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Introduction: Neuromodulation is an important group of therapeutic modalities for

neuropsychiatric disorders. Prior studies have focused on efficacy and adverse

events associated with neuromodulation. Less is known regarding the influence of

neuromodulation treatments on suicidality. This systematic review sought to examine

the effects of various neuromodulation techniques on suicidality.

Methods: A systematic review of the literature from 1940 to 2020 following the

Preferred Reporting Items for Systematic Reviews and Meta-Analyses guideline was

conducted. Any reported suicide-related outcome, including suicidal ideation, suicide

intent, suicide attempt, completed suicide in reports were considered as a putative

measure of treatment effect on suicidality.

Results: The review identified 129 relevant studies. An exploratory analysis of

a randomized controlled trial comparing the effects of sertraline and transcranial

direct-current stimulation (tDCS) for treating depression reported a decrease in suicidal

ideation favoring tDCS vs. placebo and tDCS combined with sertraline vs. placebo.

Several studies reported an association between repetitive transcranial magnetic

stimulation and improvements in suicidal ideation. In 12 of the studies, suicidality

was the primary outcome, ten of which showed a significant improvement in suicidal

ideation. Electroconvulsive therapy (ECT) and magnetic seizure therapy was also shown

to be associated with lower suicidal ideation and completed suicide rates. There were

11 studies which suicidality was the primary outcome and seven of these showed

an improvement in suicidal ideation or suicide intent and fewer suicide attempts or

completed suicides in patients treated with ECT. There was limited literature focused on

the potential protective effect of vagal nerve stimulation with respect to suicidal ideation.

Data were mixed regarding the potential effects of deep brain stimulation on suicidality.

Conclusions: Future prospective studies of neuromodulation that focus on the primary

outcome of suicidality are urgently needed.

Systematic Review Registration: https://www.crd.york.ac.uk/prospero/

display_record.php?RecordID=125599, identifier: CRD42019125599.

Keywords: suicide, electroconvulsive therapy, repetitive transcranial magnetic simulation, transcranial direct

current stimulation, vagal nerve stimulation, deep brain stimulation
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INTRODUCTION

The idea of treating neuropsychiatric illness through modulating
brain activity has a long-standing history. During the Roman
Empire, electric current produced by torpedo fish was used
to treat migraine headaches (Francis and Dingley, 2015). In
the eighteenth century, electrotherapy was used for treating
epilepsy by Erasmus Darwin, the grandfather of Charles Darwin
(Gilman, 2008). Electroconvulsive therapy (ECT) was the
first non-invasive neuromodulation technique, which proved
to be successful for treating depression (Staudt et al., 2019).
After the success of ECT, several other neuromodulation
techniques were used for various neuropsychiatric conditions.
Deep brain stimulation (DBS) was approved by the US
Food and Drug Administration (FDA) for patients with
Parkinson disease, essential tremor, and dystonia. Initial
work suggested that DBS was also beneficial for some
patients with depression and obsessive-compulsive disorder
(OCD) (Gardner, 2013). Vagal nerve stimulation (VNS)
was approved for the treatment of intractable epilepsy
and treatment-resistant depression (TRD) (Ogbonnaya and
Kaliaperumal, 2013). Transcranial magnetic stimulation (TMS)
was approved for TRD and the treatment of OCD (Brunoni et al.,
2017).

Suicidality is common in neuropsychiatric disease. However,
the effects of neuromodulation techniques on suicidality are
not well-studied. Some early studies suggested that DBS was
associated with higher completed suicide rates in patients
with Parkinson disease (Voon et al., 2008), although this
direct association was subsequently challenged (Weintraub
et al., 2013). Both TMS and ECT have shown efficacy in
TRD, but their effects on suicidality are not clear. To our
knowledge, no systematic review has examined the impact of
neuromodulation treatments on suicidality in neuropsychiatric
disease. Therefore, in this review, we sought to comprehensively
survey the literature regarding the effects of neuromodulation
on suicidality.

Abbreviations: BDI, Beck Depression Inventory; BPRS-24, Brief Psychiatric

Rating Scale-24; BSI, Beck Suicidal Intent Scale; BSS, Beck Scale for Suicidal

Ideation; CDRS-R, Children’s Depression Rating Scale–Revised; CEA, cortical-

evoked activity; C-SSRS, Columbia Suicide Severity Rating Scale; DBS, deep

brain stimulation; df, degrees of freedom; ECT, electroconvulsive therapy; FDA,

US Food and Drug Administration; GABA, γ-aminobutyric acid; GPi, globus

pallidus interna; HDRS, Hamilton Depression Rating Scale; iTBS, intermittent

theta-burst stimulation; LICI, long-interval intracortical inhibition; MADRS,

Montgomery-Asberg Depression Rating Scale; MDD, major depressive disorder;

MINI, Mini International Neuropsychiatric Interview; MST, magnetic seizure

therapy; OCD, obsessive-compulsive disorder; OR, odds ratio; PDQ-39, Parkinson

Disease Questionnaire, 39 item; PRIDE, Population Research in Identities and

Disparities for Equality; PRISMA, Preferred Reporting Items for Systematic

Reviews and Meta-Analyses; PTSD, posttraumatic stress disorder; QIDS-SR-16,

Quick Inventory of Depressive Symptomatology–Self-Report 16; RR, relative risk;

rTMS, repetitive TMS; SELECT TDCS, Sertraline vs. Electrical Current Therapy

for Treating Depression Clinical Study; SF-36, Short Form (36) Health Survey;

SIQ, Suicidal Ideation Questionnaire; SIS, suicide ideation scale; SSI, Scale for

Suicidal Ideation; STN, subthalamic nucleus; TBS, theta-burst stimulation; tDCS,

transcranial direct-current stimulation; TMS, transcranial magnetic stimulation;

TRD, treatment-resistant depression; VNS, vagal nerve stimulation.

METHODS

Research Design
A review protocol was developed based on the
Preferred Reporting Items for Systematic Reviews
and Meta-Analysis: the PRISMA Statement (Figure 1)
(Page et al., 2021). The protocol was registered
through PROSPERO.

Literature Search
A research librarian conducted an electronic search to identify
studies for possible inclusion. The comprehensive search
included the following databases: ClinicalTrials.gov, Evidence-
Based Medicine Reviews, Scopus, EMBASE, MEDLINE,
PsycINFO, and Web of Science. We used the following search
terms: DBS, deep brain stimulation; ECT, electroconvulsive;
electroshock; LFMS, low-field magnetic stimulation; MST,
magnetic seizure therapy; rTMS, repetitive TMS; tACS,
transcranial alternating current stimulation; TBS, theta-burst
stimulation; tCS, transcranial current stimulation; tDCS,
transcranial direct-current stimulation; tES, transcranial
electrical stimulation; TMS, transcranial magnetic stimulation;
tPEF, T-PEMF, transcranial pulsed electromagnetic fields;
tRNS, transcranial random noise stimulation; and VNS, vagal
nerve stimulation. We used the following search terms for
suicidality: non-suicidal self-injury, NSSI, self-harm, self-
inflicted, self-injurious behavior, self-injury, self-mutilation,
suicidal, suicidality, and suicide.

Study Selection and Data Extraction
Rayyan software (http://rayyan.qcri.org) was used to remove
irrelevant or duplicate papers. Then, two authors (A.G.A.
and M.U.K.) independently reviewed titles, keywords, and
abstracts to screen for relevant studies. Each of these authors
independently conducted a full-text review of the remaining
papers to determine whether the papers met inclusion/exclusion
criteria. Any suicide-related outcome measure reported in
the papers qualified as a primary outcome. Any change in a
relevant rating-scale score from baseline to the last available
follow-up was included. Any disagreement between the two
reviewing authors regarding inclusion/exclusion of a study
was resolved by consensus with a third reviewing author
(C.P.L.). Papers meeting inclusion criteria were searched
for additional relevant references. Retrospective studies,
open-label trials, and randomized controlled studies were
considered for inclusion. Case reports, case studies, reviews,
meta-analyses, and conference abstracts were not included.
Any study that reported a suicide-related outcome (e.g.,
suicidal event or ideation incidence, rating scales of suicidal
ideation or behavior, dichotomous categorization of presence
or absence of suicidal ideation/behavior) was included in
the review.

Risk of Bias Assessment
Risk of bias assessment was done by following the guidelines
from the Cochrane Handbook for Systematic Reviews by two
authors (M.U.K. and A.I.S.), and conflicts were resolved through
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FIGURE 1 | PRISMA Flow Chart.

discussion with the senior author (P.E.C.) (Review Manager
5.1[Cochrane], 2014 and Higgins et al., 2019).

RESULTS

Searches
A total of 2,858 potentially relevant publications were identified.
After abstracts were screened, 2,631 articles were excluded

because they did not meet inclusion criteria. Of the remaining

227 original articles, 104 met the inclusion criteria. Six additional

articles were identified after searching the references of the

relevant articles. We later refined our search to include more
recent articles. Therefore, a total of 128 studies were obtained
for data synthesis and became the study articles for data
extraction (Figure 1). All extracted data are summarized in
Supplementary Tables 1–4.
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Scales
Various scales were used in the studies to assess suicidal ideation
and suicide attempt, most commonly those described in this
section. A frequently used scale is the Beck Scale for Suicidal
Ideation (BSS), a 19-item tool for assessing how often patients
have suicidal ideation and the intensity of the ideation in the week
before the evaluation (Beck et al., 1979). The Beck Suicidal Intent
Scale (BSI) also evaluates suicidal thoughts, intent, and plans
(Stefansson et al., 2012). In the Beck Depression Inventory (BDI),
a self-reporting evaluation tool, item nine asks about suicidal
wishes and suicidal ideation in the past week (Hamilton, 1960).
In the clinician-administered Hamilton Depression Rating Scale
(HDRS), item three asks about suicidal ideation, wishes, gestures,
and attempts in the past week. These 1-item tools have been
shown to be valid in a study comparing 1-item scales to Scale
for Suicidal Ideation (SSI) (Desseilles et al., 2012). Item 10 of
the Montgomery-Asberg Depression Rating Scale (MADRS) has
also been used to assess suicidal thoughts, suicide intent, and
suicide plans since a patient’s previous clinical visit (Montgomery
and Asberg, 1979). The Columbia Suicide Severity Rating Scale
(C-SSRS) is a clinician-rated semi structured interview. The C-
SSRS is used to question the occurrence and severity of lifetime
suicidal ideation and suicide attempts in a population aged
11 years or older (Posner et al., 2011). In groups comprising
children and adolescents, the Children’s Depression Rating
Scale–Revised (CDRS-R) has been commonly used. The CDRS-R
is a 17-item, clinician-rated scale, and item 13 questions suicidal
ideation and suicide attempts (Poznanski et al., 1984). The
Quick Inventory of Depressive Symptomatology–Self-Report-16
(QIDS-SR-16) is another scale that is used to assess suicidal
ideation. Item 12 evaluates the presence and frequency of
suicidal ideation and the presence of suicide plans and suicide
attempts during the previous week (Rush et al., 2003). The Mini
International Neuropsychiatric Interview (MINI) has also been
used to evaluate suicidal ideation, intent, and attempt (Sheehan
et al., 1998).

Transcranial Direct-Current Stimulation
Two studies described the role of transcranial direct-current
stimulation (tDCS) in suicidality, and both included only adult
patients (Supplementary Table 1). In a randomized, double-
blind, controlled trial 120 patients with an acute major depressive
episode were randomized into one of four groups: active
sham tDCS/sertraline placebo (tDCS only) (n = 30), active
tDCS/sertraline pill (n = 30), sham tDCS/sertraline placebo
(placebo group, n= 30), and sertraline pill/sham tDCS (sertraline
only) (n = 30) (Brunoni et al., 2013, 2014). Results showed that
treatment with active tDCS alone was significantly more effective
in decreasing suicidal thoughts than treatment with placebo (p
< 0.01). Combined treatment with active tDCS and sertraline
was also significantly better in improving suicidal thoughts than
placebo treatment (p < 0.01) (Brunoni et al., 2013, 2014). Phases
two and three of this controlled trial consisted of a crossover in
which patients who had not responded to sham tDCS treatment
received active tDCS treatment and a follow-up period during
which patients in all four groups received a maximum of nine

active tDCS treatments. There was no increased suicidal ideation
or attempts throughout these phases (Valiengo et al., 2013).

Transcranial Magnetic Stimulation
There were 26 studies examining the effect of TMS on
suicidality: randomized controlled trials, 17; open-label trials,
7; and retrospective cohort studies, 2. Of the 26 studies, 24
were prospective, and two were retrospective. Most papers (22)
described adult populations; four papers described adolescent
populations (Supplementary Table 1).

Prospective Studies
Of 26 studies focused on TMS, 22 studies enrolled adult patients,
and four enrolled adolescent patients. Several studies reported
statistically significant improvements in suicidality in active
TMS-treated groups compared with baseline of the cohort
studied or compared with the control group.

A randomized sham-controlled study by Baeken et al. (2017)
with 50 enrolled patients with TRD showed that responders had
significantly lower suicidal ideation than non-responders (p <

0.05), as measured by SSI. Correlation between improvement
in depressive symptoms and improvement in suicidal ideation
was also significant (p < 0.05) (Baeken et al., 2017). Several
other randomized controlled trials have shown the benefit of
TMS treatment compared either with a sham control group
or with baseline. In a randomized controlled trial with 73
patients, 40 patients were assigned to an ECT group, and 33
patients were assigned to an rTMS group. ECT was significantly
more effective in decreasing suicidal ideation than rTMS as
measured by the BDI subscale, although both treatments resulted
in substantial improvement in suicidal ideation (Keshtkar et al.,
2011). Another sham-controlled randomized trial included 108
patients receiving sequential, bilateral (n = 52), or unilateral (n
= 56) rTMS for TRD and 48 control patients matched for age,
sex, and diagnosis receiving sham treatment (Weissman et al.,
2018). The study showed a greater decrease in suicidality with
bilateral rTMS than sham (p = 0.02). Suicidality was evaluated
using the suicide item of HDRS. Of note, the sham-stimulation
group had significantly higher HDRS scores at baseline than
the bilateral-stimulation group. A randomized crossover study
showed a significant decrease in suicidal ideation (p < 0.01) as
measured by BSI scores, independent of the order of active and
sham treatment. Improvement in suicidality was independent of
response to depression, as measured by a 50% decrease in HDRS
scores (Desmyter et al., 2016). Another study with the same
crossover design confirmed these results (Desmyter et al., 2014).
Although suicidal ideation improved (p < 0.01) as measured by
BSI, the improvement was not related to the order of active and
sham treatment or to the change in HDRS score.

Supporting the results above, a sham-controlled trial by
O’Reardon et al. (2007) showed that suicidality was more
common in a sham group, as measured by HDRS (n = 10,
1.9% in the sham vs. n = 1, 0.6% in the active-treatment
group). Exacerbation of depression was alsomore common in the
sham group (O’Reardon et al., 2007). A randomized controlled
trial of 161 patients with TRD, which compared unilateral or
bilateral effects of rTMS with a sham control, showed that
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suicidal ideation was more common in the sham group than
the unilateral and bilateral-stimulation groups (2.4% vs. 0%,
respectively) (Blumberger et al., 2016). Remission rates were
higher in the bilateral-stimulation group than the sham group,
but remission was not significantly different between unilateral
stimulation and sham treatment.

Two studies comparing the efficacy of accelerated TMS to
standard TMS also showed the significant improvement in
suicidal ideation from baseline even though groups did not differ
in terms of improvement. Fitzgerald et al. (2020) compared
the accelerated rTMS treatment and standard rTMS treatment
in terms of clinical efficacy in patients with TRD. In a 2-
group, single-blind, randomized, controlled trial, they enrolled
36 patients in an accelerated intermittent TBS group and 38
patients in a standard rTMS treatment group. Suicidal ideation
was not significantly different between the accelerated and
standard rTMS groups, as measured by C-SSRS and MADRS
item two scores. However, both groups significantly improved
in intensity of suicidal ideation (p < 0.001) (Fitzgerald et al.,
2020). Response and remission rates were not significantly
different between the two treatment groups, as measured by
MADRS, either at 4 or 8 weeks after treatment. In a similarly
designed study, Fitzgerald et al. (2018) compared accelerated
rTMS to standard rTMS treatment for 119 patients with major
depressive disorder (MDD) to evaluate the clinical efficacy of
different treatments. Improvement in suicidal ideation was not
significantly different between the treatment groups, as measured
by SSI (p = 0.68), although both groups showed significant
improvement in suicidal ideation (p = 0.02). Response and
remission rates were not significantly different between any time
points, as measured by HDRS and MADRS, but both groups
improved significantly compared with baseline when HDRS was
considered (Fitzgerald et al., 2018).

In contrast to results above, Rao et al. (2019) evaluated
the antidepressant effect of active rTMS in a randomized
sham-controlled study that included 34 depressed patients after
traumatic brain injury. They found no significant difference
between active and sham-treatment groups regarding change in
suicidal ideation (p = 0.40), as measured by SSI. At baseline,
groups also did not differ in number of suicide attempts (p
= 0.41) (Rao et al., 2019). Similarly, Baeken et al. (2019)
enrolled 45 patients with TRD in a randomized, double-blind,
sham-controlled, crossover trial to active intermittent theta-burst
stimulation (iTBS) and sham iTBS. Results did not show any
significant difference between the active and sham groups for
decrease in suicidal ideation, as measured by BSI, either in the
first or second week of the study (p = 0.53 and p = 0.17,
respectively) (Baeken et al., 2019). Another study compared
active and sham repetitive TMS (rTMS) groups for 42 patients
with suicidal ideation and showed a greater decrease in BSS
(Beck Scale for Suicidal Ideation) scores for active rTMS than for
sham TMS, but this result did not reach statistical significance
(p = 0.054) (George et al., 2014). However, the active-treatment
group had a significantly lower rating for “being bothered by
suicidal thoughts.” Nevertheless, at 6 month follow-up, the active
and sham TMS groups were not significantly different regarding
number of patients with suicidal ideation and attempts.

Two studies presented results in terms of the number of
patients with suicidal ideation, gestures, attempts, or completion.
In a randomized controlled trial of 212 patients with TRD, two
patients in the sham group (of 102 patients) attempted suicide
(Levkovitz et al., 2015). Another randomized sham-controlled
trial by Yesavage et al. (2018) showed that three patients in the
active-treatment group and four patients in the sham-treatment
group had suicidal ideation (Yesavage et al., 2018). In another
randomized sham-controlled study that included 92 patients with
TRD, 47 patients had TMS treatment over 4 to 6 weeks, and 45
patients had the sham treatment over the same period (Carpenter
et al., 2017). Patients were followed up for 1 month after the
last treatment. Notably, one patient in the sham-treated group
completed suicide. In a randomized, double-blind crossover trial
of 47 patients with TRD, one suicide attempt was reported in
the sham group 1 week after sham stimulation (Desmyter et al.,
2016), and in another randomized sham-controlled trial of 180
patients with TRD, no suicides were reported in either treatment
group (George et al., 2010).

One study looked at the clinical efficacy of iTBS in
posttraumatic stress disorder (PTSD). This randomized sham-
controlled study and a subsequent follow-up study of 46 patients
with PTSD evaluated the long-term efficacy of active iTBS in
improving symptoms of PTSD. No cases of completed suicide
occurred either in the active-treatment or sham-treatment group.
During 1 year follow-up, overall clinical outcomes were better
in the active-treatment group, the relapse rate was lower and
the duration between treatment and relapse was longer in the
active-treatment group (Petrosino et al., 2020).

Various other cohort and open-label studies described
interventions for patients with MDD or a major depressive
episode. A prospective cohort study by Hadley et al. compared
suicidal ideation, as measured by SSI, between before treatment
and after treatment for 19 patients with current major depressive
episode. Results showed that 5 weeks of rTMS treatment resulted
in a significant decrease in suicidal ideation within the first
month (p = 0.03) and second month (p = 0.004) of treatment,
as well as throughout the study (p = 0.001) (Hadley et al.,
2011). Similarly, a cohort study by Berlim et al. (2014) in
which they compared before and after TMS suicidal ideation
ratings for 17 outpatients with TRD, showed that 4 weeks of
daily deep TMS resulted in a significant decrease in suicidal
ideation ratings (p = 0.02), as measured by SSI. They also
found a significant decrease in depression symptoms asmeasured
by the 21-question HDRS (p < 0.001) (Berlim et al., 2014).
An open-label trial by Holtzheimer et al. (2010) described one
patient during an accelerated rTMS intervention with increased
suicidal ideation, of 14 patients with a current major depressive
episode. At baseline, four patients had been hospitalized for a
psychiatric reason, and five patients had previously attempted
suicide (Holtzheimer et al., 2010).

Of four studies involving adolescents, results were mixed.
Suicidal ideation did not improve significantly, as measured by
Suicide Ideation Questionnaire (SIQ), before and after treatment
for nine adolescent patients with TRD (Bloch et al., 2008).
However, another study, using data from three prior open-
label protocols, showed a significant decrease in suicidal ideation
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in a group of 19 adolescent patients with TRD who received
adjunctive TMS treatment, but when the results were adjusted for
the change in depression severity, they were no longer significant.
Suicidal ideation was measured by using item 13 of the CDRS-R
and the C-SSRS Intensity of Ideation subscale (Croarkin et al.,
2018). The other two adolescent studies measured suicide as a
safety parameter. In one of these, which included 10 adolescents
with TRD, patients were treated with 30 treatments of high-
frequency rTMS treatment over 6 to 8 weeks (Wall et al., 2016).
Two of the 10 participants had worse suicidal ideation. Another
study with the same treatment protocol, which included eight
adolescent patients with TRD, showed improvement in suicidal
ideation during the treatment period in three patients who
expressed suicidal ideation at baseline (Wall et al., 2011).

A retrospective study analyzed change in suicidal ideation
for 332 inpatients and outpatients with depressive and affective
disorders who were treated with rTMS by using item three of
HDRS (Abdelnaim et al., 2019). Of the patients, 47% had an
improvement in suicidal ideation, but 41% had no improvement
in suicidality. There was a significant positive correlation between
improvement in suicidal ideation and increase in drive, as
measured by item seven of HDRS (p < 0.001).

ECT and Magnetic Seizure Therapy
We reviewed 46 ECT studies and two studies of magnetic seizure
therapy (MST). Four papers included both adolescent and adult
patients. The other 42 papers included only adult patients.
Both MST papers were open-label trials. The ECT studies were
distributed according to type of article: retrospective cohort
studies, 19; case-control studies, 8; case series, 5; randomized
controlled trials, 6; prospective cohort studies, 5; and open-label
trials, 3.

Retrospective Studies
We reviewed 32 retrospective studies (8 case control, five
case series, and 19 retrospective cohort studies) in this review
(Supplementary Table 2).

A study by Black et al. (1987) showed significant improvement
in suicidal ideation and suicide attempts for a group of patients
with MDD and schizoaffective disorder who were treated
with ECT vs. groups treated with adequate and inadequate
antidepressant therapy or no treatment (p= 0.001, p= 0.01, and
p= 0.01 for suicidal ideation and p= 0.001 between ECT and all
three groups for suicide attempts) (Black et al., 1987). Parallel to
the study results above, comparison of ECT and antidepressant
treatment in 519 patients with depression showed a significantly
lower rate of suicide attempts in the group treated with ECT
(0.8%) vs. the groups treated with inadequate antidepressant
treatment (4.2%) or adequate antidepressant treatment (7.0%, p
< 0.01) (Avery andWinokur, 1978). A total of 17 suicide attempts
occurred during the study period.

In contrast, another study using the same population
in the last study mentioned above, failed to show any
significant difference between treatment groups. Five groups
of hospitalized depressed patients were followed up for 3
years after discharge: ECT, adequate antidepressant treatment,
inadequate antidepressant treatment, treated with ECT and an

antidepressant, or none of these treatments (Avery andWinokur,
1976). Interestingly, when all of the adequate treatment groups
(ECT, adequate antidepressant treatment, and ECT plus adequate
antidepressant treatment) were compared with the inadequate
plus no-treatment groups, no significant difference was found
for number of suicide completions at 1 or 3 year follow-up.
During the study, there were eight suicide completions. Similarly,
another study used follow-up data from 1,076 hospitalized
patients withMDD (Black et al., 1989). There were four treatment
groups, which were determined by the treatment at index
admission: ECT, adequate antidepressant treatment, inadequate
antidepressant treatment, and no treatment. In this study, 33
persons completed suicide; 25 (69.4%) occurred in the first 2
years of follow-up. No significant difference was found between
the treatment groups with respect to completed suicide rates (K2:
0.944, degrees of freedom [df ]: 3).

Two other studies showed higher rates of completed suicide
associated with ECT. Jorgensen et al. (2020) using the Danish
National Patient Registry, examined data of 92,895 patients with
single or recurrent depression. They found that 5,004 patients
were treated with ECT and that ECT treatment was associated
with subsequent risk of completed suicide. Adjustment for
the possible confounders decreased the risk, but it remained
significant (Jorgensen et al., 2020) (Supplementary Table 2). The
increased risk in completed suicide was less with increased
severity of depression. Similarly, follow up of patients evaluated
25 years after ECT had a higher but not significant completed
suicide rate (relative risk [RR]: 1.20 [95% CI, 0.99–1.47]) (Munk-
Olsen et al., 2007). However, when the analysis was limited to the
first 7 days after the last ECT treatment, the difference became
significant (RR: 4.82 [95% CI, 2.12-10.95]). The risk of completed
suicide decreased to the levels in the non-ECT group 4 weeks
after the last ECT.

One retrospective study examined data of children and
adolescents treated with ECT (Mitchell et al., 2018). The patients
were evaluated after 6 months of ECT treatment. Results showed
that 78.3% of patients reported mild or no suicidal ideation.

Case-Control Studies
There were eight ECT case-control papers that have suicide-
related data. In a nested, matched, case-control study including
3,845 patients with MDD and PTSD, the rate of completed
suicide was significantly lower in a group treated with ECT than
in a group treated with other modalities (2.2% vs. 5.9%, p < 0.01)
(Ahmadi et al., 2016). The rate of completed suicide was also
significantly lower when only the MDD group was considered
(RR: 0.28 [95% CI, 0.14-0.54]; p = 0.001). Similarly, Bradvik and
Berglund (2006) compared 96 patients who had severe depression
at their index episode and completed suicide during follow-up
with age-, sex-, and diagnosis-matched controls who did not
complete suicide. They tried to find the relationship among
different treatments and occurrences as well as the seriousness
of suicide attempts by examining the patients’ treatment
histories. When the total sample (suicide completers and suicide
attempters) was evaluated, patients treated with ECT had fewer
suicide attempts than patients treated with antidepressants (χ2:
7.49, p < 0.01). Nevertheless, suicide attempts were milder in

Frontiers in Human Neuroscience | www.frontiersin.org 6 June 2021 | Volume 15 | Article 660926

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Kucuker et al. Neuromodulation Treatment Effects on Suicidality

patients treated with antidepressants than patients treated with
ECT (0.25 vs. 0.8, p < 0.02). Patients who attempted suicide were
not significantly different from those who did not attempt suicide
regarding the number of previous inadequately and adequately
treated episodes (Bradvik and Berglund, 2006).

A comparison of 89 patients with severe depression who
completed suicide and a group of matched controls who did
not were not significantly different regarding history of ECT
treatment (Bradvik and Berglund, 2000). The number of ECT
treatments did not affect the number of suicide attempts
substantially (10 of 23 in the suicide group vs. eight of 26 in the
no-suicide group). Similarly, a case-control study of inpatients
showed no significant difference in the use of ECT for patients
who completed suicide and their age-, sex-, and diagnosis-
matched controls who did not complete suicide (Sharma, 1999).
However, in the control group, there was a longer time between
ECT and suicide/discharge (p = 0.08), as well as more ECT
treatments at the index admission (p= 0.09).

Several other case-control studies presented suicide data as
numbers of suicide attempts or completed suicides. Some of
these studies showed lower suicide rates than expected in the
studied population. For example, data collected for an 8 year
sample of completed suicide cases showed that 71 patients were
being treated with ECT at the time of suicide, corresponding to
<1% of the cases. Nine suicides, the mean number of completed
suicides per year for patients treated with ECT, corresponded
to a rate of 10.8 suicides per 10,000 patients treated. Patients
who completed suicide after ECT were older, had higher rates
of affective disorder, and had higher rates of previous self-
harm than the group of patients who did not receive ECT.
Patients in the ECT group were also more likely to be inpatients
(Hunt et al., 2011).

In contrast, some of these studies showed a higher
standardized mortality ratio from completed suicide. For
example, a case-control study of 30 patients who completed
suicide showed that 19 patients were receiving ECT before suicide
(Youseff, 1990). A 5 to 7 year longitudinal cohort study showed
that patients who received ECT at their first hospitalization or
who had prior ECT treatments had 21% completed suicide (16
of 76 deaths) (Milstein et al., 1986). A history of ECT treatment
did not differ significantly among patients who completed suicide
and patients who died of other causes.

There was one study looking at the efficacy of ECT for
postpartum depression. Ronnqvist et al. (2019) compared the
efficacy of ECT on relapse for 180 patients with postpartum
depression who were treated with ECT to a control group of
180 patients without postpartum depression but treated with
ECT. In the control group, there were 102 relapses and one
case of completed suicide, whereas in the treatment group,
there were 73 cases of relapse with no completed suicides
(Ronnqvist et al., 2019).

Overall, the case series showed either decreased suicidal
ideation or a lower standardized mortality ratio from completed
suicide in patients treated with ECT. Four prior case series
assessed the effect of ECT on patients with depression and bipolar
disorder. Suicide completion was the secondary outcome in these
studies. A study by Ahmadi et al. (2018) included patients with

MDD and MDD plus comorbid PTSD. Patients were followed
up for 1 year after 14 ± 1 sessions of ECT. There was significant
improvement in both groups in PTSD and MDD symptoms.
There were no completed suicides (Ahmadi et al., 2018). Another
study from the National Suicide Prevention Project of Finland
reviewed 1,397 completed suicides, and only two of these patients
had received ECT treatment (Isometsa et al., 1996). This could
suggest that patients treated with ECT have a low rate of suicide
completion. One of the patients had recurrent psychotic major
depression, and the other patient had severe recurrent major
depression. Both patients completed suicide ∼3 months after
their last ECT treatment. A case series of eight pregnant patients
diagnosed with mood disorders and treated with ECT reported
resolution of suicidal ideation for five patients (Ray-Griffith
et al., 2016). This group of patients had various mood disorder
diagnoses including unipolar depression, mixed phase of bipolar
illness, and depressed phase of bipolar disorder. A larger case
series of 264 patients examined changes in suicidal ideation
before and after ECT treatments (Benzoni et al., 2015). Suicidal
ideation decreased with ECT treatment among patients in all
diagnostic categories.

There was one case series that included adolescent patients.
In a case series of 30 female adolescent patients with anorexia
nervosa who were hospitalized and treated with ECT due to
severe suicidal risk (severe suicidal ideation or suicide attempt),
only one patient attempted suicide during ECT treatment, and
no patients completed suicide following ECT treatment (Shilton
et al., 2020). Depression severity also significantly decreased after
ECT treatment (vs. before ECT). Follow-up of 13 patients for
5 to 14 years showed that none of the patients had persistent
suicidal symptoms. Of seven with follow-up of three to 13 years,
none reported any suicidal, depressive, or eating disorder–related
symptoms. However, three patients in the follow-up period
reported that they had suicidal symptoms at their last assessment.

Prospective Studies
We reviewed 15 prospective studies: six randomized controlled
trials, one matched-control study, three open-label trials, and five
prospective cohort studies (Supplementary Table 2).

Several randomized controlled trials assessed the effect of
ECT on depression and studied suicidality as a secondary
outcome and presented mixed results. Keshtkar et al. (2011)
compared ECT (n = 40) to rTMS (n = 33) as a treatment for
depression. The authors then evaluated suicidality by analyzing
the mean change in suicide subscales of the BDI and HDRS.
They showed that both ECT and rTMS significantly decreased
the suicidal subscale score of the BDI (p < 0.001). However,
in the HDRS, patients treated with ECT had a significantly
greater decrease in the suicide score than those treated by
rTMS (p < 0.001) (Keshtkar et al., 2011). Supporting the results
above, Kellner et al. (2005) examined data from an ongoing
randomized controlled study that compared the efficacy of
continuation ECT with continuation pharmacotherapy for 444
patients with unipolar depression. They showed rapid relief of
suicidal intent, as measured by HDRS item 3, for patients with
MDD treated with continuation ECT compared with patients
treated with continuation pharmacotherapy. Of 131 patients
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receiving continuation ECT to prevent relapse, suicidal intent
ratings for 106 patients (80.9%) decreased to 0. This decrease was
2.5 times more likely for patients older than 50 years. A strong
correlation from baseline was shown between the improvement
in depressive symptoms and improvement in suicide rate (r =
0.45, p< 0.001). Two patients completed suicide during the study
(Kellner et al., 2005). Parallel to the results above, in a study that
included 30 patients with severe depressive symptoms treated
with ECT, Patel et al. (2006) showed a significant improvement
in depressive symptoms [t(29) = 8.94, p < 0.001] and suicidal
intent [t(28) = 9.79, p < 0.001] vs. 30 matched-control patients
treated with psychotropic medications and evaluated with the
Brief Psychiatric Rating Scale-24 (BPRS-24) (Patel et al., 2006).

The above results are supported by other studies, but
the supporting studies present only numbers of cases. For
example, Nordenskjold et al. (2013) compared a group of
depressed patients with various diagnoses who were receiving
ECT and pharmacotherapy (n = 28) with a control group
receiving pharmacotherapy only (n = 28) and reported the
number of suicide attempts (Nordenskjold et al., 2013). In the
pharmacotherapy group, three patients attempted suicide and
one patient had suicidal ideation. In the combined ECT and
pharmacotherapy group, only one incident was a possible suicide
attempt. A patient had amotor vehicle accident while intoxicated,
but it was not clear whether this accident was a suicide attempt.
In contrast, Phase II of the Population Research in Identities
and Disparities for Equality (Population Research in Identity
and Disparities for Equality Population Research in Identity and
Disparities for Equality PRIDE) study compared the treatment
efficacy of ECT plus medication to a medication-only group
of patients with unipolar major depression and reported three
instances of suicidal ideation, all in the ECT plus medication–
treated group (Kellner et al., 2016). None of these suicidal events
were thought to be related to ECT.

We reviewed several open-label trials, most of which showed
a benefit of ECT. An open-label ECT trial conducted by Rich
et al. (1986) evaluated the change in suicidality and either energy
or decreased work/activity of 37 patients with depression and
suicidal ideation after they received ECT. The authors concluded
that the suicidal ideation score (using suicide items of HDRS)
significantly decreased after ECT compared with the initial pre-
ECT score (p < 0.05 for the suicide plus decreased energy
subgroup, p < 0.05 for the suicide plus decreased work/activity
subgroup) (Rich et al., 1986). Ambade et al. (2009) showed
a significant decrease in the suicidal ideation scale (SIS) of
50 depressed patients after ECT treatment (p < 0.01). SIS
scores decreased to normal levels for all 50 patients after ECT
was completed. In a 1 year follow-up study of 50 patients
with mood disorders who were treated with ECT and who
achieved remission, 17 attempted suicide (Cakir and Caglar,
2017). Eleven in the cohort had a history of suicide attempts.
In another open-label study, patients with mixed mania were
shown to have a greater reduction in suicidal ideation than
patients with bipolar depression after ECT (p < 0.001), although
significant improvement occurred in both groups (p < 0.001)
(Ciapparelli et al., 2001). Suicidality was measured by MADRS,
which includes items related to suicidal thoughts and intent but

not to attempts. The number of ECT sessions did not differ
significantly between the two groups. Parallel to the results
above, in another longitudinal study that compared suicidality
before and after ECT using SIS, ECT treatment resulted in
significant improvement in suicidality for five patients with
unipolar depression and suicidal ideation (p < 0.05) (Kawoos
et al., 2018). Suicidality in patients with OCD also decreased
significantly (p < 0.05) (Supplementary Table 2).

Two studies examined the efficacy of MST in suicidal ideation.
In their open-label trial that enrolled 27 patients with TRD, Sun
et al. (2016) found a significant decrease in suicidal ideation
as measured by SSI scores. TMS-electroencephalographic
measurements showed a significant correlation of N100 values of
the frontal electrodes with improvement in suicidal ideation (Sun
et al., 2016). In another open-label trial, Sun et al. (2018) enrolled
23 patients with TRD and showed that MST treatment resulted
in significant improvement of suicidal ideation (p < 0.001).
Of 18 patients with suicidal ideation at baseline, the ideation
completely resolved for eight patients. The investigators also
examined neurophysiologic correlates of clinical improvement
for depression and suicidality. Results showed a significant
increase in cortical-evoked activity (CEA) in frontal central
electrodes after MST compared with pretreatment (p = 0.04)
(Sun et al., 2018). No significant correlation existed between
improvement in SSI scores and change in CEA. However, a
significant correlation existed between the decrease in long-
interval intracortical inhibition (LICI) over the central and
frontal electrodes and the decrease in SSI scores (p = 0.04).
Relevant to this, there was a significant decrease in LICI over
the right frontal electrodes when the analysis was limited only to
patients with resolved suicidal ideation after MST (p= 0.048).

VAGAL NERVE STIMULATION

Prospective Studies
We reviewed eight studies of adults with vagal nerve stimulation
(5 prospective cohort studies, one open-label trial, and two
randomized controlled trials) (Supplementary Table 3).

In a randomized controlled study, Aaronson et al. (2013)
compared patients with TRD who were treated with low,
medium, and high VNS dosing parameters. The number of
suicide attempts after treatment was higher in the low group
than the combined medium and high group (p = 0.065). The
number of prior suicide attempts was not significantly different
between groups (Aaronson et al., 2013). Groups also did not
differ in remission and response rates in depressive symptom
severity at the end of the study. In a randomized controlled
trial by Rush et al. (2005a,b) active VNS was compared with
sham stimulation in 235 patients with TRD, and there was
one suicide completion within the first 5 weeks of treatment.
Response rates were significantly higher in the group receiving
active stimulation, but no difference existed in remission rates
among groups receiving active stimulation or sham (Rush et al.,
2005a).

Prospective cohort studies presented mixed results. In a 5 year
observation of a cohort of patients with TRD, patients receiving
VNS had a greater reduction in suicidality than patients treated
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with standard therapies (odds ratio [OR], 2.11 [95% CI, 1.28–
3.48]; p= 0.04), as assessed with the QIDS-SR-16 item 12 and an
investigator-completed suicidality assessment (OR, 2.04 [95% CI,
1.08–3.86]; p = 0.03) (Aaronson et al., 2017). The group treated
with VNS also had a lower completed suicide rate (1.01 per 1,000
person-years [95% CI, 0.11–3.64] vs. 2.20 per 1,000 person-years
[95% CI, 0.24–7.79]). Another follow-up study of patients with
TRD reported results for the positive effect of VNS on mortality
and suicide rates in the sample (mean for adjunctive VNS was
3.2 years vs. mean for treatment-as-usual at 2.1 years) (Olin et al.,
2012). The study showed that although adjunctive VNS had lower
completed suicide rates (0.88/1,000) than treatment-as-usual
(1.61/1,000), this difference did not reach statistical significance.
Nevertheless, reduction in suicidal ideation by adjunctive VNS
reached statistical significance (OR, 0.80 [95% CI, 0.68-0.95])
compared with usual treatment. There were 2.1 ± 4.4 lifetime
suicide attempts in the adjunctive VNS group and 1.2 ± 2.4
suicide attempts in the usual treatment group.

Some of the prospective cohort studies presented results as
numbers of people with completed suicide, suicidal ideation, and
suicidal behavior. In a cohort study of 74 patients with TRD who
were treated with VNS, two patients had completed suicide by
the end of the 2 year follow-up (Bajbouj et al., 2010). One of
these patients had no prior suicide attempts, whereas the other
had 18 prior suicide attempts. Rush et al. (2005a,b) reported
11 suicide attempts over a 1 year follow-up in a randomized
sham-controlled trial of 205 outpatients with TRD treated with
VNS (Rush et al., 2005b). Schlaepfer et al. (2008) conducted
an open multicenter study of 74 patients with TRD in which
they looked for the effect of VNS when used as an adjunct
to pharmacotherapy. They continued the study for 1 year and
reported two cases of completed suicide during their study
(Schlaepfer et al., 2008).

In an open-label pilot study of VNS in 59 adult outpatients
who experienced major TRD, three suicide attempts were
reported during the 2 year study duration (Nahas et al., 2005).

DEEP BRAIN STIMULATION

The literature search yielded 44 relevant DBS studies
(Supplementary Table 4). All studies focused on adults.
There were 14 retrospective and 30 prospective DBS studies.

Retrospective Studies
There were 11 retrospective cohort studies, one case-control
study, and two case series. The 11 retrospective cohort studies
focused on patients with Parkinson disease and essential tremor
(1 study) who were treated with DBS (Kenney et al., 2007). The
study by Porat et al. (2009) was the only study to apply inferential
statistics; the others presented only descriptive data.

A number of studies showed relatively lower suicidality in
patients treated with DBS. A retrospective survey of 5,311
patients with Parkinson disease treated with DBS showed a
0.90% rate of suicide attempts and a 0.45% rate of suicide
completions (Voon et al., 2008). Postoperative depression, single
status (p = 0.001), and history of impulse-control disorders (p
= 0.002) significantly predict attempted suicide risk. Umemura

et al. (2011) reported two suicide attempts of 180 patients with
Parkinson disease treated with DBS (Umemura et al., 2011).
Soulas et al. (2008) followed up 200 patients with Parkinson
disease who were treated with DBS and showed that two patients
completed suicide and four attempted suicide. No significant
differences existed between the suicidal and non-suicidal patient
groups for age, sex, disease duration, or preoperative depressive
or cognitive status. No significant relationship was shown
between change in stimulator settings and completed suicide. The
mean duration to suicide attempt was 10.7 months, and the mean
duration between surgery and completed suicide was 19.5 ± 7.2
months (Soulas et al., 2008).

In contrast, several other retrospective cohort studies
presented relatively higher rates of suicide attempt or suicide
completion. Strutt et al. (2012) compared 22 patients with
Parkinson disease who were treated with bilateral DBS with
a control group who received non-surgical treatment-as-usual.
In the DBS treatment group, one patient completed suicide 3
months after surgery, whereas no patients in the control group
completed suicide. The mood of the patient who completed
suicide substantially worsened during follow-up (Strutt et al.,
2012). In a retrospective cohort study involving 22 patients
with Parkinson disease, suicidal ideation appeared to increase
after DBS surgery (Porat et al., 2009). Three patients had
suicidal ideation before surgery, and 10 patients had suicidal
ideation after surgery, resulting in a significant difference in
the number of patients with suicidal ideation from before
to after surgery (p = 0.046). One of these patients did not
describe suicidal ideation before surgery and attempted suicide 1
month after surgery. Twomonths after this unsuccessful attempt,
he completed suicide (Porat et al., 2009). Funkiewiez et al.
(2004) studied a cohort of 77 Parkinson disease patients treated
with DBS and reported that one patient completed suicide 36
months after surgery, and four patients attempted suicide at
2, 3, 5, and 6 months (Funkiewiez et al., 2004). Houeto et al.
(2002) documented four patients who had increased suicidal
risk as measured by MINI in a cohort of 24 patients with
Parkinson disease. This risk was present in three of four patients
preoperatively (Houeto et al., 2002). Two retrospective cohort
studies included patients with other movement disorders. In
a cohort study of 46 patients with essential tremor who were
treated with bilateral DBS, one patient completed suicide 7
months after surgery (Borretzen et al., 2014). Kenney et al.
(2007) reported one completed suicide in a cohort of 319
patients with movement disorders who were treated with
subthalamic nucleus stimulation (Kenney et al., 2007). Finally,
the retrospective cohort study by van der Wal et al. (2020)
reported results for 25 patients with TRD who were treated
with ventral anterior limb of internal capsule DBS and followed
up for 1 year during the maintenance phase. One patient in
the non-responder group attempted suicide during follow-up
(van der Wal et al., 2020).

A case-control study by Giannini et al. (2019) described
data for 534 patients with Parkinson disease treated with
subthalamic nucleus (STN) DBS. They documented 26 patients
who attempted (22 patients) or completed (4 patients) suicide
(Giannini et al., 2019).
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In a case series of 24 patients with Parkinson disease
treated with DBS and followed up for 6 months, three of the
six patients who experienced worsening of mood symptoms
became suicidal. Unfortunately, they did not specify whether
it was suicidal ideation, intent, or attempt. None of these
patients had a history of suicide attempts (Berney et al., 2002)
(Supplementary Table 4).

Prospective Studies
There were 30 prospective studies (14 cohort studies, five open-
label single-group trials, six randomized controlled trials, and
five randomized double-blind crossover trials) that included
patients with Parkinson disease, movement disorders, and TRD.
Of the studies, only two applied inferential statistics; the others
presented only descriptive data.

Several randomized controlled trials reported results for the
effects of DBS in TRD. In a randomized controlled trial that
enrolled 90 patients with TRD, 60 patients were randomized
to active DBS treatment and 30 patients to sham treatment
(Carpenter et al., 2017). The sham-treated group included
patients who had the DBS device implanted but began active
treatment 6 months later than the active-treatment group, after
the double-blind phase and at the beginning of the open-label
phase of this study. During the double-blind phase, two suicidal
events occurred. One patient had increased suicidal thoughts,
and the other patient attempted suicide. During the open-label
phase, two patients completed suicide in the sham group. In the
active DBS group, one patient had increased suicidal thoughts,
and another patient had a suicide attempt. A randomized,
double-blind, sham-controlled trial of patients with TRD (n =

29) by Dougherty et al. (2015) reported that suicidal ideation was
more common in patients treated with active DBS than sham.
Two of 15 patients in the active-treatment group had suicidal
ideation, and none of the 14 patients treated with sham DBS had
suicidal ideation.

There are also crossover randomized trials that studied the
effects of DBS in patients with TRD. In a randomized, double-
blind, sham-controlled crossover trial involving 25 patients with
TRD, four patients who were non-responders also had suicide
attempts during the optimization phase, which lasted 51.8 weeks
(Bergfeld et al., 2016). Two patients had increased suicidal
ideation during this phase. One of the two patients subsequently
responded to DBS treatment; the other did not. During the
crossover phase of the study, two patients (1 in the active DBS
group, one in the sham DBS group) had suicidal ideation. Two
patients did not respond and completed suicide after exiting
the study (1, suicide; 1, euthanasia). Of note, before surgery,
seven patients had prior suicide attempts (3.3 ± 1.7 attempts)
(Supplementary Table 2).

DBS was also evaluated for patients with movement disorders,
mostly for Parkinson disease and a study of dystonia. A 2-phase,
randomized, controlled trial byWeintraub et al. (2013) compared
the suicidal outcomes (suicidal ideation and suicidal behaviors)
in a group of patients with Parkinson disease who were either
treated with DBS (n= 134) or best medical therapy (n= 121). No
patients had attempted or committed suicide at 6 months, and no
significant difference was found for suicidal ideation (Weintraub

et al., 2013). After randomizing into STN (n = 147) and globus
pallidus interna (GPi) (n= 152) in the second phase of the study,
one patient in the GPi group completed suicide, whereas only
one patient attempted suicide in the STN group. The groups did
not differ significantly in the rate of suicidal ideation (1.5% vs.
0.7%, p = 0.61). However, proxy symptoms for suicidal ideation
evaluated with the Parkinson Disease Questionnaire (39 item)
(PDQ-39) (Jenkinson et al., 1997) and the Short Form (36)Health
Survey (SF-36) (Hays and Morales, 2001) were significantly
higher (Supplementary Table 4) in the best medical therapy and
STN group compared with the DBS and GPi groups, respectively.
Qualitatively, patients in the DBS group were reported to have
more energy and be less tired, calmer, and peaceful (overall
more full of life) than patients in the best medical therapy group
(Weintraub et al., 2013). Similarly, patients in the GPi group
had improved mood, less irritability, and better energy levels
than patients in the STN group. In a study by Follett et al.
(2010), 299 patients with Parkinson disease were treated with
pallidal stimulation or subthalamic stimulation, and there was
no significant difference regarding suicidal depression between
groups (p = 0.99), although depression worsened in the STN
group and improved in the GPi group. A randomized controlled
trial reported results for 20 patients with generalized segmental
dystonia treated with active or sham stimulation in the first 3
months, followed by 6 months of active treatment and follow-
up (Volkmann et al., 2012). In this study, one patient attempted
suicide 6 months after surgery.

A sham-controlled crossover study of 10 patients with
treatment-resistant OCD reported that one patient had suicidal
ideation after 6 months of treatment (Huff et al., 2010). This
patient had a history of suicidal ideation.

Suicide was studied in several prospective cohort studies of
patients treated with DBS for TRD. A cohort study of 11 patients
with TRD treated with DBS reported one suicide completion and
one suicide attempt during a 12 month follow-up period. Both of
these patients were in the non-responder group (Bewernick et al.,
2012). For 21 patients with TRD, bilateral subcallosal cingulate
cortex stimulation was used for treatment (Lozano et al., 2012).
One patient had deactivations of DBS two times. The first time
the patient attempted suicide, and the second time the patient
had a relapse of depression with increased suicidal ideation.
A similar study involving 20 patients with TRD treated with
subcallosal cingulate gyrus DBS resulted in the hospitalization of
three patients because of suicidal ideation (Kennedy et al., 2011).

The effects of DBS on suicide for movement disorders,
mostly Parkinson disease, was also studied in several prospective
cohorts. A cohort study involving 72 patients with Parkinson
disease treated with STN-DBS showed no significant change
in suicidal ideation after surgery (p = 0.83), as measured
by BDI item nine (Castelli et al., 2006). A cohort study
of 63 patients with Parkinson disease treated with STN-DBS
reported that two patients attempted suicide at the end of 1
year follow-up (Lhommee et al., 2012). One of the attempts
occurred after a device infection required removal of the device
electrodes. The other attempt occurred 2 months after surgery.
In another prospective cohort study, 150 patients with Parkinson
disease were treated with DBS, four of whom attempted suicide
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FIGURE 2 | Summary Table for the Risk of Bias in included studies.

Randomized controlled studies that are included in our study were assessed

by the risk of bias tool by Cochrane Collaboration. This tool allows readers to

(Continued)

FIGURE 2 | assess possible risks in five domains including selection,

performance, attrition, reporting, and other. Green color denotes low risk of

bias, while red color signifies an important risk of bias. Yellow indicates that the

risk of bias is unclear, due to insufficient information.

(Antonini, 2007). In a 6 month follow-up study of 54 patients
with Parkinson disease treated with DBS, no attempted or
completed suicides occurred. In a study with a median of 2
years of follow-up (range, 12–52 months), one of 25 patients
with Parkinson disease treated with STN-DBS attempted suicide
(Kleiner-Fisman et al., 2003). This patient, interestingly, did not
endorse symptoms of depression around the time of suicide
attempt. Therefore, this suicide completion was considered an
impulsive act against a specific situation. Of 49 patients with
advanced Parkinson disease treated with STN-DBS, one patient
with three preoperative suicide attempts completed suicide
postoperatively (Krack et al., 2003). Only one suicide occurred in
an STN-DBS group of 99 patients with Parkinson disease during
6 months of follow-up (Smeding et al., 2006).

The association of movement disorders and suicide was also
studied in prospective cohort studies. In a report by Burkhard
et al. (2004) six of 140 patients with movement disorders who
were treated with DBS completed suicide during the follow-up
period. The mean time between DBS surgery and death was 3.1
years (range, 4 months−7 years) (Burkhard et al., 2004). Another
cohort study of 16 patients withmovement disorders treated with
bilateral GPi-DBS reported that two patients completed suicide at
3 weeks and 14 months after surgery (Foncke et al., 2006).

Several open-label trials studied DBS-related suicidality
outcomes, mostly in patients with TRD. During an 8 week, open-
label trial of 21 patients with TRD, there was one case of suicide
completion and one case of suicidal ideation (Lozano et al., 2012).
The completed suicide occurred immediately after the end of the
open-label phase, whereas the suicide attempt occurred during
the fourth to fifth week of the open-label phase. Holtzheimer
et al. (2012) reported results for 17 patients with TRD who were
treated with subcallosal cingulate DBS. In the discontinuation
phase of the study, full depressive episodes recurred in three
patients (Holtzheimer et al., 2012). Reinitiation of DBS resulted
in a substantial increase in suicidal ideation for these three
patients, and one suicide attempt occurred within the first week
of the active stimulation. However, suicidality for this patient
resolved without further adjustment of the parameters. Crowell
et al. (2019) examined the efficacy of subcallosal cingulate DBS
for 28 patients with depression (20 with MDD and eight with
bipolar disorder) in an open-label trial with a long-term follow-
up design. They documented eight cases of suicidal ideation and
five suicide attempts during 6 years of follow-up. In the group
with bipolar disorder, there were 17 suicide attempts and 15
previous suicide attempts (Crowell et al., 2019).

During an open-label trial that included 366 patients with
Parkinson disease treated with STN-DBS, only one patient
in the DBS group completed suicide in the postoperative
period (Williams et al., 2010). This patient had a previous
suicide attempt.
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RISK OF BIAS ASSESSMENT

Risk of bias assessment was done following the Cochrane
Handbook for Systematic Reviews guidelines (Higgins et al.,
2019). A risk of bias summary and graph were generated via
Review Manager 5.1 (Cochrane) (2014) (Figures 2, 3).

DISCUSSION

To our knowledge, this is the first systematic review to examine
the effects of invasive and non-invasive brain stimulation on
suicidality. Few studies have been designed to address the
prospective impact of brain stimulation modalities on suicidal
ideation, suicide attempts, and suicide completion. However, we
believe the synthesis of information presented herein will serve as
a starting point for hypothesis generation and for crafting well-
designed and adequately powered studies to assess the efficacy of
neuromodulatory tools on suicidality.

tDCS Studies
Two studies evaluated tDCS, which were different phases of the
Sertraline vs. Electrical Current Therapy for Treating Depression
Clinical Study (SELECT TDCS) trial. Phase I of this trial showed
the protective effect of tDCS on suicidality compared with
placebo. tDCS decreased suicidal ideation significantly (p <

0.01) (Brunoni et al., 2014). No suicidal ideation was observed
during the crossover (phase II) and follow-up (phase III) phases
(Valiengo et al., 2013). The mechanism of action of tDCS
remains theoretical, and amore definitive understanding requires
further research.

TMS Studies
Most rTMS studies showed a significant decrease of suicidal
ideation. In 12 of these studies, suicidality was a main outcome;
10 (Hadley et al., 2011; Keshtkar et al., 2011; Berlim et al.,
2014; Desmyter et al., 2014, 2016; Baeken et al., 2017; Croarkin
et al., 2018; Fitzgerald et al., 2018, 2020; Weissman et al.,
2018) of which showed a significant improvement in suicidal
ideation while two RCTs (Baeken et al., 2019; Rao et al., 2019)
could not show any significant difference. In four of the all
studies, a positive correlation was shown between improvement
in depressive symptoms and suicidal ideation (Bloch et al., 2008;
Berlim et al., 2014; Baeken et al., 2017; Croarkin et al., 2018).
Notably, in one study, the decrease in suicidal ideation was no
longer significant after improvement in depressive symptomswas
considered (Croarkin et al., 2018). Thus, it is hard to reach a
conclusion if improvement in suicidal ideation is solely caused
by improvement in depressive symptoms. Suggestedmechanisms
for the improvement in suicidality after TMS treatment is
discussed below and includes indirect links via improvement
in depression and direct links via various neurobiological
mechanisms. Almost all studies applied 10Hz high-frequency
stimulation. Initial studies that used TBS showed similar efficacy
to rTMS in decreasing suicidal ideation. A study that evaluated
deep TMS also showed significant improvement in suicidality
ratings (Berlim et al., 2014). Dumas et al. (2012) noted that
the TMS frequency was not a factor for predicting treatment

response for patients with major depression (Dumas et al.,
2012). In addition, no studies have examined the effects of 1-Hz
stimulation on suicidality, making it difficult to speculate on the
role of TMS dosing in improving depressive symptoms and in
improving suicidality.

The inhibitory role of low-frequency TMS and the excitatory
role of high-frequency TMS also produced counterintuitive
conclusions because suicidality has been shown to be associated
with γ-aminobutyric acid (GABA)ergic deficits at many levels
(Zhao et al., 2018; Lewis et al., 2019), and 10Hz or any high-
frequency treatment should have worsened this situation from
the TMS excitatory effect on the cortex. However, the results
instead showed that high-frequency TMS decreased suicidality.
Considerable individual variability most likely exists regarding
the effects on the brain of various TMS doses. Clearly, the
relationship between TMS frequency or dosing in general and
the ensuing impact on suicide warrants further careful study.
TMS may exert its protective effect by allowing the patient to
reassume emotional or cognitive control. As discussed in the
paper by George and Post (2011), TMS improves corticolimbic
regulatory control over emotional drive (George and Post, 2011).
This might help the regulation of the emotional state, a deficiency
of which is thought to be responsible for the suicidal state
(Jollant et al., 2011).

Nevertheless, studies in the present review included data
focused on suicidal ideation, which does not reliably predict
suicidal behavior (Franklin et al., 2017; Glenn et al., 2017) and
also has very different neural mechanisms (Just et al., 2017).
The underlying neurobiological mechanisms of suicidal ideation
and suicidal behavior are most likely very different. A study
by Just et al. (2017) provides support for the theory regarding
the opportunities for TMS enhancement of emotional control.
The authors used machine learning to study the changes in
neural representations of concepts related to life and death.
They found that the degree of evoked emotion, related to the
concepts presented, was the major difference between persons
with suicidal ideation and control patients (Just et al., 2017). For
example, neural correlations of the concept death evoked more
shame in the suicidal ideation group, emphasizing the role of
emotional regulation in suicidal ideation.

Another explanation for decreased suicidality in TMS studies
might be the decrease in depressive symptomatology. All studies
in our review that examined depressive symptoms showed that
improvement in suicidality correlated with improvement in
depression. A study by Croarkin et al. (2018) had a similar
conclusion, but the data were no longer significant after
adjustments were made for depression severity (Croarkin et al.,
2018). Psychiatric disorders, especially depression, are important
risk factors for suicidal behavior, supporting the possibility that
TMS exerts its effect through improving depression.

A comprehensive review of neuroimaging studies suggested
that impairments in the medial and lateral ventral prefrontal
cortex and connecting structures have a role in negative
emotional states and are potential drivers of suicidal behaviors
(Schmaal et al., 2020). Dysregulations in the dorsolateral
prefrontal cortex and the inferior frontal gyrus are probably
linked to suicidal behaviors. The anterior cingulate cortex also
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FIGURE 3 | Summary Graph for the risk of bias in included studies. By using the data that is used to create the summary table, this graph gives a broad view of the

risk of bias in the included randomized controlled trials in the review. Green color denotes low risk of bias, while red color signifies an important risk of bias. Yellow

indicates that the risk of bias is unclear, due to insufficient information.

likely has a role in regulating suicidal thoughts and behaviors
(Schmaal et al., 2020). This work is important as it generates
potential hypotheses and discrete targets for interventional
studies with brain stimulations.

Multiple other putative mechanisms may be responsible for
the effects of TMS on depressive symptoms and suicidality:
neurotrophic factors and synaptic plasticity, abnormalities
in the hypothalamic-pituitary-adrenal axis, abnormalities
in serotonin, and dysregulation in GABAergic-inhibitory
mechanisms and glutamatergic-excitatory mechanisms. TMS has
been consistently shown to increase brain-derived neurotrophic
factor in stimulated and distant brain regions, thereby inducing
plasticity (Chervyakov et al., 2015). Plasticity and increased
regeneration might be a way TMS affects suicide, when the
effect of aging-impaired neuroregeneration is considered
in depression (Jacobs et al., 2000). Hypothalamic-pituitary-
adrenal axis dysregulation has also been shown to be a
target of TMS treatment. Rats that were exposed to chronic,
unpredictable stress and subsequently developed depression also
had high adrenocorticotropic hormone and cortisol levels (Zhao
et al., 2018). TMS treatment reversed the abnormality in the
hypothalamic-pituitary-adrenal axis and improved depression in
the rats.

Neurotransmitter Studies
Regarding GABA-related mechanisms, abnormalities in
GABAergic function affect suicide and depression. Lewis et al.
(2019) showed a significant positive correlation between change
in GABAergic-inhibitory measures of TMS and change in
suicidality, even after controlling for the effect of change in
depression. In a genotype and transcriptome study by Yin et al.
(2016) the investigators showed that GABA-A receptor coding
transcript had a lower expression in postmortem analysis of
brains of patients who committed suicide (Yin et al., 2016). A
significant increase in the expression of genes responsible for
GABAergic synaptic transmission in postmortem analysis of
the dorsolateral prefrontal cortex and anterior cingulate cortex
of patients with MDD who died of suicide vs. MDD patients

who died of other causes also supported the substantial role of
GABAergic activity in patients with suicidal ideation (Zhao et al.,
2018). TMS might interfere with this abnormality by causing an
alteration in the GABA/glutamine ratio in corticolimbic circuits
(Iwabuchi et al., 2017). Another spectroscopy study in humans
showed an increased concentration of GABAergic activity after
rTMS (Grohn et al., 2019). Serotonin has also been consistently
proven to have a role in both depression and suicidality, and
there is substantial evidence to support the role of rTMS in
regulating abnormal serotonergic activity. A study by Baeken
et al. (2011) showed that serotonergic dysregulation was restored
after high-frequency rTMS in patients with unipolar depression
(Baeken et al., 2011). A study by Kim et al. (2014) in a chronic
stress model of depression in rats also supported the facilitation
of GABAergic activity by rTMS (Kim et al., 2014).

ECT Studies
Recent ECT studies consistently showed significant clinical
effects of ECT on suicidality (Kellner et al., 2005; Bradvik
and Berglund, 2006; Patel et al., 2006; Ambade et al., 2009;
Keshtkar et al., 2011; Ahmadi et al., 2016; Kawoos et al.,
2018; Liang et al., 2018), whereas earlier studies did not
show any difference between ECT-treated groups and control
patients (Avery and Winokur, 1976, 1978; Tsuang et al., 1979;
Black et al., 1989; Sharma, 1999). This difference may be the
result of standardization of ECT techniques, which allowed for
retained clinical efficacy and fewer adverse effects (Tirmizi et al.,
2012). Another explanation might be the increase in numbers
of prospective and controlled studies. These higher quality
studies may have provided more accurate results. Similarly
studies in which suicidality was a primary outcome often
showed improvement in suicidality. There were 11 studies
which suicidality was the primary outcome. Seven of these
showed an improvement in suicidal ideation or suicide intent
and fewer suicide attempts or completed suicides in patients
treated with ECT (Avery and Winokur, 1978; Rich et al., 1986;
Black et al., 1987; Ciapparelli et al., 2001; Kellner et al., 2005;
Bradvik and Berglund, 2006; Patel et al., 2006; Ahmadi et al.,
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2016; Kawoos et al., 2018). Two of them could not show any
significant difference (Avery and Winokur, 1976; Black et al.,
1989), while two of them showed a higher rates of completed
suicide in the patients treated with ECT (Munk-Olsen et al.,
2007; Jorgensen et al., 2020). Two of all the studies mentioned
an association of improvement in suicidal ideation and intent
with the improvement in depression (Kellner et al., 2005; Patel
et al., 2006). Yet it is hard to reach a conclusion regarding if
improvements in suicidal ideation or intent was barely a result
of improvement in depression.

Although the mechanism of action is still unclear, multiple
theories may explain how ECT contributes to improvement in
suicidality. ECT may exert its effect on suicide indirectly by
improving symptoms of depression and directly by improving
suicidality. Treatment with ECT increases neurotrophic factors,
such as brain-derived neurotrophic factor in hippocampal
neurons, although data are not clear regarding whether
depression improves with increasing levels of brain-derived
neurotrophic factor (Gedge et al., 2012; Rapinesi et al.,
2015). Normalizing the hypothalamic-pituitary-adrenal axis
hyperfunction after ECT treatment in patients with depression
and ensuing decreased cortisol levels in response to ECT could
also improve suicidality (Singh and Kar, 2017). Treatment
with ECT may also normalize GABA/glutamate levels, which
have been reported as higher in the prefrontal cortex and
hippocampus in rodent models of depression (Sartorius et al.,
2007; Dong et al., 2010). Correcting altered glutamatergic activity
in various areas of the brain in patients with depression (Michael
et al., 2003) underscores the potential role of the glutamatergic
system in efficacy of ECT. Improved plasticity and alterations in
the functional connectivity of various networks are other possible
mechanisms through which ECT, which exerts a positive effect
on depression, might contribute to improvement in suicidality
(Singh and Kar, 2017).

ECT may also directly address the mechanistic neurobiology
of suicide. An increase in noradrenergic activity could explain its
anti-suicidal activity. Postmortem analyses of brains of patients
who committed suicide showed an increase in α2-noradrenergic
binding, and ECT decreased this binding, implying an increase in
noradrenergic hormone levels (Lillethorup et al., 2015). Another
suggested mechanism of action is recovery of neuropeptide
Y levels, which are lower in suicidal patients with depression
(Ozsoy et al., 2016).

The ECT studies had limitations. Information regarding the
difference in illness severity between patients who underwent
ECT and control patients was not available for most studies
we reviewed. Control patients were also poorly characterized in
most studies, and the definition of control groups was not clear,
making the comparisons vague. For studies with defined control
groups, patients were treated with psychopharmacotherapy.
One of the studies compared the effect of ECT with that of
rTMS in patients with MDD (Keshtkar et al., 2011), which is
a difficult comparison given the use of anesthesia with ECT
and other related confounding issues. The number of ECT
courses and the ECT parameters also varied across studies,
making it challenging to synthesize information and draw
definitive conclusions.

MST Studies
The effect of MST on suicidality was described in two papers.
In a study by Sun et al. (2018) which included 23 patients
with TRD treated with MST, a decrease in long-interval
cortical inhibition correlated with improved suicidal ideation,
as measured by the SSI, although the mechanism of action
was unclear. A decrease in long-interval cortical inhibition is
thought to be linked to increased plasticity, and the study authors
concluded that MST might exert its effects on suicidality through
increased plasticity.

VNS Studies
The effects of VNS were examined in eight studies. A study by
Aaronson et al. (2017) showed that active VNS was associated
with a significant decrease in suicidal ideation as measured by
the QIDS-SR item 10 and also in suicidal behavior (gesture and
attempt) as measured by an investigator-completed suicidality
assessment (Aaronson et al., 2017). Another study by Aaronson
et al. (2013) showed that suicide attempts were significantly
higher among patients who were treated with low VNS dosing
parameters vs. high dosing parameters, namely VNS current
amplitude and pulse width (Aaronson et al., 2013). Bajbouj
et al. (2010) showed a 3% suicide rate during 24 months of
follow-up, which was a higher rate than expected in this patient
population (Bajbouj et al., 2010). One of the studies did not
show any significant difference between a treatment-as-usual plus
VNS group and a treatment-as-usual group regarding suicidality,
although it showed significant improvement in the treatment-as-
usual plus VNS group in the marginal structural model (Olin
et al., 2012). This same study also showed that an adjunctive
VNS treatment group had a suicide rate that was nearly half
that of the treatment-as-usual group, although the difference
was not significant. Other studies reported attempted suicide
rates lower than the usual rates in TRD (Nahas et al., 2005;
Rush et al., 2005b; Schlaepfer et al., 2008). The attempted
suicide rate was ∼5% in studies by Rush et al. (2005a,b)
and Nahas et al. (2005). Although studies are limited and
not conclusive, they suggest that VNS may be effective in
improving suicidality.

We can speculate about the possible mechanisms involved in
how VNS affects suicidality. VNS has been shown to increase the
levels of noradrenalin and serotonin in several parts of the rat
brain (Roosevelt et al., 2006; Follesa et al., 2007; Conway and
Xiong, 2018). The positive effect of VNS on the dopaminergic
system has also been shown by increased ventral tegmental area
activity in VNS responders (Aaronson et al., 2013), which is
consistent with increased posttreatment dopamine metabolite
homovanillic acid (Carpenter et al., 2004). Preclinical studies also
showed that VNS has a positive effect on neural plasticity (Revesz
et al., 2008; Biggio et al., 2009; Gebhardt et al., 2013); however, the
relationship between this positive effect and the antidepressant
effect of VNS is unclear. An indirect link might exist between
these two hypotheses, namely increased neurotransmitters and
plasticity, such that increased plasticity in the hippocampus
may be the result of increased monoamines as monoaminergic
projections to the hippocampus from the above-mentioned areas
(Conway and Xiong, 2018).
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DBS Studies
Existing literature about DBS focuses on patients with Parkinson
disease and patients with TRD, and both of these populations
are important to consider in synthesizing and interpreting the
DBS literature. Suicidality was not a primary outcome in any of
these studies. Reaching definitive conclusions regarding the effect
of DBS in suicidal ideation, suicide attempts, and completed
suicide of patients with Parkinson disease is difficult because
most studies did not evaluate suicidal outcomes preoperatively
and postoperatively. Of the two studies that assessed before and
after measures of suicidality (Castelli et al., 2006; Porat et al.,
2009), one did not show a significant change in suicidal ideation
(Castelli et al., 2006), and the other reported an increase (Porat
et al., 2009) in the number of patients with suicidal ideation
after surgery. The controlled study by Weintraub et al. (2013)
was the only study that did not show any significant difference
between DBS treatment and best medical therapy regarding
suicidal ideation after surgery. Proxy symptoms of suicidality
also improved in the DBS group compared with the best medical
therapy group (Weintraub et al., 2013). Therefore, to determine
if DBS has any association with suicidal ideation, it is important
to compare the base rates of suicidal ideation in patients with
Parkinson disease with the suicidal ideation rate in patients who
received DBS.

Unfortunately, data regarding suicide rates in patients with
Parkinson disease is not definitive. A recent systematic review
by Berardelli et al. (2019) reported that some but not all
studies showed increased suicide rates and suicidal ideation
among patients than in the general population; however, it
was difficult for the authors to reach a definitive conclusion
regarding the prevalence of suicidality in patients with Parkinson
disease (Berardelli et al., 2019). A retrospective study of
∼150,000 patients with Parkinson disease showed a lower rate
of suicide (0.08%) than the rate in the general population (0.8%)
(Myslobodsky et al., 2001). However, other studies showed a
higher risk of suicide in patients with Parkinson disease than
in the general population (Shepard et al., 2019), which made
estimating the real rates of suicide difficult. Therefore, it is hard
to speculate regarding the effect of DBS treatment on suicidality
for patients with Parkinson disease.

Previous data regarding the effect of DBS on suicidality for
patients with Parkinson disease is not definitive. The largest
cohort study showed a significant increase in suicidality (Voon
et al., 2008), and other retrospective and prospective cohort
studies (Berney et al., 2002; Lhommee et al., 2012; Chopra
et al., 2014) reported higher suicide rates for patients with
Parkinson disease who were treated with DBS than that reported
in the cohort study mentioned above (Myslobodsky et al., 2001)
with ∼150,000 patients. Additionally, suicidal ideation, suicide
attempt, and suicide completion after DBS were not specific
for Parkinson disease. A meta-analysis by Appleby et al. (2007)
showed that patients with other types of movement disorders
including essential tremor and dystonia also had higher suicide
rates. This may indicate a possible role for DBS in suicidality,
regardless of the treated disorders. Several other studies also
described mood and cognitive effects of DBS and the subsequent
tendency for suicide (Rodriguez et al., 1998; Kumar et al., 1999;
Moro et al., 1999).

Mechanisms Underlying Suicide Risk
Preliminary speculation about the underlying mechanism of
suicide risk could be useful for future studies. There are four
explanations for a higher suicide risk for patients who underwent
DBS treatment. First, medical and neurologic complications after
DBS surgery may have a role in suicidality. In a randomized
controlled trial by Weintraub et al. (2013) suicide occurred
in cases of patients with protracted medical complications
after surgery. Second, pre-surgical psychiatric diagnoses and
symptoms may be contributing factors. For example, in the
randomized controlled trial by Weintraub et al. (2013) patients
who completed suicide after surgery already had depression,
based on BDI scores, before surgery. A recent report showed
that 20% of Parkinson disease patients had apathy (Rektorova,
2019). A study by Pinsker et al. also showed significant
preoperative psychiatric comorbidity (Pinsker et al., 2013). A
history of psychiatric disorder and suicide are important to the
appearance of suicidal ideation postoperatively, and nearly all
studies that investigated this relationship reported a history of
suicide attempts or a significant relationship between pre-surgical
depression and postsurgical suicidality (Albanese et al., 2005).
This association between pre-surgical psychiatric disorder and
postoperative suicidal ideation is supported by other studies
described in our review, including a study that reported pre-
surgical suicide attempts (Bergfeld et al., 2016) or a history of
severe psychiatric disorders (Albanese et al., 2005) for patients
who committed suicide after surgery.

The effects of DBS are the third explanation for a possible
underlying mechanism of postoperative psychiatric symptoms. A
review by Temel et al. reported that 41% of patients had cognitive
problems during follow-up, 8% experienced depression, and
4% had hypomania (Temel et al., 2009). The review also
described apathy and depression after surgery, lasting for years
(Cyron, 2016). A preclinical study by Temel et al. showed that
subthalamic nucleus stimulation resulted in region and neuron-
specific inhibition of serotonergic neurons of dorsal raphe
nucleus in midbrain. Stimulation-induced depressive behavior
in rodent models, reversed by selective serotonin reuptake
inhibitors, also supports the serotonergic hypothesis (Temel
et al., 2007). A possible mechanism of this inhibition may
be related to connections between the subthalamic nucleus,
the substantia nigra pars reticulate, and the lateral habenular
nucleus, which receives input from the subthalamic nucleus and
has substantial output to dorsal raphe (Smith et al., 1997). As
discussed in the paper by Hershey et al. that described the
effect of subthalamic nucleus on cognitive effects, connections
between the subthalamic nucleus and frontal cortex might
also explain the psychiatric adverse effects. They showed that
stimulation of the subthalamic nucleus resulted in decreased
working memory performance and decreased inhibitory control
(Hershey et al., 2004) both of which have been shown to affect
suicidal behavior (Burton et al., 2011; Richard-Devantoy et al.,
2015), especially when the memory load and need for inhibitory
control was higher. Both direct-afferent connections from the
prefrontal cortex to the subthalamic nucleus and indirect-efferent
connections to the dorsolateral prefrontal cortex and the anterior
cingulate cortex through the substantia nigra pars reticulate
of subthalamic nucleus to the frontal areas are thought to be
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responsible (Middleton and Strick, 1994). By contrast,Weintraub
et al. showed in their randomized controlled trial that stimulation
of the GPi might not increase and may even decrease suicidality
(Weintraub et al., 2013).

Fourth, the postoperative appearance of psychiatric symptoms
may result from discontinuation of medications for Parkinson
disease. As Weintraub discussed, discontinuation of Parkinson
medications is more common with STN surgery, which might
explain the worse behavioral outcomes after surgery, especially
when significant motor improvement allows medications to be
reduced (Krack et al., 1998; Czernecki et al., 2008; Thobois et al.,
2010). In the large retrospective cohort study by Voon et al.
(2008) the suicide rate was 0.9% for patients who had STN
surgery, whereas in the prospective cohort study by Lhommee
et al. in which Parkinson disease medications were suddenly
discontinued, the suicide rate was 3% (Lhommee et al., 2012).
In the study by Voon et al., decreasing the levodopa equivalent
daily dose score was possibly associated (p < 0.05) with suicide
attempts (Voon et al., 2008). The dopamine agonist withdrawal
syndrome is the recollection of physical and psychological
symptoms that occurs when the dose of drugs to treat Parkinson
disease is discontinued or decreased, especially dopaminergic
agonists like levodopa (Yu and Fernandez, 2017). Psychological
symptoms might include anxiety, panic attacks, depression,
irritability, and agitation—all of which might be risk factors for
suicidality, and DBS has been shown to significantly increase
the risk of this syndrome (Yu and Fernandez, 2017). On the
milder part of the spectrum, dysphoria and depression are
common symptoms during dopaminergic agent withdrawal,
which disappears after even a small dose of levodopa (Lilleeng
and Dietrichs, 2008).

DBS Parameters and Suicidality
As mentioned in the report by Lhommee et al., DBS might
improve well-being, euphoria, and apathy, whereas chronic DBS
stimulation may result in increased apathy (Lhommee et al.,
2012). Thus, a temporal relationship between DBS surgery
and suicidality was also described in this study. However,
we could not reach a significant conclusion from our review
regarding temporal relationship because the time between DBS
and suicidal ideation and behavior varied substantially. Because
DBS parameters were not available in the reviewed studies, it
was difficult to extrapolate any conclusions regarding the effect
of various parameters on suicidality, including the location of the
DBS implant.

In summary, many studies in the present review showed
an increased risk of suicidality after DBS treatment in patients
with Parkinson disease compared with patients’ baseline risk of
suicidality. Ameta-analysis by Appleby et al. also supported these
results (Appleby et al., 2007). However, the randomized control
trial by Weintraub et al. did not report similar findings, therefore
it was difficult to make conclusions (Weintraub et al., 2013).

DBS has also been used therapeutically for other movement
disorders, including essential tremor and dystonia. The meta-
analysis by Appleby et al. showed a suicidality rate of 0.3 to
0.7% in this patient population, whereas the suicide rate was
0.16 to 0.32% in the group that included patients with Parkinson
disease, essential tremor, and dystonia (Appleby et al., 2007).

Because of the mixed patient population, interpreting these
results is difficult.

DBS for TRD
DBS has also been used therapeutically for TRD. In the reports
we reviewed, the highest completed suicide rate for this patient
population was 29% (2/7), whereas the lowest rate was nearly 5%
(1/21) (Lozano et al., 2012; Raymaekers et al., 2017). The rest of
the studies reviewed presented data regarding suicide attempts
and suicidal ideation. For completed suicide, a review by Rihmer
showed a 14% completed suicide rate for patients who had DBS
for TRD (Rihmer, 2007). Even though, most studies we reviewed
reported lower completed suicide rates, this should be interpreted
cautiously given the small sample sizes and lack of control groups
in some of these studies. Several mechanisms were suggested to
explain the improvement in suicidality after DBS. These include
decrease in the hyperactivity in orbitofrontal cortex and medial
thalamic regions might explain the improvement in suicidality
via improving depression. In addition regaining the imbalance
of noradrenergic and serotonergic activity in the prefrontal
cortex might directly explain the improvement in suicidality as
increased noradrenergic receptor density was shown in patients
with depression who completed suicide (Velasco et al., 2005).

Summary
We have presented an extensive summary of the literature
regarding the effects of neuromodulation studies on suicidality.
We believe this review is especially important for increasing
understanding of the role of DBS, as there have been
ongoing concerns regarding its behavioral effects. We followed
PRISMA guidelines and performed a thorough search. There
were no deviations from the previously registered protocol
in PROSPERO.

Limitations
This systematic review has substantial limitations. Few of the
prior studies of brain stimulation were designed or adequately
powered to assess outcomes related to suicide. Most of the
studies did not present data regarding change in suicidality
before and after surgery and presented data only as numbers of
patients, which made it difficult to make any definite conclusions.
In addition, most studies were retrospective and were subject
to the inherent biases of that study design, including recall
and misclassification bias. Heterogeneity in patient populations,
especially in earlier studies, treatment parameters, and study
duration also limited this review. Because of these weaknesses,
future prospective studies are needed that evaluate suicidality
as a main outcome. Possible markers of suicidality must be
determined to help prevent the high prevalence of suicide,
which is a major public health problem. Further study of the
distinct neurobiological aspects of suicidal behaviors, suicidal
ideation, suicide attempts, and completed suicide is critical
for understanding and refining the broad clinical concept
of suicidality.
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CONCLUSION

To our knowledge, this is the first systematic review of
neuromodulation interventions for suicidal ideation. On the
basis of available information, TMS, ECT, and MST are
promising therapeutic tools to directly address suicidal ideation
in the context of mood disorders. Initial naturalistic studies with
VNS are also promising. Most DBS studies focused on Parkinson
disease, and results were mixed. Currently, it is unknown
whether neuromodulation interventions would directly address
suicidality regardless of diagnosis or affective state (e.g., patients
who do not meet diagnostic criteria for a mood disorder).
Biomarkers to index the severity of suicidality, assist in treatment
planning, and monitor the effects of neurostimulation would
help in development of neuromodulation interventions for
suicidality. Further, prospective studies could help to develop
new therapeutic interventions to address this global challenge
and major public health issue.
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