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Background: Post-stroke depression (PSD) affects up to 50% of stroke survivors,
reducing quality of life, and increasing adverse outcomes. Conventional therapies to treat
PSD may not be effective for some patients. Repetitive transcranial magnetic stimulation
(rTMS) is well-established as an effective treatment for Major Depressive Disorder (MDD)
and some small trials have shown that rTMS may be effective for chronic PSD; however,
no trials have evaluated an accelerated rTMS protocol in a subacute stroke population.
We hypothesized that an accelerated rTMS protocol will be a safe and viable option to
treat PSD symptoms.

Methods: Patients (N = 6) with radiographic evidence of ischemic stroke within the
last 2 weeks to 6 months with Hamilton Depression Rating Scale (HAMD-17) scores >7
were recruited for an open label study using an accelerated rTMS protocol as follows:
High-frequency (20-Hz) rTMS at 110% resting motor threshold (RMT) was applied to
the left dorsolateral prefrontal cortex (DLPFC) during five sessions per day over four
consecutive days for a total of 20 sessions. Safety assessment and adverse events were
documented based on the patients’ responses following each day of stimulation. Before
and after the 4-days neurostimulation protocol, outcome measures were obtained for
the HAMD, modified Rankin Scale (mRS), functional independence measures (FIM), and
National Institutes of Health Stroke Scales (NIHSS). These same measures were obtained
at 3-months follow up.

Results: HAMD significantly decreased (Wilcoxon p = 0.03) fromM = 15.5 (2.81)—4.17
(0.98) following rTMS, a difference which persisted at the 3-months follow-up (o = 0.03).
No statistically significant difference in FIM, mRS, or NIHSS were observed. No significant
adverse events related to the treatment were observed and patients tolerated the
stimulation protocol well overall.
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Conclusions: This pilot study indicates that an accelerated rTMS protocol is a safe
and viable option, and may be an effective alternative or adjunctive therapy for patients
suffering from PSD. Future randomized, controlled studies are needed to confirm these

preliminary findings.

Clinical Trial Registration: https://clinicaltrials.gov/ct2/show/NCT04093843.

Keywords: post-stroke depression, transcranial magnetic stimulation, stroke recovery, neurostimulation,
ischemic stroke, neurorehabilitation, accelerated TMS

INTRODUCTION

The interplay between depression and cerebrovascular disease
is complex and clinically important. Post-stroke depression
(PSD) is the most common neuropsychological complication
of stroke, with a prevalence of ~33% (1) in stroke survivors.
PSD adversely influences outcomes by reducing quality of life,
increasing caregiver burden, and increasing early mortality as
much as ten-fold (2-4). As acute stroke interventions continue to
improve, stroke survivorship and associated morbidity will also
increase, making the need to explore innovative treatments for
PSD even more urgent.

Despite the significant clinical burden of PSD, there are
limited treatment options to prevent or reduce its severity.
Psychotherapy and pharmacotherapy are well-established as
treatments of choice in major depression, however a subset of
patients do not respond to either of these first-line therapies
(5). Selective Serotonin Reuptake Inhibitor (SSRI) use has been
associated with increased risk of hemorrhagic complications as
well as increased risk of falls in the elderly, while other studies
have shown that SSRIs are actually associated with increased
risk for stroke, myocardial infarction, and all-cause mortality
(6). A recent meta-analysis for stroke patients concluded
that antidepressants did not significantly improve patients’
general recovery, achieved varied response rates, and were not
tolerated due to adverse effects (7). Compliance, communication
problems, and lack of access to psychiatric care are further
challenges to treating PSD.

Repetitive transcranial magnetic stimulation (rTMS) may
represent an effective treatment option that mitigates the issues
associated with the standard PSD interventions. The FDA
approved rTMS for patients with Major Depressive Disorder
(MDD) in 2008 (8). The typical rTMS protocol that has been
used effectively for major depression is 5 days per week for 4-
6 weeks. Conventional rTMS paradigms have been studied in
the PSD population, and many studies including a meta-analysis
have shown that conventional rTMS is likely effective for chronic,
refractory PSD (9, 10). However, these conventional paradigms
may be inconvenient for patients with limited transportation
access and may limit compliancy of patients. Therefore, an
accelerated protocol which minimizes the number of days needed
to complete the full treatment may be more accessible to patients
and may increase compliancy. While there have been some
accelerated rTMS paradigms that have been designed to treat
conditions such as alcohol withdrawal and treatment-resistant
depression (11-14), similar accelerated protocols have not been

studied in patients suffering from PSD. Applying accelerated
rTMS to the PSD population comes with unique and complex
factors. For example, the theoretical risk of seizure using an
accelerated protocol may be higher, and this risk may increase
even further in patients in the acute to subacute stroke period.
Therefore, it is important to study the safety of an accelerated
protocol in this population. In addition, the period immediately
following cerebrovascular ischemia potentially represents a
biologically unique phase amenable to intervention given that
both neuroplasticity as well as recurrent stroke risk are highest
during this time (15, 16).

There is a clear medical need to further address the impact
of rTMS for PSD and to optimize stimulation parameters. We
hypothesized that an accelerated 4-days rTMS protocol would
be a safe and viable method for treating PSD and would help
ameliorate depressive symptoms.

METHODS

This prospective open label study was approved by our
Institutional Review Board (IRB # 1804090922) and the Food
and Drug Administration granted this study an Investigational
Device Exemption (IDE) Number: G180102. The raw data
supporting the conclusions of this article will be made available
upon request, without undue reservation.

Participants

All patients admitted to the inpatient stroke service at our
tertiary comprehensive stroke center are routinely screened
for depression. Patients were screened for depression with the
Hamilton Depression Rating Scale (HAMD-17). Study patients
were identified either during their acute hospitalization or their
follow up clinic visit. Patients who met the inclusion criteria and
were otherwise free from the exclusion criteria were eligible to
enroll (Table 1). Patients were eligible if the stimulation protocol
could be applied between 2 weeks to 6 months following their
acute stroke. Between November 2018 and March 2019, 62 of
the 98 screened patients fulfilled the inclusion criteria. Although
62 patients were eligible, several patients had logistical issues
unique to their own family or social situation and were unable to
participate. Six patients were successfully enrolled and completed
the stimulation protocol.

Stimulation
Neurostimulation was performed using the Neurostar system
2.0 figure of eight coil (Neuronetics, Malvern, PA). Prior to
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TABLE 1 | List of inclusion and exclusion criteria.

Inclusion criteria

1. Aged 22-85 years old

2. Radiographic evidence of ischemic stroke
3. Stroke within 2 weeks to 6 months

4. HAMD score > 8

Exclusion criteria

. Metallic objects or neurostimulators implanted intracranially

. Stroke in the area of stimulation (L DLPFC)

. Known history of epilepsy or seizure disorder

. A'woman who is pregnant or breastfeeding

. History of psychiatric hospitalization unrelated to current PSD

. Current suicidal ideation or MINI suicide scale > 8

. ASRM score > 6

. Current illicit drug use

. History of head trauma resulting in loss of memory > 5 min or requiring
hospitalization

10. Evidence of hemorrhage in the brain at the time of study

11. Clinically significant EKG abnormalities including QTC prolongation > 450

msec in men or > 480 msec in women
12. Any other mental or physical conditions that are inappropriate for study
participation at the PI's discretion

© 00N O~ wWwN =

stimulation sessions, patients that were successfully enrolled had
additional survey tools administered for baseline assessments in
the following categories: modified Rankin Scale (mRS) to assess
level of independence, Functional Independence Measures (FIM)
to assess quality of independent lifestyle, and HAMD to assess
level of depression. Patients were also assessed with the National
Institutes of Health (NIH) Stroke Scale to determine physical
disabilities resulting from their stroke. All functional scales were
performed by trained study personnel and the same rater for each
patient was used to minimize variability and inter-rater bias. Vital
signs including an electrocardiogram (EKG) were performed
before and after each stimulation session. Patients were surveyed
about adverse events following each stimulation day.

On the first day, patients underwent a mapping procedure
to determine the patient’s individualized and optimal Resting
Motor Threshold (RMT) over the left motor cortex. The RMT
was defined as the minimum stimulation intensity required for
visual muscle twitch of the right abductor pollicis brevis (APB)
muscle in five out of 10 consecutive single pulse stimulations.
After establishing RMT, the coil was moved 5.5 cm anteriorly to
the patient’s left dorsolateral prefrontal cortex (DLPFC). Patients
underwent repeat mapping if necessary. The NeuroStar system
has a method for saving each patient’s measurements in the
system to ensure that the coil is positioned in the same place
for each new session. Earplugs were used to prevent any hearing
injury. All mapping and treatment sessions were performed by
TMS-certified nurses and physicians at our Behavioral Medicine
facility where emergency equipment was readily available.

Patients sat in the NeuroStar system chair for all treatment
sessions, which has mechanisms to keep the patient properly
positioned for mapping and stimulation sessions. The treatment
protocol was adapted from other accelerated rTMS protocols in
the literature for other indications (11, 12). The protocol included
high frequency (20 Hz) rTMS applied over the left DLPFC at

110% RMT for five sessions per day, over four consecutive days
for a total of 20 sessions. Forty trains of two second duration were
applied with a 12 second intertrain interval for a total of 1,560
pulses per session. Patients were given the opportunity to rest for
10-15 min in between sessions. The treatment sessions lasted for
about an hour and a half each day. Variations on the accelerated
paradigm we used in this study using different frequencies and
different trains may be possible to test in future studies.

At the end of the 4 days of stimulation, patients were once
again surveyed with the HAMD, mRS, and FIM. Post-treatment
NIH was also performed. The patients were also surveyed at
the end of each stimulation day as well as at the end of all 4
days regarding any adverse events they may have experienced.
These same measures were once again repeated at the patient’s
3-months follow-up.

The primary outcome of this study was safety and viability
as defined as the successful recruitment and treatment of
participants using the outlined accelerated protocol with no
significant adverse effects observed. The secondary outcome was
any effect on depressive symptoms as measured by the HAMD.
We defined a meaningful response as remission of depression to
non-depressed range (HAMD < 8) or at least a 50% reduction in
overall score.

Statistical Analysis

All analyses were conducted in SAS 9.4. Categorical variables
are described with frequencies and valid percentages, continuous
variables with means and standard deviations. Alpha was set
to 0.05 unless otherwise noted. Differences were explored using
Wilcoxon signed rank tests on the differences between pre- and
post- for continuous variables. Symmetry tests and McNemar’s
exact tests were run on the ordinal and binary outcome data.
Finally, associations were examined between continuous data
using Pearson correlations, and with categorical data using
Wilcoxon two-sample tests with two-sided t-approximation.

RESULTS

Demographically, five of the study participants were male and the
average age was 66.33 (range 57-71). Stroke etiology included
two large artery atherosclerosis (LAA), one small vessel disease
(SVD), two cardioembolic (CE), and one embolic source of
unknown significance (ESUS). Half of the patients were taking
SSRIs at the time of the study (Table 2).

No significant adverse events related to the treatment were
observed. All participants tolerated the stimulation well. One
subject described a headache that was milder than his usual
chronic headaches and another subject experienced transient
facial sensitivity ipsilateral to the coil at the beginning of the first
day of stimulation. Neither of these observations were rated as
bothersome by the participants and both were self-limited.

HAMD significantly decreased (Wilcoxon p = 0.03) from M
= 15.5 (2.81) to 4.17 (0.98) following rTMS, a difference which
persisted at the 3-months follow-up (p = 0.03). There was no
statistically significant difference in FIM, mRS, or NIH (Table 3).

In terms of number of patients going from “depressed”
(HAMD = 8) to “non-depressed” (HAMD < 8), four participants
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(66.67%) had moderate depression (HAMD 14-18) and 2
(33.33%) had severe depression (19-22) at baseline. At post-
assessment, all scores dropped below the cut-off for non-
depressed. At 3-months follow-up, 5 of 6 patients remained non-
depressed, and one patient scored eight at the lowest end of mild
depression (Figure 1).

DISCUSSION

Our results demonstrate that the use of an accelerated rTMS
protocol in patients with PSD during the subacute period

TABLE 2 | Baseline characteristics of the six participants.

following stroke is a safe and viable option for stroke patients.
None of the participating patients reported any significant
adverse effects. This high degree of tolerability is similar to the
previous published experience with accelerated protocols (11—
18). All treated patients experienced a significant improvement
in depressive symptoms, with a remission rate of 100% directly
following TMS. Remission status persisted in five of the
six patients at 3-months follow-up, with one patient scoring
borderline mild depressed but still maintaining a 47% reduction
in her depression score from baseline.

There have been a few other small studies that have looked
at r'TMS for chronic PSD (9, 19-21) as well as a recent meta-
analysis of 22 randomized controlled trials comparing active
rTMS stimulation to sham stimulation (10). These trials indicated
that rTMS is an effective tool to treat chronic PSD. Other forms of
non-invasive brain stimulation such as electroconvulsive therapy
(ECT) and transcranial direct current stimulation have limited

Variable Mean or N SD or %
data for the treatment of PSD. ECT is largely regarded as the most
Age powerful tool to treat severe depression, however, it is limited
Years 66.33 4.97 by side effects of amnesia (22, 23). Within the PSD population,
Gender these findings with ECT are echoed with respective response and
Male 5 83.33% remission rates of 60 and 50% (24). In spite of this, rTMS is
HLD* still the best at controlling frequency and location of stimulation,
VYes 5 83.33% which offers certain advantages (23). Our data demonstrates that
DM' an accelerated version of rTMS may be an effective treatment for
Yes 2 33.33%  PSDas well.
AFt The mechanism underlying rTMS efficacy is still largely
Yes 1 16.67% unknown. It is hypothesized that low frequency TMS stimulates
Tobacco inhibitory neurons while high frequency TMS stimulates
Yes 3 50.009%  €xcitatory projection neurons, thus mimicking neuroplasticity
SSRIS through long-term potentiation (23). Thus we chose high-
Ves 3 5000%  frequency stimulation of the left DLPFC given that this area
Family history is associated with depression. However, the translation of
Yes ; 16.67% cortical excitation to clinical response with rTMS is incompletely
characterized (25). Therapeutic benefit is likely achieved
’THLD, hiperipidemia. through multiple mechanisms enhancing neuroplasticity,
iDM' diabetes melltus. increasing available concentrations of critical neurotransmitters,
AF, atrial fibrillation. . . . .. o
$SSRI, serotonin selective reuptake inhibitor and reinforcing emotionally positive connectivity networks
TABLE 3 | Participant outcome measures (N = 6).
Variable N Pre Post 3 month Diff (pre to post) p-value* Diff (pre to 3 p-value*
mean (SD) mean (SD) Mean (SD) month)

HAMD 15.50 (2.81) 4.17 (0.98) 3.50 (2.66) 11.33 (2.94) 0.03 12.00 (3.63) 0.03
FIM 115.33 (8.12) 122,17 (6.97) - ~6.83 (4.17) 0.063 - -
NIHSS 1.83 (2.99) 1.00 (1.67) - 0.83 (2.04) 1.00 - -
Variable Category Pre N (%) Post N (%) p-value**
mRS 0.80

0 1 (16.67%) 2 (33.33%)

1 4 (66.67%) 3 (50.00%)

2 1 (16.67%) 1 (16.67%)
NIHSS < 4 Yes 4 (66.67%) 5 (83.33%) 0.32

*Wilcoxon signed rank test.
**Symmetry test, McNemar'’s exact test.
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FIGURE 1 | HAMD scores in our six patients before the TMS sessions (baseline), immediately after completing the full 4-days neurostimulation protocol, and at their

while diminishing connectivity in emotionally negative loops
(26-28). Low levels of peripheral and central brain derived
neurotropic factor (BDNF) have been observed in depressed
individuals as well as those who develop PSD (29-33). Glutamate
is emerging as another biomarker for treatment response
with increased radiolabeled activity in the DLPFC following
stimulation (34). rTMS treatment has also increased dopamine
concentrations (35-37), and increased activity within mood
networks on functional imaging (38). Exactly how rTMS
exerts its influence, however, remains a critical question.
Understanding its underlying mechanism will potentially
increase our understanding of PSD itself and help identify
therapeutic targets.

The novelty of this rTMS paradigm is the accelerated protocol
as well as the stimulation in the acute to subacute stroke period.
Similar accelerated protocols have been used in other populations
(12, 13, 17, 18) (treatment resistant depression and alcohol
withdrawal craving) and there have also been studies conducted
of rTMS in the acute stroke setting for complications unrelated
to depression (39-42); however, a similar paradigm has not
yet been employed in a PSD population. A major barrier of
current rTMS protocols is the 4-6 weeks timeline before clinical
benefit is achieved, so an accelerated protocol is an important
potential solution to this problem. The accelerated protocol
that was used in this study enabled patients to receive 20 total
stimulation sessions, which is the typical minimum number of
sessions that patients receive in a conventional rTMS protocol (20

sessions spread out over 4 weeks, receiving one session per day
Monday through Friday). Condensing these 20 sessions into four
consecutive days allowed patients to participate who otherwise
may have faced logistical challenges to obtaining this treatment.
Although this study was underpowered to demonstrate
efficacy, the significant remission rate is promising. Larger,
randomized studies are needed to confirm these results. There
are several limitations in this study. The open label design
of this study allows for patients to know they are receiving
active stimulation, and the placebo effect could very well have
influenced the robust improvement in depression following
rTMS. It is important to conduct future trials with a control
group and appropriate blinding to truly determine if the rTMS
itself is causing a meaningful response in depressive symptoms.
Another major limitation is the small sample size. The patients
enrolled in the study all had high functional levels according to
their FIM, NIHSS, and mRS scores, which may indicate a self-
selection bias. It is unclear if patients with a higher functional
status were more interested in the study, if these patients
were more likely to be aware of their depressive symptoms
and want to participate for this reason, or if these patients
were more capable of driving themselves to the appointments
and thus more willing to participate. In addition, the fact
that such a small proportion of eligible patients ultimately
enrolled in this study underscores the complexities of treating
this patient population and the explicit barriers to enrollment
deserve dedicated further study. Regardless, a larger sample size
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with a group representative of the whole spectrum of post-
stroke functionality would allow the results to be applicable to
a broader population. In addition, half of our patients were
already taking an anti-depressant at the time of enrollment. We
chose not to exclude patients on SSRIs since the main goal of
this study was to first establish safety and tolerability of using
accelerated rTMS in this population, however we did ensure
that all patients continued concurrent pharmacologic treatment
throughout the duration of the study. Future studies would
benefit from excluding patients on SSRIs, and larger studies
would also benefit from comparing patients receiving rTMS
alone vs. r'TMS plus SSRIs to determine if there is a synergistic
effect in this population. Similar to major depression, some
studies have shown synergism between rTMS and pharmacologic
therapy as opposed to either alone (43). However, a meta-analysis
of all rTMS in PSD trials published found an rTMS effect size
greater among those not on any pharmacologic treatment (0.96)
compared to combination therapy (0.51) (22). Future studies
may also benefit from the use of neuronavigation to confirm coil
position as well as EEG compatible TMS to assess for subclinical
seizure activity in a population with a theoretically increased
risk of seizure (44). Given the subjective nature of depressive
symptom reporting and known placebo effect among depressed
patient populations, it is imperative to confirm our findings in
larger, randomized studies with a sham stimulation arm as a
control group.

CONCLUSION

Our results indicate that accelerated rTMS is a safe and viable
treatment option for PSD in the subacute stroke population.
Depressive symptoms significantly improved in all treated
patients. Confirming these results in larger randomized settings
has the potential to establish accelerated rTMS as a potent
therapy for PSD. Further studies regarding mechanism of
action, subgroups particularly responsive to the treatment, and
durability of rTMS for PSD are warranted. We are currently
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