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Abstract: Objective: Bipolar disorder is a chronic psychiatric disorder with severe disease burden, especially as induced by
bipolar depression. Noninvasive brain stimulation (NIBS) has shown antidepressant potential, but its adjunctive benefit when
combined with pharmacotherapy remains unclear. This meta-analysis evaluates the efficacy of NIBS combined with medication.
Methods: A comprehensive search was conducted across PubMed, Embase, and the Web of Science, including studies up to July
31,2024. Randomized controlled trials comparing NIBS plus medication with medication monotherapy or sham stimulation were
included. The primary outcome evaluated was the change in depressive symptoms; secondary outcomes included response rate,
remission rate, dropout rate, and cognitive changes. Subgroup and meta-regression analyses were conducted to explore potential
sources of heterogeneity. Results: Seventeen randomized controlled trials (RCTs) involving 748 screened records were included,
comprising 11 transcranial magnetic stimulation (TMS) trials and six transcranial direct current stimulation (tDCS) trials.
Compared with pharmacotherapy alone, NIBS combined with medication was linked to greater reductions in depressive symptoms
(SMD=-0.69). Both TMS and tDCS were associated with improvements in depressive symptoms and response rates, whereas a
statistically significant association with remission was observed only for TMS. No significant differences were observed in
dropout rates or cognitive outcomes. Meta-regression analyses did not identify consistent associations between treatment effects
and demographic or stimulation-related variables, although an exploratory potential association between tDCS current intensity
and symptom improvement was observed. Conclusions: NIBS combined with medication may offer additional benefit over
pharmacotherapy alone for bipolar depression. Nevertheless, substantial heterogeneity and the limited number of available trials
warrant cautious interpretation. Further well-designed randomized controlled trials are needed to confirm these findings and to
clarify the role of stimulation parameters.
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1 Introduction

Bipolar disorder (BD) is a chronic psychiatric condition characterized by recurrent episodes of mania or
hypomania and interspersed with depressive episodes (Nierenberg et al., 2023), affecting approximately 2% of
the global population (Merikangas et al., 2011). The onset of BD typically occurs during adolescence, disrupting
patients’ developmental trajectories and impairing social functioning (Carvalho et al., 2020). Moreover,
individuals with BD face a suicide rate that is 20-30 times higher than that of the general population (Plans et al.,
2019). Depressive episodes occur more frequently than manic or hypomanic episodes over the course of BD, yet
treatment options for bipolar depression remain limited (Carvalho, et al., 2020). Currently, only five
medications have been approved by the U.S. Food and Drug Administration (FDA) for the treatment of acute
depressive episodes in adults with BD (Carvalho et al., 2020), and these conventional pharmacological therapies
often require a considerable amount of time to take effect (Howes et al., 2022). Consequently, there is an urgent
need to identify alternative and more effective therapeutic strategies. Noninvasive brain stimulation (NIBS)
represents a rapidly advancing neuromodulatory approach that alters neuronal activity via externally applied
magnetic or electrical fields. Growing evidence supports the efficacy of NIBS techniques, such as transcranial
magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS), in treating psychiatric disorders
(Martinotti et al., 2019; Sabe et al., 2024). While several TMS and tDCS protocols have received FDA approval
for the treatment of major depressive disorder (MDD) (Martinotti, et al., 2019; Cohen et al., 2022; Ldokene et
al., 2022), the use of NIBS in patients with BD has not yet been approved by the FDA.

Research on NIBS for bipolar depression is expanding; however, findings for different intervention types
remain inconsistent. For example, Mutz et al. conducted a network meta-analysis of NIBS for depressive
episodes, including bipolar depression and MDD, and reported that 10 out of 18 treatment strategies were
associated with higher response rates compared with sham stimulation (Mutz et al., 2019). Similarly, another
meta-analysis demonstrated that repetitive transcranial magnetic stimulation (rTMS) showed superior efficacy
to sham treatments in improving depressive symptoms in bipolar depression (Kishi et al., 2024). However, a
meta-analysis evaluating continuous theta-burst stimulation (¢cTBS) in patients with MDD and bipolar
depression found no significant symptom improvement (Cai et al., 2024). More recently, a network
meta-analysis examined various NIBS modalities for bipolar depression and found that certain protocols
improved depressive symptoms (Hsu et al., 2024). Nevertheless, most previous studies have focused on NIBS
as a monotherapy. Given the clinical complexity of BD, combination strategies are often required (Dean et al.,
2018). Furthermore, due to the recurrent nature of BD, patients typically require long-term psychotropic
medication regimens to maintain mood stability (Nierenberg et al., 2023). While meta-analyses have assessed
the combined efficacy of NIBS and antidepressants in MDD (Tao et al., 2024; Zaidi et al., 2024), there is a lack
of similar analyses specific to bipolar depression.

In addition to mood symptoms, cognitive dysfunction is highly prevalent in BD (Van Rheenen et al., 2020).
Evidence suggests that patients with BD exhibit deficits in several cognitive domains, including verbal memory,
attention, language, and executive functioning, compared to healthy controls (Kurtz and Gerraty, 2009; Rosa et
al., 2010). One study has indicated that medication may negatively impact cognitive outcomes in patients with
BD (Xu et al., 2020). NIBS may not impair cognitive function, and may even improve it. Although the potential
of NIBS to enhance cognitive functioning in BD has gained increasing attention, findings remain inconsistent.
For instance, one randomized controlled trial (RCT) reported cognitive improvements following intermittent
theta-burst stimulation (iTBS) compared with sham stimulation (Luo et al., 2024), while another RCT found no
pro-cognitive effect of rTMS in BD patients (Myczkowski et al., 2018).

Given these inconsistencies, our aim in this systematic review and meta-analysis was to evaluate whether
combining NIBS with medication enhances treatment efficacy for bipolar depression, with particular attention
to both mood symptoms and cognitive functioning.
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2 Materials and methods
2.1 Literature search

This study was conducted according to the guidelines in Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) and followed the Cochrane Handbook for Systematic Reviews of Interventions
(Cumpston et al., 2022). The protocol for the study was prospectively registered in PROSPERO, the
International Prospective Register of Systematic Reviews (registration number: CRD42024583108). Two
authors independently searched the PubMed, Embase, and Web of Science databases. The search strategy
combined terms related to bipolar disorder, non-invasive brain-stimulation techniques, and clinical trials. The
literature search was conducted up to July 31, 2024. For details regarding inclusion and exclusion criteria, data
extraction, quality control and the full search strategy, please refer to the supplementary materials and methods.

2.2 Statistical analysis

For continuous variables, we calculated standardized mean differences (SMD), while we used odds ratios
(OR) for categorical outcomes. All effect estimates were reported with 95% confidence intervals (CI). Statistical
heterogeneity was quantified using the /2 statistic and interpreted according to the Cochrane Handbook
guidelines. We interpreted /2 values as follows: 0% to 40% might not indicate significant heterogeneity, 40% to
60% could represent moderate heterogeneity, 50% to 90% could indicate substantial heterogeneity, and 75% to
100% was considered considerable heterogeneity.

Meta-analyses used random- or fixed-effects models according to anticipated clinical diversity and
statistical heterogeneity, with random-effects models planned for primary outcomes and secondary outcomes
modeled according to observed heterogeneity. To explore potential sources of heterogeneity, we performed
prespecified subgroup analyses and meta-regression analyses using mixed-effects models with restricted
maximum-likelihood (REML) estimation when sufficient data were available. Influence diagnostics were
conducted for meta-regression models showing statistically significant associations. Studentized residuals,
Cook’s distance, DFBETAs, and hat values were examined to identify potentially influential or high-leverage
studies. Sensitivity analyses were performed to evaluate the robustness of the pooled estimates. These included
leave-one-out analyses, in which each study was sequentially excluded, and reanalyses using alternative
plausible correlation coefficients (r=0.30, 0.50, and 0.70) for imputed change-score standard deviations.

We used the ‘meta’ and ‘metafor’ packages in R software (version Rx64 4.4.1) for these analyses (Shim
and Kim, 2019). We assessed publication bias using funnel plots and Egger’s test, and used contour-enhanced
funnel plots to evaluate whether funnel-plot asymmetry was likely attributable to publication bias rather than
heterogeneity.

3 Results
3.1 Literature search

We identified 1,129 articles through database searches (PubMed: 250; Embase: 484; Web of Science: 395).
After removing 381 duplicates, 748 unique articles remained. Screening of titles and abstracts excluded 627
articles, leaving 121 for full-text review. We excluded 104 articles during full-text assessment. Reasons for
exclusion included irrelevant study design, unsuitable participants, duplicate datasets, lack of combination drug
therapy, insufficient outcome measures, and non-English/Chinese language. Ultimately, 17 studies met the
eligibility criteria and were included in the meta-analysis (Fig. 1).
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Fig.1 Flow chart for study selection

3.2 Study characteristics

The 17 included RCTs covered a total of 743 patients with bipolar depression. The studies were published
between 2013 and 2024, and participants ranged in age from sixteen to fifty-three years. The proportion of male
participants ranged from 10% to 77%. The duration of NIBS interventions varied from 5 days to 6 weeks, the
number of treatment sessions ranging from 10 to 42. Detailed clinical characteristics of the included studies are
provided in Table 1, while the cognitive domains evaluated in studies involving cognitive functioning are
presented in Table 2. The specific parameters of NIBS used in each study are summarized in Table 3. Of the
included studies, 11 applied TMS combined with medication, and six applied tDCS combined with medication.
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Sample

Authors, Years Country  Criteria Diagnosis Medication Age (T/C) Sizep %?(lje)% Intervention (T/C) 1?;‘:;:::
(T/C)

Li,etal,2013  China  DSM-5 ggh Li, Ap 23.046.022.047.0 3029  60.0/51.7 gxgiﬁzgizzggf Sham 0060
Zli.t’zzg(ﬁrgld’ C Australia  DSM-IV Egh des’ AP 463112.6/497511.0 2323 43.5/43.5 gﬁ::ﬁggizzgzﬂf Sham 0000
Sggzine’ etal,  \ustralia  DSM-5 Egh I:r; AGAd 1504365192 1212 50.0/50.0 gggiﬁ:ﬁi:ﬁgﬁ/ Sham 0000
12\/([)31‘1 etal, China  DSM-5 Egh des’ AP 4075114/3945113 26028 30.8/35.7 gﬁ::ﬁggizzgzﬂf Sham DRE®
?ggi“k’ ctal,  polgium  DSM-IV ﬁgh Li, Ap,Ad  48.0+7.0/51.04140  18/19  27.8531.6 zg:zzgizzzgﬁ/ Sham ©
12\/(1)02?“’ tal,  inada  DSM-S ggh Z[ds’ AP 448413.7/43.05143 18/19  38.9/36.8 gﬁziﬁzgizxﬁnﬂ/ Sham 000006;
et G ooy B Ltow gl i Mo o000
Zengin, etal, ey DSM:S BDL, LiAC AR, 4 361053805103 1415 42.9/53.3 f%:ﬁﬁzgﬁﬂﬁﬁssm DORE®@
2022 BDII % rTMS-+medication-rTMS+medication
Luo, etal, 2024 China  DSM-5 BDII MS,Ap  15.6+1.8/158+1.6 2220  18.2/10.0 gﬁziﬁzgizxﬁnﬂ/ Sham 006
ggﬁres’ ctals gzl DSMAIV ggh iiéAc’ AP 435412.0/412489 255 3200280 gﬁgiiggizzzg? Sham DRE®
2B(‘;11t963”’ ctal,  pnce  DSMAIV-TR  BD MS 52.7+10.8/53.1412.5 12/14  41.7/71.4 gngmniiz:gzﬁ/ Sham 006
gg;;lg’ ctal, China  DSM-5 BD NR 342485/31.949.5 2525  16.0/36.0 Igggiﬁzgizzzg/ Sham 06
g/gfani’ ctal,  pan NR BDI MS 32.149.4/30.348.6  15/15  20.0/66.7 tDCS+medication/ medication 06)
%gﬁi’ ctal, Tran DSM-5 Egh MS,Ap  159+1.1/157+13 2020  55.0/55.0 tggziizgizzzgﬁ/ Sham ©
Lee, et al., 2022 185)1;3; DSM-5 Egh I:c’lAc’ AP 357413.1/3124119 3232 28.1/25.0 tggziizgizzzgﬁ/ Sham 00)
Sta:ff"‘zigi‘;“nior’ Brazil NR Egh I:c’lAc’ AP 462411.8/45.74103 3029  76.7/51.7 tggziizgizzzgﬁ/ Sham DORE@®E)
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49.1+16.6/47.7+14.6  19/17 NR/NR

BDI, MS, Ap, tDCS+medication/ Sham
BDII Ad tDCS+medication ®®®@®

Loo, etal., 2018 Australia DSM-IV-TR

Abbreviations: Ac, anticonvulsant; Ad, antidepressant; Ap, antipsychotic; BD, bipolar disorder; C, control group; cTBS, continuous theta burst stimulation; dTMS, deep transcranial magnetic stimulation;
iTBS, intermittent theta burst stimulation; Li, lithium; MS, mood stabilizer; NR, not report; rTMS, repetitive transcranial magnetic stimulation; T, treatment group; tDCS, transcranial direct
currentstimulation.

(D depression score

©) respond rate

(3 remit rate

® drop-out rate

(® Cognitive function (* Cognitive function assessment results were reported in a separate study)
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Table 2 Characteristics of cognitive functioning in the included studies

Authors, Type of Simple Findings by Study

Cognitive Domain Method of Assessment Vears NIBS size (SMD [95% CI)
MoCA L"g’o‘itgal" tDCS 38 -046[-1.12;0.21]
CVLT-II, BVMT-R,
TMT-A, TMT-B, CPT-IP
trial 1-3, Animal Fluency,
.. Letter-Number Torres, et al., . .
Global Cognition Sequencing, Spatial Span, 2023 iTBS 37 0.06 [-0.65;0.76]
Symbol Coding, Stroop
Word, Stroop Colour,
Stroop Colour-Word
. Luo, et al., . .
DN: CAS 2024 iTBS 42 0.30[-0.31; 0.91]
- Myczkowski, .
Digit Span Forward etal., 2018° rTMS 43 -0.20 [-0.80; 0.40]
Attention/vigilance  Digit Span Forward Z;’“;gg’oft DCS 59  -0.28[-0.80;0.23]
. Luo, et al., . .
DN: CAS 2024 iTBS 42 0.28 [-0.33; 0.88]
TMT-A Myczkowski, 1y q 43 0.01[-0.59; 0.60]
. etal., 2018
Processing Speed Tortella. et
TMT-A al., 2020° tDCS 59 -0.30[-0.81:0.21]
Digit Span Backward I\gt-‘/glzkgf)vlsgl rTMS 43 0.08[-0.52;0.68]
Working Memory Tor:[’ella o
Digit Span Backward al., 2020° tDCS 59 -0.31 [-0.82:0.21]
Myczkowski, .
Executive TMT-B etal, 2018 rTMS 43 0.17[-0.43; 0.77]
Function Tortella, et .
TMT-B al., 2020 tDCS 59 -0.09 [-0.60; 0.42]
Myczkowski, .
RAVLT etal, 2018 rTMS 43 -0.07 [-0.66;0.53]
Verbal Tortella, et .
Learning/Memory RAVLT al., 2020° tDCS 59 0.21[-0.30; 0.7]
CVLT-II T"“;’(S)’zgt al.iBs 37 0.20[-0.50; 0.91]
FAS Verbal Fluency Test  Y6Zkowskl, g 43 -0.28[-0.88;0.33]
Language etal., 2018
Tortella, et .
Verbal Fluency Test al., 2020° tDCS 59 0.09 [-0.42; 0.60]
Visual Learning BVMT-R T"“;(S)’z‘;t al. it 37 0.02[-0.69;0.72]
. Myczkowski, .
Stroop interference etal., 2018° rTMS 43 0.22 [-0.38; 0.83]
Inhibitory Control Stroop interference ];;m;g;’oft tDCS 59 -0.39[-0.91; 0.12]
Mardani, et .
Go/No-Go test al., 2021 tDCS 30 0.61[-0.13; 1.34]

Abbreviations: BVMT-R, brief visuospatial memory test-revised version; CI, Confidence Interval; CPT-IP, continuous performance test-identical
pairs; CVLT-II, california verbal learning test-2nd edition; DN:CAS, Chinese version of the das-naglieri cognitive assessment System; iTBS,
intermittent theta burst stimulation; MoCA, montreal cognitive assessment; RAVLT, rey auditory verbal learning test; rTMS, repetitive transcranial
magnetic stimulation; SMD, Standardized Mean Difference; tDCS transcranial direct current stimulation; TMT, trail making test.

2 Primary outcomes were reported in a separate study.

Table 3 Characteristics of NIBS treatment
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2017
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al., nture 00
2019
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Lee, Anode:LDLP

etal,  tDCS 6w  Ybrain FC Cathode: slos'ég] 2mA 1 18-42 301?“ .
2022 RDLPFC y
Samp
aio-J Soterix  Anode:LDLP .
unior,  tDCS 10d  Medica FC Cathode: CASYSTa  5a 1 12 30;‘“ .
etal., 1 RDLPFC p
2018
Loo Anode:LDLP
etal, DCS 4w NR  LcCathoder o 10-20 1, gy 20 M
lateral right System n
2018
frontal

Abbreviations: ¢TBS, continuous theta burst stimulation; DLPFC, dorsolateral prefrontal cortex; dTMS, deep transcranial magnetic stimulation;
HF-rTMS, high frequency repetitive transcranial magnetic stimulation; iTBS, intermittent theta burst stimulation; LDLPFC, left dorsolateral
prefrontal cortex; LF-rTMS, low frequency repetitive transcranial magnetic stimulation; LITG, left inferior temporal gyrus; LPPC, left posterior
parietal cortex; NR, not report; RDLPFC, right dorsolateral prefrontal cortex; tDCS, transcranial direct current stimulation.

3.3 Bias risk of included studies

Only two of the included studies failed to clearly report the methods used for randomization and allocation
concealment (Sampaio-Junior et al., 2018; Mardani et al., 2021). A total of 15 studies described whether any
patients were lost to follow-up, with dropout rates ranging from 0% to 36% (Li et al., 2013; Fitzgerald et al.,
2016; Tavares et al., 2017; Loo et al., 2018; Sampaio-Junior et al., 2018; Bulteau et al., 2019; Mak et al., 2021;
Mcgirr etal., 2021; Lee et al., 2022; Zengin et al., 2022; Zhang et al., 2023; Dellink et al., 2024; Luo, et al., 2024;
Novak et al., 2024; Riahi et al., 2024; Sheline et al., 2024). The reasons for patients dropout included adverse
effects such as headaches, poor treatment outcomes, and disruptions caused by the coronavirus disease 2019
(COVID-19) pandemic. The quality assessment of the included studies is illustrated in Fig. 2.
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Fig. 2 Results of bias risk evaluation of included studies

3.4 Overall effects of NIBS treatments for depression
3.4.1 Depression scores

As shown in Fig. 3, all included studies reported depression scores both before and after the intervention.
The pooled effect size was estimated using a random-effects model. Substantial heterogeneity was observed
(P=76.6%, P<0.01). Compared to either sham stimulation combined with medication or medication alone,
NIBS combined with medication was associated with greater reductions in depressive symptoms (SMD=—0.69,
95% CI [-1.04, —0.33], I’=76.6%, P<0.01). To further investigate the sources of heterogeneity, subgroup
analyses were conducted based on the NIBS model and target location. The results of subgroup analysis based
on intervention type showed that both TMS in combination with medication (SMD=-0.44, 95%CI [-0.67,
—0.20], 2= 54.7%, P<0.01) and tDCS in combination with medication (SMD=-1.03, 95%CI [~1.79, —0.27], I?
= 86.0%, P<0.01) were associated with improvements in depressive symptoms compared to medication alone.
Additionally, we performed subgroup analysis based on the stimulation target location, categorized as
dorsolateral prefrontal cortex (DLPFC), non-DLPFC, or combined (DLPFC along with other sites). As shown in
Fig. S5, stimulation targeting the DLPFC subgroup yielded the largest effect size, with a significant summary
estimate (SMD=-0.80, 95% CI [-1.16, —0.44], P<0.01). However, considerable heterogeneity was observed in
this subgroup (I* =75%). In contrast, the single study that applied non-DLPFC stimulation showed no
statistically significant effect (SMD=-0.63, 95% CI [-1.26, 0.01], P=0.054). Similarly, the pooled estimate
from two studies using combined target stimulation showed a negligible and non-significant effect (SMD=0.13,
95% CI [~ 0.57, 0.83], I*=56.3%, P=0.65).
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Study Total Mean SD
subgroup = TMS
Li, etal., 2013 30 -35.80 6.6000
Fitzgerald, et al., 2016 23 -3.40 5.0700
Sheline, et al., 2024 12 -19.92 6.0100
Mak, et al., 2021 26 -8.34 6.7100
Dellink, et al., 2024 18 -5.30 5.0000
Mcgirr, et al., 2021 18 -7.81 9.4700
Novak, et al., 2024 40 -11.50 6.3900
Zengin, et al., 2022 14 -6.20 4.9300
Luo, et al., 2024 22 -7.18 7.1100
Tavares, et al., 2017 25 -11.72 7.8200
Bulteau, et al., 2019 12 -16.14 9.8400

Random effects model 240

Heterogeneity: /1% = 54.7%, t* = 0.0571, p = 0.0148

subgroup = tDCS
Zhang, et al., 2023

Mardani et al., 2021 15
Riahi et al., 2024 20
Lee, et al., 2022 32
Sampaio-Junior, et al., 201830
Loo, et al., 2018 18
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-19.60 7.2500
-14.30 5.9400
-11.84 5.5700
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Heterogeneity: /° = 76.6%, <* = 0.4411, p < 0.0001
Test for subgroup differences: y_? =2.16,df =1 (p = 0.1413)

When the effect size was less than zero, as presented by the standardized mean difference, the treatment under investigation
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SD
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Fig. 3 Forest plot of depression scores.
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resulted in a greater reduction in depression scores compared to the control.

3.4.2 Depression response rates

Eleven RCTs reported depression response rates (Li, et al., 2013; Fitzgerald, et al., 2016; Tavares, et al.,
2017; Loo, et al., 2018; Sampaio-Junior, et al., 2018; Bulteau, et al., 2019; Mak, et al., 2021; Mcgirr, et al., 2021;
Zengin, et al., 2022; Novak, et al., 2024; Sheline, et al., 2024), among which nine applied TMS and two applied
tDCS. The results are detailed in Fig. 4. A fixed-effects model was adopted due to > <50%. Subgroup analysis
showed that both TMS combined with medication (OR=2.90, 95%CI [1.65, 5.08], I> =0%, P<0.01) and tDCS
combined with medication (OR=2.75, 95%CI [1.11, 6.82], I* =62.0%, P=0.03) led to higher clinical response

rates in patients with bipolar depression compared to the control group.

1
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Experimental Control

Study Events Total Events Total Odds Ratio OR 95%-Cl Weight
subgroup = TMS

Li, et al., 2013 29 30 27 29 2.15 [0.18; 25.07] 4.4%
Fitzgerald, et al., 2016 3 23 il 23 —T 3.30 [0.32; 34.35] 4.2%
Sheline, et al., 2024 8 12 il 12 —— 22.00 [2.05; 236.05] 1.6%
Mak, et al., 2021 3 26 3 28 — 1.09 [0.20; 5.94] 12.3%
Mcgirr, et al., 2021 2 18 3 19 —a 1.07 [0.19; 6.13] 11.7%
Novak, et al., 2024 13 40 3 20 T 2.73 [0.68; 11.00] 13.0%
Zengin, et ai., 2022 4 14 i} i5 - 5.60 [0.54; 57.95] 3.3%
Tavares, et al., 2017 12 25 6 25 T 2.92 [0.87; 9.78] 15.1%
Bulteau, et al., 2019 9 12 6 14 *—*% 4.00 [0.74; 21.50] 6.7%
Common effect model 200 185 290 [1.65; 5.08] 72.4%

Heterogeneity: 1> = 0%, <° = 0, p = 0.6648

subgroup = tDCS

Sampaio-Junior, et al., 2018 19 30 8 29 —i. 4.53 [1.51; 13.65] 14.4%
Loo, et al., 2018 3 18 3 15 — . 0.80 [0.14; 4.70] 13.2%
Common effect model 48 44 275 [1.11; 6.82] 27.6%

Heterogeneity: 1> = 62.4%, t° = 0.9383, p = 0.1031
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Fig. 4 Forest plot of response rate.
When the effect size was more than one, as presented by the odds ratio, the treatment under investigation demonstrated higher
response rate compared to the control.

3.4.3 Remission rate of depression

Ten studies reported remission rates (Li, et al., 2013; Fitzgerald, et al., 2016; Tavares, et al., 2017; Loo, et
al., 2018; Sampaio-Junior, et al., 2018; Bulteau, et al., 2019; Mak, et al., 2021; Mcgirr, et al., 2021; Novak, et al.,
2024; Sheline, et al., 2024), including eight studies that used TMS and two that used tDCS, as shown in Fig. 5.
We adopted a fixed-effects model due to 72 <50%. TMS combined with medication improved the clinical
remission rate in patients with bipolar depression compared to the control group (OR=2.76, 95%CI [1.57, 4.86],
P =0%, P<0.01), while the remission rate in the group for tDCS combined with medication was not significantly
different from the control group (OR=1.64, 95% CI [0.57, 4.70], I* =39.9%, P=0.36).

Experimental Control
Study Events Total Events Total Odds Ratio OR 95%-Cl Weight
subgroup = TMS !
Li, et al., 2013 22 30 13 29 —— 3.38 [1.14; 10.08] 17.1%
Fitzgerald, et al., 2016 2 23 0 23 5.47 [0.25; 120.37] 2.2%
Sheline, et al., 2024 6 12 0o 12 25.00 [1.21;516.69] 1.2%
Mak, et al., 2021 1 26 0 28 3.35 [0.13; 86.03] 2.2%
Mcgirr, et al., 2021 3 18 3 19 — 1.07 [0.19; 6.13] 11.8%
Novak, et al., 2024 10 40 2 20 ~|—4~ 3.00 [0.59; 15.26] 9.7%
Tavares, et al., 2017 8 25 6 25 — 1.49 [0.43; 5.17] 19.8%
Bulteau, et al., 2019 F 4 12 5 14 T 2.52 [0.52; 12.30] 9.4%
Common effect model 186 170 g 2.76 [1.57; 4.86] 73.5%
Heterogeneity: 1= 0%, P= 0,p =0.7315
subgroup = tDCS
Sampaio-Junior, et al., 2018 10 30 5 29 T 240 [0.70; 8.18] 16.5%
Loo, et al., 2018 1 18 2 15 —— 0.38 [0.03; 4.69] 10.0%
Common effect model 48 44 : 1.64 [0.57; 4.70] 26.5%
Heterogeneity: /° = 39.9%, <* = 0.6734, p = 0.1970
Common effect model 234 214 2.46 [1.50; 4.05] 100.0%

Heterogeneity: /2 = 0.0%, t* = 0, p = 0.6877 ‘ ' ‘ |
Test for subgroup differences: 7,? =0.73,df=1(p =0.3934) 0.01 0.1 1 10 100

Fig. 5 Forest plot of remission rate.
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When the effect size was more than one, as presented by the odds ratio, the treatment under investigation demonstrated higher
remission rate compared to the control.

3.4.4 Drop-out rate

As shown in Fig. 6, 15 RCTs reported the number of participants who dropped out (Li, et al., 2013;
Fitzgerald, et al., 2016; Tavares, et al., 2017; Loo, et al., 2018; Sampaio-Junior, et al., 2018; Bulteau, et al., 2019;
Mak, et al., 2021; Mcgirr, et al., 2021; Lee, et al., 2022; Zengin, et al., 2022; Zhang, et al., 2023; Dellink, et al.,
2024; Luo, et al., 2024; Novak, et al., 2024; Sheline, et al., 2024). Since the heterogeneity between studies was
not significant (I* =0%, P=0.92), we used a fixed-effects model. The combined effect size (OR=1.05, 95%CI

[0.68,1.63], * =0%, P=0.81) indicated no significant difference in drop-out rates between groups.

Experimental Control
Study Events Total Events Total Odds Ratio OR 95%-Cl Weight
subgroup = TMS
Li, et al., 2013 3 33 5 34 — 0.58 [0.13; 2.65] 11.5%
Fitzgerald, et al., 2016 4 23 2 23 — 2.21 [0.36; 13.47] 4.2%
Sheline, et al., 2024 0 12 0 12 0.0%
Mak, et al., 2021 3 28 3 26 —— 0.92 [0.17; 5.02] 7.1%
Dellink, et al., 2024 0 18 1 20 0.35 [0.01; 9.18] 3.6%
Mcgirr, et al., 2021 2 18 4 19 —ls= 0.47 [0.07; 2.94] 8.9%
Novak, et al., 2024 9 40 5 20 — N 0.87 [0.25; 3.06] 13.3%
Zengin, et al., 2022 3 17 2 17 — 1.61 [0.23; 11.09] 4.2%
Luo, et al., 2024 3 25 5 A5 <5 0.55 [0.12; 2.58] 11.3%
Tavares, et al., 2017 5 25 27 Q@@ —S 2.88 [0.50; 16.48] 4.1%
Bulteau, et al., 2019 0 12 0 14 0.0%
Common effect model 251 235 0.94 [0.55; 1.63] 68.2%
Heterogeneity: 1> = 0%, t* = 0, p = 0.8090
subgroup = tDCS
Zhang, et al., 2023 3 28 2 27 —iE 1.50 [0.23; 9.76] 4.7%
Lee, et al., 2022 13 32 10 32 — 1.51 [0.54; 4.21] 15.2%
Sampaio-Junior, et al., 2018 4 30 3 29 — 1.33 [0.27; 6.56] 6.8%
Loo, et al., 2018 1 19 2 17 L A 0.42 [0.03; 5.06] 5.1%
Common effect model 109 105 1.29 [0.62; 2.71] 31.8%
Heterogeneity: P’= 0%, P= 0, p = 0.8255
Common effect model 360 340 1.05 [0.68; 1.63] 100.0%
Heterogeneity: 12 = 0.0%, t° = 0, p = 0.9216
Test for subgroup differences: lf =0.45,df =1 (p =0.5019) 0.1 0512 10

Fig. 6 Forest plot of drop-out rate.
When the effect size was less than one, as presented by the odds ratio, the treatment under investigation demonstrated lower
drop-out rate compared to the control.

3.4.5 Changes in cognitive function

The results of the cognitive studies included did not reveal a consistent pattern of improvement or decline.
Given the small sample size, the results are summarized in Table 2. We categorized cognitive function into nine
cognitive domains: global cognition, attention/vigilance, processing speed, working memory, executive
function, verbal learning/memory, language, visual learning and inhibitory control. A total of six studies
explored cognitive functioning (Loo, et al., 2018; Myczkowski, et al., 2018; Mardani et al., 2021; Tortella et al.,
2021; Torres et al., 2023; Luo, et al., 2024). Three studies assessed global cognition, yielding inconsistent
results ranging from small negative effects to small positive effects (Loo, et al., 2018; Torres, et al., 2023; Luo,
et al., 2024). Regarding attention/alertness and processing speed, the results were also inconsistent, with two
studies showing non-significant negative trends using digit span forward and trail making test (TMT)-A, while
another reported a small positive effect(Myczkowski, et al., 2018; Tortella, et al., 2021; Luo, et al., 2024). The
effects on working-memory and executive-function domains were predominantly neutral or slightly negative in
rTMS and tDCS studies using traditional tests (digit span, TMT-B) (Myczkowski, et al., 2018; Tortella, et al.,
2021). Verbal and visual memory outcomes (rey auditory verbal learning test (RAVLT), california verbal
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learning test (CVLT), brief visuospatial memory test-revised version (BVMT-R)) in the included studies were
almost uniformly neutral (Myczkowski, et al., 2018; Tortella, et al., 2021; Torres, et al., 2023). The results for
the inhibitory-control domain showed the greatest inconsistency, with effects ranging from negative (stroop
interference) to strongly positive (Go/No-Go test) (Myczkowski, et al., 2018; Mardani, et al., 2021; Tortella, et
al., 2021). These discrepancies underscore the importance of assessment-tool selection in shaping observed
outcomes.

3.5 Sensitivity analysis

Given the considerable heterogeneity across studies, we performed sensitivity analyses for all outcomes.
Sequential exclusion of individual studies did not materially alter the overall results (Figs. S1-S4). Notably, only
one study employed a medication-only control condition without sham stimulation n. Exclusion of this study
(Mardani, et al., 2021) resulted in a pooled effect size (SMD=-0.66, 95% CI [-1.03, —0.29]) and heterogeneity
1>=77.3%).

In addition, sensitivity analyses using alternative plausible correlation coefficients (r=0.30 and r=0.70) for
imputation of change-score standard deviations yielded consistent direction and statistical significance of the
pooled effects, with effect sizes remaining within a comparable range to the primary analysis (Table S1).
Although higher assumed correlations were associated with larger estimated effect sizes and increased
heterogeneity, the overall conclusions regarding the antidepressant efficacy of NIBS remained unchanged.

3.6 Publication bias

We assessed publication bias using funnel plots and Egger’s test. The results of Egger’s test for depression
scores, response rates, remission rates, and dropout rates were not statistically significant (P=0.05, P=0.42,
P=0.75 and P=0.19), as shown in Table S2. However, the funnel plot for remission rates indicated the presence
of publication bias. A "trim-and-fill" analysis suggested that two additional studies would be required to account
for the bias (Material S2: Fig. S6). After adjusting for this, the effect size remained significant ( OR=2.12, 95%
CI[1.28,3.50], P<0.01).

3.7 Meta-regression results

Meta-regression analyses did not identify significant associations between treatment effects (including
changes in depression scores, response rates, remission rates, and drop-out rates) and demographic variables or
overall NIBS characteristics such as stimulation type or number of sessions (Tables S3-S6).

To further explore potential sources of heterogeneity in TMS studies (k=11), we performed additional
meta-regression analyses focused on stimulation intensity and total pulse count. When stimulation intensity was
modeled as a continuous variable (motor threshold, expressed as a percentage of resting motor threshold), no
significant association was observed between stimulation intensity and changes in depression scores
(Coef(B)=0.004, 95% CI [-0.01, 0.02], P=0.677). This model did not explain between-study heterogeneity (R*
=0%), and substantial residual heterogeneity remained (I =54.1%) (Table S7). Similarly, total pulse count was
negatively associated with effect size (P=0.019), but the regression coefficient was minimal (Coef(B)=—0.00),
and the model accounted for none of the observed heterogeneity (R*>=0%). Influence diagnostics flagged one
study as highly influential. Excluding this study resulted in only minimal changes to the estimated coefficients,
suggesting that the observed associations were generally consistent (Table S8; Fig. S7). For tDCS studies (k=6),
meta-regression indicated a positive association between current intensity and treatment effect on depression
scores (Coef(B)=3.66, 95% CI [0.81, 6.51], P=0.012). This model explained 59.1% of the observed
between-study heterogeneity. Influence diagnostics showed that no single study substantially altered the
regression results (Table S9; Fig. S8).
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4 Discussion

This meta-analysis included 17 RCTs comprising 743 patients with bipolar depression, and the pooled
results suggest that adjunctive use of TMS or tDCS in combination with medication is associated with greater
reductions in depressive symptoms and higher response rates compared with pharmacotherapy alone.
Furthermore, TMS, but not tDCS, was associated with improved remission rates. No consistent benefits were
observed across cognitive domains, and dropout rates did not significantly differ between the intervention and
control groups, indicating comparable tolerability.

Subgroup analyses demonstrated that both TMS- and tDCS-based combination therapies were associated
with significant improvements in depressive-symptom severity and higher response rates compared with
medication alone, indicating that both stimulation modalities may have potential adjunctive benefits. Notably,
while reductions in symptom severity and increases in response rates were observed for both modalities, a
statistically significant improvement in remission rates was evident only in the TMS subgroup. In contrast, the
corresponding effect for tDCS did not reach statistical significance. Although this variability may reflect
differences in stimulation parameters or patient characteristics, the limited number of included studies precludes
firm conclusions and underscores the need for further well-powered trials. Additionally, this may be related to
the combination of medications used. Previous research has suggested that benzodiazepines, mood stabilizers,
or antipsychotics attenuate the effects of tDCS (Berlim et al., 2013; Brunoni et al., 2013), with similar
interference also reported for TMS (Kochanowski et al., 2024). Although all included studies indicated that
patients maintained stable medication regimens during treatment, the lack of separate clarification regarding
medication use in the sham and real stimulation groups, coupled with the fact that many patients were on
multiple medications, may have further influenced treatment efficacy. Future studies should investigate the
efficacy of monotherapy versus combination therapy with NIBS to provide more robust evidence supporting
clinical diagnosis and treatment.

The choice of target may also influence therapeutic efficacy. Stimulation targeting the DLPFC was
associated with larger antidepressant-effect sizes compared with non-DLPFC or composite targets. This finding
aligns with the established role of the DLPFC in emotional regulation and cognitive-emotional control networks,
and is consistent with recent network meta-analysis results on non-invasive brain-stimulation interventions for
bipolar depression. That study confirmed that multiple TMS and tDCS protocols targeting the DLPFC
effectively alleviate depressive symptoms (Hsu, et al., 2024). However, despite considerable research
heterogeneity, studies targeting other brain regions remain limited in number.

Meta-regression analyses provided additional, albeit exploratory, insights into potential sources of
heterogeneity. Within the TMS subgroup, neither stimulation intensity (expressed as motor threshold) nor total
pulse count explained between-study heterogeneity, and residual heterogeneity remained substantial. Although
total pulse count showed a statistically significant association with effect size, the magnitude of the regression
coefficient was negligible and did not translate into meaningful explanatory power, suggesting limited clinical
relevance. For tDCS studies, higher current intensity was positively associated with greater reductions in
depressive symptoms, and explained a moderate proportion of between-study heterogeneity. However, given
the small number of available tDCS trials and the potential interdependence among stimulation parameters, this
finding should be interpreted cautiously and regarded as hypothesis-generating rather than confirmatory.
Overall, these results highlight the complexity of stimulation parameter-outcome relationships and underscore
the need for adequately powered trials specifically designed to examine dose-response effects in bipolar
depression.

No consistent pro-cognitive effects were observed across six studies assessing nine cognitive domains.
Heterogeneous results are likely attributable to the use of inconsistent assessment tools, small sample sizes, and
variation in NIBS parameters. Previous meta-analyses also report conflicting findings (Begemann et al., 2020;
Hyde et al., 2022), underscoring the importance of standardized cognitive assessment in future trials.

This meta-analysis examines the efficacy of randomized controlled trials investigating the use of NIBS in
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combination with stabilizing medications to improve bipolar depression. However, several limitations should be
acknowledged. First, there is significant clinical and methodological heterogeneity, which may stem from
differences in stimulation parameters, treatment duration, outcome measures, and concomitant medications.
Second, although most studies used sham stimulation combined with stable medication as the control condition,
one trial employed medication alone without sham stimulation. Sensitivity analyses excluding this study
yielded highly comparable pooled estimates and heterogeneity measures, suggesting that the primary findings
were not driven by this design difference. Third, although publication bias was suggested as the cause of
discrepancies in remission outcomes, trim-and-fill analyses did not materially change the conclusions.
Cognitive outcomes were further limited by inconsistent definitions and measurement approaches. Finally,
although all included studies were randomized controlled trials, variations in methodological quality and the
lack of stratification by bipolar disorder subtype limit the generalizability of the findings.

Future research should prioritize large-scale, rigorously designed trials that standardize stimulation
parameters, account for concomitant medications, and incorporate comprehensive, harmonized cognitive
assessment batteries. Such efforts will contribute to the development of more precise and individualized
treatment strategies in clinical practice.

5 Conclusions

This meta-analysis suggests that NIBS combined with pharmacotherapy is associated with improvements
in depressive symptoms and higher response rates in patients with bipolar depression. Furthermore, combining
medication with TMS rather than tDCS is associated with higher remission rates. While these findings are
encouraging, they should be interpreted with caution due to significant clinical and methodological
heterogeneity, as well as the limited number of existing trials. Further large-scale, rigorously designed
randomized controlled trials are needed to confirm these effects and to clarify the optimal stimulation
parameters and clinical implementation strategies.
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