FDA approval for the management of obsessive-compulsive disorder since 2007, but it is
only provided under a humanitarian device exemption [33,34].

The following sections summarize the clinical studies on deep brain stimulation in the subcallosal
cingulate for treating patients with treatment-resistant depression and preclinical studies of deep brain
stimulation in the medial prefrontal cortex (mPFC) of rodents.

4. Clinical and Preclinical Studies of SCC DBS for the Treatment of Depression

Clinical studies of depression utilize rating scales of depression that assess changes in depressive
symptoms in patients. Some scales are completed by the researcher such as the Hamilton Depression
Rating Scale (HDRS) and the Montgomery-Åsberg Depression Rating Scale (MADRS). These rating
scales should allow more consistent assessment between patients, but can lack consensus in their
interpretation among researchers, which could lead to misdiagnosis [35]. Another weakness of rating
scales conducted in this manner is that the accuracy of the results is dependent on the communication
skills of the patient, which might be hampered by the disease itself. Other scales are completed
by patients such as the Beck Anxiety Inventory (BAI), Beck Depression Inventory (BDI), and Quick
Inventory of Depressive Symptomatology (QIDS). These rating scales should allow for a more accurate
reporting of depressive symptoms, although the number and/or depth of questions may vary across
different tests.

4.1. Progress in the Development of SCC-DBS

Different papers have referred to the SCC and similar regions under different names, e.g.,
the subcallosal cingulate gyrus (SCG), the subgenual cingulate, as well as Brodmann areas.
Different historical names allow for different historical context. The subgenual cortex is used more
interchangeably with the term Brodmann Area 25, named after Korbinian Brodmann. The subgenual
cortex is located in the cingulate region as a narrow band in the caudal portion of the subcallosal
area adjacent to the paraterminal gyrus. By comparison, the SCG is comprised of Brodmann areas
25, 24, and 32 [36]; SCG circuits; and limbic structures. The SCG is pivotal in mood, learning, reward,
and memory [37] and has been implicated as an aberrant region in MDD. As the SCC can be effectively
targeted by antidepressants, this makes the SCG a potential target of DBS against TRD [38,39]. Tables 1
and 2 list 39 clinical studies on the treatment efficacy of SCC-DBS for TRD.
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Table 2. Summary of response and remission rates from clinical studies.

Authors

≤ 6 months 6–12 months 12–24 months ≥ 24 months

Response
(%)

Remission
(%)

Response
(%)

Remission
(%)

Response
(%)

Remission
(%)

Response
(%)

Remission
(%)

Sankar et al. 2020 [40] NA NA NA NA NA NA NA NA

Riva Posse et al. (2019) [41] NA NA NA NA NA NA NA NA

Eitan et al. (2018) [42] NA NA NA NA 44.4 NA NA NA

Merkl et al. (2018) [43] 37.5 12.5 43 14.2 33 33 33 NA

Howell et al. (2018) [44] - - 33.3 66.7 - - - -

Waters et al. (2018) [45] NA NA NA NA NA NA NA NA

Smart et al. (2018) [46] - - 78.5 - - - - -

Choi et al. (2018) [47] NA NA NA NA NA NA NA NA

Conen et al. (2018) [48] - - 28.6 42.9 - - - -

Holtzheimer et al. (2017) [15] 22
20 (sham)

10
7 (sham)

28
30 (sham)

12
7 (sham)

54
52 (sham)

17
20 (sham)

48
44 (sham)

25
12 (sham)

McInerney et al. (2017) [14] - - 55 - - - - -

Riva-Posse et al. (2018) [49] 72.7 54.5 81.8 54.5 - - - -

Tsolaki et al. 2017 [50] 50 - - - - - - -

Accolla et al. (2016) [51] - - - - 79 20 - -

Richieri et al. (2016) [52]
100

(Case
Study)

- - - - - - -

Hilimire et al. (2015) [53] NA NA NA NA NA NA NA NA

Martin-Blanco et al. (2015) [54] NA NA NA NA NA NA NA NA

Puigdemont et al. (2015) [55] - 80 - - - - - -

Serra-Blasco et al. (2015) [56] - - - - 75 (F.E.)
87 (TRD) - - -

Choi et al. 2015 [57] NA NA NA NA NA NA NA NA

Sun et al. 2015 [58] NA NA NA NA NA NA NA NA

Perez-Caballero et al.
(2014) [59] 50 - - - - - - -

Merkl et al. (2013) [60] - - - 30 - - - -

Ramasubbu et al. (2013) [61] 50 - - - - - - -

Torres et al. (2013) [62]
100

(2 Case
Studies)

-
100

(2 Case
Studies)

-
100

(2 Case
Studies)

-
100

(2 Case
Studies)

-

Broadway et al. (2012) [63] 50 - - - - - - -

Hamani et al. (2012) [64] -
100

(Case
Study)

100
(Case
Study)

- - - - -

Holtzheimer et al. (2012) [65] 18 41 36 36 58 92 - -

Lozano et al. (2012) [66] 57 - 48 - 62 - - -

Puigdemont et al. (2012) [67] 37.5 37.5 87.5 37.5 62.5 50 - -

Kennedy et al. (2011) [18] - - 62.5 - 46.2 - 75 -

Guinjoan et al. (2010) [68]
100

(Case
Study)

-
100

(Case
Study)

-
100

(Case
Study)

- -
100

(Case
Study)

Holtzheimer and Mayberg
(2010) [69]

100
(Case
Study)

-
100

(Case
Study)

-
100

(Case
Study)

-
100

(Case
Study)

-

Hamani et al. (2009) [70] - - 55 - - - - -

Puigdemont et al. (2009) [71]
100

(Case
Study)

-
100

(Case
Study)

- - - - -

Lozano et al. (2008) [72] 35 10 60 35 - - - -

McNeely et al. (2008) [73] 66 NA - - - - - -

Neimat et al. (2008) [74]
100

(Case
Study)

NA - - - -
100

(Case
Study)

-

Mayberg et al. (2005) [19] 66 50 - - - - - -

Average 63.8% 43.9% 66.5% 36.5% 69.3% 42.4% 76% 62.5%

Range 18–100 10–100 28.6–100 12–66.7 33–100 17–92 33–100 12–100

The first evidence-based clinical study on SCC-DBS was published by Mayberg et al. in 2005 [19].
Among six patients with an average of 5.6 years of major depressive episode (MDE), four responded to
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the treatment, but three remitted or nearly remitted during the stimulation, even without changing
medications. The authors found that the metabolic activity in the SCC normalized from a hyperactive
state and was accompanied by reduced local blood flow as detected by Positron Emission Tomography
(PET) [19]. In a study from 2003 to 2006 by Lozano et al. on chronic DBS in 20 patients with an average
of 6.9 years of current MDE, 11 patients responded, but seven remitted [72], which was similar to the
response and remission rates of Mayberg et al. In a 3.5-year follow-up study, the response rate was
consistent across time points, but the remission rate increased from 18.8% to 42.9% at the last visit [18].
Both studies reported changes in structures distal to SCC after DBS, which explains the persistent
response throughout the DBS treatments [18,72].

In a case report by Neimat et al., a 55-year-old female TRD patient who relapsed after a subgenual
cingulotomy, achieved sustained remission for up to 30 months with SCC-DBS treatment [74]. In a case
reported by Guinjoan et al. in 2010, a 60-year-old male TRD patient responded to unilateral SCC-DBS
in the right hemisphere, but unilateral stimulation in the left hemisphere worsened his mood. This is
in line with the asymmetrical response to antidepressants in the SCC region. However, the authors
noted a further study was needed with more patients to validate the effects of unilateral stimulation on
mood enhancement [68].

Similarly, in a preliminary study in 2012 by Puigdemont et al. on eight patients with an average
of 6.3 years of current MDE, they found that five patients responded at the end of the 12-month DBS,
but three out of four final remitters remitted after 3 months of DBS [67]. Their cognitive functions
were not exacerbated and their memory functions were actually improved in cognitive assessments in
2015 [56]. Concurrently, a clinical study conducted in three different medical centers also reported
similar efficacies of SCC-DBS, suggesting that DBS has reliable stimulation effects. Among 21 patients
with an average of 5 years of current MDE, 13 responded to the treatment and the rest performed
better than at baseline by the end of the study, although one patient committing suicide by medication
overdose [66].

4.2. Remission Rates

Some previous studies reported higher initial response and/or remission rates compared to
more recent studies [19,67,72]. In the study by Perez-Caballero et al., they suggested that electrode
insertion-induced inflammation could affect response and remission rates. Four of the eight recruited
patients took non-steroidal anti-inflammatory drugs (NSAIDs), which resulted in a diminished
antidepressant response toward DBS, whereas the other four not taking NSAIDs gradually responded
and remitted. The authors also analyzed the role of inflammation in the early DBS response in rats [59],
which is discussed in a later section of this review. A later study in 2015 by Puigdemont et al. reported
that remission was maintained in four out of five remitted patients in the 3-month active stimulation
group, whereas only two patients remitted in the sham stimulation group. They concluded that
continuous active stimulation was important in maintaining the therapeutic effect [55]. This was
supported by an earlier case of a 27-year-old patient on DBS for 2 years whose symptoms worsened
due to battery depletion, but improved again upon battery replacement [69].

Table 2 reflects the different response and remission rates, at 6-month intervals, across the duration
of the studies in Table 1. This reporting allows for a cursory longitudinal tracking in understanding
how response and remission may change with time. Among the reviewed studies on DBS, the response
rate ranged from 18% to 87.5% and remission rate ranged from 10% to 92% (excluding all case studies)
across the different time points (see Table 2), which were comparable to earlier clinical studies [19,72].
However, large-scale controlled trials are needed to further validate the efficacy of DBS in patients
with TRD. Some predictive markers discovered in these studies could facilitate the selection of more
responsive patients and increase the safety of DBS. A noteworthy study by Holtzheimer and Mayberg
demonstrated some changes in the response and remission rates with DBS [69]. The authors noted that
several months after a response and/or remission in their depressive symptoms, worsening of symptoms
was temporarily observed at 16 weeks. They attributed the temporary worsening of symptoms to
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the difficulty of some patients reintegrating into society. In an earlier study by Lozano et al. in 2008,
they also observed a similar occurrence at 4 months. These findings highlight the complexity of treating
neuropsychiatric diseases, as the recovery periods are not always consistent and can be affected by
different factors.

4.3. Significant Challenges in the Development of SCC-DBS

A larger study that aimed to recruit 201 patients was conducted by Holtzheimer et al. in 2017 to
further validate the therapeutic effects of DBS [15]. A futility analysis conducted after 90 patients had
been recruited showed no significant differences between the DBS and sham groups, leading to the early
termination of the study. During a 6-month double-blind trial, no significant differences were found in
the response of the DBS group compared to the sham group. However, among 77 patients that received
subsequent open-label DBS for up to 2 years, 38 responded and 20 remitted. Holtzheimer et al. offered
several explanations for the observed result. First, the patients selected for the study had an average
current episode duration of around 12 years, whereas most studies recruited patients with an average
current depressive episode of about 3–5 years. Holtzheimer also posited the possibility of suboptimal
contact during the first 12 months, further affecting the results. This landmark paper was initially
thought to be the death knell for DBS as a treatment for TRD. However, a summit of key academics
within the field determined that DBS protocols required further modification and patient recruitment
needed refining to better assess the therapeutic effects of DBS for TRD [75]. Considering that multiple
other studies showed the efficacy and effectiveness of DBS for TRD, the conference considered several
possibilities for the discrepancies in the findings, some conclusions were that DBS was initiated too
early before optimal targeting was secured, a lack of specificity and standardization in the improvement
of symptoms, high placebo effects typically seen in the treatment of psychiatric disorders, and study
design. The heterogeneity of the symptoms of the disease was also emphasized, which suggested that
different circuitry might be involved in different individuals. The key conclusions from the summit
included that patient selection should be better and more refined, study designs should be either fast
to fail or fast to succeed, registries should be established for better subject tracking, and longitudinal
data should be collected. The paper stressed that the complexities of the disease were real and better
experimental designs were needed to truly reflect the effects of DBS as a treatment for TRD for a better
response and remission rate and to allow the elucidation of the mechanistic role of DBS.

4.4. Adverse Effects

The safety of SCC-DBS was subsequently assessed following the initial results of the efficacy of
DBS in treating TRD. In 2008, McNeely et al. conducted a trial on six patients with an average of
5.6 years of current MDE. They found that mood was significantly improved during the 1-year DBS
treatment without serious cognitive deterioration [73]. Moreines et al. found that DBS treatment in
both unipolar and bipolar TRD patients with at least 2 years of current MDE improved executive
functions and stabilized their memory [76]. Similarly, SCC-DBS for 6 months followed by depression
treatment in patients with MDD, who had increased negative emotional processing and/or reduced
positive emotions, resulted in reduced negative emotional bias [53]. Martín-Blanco et al. reported that
a 52-year-old female had a seizure after 5 weeks of DBS. As severe MDD may predispose patients to
seizures, the authors recommended that patients should be evaluated for seizures before administering
DBS and parameters might need to be adjusted to within safe ranges [52]. In a study in 2017 by
McInerney et al. on 20 unipolar TRD patients with an average of 6.9 years of MDE, they reported
that 11 patients responded at the end of the 12-month DBS without further deterioration of cognitive
functions. They also found a correlation between verbal fluency and mood improvement, which could
be predictive of the DBS response [14]. The side effects reported in this review range from mild
symptoms, such as headaches, dizziness and gastrointestinal irritation [43,66], to more severe effects
including suicidal ideation and device malfunction [15,67]. This reporting should not discourage the
development of therapies. Indeed, many treatments including serotonin-selective reuptake inhibitors
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have severe side effects, including increased fractures and suicidal ideations [77,78]. In the study of
therapies, it is important to report these side effects and to note that these therapies are administered
by a professional, whose role is to detect and modulate the therapies accordingly.

4.5. Stimulation Parameters

Several studies have attempted to optimize the parameters of DBS for treating mood disorders.
As previously mentioned, Eitan et al. reported that high-frequency stimulation (HFS) was more
effective at lowering MADRS scores compared with low frequency stimulation [42]. Indeed, the most
commonly used stimulation frequency was in the high frequency range of 130–135 Hz, although some
studies have tested frequencies between 5 and 185 Hz [19,61] (see Table 1). The pulse width used in
DBS also varied greatly across studies. In a study by Ramasubbu et al., they found that a long pulse
width of 180–270 μs was effective [61]. However, this study also reported that DBS with a long pulse
width caused patients to experience stimulation-induced insomnia, anxiety, confusion, and drowsiness.
Previous studies by Lozano et al. and Holtzheimer et al. demonstrated that shorter pulse widths
of 30–60 μs led to clinical improvements in depression symptoms without these side effects [66,72].
Indeed, Ramasubbu et al. suggested that longer pulse widths with lower amplitudes and shorter pulse
widths with higher amplitudes could produce comparable therapeutic benefits. The amplitude of the
stimulating current used in DBS to elicit a therapeutic response also tended to vary across studies.
The amplitude is the first parameter to be adjusted when patients do not respond to the treatment.
Among 38 clinical studies, the overall current range was 2–8 mA and voltage range was 2.5–10.5 V.
The variability in the amplitude underscores the personalized nature of DBS, which requires specific
adjustments to achieve individual therapeutic effects.

4.6. Electrode Implantation

Several clinical DBS studies have also tried to improve the accuracy of electrode implantation
in order to precisely target regions of interest. The pioneering work by Mayberg et al. used PET
scans of pathological glucose metabolism to guide the electrode implantation. Riva-Posse et al. used
individualized tractography maps based on a group connectome blueprint of past responders to
DBS to identify optimal target regions for electrode implantation [49]. Riva-Posse et al. used a
four-bundle white matter blueprint, which resulted in good clinical outcomes in eight out of 11 patients,
which suggests that the use of this method could improve the precision of implantation. Similarly,
Tsolaki et al. investigated the use of FMRIB Software Library (FSL) probabilistic tractography in
SCC-DBS [50]. Several studies have used other methods to try to specify the optimal stimulation points.
Choi et al. investigated the best contact positions that elicited the best response during intraoperative
testing [57]. They used diffusion-directed magnetic resonance imaging and patient-specific tractography
maps to guide the implantation. They also used fiber tract probabilistic tractography to determine
the putative fiber tract activation in patients, which was used to guide the electrode implantation for
the best response, rather than the salient response. Contacts in the left hemisphere were found to
produce the best consistent intraoperative response to DBS in seven out of nine patients at 6 months.
Smart et al. validated this result in their study using local field potentials following unilateral
HFS-DBS [46]. They found that left-sided stimulation evoked broadband effects, compared with right
sided stimulation, which evoked only beta and gamma bands. Additionally, a decrease in theta bands
was consistently accompanied by behavioral improvements. They concluded that the precision of
electrodes in the left-hemisphere was more important and instructive than in the right hemisphere.
In contrast, Guinjoan et al. and Howell et al. found that right hemisphere targets were critical for
behavioral improvements [44,68]. Guinjoan et al. showed that right unilateral DBS could reverse and
remit a patient’s worsening mood induced by left unilateral DBS. Howell et al. showed that right
cingulate bundle activation beyond a threshold could protract the recovery. Further research is needed
to elucidate the differences in these studies.
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4.7. Other Responses to DBS

With regard to other potential responses to DBS, recent studies have attempted to characterize
non-behavioral evoked responses. Conen et al. identified higher rCBF in patients at baseline and
during DBS therapy compared to non-remitters and non-responders [48]. Riva-Posse et al. observed
autonomic changes in responders undergoing DBS [41]. In a study by Smart et al., assessing the
efficacy of DBS, they found consistent changes in left theta local field potentials, which could provide
another consistent parameter to monitor. Based on this finding, they proceeded to adjust the contacts
for one non-responder, who was able to achieve a response by the end of the study. In a study by
Sankar et al. on responders and non-responders who had previously undergone SCG-DBS, they found
that both groups had significant volume differences in the left and average SCG; in the right and
average amygdala; and in the left, right, and average thalamus (Sankar et al. 2020). Additionally,
non-responders had significantly greater grey matter volume compared to responders and a greater
grey to white matter ratio. This important information provides yet more criteria for assessing if a
patient might respond to DBS. Expanding the breadth of data obtained during clinical trials has the
potential to advise clinicians on the efficacy of DBS, and to help predict non-responders and adjust the
stimulation parameters. This will improve patient welfare and allows for a more accurate examination
of the mechanisms of DBS in improving depressive-like symptoms.

Furthermore, it would be prudent to use preclinical results to advise clinical cases. In a previous
preclinical study, Hamani et al. reported that DBS supplemented with tranylcypromine increased the
antidepressant-like response in animals by 20%–30% compared to either treatment alone. They later
reported on a patient who relapsed after 4 years of remission following DBS treatment [64]. Based on
their previous work, they administered tranylcypromine before the DBS treatment, which allowed the
patient to enter remission again.

5. Preclinical Studies of Electrical Stimulation in the Medial Prefrontal Cortex in Rodents

Following the success of a number of preliminary clinical studies, several preclinical studies were
conducted to investigate the antidepressant-like effects of DBS [79]. The mPFC in rats is widely regarded
to be homologous to the SCC in humans. The mPFC together with the amygdala, hippocampus,
and hypothalamus controls the stress response, autonomic functions, and cognition in rats [80–83].
Using PET imaging, glucose metabolism was observed to normalize in the mPFC from a hyperactive
state following DBS, which was similarly observed in the SCC after 1 h of DBS [84]. However,
the homology between subdivisions of mPFC and SCC is still under debate. The vmPFC can be
further subdivided into the infralimbic (IL) and prelimbic (PrL) regions. Although there are overlaps,
the IL and PrL innervate different regions to different extents, including the lateral hypothalamus,
dorsal raphe nucleus, and amygdala, among efferent regions [85–87]. The PrL has been shown to
innervate to important limbic regions associated with SCC projections [87]. Meanwhile, the infralimbic
cortex (IL) is believed to be structurally homologous based on comparisons involving tractography
analysis [88–90]. Some assert that the whole ventromedial prefrontal cortex (vmPFC) is homologous to
the SCC [91,92]. Others assert that the vmPFC is functionally distinct from the dorsal medial prefrontal
cortex [70,91]. Nevertheless, the vmPFC is generally regarded as homologous to BA25, although a
thorough understanding of specific correlations remains to be seen. Table 3 lists 29 preclinical studies
on the effects of vmPFC-DBS on animal behaviors.

5.1. vmPFC Stimulation

Hamani et al. published the first preclinical study of vmPFC-DBS in rats in 2010. They used
the forced swim test (FST), which models “helplessness” in animals including anxiolytic-like
and anti-anhedonic-like behavior. They found DBS reduced the immobility score in FST,
indicating antidepressant-like effects. The authors attributed the behavioral changes to serotonergic
function in the dorsal raphe nucleus (DRN) as lesions in this structure abolished the behavioral effects
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in FST [91]. Another animal study in 2012 found the optimal stimulation frequency and amplitude
of vmPFC-DBS was 130 Hz and 200 μA that produced anti-anhedonic-like effects and produced
a charge density similar to DBS in humans [93]. They found a lesion in the DRN abolished the
higher sucrose consumption due to DBS, even with a normal hippocampal brain-derived neurotrophic
factor (BDNF) profile. They postulated that an interaction between BDNF and neurochemical
substances potentiated the antidepressant-like response [92]. The anti-anhedonic-like effects of DBS
were also supported in studies by Rea et al. and Edemann-Callesen et al. They conducted an
intracranial, self-stimulation paradigm in Flinders sensitive line and Flinders resistant line rats to assess
reward-seeking behaviors, which demonstrated that the anti-anhedonic-like effect of vmPFC-DBS
was independent of the dopaminergic reward system [94,95]. Bruchim-Samuel et al. reported
that modulation of the ventral tegmental area could prolong the behavioral changes. They found
that intermittent acute patterned stimulation administered to the ventral tegmental area of Flinders
sensitive line rats resulted in antidepressant-like and anti-anhedonic-like behaviors [96]. Strikingly,
a study by Bregman et al. in 2018 found that the antidepressant-like effect of DBS was serotonin
transporter-independent. This could be of benefit to some patients with a mutated serotonin
transporter-promoter gene (5-HTTLPR), which underlies the poor response to conventional selective
serotonin re-uptake inhibitors that target serotonin transporters [97].

Beside changes in neurochemical and neurotrophin profiles, neuroplasticity changes induced
by DBS have also been investigated. For instance, Bambico et al. reported increased hippocampal
neurogenesis and BDNF levels after vmPFC-DBS, which led to anti-anhedonic-like behaviors, but was
not sufficient for an overall antidepressant-like effect [98]. Correspondingly, Liu et al. found a correlation
between vmPFC-HFS and hippocampal neurogenesis and improvements in short- and long-term
memory in middle-aged rats. This suggests that DBS has therapeutic potential in age-dependent
memory deficits [99].

5.2. Other Brain Targets

As preclinical studies have progressed, several brain targets of DBS have been established.
Hamani et al. in 2014 demonstrated that DBS in the nucleus accumbens induced a similar
antidepressant-like effect to DBS in the vmPFC, even though the stimulations modulated different
circuits. This may contribute to more customized stimulation targeting based on the patient’s
symptoms [100]. Bregman et al. reported that the HFS of the medial forebrain bundle induced
antidepressant-like behaviors in the FST [101]. Interestingly, this antidepressant effect was not
mediated by increases in either serotonin or dopamine release in the nucleus accumbens. Lim et al. in
2015 emphasized that only HFS of the vmPFC led to anti-anhedonic-like effects and these pronounced
antidepressant-like effects were induced by modulating the activity of serotonergic neurons in the
DRN [102]. However, the authors did not investigate the effects of different stimulation parameters
on depressive-like behaviors in various DBS targets. The study by Etiévant et al. supported the
modulation of DRN by DBS and added that glial integrity was a prerequisite to the antidepressant-like
outcome [103]. In another study, mice subjected to chronic social defeat stress were administered
7 days of 5-h vmPFC-DBS, which resulted in increased social interactive behavior accompanied
by DRN modulation [104]. Interestingly, a recent study demonstrated that the potentiation of the
anxiolytic response to vmPFC stimulation was associated with exposure to an enriched environment.
This indicates that an enriched living environment can facilitate the beneficial effects of DBS
intervention [105]. Creed et al. conducted DBS on the entopeduncular and the subthalamic nuclei
to compare antidepressant-like effects [106]. Chronic Subthalamic nucleus DBS was reported to
impair performance in the learned helplessness task, with no significant effects in anxiety tests.
These results were associated with decreased hippocampal BDNF and TrkB mRNA. Interestingly,
entopeduncular nucleus DBS did not increase depressive-like behavior in the learned helplessness
task, indicating a superior target over the subthalamic nucleus for the treatment of depressive-like
behaviors. Meng et al. reported reductions in depressive-like behaviors in animals stimulated in

59



J. Clin. Med. 2020, 9, 3260

the lateral habenula; this observation was associated with elevations in dopamine, norepinephrine,
and serotonin in both blood serum and in the hippocampus [107].

5.3. vmPFC-Linked Modulation of Other Structures

Other structures have been found to be modulated by vmPFC-DBS. For example, Lim et al. reported
that activation of the medial subthalamic nucleus contributed to antidepressant-like behavior [108].
In a rat model of post-traumatic stress disorder, IL-DBS reduced firing in the basolateral amygdala,
which attenuated fear and produced a slight anxiolytic-like effect [109]. A recent study showed that DBS
resulted in elevated spontaneous firing of noradrenergic locus coeruleus neurons and strengthened the
coherence between the prefrontal cortex and locus coeruleus. The latter was protective against stress
and was responsible for the antidepressant-like effect seen in FST [110]. On the other hand, Insel et al.
reported that there was reduced communication between IL and ventral hippocampus in rats after
10 days of 8-h IL-DBS and such coherence was higher in depressed subjects [111]. Jiménez-Sánchez et al.
in 2016 reported two studies on acute IL-DBS in naive and olfactory bulbectomized rat models.
In naive animals, IL-DBS induced antidepressant-like behaviors and increased prefrontal glutamate
efflux, which activated the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)
to modulate DRN output [81]. In olfactory bulbectomized rats, similar changes were noted
in the prefrontal serotonergic and glutamatergic output with the activation of AMPAR and
antidepressant-like behaviors [33].

5.4. Synergism with Other Treatments

Antidepressant-like effects in different DBS paradigms are leading to some advancements in
the field. One such investigation by Laver et al. in 2014 examined the use of augmentation agents
such as buspirone, risperidone, and pindolol to enhance DBS efficacy. However, these agents did
not increase the antidepressant response of the rats receiving DBS treatment, when compared to
those co-administered monoamine oxidase inhibitors in previous studies [64,112]. It is possible that a
response may become evident in clinical trials. Perez-Caballero et al. in 2014 reported an interesting
early response to stimulation, in which sham-treated rats had reduced immobility and increased
swimming in FST at weeks 1 and 2, but not at week 6 post treatment. They reasoned that this was
caused by insertion-induced inflammation as pretreatment by indomethacin reduced the expression of
pro-inflammatory mediators (TNF-α, COX1, COX2) and reversed the antidepressant-like behaviors
in sham-treated animals [59]. Rummel et al. in 2016 reported that chronic continuous HFS did not
have more benefits than chronic intermittent stimulation in treatment-resistant rats with congenitally
learned helplessness [113].

5.5. Other Biological Parameters Modulated

Similar to the research direction of clinical studies, preclinical studies have also attempted
to characterize other biological parameters of DBS, including more precise electrode implantation.
Lehto et al. characterized real-time fMRI responses in the brain following DBS, and found strong
connectivity between the vmPFC and amygdala, which validated vmPFC as a target region [114].
Perez-Cabalerro et al. used PET scans to study the immediate effects of electrode implantation.
They found that metabolism was decreased locally (vmPFC), but was increased in ventral regions,
including dorsal and ventral hippocampus, piriform and insular cortex, nucleus accumbens,
ventral tegmental area, ventral pallidum, hypothalamus, and the preoptic area [115]. This was
in agreement with other studies on the effect of DBS on depressive-like behavior, but it is noteworthy
to see these effects simply via electrode insertion.
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Preclinical studies have progressed from studying the behavioral effects of DBS to understanding
the accompanying cellular and molecular changes, be they local or distal nodes in the neurocircuitry.
However, issues concerning the rodent homologs of SCC and the effect of stimulation in the subdivisions
of vmPFC have yet to be resolved and are discussed in the later part of the review.

6. Potential Mechanisms of Stimulation-Induced Antidepressant-Like Activities

Several preclinical studies reported that DBS modulates neuronal activities in different brain
regions, leading to antidepressant-like behaviors (Figure 1A). The network-wide cellular and molecular
changes caused by vmPFC-DBS can be classified into neuroplasticity-dependent and -independent
changes (Figure 1B). Neuroplasticity-dependent effects included neurogenesis, increased synaptic
plasticity, enhanced neurotrophin signaling, and potential activation of glial cell-mediated changes,
whereas neuroplasticity-independent effects included changes in serotonergic (5-HT) and glutamatergic
neurotransmission patterns, either locally or in distal structures. Other changes outside the scope of
this review might also be relevant.

Figure 1. (A) Changes in local and distal neuronal activity after electrical stimulation of the
ventromedial prefrontal cortex. (B) Neuroplasticity-dependent and -independent changes in
different structures following vmPFC-DBS. Abbreviations: AH, anterior hypothalamus; AMPAR,
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; BDNF, brain-derived neurotrophic
factor; BLA, basolateral amygdaloid nucleus; Cg1,2, cingulate gyrus area 1, 2; CM, centromedial thalamic
nucleus; DG, dentate gyrus; DMH, dorsomedial hypothalamus; DRD, dorsal raphe nucleus, dorsal part;
DRVL, dorsal raphe nucleus, ventrolateral part; IntMC, interposed cerebellar nucleus, magnocelluar
part; LA, lateral amygdaloid nucleus; LEnt, lateral entorhinal cortex; LHb, lateral habenula; MD,
mediodorsal thalamic nucleus; mPFC, medial prefrontal cortex; OrbF, orbitofrontal cortex; PaMP,
paraventricular hypothalamic nucleus, medial parvicellular; Pir, piriform cortex; PrL, prelimbic cortex;
TeA, temporal association area; and 5-HT, serotonin.
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Neuroplasticity-Dependent Effects of Electrical Stimulation

(i) Neurogenesis is a Long-Term Cellular Change Brought About by Electrical Stimulation

Post-mortem studies, pharmacological analyses, and electroconvulsive therapy reports have
led to the neurogenic hypothesis of the pathogenesis of depression, whereby atrophy and apoptosis
of hippocampal neurons correlated with depression and neurogenesis induce antidepressant-like
effects [120,121]. As CA1 and subiculum in the hippocampus project substantially to the
IL and the latter feeds back to the hippocampus via the relay nucleus reuniens in the
thalamus [102,122], vmPFC-DBS induces a corollary of hippocampal neuromodulation that may
mediate the antidepressant-like outcome. Etiévant et al. found that there was increased neurogenesis
in the dentate gyrus of the dorsal and ventral hippocampus in rodents after 1-h IL-DBS, as detected
by positive BrdU cells, and this was accompanied by reduced immobility in FST [103]. Similarly,
Liu et al. reported proliferation of neuronal progenitors after chronic vmPFC-DBS, as demonstrated by
increased positive BrdU and Dcx cell counts, as well as upregulated expressions of genes related to
neurogenesis (NeuN, Syn, Dcx, Nes) and neuronal differentiation and protective functions (Angpt2,
S100a4). These results were correlated with enhanced memory function, which may serve as another
indication of vmPFC-DBS [99]. Bambico et al. confirmed that new cells with mature neuronal phenotype
were found in the hippocampus after vmPFC-DBS, as detected by BrdU and NeuN co-expression.
They also reported that temozolomide-induced reduction of these cells led to a longer latency to feed in
a novelty-suppressed feeding test, but did not significantly change immobility in FST. This prompted
the authors to further examine the anxiolytic-like and anti-anhedonic-like effects of vmPFC-DBS.
In contrast, Winter et al. showed that 1 h of vmPFC-DBS with established DBS parameters in rodents
did not increase the percentage of BrdU and Dcx double-stained cells in the dentate gyrus compared
to the control [123]. Although research on the interaction between neurogenesis and substrates
such as serotonin is ongoing, BDNF may be required to exert this antidepressant-like effect [98].
Neurogenesis is a widely investigated mechanism of DBS and these results indicate positive effects in
the hippocampal region.

(ii) Synaptic Plasticity is Altered More Rapidly by Electrical Stimulation than by Neurogenesis

Disruption in synaptic functions and signaling are implicated in the pathophysiology of MDD,
considering their importance in neurotransmission and ultimately, in cell survival [20]. Chronic stress,
a risk factor of MDD, was shown to cause retraction of dendrites in the medial prefrontal cortex [124]
and CA3 of the hippocampus [125] in rodents. In the latter, the long-term potentiation (LTP) of synapses
was compromised, affecting long-term memory formation [126]. Regarding the changes in synaptic
plasticity caused by vmPFC-DBS, Liu et al. reported denser secondary dendritic spines in the dentate
gyrus, as demonstrated by upregulated Syn expression correlated with Nes and Dcx. The authors also
reported a slight (1.2 fold) increase in hippocampal BDNF gene expression, a regulator of synaptic
plasticity [99]. More recently, Bezchlibnyk et al. found that 1 h of IL-DBS resulted in longer dendritic
length and branch points localized in the basal and apical regions of hippocampal CA1 neurons,
respectively. These results indicated that the acute stimulation stressed the indispensable connections
between the hippocampus and vmPFC, which may have implications in MDD and its treatment [127].

Chakravarty et al. found that 5 days of 6-h vmPFC-DBS daily in 9-week-old C57Bl/6 mice
resulted in a larger hippocampal volume and increased hippocampal synaptic density, as indicated
by upregulated synaptophysin expression, a presynaptic marker [128]. Similarly, Veerakumar et al.
found that chronic vmPFC-DBS in transgenic mice increased dendrite length and complexity of the
5-HT DRN neurons and upregulated the expression of postsynaptic markers synaptophysin and
PSD-95 [104]. Moreover, Etiévant et al. reported synaptogenesis in the DRN, as indicated by higher
expressions of PSD-95 and synapsin. This may explain the prolonged DRN neuronal activation during
and after vmPFC-DBS, leading to an antidepressant-like effect [103]. According to earlier reviews,
dendritic spines can respond swiftly and provide surfaces for synapse formation [126,129]. Given the
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more dynamic properties of synapses compared to neurogenesis, synaptic plasticity may serve as
an early indicator of vmPFC-DBS efficacy. More preclinical studies characterizing the dynamics of
synaptic plasticity under vmPFC-DBS are anticipated.

(iii) Neurotrophin Signaling Underlies the Antidepressant-Like Effect of Electrical Stimulation

The neurotrophin BDNF is important in synaptic regulation, neuronal survival, and differentiation
of new neuron terminals in the adult brain [130–132]. Preclinical studies reported that depressive-like
rats subjected to chronic unpredictable stress [92,98] or olfactory bulbectomy [33] had lower BDNF
levels, whereas DBS increased BDNF levels, thus preventing the development of depressive-like
behaviors. Extracellularly, pro-BDNF is cleaved by tissue plasminogen activator/plasmin to form
mature BDNF. The high-affinity tropomyosin-related kinase B (TrkB) receptor is activated by BDNF [133],
leading to downstream phosphorylation of kinases, including protein kinase B (Akt) and extracellular
signal-regulated kinases (ERK), which are important mediators of anti-apoptosis and proliferation,
respectively [134]. Moreover, BDNF-TrkB triggers Serine 133 phosphorylation of transcription factor
cAMP response element binding (CREB), leading to the formation of the dimer. The phosphorylated
CREB dimer forms a larger transcriptional complex and alters multiple gene expressions including
BDNF itself [135]. Encouragingly, Jiménez-Sánchez et al. showed that IL-DBS administered to olfactory
bulbectomized rats activated these signaling pathways, as demonstrated by lowered Akt/pAkt,
ERK/pERK, and CREB/pCREB ratios during 1 h of stimulation that increased again after stopping the
stimulation, which was similar to the expression pattern of BDNF [33]. Further molecular studies are
needed to characterize the action of vmPFC-DBS toward different targets in this signaling cascade.

(iv) Potential Involvement of Glial Cells in Mediating the Outcome of Electrical Stimulation

Glial cells may be involved in the pathogenesis of depression, as revealed by post-mortem studies
of MDD patients, which found lower densities in the prefrontal cortex and amygdala, but increased
levels in the hippocampal hilus [136–138]. The latter may be activated as a result of neuronal injury
and decreasing neuronal populations [139,140]. Glial cells metabolically support neurons and regulate
glutamate synthesis and thus, regulate synaptic plasticity. They may be modulated by DBS to
potentiate the therapeutic effects [136]. This mechanism was supported in a study by Etiévant et al.,
which found that glial lesion by L-alpha-aminoadipic acid injection diminished antidepressant-like
behaviors, hippocampal neurogenesis, and LTP induced by IL-DBS [103]. These findings led to the
hypothesis that the neuronal-glial relationship is a determinant of the antidepressant-like efficacy
of DBS, but this requires further study. Perez-Caballero et al. also studied the effects of electrode
implantation and analgesic supplements [115]. They found that implantation with non-NSAID
analgesic treatments, like tramadol and morphine, did not ameliorate the anti-depressant effects
of the electrode implantation. This observation was accompanied by an increase in glial marker
GFAP-positive cells. This finding suggests that the supplementation of non-NSAIDs postoperatively
could improve the comfort of patients.

Neuroplasticity-Independent Effects of Electrical Stimulation

Besides modulating neuroplasticity-dependent mechanisms, DBS may manipulate some
neuroplasticity-independent pathways to induce antidepressant-like effects. In a chronic mild
stress model, depressive-like behaviors developed without significant deterioration of hippocampal
neurogenesis or neuronal survival [141]. There are two likely inter-related neurotransmission systems
that potentiate DBS efficacy, namely serotonergic and glutamatergic systems.

(i) An Alternative Action of the Serotonergic System by Electrical Stimulation

Results from preclinical studies have established an important role of the vmPFC-DRN axis and
downstream 5-HT neurotransmission in the treatment of depression. Hamani et al. first reported that
5-HT neurotransmission was augmented by DBS, as shown by a four-fold increase in hippocampal

76



J. Clin. Med. 2020, 9, 3260

5-HT after 1 h of vmPFC-DBS [91]. The authors also suggested a relationship between the integral 5-HT
system and DBS efficacy, as 5-HT depletion induced by DRN lesions with 5,7-dihydroxytryptamine
injection diminished the antidepressant-like effects of vmPFC-DBS [91,92]. Similarly, a study by
Perez-Caballero et al. showed that the administration of para-chlorophenylalanine ester impeded 5-HT
biosynthesis and diminished the antidepressant-like behaviors in early DBS among IL sham-treated
animals [59]. Interestingly, Volle et al. showed that DBS and fluoxetine could rescue the 5-HT system
via different mechanisms [119]. Both treatments increased the amount of 5-HT at the end of the chronic
treatments, but chronic fluoxetine treatment was associated with decreased expression of 5-HT1A in
the prefrontal cortex and the hippocampus, whereas chronic DBS increased 5-HT1B expression in the
prefrontal cortex, globus pallidus, substantia nigra, and raphe nuclei.

A study by Veerakumar et al. in a transgenic mouse model of chronic social defeat stress
revealed normalization of 5-HT neuron excitability in DRN after vmPFC-DBS [104]. Moreover,
Jiménez-Sánchez et al. found increased prefrontal 5-HT efflux after 1 h of IL-DBS in olfactory
bulbectomized rats [33] and in naive rats [81]. Etiévant et al. also found spontaneous DRN 5-HT
neuron activity increased with IL-DBS [103]. Strikingly, an electrophysiological study performed by
Srejic et al. showed that IL-DBS decreased the firing rate of DRN neurons, including serotonergic
subtypes via the activation of GABAergic interneurons and possibly by the inhibition of excitatory
glutamatergic neurons that modulate the firing of 5-HT [142]. Hence, the positive response to DBS could
be enhanced by more selective targeting of the neuronal population by pharmacological adjuncts or
coupling with optogenetic techniques. A study by Bregman et al. in 2018 using a serotonin transporter
knockout mouse model found that DBS increased hippocampal 5-HT concentration, despite mice
responding poorly to fluoxetine, a conventional selective serotonin reuptake inhibitor that acts on
serotonin transporter [97]. These findings revealed a novel antidepressant-like activity of DBS involving
the 5-HT system primarily in the DRN [79].

(ii) Glutamatergic Neurotransmission is a Promising Target of Electrical Stimulation

Jiménez-Sánchez et al. showed that there was enhanced prefrontal glutamatergic efflux together
with changes in the local 5-HT profile [33,81]. The administration of AMPAR agonist and antagonist and
subsequent FST showed that the increased glutamate led to antidepressant-like behaviors in animals [81].
The authors also found increased synthesis of the GluA1 subunit of AMPAR and postulated that their
postsynaptic membrane insertion may explain the antidepressant-like outcome after 1 h of IL-DBS [33].
The activated glutamate output from the medial prefrontal cortex and frontal cortex enhanced 5-HT
neuronal firing in the DRN [143], resulting in the antidepressant-like effect. However, Etiévant et al.
argued that their activation was attributed to increased synaptogenesis in the DRN as previously
described [103]. Nevertheless, Lim et al. hypothesized that a glutamatergic projection from the
vmPFC to the medial subthalamic nucleus [144] may account for the antidepressant-like effects of
vmPFC-DBS, as seen by increased c-Fos-immunoreactive cells in the medial subthalamic nucleus,
increased sucrose consumption, and reduced immobility duration in FST [108]. With the emergence of
glutamate-targeting pharmacotherapy [81], the ability to modulate glutamatergic transmission of DBS
would add to the therapeutic novelty.

7. Concerns and Limitations of the Electrical Stimulation Studies

The small sample sizes in several clinical studies might compromise the credibility of the DBS
efficacy, even in studies with similar recruited DBS subjects or consistent outcomes [18,56]. Most of
the clinical studies were open-label, which means the responses could be prone to the placebo effect,
despite the early response characterized by Perez-Caballero [59]. Efficacy of DBS treatment could be
overestimated, unless countered by long stimulation, randomization, and blinding [18,145], such as
double-blinded and sham-controlled studies [55]. A major criterion in preclinical studies is that they
should mimic clinical studies. As it is unfeasible to stimulate animals for 24 h a day as in clinical
designs [128], the scheduling of the stimulations and behavioral assessments will thus be relevant
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to the validity of the outcomes. Stimulation during behavioral tests will be most similar to clinical
studies, but this may interfere with the physiological functions of the animals [79]. Besides, DBS is
normally carried out in animals for relatively short periods and the effects might not correlate well
with chronic stimulation [33]. Some preclinical studies were conducted in naive animal models
and would not be compatible with clinical trials as TRD patients will be recruited exclusively in
clinical settings [33,93]. Moreover, carry-over effects and lesion effects may interfere with the results
in both settings. Carry-over effects refer to behavioral or neurochemical changes after DBS ceases.
This needs to be counteracted by a washout period to allow the subjects to resume their baseline
physiological states before the next stimulation [79]. Lesion effects occur where responses are observed
after electrode implantation [19,60,72]. This needs to be differentiated from true responses observed in
preclinical studies by sham-treatment [67], otherwise, the therapeutic effect will be over-estimated.
Generally speaking, care must be taken in the design of experiments and data analysis of preclinical
studies to increase their translational value to clinical studies.

8. Prospective Approaches to Enhance Deep Brain Stimulation Safety and Efficacy

Clinical response to SCC-DBS and various predictors can facilitate precise patient selection and
customize the stimulation targets, thereby yielding maximal therapeutic outcomes with minimal
adverse effects. For example, a lower baseline frontal theta cordance and incremental increase in
the early stage of DBS indicates a clinical response [63]. Efforts have been made toward a more
standardized approach to localize SCG in DBS responders [70]. Recently, real-time recording of the
local field potential at the site of electrode implantation coupled with electroencephalogram have
revealed network-wide clinical changes in DBS, which may improve the surgical precision [146].
Tractography-guided localization of electrodes, being more customized and precise, can improve the
response rate [49]. A rechargeable DBS system should also be considered for long-term stimulation to
reduce the need for surgery to replace batteries [17]. Lastly, given the high cost and invasiveness of
DBS, more stringent regulation and evidence from randomized controlled studies are necessary to
justify the benefits in TRD patients [147,148].

9. Conclusions

Major depressive disorder is a debilitating psychiatric condition, which is affected by treatment
resistance. Although safety concerns were raised on the risks of ablative treatment, it paved the way
for deep brain stimulation as an adjustable therapy against depression. This review summarized
the efficacies of deep brain stimulation in the subcallosal cingulate, one of the most extensively
studied targets of stimulation, and in the ventromedial prefrontal cortex, which is the rodent homolog.
Research on DBS initially focused on symptomatic relief. As the decades have progressed, studies have
started to branch out and utilize modern technology to improve targeting of brain regions and
to investigate a broader list of symptoms in patients. This has allowed us to better understand
the impact of DBS on underreported parameters, such as heart rate, skin conductance, and brain
waveforms. Additionally, preclinical research has expanded our understanding of the molecular factors
modulated by stimulation. Besides the local effects, DBS has been shown to modulate distal structures,
which can involve numerous projections to and from the stimulated targets, and can contribute to
the antidepressant effects. This review also described some of the neuroplasticity-dependent and
-independent changes brought about by DBS. Progress in different areas of research has helped lay
the groundwork for the next wave of DBS research investigating more targeted and more effective
applications of DBS for treating MDD. Last but not least, with further customization, more precise
approaches, and more stringent regulation, it is anticipated that deep brain stimulation has great
promise to treat severe, refractory depressive disorders in the near future.
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Abstract: Background and aim: Deep brain stimulation (DBS) is an effective treatment for patients with
severe therapy-resistant obsessive-compulsive disorder (OCD). After initiating DBS many patients
still require medication and/or behavioral therapy to deal with persisting symptoms and habitual
behaviors. The clinical practice of administering postoperative cognitive behavioral therapy (CBT)
varies widely, and there are no clinical guidelines for this add-on therapy. The aim of this review is to
assess the efficacy, timing and procedural aspects of postoperative CBT in OCD patients treated with
DBS. Method: Systematic review of literature. Results: The search yielded 5 original studies, one case
series and three reviews. Only two clinical trials have explicitly focused on the effectiveness of CBT
added to DBS in patients with therapy-resistant OCD. These two studies both showed effectiveness
of CBT. However, they had a distinctly different design, very small sample sizes and different ways of
administering the therapy. Therefore, no firm conclusions can be drawn or recommendations made
for administering CBT after DBS for therapy-resistant OCD. Conclusion: The effectiveness, timing
and procedural aspects of CBT added to DBS in therapy-resistant OCD have hardly been studied.
Preliminary evidence indicates that CBT has an added effect in OCD patients being treated with DBS.
Since the overall treatment effect is the combined result of DBS, medication and CBT, future trials
should be designed in such a way that they allow quantification of the effects of these add-on therapies
in OCD patients treated with DBS. Only in this way information can be gathered that contributes
to the development of an algorithm and clinical guidelines for concomittant therapies to optimize
treatment effects in OCD patients being treated with DBS.

Keywords: deep brain stimulation; obsessive compulsive disorder; cognitive behavioral therapy

1. Introduction

Obsessive-compulsive disorder (OCD) is a chronic psychiatric disorder characterized by the
presence of obsessions and/or compulsions. Its prevalence varies from 0.8% to 3% in the adult
population [1]. The World Health Organization lists OCD as the 11th most common cause of secondary

J. Clin. Med. 2020, 9, 2383; doi:10.3390/jcm9082383 www.mdpi.com/journal/jcm89



J. Clin. Med. 2020, 9, 2383

disability, accounting for 2.2% of the total years lived with disability [2]. Cognitive behavioral
therapy (CBT), including exposure and response prevention (ERP), as well as pharmacotherapy with
serotonergic medication, are the main forms of treatment for OCD. The effectiveness of CBT as treatment
for OCD has been established in multiple studies [3,4]. However, its acceptability is limited: as much
as 16% to 30% of patients offered CBT drops out during treatment [4,5]. Serotonergic medication,
as well as augmentation with atypical antipsychotics, were shown to be effective, and the combination
of medication and CBT is even more effective [6,7]. However, a large percentage of OCD patients
show only a partial response, or are refractory to psychotherapy and pharmacotherapy. In severe
therapy-resistant cases, deep brain stimulation (DBS) may be an option. Although the target and
stimulation characteristics may vary across studies and clinics, DBS is generally considered safe and
effective for the treatment of therapy-resistant OCD [8]. DBS received approval as treatment for OCD
by the European Comission (EC) in 2009, and in the same year it was approved as a Humanitarian
Device Exemption by the U.S. Food and Drug Administration (FDA).

After DBS, patients often still need medication, and CBT is often offered because it is considered
useful in the treatment of remaining obsessive and compulsive symptoms, in dealing with behavior
that has become habitual and persists even when the urge has subsided, and in helping to adjust to the
new situation and new expectancies. In addition, CBT provides the patient with new coping styles
and problem solving skills that may be important to prevent relapse and contribute to the long-term
efficacy of DBS. Whereas guidelines for CBT in OCD have suggested offering CBT after DBS, clinical
practice varies widely across institutions and often depends on local possibilities and traditions [9,10].
A more uniform and evidence-based approach may be beneficial for patients.

Up until now, the added effect of CBT to DBS for OCD has not been reviewed. The aim
of this systematic review is to assess the literature on efficacy, timing and procedural aspects of
postoperative CBT in patients being treated with DBS for therapy-resistant OCD, and to formulate
clinical recommendations for future research and for offering CBT after DBS.

2. Methods

A systematic review of studies catalogued in PubMed was performed following the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (www.prisma-
statement.org). The search was done over the full time span up until 17 April 2020. Only papers in
English were included. We used the following broad Booleian search strategy: “(deep brain stimulation)
AND (obsessive compulsive disorder) AND ((exposure and response prevention) OR (behavioral
therapy) OR (cognitive behavioral therapy))”. Given the limited yield of a narrower, exploratory search,
all papers that addressed any form of postoperative CBT in patients receiving DBS for therapy-resistant
OCD were included. This not only comprised clinical trials, cohort studies, case series and case
studies, but also systematic and narrative reviews on DBS for OCD and position papers if they also
commented on CBT after DBS. Reference lists of the included studies were checked for additional
papers. The Evidence Project risk of bias tool was used to assess the quality of the included studies
(not being reviews) [11]. Two authors rated the quality (MG and AL) and discrepancies were resolved
by consensus. Due to the very limited yield of our search, no minimum quality score was applied
for inclusion. The effectiveness of CBT added to DBS was quantified by looking at the changes in
scores on the Yale–Brown Obsessive Compulsive Scale (Y-BOCS) before and after CBT. Although the
initial intention was to perform a meta-analysis, this was not possible because of the limited number of
included studies that, in addition, used different indication criteria and different forms and ways of
delivery of CBT. Timing and procedural aspects of CBT in the studies are reported in a descriptive way.
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3. Results

3.1. Literature Search

The search yielded 181 papers. One additional paper was added after checking the reference lists
of included papers [12]. Based on the title and/or abstract, 154 of these were excluded because of the
following reasons: animal studies (n = 14), not referring to OCD (n = 61), not referring to DBS (n = 15),
not referring to CBT (n = 28), not in English (n = 10) and other reasons (including the absence of an
abstract) (n = 17). The remaining 28 papers were read in full. An additional 19 of these were excluded
due to the following reasons: not referring to CBT (n = 11), not referring to DBS (n = 1) and other
reasons (n = 7). Eventually, 9 papers were included in the review: three randomized controlled trials
(RCTs) [13–15], one cohort study [16], one case series [12], one qualitative study [17], one systematic
review [18] and 2 narrative reviews [19,20]. These reviews were focused on the efficacy of DBS for
OCD and not on the efficacy of CBT after DBS for OCD. Two of the included papers were based on the
same RCT [13,14] (see Figure 1 for a PRISMA flowchart). The quality assessment of these studies are
displayed in supplementary Table S1. The included systematic and narrative reviews are not discussed
in the ‘results’ section since they did not include other relevant papers than the ones discussed below.

Figure 1. PRISMA flow diagramme. Abbreviations: OCD = obsessive compulsive disorder;
DBS = deep brain stimulation; BT = behavioral therapy.
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3.2. Description of Included Studies

The first RCT, by Denys et al. (2010) was a double-blind, sham–controlled, clinical trial of
DBS of the nucleus accumbens (NA) that included 16 therapy resistant OCD patients [13]. In this
study, refractoriness was defined as no or insufficient response to treatment with at least 2 different
selective serotonin reuptake inhibitors (SSRIs) at maximum dosage for at least 12 weeks, treatment
with clomipramine hydrochloride for at least 12 weeks with adequacy of treatment established by
plasma levels, one augmentation trial with an atypical antipsychotic for 8 weeks in combination with
an selective serotonin reuptake inhibitor, and at least 16 sessions of CBT [13].

Design: The study had 3 sequential treatment phases: an initial open phase, starting immediately
after electrode implantation and lasting for 8 months, in which stimulation parameters were optimized
and CBT was started. DBS was administered per protocol, with restricted stimulation settings at
90 μs, 130 Hz and a maximum stimulation intensity of 5.0 V. The effects of DBS were assessed with the
Y-BOCS for obsessions and compulsions, with the Hamilton Anxiety Rating Scale (HAMA) for anxiety
symptoms, and with the Hamilton Depression Scale (HAMD) for depression. After this open phase,
a 1-month, double blind, sham-controlled phase started in which patients were randomly allocated
to 2 periods of 2 weeks with the stimulators blindly turned ‘on’ (active stimulation) or ‘off’ (sham
stimulation). CBT was continued throughout this phase. The double-blind phase was followed by
a 12-month maintenance phase in which the stimulator was turned on for all patients and settings
adjusted as required. Patients were allowed to use psychopharmacological medication during the trial.

Effectiveness: Stimulation in the initial open phase resulted in a mean decrease of 46% in Y-BOCS
score from 33.7 (baseline) to 18.0 points; a mean decrease of 52% on the HAMA score from 20.9 (baseline)
to 10.1 points, and a mean decrease of 46% in HAMD scores from 19.5 (baseline) to 10.5 points. Without
stimulation, the improvement gained with the addition of CBT disappeared rapidly, suggesting that
efficacy of CBT depends on stimulation. In this double-blind phase, the mean difference in Y-BOCS
score between the active and sham condition after correction for period effects was 8.3 (p = 0.04).
The mean difference in HAMA scores was 12.1 (p = 0.1) and the difference in HAMD scores was
11.3 (p = 0.01). It was reported that CBT was particularly effective in decreasing compulsions and
avoidance behavior.

Mantione et al. (2014) performed a secondary analysis of this same RCT that was aimed at
quantifying the added treatment effect of CBT after DBS, as well as to discuss the methodology of the
CBT programme used (see above) [11]. The average decrease on the Y-BOCS after optimization of
stimulation settings was 25%. With the addition of 24 weeks of CBT to ongoing DBS treatment, there
was an additional 22% decrease of total Y-BOCS score (p = 0.021), without any additional effects on the
HAMA or HAMD scores. The number of responders after CBT increased from 6 to 9 out of 16.

Timing: CBT was added when three conditions were fulfilled: an initial and substantial decrease
(on average 6 points) in Y-BOCS score had to be obtained, there had to be no further decrease in
Y-BOCS during three consecutive visits (which was usually after 8 weeks of stimulation), and it
had to be observed that patients avoided resisting their compulsions or avoided anxiety-provoking
exposure situations.

Procedural aspects: The CBT program consisted of 24 weekly individual face-to-face sessions
of 60 min each. The protocolized treatment started with an extensive evaluation of the patient’s
motivation. Once motivation was established, therapy started with ERP and gradually introduced
more cognitive elements at later stages [14,21].

Tyaghi et al. (2019) performed a randomized, double-blind counterbalanced comparison of DBS of
the anteromedian subthalamic nucleus (STN) and ventral capsule/ventral striatal (VC/VS) stimulation
in 6 patients [12]. In this study, treatment resistance was defined as no sustained benefit from treatment
with at least two SSRIs for a minimum of 12 weeks at optimal doses, augmentation of SSRI treatment
with an antipsychotic or extension of the SSRI dose beyond recommended limits, and at least two trials
of CBT with a minimum of 10 sessions, of which one as inpatient.
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Design: the study consisted of two phases: an initial randomized phase of 12 weeks with
stimulation of either the STN or the VC/VS, followed by an open phase in which both targets were
stimulated. Stimulation was started after a mapping session at 60 μs and 130 Hz, without restrictions
for stimulation intensity and also allowing stimulation of different contact points, both monopolar and
bipolar. Next, there were two additional 12-week open phases: in the first one stimulation settings
were optimized using data from previous phases. In the second phase, CBT was added to optimized
DBS using the combined VC/VS and STN targets.

Effectiveness: Psychopharmacological treatment was allowed and kept constant during the
trial. Overall, the score on the Y-BOCS reduced by 60%, from 36.2 at baseline to 14.3 when optimal
stimulation settings were administered. Adding in-patient CBT resulted in an additional decline of
the Y-BOCS score by 35% to 9.3 (p = 0.09; total decline from baseline 74%). Although obsessions and
compulsions improved significantly from baseline to optimal stimulation, there was no statistically
significant added improvement after CBT. Scores on the Montgomery–Asberg Depression Rating Scale
(MADRS) declined from 28 at baseline to 13 during optimal stimulation settings and further reduced to
7 after CBT (information from the authors). The authors conclude that there is no further improvement
in obsessions and compulsions due to CBT after optimal stimulation settings, and that this reflects a
‘floor effect’ of DBS on OCD. With ‘floor effect’ they intend to say that no further improvement of OCD
symptoms would be possible after optimization of stimulation settings.

Timing: CBT was started standard after 24 weeks
Procedural aspects: CBT, including ERP, was applied in an inpatient unit while optimal stimulation

settings were maintained.
Greenberg et al. (2006) report on the long-term (>3 years) follow-up of 10 therapy-resistant OCD

patients being treated with VC/VS DBS [16].
Effectiveness: The average Y-BOCS score declined by 35% from 34.6 preoperatively to 22.3 after

three years of DBS. All pharmacotherapy was allowed, but kept constant up to three months after
the start of DBS treatment. The information provided in the paper does not allow to calculate the
added effect of behaviour therapy to DBS on OCD symptoms. Clinically, the authors describe a
‘notably enhanced motivation to engage in goal directed activities’ during DBS, which also included
enhanced motivation for CBT, which all patients had attempted unsuccessfully before the procedure.
They consider that this increased motivation may have been a key factor in the patients’ clinical progress.

Timing: If patients had had behavior therapy immediately prior to DBS, this was allowed to
continue after the start of DBS; if behavior therapy was newly indicated, it was allowed to start only six
months after the start of DBS. No details on the number of patients that received behavioral therapy
postoperatively is given, nor details about the type, frequency, duration and way of delivery of the
behavioral therapy.

Procedural aspects: There is no information on procedural aspects.
Abelson et al. (2005) reported a case series of 4 therapy resistant OCD patients being treated

with DBS of the anterior limb of the internal capsula, with the tip of the electrode adjacent to the
nucleus accumbens [12]. After operation, a 12-week double-blind testing stage was followed by an
open-ended, open stimulation phase, with efforts to optimize results by adjusting stimulation settings
and by pharmacotherapy and CBT. No further details on the effectiveness, timing and procedural
aspects of CBT is given.

The qualitative study by van Westen et al. (2019) reports on the results of interviews with
8 professionals involved in DBS treatment of OCD patients, as well as experiences from embedded
patient observation of the author [17]. These professionals identified the process in which patients
become increasingly engaged in their process of improvement as an important predictor of effect. As the
patient changes, new possibilities emerge, one of which is renewed treatment with CBT, to reduce
remaining symptoms and expand healthy behavioral repertoires [17].
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4. Discussion

Whereas it is a common practice to offer patients with therapy-resistant OCD treated with
DBS a course of CBT after their operation, its effectiveness, timing and procedural aspects, such as
the preferred way of delivery of such therapy, has hardly been studied. In spite of the fact that
the importance of post-operative CBT is stressed by various authors [18–20], only two trials have
specifically focussed on CBT added to DBS [13–15].

4.1. Effectiveness

The two studies that assessed the effects of CBT added on to DBS both support its effectiveness.
In the study by Denys et al., CBT was responsible for significant additional reduction of 22% on the
Y-BOCS after optimal stimulation settings were achieved [14]. In the study by Tyagi et al., there was a
trend for an additional improvement of 35% on the Y-BOCS (p = 0.09). Whereas this was not statistically
significant, there is a clear trend towards significance for this finding and it constitutes a clinically
relevant improvement. In our opinion the lack of a statistical significance may well be due to a power
problem because of the very low number of included patients (n = 6). So contrary to the authors,
who present this as a negative outcome, we consider this study in support of postoperative CBT.

In theory, the effectiveness of CBT may also depend on the preoperative cognitive state of the
patient, as well as on the potential cognitive side effects of DBS. Whereas in patients with Parkinson’s
disease, cognitive side effects of DBS—especially of the subthalamic nucleus—have been associated
with reduced processing speed and working memory [22], there is little evidence of any detrimental
effect of DBS—of any target—on the cognitive performance of OCD patients [23]. Studies that do report
on neuropsychological measures report no relevant change in cognitive performance after DBS [24],
and in one case even an improvement in cognitive flexibility for STN DBS but not for VC/VS DBS [15].
None of the included papers report on problems administering CBT due to cognitive side effects.

There has been some discussion on whether the effects of CBT may depend on the DBS target.
Mantione et al. suggest that the effect of CBT in their study may be specific to stimulation of the NA,
since NA DBS has a profound effect on anxiety and depression, as opposed to, e.g., DBS of the STN,
which reduces compulsions without significant effects on mood and anxiety [11]. However, in the
study by Tyagi et al., the additional improvement in patients with STN and VC/VS DBS is in the same
range, if not larger than in the study by Mantione et al. [15]. Based on these scarce data, we expect
CBT to be effective as add-on treatment to DBS in therapy-resistant OCD patients, irrespective of the
stimulation target. However, only further studies comparing the effectiveness of CBT in OCD patients
with different DBS stimulation targets can reveal a potential target related effect of CBT.

4.2. Timing

The same two studies used different criteria for starting CBT. Denys et al. started CBT after partial
response, defined as a substantial reduction of on average 6 points on the Y-BOCS, without further
decrease during three consecutive visits [13,14]. In the study by Tyagi, CBT was started after 36 weeks
in every patient, irrespective of the amount of improvement achieved by DBS [15]. In clinical practice
the question of when to best start CBT is an important one. It does not seem sensible to start CBT
immediately postoperatively after electrode implantation and activating the DBS system. The mental
state of the patient has not changed yet, and because of that there is no reason to expect that treatments
that were ineffective before DBS would now be effective. It also makes no sense to start CBT if the
response to DBS is very large, since there may not be any relevant treatment goals left to work towards.
The best time to start CBT is probably when there is a partial response to DBS. The altered mental
state of the patient, with not only some reduction in obsessive-compulsive behavior, but usually also
reduced anxiety and improved mood, provides a different starting position for CBT, and the patient
may be more able and motivated to comply with therapy, as was also described by Greenberg et al.,
and by Van Westen et al. in their qualitative study [16,17]. The question then is when to start CBT in
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case of partial response? Some clinicians routinely start after a certain period (e.g., after 8 or 12 weeks).
Other clinicians start CBT when it is assumed that optimal stimulation settings have been achieved.
Whereas this may be preferable in a research context, in order to separate the differential contribution
of DBS and CBT to the response, clinically this is debatable. On one hand, reaching optimal stimulation
settings may take a long time in many patients, which would lead to an unacceptable delay for therapy
and loss of momentum; on the other hand, these patients have already experienced non-effective CBT
and it is important to spare them another failure because of starting CBT to soon, as this would decrease
their motivation for another attempt when stimulation parameters are optimal. One option is to assess
the “readiness” for CBT, as mentioned above. Another option may be to look for improvement of
cognitive measures that may increase the likelihood of successful CBT. A recent intervention study
showed that the effect of VC/VS DBS is explained in part by enhancement of cognitive control by the
prefrontal cortex. In this study, DBS improved the patients’ performance on a cognitive control task
and increases theta (5–8 Hz) oscillations in both medial and lateral PFC, which predicts the clinical
outcome [25]. Perhaps such indicators could be made to clinical use and help to indicate the best time
to start CBT after DBS.

4.3. Procedural Aspects

In the study by Denys et al., CBT/ERP consisted of 24 weekly individual face-to-face sessions of
60 min each, administered on an outpatient basis. Tyagi et al. provided CBT/ERP for 12 weeks on an
in-patient basis in a neuropsychiatry unit. In both studies, the therapy was provided by the DBS clinic.
This may be feasible in a research setting, but in routine clinical practice this will be more difficult to
ask from patients once the DBS settings are optimized, given the distance that many of them will have
to travel to the DBS clinic. Because of this, therapy is often organized in the region where the patient
lives. However, whereas many behavioral therapists from local or regional psychiatric services may
have experience in treating OCD patients, few will have experience treating OCD patients with DBS.
In-patient treatment is one option to let patients benefit from the expertise of therapists of the DBS
clinic, but this will be costly and may not be more effective than out-patient treatment. Another way of
letting patients benefit from therapists with DBS experience is to explore novel ways of administering
therapy, such as by telephone, videoconferencing or online.

In addition, other indications for CBT in the peri-operative period should also be considered.
CBT could be administered with different objectives and if necessary, a different procedural approach.
It could for instance already be started pre-operatively with the intent to enhance motivation for
change post-operatively. Such pre-operative intervention has not been studied yet. Additionally,
the content of the cognitive aspects of therapy could be adapted to address some issues specific to
DBS, such as specific psychoeducational purposes related to DBS and preoccupation with stimulation
settings. Moreover, after substantial improvement, low frequency long term continuation therapy may
be helpful in preventing relapse.

4.4. Synthesis and Recommendations

Only two studies specifically address postoperative CBT. These used different stimulation targets
and stimulation protocols, as well as different approaches to administering the therapy. Both studies
suffer from a number of limitations, most importantly a small sample size, and the lack of a control
condition for the CBT. In addition, the focus is strongly on obsessive and compulsive symptoms,
whereas a focus on quality of life and general (social) functioning may be more important to the
patient [26]. The other included studies mention postoperative CBT, but do not provide any details on
effectiveness, timing and procedure.

DBS is not a stand-alone treatment for therapy-resistant OCD. After their operation, many patients
continue to take medication for OCD, and/or receive some form of psychotherapy to deal with
remaining symptoms or problems adjusting to the new situation. The overall treatment effect is the
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resultant of the DBS plus adjunctive therapies, and studies into the effectiveness of DBS should also
take these concurrent treatments into account.

From a clinical point of view, there is a need for an evidence based algorithm for applying
concomittant therapies, both psychotherapy as well as pharmacotherapy. As far as psychotherapy is
concerned, there should be clear criteria as to when to start psychotherapy and the module should be
adjusted to patients being treated with DBS. In our opinion, CBT should be started after a predefined
level of clinical response to DBS, which is open for dicussion. The CBT module should address issues
specific to DBS patients such as a changed personal identity due to being dependent on a device for
symptom control and well-being, preoccupation with stimulation settings, and having to adjust to ‘real
life’ after a long time of therapy-resistance and severe obsessive-compulsive behaviors that rendered
typical family life, social contacts or employments unfeasible [27]. In order to let patients benefit from
the experience of CBT therapists working in DBS clinics, other ways of administering CBT such as by
telephone, videoconferencing or online, should also be developed and evaluated.

From a research point of view, future studies into the efficacy of DBS for OCD should follow a
design that also allows the evaluation of the added effect of these concurrent treatments, and helps
determining the place of these concurrent treatments in a treatment algorithm of OCD patients after
DBS. This implies that there should be a control condition for CBT in order to assess the placebo
response of CBT treatment. It also implies that sample size should be large enough to allow evaluation
of the added treatment effects of CBT. Since it is unlikely that the required sample sizes will be achieved
within a reasonable amount of time in a single DBS center, multicenter studies should be initiated. It is
essential that collaborating centers not only protocolize their CBT treatment, but also that they align
their clinical practice with respect to DBS with respect to stimulation target, strategies to optimalize
stimulation parameters and follow-up assessments. This would require a closer collaboration between
DBS clinics on both a national and international level.

5. Conclusions

Preliminary findings show that postoperative CBT is effective as an add-on treatment to DBS in
patients with therapy-resistent OCD. Further studies are necessary to establish the place of CBT after
DBS. These studies should have larger sample sizes and designs that are adequate to quantify the added
effects of both CBT as well as pharmacotherapy. In order to let patients benefit optimally from the
experience and expertise of behavioral therapists working in DBS clinics, novel ways of administering
CBT, such as administered by telephone, videoconferencing or online, should also be studied.
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Abstract: Millions of people in the United States are affected by chronic pain, and the financial cost
of pain treatment is weighing on the healthcare system. In some cases, current pharmacological
treatments may do more harm than good, as with the United States opioid crisis. Direct electrical
stimulation of the brain is one potential non-pharmacological treatment with a long history of
investigation. Yet brain stimulation has been far less successful than peripheral or spinal cord
stimulation, perhaps because of our limited understanding of the neural circuits involved in pain
perception. In this paper, we review the history of using electrical stimulation of the brain to treat pain,
as well as contemporary studies identifying the structures involved in pain networks, such as the
thalamus, insula, and anterior cingulate. We propose that the thermal grill illusion, an experimental
pain model, can facilitate further investigation of these structures. Pairing this model with intracranial
recording will provide insight toward disentangling the neural correlates from the described anatomic
areas. Finally, the possibility of altering pain perception with brain stimulation in these regions could
be highly informative for the development of novel brain stimulation therapies for chronic pain.

Keywords: deep brain stimulation; closed loop; sensing; electrophysiology; neurophysiology; pain;
thermal grill; imaging

1. Introduction

Pain is a unique and unorthodox sense. We reflexively respond to pain without being conscious
of it, yet the conscious experience of pain can be overwhelming, debilitating, and chronic, depending
on the cognitive, emotional, and allostatic context. Although the spinal reflexes mediate the rapid,
unconscious avoidance of nociceptive stimuli, the experience of pain relies on the central nervous
system’s amplification and abstraction of nociception. In chronic pain, the healthy, adaptive relationship
between experiential pain and nociception becomes disrupted. Pain-inducing contextual factors often
replace pain-inducing nociception.

Two general categories of chronic hypersensitivity to pain exist. Allodynia is pain resulting from
hypersensitivity to normal innocuous somatosensory (non-painful) stimuli. For example, pain resulting
from brushing a hand with a feather [1]. Hyperalgesia is increased sensitivity, intensity, or duration of
painful stimuli [1,2]. Both of these conditions can arise from hyperexcitability of the dorsal horn of the
spinal cord (i.e., where pain fibers first synapse). However, it is thought these conditions may also
be “centralized,” presumably via inappropriate neuronal computations in a circuit comprised of the
anterior cingulate cortex (ACC), insular cortex, and thalamus. For example, a burn can transiently
cause a reduction of the pain threshold for mechanical stress, but the cognitive and affective elements
of a burn can induce chronic hyperalgesia. Allodynia and hyperalgesia occur with spontaneous pain
in chronic pain disorders.
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Chronic and acute pain have sparked a growing interest in recent years. Chronic pain is widespread.
In 2008, an estimated 100 million adults in the United States (U.S.) were affected by chronic pain.
Total health care expenses attributable to pain, along with the amount associated with lower worker
productivity, cost the U.S. between $560 and $635 billion per year [3]. This estimate is higher than
the annual cost of heart disease ($309 billion), cancer ($243 billion), or diabetes ($188 billion) [3,4].
Pain treatment is complex and multidimensional, often involving medical providers, pain clinics,
and state governments regulating narcotic drugs [5]. Narcotics, specifically opioids, are a poor
treatment solution for two significant reasons—tolerance and lethality. Opioid use is associated with
tolerance, as larger doses are required to achieve the same level of pain relief, yet high doses of opioids
can be lethal. In 2016, 64,000 people died from drug overdoses in the U.S.—42,000 of those deaths
were opioid related [6]. Opioids are not a viable long-term treatment for chronic pain. One potential
solution is to design less systemic, more targeted interventions to disrupt pain signals within the brain,
for example with electrical stimulation.

The use of intracranial electrical stimulation began in the mid-1900s, with the development of
stereotactic frames. These devices enabled early psychologists/physiologists/psychiatrists to explore the
effects before lesioning the areas of interest for a therapeutic effect [7]. Heath, a psychiatrist [8], implanted
electrodes in schizophrenic patients to study the effects of intracranial stimulation. He discovered
that electrical stimulation resulted in euphoria and analgesia, especially with stimulation of the septal
area [9–14]. In 1954, deep brain stimulation (DBS) rat experiments alleviated pain with stimulation
targeted to the septal nuclei, mammillothalamic tract, and cingulate cortex [14–16]. After these
promising animal studies, stimulation of the human septum (intending to treat pain) proved less
successful, with only one out of six patients with terminal cancer experiencing reduced pain [16,17].

The motivation to treat pain using electrical stimulation increased with the introduction of Melzack
and Wall’s gate theory in the 1960s [18,19]. Gate theory is the notion that non-painful inputs close nerve
“gates” through the activation of Aβ fibers. Gate closure disrupts a painful input from traveling along
signaling pathways to the central nervous system, a process that is the basis for spinal cord stimulation
(SCS). SCS is currently approved by the U.S. Food and Drug Administration (FDA) to treat chronic pain
of the trunk and limbs, intractable low back pain, leg pain, and pain from failed back surgery syndrome.
In Europe, SCS is also approved for refractory angina pectoris and peripheral limb ischemia [20].
Success using SCS suggests that stimulation of other targets within the central nervous system may also
modulate pain signaling. Positive results demonstrated by cortical stimulation support this. A recent
pooled effect from 12 trials found motor cortex stimulation improves pain by 65.1% in postradicular
plexopathy, 46.5% in trigeminal neuropathy, 35.2% after stroke, 34.1% in phantom limbs, and 29.8% in
plexus avulsion [21]. Motor cortex stimulation works by affecting the activity in the thalamic nuclei and
somatosensory regions. It modulates a vast network of structures, including the cerebellum, striatum,
ventral posterolateral nucleus, and other thalamic areas. A more targeted approach is highly favorable
to decrease the negative side effects associated with electrically stimulating all of these structures.

Whereas the path from Melzack and Wall’s gate theory to present-day SCS is well defined, the path
of DBS through the late 1900s meanders. After the disappointing results of septal DBS, studies continued
on a wide array of potential anatomical brain targets in rodents and humans throughout the mid-to-late
1900s [22–28]. When studies translated from animals to human studies, they varied in electrode
numbers, stimulation parameters, and anatomical targets, leading to inconsistent conclusions [17].
The FDA requested industry intervention to provide further data on safety and efficacy [14,29]. The first
Medtronic study failed to show that half the patients had at least 50% pain relief [17]. The second trial
failed because of a lack of enrollment (further details provided in Section 2). In 1989, the FDA rejected
using DBS for chronic pain treatment [29].

To design safe and effective targeted therapies, such as DBS, it is critical to understand more
about the circuits involved in pain processing in time and space and the potentially distributed
nature of pain encoding in the human brain. The peripheral and spinal circuitry involved in pain
is well characterized [30]. Here, we instead focus on the cerebral localization of pain networks,
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with an eye towards the development of targeted neurostimulation therapies for chronic pain [17].
The structures discussed in this review—such as the somatosensory cortex, thalamus, insula,
and the ACC—consistently correlate with painful stimuli [17,31–34]. Neuroimaging studies routinely
demonstrate activation in these areas, as shown in Figure 1 [35]. Therefore, we discuss the processing
of conscious perception of pain in the cerebrum, the historical electrical stimulation of these regions,
if pertinent, and the future application of DBS to modulate this activity.

(a)
Coronal 

(b)
Axial 

(c)
Sagittal 

Figure 1. Overlay of three color-coded pain-related terms. “Chronic pain” is blue, “painful” is yellow,
and “pain” is red. Functional magnetic resonance imaging (fMRI) studies of these terms are visualized
in coronal (a), axial (b), and sagittal (c) axes from the Neurosynth database (neurosynth.org), showing
consistent activation of the anterior cingulate cortex (ACC), thalamus, insula, and brainstem.

2. Anatomical Background

2.1. Somatosensory System and Relevant Inputs

Pain-sensing neurons, nociceptors, are pseudounipolar cells with somata, located in the dorsal
root ganglion within the dorsal root of spinal nerves. Nociceptors were first described by Sherrington
in 1906 [36]. Their afferent processes, either unmyelinated C fibers or myelinated Aδ fibers, project to
peripheral tissues and typically end with free nerve endings capable of sensing painful mechanical or
thermal stimuli. The efferent processes project to the thalamus, hypothalamus, and several midbrain
areas, mainly via the contralateral anterolateral spinal cord. The disruption of information transmission
along this tract via either surgical transection (first described by Spiller and Martin in 1912 [37]) or
electrical stimulation has shown notable success in ameliorating some forms of chronic pain [38].

The descending pain modulatory pathway travels from the cerebrum to the ventrolateral
periaqueductal gray (PAG) matter and rostral ventromedial medulla [39], and it projects to the
dorsal horn of the spinal cord, as shown in Figure 2. The PAG matter in the brainstem contains
bidirectional nociceptive pathways from medullary nuclei, allowing for modulation through both
projections. As with other medullary nuclei, analgesia occurs via inhibitory serotonergic, enkephalin,
mu-opioid, and GABA projections to the dorsal horn through descending pain control pathways.
The other efferent nuclei from the medulla and pons appear to have a similar mechanism of analgesia.
These are the same pathways thought to underlie opiate-induced analgesia [30]. Other notable
efferents from the dorsal horn include the parabrachial nuclei, which project directly to the amygdala.
The Kölliker-Fuse nucleus is found within the parabrachial nucleus and demonstrates noradrenergic
descending inhibition [40]. Therefore, the parabrachial nuclei may be involved with salience or affective
elements of pain [41,42].
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Figure 2. Descending pain modulatory pathway. The pathway originates in the cerebrum and
descends to the periaqueductal gray (PAG) matter, rostral ventromedial medulla, and projects to the
dorsal horn of the spinal cord. Bidirectional nociceptive pathways through the medullary nuclei are
shown. The efferent pathway from the dorsal horn goes through the parabrachial nucleus, amygdala,
and thalamic nuclei.

Nociceptive projections ascend through the PAG and then project to the thalamic nuclei, which have
medial and lateral nuclear groups [43]. The lateral group, consisting of ventroposterior nuclei, has small
receptive fields and projects to the somatosensory cortex. Circuits involving these nuclei are therefore
likely responsible for the conscious identification and localization of painful stimuli. The medial group
consists of the central lateral nucleus and intralaminar complex, which have widespread projections to
the basal ganglia and cortex, and therefore likely mediate the arousal response to pain.

Following the disappointing results of septal stimulation in the 1960s, electrical stimulation of
the PAG was tried in humans in the 1970s [16,17]. In one of the earliest studies on PAG stimulation,
Richardson and Akil [26] reported on 30 patients with electrodes implanted for patient-controlled
self-stimulation. Two thirds of the patients reported good outcomes (reduction in pain of >50%).
Periventricular stimulation showed similar promise around the same time, with Hosobuchi et al. [28]
showing pain relief in five of six patients. Young et al. [44] showed that stimulation of the Kölliker-Fuse
subnucleus alone or in combination with stimulation in the PAG matter or the somatosensory thalamic
nuclei provided self-reported “excellent” pain relief in three of six patients with intractable pain.
Following these, and other promising early studies, were two negative randomized controlled trials
involving Medtronic devices. One trial, based on the Model 3380 electrode, was discontinued after the
first-generation production. The other trial involved the Model 3387 electrode. This clinical trial was
stopped because of slow enrollment, high attrition, and low efficacy [29].

2.2. Thalamus

While the thalamus is like a relay station for nociceptive information, it also likely performs
important computations on afferent nociceptive information. The most obvious way this could occur
is by regulating cortical excitability via its activity or connectivity. Thalamic lesions in experimental
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animals seem to support this role, causing moderate changes in pain aversion behavior [45]. Correlative
data from human subjects appear to accord with this role. Subjects with neuropathic pain had
decreased blood oxygenation level–dependent activity and gray matter volume in the contralateral
thalamus [46]. Furthermore, thalamic connectivity to the cortex is also reduced in patients with chronic
pain, which may result in the reduced cortical gray matter [47,48].

A series of important papers on how human thalamic neurons are involved with pain were carried
out by Lenz et al. in the 1980s and 1990s [49–54]. These included recording neuronal activity in the
human principal sensory nucleus of the thalamus and microstimulating ventral thalamic neurons in
patients undergoing implantation of DBS electrodes. Microstimulating [55,56] the human thalamic
nucleus ventralis caudalis (Vc) in these patients caused acute thermal pain [51]. Neurons in the Vc also
respond to specific types of painful stimuli in a graded fashion [50], which provides strong evidence
that that pain information is organized somatotopically and by the type of nociceptor.

Even more importantly, some of these recordings were in patients experiencing chronic pain.
The thalamic neurons in a patient with post-amputation deafferentation pain demonstrated bursting
activity. Bipolar microstimulation of these neurons at 0.3 mA caused a burning pain, similar to the
qualitative aspects of patients’ chronic pain, although the location was different [49]. No sensations were
describable at currents of 1.0 mA. Brief periods of stimulation with implanted chronic macroelectrodes
caused a burning or tingling sensation with effective pain control for at least two years. Comparing
thalamic recordings from multiple patients with amputations and control patients who were undergoing
DBS for movement disorders showed a much larger thalamic homunculus than the corresponding
region in these control patients. The same area also exhibited altered excitability [52]. These results
further support the role of the thalamus in modulating excitability in the cortical pain network.
Thalamic excitability and organization are related to chronic pain [53].

2.3. Insula

The insula has a cytoarchitectonically diverse organization based on posterior (granular),
intermediate (dysgranular), and anterior (agranular) subdivisions. It is thought to encode sensation of
the physiological condition for the entire body, which is known as interoception [31,57]. Craig et al. [31]
showed the existence of 15 distinct cortical areas within the insula of long-tailed macaque monkeys
(Macaca fascicularis) [31]. The architectonic map of the macaque insula is an important step towards
understanding the connections and function of the insular cortex subareas. Recent models suggest
interoceptive afferents are received in the posterior insula, processed by the intermediate insula,
and then integrated for efferent autonomic regulation in the anterior insula [58].

A recent functional magnetic resonance imaging (fMRI) study suggested that the anterior insula,
skin conductance, and pupil size encode a predictive model of pain. The anterior insula reflected
the summed pain expectation and prediction errors from unexpected pain, while the posterior insula
encoded pain intensity [59]. In subjects estimating pain intensity, fMRI activity during pain magnitude
ratings was matched to that during visual magnitude ratings, to examine how pain perception is an
assessment of stimulus intensity [60]. Posterior insular activity correlated with both the magnitude of
the visual stimulus used in the task and pain intensity. Modality-specific pain estimation was located
further anteriorly. The authors suggested this means pain perception within the insula results from the
transformation of nociceptive information into subjective intensity assessment.

The insula is consistently included in circuits whose activity is correlated with pain perception.
Some lesions of the insula result in a syndrome called pain asymbolia. In this condition, first described
by Schilder in the 1930s, pain perception is intact, yet a patient’s emotional response to pain is
inappropriate [61]. Even though both the ACC and insula show elevated activity when viewing
painful versus non-painful images [62], the symptoms resulting from insular lesions suggest the insula
is more specifically involved in pain empathy. The organization of the insula lends itself to having
both affective and somatosensory components. The ACC (discussed next) is likely more involved
with affective processing, while the somatosensory cortex is more involved with sensory processing.
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Widespread damage to the insula, obliterating its function, appears to increase experiential noxious
pain perception and somatosensory activation ipsilateral to the lesion [63]. The insula may, therefore,
help to suppress pain perception via specific inhibition of the somatosensory cortex.

Interestingly, the insula and the ACC both contain the highest concentrations of von Economo
cells in the human brain. These are specialized cells with large cell bodies and axons that project to
homeostatic regions in midbrain PAG and the parabrachial nucleus [64]. These cells are thought to
mediate rapid social or behavioral inhibition, based on social or cognitive interoception. A recent study
using patch clamp recordings of von Economo neurons demonstrated that they are regionally specific
excitatory neurons [65]. The loss of these neurons is implicated in many neurological disorders and
diseases. The insula and ACC are likely implicated in integrating general interoceptive information,
among which pain information is distributed [32].

Direct electrical stimulation of the insula, as in epilepsy mapping, produces a variety of responses,
including somatosensory, olfactory, thermal, auditory, and gustatory percepts [66]. Although early
investigators, such as Penfield, failed to identify any evoked pain percepts by insular stimulation [33],
more recent studies show pain responses from the insula at about 10% of sites. Systematic investigation
may clarify the role of the insula in pain processing.

2.4. Anterior Cingulate Cortex

The ACC shows activation with pain, anxiety, and cognitive control, suggesting a role in responding
to insults that are either corporeal or cognitive [67]. The ACC generally acts as a monitor that signals
needed behavioral adjustments in response to corporeal or cognitive challenges [67,68]. In the late 1940s,
frontal lobotomies were used to treat intractable pain and addiction with some success [69–71]. In the
1960s, Foltz and White [34] reported their experience performing cingulotomies (typically bilaterally)
on 16 patients, for whom the affective components of chronic pain were particularly pronounced.
The results were poor in only two of the 16 patients, although this was an early study lacking objective
pain metrics. Intriguingly, the authors report that signs of opiate withdrawal were also lessened in
these patients (14 of whom were “addicted”) after cingulotomy. In 1988, Smith et al. [72] performed
surgical cingulotomies on Sprague-Dawley rats, to investigate the role of the cingulate in stress-induced
plasma beta-endorphin and morphine withdrawal. Beta-endorphin levels did not significantly increase
after cingulotomy or postoperative induced stress, when each was tested independently. However, rat
cingulotomy with postoperative induced stress caused a significant increase in plasma beta-endorphin
concentrations. These findings suggested cingulum involvement in the regulation of the stress hormone
response of beta-endorphin. More so, cingulotomy might be the cause of opiate withdrawal. A series
of case reports and case series in humans followed this promising early work. A total of 13 case reports
on cingulotomy were published prior to 2008—the majority before 1980 [73]. Results showed variable
pain and opiate withdrawal improvements [73–75].

In the 1950s, attempts were made to electrically stimulate the ACC to treat chronic pain.
Few effects were seen, most of which were adverse—such as speech arrest, vomiting, and tonic
muscle contractions [76]. More recent studies using DBS with contemporary electrodes showed
improved efficacy and reduced adverse effects [77,78]. For example, in the most extensive study to
date using DBS to treat pain, Boccard et al. [79] found a significant 43% improvement on a numeric
pain rating scale after six months. Improvements were also seen in other quality-of-life metrics, and on
a general health scale. The cognitive and affective elements of chronic pain in these studies showed
the most significant improvements, suggesting that ACC DBS may improve these aspects of chronic
pain [80].

In comparison, a positive emission tomography (PET) study demonstrated that the ACC is
activated during thalamic DBS in patients with chronic pain [55]. Together, these effects strongly
implicate the dorsal ACC in processing affective components of pain; however, results about the
directionality of cingulate effects are few and mixed. Recent studies have reported the essential nature
of examining the temporal dynamics with which the ACC tracks internal cognitive state and induces
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cognitive control [74,81]. Improved understanding of the temporal dynamics of cingulate function
relative to pain may be an important missing piece in understanding the cerebral localization of
pain networks.

2.5. Beyond the Thalamus, Insula, and ACC

Other recent studies suggested that entirely different brain networks, engaged by the ACC,
are responsible for pain regulation. Pain is understood to be a complex experience with sensory,
cognitive, and emotional components [82]. Woo et al. [75] indicated that self-regulation of pain and the
brain areas responsible for painful experiences are controlled by another circuit. The circuit consists of
the genual and subgenual cingulate cortexes, the projections of the nucleus accumbens (NAc, involved
in aversion, motivation, and reward valuation), and projections to the ventromedial prefrontal cortex.
The suggested involvement of the cingulate is in the valuation of pain or weighting the context of
painful stimuli, which preferentially projects to the NAc. A recent rodent study appears to support this
mechanism of pain regulation [83]. In this study, the authors suggested that pain relief is associated
with learning and motivation to seek environments associated with a relieved state. Endogenous opioid
signaling in the rodent cingulate alters dopamine release in the NAc and pain avoidance behavior.
Baliki et al. [84] also suggested a role for the NAc in pain valuation and analgesic potential. In this
study, NAc activity in response to acute noxious thermal stimuli was compared in control and chronic
back pain patients. At the acute noxious stimulus, normal subjects had positive phasic NAc activation,
while chronic back pain patients demonstrated negative polarity phasic activity. The authors suggested
the onset of acute pain relieved the chronic back pain, which was confirmed psychophysically. Mallory
et al. [85] reported on sustained pain relief in a 72-year-old woman with a large right hemisphere
infarct, who developed refractory left hemibody pain. Neither the NAc nor the PVG was successful
in relieving pain when stimulated in isolation. The combined stimulation reduced the patient’s pain
from 10 to 0 at 11 months after surgery. The patient’s post-stroke depression also stayed in remission.
These results suggest the emotional aspects of pain can be treated quite well when stimulation involves
the NAc.

Such a distributed organization of pain information makes large-scale electrical disruption of gray
matter, such as that employed in cingulate DBS or cingulotomy, theoretically unlikely to provide the
specificity required to disrupt pain without unintended side effects. These considerations motivate
the use of white matter DBS of particular pain-associated tracts, such as the ventral internal capsule,
along with the aggregates of grey matter involved in pain processing. It is also important to study the
temporal dynamics of pain to determine whether there are temporal or frequency components unique
to the development of chronic pain and various pain syndromes. This information may be used to
determine when is the best time to modulate information processing in these areas to most effectively
improve centralized chronic pain.

3. Temporal Dynamics of Pain

Studying the dynamic properties of pain perception is important for disentangling the neural
correlates from the described anatomical areas that display a myriad of functions [86]. Few imaging
studies have correlated fMRI signals with the temporal properties of pain [86–88]. An important
consideration in studying the temporal dynamics of pain is that the time constants and activation
functions of the various types of peripheral pain fibers are well characterized. The aforementioned
unmyelinated C fibers transmit nociceptive information more slowly than myelinated Aδ fibers.
These differences in conduction may resonate throughout the system in meaningful ways. As a
psychophysical example, the discrimination of different painful sources (i.e., thermal, mechanical,
chemical) becomes impossible with the loss of the rapidly conducting myelinated pain fibers.
While these peripheral biophysics suggest that temporal dynamics may be necessary for understanding
pain perception, studies have yet to use temporal properties of signals to study pain discrimination.
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It is not clear to what extent, if any, temporal dynamics derived from the biophysics of peripheral
sensors apply to chronic pain.

Electroencephalography (EEG) and magnetoencephalography (MEG) are the most readily available
noninvasive methodologies to study high-temporal-resolution activity in the brain. EEG has been used
to study acute responses to painful stimuli, mostly thermal pain evoked by lasers [89–92]. Laser-evoked
pain has become the dominant psychophysical method for studying pain, because of safety, spatial
precision, and how rapidly lasers turn on and off. The source localization of these responses also
implicated the dorsal ACC and the insula [93,94]. It is not clear, however, to what extent these
studies address the mechanisms underlying chronic pain. Studying chronic pain, per se, is fraught
with numerous difficulties. Not only does chronic pain have various causes, but the expression
of chronic pain in humans is heterogeneous. It is associated with varied bodily locations, triggers,
and unpredictable responses to those triggers. Within chronic pain research, these complications
are often simplified in animal models or very specific study populations. This limits the general
applicability of results [95].

There have been few and mixed results of EEG studies of chronic pain. A recent meta-analysis of
chronic pain EEG studies involved recording subjects during rest, sensory stimulation, and cognitive
tasks and showed that subjects with chronic pain have elevated power in various regions across a range
of frequencies [96]. Chronic pain was also associated with decreased evoked response amplitudes
during cognitive tasks and sensory stimulation [96]. The dominant resting frequencies were typically
lower than in healthy controls; however, the specific regions with power and the frequency changes were
not consistent across studies. Increased resting frontal theta power was the most reproducible result
in these studies. In one study, pathologically high theta power was localized to the insula, although
this region is difficult to record with EEG [97]. Theta oscillations are associated with thalamocortical
loops, so studies have attributed these oscillations to pathological integration of painful experience
into normal circuits. As described, such pathological integration could be due to the regulation of
excitability via tonic and burst firing modes in the thalamus. Altered dynamic ranges of frontal theta
levels could represent chronic changes in thalamocortical networks.

Several studies have attempted to simulate chronic pain in the laboratory by elongating the
duration of painful stimuli. Rhythmic or oscillatory responses to painful stimuli lasting up to tens of
minutes in duration are consistently characterized by suppression of alpha- and beta-range power
and increases in gamma power [98]. Perturbations of both the bottom-up (i.e., sensory) context
and the top-down (i.e., attentional or cognitive) contexts consistently alter pain perception [99,100].
Furthermore, the oscillatory context is important for pain perception, as somatosensory alpha is
negatively correlated with pain perception [101,102].

In one notable EEG study, painful tonic stimuli (10-min exposure) correlated with persistent
frontocentral gamma power. The source localized to the dorsal ACC [98]. However, the reduction in
beta oscillations that other studies have found was more posterior and determined to be correlated with
the judgement of stimulus intensity. Such studies using long-duration painful stimuli suggest that the
neural representation of pain changes with the duration of the painful experience. Apkarian et al. [103]
showed that acute pain stimuli generally activate the somatosensory, insular, and cingulate cortical
regions. Patients with chronic back pain had brain activity that localized to the medial prefrontal
cortex and into the ACC, which was unique to the chronic pain patients. As the duration of the painful
experience increases, fewer somatosensory regions are activated and there is more recruitment from
limbic/affective/motivational regions. Their interpretation was that transient nociceptive activity, at
some point, is converted into sustained emotional suffering. This result highlights the dynamic nature
of chronic pain in time. How these dynamics evolve from the seconds–minutes domain of acute pain
to the months and years of chronic pain is unknown, and they are important factors for delineating
and treatment.

Finally, intracranial electrophysiological responses to acute painful stimuli in patients implanted
with grid electrodes reproduced the changes in delta through beta power described in EEG
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studies [92,104]. Causal interactions were determined from local field potentials recorded during the
response to a painful cutaneous laser stimulus. Cognitive pain control was related to information
transfer between the ACC and somatosensory cortices [56,92]. These studies were only carried out in
three patients and examined responses to brief thermal pain. Recording broadband high-frequency
(e.g., high-gamma; ~70–200 Hz) local field potentials, which correlate with neuronal activity [105,106],
yields an intriguing possibility of correlating pain network activity to neuronal populations with high
temporal precision. Furthermore, the possibility of altering pain perception with brain stimulation
could be highly informative for the development of DBS for chronic pain.

4. Pain Illusion Suggests Distinct Roles for the ACC and Insula in Chronic Pain

The “gate control theory” of pain was first described by Melzack and Wall in 1965 [21]; it implicated
the relative activation and inhibition of areas in the ascending pain pathway [18]. This theory was
sustained in part by studies using the thermal grill illusion (TGI). In the TGI, first discovered by
Thunberg in 1896 [107], closely spaced alternating hot and cold stimuli—themselves non-painful—are
perceived as painful when felt simultaneously. A three-dimensional rendering of a thermal grill
interface constructed by our group is shown in Figure 3a. Each bar on the interface is programmable to
a range of temperatures. Images captured with an infrared camera, shown in Figure 3b, demonstrate
examples of the temperature arrangements acquired with our thermal grill interface. Since the
1890s, many explanations have been investigated to understand the physiological basis for perceived
pain [107,108].

 (a) (b)

Bar interface

Electronics compartment

Fans

1.0 cm

0.15 cm
9.8 cm

Figure 3. Rendering of a thermal grill interface and infrared images demonstrating patterns of warm
and cool temperatures. Drawing (a) is representative of the interface that our group constructed.
The top of the interface consists of six copper bars. Each bar is 1.0 cm in length and the bars are spaced
0.15 cm apart. The width of the six-bar interface is 9.8 cm. The electronic components fit inside the
labeled compartment next to the fans, which allow for necessary air flow. Each bar is connected to a
Peltier device, allowing for programmable temperature control (pink and blue coloring represents bars
programmed to warm and cool temperatures, respectively). Infrared images acquired using the device
are shown in (b). Left (b) shows all bars set to a cool temperature close to 20.0 ◦C. Middle (b) shows all
bars set to a warm temperature close 40.0 ◦C. Right (b) shows one bar set at 20.0 ◦C and another bar
near 40.0 ◦C. The alternating temperature setting is used to produce the pain illusion.

In 1994, Craig and Bushnell suggested that the integration of pain and temperature is the basis of
cold-evoked, burning pain [107]. Although the mechanisms remain unclear, the underlying thermal
stimuli are thought to inhibit each other, making way for summated nociceptive information without
its accompanying somatosensory identity. A recent study in mice showed that the concurrent inhibition
and excitation of polymodal channels provides the sensory code for warm perception [108].

Over time, the thermal grill has increased in popularity as a model for studying pain, because it
induces neural activity that is perceived as burning pain without actually causing physical harm [109,110].
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Clinical studies using the thermal grill have varied from evaluating perceived pain with surveys [111]
to using fMRI [112] and PET [113] to evaluate structural involvement. Neuroimaging used in TGI
studies suggests that hot or cold stimuli alone activate the insula and somatosensory cortex. Illusory
pain from the TGI additionally activates the ACC [113]. The TGI produces a conscious perception
of pain, perhaps unique to the ACC. Isolated thermal stimuli (either hot or cold) activate the insula
and somatosensory cortex, demonstrating a dissociation between these regions and the cingulate.
This further suggests separate roles for the areas involved in pain perception. Bouhassira et al. [114]
and others [115,116] have reported that a subset of volunteers in thermal grill experiments are classified
as poor or nonresponders. Bouhassira et al. defined these subjects based on not reporting at least
one paradoxical painful sensation. There are a variety of reasons someone could be a nonresponder,
such as anatomical differences due to calluses, prior injury, or variations in pain tolerance. Including
poor-responding subjects in thermal grill experiments during intracranial recording will provide
greater understanding of individual variations in pain processing.

Future studies using the thermal grill and neurophysiological data acquired with
electroencephalography (ECoG) or stereoelectroencephalography (SEEG) will help to substantiate
the temporal dynamics of pain perception. This experimental system may also provide data offering
insight on the affective–motivational (“unpleasantness”) and the discriminatory (“pain-intensity”)
aspects of pain [112]. Real-time acquisition from the thalamus, insula, and ACC may disentangle the
complex relationship between these structures in pain processing. This groundwork will elucidate
targets of electrical stimulation as a treatment for chronic pain.

5. Conclusions

Pain is a topic of great interest in the medical field because of the current opioid epidemic [6].
Medical providers in the 1990s trained with the establishment of “pain as the 5th vital sign” to improve
the quality of patients’ well-being [117]. Increasing pressure to treat pain was met with the availability
to prescribe opioids. Although opioids interact with opioid receptors on nerves to block pain signaling,
these drugs are problematic for a multitude of reasons, particularly tolerance and lethality. Future
pain treatment modalities must be specific to pain but not as problematic for patients’ quality of life
as opioids have proven. We believe there is a viable target within the cerebrum based on the history
of using DBS to treat pain; however, future work must systematically examine neural structures of
interest, in space and time, to gain insight on how these networks interact.

We reviewed the evidence for the functional localization of the conscious perception of pain
networks. Many of the gross anatomical correlates of pain are distributed and overlap with areas
thought to be involved with interoception, affect, motivation, and cognition. This overlap motivates
the need for novel approaches and techniques in understanding the neural mechanisms of pain [118].
The cerebral networks involved in pain are dynamic and distributed. Mapping these intracranial
networks will require invasive neurosurgical techniques, such as ECoG and SEEG, to provide
high-spatiotemporal-resolution recordings. We suggest that these techniques, in conjunction with the
TGI, will provide information on the neurophysiological response of pain. Use of this system also
allows for simultaneous qualitative pain evaluation. Further studies on pain intensity in conjunction
with neural recordings in the insula, thalamus, and ACC will provide functional considerations for
targeted electrical pain therapy in the future.
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Abstract: Early studies of deep brain stimulation (DBS) for various neurological disorders involved a
temporary trial period where implanted electrodes were externalized, in which the electrical contacts
exiting the patient’s brain are connected to external stimulation equipment, so that stimulation efficacy
could be determined before permanent implant. As the optimal brain target sites for various diseases
(i.e., Parkinson’s disease, essential tremor) became better established, such trial periods have fallen
out of favor. However, deep brain stimulation trial periods are experiencing a modern resurgence
for at least two reasons: (1) studies of newer indications such as depression or chronic pain aim to
identify new targets and (2) a growing interest in adaptive DBS tools necessitates neurophysiological
recordings, which are often done in the peri-surgical period. In this review, we consider the possible
approaches, benefits, and risks of such inpatient trial periods with a specific focus on developing new
DBS therapies for chronic pain.

Keywords: deep brain stimulation; chronic pain; lead externalization; trial period; stereoEEG

1. Introduction

Deep brain stimulation (DBS), which involves the insertion of electrical leads into important
cortical or subcortical structures to treat various neurological diseases, is often performed in a single
surgery where the leads are subsequently connected to an implanted stimulator. Alternatively,
DBS can be performed in a two-staged surgery where the leads (or electrodes) are first implanted,
externalized (i.e., the non-neural side of the electrode exits the body), and connected to an external
stimulator for a trial period to assess therapeutic benefit over 3–10 days. DBS trials with lead
externalization have been used extensively over the last 50 years specifically for treating chronic
pain [1–3]. Lead externalization permits inpatient testing of stimulation effects prior to permanent
implantation, which is especially important for novel or unapproved DBS indications to ensure
successful therapeutic response. This is especially important for diseases that encompass broad
domains of symptoms spanning from neuropsychiatric to somatic, such as chronic pain syndromes.
Because optimal brain targets for chronic pain are still unknown, such trials offer a key opportunity for
the exploration and validation of both targets and pulse parameters that may modulate activity in
multiple, relevant brain networks underlying various symptoms. Further, such a trial period allows the
recording of neurophysiological activity from critical brain regions to further research and understand
the mechanisms of action of stimulation. Modern recordings have aimed to uncover key biomarkers of
chronic pain states toward the development of adaptive (or “closed-loop”) control algorithms where
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stimulation delivery is adjusted in response to biomarkers to increase efficacy or avert the development
of long-term tolerance.

Such trial periods that allow patients to “test drive” the neuromodulation therapy are used even
when the general target regions are known, such as in spinal cord stimulation (SCS) [4]. A trial period is
often necessary because of the large heterogeneity in patient response, to assess safety, and for the fine
tuning of electrode position relative to the neural target so that patient benefit can be maximized before
committing to an expensive therapy. It is worth pointing out that a short trial period to determine chronic
brain stimulation targets assumes that an acute response to stimulation can be found (within minutes
or hours of stimulation) and that these effects will translate to long-term efficacy. It remains to be
determined whether this is the case for chronic pain.

The global burden of chronic pain is significant and growing alongside that of non-communicable
diseases, which account for 78.6% of years lived with disability worldwide [5]. The economic impact
of chronic neurological conditions such as chronic pain and epilepsy is greater than that of many
other health conditions due to absenteeism, reduced levels of productivity, and increased risk of
leaving labor markets, indicating that there is a significant indirect economic cost associated with
these conditions [6]. Chronic pain also poses a significant cost to the healthcare system; analysis of
a Canadian database indicates that the costs attributed to the healthcare of patients with painful
neuropathic disorders were considerably higher than those in patients without chronic pain in the
same age and sex demographics [6]. Perhaps most importantly, chronic neurological conditions have a
significant debilitating effect on the overall quality of life of patients and are associated with some of the
poorest quality-of-life indices, with the potential to impact social relationships, economic participation,
and mental health. DBS for pain is still performed with a very limited trial period (off-label in the U.S.)
resulting in highly variable success rates across patients.

In this review, we outline important considerations for DBS trial periods for chronic pain including
possible brain targets for stimulating and recording. We then propose an argument for the use of
stereoelectroencephalography (sEEG) in the trial and discuss possible trial related risks. An sEEG
based approach is elaborated in the context of characterizing pain biomarkers and neurophysiological
effects of stimulation. Finally, we offer practical advice for conducting a trial, including mitigating the
placebo effect and rigorously ensuring therapeutic efficacy before permanent implantation.

2. Anatomical Targets/Considerations

Determining the optimal neural targets for stimulation-induced pain relief is a key goal of the
DBS trial period. The trial period affords the opportunity to explore multiple pain-relevant brain
regions based on pre-clinical and human experience to select the sites most appropriate for the pain
syndrome and patient. In a survey of the current state of DBS for chronic pain, Farrell et al. focus on
three prominent brain targets that have been tested most frequently: the ventral posterolateral/medial
thalamus (VPL/VPM), the periventricular/periaqueductal grey (PVG/PAG), and the anterior cingulate
cortex (ACC) across a wide variety of chronic pain syndromes [7]. Most studies highlighted in
that review used a simple readout of somatic pain intensity (numeric or visual analog rating scale
(NRS, VAS)); however, this approach fails to measure changes in the affective or cognitive domains of
pain. Numerous other targets have been proposed such as motor cortex, ventral striatum, and insula.
We will briefly discuss the most promising candidates below in the context of how these targets may
offer pain relief across multiple dimensions of the pain experience. Importantly, the target efficacy for
pain relief depends on the class of pain syndrome being treated and the unique qualities of the patient.

The motivation for treating intractable pain with brain surgery began with early results [8]
demonstrating analgesia after thalamotomy and selective ablation. Following development by
Mazars [9], Hosobuchi et al. used thalamic stimulation to produce successful masking of facial pain
with electrically induced paresthesia in four of five patients, with pain relieving effects observed after
a few minutes of stimulation [10]. Similar paresthesia-based analgesia for phantom limb pain has
been reported previously [11]. Whereas VPL/VPM stimulation induces a phenomenon of purportedly
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“pleasant” paresthesia, PVG/PAG has been shown to induce a sense of warmth in painful areas. The pain
relief following PAG/PVG stimulation has been attributed to the release of endogenous opioids as
evidenced by abolished effect after naloxone [12]. In contrast, a study of 45 patients receiving chronic
PAG or PVG stimulation for a wide variety of pain syndromes for one year demonstrated that despite the
development of long-term tolerance to stimulation in twelve patients, there was no cross-tolerance with
morphine [13]. This suggests that pain relief with PAG/PVG stimulation may not exclusively depend
on an endogenous opioid mechanisms. Regardless, two large clinical trials evaluating combined
VPL/PAG stimulation for chronic pain of various syndromes failed to meet therapeutic endpoints,
though these studies were fraught with design and follow-up problems (see [14] for a discussion).
Specifically, these trials targeted the same two brain regions across hundreds of patients with vastly
different pain syndromes without placebo or randomized design. Notably, a significant portion of
patients were lost to follow-up; the resulting patient attrition severely reduced power to detect a
clinically meaningful effect and resulted in no significant benefit using an intention-to-treat analysis.
These flaws highlight the need for individualized brain targeting based on etiology and the use of
endpoints that measure multiple dimensions of pain.

Studies from Aziz and colleagues have ignited interest in targeting the affective dimension of pain
by targeting the dorsal ACC. Patients suffering from a variety of chronic neuropathic pain syndromes
were followed for up to 3 years, and significant benefit was found at the 6-month time point [2],
though no significant effect was found on further follow-up. Further ACC stimulation at the wide
pulse widths and high amplitudes required for analgesia was associated with de novo epilepsy in
a handful of patients [15]. However, pain relief with ACC stimulation has been reported to have
a long wash-in period (hours to 3 days), which may limit the ability to detect a beneficial effect in
shorter timescales (however, see [16]). Nonetheless, the novelty of the ACC as a target has inspired a
renewed interest in modulating the affective dimension of pain and basic research into pain-relevant
mechanisms in the ACC. It is still unknown whether targeting other regions of the ACC may be
beneficial for chronic pain despite functional imaging evidence that more anterior or posterior regions
may be involved [16,17]; such alternative regions of the cingulate merit exploration for therapeutic
DBS in a potential trial period.

Motor cortex stimulation (MCS) has also been studied for pain relief using both non-invasive [18]
and direct cortical stimulation [19]. In a meta-analysis, 54% of 117 patients with central pain and
68% of 44 patients with trigeminal neuropathic pain experienced a greater than 40% reduction in
pain scores, suggesting efficacy for neuropathic pain syndromes [20]. In contrast, double-blinded
studies of MCS failed to show significant analgesia for the treatment of hemi-body post-stroke pain
or post-herpetic neuralgia pain, while noting that patients suffering from facial pain and upper limb
pain may obtain relief (e.g., see [21]). Potential mechanisms of analgesia resulting from MCS are
still debated. Other targets such as the posterior insula have demonstrated increased thermal pain
thresholds in epilepsy patients without chronic pain, though generalization to clinical pain states is
unknown [22].

When selecting neural targets for deep brain stimulation trial periods, it is important to consider
the specific type of chronic pain that the patient is suffering from. Certain types of pain such
as facial and upper limb neuropathic pain may warrant targeting the contralateral motor cortex,
while inflammatory pain syndromes may benefit relatively more from targeting the PAG. Stimulation of
the ACC or insula are other potentially promising targets, though no systematic study has been able to
demonstrate long-term pain relief through DBS, suggesting neural adaptation as a key obstacle. The only
double-blind sham-controlled clinical trial for post-stroke pain targeted the ventral striatum/capsular
region and aimed to mitigate the affective component of pain to improve pain-related disability [23].
At present, while there are numerous individual anecdotes of patients obtaining pain relief from
the stimulation of various targets, there is a lack of clear evidence pointing to reliable targets for
long-term pain relief. Advances in longitudinally stable pain biomarker detection will ideally inform
next-generation closed-loop DBS therapy for chronic pain that may avert long-term tolerance [19,20,24].
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The hope is that through individual “N-of-1” DBS trial periods, we may find brain targets that produce
acute pain relief that further extends to longer time periods.

3. DBS Trial Period Safety and Risks

Trialing deep brain stimulation therapy in advance of a permanent implant can pose additional
patient-specific and systemic risks both in relation to the surgery and potential success of this therapy
as an option of last resort. Specifically, a DBS trial period may introduce the added risk of possible
infection and additional costs of extended inpatient evaluation.

Beyond the risks from intracranial implantation, which can be mitigated with strict planning
and surgical protocols, it is important to consider the costs of a temporary implant and inpatient trial
period from a holistic perspective. For example, while we are studying the effects of DBS on pain,
it is important to control for external factors, such as the effects of financial stress, social isolation,
and physical restrictions that are associated with prolonged inpatient stay. However, by accounting for
these effects, testing DBS in a temporary, resource-rich environment, and applying the predictive power
of an inpatient trial, we may avoid the unnecessary financial and psychosocial burden of a long-term
implant for unsuccessful trial patients. Thus, when assessing potential patients for DBS therapy for
chronic pain, it is useful to consider the safety, appropriateness, fiscal neutrality, and effectiveness
(SAFE) principles for neuromodulation therapies [25].

The SAFE (safety, appropriateness, fiscal neutrality, and effectiveness) principles can be used as
an evidence-based algorithm to guide the selection of appropriate pain syndromes and DBS targets for
individual patients. These principles further support using a minimally biased trial period to evaluate
for benefit, similar to techniques used in SCS for chronic pain treatment. For example, studies using
effective psychosocial screening for SCS trials produced a higher rate and longer duration of pain
relief than studies in which no psychosocial screening was performed. Further, disregarding these
psychosocial factors may increase the risk of injury to patients while creating unnecessary costs from
ineffective therapeutic interventions. Thus, performing a well-designed, comprehensive inpatient
trial in line with the SAFE principles, as described, can increase the chances of long-term success
of DBS for chronic pain. By closely examining each of these guiding principles, as demonstrated
below, both patients and researchers can perform a more thorough and personalized approach to trial
DBS candidacy.

Safety: Reports of infection rates involved in temporary lead externalization have been mixed.
An early single center, prospective analysis over a four-year period found an increased rate of infection
when DBS for Parkinson’s disease was performed using a staged procedure with externalization
(15.3% vs. 4.2% for one-stage) [26]. However, in a two-stage surgical procedure, Rosa et al. found
that lead externalization for 2–7 days did not increase post-operative infection risk following Stage
I bilateral DBS lead implant when oral antibiotics were used for 5 days after Stage II lead extender
and internal pulse generator (IPG) placement [27]. In this study of 105 patients, the rate of infection
from this two-stage surgery (2.8%) was consistent with post-operative risk of infection in the literature.
Bojanic et al. similarly observed no increased risk of infection when directly comparing externalized
trial vs. one-stage DBS surgery [28]. Of 60 patients undergoing single-stage surgery, they observed 7
infections, while 86 patients undergoing an externalized trial resulted in 3 infections.

Appropriateness and efficacy: A temporary trial stage presents a measurable predictor of long-term
clinical benefit. In order to ensure that the trial has realistic predictive value, however, it is critical
to ensure a clinically meaningful benefit. Observation of a clinically significant benefit (a 12-point
improvement on the 100-point visual analog scale [29]) relies on the consideration of intrinsic factors
such as patient attentional biases, motivations, and study expectations. The expectation effects of
pain or benefit from DBS can be understood through a motivation–decision model of pain, in which
the threat of pain or promise of relief is a consequence of a computed decision to respond to or
ignore this pain signal [30]. This is an especially important consideration when working with patients
with chronic pain, who have been shown to bias expectations toward pain escape/avoidance and,

118



J. Clin. Med. 2020, 9, 3155

thus, increase perceived pain intensity through top–down modulatory circuits. In fact, the patient’s
expectation of improvement at trial entry may be the single most robust predictor of reported pain
reduction. Since anticipation of pain often becomes a self-fulfilling prophecy, addressing patient
expectations should be incorporated into the trial plan. The trial stage presents an extended opportunity
to use comprehensive psychosocial assessments, including the Structured Clinical Interview for DSM-5
(Diagnostic and Statistical Manual of Mental Disorders—Fifth Edition, SCID-5), Hamilton Depression
Rating Scale, West Haven Yale Multidimensional Pain Inventory (WHYPI), Pain Catastrophizing Scale,
Beck Depression Inventory, and Beck Anxiety Inventory, in addition to cognitive and behavioral testing
to provide a more complete picture of patient outcomes.

Psychosocial components of pain, such as attention, culture, anxiety, and depression, similarly
influence the perception of pain and the outcomes of therapies. Despite meeting all clinical criteria,
sound surgical approaches, and even early signs of clinical benefit, a significant number of patients
continue to fail neuromodulation therapy in the long term. This suggests that the inherent characteristics
of patients are a strong factor in determining neuromodulation efficacy. Strict inclusion and exclusion
criteria and extensive psychological evaluation are critical prior to trial enrollment [31]. Studies suggest
that a comprehensive program consisting of pre-operative psychosocial assessment and consistent
psychological and rehabilitative support throughout the trial phase and subsequent therapy are key
elements for the success of neurostimulation.

Fiscal neutrality: Bojanic et al. found that despite the extra costs of seven additional inpatient
days (up to £11,200), there were significant cost savings when compared to committing patients to
a potentially ineffective implant (up to £147,000), particularly when the indication was chronic pain.
At our institution, a similar DBS trial period of 7 days presents an actual cost of $34,000 including
imaging, surgery, device, and inpatient costs ($150,000 billed to private insurance) versus a cost for
a one-stage DBS implant of $90,000 ($203,000 billed to private insurance). With a trial to permanent
implant conversion ratio of 50% (higher end), this represents a cost savings of up to $56,000 per every
2 patients ($53,000 when billed to private insurance). The concept of fiscal neutrality (maximizing the
neuromodulation approach to be cost neutral in the long term), supports performing adequate trials
for DBS for treating pain.

4. Motivation for a StereoEEG Trial in Patients with Chronic Pain

sEEG is most commonly used as a diagnostic tool for patients with refractory epilepsy. Localization
of seizure onset zones is achieved using multi-contact depth electrodes, which are placed through burr
holes targeting both cortical and deep structures of the brain. Continuous recording can provide a
three-dimensional view of the origin and spread of epileptic seizures [32]. sEEG has been used to
guide treatment of refractory epilepsy when non-invasive treatments such as pharmacology, diet,
or other alternative therapeutic options are ineffectual. Similarly, we propose using sEEG in patients
with chronic pain who have failed to achieve relief of symptoms with pharmacological interventions
or spinal cord stimulators.

sEEG has been widely adopted internationally, with global studies generating extensive data in
support of sEEG with potential synergistic applications in cognitive neurophysiology research. sEEG is
an invasive monitoring technique, and a major concern is the potential for hemorrhagic complications,
which can lead to neurological deficits or death. However, rates of clinically significant hemorrhage
and other infections occur at much lower rates in sEEG compared to those in other neurophysiological
surgical approaches (e.g., subdural strip and grid electrode implants). sEEG is often a highly efficacious
and cost-efficient procedure with a low associated morbidity that has demonstrated success in network
characterization for thousands of epilepsy patients worldwide.

sEEG is an appealing approach for neural circuit mapping and testing acute stimulation efficacy,
which we propose can be used to identify optimal brain regions in candidate patients who are most
likely to respond when a chronic DBS device is implanted. Specifically, for chronic pain, which engages
multiple well-established nodes across a widespread pain network, an sEEG trial can be used to target
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multiple brain regions based on converging evidence from pre-clinical and human brain mapping
studies (Figure 1, see Section 2, Anatomical Targets/Considerations). Similar prior efforts have been
successful for epilepsy and even facilitated the development of new responsive brain stimulation
therapy [33]. As sEEG is beneficial for intracranial investigations that require sampling from superficial
and deep structures simultaneously across both hemispheres, we propose using sEEG as both a clinical
tool and to advance research on the fundamental mechanisms of chronic pain processing in patients.

Figure 1. Stereoelectroencephalography (sEEG) targeting for deep brain stimulation (DBS) for chronic
pain during the inpatient trial period. Top row depicts left lateral, posterior, and right lateral views in
an example patient with post-stroke pain. Eight images across rows 2 and 3 depict individual electrode
trajectories targeting labeled regions of interest. R/LSGC: right /left subgenual cingulate cortex, R/LACC:
right/left anterior cingulate cortex, RVPN: right ventral posterior thalamic nucleus, LAINS: left anterior
insula, LPINS: left posterior insula, LVCVS: left ventral capsule and ventral striatum.

The main benefit of sEEG over other approaches lies in the potential for focal stimulation
combined with pain-related network discovery. Methods such as functional magnetic resonance
imaging (fMRI) and magnetoencephalography (MEG) can be informative and useful in network
discovery, potentially prior to a trial period, to discover optimal targets in each individual patient prior
to electrode implantation. Regarding network discovery with other modalities, blood oxygen level
dependent (BOLD) signals in fMRI can provide whole-brain localization and temporal tracking of
neural activity correlated with pain states [34,35]. However, fMRI-based signals cannot be detected
in the ambulatory setting, limiting their use in clinically relevant timescales for chronic pain therapy
(however, see [36] for longitudinal fMRI). For example, due to the limitations of patient tolerance and
equipment availability, fMRI cannot feasibly be used continuously over a period of hours, making it
unrealistic for evaluating clinically relevant spontaneous pain fluctuations. Likewise, prior work has
used simultaneous stimulation (with DBS or transcranial magnetic stimulation (TMS)) and recording
with magnetoencephalography (MEG) [37] or scalp EEG [38] to identify predictive biomarkers of
subjective pain experience without the associated risks of trial surgery. Studies evaluating network
effects of DBS with EEG/MEG nonetheless require permanent DBS surgery, which poses greater risks
than sEEG. Prior efforts to identify biomarkers of stimulation using TMS/EEG require averaging
over larger volumes of tissue and can suffer more from stimulation artifact during simultaneous
neural recording. Furthermore, TMS itself can be painful, confounding interpretation of any putative
pain-relevant biomarkers. Non-invasive approaches remain an important complement to sEEG and,
in theory, could even be used to identify key anatomical pain nodes in the future. For example,
studies aiming to decode subjective pain intensity have been able to use MEG successfully to identify
local field potential (LFP)-based biomarkers of pain, which are often reproducible within subjects [39];
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such individualized MEG mapping may serve a useful pre-surgical step for target planning. While sEEG
is limited by the number of electrodes and sampled regions per patient when compared to more global
brain network approaches such as fMRI or MEG [40], it can better facilitate the characterization of
biomarkers of clinical pain and stimulation with high spatiotemporal resolution.

5. Detecting Biomarkers of Chronic Pain and Stimulation-Related Pain Relief

While considerable effort has been devoted to identifying intracranial biomarkers of pain,
the vast majority of studies to date have focused on experimental pain states in healthy individuals,
which do not necessarily translate to altered brain dynamics seen in patients with chronic pain [34,41].
Rather than focusing exclusively on signatures of evoked pain, we suggest that studying the dynamics
of spontaneous pain can be more informative. By further combining simultaneous recording
and stimulation, it may be possible to dissociate neural correlates of the pain state from those of
stimulation-related pain relief. Such converging evidence would help to develop practical approaches
to personalized, adaptive neurostimulation.

5.1. Biomarkers of Chronic Pain and Network Discovery

Chronic pain is associated with both spontaneous and evoked pain, which are associated with
distinct underlying brain activity. The chronic pain experience is almost certainly a network-wide
phenomenon, but focusing on critical nodes of this network has pointed to brain regions that may
harbor useful biomarkers [42]. fMRI studies provide evidence that brain activation patterns of sustained
chronic pain states do not overlap with those of stimulus-evoked acute pain states in both patients
and healthy subjects [43]. Baliki et al. found a double dissociation where sustained chronic low back
pain in patients was associated with increased BOLD activity in the medial prefrontal cortex (mPFC)
and rostral cingulate, while thermal experimental pain preferentially activated the insula both in
patients and healthy controls. Further, the posterior thalamus and bilateral dorsolateral prefrontal
cortex (DLPFC) exhibit atrophy over time in chronic pain [44]; pain-related activation of the DLPFC is
also related to activity in the mPFC, but not in the insula [43]. The duration of experienced pain also
influences brain representation of pain. Compared to patients experiencing subacute low back pain
for only 2 months, patients with chronic back pain lasting >10 years show increased brain activity
in the mPFC, orbitofrontal cortex, precuneus, and amygdala [45]. These authors and others have
argued that the chronification of pain shifts brain representations from nociceptive to emotional circuits.
Therefore, long-term chronic pain is associated with network-level changes in pain processing that
cannot necessarily be inferred from solely studying evoked pain in healthy patients using experimental
stimuli such as laser-evoked potentials or the thermal grill illusion. These data suggest that the
sensory, cognitive, and emotional phenomenology of real-world chronic pain is distinct from that of
experimentally induced pain. As such, the mPFC, rostral ACC, and DLPFC may be sensible targets to
detect biomarkers of the chronic pain state.

Recordings of LFP from brain regions that are likely to harbor chronic-pain-relevant signals
(e.g., mPFC, ACC, DLPFC) can be used to further understand mechanisms of pain and devise control
strategies for closed-loop algorithms. Two brain stimulation devices with closed-loop functionality
are current available: Neuropace® RNS (Neuropace, Mountain View, CA, USA) [46] and Medtronic®

Percept (Medtronic, Minneapolis, MN, USA) (recently approved for sensing and stimulation [47]
and full closed-loop functionality is anticipated soon). Theses device are capable of using neural
power band-limited time series signals (e.g., alpha band power) as inputs to an embedded closed-loop
controller that can modify stimulation parameters to optimize therapy. For this reason, we focus on
band powers of interest that have previously been associated with predicting pain states.

Despite the limitations of interpreting biomarkers of acute/evoked pain state, there is an abundance
of such data using sEEG, MEG, and EEG, which can provide a starting point. The most commonly
reported neural features predictive of a high pain state have been a decrease in the central alpha
band (8–12 Hz) power [48–50] and an increase in the parietal or prefrontal gamma band (>30 Hz)
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power [51,52]. Importantly, recent studies have distinguished neural correlates of painful stimuli from
nonpainful stimuli, providing greater selectivity for pain states. Using sEEG, Liu et al. found significant
evoked-pain-related cross-frequency coupling between theta (4–8 Hz) and gamma band activity in
the amygdala and hippocampus, which can be tested for validity as a chronic pain biomarker [53].
While most studies of neural pain biomarkers seek to predict the pain VAS, it will be important for future
research to identify what power bands may support different dimensions of pain (i.e., somatosensory,
affective, cognitive) by analyzing alternative metrics (e.g., McGill Pain Questionnaire (MPQ) or pain
unpleasantness). There remains a large gap in characterizing such power-band based biomarkers
of naturalistic, spontaneous chronic pain; an sEEG trial can fill this gap. Ultimately, by combining
recording with simultaneous stimulation in these areas, an sEEG trial period could inform adaptive
DBS algorithms (for a thorough discussion of brain-based pain biomarkers see [42,54]).

5.2. Biomarkers of Stimulation-Induced Pain Relief

Beyond biomarkers that predict the chronic pain state, it is critical to characterize neural signals
resulting from the electrical stimulation of various sites across many parameters. There are at least
three strategies for detecting biomarkers of stimulation-induced pain relief. First, by recording LFPs
from multiple brain regions either during or immediately after pain-relieving stimulation (see Section 6,
Practical Considerations), spectral power within the frequency bands of interest can be compared
to validate putative pain biomarkers that were detected in the absence of stimulation. For example,
if ACC theta power was positively correlated with a high reported pain state, therapeutic stimulation
would be expected to decrease ACC theta power if this biomarker was causal. Such a biomarker could
be incorporated into a closed-loop algorithm using a simple threshold; for example, one algorithm
could initiate stimulation when ACC theta power increased beyond some prespecified threshold power
value. Second, neural activity in certain frequencies recorded at the site of stimulation may help predict
whether and when stimulation may be beneficial. In a notable study, mechanistic evidence supporting
the VPL/M as a target for both recording and stimulation was provided by Huang et al. in thirteen
patients with chronic pain [55]. Distinct thalamic theta, alpha, high beta, and high gamma oscillations
were correlated with pain relief and, thereby, suggested possible biomarkers by which one may
identify individual patients who may benefit from VPL/M stimulation. Third, simultaneous recordings
across multiple electrodes could provide a readout of functional connectivity in the pain network,
which could be “pinged” by delivering intermittent single-pulse electrical stimulation (SPES) at various
sites. SPES has previously been used to probe cortico-cortical connections and intra-areal plasticity
by averaging LFP time-locked to the stimuli using sEEG in epilepsy patients [56]. The averaged LFP
reflects cortico-cortical evoked potentials that can be recorded in adjacent and remote sites during
periods of high and low pain states to provide a connectome representation of network changes related
to chronic pain. Similar biomarkers of stimulation-induced pain relief can help to narrow down final
candidate brain targets for permanent DBS implantation.

6. Practical Considerations for Chronic Pain DBS Trial Period

There are numerous factors to consider in the experimental design of a trial period: the duration
of a trial period, how many patients to enroll, and outcome metrics of interest. Indeed, prior studies of
DBS and chronic pain may have failed to reach primary endpoints because of nonrandomized design,
heterogeneous patient populations, subjective assessment of patient outcomes, lack of measuring
“meaningful” changes in symptoms, inconsistencies in sites stimulated, and other factors (see review [7]).
Practical considerations should not be left to last minute planning. Common understanding of goals
and procedures is needed across clinical specialties including neurological surgery, neurology, and pain
management. The research team must work closely with neurosurgeons to map the targeting of
electrodes for implantation; the administration of pain medications must be coordinated across pain
providers, nursing staff, and research team so testing can be timed appropriately; patient care assistants
and monitoring staffmust be appraised of patient needs that differ from standard inpatient care on
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their unit; and research staff not accustomed to inpatient care must be oriented to the environment.
We have found that participating in nursing staffmeetings prior to patient implant is an effective way to
coordinate activities and communicate DBS trial period goals between research staff, clinical personnel,
and candidate patients.

The overall duration of implant for each patient should carefully weigh experimental need,
insertional effect, patient tolerance, and infection risk (discussed further above). Experimental need
can be broken down into multiple categories: resting-state biomarker discovery, stimulation efficacy,
and modulation of task performance (task-based biomarker discovery/stimulation effects on task
performance). Further, the insertional effect, or stun effect, which has been well-studied in Parkinson’s
disease patients undergoing trial periods for DBS, can often be described as a temporary improvement
in disease symptoms in response to DBS lead placement [57]. The positive effect can often persist 6
months following surgical implantation and before the onset of stimulation. The insertional effect
has been similarly described in chronic pain patients, in which some patients (43% of 21 patients)
experience a substantial reduction in their pain immediately following lead implant [58]. While the
cause and predisposing conditions of this insertional effect are not well understood, Hamani et al.
found that a positive insertional effect was correlated with a successful stimulation period.

An emerging trend has been to use the inpatient DBS trial period to both test stimulation and
record neural activity that may guide biomarker discovery toward developing closed-loop DBS
algorithms. Resting-state biomarker discovery is best served by recording periods of brain activity
during wakefulness in the absence of stimulation or tasks and across varying levels of reported pain
metrics. Level of pain may be assessed using a collection of surveys or verbal reports that are repeatedly
administered throughout the trial period. The dynamics of subjective pain experience varies widely
across patients and pain subtypes [59]. As the timescale of pain predictability based on neural activity
is relatively unknown, we opt to study brain activity for relatively long periods (e.g., 30 min) around
each survey point to provide a starting point on studying individual dynamics/timescales. Each time a
survey is administered translates to one data point; this should be repeated multiple times throughout
the entire trial period. At least 10 data points, but preferably many more, are needed for a statistically
valid association of neural activity with the symptom reports, necessitating a total trial duration of at
least 3 days.

Evaluating for stimulation efficacy should involve testing at least two different stimulation
locations and various parameters in order to identify putative therapeutic targets for permanent
implant. Two critical factors should be considered during the design of stimulation efficacy testing:
placebo effect and expected wash-in and wash-out durations. The placebo effect is an important
confounder during DBS [60], and while it may be advantageous in the long-term treatment of chronic
pain, care should be taken to control for short-term placebo effect during trial DBS. In order to account
for this, double-blind, sham-controlled stimulation testing is needed. By design, when using clinically
approved devices, the operator of the stimulator cannot be blinded to the stimulation condition. Thus,
during double-blind stimulation testing, the individual operating the DBS stimulator should not
interact with the patient in any way, and ideally should not be visible to the patient. All other people
in the room (including the patient) should be blinded to the stimulation condition. Furthermore,
it can be useful for all other people in the room and the patient to be naïve of stimulation (sham)
onset and offset times. This may further mitigate expectation or anxiety associated with anticipated
effects of stimulation, which may offer better predictive value of long-term success. Having a sham
block paired with each verum stimulation block doubles testing time but provides more robust and
interpretable results. If possible, having the patient self-administer surveys at cued times, with no
researchers in the room, may also decrease Hawthorne effects [61]. This may not always be feasible
due to safety considerations and the need for active monitoring of intracranial recordings during
stimulation. The duration of stimulation and the wash-out period between testing sham/verum
blocks or between stimulation locations should be determined as a function of expected wash-in and
wash-out effects. While stimulation of some targets such as the VPL or PAG can produce rapid pain
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relief over seconds to minutes, the ACC or other sites may have much longer wash-in times over
days. This remains an area of active investigation and varies as a function of disease duration and
specific behavior/symptom assessed [16,62–64]. Longer wash-out periods provide more confidence
that effects observed for subsequent stimulation parameters cannot be attributed to carryover effects
from prior stimulation conditions. All candidate stimulation targets should be tested multiple times,
so counterbalancing test order can also help mitigate carryover effects. Early in target discovery, it may
be beneficial to stimulate different parameters within the same region (e.g., low vs. high pulse width or
frequency) with shorter wash out; if a candidate brain region or parameter set for therapeutic efficacy
is found, it is useful to retest it with longer wash out.

Recording neural activity during behavioral tasks, in the presence and absence of stimulation,
can serve multiple purposes. Specifically, we propose using behavioral tasks that systematically assess
various domains of the pain experience including somatic, affective, and cognitive ones. Tasks that
are particularly relevant include quantitative sensory testing with thermal stimuli including pain
thresholds [65] and mechanical pain thresholds with Von Frey filaments [66] (somatic); the emotional
Stroop [67] and emotional facial recognition tasks (affective judgment and interference); and the
oddball [68]; and Iowa gambling tasks [69] (cognitive attention and decision making). Task-based
biomarkers can be used to track symptom status and treatment efficacy or identify brain regions that
may be best targeted by stimulation for therapeutic benefit [70]. Machine learning methods can be
applied to identify spectral properties that could serve as biomarkers for specific symptoms or induced
states [71]. Variation in task performance may also more directly indicate the efficacy of stimulation.
In order to make such conclusions, patients must be familiarized with tasks in order to prevent
test–retest effects from skewing the results. Initial familiarization with tasks can be conducted prior
to implant. Following implantation, tasks must be conducted multiple times (e.g., with and without
stimulation) in order to determine baseline activity vs. potential changes induced by stimulation.

Not to be underestimated, patient tolerance and ability to actively participate during the trial period
is critical for success. Detailed informed consent, ideally implementing teach-to-goal methods [72],
should include clearly detailed information about what to expect during the trial period. In addition,
we have found that having the patient complete questionnaire surveys (similar to those subsequently
administered during the trial period) in his/her home environment prior to implant can decrease
frustration with completing the same metric repeatedly. Continued clear communication with the
patient and family members is vital. Having well-defined times when family members can visit or
share a meal provides needed breaks in long days of testing. The depth of scientific discussion will
need to be tailored to each patient’s interest and level of understanding, but overall, we have found
that patients are much more engaged when they clearly understand the need for each study and the
role each test plays in the larger picture.

The selection of which metrics should be administered to assess pain and how often is again tied
to both scientific need and patient tolerability. Patients experience survey fatigue in answering the
same surveys repeatedly (e.g., upward of 50 times a day), which can hinder accurate communication of
symptoms. Individual patents also differ in their adeptness of communicating pain through numeric
ratings, free speech dialog, pain maps [73], or standardized surveys. Different methods of collecting
information about pain symptoms also tap into different aspects of the pain experience [74], such as
quantitative pain measures (e.g., numerical rating), pain experience (e.g., unpleasant sensory or
emotional experience), and pain expression (e.g., qualitative words, pain narrative, and behavior to
communicate pain, pain behavior). We found that a combination of metrics was the most useful,
with short versions administered more frequently and long versions administered about three times
per day.

When deciding how many people to enroll in a trial period, overall expense, and expected trial
to permanent conversion ratio must be taken into consideration. Expense (both in time and money)
impose a cap on the total number of patients who can be enrolled. A meta-analysis review of spinal
cord stimulation showed a 41% conversion ratio from a trial period to a permanent implant [4]. While a
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higher conversion ratio may seem preferable, imposing increasingly strict inclusion criteria on a trial
period may prevent testing in a broader population who could ultimately benefit from the therapy.
Regardless, given the intensiveness of the trial period and subsequent management of patients with
implanted devices, the size of DBS trials for chronic pain will likely remain small (<30 individuals) for
the foreseeable future, until the therapy is sufficiently developed to obtain regulatory approval.

Lastly, we must balance the goal of full mechanistic understanding of neural circuitry underlying
chronic pain vs. the identification of effective therapy. It is not practical to require the former as a
prerequisite for providing treatment options for patients currently suffering from chronic pain. Rather,
we recommend incorporating our current knowledge of pain circuits and using this as a starting point
for where to implant electrodes for biomarker discovery. This approach has the benefit of not only
being ready for implementation now but also being mechanistically informed according to current state
of knowledge. Existing therapies, including spinal cord stimulation, have been shown to be effective at
alleviating chronic pain in many individuals, but the mechanisms remain debated. Most important for
clinical treatment is the efficacy of the therapy. While the number of patients implanted remains modest,
it is likely more feasible to focus on a more individualized approach. Recording from implicated
regions affords the relatively rare opportunity to identify correlative or causal factors that predict pain
or pain relief in individual subjects. However, as the cohort of patients grow, looking for trends across
patients will be incredibly valuable to determine whether patients share common biomarker features.
This may be particularly fruitful to separate cohorts with different pain etiologies, pain dynamics,
or even based on syndrome subtypes.
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Abstract: The programming of deep brain stimulation (DBS) parameters for tremor is laborious
and empirical. Despite extensive efforts, the end-result is often suboptimal. One reason for this
is the poorly understood relationship between the stimulation parameters’ voltage, pulse width,
and frequency. In this study, we aim to improve DBS programming for essential tremor (ET) by
exploring a new strategy. At first, the role of the individual DBS parameters in tremor control was
characterized using a meta-analysis documenting all the available parameters and tremor outcomes.
In our novel programming strategy, we applied 10 random combinations of stimulation parameters
in eight ET-DBS patients with suboptimal tremor control. Tremor severity was assessed using
accelerometers and immediate and sustained patient-reported outcomes (PRO’s), including the
occurrence of side-effects. The meta-analysis showed no substantial relationship between individual
DBS parameters and tremor suppression. Nevertheless, with our novel programming strategy,
a significantly improved (accelerometer p = 0.02, PRO p = 0.02) and sustained (p = 0.01) tremor
suppression compared to baseline was achieved. Less side-effects were encountered compared to
baseline. Our pilot data show that with this novel approach, tremor control can be improved in
ET patients with suboptimal tremor control on DBS. In addition, this approach proved to have a
beneficial effect on stimulation-related complications.

Keywords: DBS; tremor; stimulation parameters; DBS programming algorithm; DBS side effects;
thalamic nucleus; zona incerta

1. Introduction

Essential tremor (ET) is the most prevalent movement disorder, affecting up to 4% of the adult
population [1]. Medical management of ET is limited and is often unsatisfactory [2]. For medically
refractory cases, deep brain stimulation (DBS) may be considered. The long-term safety and efficacy of
DBS are well-established [3], although it is not certain whether its initially reported superior tremor
suppression is also achieved in successive cohorts [4]. Additionally, evidence shows that 33 out of 45
patients in one study (73.3%) reported waning tremor control at a mean time of 18.8 ± 15.1 months
postoperatively [5].

The outcome of ET-DBS depends on several factors. Preoperative considerations include but are not
limited to tremor characteristics [6] and the anatomical target of the intervention [7,8]. Postoperatively,
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optimal tremor reduction is achieved with time-consuming programming. The current strategy for
symptom control starts with a standardized evaluation of several conventional stimulation parameters,
representing the highest probability for success. Pulse widths with an estimated chronaxie (i.e.,
the minimum time for exciting a neural element using half the intensity to elicit a threshold response,
for review see [9]) for myelinated axons in ET-DBS average 40–90 μs [10]. As far as frequency
is concerned, it should be noted that during the first application of DBS, 50 Hz stimulation was
considered as high-frequency stimulation [11]. Ever since, a broad range of stimulation frequencies up
to 185 Hz has been explored, although there is no clear relation between the stimulation frequency
and degree of tremor suppression. All parameters are further titrated in a ‘trial and error’ fashion,
until satisfactory tremor suppression is achieved in the absence of side effects. In practice, this requires
extensive programming sessions, in which patient fatigue may hamper achieving the desired results.
Empirical titration becomes additionally challenging when conventional DBS parameters do not
address individual requirements [12] or become subject to tremor habituation [13], requiring broader
parameter searches than feasible. A clear understanding of the therapeutic role of the stimulation
parameters is therefore essential. Unfortunately, the relation of any of the stimulation parameters and
degree of tremor suppression remains insufficiently understood. A study exploring high-frequency
stimulation as a putative cause for worsening balance in ET patients demonstrated that reducing
stimulation frequency from 170–185 to 130 Hz after optimizing tremor control improved axial cerebellar
signs [14]. In addition, therapeutic DBS intensity levels suppress tremor, while supra-therapeutic
amplitudes and pulse-widths cause (gait) ataxia [15,16]. The deleterious effect of excessive stimulation
translates thus into a narrow therapeutic window for tremor suppression.

Despite efforts to individualize and improve DBS programming [17,18], these are either not
robust enough or are too technically challenging to be routinely applied in clinical practice. In the
absence of an explicit, validated programming protocol, the process remains laborious and outcomes
inconsistent, with average tremor reduction varying between 33 and 74% [2]. Outcomes may be
improved with expert programming, shown to provide significant improvement in 37% of patients
and partial improvement in 15% [12].

In this study, we aim to improve DBS programming protocols. We start by reviewing all
documented DBS parameters and tremor outcomes in ET, with the aim to gain insight into the
advancement of DBS programming over time, as well as to characterize the role of the DBS-parameters
(voltage, pulse width, and frequency). Next, as a proof of concept, we introduce a novel approach for a
timely and thorough exploration of the DBS parameter space in individual patients.

2. Methods

2.1. Meta-Analysis

2.1.1. Search Strategy and Selection Criteria

We conducted a PubMed search for DBS parameters in ET on 05/03/2018, using the following
string: (“DBS” OR “Deep Brain Stimulation”) AND (“essential tremor”). The search was conducted
by two independent reviewers (DB and MO). Articles written in English, containing the key terms
“DBS” or “stimulation” and “essential tremor” were included for full text screening. Animal studies,
experiments in which patients had co-existing movement disorders (e.g., Parkinson’s disease), as well
as review articles were excluded from further analysis. For full text screening the following exclusion
criteria were applied: (1) either stimulation parameters or outcomes were not reported; (2) interventions
following failed DBS or thalamotomy (the latter might still exert therapeutic effects); (3) reports earlier
than three months post-operatively (when the microlesion effect might influence tremor) or with
unspecified follow-up moment; (4) cohorts already reported; (5) irretrievable articles; (6) pooled data
of ET with Parkinson’s patients; (7) IPG malfunctions. Review articles were checked for any relevant
missing articles. The remaining articles were selected for data extraction.
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2.1.2. Data Extraction

From each relevant study, the following data were extracted: publication year, size of patient
sample, DBS target, average stimulation voltage, pulse width and frequency, tremor reduction, scale of
tremor measurement, follow-up moment and side-effects. Side-effects were categorized as paresthesia,
gait and balance problems, ataxia, dysarthria and diplopia or visual disturbances.

2.1.3. Data Synthesis

Data were recorded as mean± standard deviation. For analysis, weighted values of the stimulation
parameters and tremor outcomes were used. Reports of tremor suppression were heterogenous not
only in terms of tremor scale, but also follow-up duration. Therefore, tremor outcomes were converted
to percentages of tremor reduction and the primary outcome time point was used for each study.
Given that the tremor measurements were performed at various follow-up durations, time might have
possibly exerted an effect on the tremor outcomes owing to disease progression or tremor adaption.
For this reason, follow-up durations were split into quartiles and the corresponding tremor outcomes
were compared between the four groups.

2.1.4. Comparisons

To characterize the explored range of stimulation parameters and the evolution of tremor outcomes
from the first application of DBS for tremor (1987) until the present, we correlated these values with time,
i.e., corresponding publication year. Next, we explored the relationship between voltage, pulse width,
frequency and tremor control. We also documented the encountered side-effects and correlated their
frequency with the corresponding stimulation parameters.

2.2. Experimental DBS Programming

2.2.1. Patients

Eight consecutive patients treated with bilateral DBS for medically refractory ET participated in
the study. Prior medical treatment included propranolol, primidone and topiramate, or a combination
of the three. The efficacy of the treatment has been thoroughly reviewed before deeming the patient
therapy-resistant and discussed multi-disciplinarily to establish the indication for DBS. All patients
were implanted (Medtronic model 3387 lead, contacts 1.5 mm in length, spaced 3 mm center-to-center;
Medtronic, Inc.) using the Leksell G frame (Elekta, Stockholm, Sweden). Accurate electrode positioning
was tested using intra-operative macrostimulation (up to 5 V, with 60 μs pulses and a frequency of
185 Hz) and was confirmed by postoperative MRI (Philips Intera, Eindhoven, the Netherlands) and/or
CT-scanning (Sensation 64, Siemens, Erlangen, Germany). The post-implantation CT images were
fused with preoperative 3T-MRI images using BrainLAB software (BrainLAB, Heimstetten, Germany).
The electrode configurations and stimulation parameters had been reviewed at length and optimized
by using Medtronic’s 8840 N’Vision Clinician Programmer (Medtronic, Inc., Northridge, CA, USA),
according to the best current practice [19]. None of the patients were on any medication for tremor
following DBS. Patients were recruited at the outpatient neurological department at the University
Medical Centre Groningen (UMCG). The experimental procedure was approved by the medical ethical
review board of the UMCG (registration number 2017406) and deemed “care as usual”. Under these
circumstances, written informed consent was not required.

2.2.2. Experimental Paradigm

The experimental paradigm started with a baseline tremor measurement, using the current
stimulation parameters. Tremor was assessed in various arm postures and quantified by an in-house
developed accelerometer (UMCG, Groningen, The Netherlands). For each posture, the total distance
amplitude (TDamp) was calculated over 5 s by a custom-written script in LabVIEW (2014 SP1) and was
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used to assess tremor severity. This was done by calculating the second integral of the accelerometer
signal. After the baseline measurement, the posture in which tremor was most severe, was used for the
adjustment of DBS parameters.

In this posture, 10 random combinations of stimulation parameters (voltage, pulse width and
frequency) were tested. These combinations were generated by a custom-written script in MATLAB
(version R2014a, MathWorks, MA, USA), for each patient individually. The ranges from which the
stimulation parameters were randomly extracted were as follows: voltage 1.5–4 V with intervals of 0.1 V;
pulse width 60–240 μs with intervals of 10μs and frequency 60–185 Hz with intervals of 5 Hz. The script
selected at random one voltage, one pulse width and one frequency, from a pool of 12,844 theoretical
combinations. The process was repeated 10 times for every patient. For each experimental combination,
a 5s accelerometer recording was performed once the effects of the previous settings disappeared.
Patients also indicated whether stimulation felt better in terms of tremor control compared to baseline.
If side-effects emerged, stimulation was not further increased (thus attaining a pseudorandom set of
parameters). However, the transition between combinations was done systematically to maximize
the chance of employing a given set of parameters. Namely, we identified the parameters that
needed to be lowered or increased in the subsequent setting. Given that higher current charges are
more likely to cause side-effects, the parameters were prioritized as follows: parameter requiring the
greatest decrements, followed by eventual lesser decrements, least increments and greatest increments,
respectively. Therefore, parameters requiring decreases were adjusted first. If the remaining parameters
needed to be increased, the one requiring the smallest increase was adjusted first. If the remaining
changes were to cause side-effects, increments would be stopped, and the final combination would be
noted. By applying this system, the pseudo character of the random parameters was deemed by the
patient safety and not by the clinician’s bias.

In case the new stimulation parameters led to improved tremor control and/or less side-effects
compared to the baseline settings, patients maintained these parameters. To evaluate whether the new
empirical settings retained tremor control, patients were approached by telephone 6–17 weeks later.
Patients indicated whether tremor control was similar, better or worse compared to baseline settings
and whether side-effects had emerged.

2.2.3. Evaluation of the Experimental Settings

The combinations of stimulation parameters that led to the best tremor reduction were identified
by the individual ratings of the patients (subjective) and the accelerometer signal (objective). The effect
on tremor of the best subjective and objective random stimulation parameters was compared to that
of the baseline settings. Medium-term efficacy (i.e., beyond the clinical setting) was determined by
contrasting the patient-reported improvements to baseline tremor control. Next, the subjective and
objective stimulation parameters were compared to baseline settings to determine whether tremor
control was achieved with significantly different parameters or levels of total electrical energy delivered
(TEED, [20]).

3. Statistical Analysis

Statistical analysis was performed using SPSS (SPSS IBM version 23.0, Armonk, NY, USA).
Data normality was tested with the Kolmogorov–Smirnov test. For correlations, Pearson’s correlation
or Spearman’s rank-order correlation were used accordingly and reported together with the percentage
of explained variance (r2). In the case of within-subject measurements, paired sample t-tests were used
for normally distributed data and two-tailed Wilcoxon signed-rank tests for nonparametric distributions.
For nonparametric, independent comparisons, the Kruskal–Wallis test was used. Significance was set
at p < 0.05.
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4. Results

4.1. Meta-Analysis

4.1.1. Study Inclusion and Data Characteristics

Our PubMed search yielded a total of 777 studies. Four duplicates were removed,
leaving 773 studies for title and abstract screening. Here, 538 studies did not fulfil the inclusion
criteria. The remainder of 235 full-text studies were assessed for eligibility. Four additional studies
were identified through cross-reference screening and added to the eighty-three studies selected
for data extraction, involving 1652 patients (Figure 1, Supplementary Table S1). Data exhibited a
nonparametric distribution.

 
Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flowchart.

4.1.2. DBS parameters and Tremor Outcomes

The correlation coefficients of the stimulation parameters with time were r(1159) = −0.17,
r2 = 0.02 (2.89%), p < 0.001 for voltage, r(1312) = −0.17, r2 = 0.02 (2.89%) p < 0.001 for pulse width and
r(1258) = 0.08, r2 = 0.006 (0.6%) p < 0.05 for frequency. Overall, the average tremor suppression achieved by
DBS was 62.98% ± 16%, r(1466) = 0.16, r2 = 0.02 (2.56%), p < 0.001 (Supplementary Figure S1).
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4.1.3. Correlation of Stimulation Parameters and Tremor Suppression

Follow-up times were split into quartiles, which yielded four groups of tremor outcomes
corresponding to reports ranging from 3 to 6 months, 7 to 12 months, 13 to 30 months and 31
to 150 months, respectively. Although tremor outcomes differed significantly between the four
groups (χ2(3) = 186, p < 0.001), the means did not exhibit a consistent downward trend (M1 = 57.42,
95% CI: 55.78–59.08; M2 = 70.93, 95% CI: 69.8–72.02; M3 = 62.25, 95% CI: 60.47–64.14; M4 = 55.95,
95% CI: 53.73–58.16). Thus, no correction for the variable follow-up times was applied. Regarding the
interdependence of stimulation parameters and tremor, an inverse relationship is observed between
voltage r(1159) = −0.09, r2 = 0.008 (.81%), p < 0.05, and tremor. Although the same trend is observed
for pulse width r(1312) = −0.06, r2 = 0.003 (0.36%), p = 0.05, and frequency r(1258) = −0.03, r2 = 0.0009
(0.09%), p = 0.28, these are not statistically significant.

4.1.4. Side Effects

Thirty-seven of the 87 included studies reported side effects (N = 785). Namely, 7.89% of patients
complained of paresthesia (N = 62), 5.47% of gait and balance problems (N = 43), 2.03% of ataxia
(N = 16), 15.28% of dysarthria (N = 120) and 0.12% of diplopia (N = 1). Only voltage exhibited a
significant correlation, with dysarthria r(118) = 0.43, r2 = 0.43 (18.49%), p = 0.01.

4.2. Experimental DBS Programming

4.2.1. Experimental Tremor Titration

The experiment was conducted in eight ET patients (Table 1, Supplementary Figure S2). None of
the patients was on any tremor medication following DBS surgery. Baseline tremor control could not
be documented in one patient (ET6) and was excluded from the corresponding statistical analysis.
Given that subjective improvement was nevertheless achieved and sustained in the thr medium
term, ET6 is still documented in Table 1. The experimental paradigm showed significant tremor
reduction compared to baseline stimulation, according to both subjective (t(6) = −2.95, p = 0.02)
and objective (t(6) = −3.07, p = 0.02) measurements (Figure 2). Notably, the tremor improvement
perceived by the patients corresponded to the accelerometer measurements. On average, the results
were achieved after 23.8 ± 8.03 min per patient. Upon follow-up, 45% of the patients reported
medium-term tremor control superior to baseline (p = 0.01). None of the patients reported the new
setting as being worse than the previous. As far as side effects are concerned, four patients (ET2, ET4,
ET7, ET8) reported stimulation-induced ataxia and/or dysarthria at baseline. Following experimental
re-titration, side-effects were resolved in all but one patient (ET4), who reported re-emergence of ataxia
upon follow-up.
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Figure 2. Experimental ET-DBS titration. Ten random combinations of stimulation parameters were
tested and characterized subjectively (patient reported outcomes) and objectively (accelerometer
measurements). The tremor outcomes during the experimental parameter exploration are categorized
as follows: worst (least tremor reduction), off (stimulation turned off), baseline (initial settings),
best subjective (best random settings according to the patient), best objective (best random settings
according to accelerometer measurements). The novel programming strategy afforded significant
tremor reduction (t(6) = −2.95, p = 0.02) in the absence of side-effects. (*) represents a statistically
significant (p < 0.05) difference.

4.2.2. Random DBS Parameters

An example of the randomly generated parameters is given in Supplementary Figure S2. Parameter
optimization was achieved with significantly broader pulse widths according to both subjective
Z = −2.37, p = 0.01 and objective Z = −2.52, p = 0.01 measurements. Conversely, significantly lower
frequencies proved superior to baseline settings in both subjective Z = −2.53, p = 0.01 and objective
ratings Z = −2.52, p = 0.01. No significant difference was detected for either subjective Z = −1.12,
p = 0.26 or objective Z = −1.54, p = 0.12 ratings of voltage. More optimal tremor reduction was
achieved with higher levels of TEED, in both subjective t(7) = −2.12, p = 0.07 and objective t(7) = −3.08,
p = 0.01 measurements.

5. Discussion

5.1. Meta-Analysis

Our meta-analysis shows that, in more than 30 years, the outcome of ET-DBS improved only
modestly. Given that there was no relevant change in the studied DBS parameters, the observed
improvement might possibly be attributed to improved patient selection [6], DBS targeting [7,21]
and stereotactic planning [22]. Although beneficial, these developments are efficient mostly in the
short-term. Provided that tremor outcomes significantly decline over time [23], with habituation of the
stimulation settings accounting for more than 10% of the decrease in outcome [24], more efforts should
be focused on programming. In line with this, there is evidence for alternating stimulation settings to
reduce habituation. However, side-effects remain a great limiting factor.

138



J. Clin. Med. 2020, 9, 1855

From the available literature, there appears to be no substantial relationship between DBS
parameters and tremor suppression or side-effects. Given that several follow-up reports extend up to
150 months, it raises the concern that tremor outcomes might be affected by either disease progression
or tremor adaption. Although tremor outcomes differed significantly in the four time-groups
(follow-up-duration quartiles), no downward trend suggesting declining outcomes was observed.
As such, the observed differences stem more likely from patient heterogeneity, rather than being the
effect of time. In line with these results, we introduced random combinations of stimulation parameters
for conducting comprehensive and time-saving parameter searches in individual patients. We show
that this novel programming strategy is effective in optimizing individual tremor control and resolving
side effects.

Despite that DBS parameters remain relatively constant over time, the corresponding tremor
outcomes show large variations. Although voltage is the only parameter to show a significant
correlation with tremor suppression and dysarthria, the low value of the explained variation falls
short to explain this observation (significance in this case reflects the large N rather than a clinical
significance) These findings confirm the inconsistent results from DBS-parameter explorations reported
elsewhere [25–27]. Such discrepancies suggest that uniform parameters might not exist, and that
programming should particularly address the individual anatomy [7] and tremor characteristics [25].

The Rationale behind Conventional Stimulation Parameters

Conventional stimulation parameters have originally been extrapolated from structure–effect
relationships to address the anatomical target and tremor characteristics [10,28]. However,
they consistently appear to fall short of the mark, with room for improving clinical outcomes.
Despite increasing evidence that better individualizing the DBS dose is key to maximizing symptom
control [17,27], conventional parameters have remained the mainstay. However, as long as the precise
spatiotemporal coordinates of the neuroanatomical substrate required for clinical benefits remain
insufficiently understood, finding the optimal DBS parameters will remain challenging.

Firstly, the complexity of stimulating neural tissue stems from multiple determinants, e.g.,
the interaction with different neuronal elements and relative distance to the electrode [29,30], as well
as the direction of propagation of the action potentials [31,32]. This is consistent with the difficulty of
modeling electric field predictions [33,34]. Secondly, this spatial component of DBS is further raveled by
the yet unknown mechanism of action. Several hypotheses have been proposed [35,36], illustrating the
wide-ranging effects of DBS. Elucidating the precise effects that determine the clinical outcome will
be key to refining the electric field predictions to address both the local and global dynamics of
the targeted circuitopathies. Lastly, the third obstacle in finding optimal DBS parameters are the
temporal adjustments of stimulation. Refining DBS to be delivered only in response to pathological
biomarkers (adaptive DBS; aDBS) appears promising for both ameliorating symptoms and reducing
side-effects [37,38].

Attempts to understand the stimulation parameters have yielded inconsistent results.
Most commonly, the effect of varying one DBS-parameter is documented, while the remaining
parameters are maintained at constant [39]. The limitation of such an approach is that the constant
parameters determine the therapeutic window of the parameter of interest [16]. This generates
irreproducible results due to inter-patient variability. In this study, we emphasize how insufficiently
understood the interdependence of the stimulation parameters is, i.e., unexpected stimulation
parameters can be clinically meaningful only when provided with the right interaction of these
three parameters. Given that (1) the stimulation substrate exhibits a highly complex, dynamic and
individualized spatiotemporal fabric and that (2) individual stimulation parameters cannot be
considered for titration alone, future studies should allow for mutual dynamism to be exercised
between the two. Therefore, programming strategies should be as robust as possible.
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5.2. Experimental DBS Programming

Increasing understanding of the complexity of the stimulation substrate, as well as that of the
interdependence of the stimulation parameters, has increasingly discouraged the use of conventional
parameters. However, the infeasibility of clinically exploring the range of DBS parameters, to a greater
extent, has precluded this transition. Testing ten random combinations of stimulation parameters results
in a thorough, time-saving exploration, which allows for ET-DBS optimization in individual patients.
Safety is ensured by gradually transitioning between combinations and having the patient report
the emergence of side effects, beyond which stimulation is not further increased. Notably, the most
optimal parameters are selected by patient intrinsic factors, e.g., anatomopathological substrate [40–42]
and lead positioning [16,43]. The fact that significantly lower frequencies have been favored in this
assumption-free trial is in line with the observed deleterious effects of supra-threshold frequency [14].
It is also tempting to attribute the resolution of side-effects in three of our four patients to this. This pilot
approach raises thus great interest by opening the gate towards more individualized, comprehensive,
and faster DBS titration.

The foremost limitations of the meta-analysis are publication bias [4] and perhaps overly
enthusiastic early reports [44]. Additionally, the analysis of the relationship between DBS parameters
and tremor outcomes could have benefited from objective tremor measurements (e.g., accelerometry).
Nevertheless, validated tremor scales have been used [45]. Regarding the experiment, one limitation
might be using shorter (between 1–2 min) wash-out periods than usual [18] in some patients. However,
it has been shown that Vim-DBS for ET provides tremor suppression over seconds [2]. Additionally,
the sustained tremor suppression upon follow-up excluded that the therapeutic benefit of the definitive
experimental settings was confounded by phase-resetting or carryover effects. In addition, it would
have been desirable to also provide tremor scores. However, the value of tremor scales would have
been limited in this case, given that only one posture of one limb was assessed and tremor scales
cannot detect subtle differences due to their ordinal character. Ideally, medium-term tremor reports
should have been supplemented by accelerometer measurements. Another limitation might be using
pre-determined electrode configurations. This was done because the electrode configurations with the
largest therapeutic windows had already been determined in previous programming sessions and we
wanted to limit patient fatigue to a minimum. However, it would be interesting, in a future study,
to explore the role of random stimulation parameters in determining the therapeutic window. Lastly,
there is no evidence that, after ten trials of random parameters, convergence is reached. However,
we started with a pragmatic approach that could be tested during a regular outpatient visit. In future
studies, we will explore whether testing more parameters brings further improvements.

6. Conclusions

DBS programming provides options beyond conventional parameter selection. Access to these
parameters is particularly important for addressing ET that does not respond to conventional DBS
parameters [12] or develops habituation [13,24]. Deep-learning modalities might be able to further
refine this approach to avoid supra-therapeutic stimulation, minimize battery consumption, and enable
the titration of more complex devices [46,47]. The role of the individual DBS parameters in tremor
control remains elusive. Our proof of concept underscores the interdependence of voltage, pulse width,
and frequency, warranting further research.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/6/1855/s1,
Figure S1: Overall tremor outcomes; Figure S2. Experimental Set-up, Table S1. Characteristics of studies included
in the meta-analysis.
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Abstract: Bilateral subthalamic nucleus (STN) Deep brain stimulation (DBS) is a well-established
treatment in patients with Parkinson’s disease (PD). Traditionally, STN DBS for PD is performed by
using microelectrode recording (MER) and/or intraoperative macrostimulation under local anesthesia
(LA). However, many patients cannot tolerate the long operation time under LA without medication.
In addition, it cannot be even be performed on PD patients with poor physical and neurological
condition. Recently, it has been reported that STN DBS under general anesthesia (GA) can be
successfully performed due to the feasible MER under GA, as well as the technical advancement in
direct targeting and intraoperative imaging. The authors reviewed the previously published literature
on STN DBS under GA using intraoperative imaging and MER, focused on discussing the technique,
clinical outcome, and the complication, as well as introducing our single-center experience. Based on
the reports of previously published studies and ours, GA did not interfere with the MER signal from
STN. STN DBS under GA without intraoperative stimulation shows similar or better clinical outcome
without any additional complication compared to STN DBS under LA. Long-term follow-up with
a large number of the patients would be necessary to validate the safety and efficacy of STN DBS
under GA.

Keywords: general anesthesia; intraoperative computed tomography; intraoperative magnetic
resonance imaging; local anesthesia; microelectrode recording; Parkinson’s disease; subthalamic
nucleus; deep brain stimulation

1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease following
Alzheimer’s disease, characterized by bradykinesia, rigidity, resting tremor and postural instability [1].
The long-term use of anti-Parkinsonian drugs has been found to be associated with dyskinesia and
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symptom fluctuation. Since the introduction of deep brain stimulation (DBS) in 1980s, DBS has been
accepted as a preferred surgical treatment for PD [2]. Internal globus pallidus (GPi) and subthalamic
nucleus (STN) are the main stimulation targets [3]. In particular, bilateral STN DBS is known to
significantly improve not only primary motor symptoms, but also non-motor symptoms, such as
sensory symptoms and sleep disturbances [4,5].

Traditionally, DBS surgery is performed under local anesthesia (LA) and conscious sedation to
evaluate clinical benefit and side effects by localizing electrophysiological target using microelectrode
recording (MER) and/or intraoperative test stimulation while the patient is awake [6–15]. STN DBS
has several advantages when implemented under LA. The spike features of MER can be analyzed,
and symptom relief or side effects by stimulation can be evaluated with intraoperative macrostimulation.
In addition, by using electrophysiological targeting using MER, it is possible to compensate for errors
from planning based on preoperative imaging, which is caused by brain shift due to cerebrospinal
fluid (CSF) leakage after dura opening. However, MER under LA requires PD patients to withstand
surgical procedure with approximately 18 h of antiparkinsonian medication discontinued. Most PD
patients are old age and have severe multiple neuro-skeleto-muscular symptoms due to comorbidity,
such as spinal stenosis and herniated intervertebral disc. Moreover, patients have to wear a frame
on their head during the entire procedure and undergo surgery with the frame fixed to the operation
table; thus, the patients may suffer from intolerable pain and psychological sequelae. The risk of
hemorrhage risk also increases if an unintended large motion occurs due to cough or tremor during
surgery. Patient cooperation is one of the factors that may influence the outcome after surgery.

Because of these concerns, many authors have consistently tried STN DBS under GA and reported
that the clinical outcome is not inferior compared to under LA. However, there have been no randomized
trials comparing DBS surgery under LA and GA due to logistical concerns. Only class II evidence
has been compared through retrospective data analysis [16]. Here, we aimed to review previously
published literature on STN DBS under GA as an alternative to STN DBS under LA. The technique and
clinical outcome using intraoperative imaging and MER in DBS under GA are thoroughly reviewed
along with the introduction of single-center experience of our institution.

2. STN DBS Using Intraoperative Imaging or Microelectrode Recording Under GA

The DBS surgical procedure can be divided into two stages: the intracranial implantation
of DBS electrodes and the implantation of implantable pulse generator (IPG). In the case of IPG
implantation, GA is generally preferred because tunneling is required subcutaneously. For intracranial
electrode implantation, the STN DBS procedure under LA and GA are similar, but the specific details
are different. The main difference between the STN DBS surgical procedure under LA and GA is
the intraoperative verification method for the intended target acquisition, i.e., test stimulation or
intraoperative imaging with or without MER. An accurate electrode location is a key factor to determine
the postoperative prognosis after STN DBS surgery [17–20]. Image verification of the lead position
is an important step, whether intra- or postoperatively [21]. For STN DBS under GA, some centers
perform intraoperative verification using MER even under GA, and other centers use intraoperative
imaging without MER. We reviewed each method of STN DBS under GA using intraoperative imaging
or MER, respectively (Table 1).
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2.1. Using Intraoperative Imaging

With the development of the quality of magnetic resonance imaging (MRI) over the past decades,
it has become feasible to identify the STN boundary can to easily implement DBS under GA using direct
targeting using advanced imaging [36]. The combination of direct targeting based on MRI visualization
of anatomical structures and intraoperative imaging used to confirm accurate lead placement enables
surgeons to accurately identify STN targets. It may allow STN DBS procedure to be performed in an
asleep state under general anesthesia (GA) without neurophysiological test [37–39].

Successful clinical results on the intraoperative imaging to verify the accuracy of STN lead position
instead of electrophysiological structure mapping or stimulation tests during DBS surgery have
been reported [23,29,31,37,40–44]. In recent studies on the advancement of intraoperative imaging,
no significant clinical results were found when compared to awake DBS [16,30,37,45,46]. However,
most of these studies are retrospective analyses with a small number of patients and significant
heterogeneity in anesthesia and surgical techniques. In addition, most of the studies were conducted
in highly specialized centers with considerable experience in intraoperative imaging. Although these
results may not be generalized to all DBS centers for these reasons, current results of STN DBS under
GA are promising.

2.1.1. Intraoperative CT

In some centers, intraoperative computed tomography (iCT) during surgery is used to verify the
accuracy of lead placement (Table 1). This is achieved through fusion of iCT scans and preoperative
MRI scans after intracranial electrode implantation [31,37,41,44,47]. In awake DBS surgery with MER
guidance, iCT provides useful information, such as hemorrhage and a general idea of electrode location
when fused with preoperative MRI [21]. According to a study about the accuracy of microelectrode
trajectory in patients receiving MER-guided awake DBS using iCT, median (IQR) radial error 0.59
(0.64) mm, and median (IQR) absolute x and y coordinate errors were 0.29 (0.52) and 0.38 (0.44) mm,
respectively [21]. Burchiel et al. fused and compared iCT and trajectory planning images after electrode
implantation for various targets [37]. The mean vector error and mean deviation of trajectory was
1.59 ± 1.11 mm and 1.24 ± 0.87 mm, respectively, and the intraoperative replacement was performed
on one electrode with a vector error of more than 3 mm. There was a significant correlation between
the distance from the ventricle and the error. Kremer et al. stated that the mean difference between
lead tips was 0.98 ± 0.49 mm, and the upper confidence interval did not exceed the non-inferiority
margin described when comparing postoperative MRI with iCT [48].

Some centers use MER without test stimulation but with intraoperative imaging to verify the
intended target acquisition in STN DBS surgery under GA [32,49–58]. A recent study compared
the mean errors of MER-guided electrode implantation in DBS surgery under LA and those of iCT
scan-guided intracranial electrode implantation in STN DBS surgery under GA [42]. When targeting
STN, mean radial errors of the LA and GA group was about 0.9 ± 0.3 mm without significant difference
(P = 0.70). The average number of brain penetration for electrode implantation in DBS surgery under
LA and GA was similar (1.1 ± 0.2 and 1.1 ± 0.3 penetrations, p = 0.97). Brodsky et al. compared
6-months of the clinical outcomes between the group of LA and GA with iCT [59]. There was no
significant difference in the improvement in UPDRS III and II, but the improvement in summary
index (p = 0.004), subscores for cognition (p = 0.011), communication (p < 0.001), and speech outcome
(category, p = 0.0012; phonemic fluency, p = 0.038) was found better in the GA group.

A few authors have published the results of a study using the intraoperative O-arm. Sharma et al.
performed STN DBS surgery under GA using intraoperative O-arm without MER for various targets,
and no significant targeting error due to incorporation of iCT images into preoperative CT or MRI was
observed [60]. Carlson et al. also reported that intraoperative O-arm images provided a higher accuracy
in determining the location of STN DBS electrodes than postoperative CT and MRI images [61].
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2.1.2. Intraoperative MRI

Other centers use intraoperative (interventional) MRI (iMRI) to guide DBS electrode placement
to the STN (Table 1) [23–29,44,62–64]. For example, the UCSF group reported their experience
about bilateral STN DBS in PD patients using a first-generation MRI system (Nexframe, high-field
interventional MR-imaging) [25] and ClearPoint system (ClearPoint interventional MRI) [27].
There have been few published studies on the use of intraoperative MRI [23,24,26–28,44,62–67].
One of the reported advantages of iMRI is that it provides a real-time image acquisition to prospectively
guided both trajectory planning and intended target verification prior to electrode placement [66].
Therefore, iMRI is one of the most useful methods for DBS targeting that allows precise validation of
the real location of electrodes relative to the intended targets [66].

Researches using iMRI with or without stereotactic frame have shown that an accuracy of less than
1 mm can be achieved with mean error close to 0.7 ± 0.3 mm [22,23,25,27,64,66]. The main advantage
of electrode implantation using iMRI is that electrode trajectory can be accurately implanted and
adjusted before final placement by visualizing the intended target [66]. The error after correcting the
electrode location using iMRI under GA without MER was similar to the error of using MER [30].
When comparing the electrode location on both sides, the error was smaller in the second insertion
side than in the first insertion side, which is presumed to be due to the correction based on the iMRI
result after the first insertion. Sidiropoulos et al. performed STN and GPi DBS surgery in advanced
PD patients using the ClearPoint system and found that the mean radial error was 1.2 ± 0.7 mm in
the STN group and 0.8 ± 0.3 mm in the GPi group [28]. Starr et al. et al. demonstrated a significantly
lower rate of radial error compared to when inserted using the traditional frame-based stereotaxy
(3.1 ± 1.41 mm) in the iMRI-guided placement group (1.2 ± 0.65 mm) through burr hole-mounted
trajectory guide [22]. They explained that the possibility of brain shift-related errors was reduced
because iMRI was performed after burr hole creation and intracranial air flow. Clinically, the UPDRS
III “off” medication score and LEDD improved one year after surgery with iMRI [27].

2.1.3. Targeting Accuracy

The theoretical assumption of STN DBS under GA surgery is that the accuracy in targeting STN is
not less and the results are better than STN DBS surgery under LA using MER. Kochanski et al. analyzed
MER trajectories after STN DBS using 227 iCTs and found that 1.2 ± 0.2mm of radial error occurred in
comparison with the location of the intended targets [68]. These errors may be related to the mechanical
errors related with the frame, arc, guide tube, and frame, which can lead to lead deviation [69]. In a
large-scale study of DBS patients who underwent surgery using iCT, there were greater Euclidean
error and greater medial deviation in the trajectory targeting Vim. The authors found that there are
systematic tendencies in stereotactic error that differ with respect to the structure targeted [70]. In the
study analyzing stereotactic accuracy of iMRI, the DBS lead placement using iMRI guidance showed a
radial targeting error of 0.6–1.2 mm, while the error using iCT was 0.8–1.24 mm [22,25,27,28,31,37,71].
STN DBS surgery under GA using confirmatory iCT is based on the assumption that CT-MRI merge
was performed correctly, but there may be some errors in the fusion of imaging modality, which may
lead to suboptimal targeting [38,72,73]. The advantage of STN DBS surgery with iMRI guidance is that
it has less dependence on image fusion and can reflect brain shift after dura opening. Analysis of the
iMRI study revealed that the deep brain structure moves about 2 mm after opening the dura [74].

2.2. Using Microelectrode Recording

2.2.1. Is MER Mandatory for STN DBS Surgery?

In the standard STN DBS procedure under LA, MER is used during surgery to obtain a signal to
identify the deep structure [75]. The final site of electrode implantation is determined by considering
both MER and intraoperative test stimulation [7–9,11,13–15]. Sedative drugs, such as propofol,
dexmedetomidine, and remifentanil, are given to patients when it is not necessary for them to be
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awake [76,77]. The goal of using MER in STN DBS surgery is to obtain high accuracy in radiographic
and neurophysiological targeting. Theoretically, the ideal target should be one and the same, but several
important factors can lead to errors in targeting, resulting in inconsistency between optimal radiographic
and neurophysiological targets. In the report on awake STN DBS, about 25% (38/150) of the electrodes
were found very accurately located on the intended target very accurately with an error of less than
1mm, but electrophysiological recording did not match with the target in MER and/or intraoperative
stimulation, or showed an unacceptably low side-effect threshold by stimulation [68]. Although
these findings may be explained by brain shifts, these cases indicate that MER is essential for
target confirmation during DBS surgery. Even small merge error combined with brain shift can
lead to discrepancies between optimal radiographic and neurophysiological targets [38,72,74,78–80].
The advantage of this method is that it is possible to observe the changes in MER related to passive motion
during surgery, and immediately evaluate the effects and side effects through test stimulation [9,81].
By reflecting this result and modifying the electrode position, the effect can be maximized while the
complications of stimulation can be minimized.

MER signals may be mixed with many noises which may be caused by snoring or movements of
the patient. The reliability and usefulness of MER during STN DBS surgery under LA are still being
investigated. However, awake surgery may not be possible for some patients with severe anxiety, fear,
reduced cooperation, severe pain, respiration difficulties and so on.

MER may increase the risk of intracranial hemorrhage and cognitive decline [82]. Binder et al.
reported a bleeding rate of 3.3% and a risk of permanent defects 0.6% [83]. The number of MER
trajectory was found slightly higher in patients with hemorrhage without statistical significance than
the patients without hemorrhage [84]. Some researchers have also questioned whether MER has
a real significant impact on target refinement [8]. They argued that a short MER-determined STN
length alone cannot predict the occurrence of stimulation-related side effect [18]. Moreover, the MER
procedure increases both surgical time and the cost [8,85].

Macrostimulation test cannot be performed if the patients are asleep during the operation. There
is also controversy about whether intraoperative stimulation is needed during DBS surgery. Some
researchers believe that it is necessary to confirm the effectiveness of the stimulus. On the other hand,
some argued that discontinuation of the drug in LA makes the results less reliable, especially if it is
not located in the correct position within the STN, the effect can be easily observed and difficult to
distinguish from the lesion effect [86].

Due to the improved image quality of preoperative imaging, determining the final electrode
location by imaging alone without MER does not negatively affect motor improvement and LEDD,
and does not aggravate surgical complications [24,26,29,42,87]. The UPDRS III reduction rate at
postoperative 3 months was higher in the group of STN DBS under LA with MER cohort (p = 0.006),
but there was no significant difference at 1 year (p = 0.18), as well as in dysarthria, capsular, oculomotor,
and sensory side effects [87]. Chen et al. also reported that there was no difference in the UPDRS III
reduction rate and score 6 months after STN DBS surgery between the MER group and the non-MER
group [42]. In addition to frequently used imaging sequences, direct targeting can be used with
quantitative susceptibility mapping (QSM) and diffusion tensor imaging (DTI) [68].

2.2.2. Is MER Possible Under GA?

STN DBS under GA has traditionally been used in patients who are unable to tolerate awake
surgery including pediatric patients, or in patients who do not require clinical testing, such as
obsessive-compulsive disorder or epilepsy. The biggest concern with STN DBS surgery under GA for
movement disorder is the possibility of diminution of MER signals. A few small-sized retrospective
studies have reported that MER obtained from STN, GPi, substantia nigra in STN DBS surgery under
GA with both volatile and intravenous anesthetics in PD and dystonia patients showed no significant
difference compared with patients awake during the procedure [54,88–91]. Notably, the neural activity
of typical burst pattern disappeared when higher anesthetic doses were used. However, the results of
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these studies are controversial given the small sample size and heterogeneity of the anesthetic used.
A prospective, double-blinded study is needed to compare the effects of anesthetic agents on MER
quality in patients undergoing STN DBS surgery under GA.

The next concern is that since intraoperative stimulation cannot be performed under GA,
immediate response of clinical effects and adverse effects associated with stimulation cannot be
assessed during the STN DBS surgery. Several trials of MER in deep sedation have been performed
without intraoperative stimulation [32,33,89]. In these studies, propofol or remifentanil tended to
interfere with the electrophysiological signal, but there were no significant differences in terms of exact
targeting, clinical effectiveness, and adverse event profiles. Other authors also reported that although
there was significant MER signal attenuation in deep sedation with propofol, it did not interfere with
the optimal approach to the target [32,33,92,93].

Although a few studies have previously investigated the effects of anesthetics on MER over the
past 20 years, the exact effect has not been fully elucidated. Most studies were retrospective analyses
with heterogeneity in the anesthesia protocol used and the patient population, and thus, no definitive
conclusions could be drawn [77]. Therefore, most of the knowledge revealed to date is derived from
the case reports or small case series. During MER, background neuronal discharges and spike activity
patterns are an important part of the precise localization of the target nucleus. Anesthetics have been
shown to affect background activity and neuronal spike activity in a dose-dependent manner, primarily
through activation of γ-aminobutyric acid (GABA) receptors. In addition, anesthetics do not have
the same effect on neuronal activity in various target nucleus. Since most anesthetics enhance the
inhibitory action of GABA, this difference in GABA-input of the target nucleus plays an important
role [94,95].

MER from STN in PD patients was successfully obtained under sedation with low-dose anesthetics.
The anesthesia techniques used during MER ranged from conscious sedation with propofol,
dexmedetomidine with no airway manipulation to GA with intravenous or inhalation anesthetics.
Although anesthetics have been shown to reduce the spike activity, localization of the target areas was
proven possible in most studies. Nevertheless, most studies did not mention the exact effect on the
background activity, degree of suppression of spike activity, and the number of trajectories used for
localization [34,58,80,89].

Under desflurane inhalation, Lin et al. observed that MER could be performed with a typical
neuronal firing pattern and motion-related firing of STN, and the clinical results were similar in both
groups [34,96].

Our group performed MER and implantation by administering propofol and fentanyl for sedation
under LA, and reported the effects of propofol and fentanyl on MER and the clinical outcome.
The locations of all electrodes were positioned within the STN. The postoperative 6-months UPDRS II
and III, total “off” scores, Hoehn and Yahr (H&Y) scale, Schwab-England ADL scale scores, and LEDD
have been greatly improved [92,93].

Although the effects of short-acting opioid receptor agonists, such as remifentanil, on MER
are not well known, some data suggest that GABAergic neurons may play a central role [76,77,97].
A few reports showed that anesthesia using propofol reduces the firing rate of basal ganglia in a few
reports [95,98], while one study showed no significant difference in firing rate compared to LA when
administered with propofol and fentanyl [92]. Monitored anesthesia using propofol appears to be a safe
technique for DBS procedure [99]. In some studies, MER was properly performed without affecting the
surgical outcome only when remifentanil administration was discontinued and propofol was carefully
monitored [32,54,100]. However, the spontaneous firing patterns of STN and substantia nigra remained
similar to those under LA [14,100]. Chen et al. also reported that there was no significant difference
between the GA and LA groups in terms of MER trajectory, recorded STN depths, postoperative
coordinates, and overall incidence of stimulation-related side effect [55]. Under remifentanil or
ketamine anesthesia, no significant differences were found in number of spikes detected, mean firing
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rate, pause index, and burst index compared to LA [57]. However, Moll et al. observed a long interburst
between abnormally long group discharges under propofol and remifentanil [89].

Benzodiazepines are direct GABA-agonists, which can completely eliminate MER and cause
dyskinesia. Dexmedetomidine may be a better alternative for anxiety relief. The effect of dexmedetomidine
on neural activity has not been fully elucidated, but it seems to be a reasonable option due to the
non-GABA-mediated mechanism of action. Several studies to date have shown minimal effects of
low-dose dexmedetomidine on MER in STN and GPi [101–104]. Some authors reported that low
doses of dexmedetomidine (<0.5 μg/kg/h) did not significantly affect the quality of MER in STN
or GPi [76,99,103]. Although dexmedetomidine may affect the MER result, it does not affect target
localization [50].

2.2.3. Clinical Experiences of STN DBS Using MER under GA

Some authors performed STN DBS surgery on PD patients under GA and reported favorable
clinical outcomes (Table 1). Hertel et al. reported that patients’ daily off phases decreased from
50% to 17%, while the Unified Parkinson’s Disease Rating Scale (UPDRS) III score was reduced
from 43 (preoperative; medication off) to 19 (stimulation on; medication off) and 12 (stimulation
on; medication on) [32]. Yamada et al. also reported that UPDRS II, III, IV on and off scores were
significantly lower in the LA and GA groups at 3 months postoperatively, and the activities of daily
living(ADL)s and motor symptoms, such as bradykinesia, tremor, rigidity, and axial symptoms,
have improved significantly [54]. In this study, a reduction in dyskinesia duration (p < 0.001), disability
(p = 0.009) and off period duration, and improvement of sleep disorders were observed. Other authors
also reported significant improvement in off-medication UPDRS, levodopa-equivalent daily dose
(LEDD), and quality of life [29,35]. Harries et al. reported a long-term clinical outcome of more than
5 years [49]. In their study, not only the UPDRS II and III off score, but also the total UPDRS off scores
at postoperative 1 year improved significantly, and the total UPDRS score continued to improve for up
to 7 years.

Previously, authors have suggested the use of bispectral analysis (BIS) of the electroencephalogram
in STN DBS surgery under GA using MER. An appropriate MER signal can be easily obtained by
adjusting the anesthesia depth using BIS [100,105]. BIS of 65–85 and 40–65 is recommended for sedation
and GA, respectively [106]. In the case of sedation using dexmedetomidine, it has been reported that
the MER signal does not differ from the nonsedated state if the BIS value is maintained below 80 [80].

2.3. Intraoperative Imaging vs. MER in STN DBS under GA

Recent meta-analysis reported that no significant difference was found in the improvement of
UPDRS III score or LEDD between LA and GA cohort (Tables 2–4) [16,33,46,54,55,107]. Lefaucheur
et al. reported that the rate of reduction in UPDRS III axial, gait, postural stability, and rigidity
subscores tended to be greater when performed under LA compared to GA, but the difference was not
statistically significant [33]. On the other hand, Chen et al. reported that the LA cohort showed greater
improvement in posture and walking than the GA cohort (p = 0.054), while the GA cohort showed a
significant decrease in cognitive function (p = 0.017) [55].

Some studies have used MER in STN DBS surgery under GA (mean 1.92 ± 0.68) and LA cohort
(mean 2.27 ± 1.31) with respect to the maximum error of each read (p = 0.557) despite the varying
targets [33,52,55]. Ho et al. reported that there was no significant difference between GA (mean
1.92 ± 0.68) and LA cohort (mean 2.27 ± 1.31) with respect to the maximum error of each lead (p =
0.557), but their study included a variety of targets [16]. The number of lead passes and the incidence
of intracranial hemorrhage and infection were lower in STN DBS under GA, but treatment-related
side effects based on the UPDRS IV “off” score were lower in DBS under LA (LA cohort 78.4% vs
GA cohort 59.7%, p = 0.022) [16,35]. However, other studies showed no difference in the UPDRS
IV subscore between the GA and LA groups [24,107]. As for LEDD, some studies reported that the
6-months postoperative LEDD reduction was significantly greater in the LA group, while others
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showed statistically similar reductions (LA cohort 38.27%, GA cohort 49.27%, p = 0.4447) [26,107]. Tsai
et al. reported that symptoms of the patients with PD improved after DTN DBS in both LA and GA
cohorts without significant differences in LEDD and UPDRS IV scores [52].

When the long-term outcome was investigated, the authors found that the probability of side effects
by stimulation and lead revision was higher in the GA cohort without MER and test stimulation [68].
On the other hand, no difference was observed in UPDRS III score, LEDD, stimulation parameters,
coordination of targeting, STN recording length, and side effects in the two groups [108].

STN DBS surgery can be safely performed with a low complication rate in both LA and GA
cohort, and the results of the studies to date show that there is no significant difference in complication
rates between the two groups. Some authors reported that overall DBS-related complications, such as
intracranial hemorrhage (GA 0.3% vs LA 1.1%) and infection (GA 0.7% vs LA 1.4%), were significantly
lower in GA cohort (p < 0.001) [16,35]. Martin et al. reported the incidence of hardware infection is due
to electrode implantation after 10 years of MRI-guided STN DBS surgery [109]. In the study, the overall
infection rate of 164 iMRI-guided surgeries with 272 electrodes implanted was 3.6%, which was similar
to that reported in the previous STN DBS surgery under LA. The results of a systematic review on
the incidence of complications, hospitalization time, and readmission rate of patients who underwent
awake and asleep STN DBS surgery were recently published, and there was no statistical difference in
the complication rate, length of hospitalization, and readmission rate of LA and GA cohort [110].

The mean total cost of STN DBS surgery under GA and LA was similar at $38,850 ± $4830
in GA and $40,052 ± $6604 in LA, respectively, but the standard deviation in DBS under GA was
significantly lower [111]. This indicates that there is no difference in the total cost of DBS surgery
under GA and LA, but the cost fluctuation is lower due to the lower incidence of unexpected variables
in DBS surgery under GA. However, there are limitations to generalizing such result, since it is a
single-center experience.

Table 2. Summary data of published literature comparing clinical outcome effect of after subthalamic
nucleus deep brain stimulation under general anesthesia and local anesthesia in patients with Parkinson’s
disease: Baseline patient characteristics

Author Year Study Type
Number of Patients Age (yrs) Disease Duration (yrs) Follow-Up

(Months)GA LA GA LA GA LA

Maltete et al. [58] 2004 Clinical 15 15 59.8 8.0 58.0 6.1 13.4 3.7 13.5 2.6 6
Yamada et al. [54] 2007 Clinical 15 10 65.2 7.0 65.6 8.6 11.1 5.0 6.8 2.4 3

Saleh et al. [26] 2015 Clinical 14 23 64.0 ± 11.9 60.6 ± 7.0 10.9 ± 3.8 11.3 ± 4.9 6
Tsai et al. [52] 2016 Clinical 8 8 49.6 ± 7.1 * 41.1 ± 10.2 * 9.3 ± 2.4 12.4 ± 9.2 6

Brodsky et al. [59] 2017 Clinical 27 (20 GPi,
7 STN)

34 (20 GPi,
14 STN) 63.7 ± 9.79 63.1 ± 7.61 NR NR 6

Lefranc et al. [112] 2017 Clinical 13 10 62.80 ± 7.1 63.1 ± 10 12.60 ± 3.6 12.10 ± 3.5 12
Blasberg et al. [87] 2018 Clinical 48 48 65.75 ± 1.18 65.52 ± 1.13 11.65 ± 0.81 10.87 ± 0.78 6

Chen et al. [42] 2018 Clinical 41 14 64.6 ± 8.25 63.1 ± 10.1 7.5 ± 3.4 8.6 ± 4.6 6
Ho et al. [16] 2018 Meta-analysis 663 6441 58.3 ± 6.8 59.4 ± 5.2 11.0 ± 1.5 12.3 ± 2.1 12

Liu et al. [113] 2019 Meta-analysis 967 556 NR NR NR NR NR
Tsai et al. [108] 2019 Clinical 22 9 57.7 ± 7.4 49.4 ± 12.2 57.7 ± 7.4 49.4 ± 12.2 60

This study 2020 Clinical 90 56 57.43 ± 7.85 58.91 ± 8.65 11.67 ± 4.75 10.55 ± 4.89 6

Data are presented as: mean ± standard deviation GA, general anesthesia; LA, local anesthesia; GPi, Internal globus
pallidus; STN, subthalamic nucleus; NR, Not reported * Age of Onset.
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3. SNUH Experience

Our group have been implementing STN DBS under LA since 2005 initially under sedation using
propofol and fentanyl from 2011 to 2014 [93], and under full GA since 2014. To determine if there
is a difference in the clinical outcome of PD patients who received bilateral STN DBS under LA and
GA, we compared the clinical outcomes of the consecutive 57 patients who received bilateral STN
DBS under LA from 2005 to 2006 and consecutive 90 patients who received bilateral STN DBS under
GA from 2014 to 2019. Because our group previously published a study on the clinical course and
electrode location of patients who received bilateral STN DBS under LA [114,115], these patients were
included for the comparison. After approval by the institutional review board (IRB No. 1904–015–102),
we retrospectively reviewed all patient medical records and databases (unpublished data). The scales
that evaluated patients were as follows: UPDRS, Hoehn and Yahr (H&Y) Staging, Schwab & England
ADL, dyskinesia disability, LEDD, Short Form-36 Health Survey (SF-36), and neuropsychological tests.
All clinical evaluations were performed before surgery and 6 months after surgery by experienced
neurologists. Patients were evaluated in both off- and on-medication states, respectively.

STN DBS under general anesthesia was performed with maintenance of the BIS around 60-70,
and MER was administered under general anesthesia. The characteristic discharges of the bilateral STN
were identified using MER by LeadPoint (Medtronic, Minneapolis, MN). The permanent quadripolar
electrodes were implanted along the proper trajectory to stimulate more sensorimotor region of the
STN. The STNs were localized by a combination of brain MRI and intraoperative MER. We did not
use an intraoperative macrostimulation technique [15]. The stereotactic frame was removed and
the implantable pulse generators (IPG) (Medtronic, Minneapolis, MN, USA) were implanted in a
subcutaneous pocket below both clavicles under general anesthesia in a single session. Electrical
stimulation was started one day after surgery. The patients also took medications but at a reduced dose
compared to their previous dose. The medications and stimulation parameters were progressively
adjusted using an N′vision1programmer (Medtronic, Minneapolis, MN, USA) according to the clinical
status of the patients.

Statistical analyses were performed using SPSS software (SPSS statistics 18.0; SPSS Inc.).
The data for the aforementioned variables were presented as the mean ± standard deviation using
unpaired Student t tests. Mann–Whitney U-test and the Wilcoxon signed-ranked test were used for
categorical data comparisons as appropriate. p values < 0.05 were considered statistically significant.
Table 5 represents the patient characteristics and clinical scales of LA and GA cohort before DBS surgery.
At baseline before surgery, the GA cohort showed higher LEDD, Beck’s Depression Inventory (BDI),
and Short Form-36 (SF-36), and lower Beck Depression Inventory than the LA cohort. Table 6 shows the
comparison between baseline and 6 months after DBS for each scale in LA and GA cohort. Total UPDRS
and UPDRS III showed significant improvement after 6 months compared to baseline, except for
LA cohort in on-medication state. H&Y stage and ADL score showed no significant change in the
on-medication state in both GA and LA, and significantly decreased in the off-medication state.
Dyskinesia disability and LEDD were significantly decreased in both GA and LA cohort. There was no
significant change in Mini Mental State Examination (MMSE) and BDI after surgery in both groups.
Physical health measured by SF-36 increased in both LA and GA cohort, and mental health showed
no statistically significant increase. When analyzing the difference between the LA and GA cohort in
the baseline of each item and the change after 6 months, only LEDD showed a significant difference
(p < 0.0001). As shown in Figure 1, the degree of reduction in LEDD was greater in the GA cohort
than in the LA cohort. We plotted the electrode location in each group based on the plotted position
of the electrode in the axial view which is 3.5 mm below the anterior commissure(AC)-posterior
commissure(PC) line in the human brain atlas of Schaltenbrand and Wahren (Figure 2). The electrode
location on both sides in the LA group (n = 56) were as follows: both within STN (n = 30, 53.6%),
only one within STN (n = 18, 32.1%), and both outside STN (n = 8, 14.3%). It was as follow in the GA
group (n = 90): both within STN (n = 69, 76.7%), only one within STN (n = 20, 22.2%), and both outside
STN (n = 1, 1.1%). There was a significant difference in the electrode location on both sides between
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the two groups (p = 0.001). Compared to the LA cohort (Figure 2A), the GA cohort (Figure 2B) showed
a higher tendency for the electrode to be located within the STN. However, it should be interpreted in
consideration of the fact that our group performed DBS surgery under LA in the early days, and under
GA after more experienced. As intra- or postoperative complications, one revision and one infection
occurred in LA cohort. One patient required revision surgery after 2 months due to inappropriate
lead location. The other patient had IPG site infection, which improved after antibiotics treatment.
In our center, postoperative MRI was taken 1 month after electrode implantation, so we cannot find
post-electrode edema (PEE) in most cases. As recent studies have revealed that PEE is not simply a
complication due to venous congestion and has no significant relationship with the number of tracks,
further studies on the occurrence pattern of PEE under GA would be required [116–119].

Table 5. Patients’ characteristics and clinical measurements in patients who underwent bilateral
subthalamic nucleus deep brain stimulation under local and general anesthesia.

Medication General Anesthesia (n = 90) Local Anesthesia (n = 56) p Value

Patient characteristics
Age 57.43 ± 7.85 58.91 ± 8.65 0.2893
Sex 0.8110

Male 42(46.67%) 25(44.64%)
Female 48(53.33%) 31(55.36%)

Symptom duration 11.67 ± 4.75 10.55 ± 4.89 0.1753
Medication duration 9.82 ± 3.89 8.98 ± 3.81 0.2027

Baseline measurement
Total UPDRS On 31.86 ± 16.96 32.87 ± 17.76 0.7315

Off 65.93 ± 20.42 68.53 ± 20.34 0.4569
UPDRS Part III On 20.83 ± 10.96 21.40 ± 12.90 0.7764

Off 38.11 ± 13.96 40.42 ± 15.30 0.3521
H & Y On 2.36 ± 0.63 2.30 ± 0.63 0.6280

Off 3.05 ± 0.82 3.24 ± 0.91 0.1918
ADL On 82.89 ± 16.86 80.27 ± 15.45 0.3474

Off 47.44 ± 23.54 50.00 ± 22.18 0.5154
Dyskinesia Disability 2.72 ± 1.31 2.21 ± 1.39 0.0294 *
LEDD (mg/day) 1448.00 ± 546.93 1031.63 ± 451.08 <0.0001 *
MMSE 27.61 ± 2.52 26.53 ± 2.76 0.0273 *
BDI 17.72 ± 10.28 19.00 ± 10.82 0.4931
SF-36 Physical health 156.25 ± 72.58 132.86 ± 61.09 0.0493 *
SF-36 Mental health 177.62 ± 80.37 150.39 ± 72.59 0.0433 *

* p < 0.05.

Table 6. Summary of clinical outcomes of bilateral subthalamic nucleus deep brain stimulation under
local and general anesthesia.

Medication Anesthesia Baseline 6 Month * p Value ** p Value ***

Total UPDRS
On

General 31.86 ± 16.96 24.53 ± 14.95 0.004
0.205Local 32.87 ± 17.76 29.29 ± 14.19 0.429

Off
General 65.93 ± 20.42 40.32 ± 21.42 <0.001

0.120Local 68.53 ± 20.34 47.26 ± 17.85 <0.001

UPDRS Part III
On

General 20.83 ± 10.96 16.20 ± 9.46 0.005
0.696Local 21.40 ± 12.90 16.67 ± 9.35 0.063

Off
General 38.11 ± 13.96 21.48 ± 12.33 <0.001

0.136Local 40.42 ± 15.30 24.68 ± 12.51 <0.001

H & Y
On

General 2.36 ± 0.63 2.24 ± 0.61 0.238
0.853Local 2.3 ± 0.63 2.33 ± 0.68 0.959

Off
General 3.05 ± 0.82 2.35 ± 0.61 <0.001

0.053Local 3.24 ± 0.91 2.64 ± 0.72 0.002

ADL
On

General 82.89 ± 16.86 84.80 ± 14.22 0.435
0.592Local 80.27 ± 15.45 82.16 ± 15.66 0.247

Off
General 47.44 ± 23.54 61.98 ± 25.58 <0.001

0.500Local 50 ± 22.18 66.92 ± 18.53 <0.001
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Table 6. Cont.

Medication Anesthesia Baseline 6 Month * p Value ** p Value ***

Dyskinesia Disability General 2.72 ± 1.31 1.04 ± 1.27 <0.001
0.062Local 2.21 ± 1.39 0.79 ± 1.21 <0.001

LEDD (mg/day) General 1448.00 ± 546.93 483.99 ± 330.42 <0.001
0.000Local 1031.63 ± 451.08 461.3 ± 284.65 <0.001

MMSE
General 27.61 ± 2.52 27.23 ± 2.33 0.314

0.621Local 26.53 ± 2.76 25.78 ± 3.71 0.493

BDI
General 17.72 ± 10.28 16.57 ± 10.56 0.473

0.277Local 19 ± 10.82 19.78 ± 9.68 0.524

SF-36 Physical health General 156.25 ± 72.58 203.14 ± 90.03 <0.001
0.600Local 132.86 ± 61.09 188.34 ± 74.5 <0.001

SF-36 Mental health
General 177.62 ± 80.37 206.88 ± 84.62 0.021

0.988Local 150.39 ± 72.59 181.44 ± 80.95 0.076

* DBS on, ** between baseline and follow-up, *** between two groups: general and local anesthesia.

Figure 1. Comparison of clinical outcomes between baseline and 6 months after STN Deep brain
stimulation (DBS) under local anesthesia (LA) and general anesthesia (GA) each cohort. (A) Total Unified
Parkinson’s Disease Rating Scale (UPDRS) and (B) UPDRS part III showed significant improvement
after 6 months compared to baseline, except for LA cohort medication on state, there was no statistically
significant difference between LA and GA cohort. (C) Hoehn & Yahr stage and (D) Schwab & England
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activities of daily living (ADL) showed no significant change in the medication on state in both LA
and GA cohort, and no significant difference between two cohorts. (E) Dyskinesia disability and
(F) Levodopa equivalent daily dose (LEDD) were significantly decreased in both LA and GA cohort.
Only LEDD showed a significant difference in the change between LA and GA cohort. (G) Mini
Mental State Examination (MMSE) and (H) Beck’s Depression Inventory (BDI), showed no statistically
significant decrease in both LA and GA cohort. (I) Short form -36 (SF-36) physical health and (J) Short
form -36 (SF-36) mental health showed no statistically significant increase in both LA and GA cohort.

Figure 2. Plotting of the electrode location based on the plotted position of the electrode in the axial view
which is 3.5 mm below the anterior commissure (AC)–posterior commissure (PC) line in the human
brain atlas of Schaltenbrand and Wahren. (A) Local anesthesia (LA) cohort, (B) General anesthesia
(GA) cohort. Compared to LA cohort, the GA cohort showed a higher tendency for the electrode to be
located within the subthalamic nucleus (STN).
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4. Future Direction

Studies published to date have shown that the rationale and technology of STN DBS surgery
performed under GA are accurate, and they presented similar clinical results compared to STN DBS
under LA cohort. A large-scale prospective randomized controlled trial is in progress to assess the
degree of the improvement of non-motor symptoms in PD patients [120].

Care should be taken when interpreting and applying the conclusion, since the STN DBS surgery
under GA data reported to date have been published in large centers with considerable experiences.
In general, STN DBS surgery should be performed in the most convenient way for the surgeons and
center to provide the best results to the patients. Traditionally, factors, such as claustrophobia, severe
off-medication symptoms, or nonspecific fear of waking during surgery, made patients choose GA.
However, based on the increasingly cumulative data showing similar or better results compared to LA,
a surgeon may choose STN DBS surgery under GA.

Adaptive DBS is a promising technology because it can provide more selective stimulation
trigger/parameter and reduce stimulation-induced dyskinesia by suppressing beta activity when it
exceeds a certain threshold level [121,122]. There is still little literature on adaptive DBS implemented
under general anesthesia, and further studies for application of adaptive DBS under general anesthesia
should be conducted.

There are patients who cannot undergo STN DBS surgery due to various reasons or may not
benefit from STN DBS surgery. Non-invasive lesion-based therapies, such as focused ultrasound
and Gamma Knife radiosurgery (GKRS), have been proposed as alternatives to DBS because of their
effectiveness and safety [123–126]. The further innovative refinement of noninvasive methods of
Gamma Knife radiosurgery (GKRS) and focused ultrasound may allow advanced PD patients to
receive surgical treatment more conveniently and efficiently in the near future.

5. Conclusions

The number of DBS surgeries continues to increase, as indications expand and the population is
aging. Currently, STN DBS surgery is performed in various ways with or without MER under LA or GA
in each center. Based on the reports of previously published studies and ours, it is likely that GA does
not interfere with the MER signal from STN. In addition, STN DBS under GA without intraoperative
stimulation shows similar or better clinical outcome without any additional complication compared
to STN DBS under LA. Although there are various pros and cons of each method in each protocol in
each protocol of STN DBS under LA and under GA, the stereotype that STN DBS surgery must be
performed under LA to perform intraoperative macrostimulation and MER to obtain the best clinical
outcome should be changed at the moment.

In conclusion, it is suggested that, if there is no significant difference in clinical treatment effects
and complications between GA and LA, it would be reasonable to implement STN DBS under GA
because it can minimize unnecessary inconvenience of the patients with PD. Long-term follow-up
studies with the large number of the patients would be necessary to further validate the safety and
efficacy of STN DBS under GA.
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Abstract: Background: Microelectrode recordings (MER) are used to optimize lead placement during
subthalamic nucleus deep brain stimulation (STN-DBS). To obtain reliable MER, surgery is usually
performed while patients are awake. Procedural sedation and analgesia (PSA) is often desirable to
improve patient comfort, anxiolysis and pain relief. The effect of these agents on MER are largely
unknown. The objective of this study was to determine the effects of commonly used PSA agents,
dexmedetomidine, clonidine and remifentanil and patient characteristics on MER during DBS surgery.
Methods: Data from 78 patients with Parkinson’s disease (PD) who underwent STN-DBS surgery
were retrospectively reviewed. The procedures were performed under local anesthesia or under PSA
with dexmedetomidine, clonidine or remifentanil. In total, 4082 sites with multi-unit activity (MUA)
and 588 with single units were acquired. Single unit firing rates and coefficient of variation (CV),
and MUA total power were compared between patient groups. Results: We observed a significant
reduction in MUA, an increase of the CV and a trend for reduced firing rate by dexmedetomidine.
The effect of dexmedetomidine was dose-dependent for all measures. Remifentanil had no effect
on the firing rate but was associated with a significant increase in CV and a decrease in MUA.
Clonidine showed no significant effect on firing rate, CV or MUA. In addition to anesthetic effects,
MUA and CV were also influenced by patient-dependent variables. Conclusion: Our results showed
that PSA influenced neuronal properties in the STN and the dexmedetomidine (DEX) effect was
dose-dependent. In addition, patient-dependent characteristics also influenced MER.

J. Clin. Med. 2020, 9, 1229; doi:10.3390/jcm9041229 www.mdpi.com/journal/jcm167
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sedation and analgesia; Parkinson’s disease; clonidine; dexmedetomidine; remifentanil

1. Introduction

Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is a well-established procedure
for the treatment of refractory Parkinson’s disease (PD) [1]. The clinical outcome of the surgery largely
depends on correct positioning of the stimulating electrode in the sensorimotor region of the STN [2,3].
Microelectrode recordings (MER) of single-cell and multi-unit neuronal activity are commonly used
to verify the borders of the STN [4]. To obtain reliable MER, DBS surgery is traditionally performed
under local anesthesia alone, as the sedative and anesthetic agents may interfere with neural activity.
However, patients may experience pain, anxiety or other forms of discomfort. To improve patient
comfort and tolerance of the DBS implantation procedure, procedural sedation and/or analgesia (PSA)
may be applied [5].

Propofol is commonly used for sedation during DBS implantation. It exerts its clinical effect
through an agonist effect on the gamma-aminobutyric acid type A (GABAA) receptor [6]. Several
studies have shown that GABAergic agents alter STN activity in a dose-dependent manner [7–9]. In the
past decade experience has been gained with non-GABA-mediated agents, including the α2-agonists
clonidine (CLONI) and dexmedetomidine (DEX), which possess sedative and mild analgesic effects,
and the ultrashort acting opioid, remifentanil (REMI) which provides potent analgesia and mild
sedation. Since the pharmacokinetic effects of these drugs are not mediated by GABAA receptors, their
influence on STN neuronal activity is postulated to be less pronounced than of GABAergic agents.
However, the available literature on non-GABA-mediated PSA effects on STN neuronal activity is
sparse and consists largely of small uncontrolled retrospective case series with poor control over
heterogeneity in patient cohorts [10–16].

The primary aim of this study was to determine the effect of the non-GABAergic PSA agents DEX,
CLONI and REMI on MER in patients with PD during DBS electrode implantation surgery. In addition
to PSA-related effects on MER, we analyzed patient characteristics such as age, disease severity and
disease duration to control for heterogeneity in the sample.

2. Materials and Methods

2.1. Subjects

After gaining the approval of the local ethical committee (METC Maastricht University Medical
Center, the Netherlands, protocol number 184214) we conducted a retrospective analysis of data from
all PD patients who underwent DBS surgery in Maastricht UMC+ between January 2009 and December
2018. We acquired patient demographics and anesthetic data and retrieved the raw MER data for
offline processing and analysis.

2.2. Anesthetic Management

All patients underwent a multidisciplinary preoperative assessment of eligibility for DBS surgery.
In the operating room, standard monitoring was applied including a five-lead electrocardiogram, pulse
oximetry, inspiratory and expiratory O2 and CO2 monitoring and invasive blood pressure monitoring.
DBS surgery was performed under local anesthesia alone or in combination with PSA administered at
the discretion of the responsible anesthesiologist. The goal of PSA was to maintain mild to moderate
sedation, with the patient responsive to verbal command (so-called conscious sedation). The skin
puncture sites of the stereotactic frame pins, and the surgical incision sites, were infiltrated with a 50:50
mixture of lidocaine 1% and levobupivacaine 0.5% with epinephrine (1:100.000). During the procedure
some patients received no sedative drugs, whereas some received one or more of DEX, CLONI or REMI
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by continuous intravenous infusion for PSA. Some patients received DEX only in the first phase of the
surgery until around 20 min before the start of MER (Table 1). After DBS electrode implantation, all
patients underwent general anesthesia for tunneling of the extension cables and placement of the pulse
generator. Postoperatively, patients were transferred to the post-anesthesia care unit for hemodynamic-
and neuro-monitoring.

Table 1. Demographic and clinical data of all patients.

Group
Patients

M/F
Hemispheres

(n)
Electrodes

(n)
SU/MUA

(n)
Age (y) UPDRS III Dose Range

Awake

No PSA 15/6 42 149 165/1257 59.4 ± 8.3 38.2 ± 16.5

PSA
discon 4/3 14 42 51/339 59.3 ± 7.6 42.0 ± 8.5

Sedation

DEX 7/4 22 70 86/565 60.9 ± 5.9 33.4 ± 12.4 0.07–0.6 μg kg−1 h−1

REMI 8/6 28 99 93/636 58.1 ± 8.0 37.9 ± 14.3 0.02–0.25 μg kg−1 min−1

CLONI 6/2 16 56 41/339 64.8 ± 8.3 35.8 ± 11.9 20–50 μg h−1 or 30–150 μg IV in
bolus

DEX +
REMI 4/1 10 35 46/267 65.8 ± 6.5 34.3 ± 7.8 DEX 0.3–0.5 μg

kg−1 h−1
REMI 0.02–0.05
μg kg−1 min−1

CLONI
+ REMI 6/6 24 84 106/679 59.5 ± 7.3 36.4 ± 9.1

CLONI 20 μg
h−1 or 45–150
μg IV in bolus

REMI 0.01–0.09
μg kg−1 min−1

Total 50/28 156 535 588/4082 60.5 ± 7.7 37.0 ± 12.8

Values are expressed in mean ± SD. UPDRS III scores are preoperative scores in OFF-state. DEX: dexmedetomidine;
CLONI: clonidine; REMI: remifentanil; MUA: multi-unit activity; PSA: procedural sedation and analgesia; SU: single
unit; UPDRS III: Unified Parkinson Disease Rating Scale part III; n: number; y: year.

2.3. Surgical Procedure

After placement of a Leksell stereotactic frame (Elekta, Stockholm, Sweden), a computed
tomography (CT) scan of the head was performed. The CT-image was co-registered with a magnetic
resonance imaging (MRI) that had been performed before surgery. Following target identification and
trajectory planning, a burr hole was drilled, micro-electrodes (model 230766, Medizintechnik GmbH,
Emmendingen, Germany) were implanted and recordings were performed. Visual and auditory
confirmation of the target was performed by a neurophysiologist. Then, macrostimulation and
neurological testing were carried out. The presence of good quality electrophysiological recordings and
few or no side effects indicated the optimal contact point at which a quadripolar electrode (model 3387
or 3389; Medtronic, Minneapolis, USA) was placed. A postoperative CT scan was performed within
24 h in order to exclude intracerebral hemorrhages and to evaluate the final position of the electrodes.

2.4. MER Acquisition

Up to 5 microelectrodes were used to record neuronal activity along the planned trajectory in
order to identify the target. Data were recorded from 10 mm above to 5 to 7 mm below the target in
steps of 0.5–1 mm for approximately 30 s at each recording location (mean 35.94 s, SD 15.93). Data
from a typical electrode track is shown in Figure 1A.

The target for all patients was the STN. The electrodes classically passed through the thalamus,
zona incerta, STN and sometimes reached into the dorsal border of the substantia nigra reticulata.
The electrode signal was sampled at 20 or 25 kHz, bandpass filtered online, (V3.15; Inomed
Medizintechnik GmbH, Emmendingen, Germany) and saved for offline analysis. The first 41 patients
were recorded with a high-pass filter 160 Hz, thereafter the high-pass filter was at 0 Hz, low-pass filter
was at 5000 Hz.
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Figure 1. Overview of the sorting process. (A) Example recording trajectory of one electrode with 5 s
of data shown at each site. Grey shading indicates sites identified as within the subthalamic nucleus
(STN). (B) Expanded view of data from one recording site (region highlighted by a dashed box in
A) with the spike detection threshold set by A.M.A.S. (blue) and M.J.B. (purple); (C) clusters of the
spike waveforms identified from the example recording by A.M.A.S. and M.J.B.; (D) spike waveform
(mean: thick lines, thin lines: standard deviation) of the spike sorted from the example recording by
A.M.A.S. and M.J.B.; (E) Autocorrelation of the spike times from the example recording by A.M.A.S.
and M.J.B.; (F) The proportion of sites with identified single units (SU)s (discovery rate) was quite
similar, indicating that all sorters applied comparable criteria. (G) Nevertheless, the mean firing rate of
STN neurons differed somewhat between sorters.

2.5. Data Processing and Analysis

Custom-written MATLAB scripts (V2017B; MathWorks) were used to conduct the data-analysis.
For each recording, the raw data were high-pass filtered at 300 Hz prior to visual and auditory inspection.
To identify single unit (SU) activity, periods of interest were manually selected to exclude periods of
high noise or unstable SU activity. Spike times were identified by signal crossings of a manually set
threshold (Figure 1B). Spikes representing SUs were selected using principal component analysis and
K means clustering (Figure 1C). Manual selection was used for sorting SU clusters. SU clusters were
confirmed as SUs by inspecting their autocorrelation, with a minimum gap of 2 ms between spikes
representing the refractory period. For added robustness, this analysis was independently performed
by 4 authors (A.M.A.S., M.J.B., R.B. and M.J.R.) (Figure 1C–G). For the main analysis data sorted by
A.M.A.S. was used, who inspected all recording sites in our sample. Firing rate (spikes per second) of
the SUs were calculated by dividing the number of spikes by the recording time. The coefficient of
variation (CV) was defined by dividing the standard deviation of the inter-spike interval by the mean.

To identify multi-unit activity (MUA) we calculated the power-spectral density of the signal
within the bandwidth of 100 and 500 Hz. Periods of high noise were automatically identified and
rejected by calculating the root-mean squared (RMS) of the high-pass filtered data in segments of
50 ms. Periods in which the RMS exceeded the median RMS + 3 standard deviations were excluded
from further analysis [17]. Following this procedure, the surviving raw (unfiltered) data were cut into
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non-overlapping snips of 250 ms and the power-spectral density was calculated using a multitaper
method with discrete prolate spheroidal sequences using the Fieldtrip MATLAB toolbox [18]. To account
for non-biological differences between recording tracts (electrode and tissue impedance etc.) power at
each frequency was expressed as a ratio with respect to power at the first 5 recording sites. Finally,
MUA total power, hereafter referred to simply as MUA, was calculated as the sum of all baseline
corrected power above 300 Hz.

2.6. Statistical Analysis

Statistical analyses was performed using custom-written MATLAB scripts (V2017B; MathWorks)
to test the effect of PSA agents and other variables on electrophysiological measures. For all tests,
the threshold for statistical significance was set to α = 0.05. Patients were divided into 7 groups
according to their sedative administration (no PSA (control group)), PSA discontinued (discontinued
before MER), DEX, REMI, CLONI, DEX and REMI, CLONI and REMI (Table 1)).

As a first step of the statistical analysis, one-way ANOVAs were conducted for each
electrophysiological measure to test for differences between groups. This was followed by multiple
two-sample t-tests comparing data from each PSA group with data from the no PSA group. P-values
were corrected for multiple comparison using the Benjamini & Hochberg method for control of the
false discovery rate (FDR) [19].

For further insight, linear regression analysis was conducted using the applied PSA drugs, and
clinical and demographic variables as predictors to test their effect on firing rate, CV and MUA.
Additional linear regression analysis with a random effect grouped by patient ID were conducted,
considering the clustered nature of the data.

Finally, we tested the effect of the PSA dose. We focused on DEX since the dose of CLONI was not
consistent, which made impossible to run a dose-dependent analysis, while the effect of REMI was
small. We conducted a correlation analysis including data from patients who received either DEX alone,
or a combination of DEX and REMI. A standard linear model (no random effects) was constructed.

3. Results

3.1. Demographics

From January 2009 to December 2018 a total of 93 PD patients underwent STN-DBS insertion.
Data from 13 patients were excluded from analysis because of incomplete data. Two patients
underwent surgery under general anesthesia and were also excluded from further analysis.
Anesthetic and electrophysiological data from the remaining 78 patients were analyzed, thus yielding
electrophysiological date from 156 cerebral hemispheres (Table 1).

Data were first grouped into clusters depending on whether data were acquired when patients
were awake or sedated. The awake cluster included data from two patient groups: the first group
received no sedatives and the second group of patients received DEX or a combination of DEX and
REMI which was discontinued approximately 20 min before MER. The data in the sedation cluster was
sub-divided according to the PSA applied during surgery: DEX, CLONI, REMI, or a combination of
DEX and REMI or REMI and CLONI (Table 1).

To control for systematic differences between groups, we tested whether demographic
characteristics (age, disease duration, Unified Parkinson Disease Rating Scale (UPDRS), side of
onset, sex and weight) were equivalent across groups. One-way ANOVA showed no difference for any
of these variables (respectively F(6,71) = 1.14, p = 0.35; F(6,71) = 0.59, p = 0.74; F(6,71) = 0.40, p = 0.88;
F(6,71) = 0.39, p = 0.88; F(6,71) = 0.46, p = 0.83, F(6,71) = 0.39, p = 0.88 no correction for multiple
comparisons were applied since we were here more concerned with minimizing type 2 errors).
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3.2. Discontinuation of Sedative Agents

In 7 patients, PSA agents (DEX n = 4, DEX and REMI n = 3) were given during the first part of the
operation and were discontinued approximately 20 min before the start of MER. While these patients
appeared clinically to be awake during surgery, it is possible that these compounds might still have
affected the electrophysiological properties of the STN even after their discontinuation [14]. Therefore,
we tested whether the group who received no PSA drugs and the group of patients in whom PSA was
discontinued should be considered as distinct groups for further analysis. We conducted a t-test for
comparison of the electrophysiological measures (firing rate (sp/sec), CV and MUA) between these
groups. In SU activity there was a trend towards decreased firing rate (t(214) = 1.63, p = 0.11), but no
difference in the CV (t(214) = −0.18, p = 0.86). MUA was significantly reduced in the discontinued
drug group (t(1571) = 5.67, p < 0.0001). Given these findings (Figure 2) we considered the patients
in whom PSA agents were discontinued as a separate group from patients who received no PSA for
further analysis.

Figure 2. Bar plot and t-test for within awake group analysis for firing rate, defined in spikes per
seconds, coefficient of variation and multi-unit activity, defined as activity above 300HZ. Mean and
standard error are shown in each bar. *** p < 0.001. PSA: procedural sedation and analgesia.

3.3. Effect of PSA Agents on Firing Rate, Coefficient of Variation and Multi-Unit Activity

A one-way ANOVA was conducted between the seven groups for each electrophysiological
measure. Significant, or trending differences between groups for all measures were observed (Firing rate,
F(6,581) =2.08, p < 0.054; CV, F(6,581) = 3.69, p < 0.001; MUA, F(6,4088) = 15.93, p < 0.0001). To further
test for differences between groups, a post-hoc two-sample t-tests was conducted to compare each PSA
drug against the control group (n = 165) with respect to firing rate, CV and MUA.

No significant differences in the firing rate between groups after FDR correction for multiple
comparisons were found, although DEX and REMI, and REMI in combination with CLONI showed a
trend towards significance (t(209) = 2.64, p = 0.0531; t(269) = 2.28, p = 0.0695).

For CV, there were significant differences between the no drug group and the groups DEX
(t(249) = −3.84, p = 0.00092), REMI (t(256) = −2.65, p = 0.013), DEX and REMI group (t(209) = −3.05,
p = 0.0078), and REMI and CLONI (t(269) = −2.62, p = 0.013).

All PSA drug groups except REMI showed a significant decrease in MUA (n = 1255, PSA
discontinued, t(1594) = 4.95, p < 0.0001; DEX, t(1820) = 6.73, p < 0.0001; CLONI, t(1594) = 4.45,
p < 0.0001; DEX and REMI, t(1522) = 3.94, p < 0.0001; and REMI and CLONI, t(1934) = 3.69, p < 0.0001),
REMI (t(1891) = 1.31, p = 0.19). All p values were corrected for multiple comparison using FDR
(Figure 3).
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Figure 3. Bar plot (error bars show standard error) and t-test for the No PSA group against each
PSA group for firing rate, coefficient of variation and multi-unit activity. * p < 0.05, ** p < 0.01,
*** p < 0.001. CLONI: clonidine; DEX: dexmedetomidine; REMI: remifentanil; PSA: procedural sedation
and analgesia.

To account for variance in the patient groups, we conducted a linear regression analysis to test the
effect of the PSA agents with clinical and demographic variables included as factors. For DEX, CLONI,
REMI, sex, recording location with respect to onset side of the disease, and left or right hemisphere
were defined as categorical variables. We further included age at surgery (years), weight (Kg), UPDRS
III pre-operative offmedication, disease duration at surgery (months) and depth of the recording site
within the STN (mm from the dorsal border) as continuous variables in the model (Table 2).

Table 2. Standard linear regression model for firing rate, CV and MUA.

Variable
Firing Rate Coefficient of Variation Multi-Unit Activity

Estimate p-Value Estimate p-Value Estimate p-Value

DEX Yes −3.121 0.068 0.313 0.001 −88.814 <0.001
REMI Yes −2.105 0.141 0.163 0.040 2.607 0.806

CLONI Yes −2.156 0.203 −0.004 0.963 −50.923 0.675
PSA

(DISCONTINUED) Yes −3.836 0.120 −0.011 0.933 −115.240 <0.001

SEX Male 0.379 0.808 −0.031 0.720 −2.112 0.855
ONSET SIDE Ipsilateral (*) −1.840 0.152 0.100 0.161 −16.353 0.090

HEMISPHERE Right 1.854 0.150 −0.087 0.222 24.785 0.010
AGE Years −0.091 0.314 0.001 0.788 −43.996 <0.001

WEIGHT Kg −0.004 0.931 −0.003 0.337 0.452 0.181
UPDRS III 0.068 0.196 0.002 0.428 −0.026 0.946

DISEASE DURATION Months −0.002 0.914 −0.002 0.020 −0.018 0.882
STN DEPTH mm 0.560 0.130 −0.008 0.681 25.024 <0.001

Model data

R-squared: 0.035
Adjusted R-Squared

0.0149
p-value = 0.0553

R-squared: 0.0511
Adjusted R-Squared

0.0313
p-value = 0.00241

R-squared: 0.0586
Adjusted R-Squared

0.0558
p-value = 9.1e−46

In the analysis, we included demographic and clinical variables as sex, onset side (recording site ipsi- or contralateral
to the onset side of the disease), hemisphere (right or left), age, weight, UPDRS III pre-operative offmedication and
disease duration. Estimate indicate the slope of the line, when negative indicates decrease and positive indicates
increase. * ipsilateral to body side with onset of disease. CLONI: clonidine; DEX: dexmedetomidine; REMI:
remifentanil; PSA: procedural sedation and analgesia; UPDRS III: Unified Parkinson’s Disease Rating Scale part III.

There were no significant effects of the PSA agents in the firing rate, but we could observe some
trends. Notably, DEX was weakly associated with a reduced firing rate. For CV, DEX showed a
significant effect and REMI showed a small effect. DEX and PSA discontinued showed significant
effects in the MUA, while CLONI and REMI did not. The slope (estimates) indicated the direction of
the effect. In this sense, the effect of the PSA agents in CV indicates an increase, while the slope for
MUA indicates a decrease. These findings supported our previous analysis, except CLONI, where
effects identified in the t-test were not significant in this analysis.
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In addition to effects of PSA agents, we found that electrophysiological measures were affected by
several clinical and demographic variables. Disease duration showed a negative effect on CV, thus
CV decreased as disease advanced. Age showed a significant impact on MUA, thus MUA decreased
with increased age. Hemisphere (left or right) was also significantly associated with MUA, thus right
hemisphere showed higher power than the left hemisphere. Finally, STN depth had a significant
impact on MUA (Table 2).

Taking into consideration that we were working with multiple observations within each patient,
we also conducted a linear regression model with a random effect grouped by patient for all three
electrophysiological measures. This more conservative analysis brings a reduction in the statistical
power, nevertheless for CV, the effect of DEX, REMI and disease duration remained significant.
For MUA, the effect of DEX, PSA discontinued, hemisphere and age also remained significant.
The non-significant effect on firing rate also remained (supplementary material Table S1).

3.4. Interrater Reliability

SUs were identified and sorted by hand which is an inevitably subjective process (Figure 1). To test
whether the effects we report were robust, every recording was inspected by at least two individuals
(every site was inspected A.M.A.S. and one of M.J.B., M.J.R. or R.B.). We repeated the linear regression
analysis for SU data (spikes/seconds and CV) using data for units identified by M.J.B., M.J.R. or R.B.,
including the sorter ID as an additional categorical variable. All main effects we report on were
replicated in this analysis (supplementary material Table S2).

3.5. Dose-Dependent Effect of DEX

Our analysis showed that DEX had a significant impact on electrophysiological measures. To test
whether these effects were dose-dependent, we conducted further analysis focused only on patients
who received DEX during surgery. We first performed a simple correlation analysis between each
measure and DEX dose (Figure 4). The correlations were significant, but the correlation coefficient
was low for all measures. For illustration, we extrapolated the regression line to include 0 dose and
plotted the data for the 0 dose patients (not included PSA discontinued group). For both firing rate
and CV the regression line passed close to the mean of the 0 dose data, while this was not the case for
MUA. This may indicate a non-linear effect of DEX on MUA whereby even a small dose leads to strong
suppression. This interpretation would be in line with our finding that discontinuation of DEX, 20 min
before recordings MUA also had a large impact. One interesting point is that the analysis of firing rate
was significant, showing a decrease in firing rate with increased dose. This might mean that the trend
observed in the t-test and linear regression analysis is a true effect.

Figure 4. Correlation analysis on the dose of DEX for the electrophysiological measures. Correlations
were significant. Data of the no PSA drug group is shown in black for comparison but was excluded
from the regression analysis. DEX: dexmedetomidine.

174



J. Clin. Med. 2020, 9, 1229

4. Discussion

In this retrospective analysis, we studied the influence of the non-GABAergic drugs DEX, CLONI
and REMI on the firing rate and CV of single neuron activity, as well as the power of MUA in the STN
of PD patients undergoing DBS surgery. The results of the present study demonstrated that, even when
PSA was discontinued around 20 min prior to MER, this still had significant effect on MUA. A trend
was observed for a reduced firing rate by DEX, which was significant on the correlation analysis.
Both DEX and REMI showed an increase in CV, but only DEX showed a decrease in MUA. The effect of
DEX was dose-dependent. CLONI showed no effect on all measures. Lastly, several patient-dependent
variables, such as age, disease duration and left or right hemisphere influenced MUA and CV.

4.1. Effect of Procedural Sedation and Analgesia on Micro-Electrode Recordings

The use of PSA agents and their effects on neuronal activity has been debated since the initiation
of DBS surgery. Traditionally, the anesthetic management approach comprised local anesthesia
with monitored care to facilitate MER. However, recent work has shown that 40% of patients suffer
from pain, severe OFF-symptoms and intolerable exhaustion during the hours of awake surgery [5].
To improve patient acceptance, sedation is thus commonly administered. Propofol, a GABAergic
agent, has been most frequently used when sedation is required. As stated before, several clinical
reports showed a dose-dependent effect of propofol on STN neuronal activity in patients with
PD [7–9,20]. Propofol reduces neuronal activity by enhancing inhibitory neurotransmission and
reducing excitatory neurotransmission [21]. Although some studies showed good quality MER with
low-dose propofol, potent GABAergic agents such as propofol should not be the first choice for PSA
during DBS surgery [22–24].

Alternatively, α2-agonists (non-GABAergic) are useful in this regard. Currently, two different
α2-agonists are commonly used in clinical practice: CLONI and DEX. While both drugs have anxiolytic,
sedative and analgesic properties, DEX is a more selective α2-receptor agonist than CLONI. Since
central α1-receptor activation counteracts sedative α2 effects, DEX has a more profound sedative
effect [25]. The sedative effects of α2-agonists are mediated through activation of pre- and postsynaptic
α2-receptors in the locus coeruleus which has noradrenergic afferent connections with the STN [26,27].
This route provides a plausible mechanism for the effects observed in the current study, since it has
been shown that noradrenergic modulation with α1 and α2-agonists change firing rate and firing
patterns of STN neurons, in line with our findings [28,29].

4.1.1. Dexmedetomidine

In this study we analyzed quantitative effects of DEX on MER following two different PSA protocols.
In the first protocol PSA agents (DEX alone or DEX and REMI) were discontinued approximately
20 min before the start of MER. It can be speculated that the effects on MER in the discontinued group
are solely DEX effects, since REMI has a very short context-sensitive half-time of 3–4 min. In these
patients, MUA was significantly suppressed while, SU activity showed a trend towards a lower firing
rate but no change in CV. Interestingly, an earlier study by Mathews et al., in which a similar PSA
protocol was used (discontinuation of PSA agents before the MER), reported no difference in firing
rate, but showed a significant decrease in CV [14]. Their protocol was not identical to ours. Patients
received either REMI in bolus (the control group in that study), or DEX and REMI in bolus prior to MER.
Moreover, the dose of DEX was higher in their study (0.1–1.0 μg kg−1 h−1 versus 0.2–0.5 μg kg−1 h−1).
In another case series by Kwon et al., patients received a loading dose of DEX 0.9 μg kg−1 followed
by a maintenance dose of 0.5 μg kg−1 h−1 combined with REMI at 0.05 μg kg−1 min−1 and propofol
was administered in small boluses. Using this protocol, the depth of sedation was maintained at a
level of slight sedation (Bispectral index (BIS) of 80). All PSA agents were discontinued 20 min before
MER. In that study, firing rates of STN neurons were significantly reduced compared to the control
group who received no sedatives [15]. The suppression of firing rates in this protocol (that included
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higher DEX dose in addition to the high loading does) is in line with our finding of a dose-dependent
suppression, although it is challenging to compare previous studies in which DEX was discontinued
before MER with our findings, due to different dose regimens. Taken together, the previous literature
and our data suggest that DEX still has an effect on MER after 20 min of discontinuation.

In our study, a second group of patients received continuous DEX infusions, alone or in combination
with REMI during MER. Firing rates were not significantly altered, but there was a trend to lowering.
Both CV and MUA were significantly affected whereby CV was increased and MUA decreased.
Correlation analysis showed that these effects were dose-dependent, including lowering of the firing
rate. A small case series reported a suppression of neuronal activity in patients who received DEX
sedation throughout the full procedure (range 0.1–0.4 μg kg−1 h−1) in comparison to patients in which
DEX was discontinued before recordings [12]. In another study, patients received a bolus DEX of
0.5–1.0 μg kg−1 followed by a maintenance infusion of 0.1–1.0 μg kg−1 h−1. They reported a slight
increase in firing rate and a significant decrease in burst index (decreased number of spikes within a
burst) compared to patients who received no sedation [13]. Thus, these findings appear contradictory
to our findings as well as with previous literature. A possible explanation for the differences with our
findings is the dose they used, which included a bolus followed by a relatively high maintenance dose.

To summarize our results, dexmedetomidine caused a trend toward decreased firing rates,
significantly suppressed MUA and increased CV. These effects were present even at low dose and even
after discontinuation of DEX. However, direct comparison of our findings with previous studies is
challenging, because of the variability of the sedation protocols, patients groups and methodology.

4.1.2. Clonidine

CLONI is a α2-receptor agonist with a pharmacodynamic profile almost identical to DEX but is
less selective for the α2-receptor than DEX. As a consequence, effects on the locus coeruleus are less
profound and therefore CLONI would be expected to have less impact on STN neural firing compared
to DEX. To our knowledge, no studies have yet reported effects of CLONI on MER during DBS surgery.

In our study, patients received CLONI alone or in combination with REMI. Compared to the no
PSA group, these patients showed no significant differences in neuronal firing rates, CV or MUA,
although firing rates and MUA showed a trend towards a decrease. Moreover, in our linear regression
analysis the effect estimate associated with CLONI was consistently lower than the estimate associated
with DEX. Thus, in line with our expectation, CLONI appeared to show a similar but less profound
effect on STN neurons compared to DEX. It should be noted however, that direct comparison between
the two agents is complex because of the difference in pharmacokinetic profiles. In our study the
comparison was further limited due to the heterogeneity in CLONI doses and the lower number of
patients in the CLONI group.

4.1.3. Remifentanil

The last PSA agent we investigated was remifentanil. Remifentanil is an ultrashort-acting
μ-receptor opioid agonist with a rapid time to peak activity after a bolus dose and a short
context-sensitive half-time of less than 4 min without regard to infusion duration [30]. In rats,
opioids have been reported to exert an inhibitory modulation of GABAergic and glutamatergic
synaptic transmission in the STN via presynaptic μ- and δ-receptors [31,32]. Only a limited number
of studies have addressed effects of opioids during STN-DBS surgery [9,22,23,33]. In these studies,
neurophysiological data were obtained while patients received propofol in combination with opioids.
Therefore, the opioid effects on neuronal activity could not be well characterized. To our knowledge
only one other study has assessed the effect of REMI on STN neurons in PD patients [24]. In that study,
single cell activity of 4 neurons were analyzed before and after a bolus of 0.5 μg kg−1. REMI did not
significantly alter short interval discharge activity, a measure related to firing rate. Our results also
showed no significant effect of REMI on firing rates or MUA. The use of REMI was only associated
with a significant increase in CV compared to the control group.
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4.2. Effect of Clinical and Demographic Variables on Microelectrode Recordings

In addition to the effects of the PSA agents, clinical and demographic variables might
affect neuronal firing properties of the STN. Therefore, we tested the effect of these variables on
electrophysiological recordings.

One interesting finding was that the CV increased in patients with a longer disease duration.
An increase in burst activity is generally observed in animal models of PD [34,35]. One potential
explanation of this phenomenon is that neuronal firing becomes more strongly locked to a more powerful
beta rhythm, seen with advanced disease, thereby reducing variability in the interspike-interval.
The underlying mechanism of our finding therefore remains elusive. Finally, while CV was related to
disease duration, no relation with the UPDRS III score, side of onset or age of the patients was observed.

The hemisphere of the recordings significantly influenced MUA with the right STN having higher
power than the left. Currently no study to our knowledge has reported lateralization of MUA in the
STN during rest. Interestingly, several studies in humans and animals have shown that the left and right
cortex are related to different functions. In line with functional lateralization in the cortex, emotions
seems to be processed in the right STN [36–39]. We therefore speculate that the difference we observed
may be related to functional lateralization of the STN; a hypothesis that needs further validation.

Finally, the age of the patient significantly influenced MUA. Within the STN, older patients
showed lower power compared to younger patients. An effect of aging on neuronal power spectrum in
the cortex has been reported previously [40–42]. In contrast to our findings, these studies all reported
an increase in high frequency power with age, which they discuss in terms of the neuronal noise
hypothesis of aging [43]. A number of interesting hypothesis may account for the reversal of this
pattern that we observed in STN. First, our population was generally older than the older adults in these
papers, to the extent that our younger patients would be considered to belong to their ‘older’ groups.
One interpretation of these data could be that the relationship between age and neural population
power is non-linear such that adults in late middle age show the highest power. Second, there may
be task effects, since our data were recorded with the patient not performing a cognitive task, while
previous reports have all been in the context of active cognitive tasks. Third, our data may show a
genuine difference in the effect of aging in the STN compared to the cortex. Finally, the possibility
exists that the change in power we observed reflects age-related changes in shape and location of
the STN [44]. According to this hypothesis, recording sites at the same stereotaxic coordinates may
represent different functional domains, with different neuronal properties, within the STN in different
age groups. Future work may elucidate these possibilities.

Multi-Unit Activity

MUA is an important measure to identify the entrance of the STN. Both through visual and
auditory inspection and by automatic identification algorithms, an increase in neuronal activity,
compared to the overlying white matter zone, is one of the most widely used signs of the dorsal
border of the STN [45]. Our results show that sedatives, either continuous or discontinued, as well as
a number of patient specific characteristics, influence MUA. To our knowledge, no previous studies
have investigated the effect of PSA agents on MUA, despite its usefulness as a clinical marker. More
research is necessary to define whether these effects are large enough to be clinically relevant.

4.3. Limitations

Our study had some limitations. First, it was a retrospective study, involving patients for whom
there was no standardized PSA protocol and uncontrolled variability in PSA drug choices and doses.
We found that demographic and clinical characteristics did not differ systematically between the
groups, therefore these factors could be accounted for with a regression analysis thanks to our large
overall sample size. Since no standardized PSA protocol was used we were limited when testing for
dose-dependent effects. Second, while we compared our findings to previous reports, the available
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literature is sparse and characterized by heterogeneity in PSA protocols, patient characteristics and
MER data analysis. Our findings suggest that some differences among previous reports may be
accounted for by dose-dependent effects (e.g. on firing rates). Prospective studies with standardized
PSA protocols are required to confirm these findings. Also, we did not assess spectral changes in the
local field potential. Investigating the effect of PSA on the presence of pathologic oscillations remains
unanswered. Another limitation is that this study did not assess the effects of the various agents on
intraoperative clinical measures such as tremor. A follow-up study is needed to assess the effects of the
various PSA protocols on STN depth and size. Moreover, it is important for clinical practice to address
in future studies whether the use of PSA influences clinical outcome of STN DBS.

5. Conclusions

When administering sedation during DBS electrode implantation, the aim is always to achieve an
optimal balance between patient comfort and good quality MER, to allow optimal placement of the
probe. Our results showed that PSA influenced neuronal properties in the STN and that the DEX effect
was dose-dependent. Moreover, patient dependent characteristics influenced MER. Whether these
effects are large enough to be clinically relevant was not addressed in this study.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/4/1229/s1,
Table S1: random effects modeling with patient as a random variable, Table S2: random effects modeling with
sorter as a random variable.
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Abstract: Deep brain stimulation (DBS) of the subthalamic nucleus is a neurosurgical intervention
for Parkinson’s disease patients who no longer appropriately respond to drug treatments. A small
fraction of patients will fail to respond to DBS, develop psychiatric and cognitive side-effects, or incur
surgery-related complications such as infections and hemorrhagic events. In these cases, DBS may
require recalibration, reimplantation, or removal. These negative responses to treatment can partly be
attributed to suboptimal pre-operative planning procedures via direct targeting through low-field and
low-resolution magnetic resonance imaging (MRI). One solution for increasing the success and efficacy
of DBS is to optimize preoperative planning procedures via sophisticated neuroimaging techniques
such as high-resolution MRI and higher field strengths to improve visualization of DBS targets and
vasculature. We discuss targeting approaches, MRI acquisition, parameters, and post-acquisition
analyses. Additionally, we highlight a number of approaches including the use of ultra-high
field (UHF) MRI to overcome limitations of standard settings. There is a trade-off between spatial
resolution, motion artifacts, and acquisition time, which could potentially be dissolved through the use
of UHF-MRI. Image registration, correction, and post-processing techniques may require combined
expertise of traditional radiologists, clinicians, and fundamental researchers. The optimization of
pre-operative planning with MRI can therefore be best achieved through direct collaboration between
researchers and clinicians.

Keywords: Parkinson’s disease; magnetic resonance imaging; deep brain stimulation; ultra-high field

1. Introduction

Longevity is increasing and consequently triggering a surge in age-related, multimorbid
neurodegenerative diseases [1,2]. One of these diseases is Parkinson’s disease (PD). PD is the
second most common neurodegenerative disorder worldwide and typically occurs after 50 years of
age [3]. This is a multi-systems disease primarily characterized by symptoms that affect movement
control, such as bradykinesia, tremor, rigidity, postural instability, and gait difficulties [3].

Drug treatments for PD are symptomatic in nature and function to replace the dopamine deficiency
within the brain that occurs due to loss of nigrostriatal dopamine neurons [4–6]. While dopaminergic
medications relieve the motor-related symptoms of PD, they do not address non-motor symptoms,
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further complications, or disease progression [6]. Moreover, drug therapy in PD is associated with
side effects that include but are not limited to nausea and vomiting, sleep disorders, hallucinations,
and delusions. Furthermore, as the disease progresses, initially beneficial drug treatments become
less effective in about 40% of patients. At this stage, the therapeutic window begins to narrow
and the medication may wear off faster, resulting in the re-emergence or worsening of motor
fluctuations [7,8]. Chronic drug treatment and disease progression are also associated with
levodopa-induced dyskinesias, which refer to involuntary, uncontrolled movements that occur
when medications are most effective [7–9]. Increasing the dosages in response to reduced durability of
levodopa or dopamine agonists is not always feasible. Alternative treatments such as device-aided
therapies may then be considered.

The next step for a subset of patients is neurosurgery intervention by means of deep brain
stimulation (DBS) of the subthalamic nucleus (STN) [10–13]. The STN is a small, glutamatergic,
biconvex structure with a high iron content that is located within the subcortex [14,15]. DBS involves
the implantation of electrodes that emit persistent high frequency stimulation in this nucleus [11–13].
The STN is a viable target for DBS as it modulates output of both the indirect and hyper-direct
cortico-basal pathways, whose functions are assumed to suppress undesirable motor behavior and
inappropriate movements, respectively [16,17]. In PD, dopaminergic degradation of the substantia
nigra (SN) is thought to result in inhibition of direct pathways, as well as disinhibition of indirect
and hyper-direct pathways. Collectively, this leads to the functional disinhibition of output to
motor-related areas of the cortex, which is thought to produce impaired movement and reduced
movement control [16]. However the exact mechanisms underlying DBS are still poorly understood,
although the general consensus is that DBS results in a functional normalization of pathologically
overactive circuits [17–19].

While DBS may ameliorate between 60 to 90% of the motor-related symptoms of PD, it can
produce neuropsychiatric side effects and emotional or associative disturbances, with side effects
ranging from hypomania; apathy; hallucinations; and, as well as general changes in moral competency,
personality and reckless behavior [20–23]. A fraction of patients will fail to exhibit a long-term clinical
benefit in the reduction of parkinsonian symptoms [24,25]. Revisions or removals of the DBS system
occur in between 15 and 34% of operated patients, 17% of which are attributed solely to electrode
misplacement [26,27]. Additional risks can arise from the surgery itself, with implantation posing a
15% risk of “minor and reversible problems”, and a 2–3% risk of fatal or hemorrhagic events, infection,
lead fracture, and dislocation [28]. Between 2013 and 2017, there were 711 bilateral DBS placement
surgeries in The Netherlands, a subset of which were suffering from PD. Of those 711 surgeries, 169
patients required the DBS system to be either replaced or removed entirely [29]. These side effects
and adverse outcomes can partially be attributed to suboptimal placement of the DBS lead, which is
dependent on the accuracy of the preoperative planning procedures [30,31].

2. Using MRI to Target the STN in PD for DBS

As noted, the success of DBS treatment is partly determined by the accuracy of targeting
the STN. Further, targeting is dependent on stereotaxic precision, neuroimaging methods,
and electrophysiological mappings [32]. Identification of the STN can be achieved in two ways:
indirectly or directly. Indirect targeting refers to identification of the DBS target via application of
reformatted anatomical atlases, formulae coordinates, and distances from anatomical landmarks.
These standard targets can be applied to a patient’s individual magnetic resonance imaging (MRI),
or can be used as a coordinate for navigation with a stereotaxic reference system (see next paragraph).
Additionally, intra-operative microelectrode recordings, macrostimulation, and intraoperative
behavioral feedback are commonly used for verification with indirect targeting [32,33]. Direct targeting
refers to visualization of the STN on patient-specific MRI images [34,35].

For indirect targeting, the most common landmarks are the mid-way point between the anterior and
posterior commissure (AC and PC, respectively), which are visualized and marked on a T1-weighted
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(T1w) MRI, computer tomography (CT), or ventriculography [33,36]. The native brain is commonly
realigned to the AC-PC with a Euclidean transform [37,38]. This transform provides an augmented
matrix with a 3D homogenous coordinate system, allowing for application of formulae coordinates and
distances. The standardized STN coordinates are defined as 12 mm lateral, 4 mm posterior, and 5 mm
inferior to the mid commissural point [39]. Some centers may utilize their own reference points, such as
the top of the red nucleus [40–42].

Direct targeting with patient-specific MRI is generally preferred as the STN is known to shift
with both age and disease, as well as vary in size, shape, and location across individuals [43–47].
Clinical MRI typically visualizes the STN using T2-weighted (T2w) images, which present the nucleus
as a hypointense region relative to surrounding tissue. The optimal part of the STN is considered to
be the ventral dorsolateral portion, also termed the somatosensory region, and is assumed to have
direct connections with pre-motor cortical areas [48]. As with indirect targeting, direct targeting also
incorporates AC-PC alignment, which provides the common reference system required for frame-based
stereotaxic surgeries. Additionally, AC-PC alignment allows for comparisons between planned target
location, actual target location, and postoperative verification. Therefore, clinical identification of the
STN is usually achieved with a combination of both direct and indirect targeting methods.

The presence of extreme side effects and lack of clinical effect that can occur with DBS may
arise from either direct or indirect targeting. One method for increasing the success and efficacy of
DBS is to optimize preoperative planning procedures via neuroimaging techniques. For instance,
advanced MRI can be used to increase visualization and understanding of anatomy, connectivity,
and functioning of the STN. This information can then be used to inform on optimal electrode placement
on a patient-specific basis.

The goal of this paper is to explain the current procedures for structural target identification of the
STN for DBS in PD using MRI. We identify limitations that may contribute to suboptimal identification
of the STN and provide alternatives for optimizing MRI in order to visualize the STN. The organization
of topics is as follows: field strength; current procedures for intra and post-operative verification
with microelectrode recordings; SAR limitations; shimming and magnetic field corrections; sequence
types and contrasts; voxel sizes; motion correction; registration and image fusion; quantitative maps;
complications unrelated to pre-operative planning; and conclusions. The suggestions are presented
with the underlying expectation that more accurate visualization can translate into targeting and
implantation with increased precision.

3. Field Strength

Pre-operative MRIs are obtained to both visualize the DBS target and to assess for potential
comorbidity and identify venous architecture to ensure a safe entry route for surgery. The quality
of MRI is dependent on a large number of factors. One of these factors is the signal-to-noise ratio
(SNR), which is strongly influenced by field strength (Tesla or T for short) (see Figure 1) [24,49,50].
SNR can be defined as the difference in signal intensity, effectively determining the amount of signal
that represents the true anatomy compared to noise and random variation [51,52]. Low-field MRIs
such as 1.5 or 3 T are routinely used for DBS targeting. However, recently, an ultra-high field (UHF)
7 T MRI system has been approved for medical neuroimaging [53]. Compared to 7 T, 1.5 and 3 T
MRI tend to suffer from both inherently lower SNR and low contrast-to-noise (CNR). CNR reflects
the difference in SNR between different tissue types, which is therefore essential for specificity [54,55].
Moreover, the STN is an inherently difficult structure to visualize as it is a small structure located
within a very deep and dense portion of the basal ganglia and is surrounded by structures containing
similar chemical compositions. This is exemplified by vast inconsistencies in observed volumetric
measures, size, and location estimates of subcortical nuclei reported at low field strengths [44–46].
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Figure 1. Visualizing deep brain stimulation (DBS) targets with different magnetic resonance imaging
(MRI) field strengths (adapted from [24] illustrating DBS targets across field strengths, requiring different
contrasts. We obtained 1.5 T images from a 52-year-old male Parkinson’s disease patient at the Maastricht
University Medical Center (MUMC). Clinical 3 T and 7 T images were obtained from a from 57-year-old
male Parkinson’s disease patient at the Maastricht University Medical Center (MUMC), and the
optimized 3 T images were obtained from a healthy male age-matched subject at the Spinoza Center
for Neuroimaging, Amsterdam. All images are shown in the axial plane and are present in their
native space with no post-processing to replicate the visualization of each nucleus as performed on
neurosurgical planning software. The T1 contrasts show the anterior thalamic nucleus and nucleus
accumbens at all field strengths. The subthalamic nucleus and globus pallidus (GP) are shown with a
T2 contrast at 1.5 T and clinical 3 T scan. Note that in the 7 T contrast, the medial medullary lamina is
visible, allowing us to distinguish between the internal and external segment of the GP. For optimized
3 T and 7 T, the STN and GP are shown with a T2* contrast. The acquisition times (TA) for each scan
are included to highlight the fact that optimized 3 T can provide high-quality images similar to those
at 7 T but take nearly twice as long to obtain. While the STN and GP are visible in both 3 T images,
the contrast and sharpness of borders increases at 7 T.

The quality of the magnetic field is also determined by magnetic field gradients. MRI gradients
are characterized by the change in the magnetic field as a function of distance. The MRI gradient
arises from gradient coils, which are a set of electromagnetic components within the scanner that are
used to control the magnetic field [56,57]. Weaker gradients arising from lower magnetic fields cause
g-factor penalties, whereby an inhomogeneous B1 field causes artificial signal differences and noise
amplification in tissues further from the coil in the subcortex at 3 T compared with 7 T MRI [58,59].
SNR is therefore lower in subcortical structures relative to the cortex due to the larger distance between
the center of the brain and receiver coil elements. These differences are amplified at low field compared
to UHF [60–62].

However, SNR scales supra-linearly with the static magnetic field, with up to a sixfold increase
at 7 T compared to 3 T MRI [54,55]. This means that UHF-MRI can provide better quality
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images at a higher spatial resolution, increased contrast, and shorter acquisition times [51,63,64].
Reduced acquisition is essential, as clinical radiologists are often under strict time pressures that are
intrinsically linked to value-based healthcare systems and cost-effectiveness rather than scientific
value [65]. Numerous empirical studies and reviews have noted the advantages of utilizing UHF-MRI
in clinical settings, performing direct comparisons between low- and high-field strengths for visualizing
finer details of smaller nuclei, which are common targets for DBS [34,52,66–70].

Developments in array coil designs and parallel imaging techniques have resulted in the possibility
to measure specific portions of tissue simultaneously. The simultaneous measurement increases SNR
by a factor of 3 to 10 when compared to standard volume coils used at clinical field strengths, which are
unable to selectively excite separate portions of tissue [60,63]. This is discussed in more detail later in
the paper.

Importantly, there are caveats with regards to the implementation of UHF-MRI. Firstly, the
Siemens 7 T MAGNETOM Terra is the only UHF-MR system to have obtained Food and Drug
Administration (FDA) 510(k) clearance for clinical neuroradiology, and other applications of 7 T MRI
are therefore considered experimental. Expense and accessibility is among the most important and
most time-limiting factors in implementing UHF-MRI into clinical settings; less than one hundred
7 T systems exist worldwide, making up about 0.2% of all MRI systems [24,71]. Moreover, increased
specific absorption rates (SAR), field inhomogeneities, local signal intensity variations, and signal
dropout are factors that can reduce the benefits of 7 T MRI when not properly accounted for [72].
These can be countered with optimized shimming and pre-processing techniques such as bias field
correction. However, these techniques require expertise that is not typically available within clinical
settings [73–75].

4. Current Procedures for Intra- and Post-Operative Verification with Microelectrode Recordings

Current standard practices within The Netherlands includes both pre-operative planning with
neuroimaging methods and intra-operative verification with microelectrode recordings (MER). In this
case, once the target has been decided, the DBS system will be implanted in two steps. First, the surgeon
will create a burr hole in the skull on both hemispheres. If microelectrode recordings (MER) are used,
the MER leads will be inserted into predefined coordinates. In 0.5 to 2 mm intervals from around 10 mm
above the target coordinate, MER will start recording activity through macrostimulation. Multiple
MERs may be placed into the STN at around 2 mm apart within the anterior, posterior, central, medial,
and lateral portions. The MER lead that outputs consistent oscillations of beta bursts that are indicative
of STN activity will be selected for test stimulation and subsequent implantation. If the patient is
awake, additional intraoperative behavioral testing may be performed to assess the therapeutic effect
of specific stimulation programs. Once the target has been verified via intra-operative neuroimaging
(CT or ultra-low field MRI), the leads will be permanently implanted and then connected to a cortical
grid and a stimulator will be inserted under the chest [76–79].

Not all centers use pre-operative CT or MRI and instead rely on standard coordinates with
MER verification (and vice versa). There are reports that suggest MER significantly improves DBS
outcomes [80], and that MER fails to show any significant benefit compared to direct targeting [81].
Moreover, there remains a mismatch of around 20% in the planned target coordinate based on MRI,
compared to the actual optimal location identified with MER when using 1.5 and 3 T [82,83]. Further,
the use of intra-operative ultra-low field MRI for identification of the test leads during surgery has
shown to be as effective as MER in improving post-operative motor symptoms [84]. Moreover,
while not a strictly scientific issue, the application of MER more than doubles the cost of a bilateral
STN surgery [85]. See [86] for an extensive overview on comparisons between MER and MRI for STN
identification in PD.

Lastly, post-operative management requires the identification of optimal stimulation parameters.
These parameters can vary per patient, and some patients may require DBS in combination with
medication. Microlesioning effects and acute foreign body reactions can impact the homeostasis of
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STN function and lead to a misinterpretation of DBS efficacy. Therefore the patient should ideally be
assessed several times at different stages after the surgery [87]. Baseline motor function is initially
obtained after total withdrawal of dopaminergic medication [88]. Axial motor symptoms such as
bradykinesia, rigidity, stability, gait, posture, and dysarthria are assessed with rating scales such as
the Unified Parkinson’s Disease Rating Scale Part 3 (UPDRS, III) or Movement Disorders Society
(MDS)-UPDRS [79,89]. As the DBS lead consists of multiple contact points, each point is tested
separately through monopolar stimulation, beginning with a standard frequency of 130 Hz and pulse
width of 60 μs [90]. Amplitudes are varied in a step-wise manner and the lowest amplitude that
results in the highest suppression of clinical symptoms with the absence of sustained adverse effects
will be chosen as the optimal stimulation parameters [27]. More in-depth literature on practices
for post-operative verification, stimulation programming, and care can be found in [91–93] and the
references therein.

5. SAR Limitations

SAR refers to the amount of energy deposited into the body due to the radio frequency (RF) pulses
applied with MRI sequences. RF pulses are emitted via electrical currents through coils, being used to
generate the B1 field [74]. RF deposition can result in tissue heating, and to ensure that the absorbed
energy does not induce local thermal damage, there are SAR limitations based on the region of interest,
with the amount of SAR depending on tissue type [94,95]. However, field inhomogeneities increase
with field strength, as the RF wavelength scales according to the size of the object being imaged,
which then reduces its ability to penetrate the brain with a uniform power [96,97]. In the case of
UHF-MRI, stronger gradients are required to magnetize tissues in the middle of the brain and to create
a homogenous field, which results in higher SAR. Therefore, the safety limits are reached sooner at
UHF than with lower field. Moreover, SAR can vary person to person due to individual differences in
anatomy. This means that scan acquisition can require real-time parameter adaptation. Maintaining a
low SAR can be achieved by increasing the repetition time (TR), reducing the flip angle (FA), or by
reducing the number of acquired slices. Unfortunately, introducing these parameter changes to MR
sequences can negatively affect the quality of the scan [98,99]. This invites an ethical debate as to
whether future FDA-approved sequences and image pre-processing methods at UHF would allow
for such real-time deviations in a clinical protocol where SAR limitations are reached and sequence
amendments are required.

Further, there are more absolute and relative contraindications at UHF including pacemakers,
surgical implants and prosthesis, and foreign bodies, even if they are not metallic or comprised
of diamagnetic materials due to potential local heating and subsequent torque and increased SAR.
Moreover, in our experience, many DBS candidates may not be scanned due to site-specific criteria.
For instance, while a non-metallic or non-paramagnetic dental bridge is not listed as a contraindication,
the guidelines for the 7 T site at some locations required such patients to be excluded. Even more
contraindications exist at 7 T, including circulatory and clotting disorders, which makes UHF-MRI
less compatible with a larger portion of the elderly population, including the majority of PD DBS
patients [100]. Therefore, optimizing 3 T remains a viable option where UHF-MRI cannot be applied.
However, while 3 T may theoretically be optimized to allow for increased visualization of subcortical
nuclei, it is essential to remember that acquisition times will be much longer than that of an analogous
7 T sequence [24,101–103]; this concept will be discussed throughout the paper.

6. Shimming and Magnetic Field Corrections

Shimming refers to the process of homogenizing either the main magnetic field (B0) or the
radiofrequency field (B1). Inhomogeneity of the B0 field occurs when materials with different magnetic
properties and susceptibility enter the bore, resulting in image distortion and signal loss. For example,
the interface between brain tissue and air arising from the sinuses can cause artifacts within the frontal
and temporal areas. These brain–air interface-induced artifacts can result in large shifts in the observed
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anatomical locations of nearby brain structures and cortical surfaces [104]. While post-processing
techniques exist to correct some of these erroneous signals, they cannot control for complete signal loss
and dropout. Therefore, the field needs to be shimmed prior to the acquisition of the main MRI scan.

Shimming the B0 field can occur passively by strategically placing ferromagnetic sheets within
the bore itself to form the distribution of the magnetic field toward a more uniform state [105] or by
using patient-related inserts such as an intra-oral pyrolytic carbon plate [106]. This process is useful for
removing field imperfections related to hardware, although is not generally utilized in clinical practice
as it is laborious, inflexible, and temperature-dependent. More commonly, the field can be actively
shimmed, which uses currents within the MRI system to generate corrective magnetic fields in areas
showing inhomogeneous signals [105].

Active shimming is limited by the ability to model and reproduce the distortions that occur
within the field. Shimming is generally based on the principles of spherical harmonics (SH), which use
orthonormal equations to index changes in signal waveforms representative of field inhomogeneity.
The mapping and the correction of the inhomogeneity is achieved by superimposing the magnetic field
with an opposing corrective field equal to and a reversal of the polarity within a spatial distribution
deemed erroneous by the SH coefficients [107,108].

The order of SH is dependent on the number of dedicated current-driven coils. Traditional clinical
and low-field MR systems will employ lower-order shimming methods mainly due to cost and space
restraints [57]. Low-order shims primarily utilize linear terms including addition, scaling, and rotation
of the SH coefficients to model the magnetic field. Linear SH coefficients function to resemble and
compensate large-scale, shallow magnetic field components that can be corrected with a current offset
applied with a standard gradient coil. This is typically achieved automatically with the use of a
pre-scan B0 map. More local changes can be compensated for with dynamic shimming. However,
this is most commonly used for multi-slice MR, which is prone to additional eddy current distortions
and requires dedicated amplifier hardware. Further, the optimal shim method will depend on the
desired contrast [109]. Ideally, each sequence should require an additional shim.

As field inhomogeneities increase with field strength, higher order harmonics are therefore
required for UHF. Higher order SH allows for correcting more complex-shaped inhomogeneities by
incorporating an additional non-linear quadratic field variation that allows for modelling the bending
of curves in space. This requires supplementary dedicated shim coils, which can counter-intuitively
induce additional distortions in the middle of the brain. Despite efforts to harmonize parameters,
shimming is often site- and field-dependent, and manual iterative shimming is not always possible
due to time constraints and/or limited expertise.

Additional B1 mapping is essential for accurate quantitative measures of signal intensities within
the correct geometric space. Inhomogeneous B1 fields can result in distorted flip angles (FAs). FAs index
the amount of net magnetization rotation experienced during the application of an RF pulse. If FAs are
incorrectly calculated, geometric distortions occur, which reduces the accuracy in T1 and T2 values.
B1 mapping allows for the correction of FA values prior to acquiring a structural scan. Primary B1+
mapping methods can be incorporated into sequence acquisition. This is most commonly achieved with
the double angle method (DAM), which estimates local FAs from the ratio of two images obtained with
different FA values. An additional 3D multi-shot method can be incorporated, which uses non-selective
excitation to minimize inhomogeneous spin excitation across slices. Alternatively, spoiled gradient
echo (GRE) sequences with variable FAs (VFA) and actual FA imaging (AFI) are commonly employed,
which sample multiple T1 values to simulate signal differences across tissues [110–113].

Pre-processing of gradient non linearities (GNL) and intensity non-uniformity with retrospective
image-based interpolation is also possible. Corrections for GNL are rarely accomplished in clinical
settings but are commonplace for research-based applications. The magnitude of GNL increases with
distance from the isocenter and can cause the visualization of structures to shift by up to 5 mm, which is
detrimental for preoperative planning [114]. Correcting for GNL can be achieved by incorporating a
low-pass filter to remove smooth spatially varying functions. Other GNL correction schemes include
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surface fitting and feature matching that rely on intensity-based methods. Intensity-based methods
assume that different tissue intensities do not vary significantly unless they are subject to an erroneous
bias field, where variations within one area can be corrected from the field of another spatial location
within the image. Alternatively, histogram-based methods use a priori knowledge and manual input of
known intensity and gradient probability distributions to correct images. B1 corrections can be achieved
offline via image pre-processing steps with the FMRIB Software Library (FSL), Statistical Parametric
Mapping (SPM), or Advanced Normalization Tools (ANTs) [115–118]. However, these methods must
be considered experimental and their use in image correction for MRI in pre-operative planning is not
currently FDA-approved.

7. Sequence Types and Contrasts

7.1. T1

As discussed, accurate DBS implantation requires careful trajectory planning and identification of
vasculature to limit the risk of hemorrhagic complications. Visualization of larger venous architecture
is most commonly achieved with an anatomical T1w scan with added gadolinium [119,120]. In its
most basic form, T1w can be viewed as an anatomical scan that approximates the appearance of
macroscopic tissues. T1w will visualize white matter as hyperintense; fluid, e.g., cerebral spinal fluid
(CSF) as hypointense; and grey matter at intermediate intensity. A T1w contrast is achieved with a
short echo time (TE) and repetition time (TR) and is a function of the longitudinal relaxation time,
referring to the time it takes excited protons to return to their equilibrium subsequent to the application
of an RF pulse. T1 is more sensitive to fat and fluid and therefore provides excellent differentiation
between grey and white matter. Additional intravenous contrast agents will cause the recovery of
the longitudinal magnetization of blood to quicken and therefore increase further contrast between
veins and white matter [121–123]. For visualization of venous architecture, some centers may use
any or a combination of T1w structural imaging, or they may use post-processing techniques such
as susceptibility weighted imaging (SWI) and venography, which can be created from GRE-based
sequences with flow compensation, or time-of-flight angiography. These types of sequences apply
multiple RF pulses with short TRs to over-saturate static tissues and therefore suppress their signal,
causing moving components such as blood to appear more hyperintense [124–126]. T1w MRI can also
be used to rule out co-morbidities such as oedema, tumors, or other brain pathologies. See Figure 2 for
an example of different contrasts.

7.2. T2

T2w images visualize grey matter as intermediate intensity and white matter as hypointense,
although deep grey matter structures can appear even darker depending on the ferromagnetism of
their tissue composition. As mentioned, visualization of STN is traditionally achieved with T2w
sequences [127–129]. T2w MRI represents transverse relaxation, referring to the amount of time it takes
excited protons to lose phase coherence. This dephasing is a tissue-specific process and takes longer
for areas with high paramagnetic metal deposition such as iron. As the STN is iron-rich, the contrast is
increased, and the nucleus appears hypointense compared to white matter tracts and surrounding grey
matter structures. Typically, T2w contrasts within the clinic will come from fast-spin echo sequences
that have both a long TE and TR, which are relatively immune to magnetic susceptibility artifacts.
However, there is no general consensus as to the optimal sequence required for prime STN imaging.
Theoretically, various sequences can achieve the same weighting but vary significantly in terms of
their ability to accurately visualize the STN [130]. Moreover, the type of sequence will depend on the
field strength, and contrasts are not always analogous across, for instance, 3 and 7 T [131]. Similarly,
different MRI vendors will supply similar contrasts via sequences and sequence parameters with
different names, making it difficult to draw comparisons between them [50,132,133].
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7.3. T2* and Susceptibility-Based Contrasts

Traditional clinical T2w sequences suffer from low signal and contrast. An alternative contrast
that can be used to image the STN directly comes from 3D gradient echo (GRE) sequences, which can
be used to create T2* images. Typically, GRE sequences will include a low FA, long TEs, and long
TRs. Moreover, gradients are applied to initiate dephasing, as opposed to an RF pulse in traditional
spin echo sequences [109,134]. These gradients do not refocus field inhomogeneities such as RF
pulses do. Therefore the T2* contrast arising from GRE reflects magnetic field inhomogeneities caused
by the dephasing of neighboring areas that occurs at different rates, and further interact with the
signal of adjacent voxels [135]. As GRE sequences assess macroscopic intervoxel and microscopic
intravoxel magnetic susceptibilities, it is important to adapt sequence parameters according to the
tissue of interest [136]. The tissue characteristics of the STN undergo PD-specific changes, such as
dopaminergic denervation and excessive iron deposit, which require adjusted parameters such as TE
for optimal contrast [137,138]. Similarly, iron increases with normal aging requires different adaptations
to TEs [139]. GRE sequences also incorporate multiple echoes to account for differences in magnetic
susceptibility across tissues. Further, susceptibility effects are stronger for smaller voxel sizes as the
dephasing is reduced [135]. This makes T2* imaging more appropriate for higher field strength MR,
as smaller voxel sizes can be achieved with faster acquisition times [130,140]. These T2* images can be
further processed to create quantitative maps that will be discussed in later sections.

Alternatively, susceptibility weighted images (SWI) can be created from T2*-based sequences
by independently processing magnitude and phase images. Magnitude images reflect the overall
MR signal, and their corresponding phase image contains information about field inhomogeneity,
differences in local precession frequencies, and motion [141]. Phase images were largely discarded
before the implementation of SWI as they require complex unwrapping, referring to the extraction of
their original numerical range, which is constrained in the outputted image to [−π, +π] [142]. However,
phase can be used to visualize information that would otherwise be barely visible in magnitude images.
Small structures result in field variations with high spatial frequencies, which can be used to enhance
contrast by applying a high pass filter. The resulting SWI image is the product of multiplying the
phase mask with the magnitude image [142–144]. It remains somewhat controversial to what extent
SWI signal increases from 1.5 T to 3 T MRI. Moreover there is little evidence for increased accuracy
for SWI at 3 T compared to classic T2 imaging [145]. However, SWI is significantly more accurate
compared to traditional contrasts at higher field strengths [146–148]. GRE-based sequences and T2*
contrasts can provide more detail regarding the shape, surface, and location of the STN compared to
standard T2w spin echo-based sequences. This could translate to more accurate DBS targeting if it
were used for preoperative planning. Improvements can refer to a smaller deviation between planned
and actual lead location, a reduction in reimplantation or removal requirements, increased clinical
efficacy, or decrease in associated side effects. However, the use of T2* contrasts and UHF-MRI remains
widely debated and requires further validation [37,70,144,148–150].

We attempted to use a T2*-based UHF-MRI with a GRE-ASPIRE sequence [151] on a 7 T Siemens
MAGNETOM system (Siemens Healthcare, Erlangen, Germany) for STN DBS planning in PD patients.
The 7 T T2* scan consisted of a partial volume covering the subcortex, obtained with multiple echoes
(TE1–4 = 2.47, 6.75, 13.50, 20.75) and 0.5 mm isotropic voxel sizes in just under 8 min. This was overlaid
with a 3 T T2w turbo field echo sequence obtained on a 3 Tesla Phillips Ingenia system, with a single TE
of 80 ms and voxel sizes of 0.45 × 0.45 × 2 mm, and an acquisition time of around 6 min. When merging
the 3 T and 7 T data, the STN appeared elongated along the posterior direction on 7 T. The optimal
target coordinate appeared more superior, posterior, and lateral on the 7 T image than the optimal
coordinate on 3 T. Here, the 7 T coordinate was used as the posterior test site sampled with MER was
used as a target for DBS surgery. Typical STN activity was not observed, although intraoperative
behavioral testing revealed that patients would exhibit a beneficial clinical effect. Such a finding may
be explained by the fact that the test electrode was instead stimulating white matter fibers exciting
the STN, such as the fasciculus lenticularis or medial fiber bundles. It is, however, unclear as to
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whether this discrepancy in optimal STN coordinate is due to errors in registration across field strength,
smoothing factors and interpolation automatically applied by the pre-operative planning system that
reduced the resolution of the 7 T data, magnetic field inhomogeneity, or geometric distortions of the
T2* image. The issues regarding image correction and manipulation are discussed in later sections.
It is entirely plausible that the discrepancy in optimal target location across field strength was due to
human error, and the operating surgeons perhaps were not used to interpreting the high-resolution
susceptibility-based images. Therefore, factors other than contrast and sequence type can influence the
usability and accuracy of susceptibility-based imaging for neurosurgical applications.

It is important to note that the sequences described in this specific instance are not standardized
across centers, and scanner vendors, field strengths, contrasts, and sequence parameters, even within
the same sequence type, will differ across DBS centers and research institutes. This makes a direct
comparison across the quality and replicability of MRI scans very difficult, and unless systems are
harmonized, interpretations should be site-specific. See [86,130] for a comprehensive review on
sequences used for imaging the STN.

7.4. Multi-Contrast MRI

Multi-contrast sequences may offer a novel alternative for eliminating the requirement of
registration and resampling of separate scans while simultaneously reducing scan acquisition time
(Figure 2) [152]. A recently developed multiparametric imaging sequence is the Multi Echo (ME)
MP2RAGE, which is largely unaffected by B1 inhomogeneities [153–160]. This allows for the acquisition
of T2*-based contrasts from which subsequent SWI and quantitative susceptibility maps (QSM) can be
created in the same space as the T1 images [158,160]. Other benefits of multiple contrasts is that they
contain complimentary information that can be used to jointly denoise and improve the SNR of the
acquired images [161–163].

Figure 2. Multi-contrast imaging. The top row shows MP2RAGE T1-weighted, T1, T2*, and R2* maps
and a quantitative susceptibility map (QSM) image obtained at 7 T within a single multi echo (ME)
MP2RAGE sequence. Below are a 3 T T1-weighted map, a T2* map, and a QSM image, where each T1
and T2* were obtained with different sequences but were optimized to provide a contrast comparable
to those obtainable at 7 T but without the inversions required for creating T1 maps. Both the 3 and 7 T
images came from the same subject and are shown in the axial plane. The contrast and visibility of
subcortical structures is indeed comparable across field strengths [164].
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8. Voxel Sizes

Clinical T2w images often incorporate anisotropic voxel sizes with large slice thickness in the z
direction. This allows for higher in-plane resolution along the axial plane, which is primarily used
for targeting (Figure 3) [145,149]. Voxel sizes will typically range between 0.45 × 0.45 × 2 mm and
1 × 1 × 3 mm. Lower resolution allows for shorter acquisition times of around 5 min, simultaneously
limiting the effect of artifacts due to subject movement. However, anisotropic voxels suffer from partial
voluming effects (PVE), which refer to the blurring of signals across voxels, resulting in averaging
different tissue types and reducing specificity [165]. PVE are especially problematic for small structures
such as the STN. Volume estimates are commonly used as an index of scan quality, and have shown
consistent deviations of more than 50% from ground truths when slice thicknesses were three times
the size of the alternate planes [166]. Moreover, anisotropic voxels will decrease the accuracy of
resampling to super resolutions, which is an automatically incorporated step of pre-operative planning
systems [167].

Figure 3. The effects of voxel geometry on the visualization of subcortical structures (adapted from [164]).
Figure 3 shows clinical 3 T T2-weighted (T2w) with 0.45 × 0.45 × 2.0 mm voxel sizes, optimized 3 T
T2* with 1.0 × 1.0 × 1.0 mm voxel sizes, and 7 T T2* maps with 0.64 × 0.64 × 0.7 mm voxel sizes. All
images are acquired from a single subject and are shown at approximately the same anatomical level.
The subthalamic nucleus (STN) and substantia nigra (SN) are shown at sagittal, coronal, and axial
planes, with the red nucleus (RN) also highlighted in the axial plane. The anisotropic nature of the
sagittal and coronal planes on the clinical 3 T do not allow for identification of any structure.

As spatial resolution is dependent on voxel size; smaller voxels should allow for more detailed
and finer grained visualization of smaller structures. Voxel sizes can be reduced by increasing the
acquisition matrix, reducing slice thickness, or decreasing the field of view. However, these factors
can each negatively affect the SNR. The loss of SNR can be compensated by simply including more
repetitions per sequence, which is an issue for PD populations as it necessitates an increase in acquisition
time and requires the patient to be still. However this is often not possible for patients with movement
disorders [166]. The loss of SNR caused by decreasing voxel sizes at lower fields can be counteracted
through the use of UHF-MRI [130].

When targets in clinical MRI are verified with MER, the large slice thickness means that the
spatial resolution is penalized along the z-axis. Therefore the depth of the electrode cannot be
optimally planned and electrophysiological samplings are conducted to identify the ideal electrode
placement [32,38,40]. This testing often requires that the patient is awake and endures behavioral
assessments, which are stressful and physically demanding, prolong the time of the surgery, and can
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increase the risk of infection or hemorrhaging [168–170]. If smaller voxels can increase spatial resolution,
three-dimensional anatomical accuracy, and tissue specificity, the requirement for intraoperative
microelectrode recordings, multiple test electrode implantations, and awake behavioral testing could
be eliminated, ultimately increasing patient comfort and reducing operation time.

However, voxels with a sub millimeter isotropic resolution used purely for identification of DBS
targets, rather than for instance venous architecture, may not directly improve targeting accuracy.
This is because the spatial resolution of stereotaxic coordinate systems is around 1.2 mm and chronically
implanted conventional DBS electrodes are larger than 1 mm [171]. In addition, segmented DBS leads
with directional steering may offer increased spatial resolution when recording local field potentials
compared to traditional omnidirectional contacts [172,173]. Further, the development of microscale
DBS contacts via multiresolution electrodes would allow for finer control of the stimulation volume and
more precise targeting of smaller regions, matching the order and spatial resolution of submillimeter
resolution MRI [174].

9. Motion Correction

Generally, clinical imaging for preoperative planning for DBS does not correct for motion, and the
scans do not tend to incorporate acceleration methods such as parallel imaging. Accurate imaging
requires the subject to remain still. If a patient scan exhibits severe motion artifacts, the scan is simply
run again. MR images can be distorted by multiple sources of motion arising from breathing, cardiac
movement, blood flow, pulsation of cerebrospinal fluid, and patient movement [104]. This can cause
distortions in the image such as ghosting, signal loss, and blurring, as well as Gibb’s and chemical
shift artifacts [175]. Such artifacts can mask or simulate pathological effects [104]. Motion artifacts
are particularly prevalent when imaging patients with movement disorders but can be controlled for
in a number of ways such as timing medication to be most optimal during the time of scanning or
administering additional sedatives during the scan. Moreover, the head and neck should be supported
with pads to improve patient comfort, which will also limit movement.

The most logical method of limiting motion artifacts is to decrease the acquisition time.
Sequence paraments can be manipulated to shorten the acquisition time by obtaining larger voxel sizes,
a partial field of view (FOV), incorporating simultaneous multi slice 3D imaging and parallel imaging
techniques, signal averaging, or obtaining multi contrast images. To correctly utilize these potential
solutions, each factor should be considered relative to one another. For instance, partial FOVs can
induce aliasing, fold over artifacts, and reduce the SNR, which can, to a certain extent, be countered by
isolating the excitation to a localized region by using either multiple pulses, signal averaging, or fat
suppression methods. Contrary to this, it may increase the effects of field inhomogeneity, but be
combated with factors such as spatial pre-saturation. Such issues highlight the dynamic nature and
interplay of sequence parameters and hardware, which can be largely overcome through the use of
stronger field strengths such as 7 T.

Parallel imaging (PI) is a reconstruction technique rather than a sequence commonly employed
to accelerate acquisition time [176]. Magnetic resonance (MR) images are not directly collected but
are instead stored in a Cartesian grid, representing a spatial frequency domain known as k-space.
K-space data is collected via superimposing spatially varying magnetic field gradients onto the main
magnetic field [55,177]. Generalized auto-calibrating partially parallel acquisition (GRAPPA) methods
speed up acquisition n time under-sampling each line of k-space in the phase-encoding direction.
Additionally, partial FOVs are collected independently, corrected, and then reconstructed within the
frequency domain [178–180]. Alternatively, sensitive encoding methods (SENSE or ASSET) can shorten
scan times, and these methods occur in the image domain where data are obtained using multiple
independent receiver channels where each coil is sensitive to a specific volume of tissue, which is then
unfolded and recombined to form the MR image [177]. However, PI methods are associated with a
number of artifacts including ghosting, speckling, wrap around, and g factor penalties and ought to be
used with caution [181–183].
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Motion correction can be conducted prospectively in real time by updating the image geometry
during the scan, or retrospectively by post-acquisition registration techniques and manipulations
during image reconstructions [184]. Additional hardware is required for prospective methods that
are implemented within the scanner itself. In this case, fiducials can be attached to the patient’s head,
which assesses the extent of movement and adjusts the gradients accordingly. Alternatively, you can
employ optical tracking or reflective markers, which are linked to a camera inside the bore. Motion
correction is then achieved by either re-registration slice-by-slice during the scan, adjusting first order
shims, and/or varying the gradient system online [185,186]. As discussed, motion artifacts do not have
to come from patient movement but can arise on a much smaller scale at the proton level. Protons in
blood, for example, exhibit a non-static magnetic field due to the variation of gradients in space. That is,
they can miss rephasing pulses and therefore decay in signal before it can be read out by the scanner,
especially for spin echo sequences that are used for obtaining T2w images [187]. This phenomenon is
known as flow-related dephasing and results in artifactual phase shifts and signal distortion. In some
instances, this can be useful, for example in angiography sequences, the negative effect is larger in
sequences with longer TEs, such as those required for accurately imaging the STN. Adding in flow
compensation or gradient moment nulling, which applies additional gradient pulses prior to the signal
readout to compensate for signal decay, can compensate for this dephasing [188,189]. However, this is a
computationally heavy process and is largely only suitable for partial FOVs. Alternatively, the sequence
may be synchronized so that the acquisition occurs in time with the cardiac or respiratory cycle, which is
known as cardiac gating and simultaneously requires pulse recordings or electrocardiograms [104].

10. Registration and Image Fusion

Using MRI to visualize deep brain structures such as the STN for DBS is a multi-stage process
that involves the acquisition of multiple separate contrasts that require registration to a common,
patient-specific native space. For pre-operative planning, at least two sets of image registrations are
required: (i) anatomical T2 to T1 and (ii) pre-registered anatomical T1 and T2 to stereotaxic space
defined by the CT or MRI including the coordinate frame. In this section, we focus on registration and
fusion of MRI. For literature including alternative imaging modalities such as CT and ventriculography,
see [190,191].

Image registration refers to the process of aligning a moving source image onto a fixed target
through an estimated mapping between the pair of images. While the exact parameters incorporated
within pre-operative planning systems are mostly proprietary, the general process will require a rigid
registration, defined by six parameters: translation and rotations along the x-, y-, and z-axes. This refers
to the spatial transformation of how a voxel can move from one space to another [192]. Transformations
also require additional parameters such as interpolation and cost function. Interpolation refers to
the process of re-gridding voxels from the source image to the target, an essential procedure as
each pixel within the transformed image may not represent a whole integer within the target image.
This is especially true when T2w images consist of anisotropic voxel sizes and the T1 images are
isotropic. Therefore, the goal of interpolation is to piece back together the voxels that have been
moved. Clinical neuroimaging traditionally employs the simplest intensity-based methods such as
nearest neighbor interpolation, also known as point sampling, which assumes that similar values in
different images are closer together and therefore constitute the same location [193,194]. Cost functions
are used to assess the suitability of a given transform. This can be achieved with either similarity
metrics such as mutual information, which compares, on the basis of pixel intensities, the differences
between the transformed source and target image [195]. These registration steps are all conducted
automatically within pre-operative planning systems, with the only manual alterations relating to
viewing criteria such as brightness and intensity. This is suboptimal, as registrations often need
tweaking and optimizing, and it becomes challenging to suggest exact methods for optimizing
registrations with regards to pre-operative planning systems as it remains unclear as to what exact
parameters are employed.
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Linear within-subject registrations typically employ intensity-based similarity metrics,
matching images on the basis of intensities or intensity distributions. Intensity methods can be optimized
to incorporate local patches that account for textures and geometric information that are missed when
assessing for global identical intensities. An example is boundary-based registration, which forms
the basis of intra-subject registration of T2 to T1 images within the Human Connectome Project
minimal processing pipeline [196,197]. Registrations could be optimized to include an additional
affine transform that incorporates scaling or sheering [198]. Alternatively, deformable registrations via
attribute matching and mutual saliency (DRAMMS) can be achieved. DRAMMS applies confidence
weightings for matching voxels across contrast and will relax deformation in local regions where
contrast-specific tissues are mutually exclusive to image type. DRAMMS has proven useful in
accounting for pathology, subcortical structures, and cortical thinning, which are all factors to consider
when imaging PD patients [199].

Further, no quality or standardized evaluation for registration accuracy currently exists in clinical
neuroimaging beyond subjective visual assessment. This is problematic as it becomes unclear as to
whether the initial rigid body transforms are an accurate spatial representation of individual anatomy,
which, if erroneous, could result in targeting errors and DBS lead placement. The gold standard of
accuracy is instead dependent on the stereotaxic frame, which is an extrinsic marker and does not
include information directly related to the MR image.

Medical imaging often incorporates automated image fusion, which refers to the process of aligning,
resampling, smoothing, and combining the information of multiple images into a more informative
and descriptive output; for instance, by combining T1 and T2 into a single image. Fusion occurs after
registration with the goal of interpolating and smoothing MRI images to make them more visually
appealing, which can theoretically recover a signal within the data despite the noise [200]. However,
smoothing and resampling voxel sizes will reduce anatomical variability and location accuracy as
they can include signal from neighboring structures, leading to an erroneous increase in the size of
the nucleus and PVEs [166,201]. Such smoothing methods may not be compatible with quantitative
images such as T2* maps and QSM, as these images represent distinct signal intensities of specific
voxels that are outside the predefined values of the planning system. In effect, this could be a simple
viewing error, rather than a total incompatibility.

11. Quantitative Maps

Broadly speaking, MR contrasts are driven by how much T1 or T2 signal contributes to the image.
These T1w or T2w images are qualitative in nature and fail to accurately assess tissue parameters
such as recovery or relaxation time. However, certain sequences allow for parametric mapping
(quantitative MRI or qMRI), where the intensities within each pixel are proportional to the T1 or
T2. These values can be used to quantify intrinsic, biologically meaningful tissue information [202].
Additionally, qMRI allows for direct comparison across time, across subjects, and across scanners
or sites, which is essential for the development of neuroscientific research and its application to the
clinical situation [203]. Moreover, quantitative measures can aid identification and visualization of
target structures with an objective approach and can minimize human error resulting from subjective
interpretation. qMRI can only be made from specific sequences that comply with the principles of
differential weightings, which incorporate an inversion or saturation recovery parameter with multiple
inversion times or spoiled gradient echo sequences with variable flip angles [204]. However, in our
experience, quantitative sequences at 3 T take at least twice as long as weighted MRI sequences used in
clinical settings.

As mentioned, quantitative maps are used to index anatomical composition. For instance,
the observed relaxation of T1 is extremely fast in myelinated white matter. The inverse of longitudinal
relaxation rates, known as R1 [205], is thought to be linearly related to myelin concentrations [206,207].
T1 maps have been utilized clinically, for example, with quantifying perfusion; imaging hemorrhages
and infarctions; evaluating contrast uptake; monitoring of tumors, gliosis, and multiple sclerosis
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lesions [205,208,209]. Quantitative T1 maps will usually require post-processing, most commonly
achieved with the look-up table method, which functions to relate pixelwise T1 values within the native
map with predefined and validated intensity values [159]. The automated creation of these T1 parametric
maps can be built into the sequence at a cost of both time and capacity. Further post-processing is
often required and relies on expertise that is again typically not available within a standard clinical
setting [160,210].

For DBS of the STN, T2* maps can be used to improve visualization of the STN because iron
content causes the T2* relaxation time to shorten, which for the STN at 7 T is around 15 ms [61,211]. A
frequently used method to create T2* maps is done by fitting an exponential decay curve to the signal
intensities per pixel from each of the multiple echoes obtained from a GRE sequence [212]. Moreover,
the pixel intensities of reciprocal T2* maps (R2*) are proportional to iron load, with STN R2* values
hovering around 67 s−1 (1/15 ms) at 7 T [155,213–216]. Alternatively, T2* images can be post-processed
to create quantitative susceptibility maps (QSM), which quantify a tissue’s magnetic susceptibility
distribution on the basis of its perturbation of the magnetic field [213]. They are similar to SWI in that
they are made from the separate magnitude and phase images of a GRE sequence, but they comprise
multiple echoes and allow for quantitative measures rather than weightings. QSM requires initial phase
unwrapping, background field extraction, and calculation of locally generated phase offsets, which refer
to the fact that the phase of a single voxel can be expressed as either positive of negative, depending on
its orientation relative to the magnetic field [214]. These phase-offsets are then deconvolved, typically
with a dipole kernel, from which the underlying tissue susceptibility can be extracted per voxel,
independently of surrounding voxels [215]. Moreover, QSMs are preferred over SWI, as SWI is limited
by the non-local orientation-dependent effects of phase, which means that the same tissues can appear
with different intensities on the basis of their location, whereas QSM solves this problem by convolving
dipole fields [216,217]. Background removal methods based on principles of sophisticated harmonic
artifact reduction for phase data (SHARP, also known as spherical mean value (SMV) filtering) and
projection onto dipole fields (PDF) are commonly employed. SHARP is based on a theory similar to
shimming, in that static magnetic fields and the corresponding phase maps are represented by harmonic
functions. In regions of inhomogeneous susceptibility, the field will be non-harmonic, and background
fields that are harmonic are eliminated from the phase data by subtraction [213,218]. The PDF method
removes background fields by comparing the magnetic fields of dipoles inside a region of interest with
those directly outside [219,220]. Alternatively, Laplacian boundary values can be used, which are based
on a finite difference scheme [221]. However, quantifying an arbitrary distribution of susceptibility
from the phase signal is challenging and poses an inverse problem whereby effects are first calculated
from which parameters or causes are then determined, resulting in a noise amplification of the ensuing
signal. The inversion problem can be solved with calculation of susceptibility through multiple
orientation sampling (COSMOS). However, this method requires the acquisition of multiple head
orientations, which is time-consuming and impractical for clinical use [222,223]. Morphology-enabled
dipole inversion, or MEDI, will match the boundaries of each dipole with those observed in the
T2*-weighted magnitude images [222]. Quantitative susceptibility and residual mapping (QUASAR)
accounts for biophysical frequency contributions, which acknowledges that the notion that the local
Larmor frequency is affected by the static field perturbations related to tissue susceptibility, as well as
the magnetic field, chemical shifts, directional alignment of axons, and energy exchange between water
and macromolecules [224]. Alternatively, some algorithms solve the entire equation within a single step
by incorporating SHARP principles with simultaneous total generalized variation (TGV)-regularized
dipole inversion [225,226]. Similarly phase removal using the Laplacian operator (HARPERELLA)
simultaneously combines phase unwrapping and background removal [227]. These methods comprise
tool boxes that are largely available in Matlab or Python (see [228] and the references therein).

The clinical potential of QSM lies in its sensitivity to variations in iron stored in ferritin and
hemosiderin, lipids and calcium, levels of differential oxygenation-saturation present in venous blood,
and identification of sub millimeter white matter microstructure [229–231]. Further, QSM has been
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shown to be superior to T2* in parcellations of the STN, which could translate into better visualization
and targeting for DBS [223,228,232]. T2 relaxometry has been shown to predict motor outcome in
some PD patients with STN DBS, where patients who have low T2 values may fail to show a clinical
benefit [233]. It is possible that this can be explained by the fact that patients with low T2 relaxometry
will have less contrast between the STN and the surrounding tissue, hindering the accurate visualization
and targeting of the structure, which could be solved by employing QSM. However, QSM obtained
during a scanning session is still experimental and under development. Further, there are many
competing post-processing methods for creating QSM images, which makes translation challenging.

12. Complications Unrelated to Pre-Operative Planning

Lastly, we would like to mention that while this paper specifically refers to suboptimal placement
of DBS leads due to the limitations of neuroimaging, negative outcomes of DBS application can arise
independently of planning procedures and surgical expertise. For example, neurosurgery has been
linked to brain deformation and shift, changes in cerebral spinal fluid volume, and intracranial pressure,
which may induce spatial variability both during the surgery and cause a shift in the implanted lead
location during recovery [27,234]. Similarly, DBS surgeries are associated with infection (mostly found
in the chest and connector) [235]; reactive gliosis and gliotic scarring [236]; hemorrhage either during
the surgery or delayed (in less than 5%) [237]; and, although rare, cerebral pneumocephalus [238].
In all these cases, the DBS system may require reimplantation, replacement, or removal.

13. Conclusions

In this paper, we have discussed some of the differences in current clinical MRI practices with
optimized and UHF-MRI methods commonly employed in research environments. Clinical MRI
hinges on weighted imaging with anisotropic voxel sizes and maintaining short acquisition, therefore
being limited in signal and resolution. These current clinical practices are FDA-approved and are
therefore deemed acceptable for neurosurgical purposes. However, the presence of side effects and
non-responding patients nonetheless exist. Optimized 3 T and UHF-MRI tend to incorporate isotropic
high-resolution imaging with quantitative and susceptibility-based contrasts for better visualization
of deep brain structures, which, however, require more complex pre-processing and longer scan
durations. The limitations incurred regarding reduced signal in clinical MRI and increased acquisition
time with optimized 3 T can be largely overcome with the use of UHF-MRI. However, many of the
image registration, correction, and post-processing techniques will typically require expertise that is
outside the realm of traditional clinical settings. Importantly, the use of UHF-MRI and alternative
contrasts such as QSM can only be implemented once pre-operative planning systems allow for their
compatibility, which will require further FDA approval, not only for the MRI system but also for
specific sequences. Additional approval for clinical use may be required for pre- and post-processing,
such as the algorithms used for registration or calculation of quantitative maps.

We therefore propose that where UHF-MRI is not accessible, higher quality imaging can be
obtained with optimized 3 T, although this will take longer than is perhaps clinically feasible for
patients with severe movement disorders. Continued direct collaboration and combined efforts between
fundamental neuroscience researchers and clinicians will be essential for the development of optimized
3 T and UHF-MRI in the pre-operative planning process for DBS of the STN in PD. Multi-site clinical
trials can facilitate the optimization and validation of certain sequences. Sequences with identical
parameters should be compared on identical MRI systems and different sites to ensure harmonization
and reliability, as well as to validate the desired sequences. Rates of deviations between planned and
actual target locations should be compared across vendors and systems as well as across sequences.
Similarly, access agreements to work-in-progress protocols from MR vendors would facilitate the
development and optimization of sequences, and would open access to underling algorithms and
adjustable parameters within to pre-operative planning software vendors (e.g., Medtronic, St. Judes,
Brainlab, Abott, Nextim, and Boston Scientific).
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Of note, while this paper focused specifically on the STN as the most popular target for DBS in
PD, alternative targets also exist (for example, see Figure 1). Some centers have long preferred the
internal segment of the globus pallidus, and more recent research is being conducted on the suitability
of alternate areas such as the ventral intermediate nucleus or the pedunculopontine nucleus for DBS
targets. For a more in-depth review, please see [10,239,240] and the references therein.
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Abstract: There is a debate on possible alterations of self-identity following deep brain stimulation
for neurological disorders including Parkinson’s disease. Among the psychological variables
likely to undergo changes throughout such a medical procedure, illness representations and
coping strategies have not been the target of much research to this day. In order to remedy
this, we investigated the dynamics of illness representations and coping strategies in an 18-month
longitudinal study involving 45 patients undergoing deep brain stimulation for idiopathic Parkinson’s
disease. Two research hypotheses were formulated and investigated through repeated measures
of ANOVAs and structural equation modelling with full information maximum likelihood and
Bayesian estimations. Representations of Parkinson’s disease as a cyclical condition and perception
of control over the disease diminished after surgery. Use of instrumental coping strategies was not
modified after deep brain stimulation. These changes were identified by SEM but not ANOVAs;
their magnitude was nevertheless relatively small, implying general stability in representations.
These findings suggest that psychological variables do not undergo major changes after deep brain
stimulation for Parkinson’s disease.

Keywords: deep brain stimulation; Parkinson’s disease; illness representations; illness perceptions;
coping strategies

1. Introduction

A chronic and degenerative condition without a widely available curative treatment, Parkinson’s
disease (PD) is characterized by a complex constellation of motor and non-motor symptoms [1,2].
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Preferential treatment targets motor symptoms and consists in substitutive dopaminergic therapy.
Yet, when disabling symptoms persist despite optimal medical treatment, patients may be proposed to
undergo deep brain stimulation (DBS), a stereotactic neurosurgical procedure during which electrodes
are implanted into strategic deep nuclei of the brain [3]. DBS results in rapid motor improvement,
in some cases immediately observable after the stimulation is switched on [4]. In addition, DBS allows
neurologists to drastically decrease patients’ dopaminergic medication, leading to a positive impact
on drug-induced motor and non-motor symptoms [5,6]. Beneficial effects on motor symptoms and
medication decrease for patients treated with DBS over those only treated with medication had large
size effects with a Cohen’s d approaching 1.35 in both cases [7].

As illustrated by the therapeutic objectives of DBS, there is a medical focus on motor symptoms
in PD that underscores the under-appreciation of health professionals and researchers regarding
non-motor symptoms [8]. This factual situation is nevertheless paradoxical as, in the long run, patients
consider non-motor symptoms as more disabling than motor symptoms [9]. In this regard, it should be
mentioned that recent research points out the importance to consider non-motor symptoms along with
motor symptoms in the development of future treatments such as closed-loop DBS [10]. Among the
numerous non-motor symptoms of PD identified in the literature, some are related to mental health
such as depression, apathy, anxiety, or hallucinations [1,8]. Although a leading treatment like DBS
provides moderate improvement (d ≈ 0.30) on variables related to mental health and quality of life [7],
it is unsurprising that a range of non-motor symptoms remain in the patients’ clinical picture even
after a medically successful DBS.

The paradox of patients experiencing a medically successful DBS, objectively assessed in measuring
the pre/post-operative difference of motor functioning, but nevertheless, a psychosocially unsuccessful
DBS characterized by dissatisfaction regarding the everyday life was pictured as a ‘burden of health’
by Burkhard et al. [11]. Progressively, the concept of social or psychosocial adjustment has emerged
as a pivotal theme in the post-DBS rehabilitation of PD patients [12,13]. More recently, a study has
provided empirical data supporting the beneficial effects of designing specific rehabilitation programs
based on psychosocial adjustment [14]. In this context, researchers have suggested that the burden
of normality, a model of psychosocial adjustment initially developed for epilepsy surgery [15,16],
could relevantly describe the ins and outs of psychosocial adjustment difficulties throughout the
DBS process provided that characteristics inherent to PD (e.g., symptoms continuing to develop
post-surgery) are taken into account [17–19]. Among the various difficulties listed in the burden
of normality regarding the post-surgical adjustment process, patients may encounter psychological
changes and notably feelings of self-transformation [16]. In PD, patients have indeed reported
identity-related complains following DBS surgery, such as feelings of strangeness, loss of body control
and dehumanization [12,20–23], which were associated with life adjustment difficulties. As patients
undergoing DBS for PD expect improvement of their motor symptoms, unexpected side effects of
brain surgery leading to psychological changes would constitute, in addition to adjustment problems,
an ethical issue: Indeed, such involuntary changes would possibly induce more harm than benefits and
therefore be experienced negatively because they are undesired [24–26]. In a recent literature review,
Gilbert et al. [27] have nevertheless pointed out the lack of empirical data supporting changes after DBS
in variables that could labelled ‘psychological’ such as personality, self-identity, agency, authenticity
and autonomy. This publication has given rise to a scientific debate that is still ongoing [28,29].
Among similar psychological types of variables, neither illness representations nor coping strategies
have been widely studied in the context of DBS, notably for PD.

Both illness representations and coping strategies are psychological constructs pivotal to
understand the dynamics that are in play in the patients’ subjective perception of their clinical condition.
The common sense model [30,31] indeed posits that internal or external stimuli (e.g., appearance
of clinical symptoms) generate cognitive and emotional representations of what is associated with
a potential danger (e.g., an illness). These representations are addressed with coping strategies,
whose efficiency in the symptom/illness management is appraised, leading to possible changes to better
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adapt the situation. Thus, patients’ subjective representations of their illness are closely intertwined
with the way they attempt to cope with the stress related to their clinical condition, as both illness
representations and coping strategies are likely to be modified depending on the perceived outcome on
health [30–32]. From this perspective, one may wonder whether DBS could constitute a life experience
disruptive enough to elicit psychological changes in patients; such kinds of changes would besides
have a potential impact on psychosocial adjustment as illness representations and coping strategies
have been associated to a variety of adaptive and maladaptive outcomes in terms of well-being and
social functioning [33].

To our knowledge, no research has been published on the illness representations of patients
undergoing DBS for PD. Nevertheless, based on the common sense model, one might expect that
DBS would bring in changes in patients’ feelings of personal control over their symptoms. Indeed,
in advanced PD, patients look to gain a certain degree of control over their symptoms, including motor
and non-motor fluctuations, by managing themselves medication intake [12,22,34–37]. Yet, DBS requires
active and regular neurologist intervention to adjust stimulation parameters to PD continuous
development, which might lead patients to experience feelings of increased dependence on external
intervention in their postsurgical disease management. In line with this, one may wonder whether DBS
would lead patients to consider PD as more cyclical with regard to the regular search for stimulation
adjustment. On the other hand, it is likely that PD would remain identified as such and associated with
severe consequences despite the motor improvement brought in by DBS, as the diseased continues to
develop and is frequently associated with psychosocial symptoms [20,23,38].

In contrast, a limited number of studies have longitudinally addressed coping strategies before
and after surgery, yielding contradictory findings. While some found that patients use more frequently
instrumental coping strategies (i.e., task-oriented responses, such as looking for information or for
efficient treatment) before than after surgery [14,39,40], others noted that coping strategies were
not employed differently over this period [41]. When observed, changes in coping strategies were
associated with patients’ situation regarding their illness. Those about to undergo surgery or who
could possibly be treated by DBS in the future sought out further information on this procedure,
hence a more frequent recourse to instrumental strategies. Yet, patients already operated appeared to
be concerned by new life issues and, accordingly, adjusted their ways of coping; they nevertheless kept
using more instrumental strategies than those not selected for DBS, who employed predominantly
emotional coping strategies (e.g., avoidance, emotional preoccupation) [39,40].

In light of the above, the present study aimed to address, at least partially, the current lack of
empirical data regarding potential changes in the psychological experience of patients undergoing
DBS highlighted by Gilbert et al. [27]. This study focused on two specific aspects, namely illness
representations and coping strategies, in patients treated with DBS for idiopathic PD through an
18-month longitudinal investigation. Taking limitations of our methodological design into account,
we decided to preferentially test hypotheses underlying potential pre/post-DBS changes. Thus, based on
the existing literature, we assumed that patients should consider PD after surgery as more cyclical
and less controllable in comparison with the pre-DBS period (Hypothesis 1). Second, as all patients
included in the study knew that they were about to undergo surgery, they should have resorted to
instrumental strategies more frequently before DBS than after (Hypothesis 2).

2. Materials and Methods

2.1. Procedure

Forty-five patients diagnosed with PD and treated at the Geneva University Hospitals were
included between 31 January 2013 and 8 June 2017 in a global study investigating the possible
determinants of quality of life after DBS. The study procedure consisted in filling out a series of
self-reported questionnaires 2 weeks before DBS surgery (T0), as well as 6 (T1), 12 (T2) and 18 (T3) months
after. Inclusion criteria were a DBS medical indication for idiopathic PD collaboratively established by
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senior neurologist, neurosurgeon, neuropsychologist and consultation-liaison psychiatrist; a sufficient
French level to read and understand a series of self-administered questionnaires; and agreement to sign
a consent form. Participation was proposed to all patients clinically accepted for DBS, which includes
capacity of discernment, and all participants agreed with the study procedure.

The present study received approval from the Canton of Geneva ethics committee under the
registration number 14-182.

2.2. Participants

At study inclusion, patients were aged 60.6 ± 8.6 years and most of them (60.0%) were males.
The majority (66.7%) had been in a couple relationship for a long time (on average 33.1 ± 13.0 years),
and 71.4% had children (1.5 ± 1.2 on average). Patients had a school background of 12.1 ± 5.3 years
and had been diagnosed with PD for 9.8 ± 4.0 years. Patients score at the third part of the Movement
Disorder Society Unified Parkinson’s Disease Rating Scale (MDS-UPDRS), a clinician-administered
measurement of motor functioning standard in PD, was 21.105 ± 11.347 at T0, 11.419 ± 7.244 at
T2 (corresponding to a 45.9% improvement), and 14.720 ± 6.921 at T3 (corresponding to a 30.3%
improvement compared to T0). No measure was available at T1, post-DBS scores correspond to an
on-medication and on-stimulation condition.

2.3. Instruments

The revised version of the Illness Perception Questionnaire (IPQ-R) [42] assesses attributes of
illness representations based on the common sense model of Leventhal et al. [30,31]. This instrument
proposes a self-evaluation of the main attributes defined by the common sense model, that is the identity
of the illness (i.e., the observed symptoms, which may form a label—typically, the name of a disease),
the possible causes of the illness, the timeline defining an acute, chronic or cyclic perception of the
illness course, the consequences of the illness on daily living, the representations of the controllability
or curability of the illness, the perception of the illness as a more or less coherent entity, and the
emotional impact of illness representations. For the specific need of this study, we focused on two
types of illness representations, namely cyclical timeline and curability/controllability.

The IPQ-R proposes scales to measure separately each of these attributes. Timeline is assessed
with one scale whereas curability/controllability is evaluated with two scales (i.e., personal control and
treatment control). These scales are designed with Likert-type items proposing five response possibilities
(score range per item: 1–5). Test-retest reliability for the two illness representations considered in this
study (i.e., cyclical timeline, and personal control and treatment control) showed mixed stability at
3 weeks (correlations from 0.46 to 0.72) and 6 months (correlations from 0.35 to 0.57) [42]. A version of
the scale in French language is available on its official website (http://www.uib.no/ipq/).

The Brief COPE [43] is a questionnaire assessing 14 coping strategies with two items for each,
leading to a total of 28 items. Coping strategies are evaluated using four-point Likert scales. The score
range for each coping strategy is 2–8, with high scores indicating frequent use of the strategy in
question. In order to investigate the use of instrumental coping strategies before and after DBS
(Hypothesis 2), we created a composite variable by adding the scores of three subscales of the Brief
COPE, namely active coping (e.g., item 7: “I’ve been taking action to try to make the situation better”),
use of instrumental support (e.g., item 10: “I’ve been getting help and advice from other people”),
and planning (e.g., item 25: “I’ve been thinking hard about what steps to take”). This composite
variable had a score range of 6–24, with higher scores suggesting greater use of instrumental coping
strategies. Like the IPQ-R, internal reliability of the Brief COPE scales was mixed with correlations
ranging from 0.50 to 0.90 [43].

2.4. Statistical Analyses

After computing descriptive statistics for all variables of interest, we attempted to test our two
hypotheses by a series of inferential analyses. As these hypotheses were all based on mean comparisons,
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we initially conducted repeated measures analyzes of variance (rANOVA). Yet, ANOVA deals with
missing data through pairwise or listwise deletion, which increases the likelihood to lose information
on participants notably in a longitudinal design. For this reason, we ran additional analyses with
structural equation modelling (SEM), a statistical method offering better options with regard to missing
data. Three nested models were built for model comparison, namely; a level model assuming no
change between before and after DBS (i.e., T0 = T1 = T2 = T3); a step model assuming a change between
before and after DBS (i.e., T0 � T1 = T2 = T3), and; a model allowing a free slope estimation so that
possible changes within post-DBS measurement times can be taken into consideration. This procedure
was repeated to address each research hypothesis.

In the present study, the initial sample size (n = 45) increases to a potential n = 180 because of its
longitudinal design comprising four measurement times. Although SEM is generally used with larger
sample sizes, it can be applied to smaller samples starting from 30 depending on the model tested [44].
Notably, Bayesian estimation has been found adapted to small samples [45,46]. Thus, we conducted
SEM analyses by comparing models estimated; first, with the traditionally used full information
maximum likelihood (FIML) and; second, with Bayesian estimation of probability. In order to assess
the latter, we examined the following attributes: convergence statistic (acceptable if < 1.002), trace plots
stability, convergence in the comparison of first and last third of each parameter’s posterior distribution,
stability of autocorrelation plots, and comparison of value estimates with those obtained from FIML
analyses. In addition, we provided the deviance information criterion (DIC) and the effective number
of parameters (enp) in tables.

All statistical analyses were conducted with IBM SPSS Statistics version 25.0 (IBM Corp., Armonk,
NY, USA) and IBM SPSS Amos version 25.0 (IBM SPSS, Chicago, IL, USA). A significance threshold of
0.05 was adopted for inferential statistics. All the data were normally distributed.

3. Results

Hypothesis 1. We tested this hypothesis by using three illness representations variables, that is cyclical timeline,
personal control and treatment control.

First, cyclical timeline representations of PD were stable between pre- and post-DBS assessments
as showed by a rANOVA, F (2.025, 32.397) = 0.867, p = 0.431, η2 = 0.020, ω2 = 0.000. Because of
sphericity violation (Greenhouse-Geisser ε = 0.675), we used Greenhouse-Geisser correction to interpret
the analyses.

In contrast with the rANOVA above, SEM analyses showed that patients perceived PD as less
cyclical after surgery than before, as demonstrated with significant global mean slope changes in both
the step (b = −1.482, SE = 0.536, p = 0.006) and the free (b = −0.556, SE = 0.235, p = 0.018) models.
The latter model showed a significant change between T0 and T1 (b = 3.122, SE = 0.523, p < 0.001) with
an effect size (d = 0.540) estimated as medium to large according to the criteria of Cohen [47]. In FIML
estimation, the free model obtained the best statistical fit to the data as depicted in Table 1; yet using
Bayesian estimation the step model was better adjusted. Considering that the magnitude of the T1-T2
change was, although significant, very small (b = 2.804, SE = 0.528, p < 0.001, d = 0.053), our data
suggest that the change toward less cyclical representations of PD after DBS does not reinforce but
stabilizes in the later post-surgical assessment sessions.

Second, patients did not report change in their representation of personal control over PD between
pre- and post-DBS assessments as showed by a rANOVA, F (3, 48) = 0.044, p = 0.987, η2 = 0.001,
ω2 = 0.000. Because of sphericity violation (Greenhouse-Geisser ε = 0.867), we used Huynh-Feldt
correction to interpret the analyses.

In the SEM analyses, although the three tested models showed good statistical fit (see Table 2),
the step model was significantly better than the level, suggesting that representations of personal
control over PD decreased after surgery (b = −1.393, SE = 0.627, p = 0.026). The free model specified
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that this diminution had a small to medium effect size in the DBS pre-post transition (βT1 = 1.776,
SE = 0.687, p = 0.010, d = 0.267) and continued after surgery, albeit with a much smaller amplitude,
βT2 = 2.026, SE = 0.774, p = 0.009, d = 0.039. Bayesian analyses were adequate for all models, except for
the slightly unstable autocorrelation trace plots of the free model.

Third, patients did not report change in their representations of treatment control on PD between
pre- and post-DBS assessments as showed by a rANOVA, F (2.197, 35.146) = 0.1.195, p = 0.318,
η2 = 0.001, ω2 = 0.000. Because of sphericity violation (Greenhouse–Geisser ε = 0.732), we used
Greenhouse–Geisser correction to interpret the analyses.

In the SEM analyses, the free model best fitted the data, as shown in Table 2, with significant
mean slope change (b = −0.312, SE = 0.145, p = 0.030) and interindividual variability (b = −1.066,
SE = 0.411, p = 0.010). This suggests that treatment control was perceived as weaker after DBS than
before. Yet, slope estimations were not significantly different from 0 at any specific measurement
session; in addition, Bayesian analyses showed that the level and step models were better adjusted to
the data than the free. Overall, it implies that representations of treatment control did not undergo
significant changes over DBS surgery.

Hypothesis 2. Recourse to instrumental coping was stable over the pre- and post-DBS period, as showed
by a rANOVA, F (23, 51) = 2.774, p = 0.051, η2 = 0.032, ω2 = 0.007. Because of sphericity violation
(Greenhouse–Geisser ε = 0.851), we used Huynh–Feldt correction to interpret the analyses.

In line with this and as summarized in Table 3, the three models designed through SEM did
not differ significantly from one another and were very similar in terms of fit indices. However,
the Bayesian solution for the free model was not adequate, contrary to these of the level and the step.
Detailed analyses of the step model showed that the global mean slope did not change significantly
(b = −0.562, SE = 0.501, p = 0.262).
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4. Discussion

In this study, we attempted to provide empirical evidence on the question of whether DBS may
induce psychological changes using an empirical, inferential approach with patients diagnosed with
idiopathic PD. To this end, we targeted two specific variables, namely illness representations and
coping strategies.

Based on the existing literature, we had expectations of various kinds of change that DBS
would bring in as formulated in two research hypotheses. Yet, globally, our results did not provide
confirmation of these expected changes. The first hypothesis, related to illness representations,
was partly invalidated as PD was perceived as less cyclical after surgery than before, although patients
had lower representations of personal control on PD post-surgically, this latter finding being expected.
Regarding the second hypothesis, we observed that the use of instrumental coping strategies was not
modified by DBS, which invalidates our initial assumption.

These results suggest that PD remains globally perceived as the same medical entity after DBS,
despite the important reduction of motor symptoms induced by brain surgery. Patients’ representations
of control on PD decreased after surgery, and this was notably the case for personal control. The notion
of control is ethically important as it is associated with autonomy, which, in this context, relates to
the patient’s right to decide about his/her treatment [26]. In this regard, feelings of self-estrangement
reported from testimonies of operated patients were associated with the impression of losing the
control over one’s emotions and capabilities [48]. More generally, a loss of personal control in illness
management was expected as it has been well illustrated by testimonies of operated patients [12,49].
In terms of adjustment, this is problematic as subjective perception of control over a chronic disease
was associated with adaptive outcomes [33]. This association was notably established in PD patients
not treated with DBS [50]. It was however surprising to observe a diminution in representations of
treatment control of PD—although this was weak and suggests that, globally, perceptions of treatment
control remain similar before and after surgery. One might have indeed imagined that the necessity
to rely on neurologists to adapt stimulation parameters would have led to an impression that health
professionals may manage the disease efficiently. Possibly related to this latter issue, patients had a
less cyclical representation of PD after DBS than before. This suggests that regular appointments with
a neurologist to adapt stimulations parameters are not sufficient to create a cyclical representation of
PD; however, stabilization of motor fluctuations induced by DBS surgery [51] may have instilled the
feelings of a medical condition having become less cyclical after surgery. Representations of PD as
becoming more stable after DBS may be related to better psychological well-being, as it was measured
in non-DBS patients diagnosed with PD [52].

Finally, we found that use of instrumental coping strategies to deal with stressful situations was not
reduced after DBS. This result, which adds to some previous findings [41] but stands in contradiction to
others [14,39,40], suggests that DBS does not deeply modify strategies of stress management, the latter
being not exclusively dependent on situational issues (e.g., intensity of motor symptoms before vs.
after DBS).

Overall, the findings of this study highlight the stability in illness representations and coping
strategies throughout the DBS process and rehabilitation. Although significant changes were found
here and there, their magnitude was generally small. The only notable exception was representations
of PD as being less cyclical after DBS than before. Yet, even in this specific case, magnitude of change
should be interpreted with caution. For instance, the implied mean at T0 retrieved from the free model
was 13.515 and that at T1 was 11.779. As representations of cyclical timeline are assessed in the IPQ-R
with four items, these means correspond to an item mean score of 3.379 at T0 and 2.945 at T1. In other
words, representations of cyclical timeline remain around a mean item score of 3 corresponding to a
“neither agree nor disagree” response anchor at each measurement time. Thus, even significant and
with a medium to large effect size, changes in representations of cyclical timeline remain globally stable
over the DBS process and should not be associated with a major alteration in patients’ perception of
PD. Interestingly, these small changes were all identified by a critical examination of both FIML and
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Bayesian estimations in SEM, a method that does not suppress missing data from analyses; on the
contrary, rANOVA analyses did not find any significant difference between measurement sessions.
Methodologically, this observation implies that SEM remains discriminant with small-size samples,
which is a scenario likely to happen frequently in heavy medical situations such as DBS surgery.

Our results should be considered with caution because of limitations inherent to the study design.
First, illness representations and coping strategies are not representative of all psychological aspects
of the DBS experience. Besides, we decided to focus our analyses on a limited number of illness
representations and coping strategies, based on assumptions from the literature and methodological
limitations of our experimental design; it remains nevertheless possible that other kinds of illness
representations and coping strategies are significantly altered after DBS. Finally, the findings of the
current study stand for patients undergoing DBS for PD; it cannot be ruled out that individuals treated
with DBS for other medical conditions would experience different outcomes regarding the variables
investigated in this research.

5. Conclusions

In conclusion, our study suggests that DBS does not induce major psychological changes as
measured in terms of illness representations and coping strategies. These conclusions are in line with
those of Gilbert et al. [27], who pointed out the lack of current empirical data showing significant
changes in personality, self-identity, agency, authenticity, autonomy and self after DBS. Yet, we advocate
that future studies continue exploring how psychological variables may impact the acceptation process
of life with DBS. In this regard, the burden of normality model may be useful to identify and address
the non-motor issues occurring after DBS in PD patients [17]. In addition, and as illustrated in
a recent qualitative study [53], considering data related to psychological aspects before surgical
implantation may be predictive of post-operative outcome. This implies that a complete psychological
assessment taking place before surgery would help clinicians identify risks of developing post-surgical
psychosocial complications.
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Abstract: Despite being introduced in clinical practice more than 20 years ago, selection criteria for
deep brain stimulation (DBS) in Parkinson’s disease (PD) rely on a document published in 1999
called ‘Core Assessment Program for Surgical Interventional Therapies in Parkinson’s Disease’.
These criteria are useful in supporting the selection of candidates. However, they are both restrictive
and out-of-date, because the knowledge on PD progression and phenotyping has massively evolved.
Advances in understanding the heterogeneity of PD presentation, courses, phenotypes, and genotypes,
render a better identification of good DBS outcome predictors a research priority. Additionally,
DBS invasiveness, cost, and the possibility of serious adverse events make it mandatory to predict as
accurately as possible the clinical outcome when informing the patients about their suitability for
surgery. In this viewpoint, we analyzed the pre-surgical assessment according to the following topics:
early versus delayed DBS; the evolution of the levodopa challenge test; and the relevance of axial
symptoms; patient-centered outcome measures; non-motor symptoms; and genetics. Based on the
literature, we encourage rethinking of the selection process for DBS in PD, which should move toward
a broad clinical and instrumental assessment of non-motor symptoms, quantitative measurement of
gait, posture, and balance, and in-depth genotypic and phenotypic characterization.

Keywords: Parkinson’s disease; deep brain stimulation; selection; levodopa; axial symptoms;
non motor symptoms; genetics

1. Introduction

Despite having being introduced in clinical practice more than 20 years ago, selection criteria
for deep brain stimulation (DBS) as an effective treatment for advanced Parkinson’s disease (PD)
still rely on the ‘Core Assessment Program for Surgical Interventional Therapies in Parkinson’s
Disease’ (CAPSIT-PD) published in 1999 [1]. These criteria were primarily designed to facilitate
clinical research, harmonizing the cohorts of clinical trials. However, most of the indications provided
in the CAPSIT-PD document were introduced as guidance into the clinical practice of DBS centers
worldwide, being extremely useful in supporting the selection of candidates [2]. Twenty years later,
these indications could be considered both restrictive and out-of-date, because the knowledge on
PD progression, phenotyping, and genotyping has strongly evolved over the last 20 years. Indeed,
according to CAPSIT-PD, only 1.6% of PD subjects would be eligible for DBS, rising to 4.5% when
applying more flexible criteria [3].

Moreover, a growing number of studies have reported novel data on the outcome of DBS in the
short- and long-term follow-up and proposed predictors of DBS response [4,5]. However, evidence on
how to improve and refine the selection process based on these insights for candidates to DBS is still
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lacking. Finally, despite the consolidated efficacy of DBS in improving PD cardinal symptoms and
motor complications, the factors predicting a successful outcome on activities of daily living (ADL)
and quality of life (QoL) have been addressed only by a few studies so far [6].

Advances in understanding the heterogeneity of PD presentation, courses, phenotypes,
and genotypes impose a better identification of DBS candidates as a research priority. Additionally,
DBS invasiveness, cost, and the possibility of serious adverse events make it mandatory to predict
as accurately as possible the clinical outcome when informing the patients about their suitability
for surgery.

Here, we appraised the DBS pre-surgical assessment for PD starting from the original CAPSIT-PD
document and addressed the following topics which may impact on the selection process: early versus
delayed DBS; the evolution of the levodopa challenge test; the relevance of axial symptoms; new focus
on patient-centered outcome measures; the relevance of non-motor symptoms; and a new role for
genetics. Our main aim was to highlight current pitfalls and potentialities in the DBS selection process,
stimulating future randomized control trials (RCT) to address specific needs.

2. Early Versus Delayed DBS: How Early?

2.1. The Standard Rule

The CAPSIT-PD document recommended that a patient considered for interventional surgery
should have a diagnosis of idiopathic PD and a minimum disease duration of five years [1].
These requirements were developed to exclude people with atypical parkinsonism, given the absence
of benefits and the risk to harm patients with no idiopathic PD [7].

2.2. Pros and Cons

The concept of a five-year disease duration has been challenged upon the results of a large RCT
published in 2013 (the EARLY-STIM trial) [8]. In this trial demonstrating the superiority of subthalamic
(STN) DBS compared to medical therapy alone, patients were included when having a PD diagnosis of
≥4 years, and fluctuations or dyskinesia present for four years or less [8].

The EARLY-STIM trial endorsed a conceptual change about the use of DBS for PD favoring a
paradigm shift from DBS as the last therapeutic option for advanced disease stages toward an earlier
approach for patients experiencing motor complications. This paradigm change is based on three
relevant points: (1) the confirmation of DBS safety over the years, even in the long term; (2) the great
efficacy of DBS in improving the QoL of patients, even superior to levodopa alone [9]; (3) an earlier
intervention could preserve functional capacity. The evidence of efficacy provided by the EARLY-STIM
trial led the U.S. Food and Drug Administration (FDA) to extend the DBS indication to patients with a
four year PD diagnosis in the presence of at least four months of uncontrolled motor complications [10].

The EARLY-STIM trial has triggered discussion as to whether its findings should be translated into
clinical practice [11]. Firstly, the shorter disease duration at the time of surgery might pose the risks of
including subjects with atypical parkinsonism for which the five-year rule has been developed for
CAPSIT-PD. However, in the EARLY-STIM cohort, the mean disease duration of the surgically-treated
group was 7.3 ± 3.1 years and only three cases (0.8% of the cohort) were re-diagnosed as non-idiopathic
PD eight years after the first randomization and approximately 15 years after diagnosis [12]. However,
it should be noted that the issue of a shorter disease duration at the time of surgery might mirror a
greater and faster burden of disability which is also associated with specific genotypes associated
to PD, such as severe and complex glucocerobrosidase (GBA) gene variants [13], which have been
associated to poor DBS functional outcome [14].

A related matter is the difficulty in predicting the trajectory of disease progression at such an
early stage, either for more benign or rapidly progressing phenotypes [15], with the consequent risk of
referring to surgery patients whose motor fluctuations could remain mild for a long time, or vice-versa,
those who may develop symptoms non-responsive to DBS and severely impacting ADL and QoL.
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However, when looking carefully into the EARLY-STIM cohort, all patients had experienced either
motor or psychiatric disability due to PD. Accordingly, further analyses on this population have
demonstrated that STN-DBS was successful in improving freezing of gait (FoG) in OFF medication
condition [16], which affected 52% of the patients at baseline. Remarkably, behavioral complications
linked to dopaminergic overmedication had a better outcome in the neurostimulation group [17].

How early should DBS be considered in PD? A pilot open label study on 28 patients suggested
to consider DBS even earlier, before motor complications arose [18]. However, despite long term
follow-up data on the same cohort [19], the impact of early surgical intervention in such earlier stages
is still unknown and should be carefully interpreted including the risks we mentioned above but also a
presumptive neuroprotective effect [20]. Finally, it should be taken into account that DBS (STN-DBS
in particular) allows a reduction in dose of dopaminergic therapies in most patients [21]. Although
favoring the improvement of dyskinesia, the reduction in antiparkinsonian drugs could have role in
improving impulsive-compulsive behaviors and obsessive-compulsive and paranoid traits [22,23].

2.3. Recommendations

There is evidence for an earlier use of DBS as a treatment option to improve patients’ QoL and early
levodopa-responsive axial symptoms, while minimizing the psychiatric consequences of overtreatment.
Long-term results from the EARLY-STIM trial would allow the better defining of which PD features
are associated to a long-term successful outcome. However, there is not enough knowledge on how
early into the disease history DBS should be considered, given the paucity of published data and the
current lack of knowledge on how to predict disease progression and DBS response in such early
stages. We recommend considering each case singularly, according to the patient’s phenotype, age,
needs, and expectations in patients whose symptoms significantly impact ADL and QoL despite a
reasonable number of attempts to provide the best medical therapy.

3. The Evolution of the Levodopa Challenge Test

3.1. The Standard Rule

The second recommendation of CAPSIT-PD is dopaminergic responsiveness confirmed by a
levodopa/apomorphine challenge test (LCT). Accordingly, the test has to demonstrate at least a 33%
decrease in the Unified Parkinson’s Disease Rating Scale (UPDRS) part III score in the “defined-on
condition” (best therapeutic effect after medication agreed by patient and physician) compared to the
“defined-off condition” (at least 12 h after receiving the last medication dose).

3.2. Pros and Cons

The threshold of 33% for UPDRS improvement is considered relevant to rule out possible
misdiagnoses (i.e., identifying atypical parkinsonism for which DBS is not recommended). The LCT
is also important to inform the possible outcome of surgery, showing the likely extent of symptom
improvement after surgery, and to establish realistic expectations from DBS [24]. Indeed, it is generally
accepted that symptoms improving with levodopa are likely to respond to DBS [25]. However, there
are some exceptions and caveats to these widely accepted concepts. Firstly, levodopa-resistant tremor
represents one of the indications of DBS, even in the absence of disabling motor fluctuations [26,27],
given its excellent effect in controlling or even suppressing tremors, regardless of the deep nuclei
targeted [28].

Another relevant challenge related to the LCT is the cut-off of 33%. This value has been validated by
a study based on its ability to predict chronic levodopa responsiveness, with a positive predictive value
for the PD diagnosis of 88.6% [29]. Notably, the Movement Disorders Society (MDS)-sponsored UPDRS
scale introduced in 2008 has some differences in the scoring of the part-III (motor part), and a study
analyzing the MDS-UPDRS scores with the old UPDRS [30] ones after an acute LCT found an excellent
correlation between the two scales, with the 30% UPDRS score variation used for predicting sustained
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long-term levodopa response equivalent to 24% in MDS-UPDRS [31]. However, data from STN-DBS
clinical trials seems to indicate that an excellent response to levodopa (i.e., >50% UPDRS part-III
improvement) could be associated with a better DBS motor outcome [32]. A meta-analysis published in
2006 on the STN-DBS outcomes supports this hypothesis, demonstrating that the magnitude of decrease
in both UPDRS part-II and part-III scores exhibits a dose–response relationship with the presurgical
response to the levodopa challenge test [33]. However, it is unknown whether the magnitude of
response at the LCT may predict better ADL and Qol after DBS. Moreover, the relevance of axial
symptoms as a source of disability, their heterogenous response to dopaminergic therapies, and their
influence on the trajectory of the PD course put in light further considerations on the usefulness of the
presurgical LCT simplistically considered as a >30% motor response.

3.3. Recommendations

We recommend using LCT as a key tool to obtain relevant presurgical information on the patient’s
status and the possibility of improvement after DBS. However, the rule of UPDRS part-III improvement
>30% should not be strictly applied. Although patients affected by disabling dopa-resistant tremor
could represent an exception to this rule, improvement >50% can be associated with greater overall
benefit in most patients. The LCT response of disabling axial symptoms, such as FoG, is important and
should be weighted independently from the percentage UPDRS part-III total score improvement.

4. The Relevance of Axial Symptoms: How Sensitive Is Current Clinical Assessment?

4.1. The Standard Rule

The term ‘axial symptoms’ is commonly referred to as a group of PD motor features encompassing
gait impairment, postural instability, postural abnormalities, and speech disorders, especially dysarthria
and stuttering. These are a major source of disability because they are associated with reduced mobility,
communication difficulties, recurrent falls, and subsequent injuries [34]. Moreover, they are markers of
advanced disease and are often resistant to dopaminergic therapies or exhibit an heterogenous pattern
of response to levodopa [35]. There are no precise indications on how to consider these symptoms and
their pre-surgical response to levodopa in the clinical practice.

4.2. Pros and Cons

The evidence on the effect of DBS on axial symptoms is controversial. A meta-analysis published
in 2004 showed that one year after surgery, STN-DBS or globus pallidus pars interna (GPi) DBS
can improve gait and balance symptoms, with an effect size similar to the preoperative effects of
dopaminergic medication [36]. However, the improvement provided by DBS seems not sustained over
the years. Evidence for axial symptom progression, despite a good control of PD appendicular motor
symptoms, has been shown in open-label, long-term follow-up studies, although some extent of axial
improvement related to stimulation is reported in the first years after surgery [37–40].

The relevance of axial symptoms as a marker of disease progression was disclosed in a cohort
of 143 PD patients treated with STN-DBS [5], in whom axial disability during the follow-up period
was strongly associated with an increased risk of death (hazard ratio of 4.3), proving to be the most
accurate mortality predictor, even superior to the cognitive status.

Axial symptoms track disease progression and disability, therefore an accurate presurgical
evaluation of levodopa-responsiveness would be necessary for estimating the extent of response after
DBS. Indeed, worsening or amelioration after DBS of speech, posture and gait disorders is multifactorial
and depends upon clinical variables such as disease duration [16,41], the type of axial symptom (gait
often improves after DBS, speech may worsen as a stimulus-related side effect), their interplay with
dopaminergic medications [42,43], the brain target employed for DBS, the frequency [44,45] and
distribution of stimulation [46], and placement of active electrode contact [41].
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Levodopa-resistant axial symptoms are considered a relative contraindication for surgery [47];
however, the current pre-surgical clinical examination is unable to detect early axial signs which
may foster worse DBS outcomes. In particular, FoG evaluation poses great challenges, given the
episodic nature of this phenomenon and the complex relationship with dopaminergic medications.
Trunk postural abnormalities also represent a source of difficulty at the time of DBS selection (including
on which target to choose), because camptocormia and Pisa syndrome might be responsive to STN-DBS,
even with poor or no amelioration after LCT [48,49].

These difficulties which impact on the selection process might be overcome by integrating objective
evaluation involving kinematic analysis and wearable sensors to the pre-operative clinical examination.
Specifically, novel technological developments on wearable sensors for home-monitoring have the
potential to provide a measure of axial symptoms and their relation to levodopa intake in a naturalistic
way [50,51]. These technologies should be employed to detect early axial signs which might predict
worsening after DBS and assist the identification of the best candidates. Indeed, a study employing
kinematic assessment of gait demonstrated a correlation between presurgical levodopa response of
stride length and range of motion and FoG outcome after DBS [52].

4.3. Recommendations

The global burden of axial symptoms can be considered a proxy for disease stage because of their
correlation with disability and death. A fine-grained assessment of each axial symptom, the accurate
evaluation of their relationship with dopaminergic therapy, and the integration of technology outcome
measures into the clinical practice should favor a better understanding of candidates to DBS, with the
potential to predict their disease course and the probability to improve after DBS. Pending clinical trials
aiming at the evaluation of the effect of DBS on PD-related axial symptoms, we recommend to accurately
evaluate in clinical practice the presence, severity, and impact on patient’s daily life and independence
of axial symptoms before surgery, and discuss the weight of each symptom with the patient, clarifying
its poor, good, or indeterminate probability of improvement after DBS. Severe FoG and speech
issues, in particular, represent a potential challenge in the management of patients undergoing DBS,
while camptocormia and Pisa syndrome could have good chances of improvement and should not be
considered contraindications for DBS.

5. The Need for Patient-Centered Outcome Measures

5.1. The Standard Rule

From a regulatory point of view, the FDA and European Medicine Agency (EMA) request the
presence of motor fluctuations as a mandatory criterion for DBS indication in PD [10]. Reduction
in severity and frequency of motor fluctuations represents one of the most relevant achievements
obtained by DBS, which translates into the improvement of QoL revealed by randomized controlled
trials [8,53].

5.2. Pros and Cons

In CAPSIT-PD, it is recommended that the patients perform the self-reporting diary one week per
month during the three preoperative months, indicating the presence of four conditions: complete
OFF, partial OFF, complete ON, and ON with dyskinesias [1]. However, these measures are highly
subjective, and wrong or missed entries may occur in about one third of cases—also when using
electronic motor diaries [54]. That is, objective home-based quantification by wearable sensors of PD
motor symptoms [55], including FoG [56], should be explored carefully in patients considered for DBS,
also with respect to the predictive value of these measures. Indeed, when it comes to predicting the
outcome of DBS in PD and patient-centered outcome measures are employed, some discrepancies arise.
Patient-centered outcome measures are represented by QoL, evaluated by the validated Parkinson’s
Disease Questionnaire 39 (PDQ-39) [57] or by its short form (PDQ-8) [58], and ADL functioning or

227



J. Clin. Med. 2020, 9, 3931

independence, typically measured by UPDRS part-II and the Schwab and England (S&E) scale [59].
The importance of measuring patient-centered outcomes relates to the discrepancy between the
judgment made in-clinic by the neurologist and the degree of satisfaction [60] and independence
obtained by the patient during daily life [54]. Two key factors may account for this discrepancy:
(1) motor symptoms observed by clinicians explain only a small part of the complex picture of PD,
which encompasses several non-motor symptoms; (2) the standardized tasks assessed during in-clinic
visits and the non-quantitative, non-continuous, non-ecologic in-clinic examinations may not represent
a comprehensive measure of the patient situation and condition during daily life. This last aspect is
true even when limiting the evaluation to motor symptoms, in particular episodic motor symptoms
such as FoG [61], which are not adequately captured during in-clinic standard assessments [54].

When it comes to analyzing determinants of improvement in QoL after STN DBS, a post-hoc
analysis of the EARLY-STIM trial found smaller QoL improvement at 24-months follow-up in patients
with better pre-surgical PDQ-39 scores [6]. Interestingly, patients with pre-surgical PDQ-39 scores ≤ 15
had no significant change in QoL following surgery. This finding is not meant to be caused by a
ceiling effect of STN-DBS to improve motor symptoms in the EARLY-STIM cohort, because the change
in QoL over the two years was independent of the severity of parkinsonian motor signs assessed
by UPDRS-III [8]. Accordingly, in another study analyzing a cohort of 85 PD patients treated with
DBS, the magnitude of motor symptom improvement with a pre-surgical LCT was only borderline
associated with improvement of QoL after DBS (p = 0.053) [62].

A systematic review [63] demonstrated that higher baseline QoL predicted larger QoL changes
after surgery in three out of four studies. The analysis of the 18 studies included in this review
yielded mixed results with respect to the predictive value of other clinical and demographical features.
There are two main explanations for such discrepant findings: (1) most of these studies were not
primarily designed to detect predictors of QoL change after DBS and results are influenced by the
main a priori hypothesis tested in each study; (2) factors contributing to QoL in PD include not only
motor disability but also non-motor symptoms [64], and the interplay between these domains might
be individualized and have a different weight in each subject. Moreover, among motor symptoms,
axial disability (and its response to therapies) might have a high impact, which has not been yet
explored carefully in regard to QoL or ADL outcome after DBS.

5.3. Recommendations

Future studies should be designed to capture predictors of QoL and ADL improvements after
DBS, taking into account the heterogeneity of the disease, the contribution of non-motor symptoms,
and the impact of axial symptoms. We recommend evaluating both the ADL and QoL of candidates
for DBS by means of validated scales (e.g., UPDRS part-II and PDQ-39 or PDQ-8) and carefully discuss
with patients the disease burden and their determinants. After surgery, these scales can inform more
than the in-clinic motor assessment about the clinical status of the patient and the impact of stimulation
on their functioning in daily life, guiding possible changes in stimulation parameters, medical therapy
or non-medical interventions, such as psychological support, physiotherapy, and emotional and
social stimulation.

6. The Complexity of PD Spectrum Integrated into the Selection Process: Relevance of
Non-Motor Symptoms

6.1. The Standard Rule

Despite the fact that DBS was developed to treat motor symptoms, the growing relevance given
to non-motor symptoms (NMS) in the last 15 years fostered investigations into the effect of DBS for
these features as well [65,66]. There are no indications nor clues so far on how to consider the presence
and burden of non-motor symptoms in PD candidates for DBS.
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6.2. Pros and Cons

A few studies have demonstrated the improvement of different NMS (cardiovascular, sleep/fatigue,
perceptual problems/hallucinations, gastrointestinal, urinary, and miscellaneous domains) six months
after surgery [65], which were maintained at 24 months for the sleep/fatigue, urinary and miscellaneous
domains [66], and at 36 months for the sleep domain [67]. These findings were confirmed in a small
cohort of young onset PD patients, for whom STN-DBS provided sustained improvement of the sleep
domain of the Non-Motor Symptoms Scale and Parkinson’s disease sleep scale-2 up to 24 months and
correlated to the decrease in dopamine-agonist medication [68].

Remarkably, change in NMS frequency and severity after STN-DBS is strongly correlated to the
improvement in QoL both in uncontrolled [66] and controlled studies [67,69] performed in the same
STN-treated cohort at different follow-up.

In the attempt to define profiles for the best DBS candidates which may encompass the complexity
of PD clinical spectrum and its heterogeneity, a new data-driven approach to PD, supported by
biomarkers and neuropathology, disclosed three different PD subtypes: mild-motor predominant,
intermediate, and diffuse malignant [70,71]. These three groups, defined based on the progression
of disability and mortality, differ in the presentation of motor and non-motor symptoms at onset,
in particular for the contribution of three types of NMS: cognitive impairment, rapid eye movement
sleep behavior disorder, and dysautonomia. When the same subtyping criteria were applied to a cohort
of STN-DBS patients at the time of the surgical selection, the mild phenotype seem to perform better
on ADL independence at the short and long-term follow-up compared to the malignant phenotype,
despite similar efficacy of stimulation on motor symptoms, fluctuations, and ambulatory capacity [72].

6.3. Recommendations

More efforts are needed to understand which NMS are predictors of good or poor outcome,
how different targets of DBS (STN or GPi) should be indicated to treat different NMS based on the
ability to decrease total LEDD and dopamine-agonists LEDD [17], or directly treat particular symptoms
by means of the stimulation of specific networks involved in pain or mood, apathy and attention [73].
We recommend to carefully assess the presence and severity of non-motor symptoms before surgery
and explain to the patients that when the disease burden is mainly driven by non-motor symptoms,
DBS might not be the best therapeutic option to consider.

7. A New Role for Genetics

7.1. The Standard Rule

One of the most remarkable advances in our understanding of PD pathogenesis in the last 20 years
is represented by genetics. The increasing power of genetic analyses led to the identification of several
chromosomal loci that cause or modulate the risk for PD [74]. Moreover, specific genetic mutations
have been associated to specific clinical features and different disease courses, which could have an
impact on the selection for DBS.

That is, only some evidence on the differential DBS response in different forms of monogenic PD
has been put forward, suggesting some differences in the magnitude of response [14,75–77]. However,
in this case there are no specific recommendations on the use of genetics in the clinical practice of
DBS centers.

7.2. Pros and Cons

The main advantage of knowing the genotype of a PD patient appraised for DBS is related to the
knowledge of disease evolution associated to a particular gene variant. However, despite the effort of
systematic reviews [76,77] and one meta-analysis [14], the small size of the cohorts reported and the
paucity of data on different gene variants and brain targets other than STN, do not allow researchers to
reach firm conclusions. For example, LRRK2-G2019S variant carriers, described in 44 out of 50 LRRK2

229



J. Clin. Med. 2020, 9, 3931

subjects with DBS reported in the literature, show an excellent response to STN DBS, which is also
the most reported target [76]. G2019S is the most frequent LRRK2 variant and produces a phenotype
overlapping to late-onset, non-mutated PD with frequent presence of tremor and good response to
dopaminergic medications [78]. However, in three out of four reported cases with LRRK2-R1441G
variant, a mutation variant rarely found outside northern Spain, poor response to STN-DBS was
reported [76]. The paucity of data characterizing the phenotype of LRRK2-R1441G variant makes it
impossible to assume that the poor DBS outcome was due to more severe disease progression and
development of DBS resistant features. A similar issue applies to carriers of glucocerebrosidase (GBA)
gene variants which have a high prevalence of neuropsychiatric symptoms, especially impulsive
compulsive behavior and hallucinations, and a higher risk to develop early over disease course
cognitive disturbances [13]. Indeed, GBA-associated PD showed worse cognitive and functional
performances and lower reductions in dopaminergic medication after surgery [14]. However, it is
unknown which variants mostly contribute to this result. Remarkably, the risk of hallucinations and
cognitive impairment, as well as survival, differs across GBA subjects, being higher in subjects carrying
complex and severe variants [13,79].

7.3. Recommendations

Genetic testing is becoming accessible and affordable in clinical practice in many countries and
may be used to inform PD candidates for their suitability for DBS. Evidence is still weak to opt for
either endorsing DBS or not for a certain patient only relying on the genetic background, but in the
future it is probable that certain genotypes will be considered not suitable for DBS on the basis of their
improbability to benefit from the effects. To date, genetic testing of patients undergoing DBS might
be proposed in those manifesting specific phenotype features (e.g., rapid development of disability,
susceptibility to behavioral complications and hallucinations) consistent with particular gene variants,
such as severe GBA mutations, which may determine possible issues presented in the post-operative
follow-up (Figure 1).

Figure 1. Core Assessment Program for Surgical Interventional Therapies in Parkinson’s Disease
(CAPSIT-PD) and recommendations on challenging areas related to the deep brain stimulation
(DBS) selection.
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8. Conclusions

Advances in understanding both the complexity of PD and the effect of DBS in PD patients
have provided new evidence for a better stratification of patients and a more conscious use of this
therapeutic option.

It is critical to take into account that the multifaceted symptomatology of PD, encompassing motor,
non-motor, and behavioral issues, makes a candidate’s selection for advanced therapies a process
difficult to fit in fixed and precise borders. Additionally, the probability of improving or worsening
certain symptoms according to clinical trials (or to post-hoc analysis of trials) cannot capture the full
clinical complexity and heterogeneity of the PD clinical spectrum and should be used cautiously for
making a decision at a single level. To date, in addition to studies supporting a better comprehension
of pre-surgical predictors of DBS outcomes, we also need a shift in the statistical approach to improve
the decision-making from a group to an individual level.

In conclusion, the improvement in the stratification of PD patients according to their clinical
features and genetic background can inform the disease course, and more-in-depth knowledge on
patients most probable to benefit from DBS. A redefinition of CAPSIT-PD criteria for DBS should be
pursued based on the new knowledge gained on PD clinical spectrum and DBS long term follow-up
studies. This would allow surgical centers to be more accurate in predicting the outcome after functional
neurosurgery and choosing the best target for stimulation. We can now estimate the probability to
improve specific disabling symptoms and choose integrated approaches, combining stimulation of
specific targets according to patients’ issues (e.g., ventral STN for high non-motor burden [73]) with
other therapeutic options (e.g., rehabilitation), with the ultimate goal of improving ADL, mental
wellbeing, and eventually the QoL of PD patients. This viewpoint provided updated recommendations
for a more accurate and fine-grained assessment of PD patients considered as potential candidates
for DBS and highlighted the need for further studies to strengthen the evidence on predictors of
DBS outcomes at an individual level, encompassing the complex and multifaceted syndromic picture
of the disease and the new possibilities offered by validated clinical scales, technological devices,
and genetic analysis.

Author Contributions: C.A.A.: conception, design and organization of the study, literature search, writing of the
first draft; L.L.: data interpretation, review and critique; F.M.: conception, design and organization of the study,
literature search, review and critique. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

Financial Disclosures: Carlo Alberto Artusi: received travel grants from Zambon and Abbvie, and educational
grants from Ralpharma and Neuraxpharm. Leonardo Lopiano: speaking honoraria from UCB Pharma, AbbVie,
DOC, Zambon and Bial. Francesca Morgante: speaking honoraria from Abbvie, Medtronic, Zambon, Bial, Merz;
Travel grants from the International Parkinson’s disease and Movement Disorder Society; advisory board fees
from Merz; consultancy fees from Boston Scientific, Merz and Bial; research support from Boston Scientific, Merz
and Global Kynetic; royalties for the book “Disorders of Movement” from Springer; member of the editorial board
of Movement Disorders, Movement Disorders Clinical Practice, European Journal of Neurology.

References

1. Defer, G.L.; Widner, H.; Marie, R.M.; Remy, P.; Levivier, M. Core assessment program for surgical
interventional therapies in Parkinson’s disease (CAPSIT-PD). Mov. Disord. 1999, 14, 572–584. [CrossRef]

2. Munhoz, R.P.; Picillo, M.; Fox, S.H.; Bruno, V.; Panisset, M.; Honey, C.R.; Fasano, A. Eligibility Criteria for
Deep Brain Stimulation in Parkinson’s Disease, Tremor, and Dystonia. Can. J. Neurol. Sci. 2016, 43, 462–471.
[CrossRef]

3. Morgante, L.; Morgante, F.; Moro, E.; Epifanio, A.; Girlanda, P.; Ragonese, P.; Antonini, A.; Barone, P.;
Bonuccelli, U.; Contarino, M.F.; et al. How many parkinsonian patients are suitable candidates for deep
brain stimulation of subthalamic nucleus? Results of a questionnaire. Parkinsonism Relat. Disord. 2007, 13,
528–531. [CrossRef] [PubMed]

231



J. Clin. Med. 2020, 9, 3931

4. Abboud, H.; Genc, G.; Thompson, N.R.; Oravivattanakul, S.; Alsallom, F.; Reyes, D.; Wilson, K.; Cerejo, R.;
Yu, X.X.; Floden, D.; et al. Predictors of Functional and Quality of Life Outcomes following Deep Brain
Stimulation Surgery in Parkinson’s Disease Patients: Disease, Patient, and Surgical Factors. Parkinsons Dis.
2017, 2017, 5609163. [CrossRef] [PubMed]

5. Lau, B.; Meier, N.; Serra, G.; Czernecki, V.; Schuepbach, M.; Navarro, S.; Cornu, P.; Grabli, D.; Agid, Y.;
Vidailhet, M.; et al. Axial symptoms predict mortality in patients with Parkinson disease and subthalamic
stimulation. Neurology 2019, 92, e2559–e2570. [CrossRef] [PubMed]

6. Schuepbach, W.M.M.; Tonder, L.; Schnitzler, A.; Krack, P.; Rau, J.; Hartmann, A.; Halbig, T.D.; Pineau, F.;
Falk, A.; Paschen, L.; et al. Quality of life predicts outcome of deep brain stimulation in early Parkinson
disease. Neurology 2019, 92, e1109–e1120. [CrossRef] [PubMed]

7. Lopez-Cuina, M.; Fernagut, P.O.; Canron, M.H.; Vital, A.; Lannes, B.; De Paula, A.M.; Streichenberger, N.;
Guehl, D.; Damier, P.; Eusebio, A.; et al. Deep brain stimulation does not enhance neuroinflammation in
multiple system atrophy. Neurobiol. Dis. 2018, 118, 155–160. [CrossRef]

8. Schuepbach, W.M.; Rau, J.; Knudsen, K.; Volkmann, J.; Krack, P.; Timmermann, L.; Halbig, T.D.; Hesekamp, H.;
Navarro, S.M.; Meier, N.; et al. Neurostimulation for Parkinson’s disease with early motor complications.
N. Engl. J. Med. 2013, 368, 610–622. [CrossRef]

9. Vizcarra, J.A.; Situ-Kcomt, M.; Artusi, C.A.; Duker, A.P.; Lopiano, L.; Okun, M.S.; Espay, A.J.; Merola, A.
Subthalamic deep brain stimulation and levodopa in Parkinson’s disease: A meta-analysis of combined
effects. J. Neurol. 2019, 266, 289–297. [CrossRef]

10. Cabrera, L.Y.; Goudreau, J.; Sidiropoulos, C. Critical appraisal of the recent US FDA approval for earlier DBS
intervention. Neurology 2018, 91, 133–136. [CrossRef]

11. Mestre, T.A.; Espay, A.J.; Marras, C.; Eckman, M.H.; Pollak, P.; Lang, A.E. Subthalamic nucleus-deep brain
stimulation for early motor complications in Parkinson’s disease-the EARLYSTIM trial: Early is not always
better. Mov. Disord. 2014, 29, 1751–1756. [CrossRef] [PubMed]

12. Schupbach, W.M.; Rau, J.; Houeto, J.L.; Krack, P.; Schnitzler, A.; Schade-Brittinger, C.; Timmermann, L.;
Deuschl, G. Myths and facts about the EARLYSTIM study. Mov. Disord. 2014, 29, 1742–1750. [CrossRef]
[PubMed]

13. Petrucci, S.; Ginevrino, M.; Trezzi, I.; Monfrini, E.; Ricciardi, L.; Albanese, A.; Avenali, M.; Barone, P.;
Bentivoglio, A.R.; Bonifati, V.; et al. GBA-Related Parkinson’s Disease: Dissection of Genotype-Phenotype
Correlates in a Large Italian Cohort. Mov. Disord. 2020. [CrossRef] [PubMed]

14. Artusi, C.A.; Dwivedi, A.K.; Romagnolo, A.; Pal, G.; Kauffman, M.; Mata, I.; Patel, D.; Vizcarra, J.A.;
Duker, A.; Marsili, L.; et al. Association of Subthalamic Deep Brain Stimulation With Motor, Functional,
and Pharmacologic Outcomes in Patients With Monogenic Parkinson Disease: A Systematic Review and
Meta-analysis. JAMA Netw. Open 2019, 2, e187800. [CrossRef] [PubMed]

15. Merola, A.; Romagnolo, A.; Dwivedi, A.K.; Padovani, A.; Berg, D.; Garcia-Ruiz, P.J.; Fabbri, M.; Artusi, C.A.;
Zibetti, M.; Lopiano, L.; et al. Benign versus malignant Parkinson disease: The unexpected silver lining of
motor complications. J. Neurol. 2020. [CrossRef]

16. Barbe, M.T.; Tonder, L.; Krack, P.; Debu, B.; Schupbach, M.; Paschen, S.; Dembek, T.A.; Kuhn, A.A.; Fraix, V.;
Brefel-Courbon, C.; et al. Deep Brain Stimulation for Freezing of Gait in Parkinson’s Disease With Early
Motor Complications. Mov. Disord. 2020, 35, 82–90. [CrossRef]

17. Lhommee, E.; Wojtecki, L.; Czernecki, V.; Witt, K.; Maier, F.; Tonder, L.; Timmermann, L.; Halbig, T.D.;
Pineau, F.; Durif, F.; et al. Behavioural outcomes of subthalamic stimulation and medical therapy versus
medical therapy alone for Parkinson’s disease with early motor complications (EARLYSTIM trial): Secondary
analysis of an open-label randomised trial. Lancet Neurol. 2018, 17, 223–231. [CrossRef]

18. Charles, D.; Konrad, P.E.; Neimat, J.S.; Molinari, A.L.; Tramontana, M.G.; Finder, S.G.; Gill, C.E.; Bliton, M.J.;
Kao, C.; Phibbs, F.T.; et al. Subthalamic nucleus deep brain stimulation in early stage Parkinson’s disease.
Parkinsonism Relat. Disord. 2014, 20, 731–737. [CrossRef]

19. Hacker, M.L.; Turchan, M.; Heusinkveld, L.E.; Currie, A.D.; Millan, S.H.; Molinari, A.L.; Konrad, P.E.;
Davis, T.L.; Phibbs, F.T.; Hedera, P.; et al. Deep brain stimulation in early-stage Parkinson disease: Five-year
outcomes. Neurology 2020, 95, e393–e401. [CrossRef]

20. Fasano, A.; Merello, M. Fading of Deep Brain Stimulation Efficacy Versus Disease Progression: Untangling a
Gordian Knot. Mov. Disord. Clin. Pract. 2020, 7, 747–749. [CrossRef]

232



J. Clin. Med. 2020, 9, 3931

21. Zibetti, M.; Pesare, M.; Cinquepalmi, A.; Rosso, M.; Bergamasco, B.; Ducati, A.; Lanotte, M.; Lopiano, L.
Antiparkinsonian therapy modifications in PD patients after STN DBS: A retrospective observational analysis.
Parkinsonism Relat. Disord. 2008, 14, 608–612. [CrossRef] [PubMed]

22. Castelli, L.; Perozzo, P.; Zibetti, M.; Crivelli, B.; Morabito, U.; Lanotte, M.; Cossa, F.; Bergamasco, B.;
Lopiano, L. Chronic deep brain stimulation of the subthalamic nucleus for Parkinson’s disease: Effects on
cognition, mood, anxiety and personality traits. Eur. Neurol. 2006, 55, 136–144. [CrossRef] [PubMed]

23. Merola, A.; Romagnolo, A.; Rizzi, L.; Rizzone, M.G.; Zibetti, M.; Lanotte, M.; Mandybur, G.; Duker, A.P.;
Espay, A.J.; Lopiano, L. Impulse control behaviors and subthalamic deep brain stimulation in Parkinson
disease. J. Neurol. 2017, 264, 40–48. [CrossRef] [PubMed]

24. Saranza, G.; Lang, A.E. Levodopa challenge test: Indications, protocol, and guide. J. Neurol. 2020. [CrossRef]
25. Machado, A.G.; Deogaonkar, M.; Cooper, S. Deep brain stimulation for movement disorders: Patient selection

and technical options. Clevel. Clin. J. Med. 2012, 79 (Suppl. S2), S19–S24. [CrossRef]
26. Bronstein, J.M.; Tagliati, M.; Alterman, R.L.; Lozano, A.M.; Volkmann, J.; Stefani, A.; Horak, F.B.; Okun, M.S.;

Foote, K.D.; Krack, P.; et al. Deep brain stimulation for Parkinson disease: An expert consensus and review
of key issues. Arch. Neurol. 2011, 68, 165. [CrossRef]

27. Armstrong, M.J.; Okun, M.S. Choosing a Parkinson Disease Treatment. JAMA 2020, 323, 1420. [CrossRef]
28. Benabid, A.L.; Benazzouz, A.; Hoffmann, D.; Limousin, P.; Krack, P.; Pollak, P. Long-term electrical inhibition

of deep brain targets in movement disorders. Mov. Disord. 1998, 13 (Suppl. S3), 119–125. [CrossRef]
29. Merello, M.; Nouzeilles, M.I.; Arce, G.P.; Leiguarda, R. Accuracy of acute levodopa challenge for clinical

prediction of sustained long-term levodopa response as a major criterion for idiopathic Parkinson’s disease
diagnosis. Mov. Disord. 2002, 17, 795–798. [CrossRef]

30. Fahn, S.; Elton, R.; Members of the UPDRS Development Committee. The Unified Parkison’s Disease Rating
Scale. In Recent Developments in Parkinson’s Disease; Fahn, S., Marsden, C.D., Calne, D.B., Goldstein, M., Eds.;
Macmillan Health Care Information: Florham Park, NJ, USA, 1987; Volume 2, pp. 153–163, 293–304.

31. Merello, M.; Gerschcovich, E.R.; Ballesteros, D.; Cerquetti, D. Correlation between the Movement Disorders
Society Unified Parkinson’s Disease rating scale (MDS-UPDRS) and the Unified Parkinson’s Disease rating
scale (UPDRS) during L-dopa acute challenge. Parkinsonism Relat. Disord. 2011, 17, 705–707. [CrossRef]

32. Deuschl, G.; Follett, K.A.; Luo, P.; Rau, J.; Weaver, F.M.; Paschen, S.; Steigerwald, F.; Tonder, L.; Stoker, V.;
Reda, D.J. Comparing two randomized deep brain stimulation trials for Parkinson’s disease. J. Neurosurg.
2019, 1–9. [CrossRef] [PubMed]

33. Kleiner-Fisman, G.; Herzog, J.; Fisman, D.N.; Tamma, F.; Lyons, K.E.; Pahwa, R.; Lang, A.E.; Deuschl, G.
Subthalamic nucleus deep brain stimulation: Summary and meta-analysis of outcomes. Mov. Disord. 2006,
21 (Suppl. S14), S290–S304. [CrossRef]

34. Fasano, A.; Aquino, C.C.; Krauss, J.K.; Honey, C.R.; Bloem, B.R. Axial disability and deep brain stimulation
in patients with Parkinson disease. Nat. Rev. Neurol. 2015, 11, 98–110. [CrossRef] [PubMed]

35. Fasano, A.; Bloem, B.R. Gait disorders. Contin. Lifelong Learn. Neurol. 2013, 19, 1344–1382. [CrossRef]
[PubMed]

36. Bakker, M.; Esselink, R.A.; Munneke, M.; Limousin-Dowsey, P.; Speelman, H.D.; Bloem, B.R. Effects of
stereotactic neurosurgery on postural instability and gait in Parkinson’s disease. Mov. Disord. 2004, 19,
1092–1099. [CrossRef] [PubMed]

37. Zibetti, M.; Merola, A.; Rizzi, L.; Ricchi, V.; Angrisano, S.; Azzaro, C.; Artusi, C.A.; Arduino, N.; Marchisio, A.;
Lanotte, M.; et al. Beyond nine years of continuous subthalamic nucleus deep brain stimulation in Parkinson’s
disease. Mov. Disord. 2011, 26, 2327–2334. [CrossRef] [PubMed]

38. Rizzone, M.G.; Fasano, A.; Daniele, A.; Zibetti, M.; Merola, A.; Rizzi, L.; Piano, C.; Piccininni, C.; Romito, L.M.;
Lopiano, L.; et al. Long-term outcome of subthalamic nucleus DBS in Parkinson’s disease: From the advanced
phase towards the late stage of the disease? Parkinsonism Relat. Disord. 2014, 20, 376–381. [CrossRef]

39. Castrioto, A.; Lozano, A.M.; Poon, Y.Y.; Lang, A.E.; Fallis, M.; Moro, E. Ten-year outcome of subthalamic
stimulation in Parkinson disease: A blinded evaluation. Arch. Neurol. 2011, 68, 1550–1556. [CrossRef]
[PubMed]

40. Fasano, A.; Romito, L.M.; Daniele, A.; Piano, C.; Zinno, M.; Bentivoglio, A.R.; Albanese, A. Motor and
cognitive outcome in patients with Parkinson’s disease 8 years after subthalamic implants. Brain 2010, 133,
2664–2676. [CrossRef]

233



J. Clin. Med. 2020, 9, 3931

41. Tripoliti, E.; Limousin, P.; Foltynie, T.; Candelario, J.; Aviles-Olmos, I.; Hariz, M.I.; Zrinzo, L. Predictive
factors of speech intelligibility following subthalamic nucleus stimulation in consecutive patients with
Parkinson’s disease. Mov. Disord. 2014, 29, 532–538. [CrossRef]

42. Mei, S.; Li, J.; Middlebrooks, E.H.; Almeida, L.; Hu, W.; Zhang, Y.; Ramirez-Zamora, A.; Chan, P. New
Onset On-Medication Freezing of Gait After STN-DBS in Parkinson’s Disease. Front. Neurol. 2019, 10, 659.
[CrossRef] [PubMed]

43. Vercruysse, S.; Vandenberghe, W.; Munks, L.; Nuttin, B.; Devos, H.; Nieuwboer, A. Effects of deep brain
stimulation of the subthalamic nucleus on freezing of gait in Parkinson’s disease: A prospective controlled
study. J. Neurol. Neurosurg. Psychiatry 2014, 85, 871–877. [CrossRef] [PubMed]

44. Moreau, C.; Pennel-Ployart, O.; Pinto, S.; Plachez, A.; Annic, A.; Viallet, F.; Destee, A.; Defebvre, L. Modulation
of dysarthropneumophonia by low-frequency STN DBS in advanced Parkinson’s disease. Mov. Disord. 2011,
26, 659–663. [CrossRef] [PubMed]

45. Zibetti, M.; Moro, E.; Krishna, V.; Sammartino, F.; Picillo, M.; Munhoz, R.P.; Lozano, A.M.; Fasano, A.
Low-frequency Subthalamic Stimulation in Parkinson’s Disease: Long-term Outcome and Predictors.
Brain Stimul. 2016, 9, 774–779. [CrossRef] [PubMed]

46. Golfre Andreasi, N.; Rispoli, V.; Contaldi, E.; Colucci, F.; Mongardi, L.; Cavallo, M.A.; Sensi, M. Deep
brain stimulation and refractory freezing of gait in Parkinson’s disease: Improvement with high-frequency
current steering co-stimulation of subthalamic nucleus and substantia Nigra. Brain Stimul. 2020, 13, 280–283.
[CrossRef]

47. Antonini, A.; Stoessl, A.J.; Kleinman, L.S.; Skalicky, A.M.; Marshall, T.S.; Sail, K.R.; Onuk, K.; Odin, P.L.A.
Developing consensus among movement disorder specialists on clinical indicators for identification and
management of advanced Parkinson’s disease: A multi-country Delphi-panel approach. Curr. Med. Res. Opin.
2018, 34, 2063–2073. [CrossRef]

48. Artusi, C.A.; Zibetti, M.; Romagnolo, A.; Rizzone, M.G.; Merola, A.; Lopiano, L. Subthalamic deep brain
stimulation and trunk posture in Parkinson’s disease. Acta Neurol. Scand. 2018, 137, 481–487. [CrossRef]

49. Roediger, J.; Artusi, C.A.; Romagnolo, A.; Boyne, P.; Zibetti, M.; Lopiano, L.; Espay, A.J.; Fasano, A.; Merola, A.
Effect of subthalamic deep brain stimulation on posture in Parkinson’s disease: A blind computerized
analysis. Parkinsonism Relat. Disord. 2019, 62, 122–127. [CrossRef]

50. Silva de Lima, A.L.; Evers, L.J.W.; Hahn, T.; Bataille, L.; Hamilton, J.L.; Little, M.A.; Okuma, Y.; Bloem, B.R.;
Faber, M.J. Freezing of gait and fall detection in Parkinson’s disease using wearable sensors: A systematic
review. J. Neurol. 2017, 264, 1642–1654. [CrossRef]

51. Silva de Lima, A.L.; Smits, T.; Darweesh, S.K.L.; Valenti, G.; Milosevic, M.; Pijl, M.; Baldus, H.; de Vries, N.M.;
Meinders, M.J.; Bloem, B.R. Home-based monitoring of falls using wearable sensors in Parkinson’s disease.
Mov. Disord. 2020, 35, 109–115. [CrossRef]

52. Cebi, I.; Scholten, M.; Gharabaghi, A.; Weiss, D. Clinical and Kinematic Correlates of Favorable Gait Outcomes
From Subthalamic Stimulation. Front. Neurol. 2020, 11, 212. [CrossRef] [PubMed]

53. Deuschl, G.; Schade-Brittinger, C.; Krack, P.; Volkmann, J.; Schafer, H.; Botzel, K.; Daniels, C.; Deutschlander, A.;
Dillmann, U.; Eisner, W.; et al. A randomized trial of deep-brain stimulation for Parkinson’s disease. N. Engl.
J. Med. 2006, 355, 896–908. [CrossRef] [PubMed]

54. Erb, M.K.; Karlin, D.R.; Ho, B.K.; Thomas, K.C.; Parisi, F.; Vergara-Diaz, G.P.; Daneault, J.F.; Wacnik, P.W.;
Zhang, H.; Kangarloo, T.; et al. mHealth and wearable technology should replace motor diaries to track
motor fluctuations in Parkinson’s disease. NPJ Digit. Med. 2020, 3, 6. [CrossRef] [PubMed]

55. Espay, A.J.; Hausdorff, J.M.; Sanchez-Ferro, A.; Klucken, J.; Merola, A.; Bonato, P.; Paul, S.S.; Horak, F.B.;
Vizcarra, J.A.; Mestre, T.A.; et al. A roadmap for implementation of patient-centered digital outcome
measures in Parkinson’s disease obtained using mobile health technologies. Mov. Disord. 2019, 34, 657–663.
[CrossRef]

56. Capecci, M.; Pepa, L.; Verdini, F.; Ceravolo, M.G. A smartphone-based architecture to detect and quantify
freezing of gait in Parkinson’s disease. Gait Posture 2016, 50, 28–33. [CrossRef]

57. Jenkinson, C.; Fitzpatrick, R.; Peto, V.; Greenhall, R.; Hyman, N. The Parkinson’s Disease Questionnaire
(PDQ-39): Development and validation of a Parkinson’s disease summary index score. Age Ageing 1997, 26,
353–357. [CrossRef]

234



J. Clin. Med. 2020, 9, 3931

58. Jenkinson, C.; Fitzpatrick, R. Cross-cultural evaluation of the short form 8-item Parkinson’s Disease
Questionnaire (PDQ-8): Results from America, Canada, Japan, Italy and Spain. Parkinsonism Relat. Disord.
2007, 13, 22–28. [CrossRef]

59. Schwab, R.S.; England, A.C. Projection techniques for evaluating surgery in Parkinson’s Disease.
In Proceedings of the Third Symposium on Parkinson’s Disease, Royal College of Surgeons in Edinburgh,
Edinburgh, UK, 20–22 May 1968.

60. Karl, J.A.; Ouyang, B.; Colletta, K.; Verhagen Metman, L. Long-Term Satisfaction and Patient-Centered
Outcomes of Deep Brain Stimulation in Parkinson’s Disease. Brain Sci. 2018, 8, 60. [CrossRef]

61. Barthel, C.; Mallia, E.; Debu, B.; Bloem, B.R.; Ferraye, M.U. The Practicalities of Assessing Freezing of Gait.
J. Parkinsons Dis. 2016, 6, 667–674. [CrossRef]

62. Floden, D.; Cooper, S.E.; Griffith, S.D.; Machado, A.G. Predicting quality of life outcomes after subthalamic
nucleus deep brain stimulation. Neurology 2014, 83, 1627–1633. [CrossRef]

63. Geraedts, V.J.; Feleus, S.; Marinus, J.; van Hilten, J.J.; Contarino, M.F. What predicts quality of life after
subthalamic deep brain stimulation in Parkinson’s disease? A systematic review. Eur. J. Neurol. 2020, 27,
419–428. [CrossRef]

64. Barone, P.; Antonini, A.; Colosimo, C.; Marconi, R.; Morgante, L.; Avarello, T.P.; Bottacchi, E.; Cannas, A.;
Ceravolo, G.; Ceravolo, R.; et al. The PRIAMO study: A multicenter assessment of nonmotor symptoms and
their impact on quality of life in Parkinson’s disease. Mov. Disord. 2009, 24, 1641–1649. [CrossRef] [PubMed]

65. Dafsari, H.S.; Reddy, P.; Herchenbach, C.; Wawro, S.; Petry-Schmelzer, J.N.; Visser-Vandewalle, V.; Rizos, A.;
Silverdale, M.; Ashkan, K.; Samuel, M.; et al. Beneficial Effects of Bilateral Subthalamic Stimulation on
Non-Motor Symptoms in Parkinson’s Disease. Brain Stimul. 2016, 9, 78–85. [CrossRef] [PubMed]

66. Dafsari, H.S.; Silverdale, M.; Strack, M.; Rizos, A.; Ashkan, K.; Mahlstedt, P.; Sachse, L.; Steffen, J.;
Dembek, T.A.; Visser-Vandewalle, V.; et al. Nonmotor symptoms evolution during 24 months of bilateral
subthalamic stimulation in Parkinson’s disease. Mov. Disord. 2018, 33, 421–430. [CrossRef] [PubMed]

67. Jost, S.T.; Ray Chaudhuri, K.; Ashkan, K.; Loehrer, P.A.; Silverdale, M.; Rizos, A.; Evans, J.;
Petry-Schmelzer, J.N.; Barbe, M.T.; Sauerbier, A.; et al. Subthalamic Stimulation Improves Quality of
Sleep in Parkinson Disease: A 36-Month Controlled Study. J. Parkinsons Dis. 2020, 1–13. [CrossRef]

68. Ricciardi, L.; Sorbera, C.; Barbuto, M.; Morgante, F. Sleep disturbances are mainly improved by deep brain
stimulation of the subthalamic nucleus. Mov. Disord. 2019, 34, 154–155. [CrossRef]

69. Jost, S.T.; Sauerbier, A.; Visser-Vandewalle, V.; Ashkan, K.; Silverdale, M.; Evans, J.; Loehrer, P.A.; Rizos, A.;
Petry-Schmelzer, J.N.; Reker, P.; et al. A prospective, controlled study of non-motor effects of subthalamic
stimulation in Parkinson’s disease: Results at the 36-month follow-up. J. Neurol. Neurosurg. Psychiatry 2020,
91, 687–694. [CrossRef]

70. Fereshtehnejad, S.M.; Zeighami, Y.; Dagher, A.; Postuma, R.B. Clinical criteria for subtyping Parkinson’s
disease: Biomarkers and longitudinal progression. Brain 2017, 140, 1959–1976. [CrossRef]

71. De Pablo-Fernandez, E.; Lees, A.J.; Holton, J.L.; Warner, T.T. Prognosis and Neuropathologic Correlation of
Clinical Subtypes of Parkinson Disease. JAMA Neurol. 2019, 76, 470–479. [CrossRef]

72. Parkinson Disease Phenotype Classification Predicts the Outcome of Deep Brain Stimulation. Available
online: https://www.mdsabstracts.org/abstract/parkinson-disease-phenotype-classification-predicts-the-
outcome-of-deep-brain-stimulation/ (accessed on 3 December 2020).

73. Petry-Schmelzer, J.N.; Krause, M.; Dembek, T.A.; Horn, A.; Evans, J.; Ashkan, K.; Rizos, A.; Silverdale, M.;
Schumacher, W.; Sack, C.; et al. Non-motor outcomes depend on location of neurostimulation in Parkinson’s
disease. Brain 2019, 142, 3592–3604. [CrossRef]

74. Bandres-Ciga, S.; Diez-Fairen, M.; Kim, J.J.; Singleton, A.B. Genetics of Parkinson’s disease: An introspection
of its journey towards precision medicine. Neurobiol. Dis. 2020, 137, 104782. [CrossRef] [PubMed]

75. Rizzone, M.G.; Martone, T.; Balestrino, R.; Lopiano, L. Genetic background and outcome of Deep Brain
Stimulation in Parkinson’s disease. Parkinsonism Relat. Disord. 2019, 64, 8–19. [CrossRef] [PubMed]

76. De Oliveira, L.M.; Barbosa, E.R.; Aquino, C.C.; Munhoz, R.P.; Fasano, A.; Cury, R.G. Deep Brain Stimulation
in Patients With Mutations in Parkinson’s Disease-Related Genes: A Systematic Review. Mov. Disord.
Clin. Pract. 2019, 6, 359–368. [CrossRef] [PubMed]

77. Kuusimaki, T.; Korpela, J.; Pekkonen, E.; Martikainen, M.H.; Antonini, A.; Kaasinen, V. Deep brain stimulation
for monogenic Parkinson’s disease: A systematic review. J. Neurol. 2020, 267, 883–897. [CrossRef] [PubMed]

235



J. Clin. Med. 2020, 9, 3931

78. Marras, C.; Schule, B.; Munhoz, R.P.; Rogaeva, E.; Langston, J.W.; Kasten, M.; Meaney, C.; Klein, C.;
Wadia, P.M.; Lim, S.Y.; et al. Phenotype in parkinsonian and nonparkinsonian LRRK2 G2019S mutation
carriers. Neurology 2011, 77, 325–333. [CrossRef]

79. Cilia, R.; Tunesi, S.; Marotta, G.; Cereda, E.; Siri, C.; Tesei, S.; Zecchinelli, A.L.; Canesi, M.; Mariani, C.B.;
Meucci, N.; et al. Survival and dementia in GBA-associated Parkinson’s disease: The mutation matters.
Ann. Neurol. 2016, 80, 662–673. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

236



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Journal of Clinical Medicine Editorial Office
E-mail: jcm@mdpi.com

www.mdpi.com/journal/jcm





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-0365-0337-0 


	Blank Page

