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ABSTRACT

Background: Nearly half of the patients with depression experience suboptimal benefits from antidepressants.
Neuromodulation therapies, a kind of technology that can regulate neuronal firing activity by electrical or
magnetic stimulation, were introduced to improve this situation. However, the results from clinical trials have
been inconsistent.

Methods: We followed the extension of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement to perform this network meta-analysis (NMA). The results were evaluated by relative risk
(RR) for the response, remission, and discontinuation rates.

Results: In total, 49 trials with 2,941 patients were included in this study. Bilateral theta burst stimulation (TBS,
RR 5.00, 95% CI 1.11-22.44), priming transcranial magnetic stimulation (pTMS, RR 2.97, 95% CI 1.20-7.39),
low-frequency right repetitive transcranial magnetic stimulation (TMS) (LFR-rTMS, RR 2.62, 95% CI 1.56-
4.39), high-frequency left repetitive TMS (HFL-rTMS, RR 2.18, 95% CI 1.52-3.13), and bilateral repetitive
TMS (BL-rTMS, RR 3.08, 95% CI 1.78-5.31) were demonstrated to have higher response rates than sham control.
BL-rTMS (RR 3.12, 95% CI 1.06-9.09) was found to have a higher response rate than deep brain stimulation in
this NMA. All measures had the non-inferiority acceptability than the sham-control. BL-rTMS was more
acceptable than bitemporal ECT (BT-ECT, RR 0.18, 95% CI 0.03-0.89), while pTMS was more acceptable than
BT-ECT (RR 0.08, 95% CI 0.01-0.55), HFL-r'TMS (RR 0.34, 95% CI 0.12-0.93), and deep TMS (RR 0.15, 95% CI
0.02-0.96).

Conclusion: Besides electroconvulsive therapy (ECT), rTMS, priming TMS, and bilateral TBS proved effective for
patients with treatment-resistant depression (TRD). BL-rTMS showed high efficacy and acceptability, and
bilateral TBS had the potential to be the most efficacious neuromodulation measures.

1. Introduction

most common definition of TRD is a failure to respond to a minimum of
two prior antidepressants with adequate dose and duration (Gaynes

The latest World Health Organization (WHO) report indicates that
depression has become a common global disease, affecting more than
264 million people of all ages worldwide (W.H. Organization 2020). It is
the leading cause of disability and a major contributor to the global
burden of disease (W.H. Organization 2020). However, a significant
proportion of patients fail to benefit enough from antidepressants.
Hence, these patients have treatment-resistant depression (TRD). The
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et al., 2020). Based on this definition, nearly half of patients with
depression are known to have TRD (John Rush et al., 2006). Further-
more, patients with TRD are significantly less inclined to benefit from
other classes of antidepressants (John Rush et al., 2006). For this reason,
a number of researchers are focused on discovering novel effective
treatments for TRD.

In recent years, neuromodulation techniques have made remarkable
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progress and have been recognized as having excellent potential to
efficiently treat patients with TRD. This type of technology can regulate
neuronal firing activity by electrical or magnetic stimulation. There are
various patterns for neuromodulation, which can be classified as non-
invasive and invasive. Currently, electroconvulsive therapy (ECT) is
one of the most widely used treatments and is considered the most
effective intervention in clinical practice (Gelenberg et al., 2010).
However, the adverse effects of ECT on cognition, especially
memory-related, have severely limited its clinical application (Kellner
and Farber, 2016).

To remedy this situation, researchers have developed a series of
novel neuromodulation therapies. For example, magnetic seizure ther-
apy (MST) is a technology that induces seizures through high-dose
magnetic stimulation with a lower risk of cognitive impairment. In
addition, transcranial magnetic stimulation (TMS), including repetitive
TMS (rTMS), accelerated TMS (aTMS), priming TMS (pTMS), deep TMS
(dTMS), and theta-burst stimulation (TBS), can regulate the cortical
neuronal activity through low-dose magnetic stimulation. The clinical
efficacy of various forms of TMS in the treatment of TRD has been
demonstrated, although the results have not been uniform (Avery et al.,
2006, Bakim et al., 2012, Blumberger et al., 2012, Fitzgerald et al.,
2006, Rossini et al., 2005, Zheng et al., 2015, Fitzgerald et al., 2013,
Fitzgerald et al., 2018, Tavares et al., 2017, Li et al., 2014). Besides,
transcranial direct current stimulation (tDCS), a non-invasive means to
modulate cortical excitability through weak electrical signals, also
contributed towards improvements in the mood of patients with TRD (Li
et al., 2019, Palm et al., 2012). In terms of invasive approaches, deep
brain stimulation (DBS) and Vagus nerve stimulation (VNS) are com-
mon. DBS allows researchers to implant electrodes into the target area of
the brain to provide constant or intermittent delivery of electricity
around the electrode, which can directly modulate the electrical activity
of the specific cortex. VNS also involves the surgical implantation of
electrodes around the cervical vagus nerve to deliver pulses of electrical
energy, which are directed to the brain. Some studies have shown
benefits from DBS and VNS in patients with TRD, while other reports
have been inconsistent (Dougherty et al., 2015, Holtzheimer et al., 2017,
Merkl et al., 2018, Rush et al., 2005). In general, there have been plenty
of clinical trials involving neuromodulation procedures in patients with
TRD; however, inconsistency seems to plague these studies as well. One
important reason for the inconsistency between studies is the limited
statistical power from several small sample sizes or single-center studies.
In addition, there is a big challenge in directly comparing and ranking
the efficacy and acceptability between various treatment modalities.

For this reason, there is a need to conduct network meta-analyses
(NMA) to compare the efficacy and acceptability of different neuro-
modulation measures. As of now, two NMAs have assessed the effects
and acceptability of neuromodulation therapies in major depressive
disorder (MDD). One of them focused on the differences between
various rTMS modalities, yet did not compare other neuromodulation
treatments (Brunoni et al., 2017). The second study was limited to
non-surgical brain stimulation and failed to include DBS and VNS (Mutz
et al., 2019). In addition, both studies did not report detailed results for
TRD. There is extensive heterogeneity, especially in behavioral pheno-
types, neural circuits, and gene x environmental interactions between
patients with TRD and those with treatment-responsive depression (Akil
et al., 2018, Fagiolini and Kupfer, 2003). Hence, the results from the
entire population of depressive patients may not be applicable to pa-
tients with TRD. Due to limited intervening measures and missing in-
formation about TRD patients in previous NMAs, we have performed
this NMA to determine the anti-depressant efficacy and acceptability of
different neuromodulation measures in patients with TRD.

2. Methods

We followed the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) statement and its extension for network
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meta-analysis to conduct this report (Shamseer et al., 2015).
2.1. Literature review

Up to June 1, 2020, we systematically searched the Pubmed,
Embase, and Cochrane databases through a combination of medical
subject headings (MeSH) and free words to acquire comprehensive
documents. The search terms relevant to TRD, neuromodulation treat-
ments, including deep brain stimulation, electroconvulsive therapies,
magnetic seizure therapy, transcranial direct current stimulation,
transcranial magnetic stimulation, vagus nerve stimulation, and various
combinations were used to perform the search. Specific search strategy
is shown in Table S1 (Supplemental Material). From June 1, 2020 to
February 28, 2021, we performed an additional targeted search for TRD
on 28 February 2021 to keep updated.

2.2. Literature screening

We conducted three rounds of screening to obtain qualified ran-
domized clinical trials pertaining to neuromodulation procedures and
TRD. The inclusion and exclusion criteria for included studies were as
follows: (1) Patients: Participants were limited to adults (over 18 years)
with a primary diagnosis of TRD, include unipolar or bipolar depressive
episodes. TRD was defined as a failure to respond to at least two different
antidepressant medications previously. Patients with depression sec-
ondary to other diseases, such as Parkinson’s disease or stroke, were not
accepted in this study. (2) Treatments: Studies must have included at
least two of the following interventions: deep brain stimulation (DBS),
electroconvulsive therapies (ECT), magnetic seizure therapy (MST),
transcranial direct current stimulation (tDCS), transcranial magnetic
stimulation (TMS), vagus nerve stimulation (VNS), and the sham con-
trol. (3) Control: The control group was restricted to the sham control or
another neuromodulation approach control. (4) Outcome: Studies had
to evaluate depressive symptoms using either the Hamilton depression
rating scale (HDRS) or Montgomery Asberg depression rating scale
(MARDS) in TRD patients. (5) Study design: The design of the included
studies was limited to randomized controlled trials and randomized
cross-over trials. For randomized cross-over trials, only data from the
first period were included (Elbourne et al., 2002). (6) The language was
limited to English, and data on primary outcomes had to be available.
Two reviewers (H. L. and Y. H. L.) independently completed the study
selection work. Any disagreement was submitted to the third party (L. Q.
C.) to reach an agreement.

2.3. Outcome measures

We chose the response rate as the primary outcome. The remission
rate and depression score were used as secondary outcomes at the
endpoint. The response rate was defined as a >50% decrease in HDRS or
MARDS score from baseline to endpoint. The remission rate was defined
as a HAMD score no more than seven or a MADRS score no more than 10.
We preferentially used the HAMD score to calculate response and
remission rates, followed by the MADRS score. Acceptability, discon-
tinuation due to any cause, was determined by the proportion of patients
who dropped out of the study for any reason.

2.4. Data extraction and literature assessment

Two authors (H. L. and Y. H. L.) independently performed data
extraction and literature assessment. Any discrepancy was resolved by
consensus. A pre-designed standardized form was used to extract all of
the necessary information for each study. This table included the
following items: (1) literature sources: first author and publication year;
(2) study details: period, region, sample size, demographics, interven-
tion measures and duration, and the assessment scale of depression; (3)
study results: response and remission rate, the depression scale score at
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the baseline and endpoint, and the all-cause discontinuation.

According to the Cochrane Handbook for Systematic Reviews of In-
terventions, Version 5.1.0, the bias risk of each study was assessed from
the following aspects: (1) random sequence generation; (2) allocation
concealment; (3) blinding of participants and personnel; (4) blinding of
outcome assessment; (5) incomplete outcome data; (6) selective
reporting; and (7) other bias. Following these seven criteria, each trial
was categorized as low, high, or unclear risk of bias. Risk bias was
graded by two authors (Dr. Li and Dr. Liu), blinded to each other. Any
disagreements were resolved through discussion until a consensus was
reached.

2.5. Statistic analysis

Stata version 14.0 and R-3.6.2 software were used to complete all
statistic analysis in the NMA (White, 2015). A pair-wise meta-analysis
for only direct comparisons (n>2) was conducted, followed by a
network meta-analysis for both direct and indirect comparisons. Find-
ings are expressed as relative risk (RR) for dichotomous variables and
standardized mean difference (SMD) for continuous variables, with a
95% confidence interval (CI). In the pair-wise meta-analysis, results
were pooled using a random-effects model in the Stata software. I2
statistics were used to assess the heterogeneity of entries. An I <50%
was considered suggestive of no significant heterogeneity (Higgins et al.,
2003). For comparisons with high heterogeneity (12 >50%), a subgroup
analysis was performed to explore the source of heterogeneity.

In the network meta-analysis, we first generated network plots for all
comparisons using the R software. Secondly, the results from each trial
were synthesized using a frequentist analysis approach based on
multivariate meta-regression in the Network package from Stata
(White, 2015, White et al., 2012). Next, the neuromodulation measures
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were ranked based on a probability of being the best efficacy and
acceptability using surface under a cumulative ranking curve (SUCRA).
The SUCRA-values ranged from 0-1, with values closer to 1 indicating
better performance (Salanti et al., 2011, Chaimani et al., 2013). The
global Wald test was used to evaluate the heterogeneity of the entire
network, while the inconsistency factor (IF), which compares the dif-
ference between direct and indirect comparisons, was used to evaluate
loop inconsistency. P<0.05 in the global Wald test and 95% CI for IF that
did not include 0 were indicative of substantial global heterogeneity and
loop inconsistency (White et al., 2012, Veroniki et al., 2013). In addi-
tion, we conducted subgroup analyses to detect differences between the
two types of TRD (unipolar depression and bipolar depression), funnel
plot analysis for included sham-controlled trials and active-active trials
to detect potential publication bias, along with a sensitivity analysis
excluding studies with too short treatment duration to detect the po-
tential small study effects.

3. Results
3.1. Assessment of included studies

After a thorough search and systematic screening, 1,550 articles
were retrieved from databases. Of these articles, 43 trials were consid-
ered to be eligible for this study. Combined with the six trials obtained
from manual retrieval, a total of 49 randomized controlled trials (RCTs)
was included in this NMA (Figure 1). These eligible RCTs incorporated
16 different neuromodulation procedures and sham controls in 108
treatment arms (Figure 2), involving a total of 2941 patients with TRD.
Of these 108 treatment arms, 48 used the rTMS technology with average
3 weeks for HFL-rTMS, 3 weeks for LFR-rTMS and 3.5 weeks for BL-
rTMS, 11 used ECT technologies with average 4 weeks for RUL-ECT,

Records excluded after reviewing the
title (n=786):

Non-RCT study (n=6)

Irrelevant study (n=711)

undesirable literature type (n = 69)

Records excluded after reviewing the
abstracts (n=138):

Non-qualifying study (n=73)
Irrelevant study (n=59)

=
S Records identified through database
S searching
= (n=1550)
=
9
=
L)
A 4
PR Records after duplicates removed
(n=1092)
o0
=
=
@
£ >
<9
»
A 4
—_ Records screened
(n=306)
—
Q >
2
& Additional records Y
= identified through other Full-text articles d
sources for eligibility
(n=6) (n=177)
=
9
=
=
<o A 4 A 4
=
Studies included in quantitative synthesis
(meta-analysis)
) (n=49)

Full-text articles excluded (n=134):
Conference abstract (n=39)

No results posted (n=34)

Valid data deficiency (n=7)
Non-English (n=2)

Including overlapped patients (n=10)
Non-qualifying participants (n=18)
Non-qualifying interventions (n=2)
Non-qualifying comparisons (n=5)
Non- qualifying study designs (n=17)
Non-qualifying comparisons(n=5)

Figure 1. Flow chart of the literature search and screening.
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» RUL: one electrode is placed on the right temple and one on the scalp

EC T « BT: One electrode is placed on each temple
» BF: each electrode is placed on the forehead

« rTMS: HFL: high-frequency (5-20Hz) to the left prefrontal cortex (PFC) ;
LFR: low-frequency (<1 Hz) stimulation to the right prefrontal cortex; BL:
combination of low-frequency to right PFC and high-frequency to left PFC

« aTMS: accelerated TMS i.e. multiple sessions of standard rTMS per day

TMS « pIMS: priming T™S ie. Brief pretreatment with low-intensity higher-

frequency (-6 Hz) stimulation

* dTMS: deep TMS, using a novel form of H-coil to stimulate deeper cortex
« TBS: ¢ITBS: three bursts of pulses at 50 Hz given to the right PFC without
interruption; iTBS: 2 seconds of three bursts of pulses at 50 Hz given to left

PEC followed by 8s pause; bTBS: combination of ¢cTBS and iTBS

MST tDCS

DBS VNS

Figure 2. Neuromodulation procedures and their classification in the NMAs of this study.

2.5 weeks for BT-ECT and 4.5 weeks for BF-ECT, 3 used TBS technology
with average 3 weeks, 3 used MST technology with average 5 weeks, 3
used DBS technology with average 2 weeks and 1 used VNS or tDCS or
pTMS or aTMS or dTMS with a treatment duration of 10 weeks, 3 weeks,
4 weeks, 4 weeks, respectively. There is a weak female preponderance
with a female-to-male ratio of 1.53:1, and the mean age range is 26.9
and 75.2. In terms of bias risks, 2 studies were graded as high risk of bias,
16 as unclear risk of bias, and 31 as low risks of bias. These data from
trials with a high risk of bias were excluded from subsequent pair-wise
and network meta-analyses. Main characteristics of included studies
can be found in Table 1. Detailed information on the literature charac-
teristics and bias risk for each included study can be found in Table S2-
S3 and Figure S1.

3.2. Pair-wise meta-analysis

Measured by response rates, seven different neuromodulation ther-
apies with nine groups of inter-comparisons were explored in the present
pair-wise meta-analysis. Among these, DBS (3 RCTs), BL-rTMS (8 RCTs),
HFL-rTMS (22 RCTs), and LFR-rTMS (3 RCTs) were individually
compared with the sham control. BF-ECT (3 RCTs) and MST (2 RCTs)
were compared with RUL-ECT, respectively. BL-rTMS (2 RCTs) and HFL-
1rTMS (3 RCTs) were compared with LFR-rTMS, respectively. BL-rTMS (2
RCTs) was compared with HFL-rTMS. The BL-rTMS (RR 3.89, 95% CI
2.02-7.51, 8 RCTs), HFL-rTMS (RR 2.41, 95% CI 1.40-4.16, 22 RCTs),
and LFR-rTMS (RR 2.01, 95% CI 0.80-5.02, 3 RCTs) were identified to be
more efficacious than the sham control. There were no significant dif-
ferences in the comparisons between the two active groups.

In terms of the heterogeneity test, all comparisons were indicated to
be low heterogeneity (12<50%) except HFL-rTMS, relative to the sham
controls (I?=58.40%). Hence, we divided HFL-rTMS into three sub-
groups according to the stimulation intensity during rTMS: HFL group
(the intensity is greater than or equal to resting motor threshold, 15
RCTs), sub-HFL group (the intensity is weaker than resting motor
threshold, 5 RCTs), mixed group (including the supra-threshold and
subthreshold stimuli, 2 RCTs), and performed subgroup analysis by the
three groups. No significant heterogeneity was found in the comparisons
between the three subgroups and sham controls. All three subgroups (RR
2.54, 95% CI 1.29-4.99, 15 RCTs; RR 2.50, 95% CI 1.43-4.3, 5 RCTs; RR
5.38, 95% CI 1.85-15.69, 2 RCTs, respectively) were proved to be more
effective than the sham groups. Detailed information and other results of
the remission rate, endpoint depression scores, and all-cause discon-
tinuation can be found in Figure S2 and Table S4 (Supplemental
Materials).
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3.3. Network meta-analysis

3.3.1. Efficacy

Forty-seven trials reported response rates and were included in our
NMA (two trials with high risk of bias were excluded). The network plot
was shown in Figure 3A. There was no significant heterogeneity in the
global Wald test (p=0.912) or large incongruent in the test of loop
inconsistency (Figure S3.A in Supplemental Materials) between the
studies. The analysis of pooled data shows that bilateral TBS (RR 5.00,
95% CI 1.11-22.44), priming TMS (RR 2.97, 95% CI 1.20-7.39), LFR-
rTMS (RR 2.62, 95% CI 1.56-4.39), HFL-rTMS (RR 2.18, 95% CI 1.52-
3.13), and BL-rTMS (RR 3.08, 95% CI 1.78-5.31) were more effective
than the sham control (Figure 4). In the comparison of two active
treatments, BL-rTMS (RR 3.12, 95% CI 1.06-9.09) was demonstrated to
be more effective than DBS. No significant differences were found in
other comparisons of active treatments (Figure 5). Furthermore, ac-
cording to the ranked orders in SUCRA (Figure 6), bilateral TBS (SUCRA
= 81.7%) may have the highest probability of being the most effective
treatment, followed by BL-rTMS (SUCRA = 76.6%) and priming TMS
(73.4%). Detailed SUCRA results can be found in Figure S4A and
Table S5 (Supplemental Materials). The results of secondary outcomes,
including remission rates and endpoint scores, are provided in the
Supplemental Materials (Figure S5-S8, Table S6).

3.3.2. Acceptability

Forty-six trials are available in all-cause discontinuation rates and
were included in the NMA for comparing acceptability. The network plot
is shown in Figure 3B. The test for global heterogeneity and loop
inconsistency were not significant (P=0.963) in the global Wald test,
and IF with 95% CI included zero (Figure S3: Supplemental Materials).
Results from the NMA show that there is no significant difference be-
tween any treatment measures and sham controls (Figure 4B). However,
BL-rTMS was found to be more acceptable than BT-ECT (RR 0.18, 95%
CI 0.03-0.89), while priming TMS was more acceptable than BT-ECT (RR
0.08, 95% CI 0.01-0.55), HFL-rTMS (RR 0.34, 95% CI 0.12-0.93), and
deep TMS (RR 0.15, 95% CI 0.02-0.96). The specific results are shown in
Figure 5. Based on the SUCRA values, we ranked the acceptability for all
active treatment measures and sham controls (Figure 6). Priming TMS
(SUCRA=90.7%) had the highest probability to be the most acceptable
measures, followed by BL-rTMS (SUCRA=76.8%) and LFR-rTMS
(SUCRA=59.4%). Detailed SUCRA results are presented in Figure S4.B
and Table S5 (Supplemental Materials).

3.4. Subgroup Analysis

3.4.1. Unipolar depression TRD
Twenty-six trials that included only unipolar TRD patients were
included in the sub-group analysis. These studies involved a total of ten
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Table 1
Main characteristics of included studies

Source Sample size (M/F)  Failed trails)min/mean)  Interventions Duration With antidepressant ~ Evaluationscale

Darin D. Dougherty 30(17/13) >4/10.8+3.2 DBS, SHM 16 weeks Yes MADRS
2014

Angela Merkel 8(6/2) >2/N.A. DBS, SHM 4 weeks Yes HAMD-24
2018

Paul E Holtzheimer 90(43/47) >4/N.A. DBS, SHM 6 months Yes MADRS
2017

Gerhard 92(39/53) >2/N.A. BF-ECT, RUL-ECT 3 weeks Yes HAMD-21
2007

Alberto Stoppe 39(17/22) >2/N.A. RUL-ECT, BT-ECT 1-5 weeks No MADRS
2006

P. Sienaert 81(39/82) N.A.. RUL-ECT, BF-ECT 6 weeks No HRSD-17
2009

Philp G. Janicak 26(17/9) N.A.. HFL-rTMS, BT-ECT 1-4 weeks No HDRS-24
2002

Sarah Kayser 25(13/12) >2/N.A. MST, RUL-ECT 3 weeks Yes HAMD-28
2017

Sarah Kayser 20(7/13) >2/N.A. MST, RUL-ECT 6 weeks Yes MADRS
2011

Paul B. Fitzgerald 40(16/21) >2/N.A. MST, RUL-ECT up to 5 weeks Yes HAMD-17
2018a

David H. Avery 68(31/37) >2/N.A. HFL-rTMS, SHM 4 weeks Yes HDRS-17
2005

Paul B. Fitzgerald 66(29/37) >2/5.2043.3 BL-rTMS, HFL-rTMS, SHM 3 weeks Yes HAMD-17
2012

Paul B. Fitzgerald 46(20/26) >2/N.A. BL-rTMS, SHM 4 weeks Yes HAMD-17
2016

Daniel M. Blumberger 68(28/40) >2/N.A. BL-rTMS, HFL-rTMS, SHM 3 weeks Yes HAMD-17
2012a

Paul B. Fitzgerald 27(15/12) >2/6.1+2.6 HFL-rTMS, LFR-rTMS 3 weeks Yes MADRS
2009

Paul B. Fitzgerald 218(71/147) >2/5.44+2.8 BL-rTMS, LFR rTMS 4 weeks Yes HAMD-17
2011

Paul B. Fitzgerald 50(19/31) >2/5.94+3.0 BL-rTMS, SHM up to 6 weeks Yes MADRS
2006

Paul B. Fitzgerald 115(49/66) >2/N.A. aTMS, HFL-rTMS 4 weeks Yes HAMD-17
2018b

Huirong Zheng 32(20/12) >2/N.A. HFL-rTMS, SHM 4 weeks Yes HAMD-17
2015

Tung-Ping Su 33(8/22) >2/N.A. HFL-rTMS, SHM 2 weeks Yes HAMD-21
2005

Xuan Hong Zhang 30(20/8) >2/N.A. HFL-rTMS, SHM 4 weeks Yes HAMD-17
2011

Andrew M. Speer 24(11/13) >2/N.A. HFL-rTMS, SHM 3 weeks No HAMD-28
2014

William M Mconald 62(30/32) >3/8.5 BL-rTMS, SHM 2 weeks No HAMD-21
2006

Moacyr Alexandro Rosa 42(22/20) >2/N.A. HFL-rTMS, RUL-ECT 4 weeks No HAMD-17
2006

Paul B. Fitzgerald 179(54/125) >2/5.10+3.1 BL-r'TMS, pTMS 4 weeks Yes HMAD-17
2013

Huirong Zheng 34(22/12) >2/N.A. HFL-rTMS, SHM 4 weeks Yes HMAD-17
2010

Marie-Laure Paillere Martinot 2009 33(11/21) >2/N.A. HFL-rTMS, SHM 2 weeks Yes MADRS

Chris Baeken 21(8/13) >3/N.A. HFL-rTMS, SHM 1 week No HAMD17
2013

Nashaat N. Boutros 22(16/5) >2/N.A. HFL-rTMS, SHM 2 weeks Yes HAMD-25
2002

Keith Isenberg 30(12/16) >2/N.A. HFL-rTMS, LFR rTMS 2 or 4 weeks No HAMD-21
2005

Mauro Garcia-Toro 35(20/15) >2/N.A. HFL-rTMS, SHM 2 weeks Yes HAMD-21
2001

Frank Padberg 18(7/11) >2/3.4+1.5 HFL-rTMS, LFR-rTMS, SHM 1 week Yes HAMD-21
1999

Urs P. Mosimann 24(14/10) >2/N.A. HFL-rTMS, SHM 2 weeks Yes HAMD-21
2004

William J. Triggs 48(19/29) >2/N.A. HFL-rTMS, SHM 2 weeks Yes HAMD-24
2010

Paul E Holtzheimer 15(8/7) >2/N.A. HFL-rTMS, SHM 2 weeks No HAMD-17
2004

Curtis D. Kauffmann 12(1/11) >2/N.A. LFR-rTMS, SHM 2 weeks Yes HAMD-21
2004

Shaw-Ji Chen 20(9/12) >2/N.A. HFL-rTMS, SHM 4 weeks Yes HAMD-17

Bahadir Bakim 35(4/31) >2/N.A. HFL-rTMS, SHM 6 weeks Yes HAMD-17
2012

(continued on next page)
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Table 1 (continued)
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Source Sample size (M/F)  Failed trails)min/mean) Interventions Duration With antidepressant ~ Evaluationscale

David Rossini 54(16/38) >2/N.A. HFL-rTMS, SHM 2 weeks Yes HAMD-21
2005

Diego F Tavares 50(15/35) >2/N.A. dTMS, SHM 4 weeks No HAMD-17
2017

Christos Theleritis 98(50/48) >2/N.A. HFL-rTMS, SHM 3 weeks Yes HAMD-17
2017

Daniel M. Blumberger 121(44/77( >2/7.44+5.9 BL-rTMS, HFL-rTMS, SHM 3 or 6 weeks Yes HAMD-17
2016

S. Pallanti 60(25/35) >2/5.91+1.74 BL-r'TMS, LFR-rTMS, SHM 3 weeks Yes HAMD-17
2010

Cheng-Ta Li 60(20/40) >2/N.A. cTBS, iTBS, bTBS, SHM 2 weeks Yes HAMD-17
2014

Daniel M. Bluberger 24(4/24) >2/4.24+2.3 tDCS, SHM 3 weeks Yes HAMD-17
2012

Johh Rush 235(82/134) >2/ ,N.A. VNS, SHM 10 weeks Yes HAMD-24
2005

Mauro Garcia-Toro 20(9/11) >2/N.A. BL-rTMS, SHM 2 weeks Yes HAMD-21
2005

van Eijndhoven 31(9/21) >2/N.A. HFL, SHM 4 weeks Yes HAMD-17
2020

Paul B. Fitzgerald 300(87/213) >2/N.A. HFL, LFR 4 weeks Yes HAMD-17
2020

® o

e ©

=

@ @

Figure 3. Network plot for included treatment comparisons. (A) Network plot for response rate, (B) network plot for all-cause discontinuation rate; each node
represents different included neuromodulation methods; each edge represents a direct comparison between two methods; and the thickness of edge represents the

number of trials included in this NMA.

active treatments, including 1,093 patients diagnosed with unipolar
TRD. The subgroup analysis results have shown that BL-rTMS (RR 3.48,
95% CI 1.50-8.03) and HFL-rTMS (RR 2.06, 95% CI 1.23-3.46) were
more effective than the sham control. There are no significant differ-
ences in the comparisons of the two active treatments. While in the
comparisons of acceptability, no active treatments were proved to be
less acceptable than the sham control. Results of the subgroup analysis
were provided in the Supplemental Materials (Figure S9-11).

3.4.2. Bipolar TRD

We identified two trials that included only patients with bipolar TRD.
Thus, due to the insufficiency of existing RCTs, we failed to conduct this
subgroup analysis for bipolar depression. These two trials used deep
TMS and bilateral rTMS to treat refractory bipolar depression, respec-
tively. Among these two treatments, deep TMS showed weak efficacy,
while rTMS was negative.

3.4.3. Funnel plot analysis

Trials of active treatments compared to the sham control and active
treatments compared to another active treatments were included to
produce two funnel plots, respectively. Overall, visual inspection of the

funnel plots does not reveal substantial asymmetry.(Figure 7)
4. Discussion

The treatment of TRD has always been a difficult challenge in clinical
practice. A significant proportion of patients with depression seem
resistant to conventional antidepressants, which may contribute to a
lower quality of life, more financial burden, and a higher risk of suicide
(Fostick et al., 2010, Hantouche et al., 2010). Therefore, many re-
searchers are committed to addressing this issue, and some novel ther-
apies have been developed as alternative options for TRD patients.
Among them, various neuromodulation therapies have shown a prom-
ising effect. However, a considerable number of studies have proven the
efficacy of ECT, rTMS, and other neuromodulation measures in TRD
patients (Avery et al., 2006, Blumberger et al., 2012, Fitzgerald et al.,
2006, Rossini et al., 2005, Li et al., 2014, Eschweiler et al., 2007, Sie-
naert et al., 2009). Several studies still remain inconsistent (Fitzgerald
et al., 2018, Tavares et al., 2017, Li et al., 2014, Palm et al., 2012,
Dougherty et al., 2015, Holtzheimer et al., 2017, Merkl et al., 2018,
Fitzgerald et al., 2012, Holtzheimer et al., 2004). Additionally, there is a
lack of comprehensive comparisons of these neuromodulation therapies
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Treatment vs SHM RR (95%CI)
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RUL-ECT HO— 1.95 (0.85. 4.46)
et Ho— 2.39 (0.71, 8.05)
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Figure 4. Forest plot of active treatments compared to the sham
discontinuation rate, the lower RR, the better.
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Treatment vs SHM RR (95%CI)
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control. (A) Forest plot for response rate, the higher RR, the better, (B) forest plot for all-cause
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Figure 6. Ranking orders of all treatment measures and sham control based on
the SUCRA. Horizontal axis shows SUCRA values for efficacy, while vertical axis
shows SUCRA values for acceptability. Larger SUCRA values are indicative of a
greater probability of higher ranking.

in TRD patients. Thus, we performed a systematic review of studies
using neuromodulation methods to treat TRD and synthesize results
from these studies. We compared and ranked the efficacy and accept-
ability of sixteen different neuromodulation procedures and sham con-
trols in TRD patients. Response rates and all-cause discontinuation rates
were used as the primary evaluation criteria of efficacy and
acceptability.

According to the response rates reported by the present NMA, which
included 47 randomized controlled trials involving 2833 patients, the
efficacy of rTMS (BL-rTMS, HFL-rTMS, LFR-rTMS), bilateral TBS, and
priming TMS were confirmed in TRD patients. This is consistent with
previous studies based on patients with non-TRD[23]. These findings
together support the therapeutic effect of TMS for non-TRD and TRD
patients. Also, we ranked all included therapeutic interventions and
found that bilateral TBS was most likely to be the most efficient mea-
sures. TBS is a novel special protocol of rTMS, which consists of three
burst pulses delivered at 50 Hz and an interval of 200 ms (Suppa et al.,
2016, Chung et al., 2015). This stimulation pattern mimics hippocampal
firing frequency and induces long-term potentiation (LTP) or long-term
depression (LTD) between synapses, while further modulating cortical
excitability (Suppa et al., 2016, Chung et al., 2015). More precisely, the
continuous TBS (cTBS, burst stimulation without interruption) could
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reduce cortical excitability, and intermittent TBS (iTBS, 2 s of burst
stimulation followed by 8s pause) could enhance cortical excitability
(Suppa et al., 2016, Chung et al., 2015). This finding, together with a
pervasive belief that depression is associated with an imbalance between
bilateral DLPFC activity, makes it possible to effectively treat depression
with bilateral TBS (Grimm et al., 2008). A recent large RCT also reported
that iTBS is non-inferior to the standard rTMS for treating depression in
substandard TRD patients (Blumberger et al., 2018). However, we must
be cautious about the finding that bilateral TBS is better for TRD pa-
tients. On the one hand, this finding was not supported by the reports of
remission rates, endpoint-scores in this NMA and results from another
NMA which is based on non-TRD patients (Mutz et al., 2019). Secondly,
only one RCT directly compared bilateral TBS with sham controls in our
NMA. More clinical data are needed to support this finding.

It should be noted that ECT proved to be ineffective in treatment of
TRD patients in present NMA, which is contrary to clinical intuition and
previous studies on MDD patients. This paradox may be due a publica-
tion bias for ECT studies (Cattaneo et al., 2020). In fact, there is no
sham-controlled RCTs on ECT since 1985, which resulted in few studies
comparing ECT to the sham controls included in the present NMA. Be-
sides, many studies involving ECT were outdate and excluded due to the
poor quality, as described in a recent review of quality of ECT trials
(Read et al., 2020). While, ECT is proposed as a “second” or “third-line”
option to be applied to treatment-resistant patients in most guidelines
and clinical practice (American, 2008). For this reason, we adjusted the
requirement of TRD patients in inclusion criteria for ECT studies. Studies
using ECT are just required not to contain any illumination or evidence
that show included subjects were conflicted with our inclusion criteria
for patients. This added several studies to conduct an extended analysis.
With these additional studies, the efficacy of BT-ECT (RR 3.17, 95% CI
1.67-6.01), BL-ECT (RR 3.50, 95% CI 1.75-6.99), and RUL-ECT (RR
3.02, 95% CI 1.62-5.65) were established in our NMA (Figure S12,
Supplemental Materials). Besides, although BT-ECT demonstrated a
slight trend towards better efficacy comparing to RUL-ECT, no signifi-
cant difference was found. This is inconsistent with previous network
meta-analysis for patients with MDD (Mutz et al., 2019). One reason
could be that the patients included in our network meta-analysis had
higher levels of depression and higher resistance to treatments. The
same reason could also explain the negative results for tDCS and MST in
our network meta-analysis, which is opposite to a previous study based
on non-TRD patients (Mutz et al., 2019). The two invasive stimulations,
DBS and VNS, showed negative results in our study. In the present study,
we focused on short-term efficacy. Three previous RCTs have proved
long-term benefits from DBS in TRD patients (Mutz et al., 2019). This
should be the focus of further deep brain stimulation studies in TRD. The
results from VNS were based on data from only one randomized,
sham-controlled trial (Rush et al.,, 2005), and additional data are
needed.

Besides, the recognition of depression subtypes is an important
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element in the evaluation and management of TRD, since potential bi-
polar disorder is an important reason for treatment resistance (Fornaro
and Giosue, 2010). Among 67 patients clinically diagnosed with TRD,
17% were re-diagnosed as bipolar after the Structured Clinical Inter-
view, and 69% developed bipolar after one-year follow-up (Ventura
et al., 1998). Considering such a situation, we performed a sub-group
analysis to detect the differences between unipolar depression and bi-
polar depression. Potential Results from the sub-group analysis on uni-
polar TRD showed that BL-rTMS and HFL-rTMS have good therapeutic
efficacies. There were subtle differences among the results of the overall
and this sub-group analysis. Due to the lack of eligible studies on these
two treatments, bilateral TBS and priming TMS were excluded. Besides,
LFR-TMS showed an insufficient efficacy in the treatment of unipolar
TRD. Compared to the sham control, LFR-TMS still showed a trend of
effectiveness with an RR value on the critical edge (RR 2.73, 95% CI
1.00-7.34). This subtle difference may be due to the smaller sample size
in the subgroup analysis, which would lead to weak sensitivity of
detecting real but small effects. On the other hand, we failed to conduct
a subgroup analysis for bipolar TRD. The existing RCTs are insufficient
to perform it. Strict definition of TRD in this NMA help improve the
consistency, but also resulted in the limited studies included, especially
for bipolar TRD. While, some trials were not necessarily primarily
intended to treat TRD cases, but also included a TRD subset in these
studies. Set a proportion of TRD patients as threshold for inclusion may
help address the issue (Fornaro et al., 2020). Qualitative analysis results
from these two trials conducted in patients with bipolar depression
showed limited, even negative efficacy. There is a trend for insufficient
efficacy of currently neuromodulation producers in bipolar depression.
Another study reported that patients with bipolar TRD require longer
rTMS treatment to achieve remission (Cohen et al., 2010). Another
critical issue is treatment-emergent effective switches. Traditional an-
tidepressants have the risk of causing patients with bipolar depression to
turn to mania/hypomania. A systematic review of bipolar depression
treatment with rTMS supported that the risk of treatment-emergent
mania in patients with bipolar depression is minimal (McGirr et al.,
2016). This treatment-emergent mania also was not reported in the
previous two RCTs on bipolar TRD included in our NMA. It seems safe to
apply rTMS on patients with bipolar depression, while the precise effect
requires further studies to accumulate evidence.

Beyond the efficacy, we also explored the acceptability of these
neuromodulation measures. In addition, we found that the acceptability
of all included active measures was non-inferior to the sham-controls.
Among these measures, priming TMS and BL-rTMS tend to have better
acceptability. Considering the size of available data in our NMA, the
results of BL-r'TMS were more robust than those of priming TMS.

There are also several limitations to this network meta-analysis. One
limitation is the bias risk of included studies. Although we have
excluded studies with high bias risk, there is still a third of the remaining
studies with unclear risk of bias. The main defects of these trials are the
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lack of description for randomization and assignment schemes, which
can directly lead to the decline of reliability of these trials and corre-
sponding meta-analysis results. Another key limitation is the interfer-
ence from medications. Nearly 80% of RCTs included in our NMA
allowed antidepressants during the study. This makes it challenging to
rule out antidepressant factors. However, it is not allowed to increase
the type or dose of antidepressants for TRD patients included in these
studies. In this way, medication-related bias can be minimized without
violating ethics. Besides, we noticed that the treatment durations of
three protocols were too short, limited to only one week, which may
impact the evaluation of treatment efficacy. Thus, we conducted a
sensitivity analysis to shake off the influence from the short treatment
courses, by excluding the three trials. Results from the sensitivity anal-
ysis remain unchanged, which supports the robustness of the present
NMA. Details of the sensitivity analysis can be found in Figure S13
(Supplemental Materials). Besides, there are too little data available for
some newly-developed treatment measures. Our network meta-analysis
on bilateral TBS, priming TMS, and tDCS became more unstable and less
precise for this reason. On the other hand, predictors of treatment-
outcomes in neuromodulation intervention is a matter of concern. Pre-
vious studies have shown that mixed features in both unipolar and bi-
polar can predict treatment resistant (Fornaro et al., 2020). More
well-designed randomized control trials and further analysis are needed
to clarify this matter.

5. Conclusion

In summary, we explored the efficacy and acceptability of sixteen
different neuromodulation procedures and sham controls for TRD pa-
tients in this network meta-analysis. In addition to ECT, repetitive TMS,
priming TMS, and bilateral TBS proved effective in patients with TRD.
BL-rTMS has both the advance of promising efficacy and high accept-
ability. Bilateral TBS may be the most efficacious neuromodulation
measures in the treatment of TRD.
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