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Efficacy and safety of
non-invasive brain stimulation
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antidepressants in adolescents
with depression: a systematic
review and meta-analysis
Yaoyao Li and Xiaoyan Liu*

Department of Psychiatry, Affiliated Mental Health Center & Hangzhou Seventh People’s Hospital,
Zhejiang University School of Medicine, Hangzhou, Zhejiang, China
Objective: Non-invasive brain stimulation (NIBS) is beneficial to adult patients

with depression, but its safety and efficacy in combination with antidepressants in

children and adolescents with depression are not clear. We conducted a

preliminary meta-analysis to objectively evaluate its clinical effect and provide

information for future research and clinical practice.

Methods: PubMed, Cochrane Library, Embase, and Web of Science were

searched systematically to find clinical trials published in English before April

11, 2023. Stata software was used for meta-analysis, and random or fixed effect

models were used to combine effect sizes.

Results:Nine studies were eligible and included (n = 393). No articles about children

were included in the analysis. The results showed that the remission rate was 40%

(95% confidence interval [CI]: 13% to 71%). The scores of Children’s Depression

Rating Scale (CRDS) andHamilton’s depression scale (HAMD) significantly decreased

compared to baseline value (MD = -27.04, 95% CI: -30.95, -23.12 and MD = -12.78,

95% CI: -19.55 to -6.01). In addition, the incidence of all adverse events was 13%

(95% CI: 5%, 23%), and all were minor pain-related events.

Conclusion: The combination of NIBS and antidepressants has been shown to

notably alleviate depressive symptoms in adolescents, offering a considerable level

of safety. This therapeutic synergy is particularly effective in patients with major

depressive disorder, where repetitive transcranial magnetic stimulation augmented

with antidepressants can enhance the amelioration of depressive symptoms.

Systematic review registration: https://www.crd.york.ac.uk/prospero/display_

record.php?ID=CRD42023442215, PROSPERO CRD42023442215.
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1 Introduction

Depression is one of the most common mental health

conditions in the world, affecting about 4.4% of the global

population (1). Data from a national epidemiological survey

showed that the prevalence of depression among adolescents

ranged from 11% to 15%, and about 20% of adolescents had

major depression at 18 years of age (2–4). Considering the high

incidence and potential harm of this disease, World Health

Organization ranks major depression as the third leading cause of

the global disease burden and predicts that the disease will rank first

by 2030 (5). According to reports, depression can have a

detrimental impact on the functioning and mental health of

children and adolescents, leading to self-harm and suicidal

behaviors (6–8). A report in 2021 pointed out that during 1950-

2019, deadly self-mutilation among 10 to 24-year-olds accounted

for 8.2% of deaths in that age group (9). A matched case-control

study conducted by Sumner et al., using real-world network data,

found that after adjusting for other factors, the rate of severe self-

harm or suicidal behavior among depressed adolescents was 1.82

times higher than that of non-depressed individuals (95%

confidence interval [CI]:1.63-2.03) (10).

In order to reduce the harm of depression in young people, it is

important to choose effective and safe treatment, besides taking

preventive strategies to reduce the incidence of depression. The first-

line therapy for depression is psychotherapy and medication.

Psychotherapy mainly includes cognitive behavior therapy,

interpersonal relationship therapy, acceptance, and commitment

therapy (11–14). The medications mainly encompass SSRIs, selective

Norepinephrine reuptake inhibitors, and Norepinephrine reuptake

inhibitors (15, 16). People who do not respond to antidepressant

medications may benefit from switching or adding other medications.

Additionally, combination therapy (psychological therapy plus

medication) may be more effective than monotherapy (17).

Despite the availability of various medications and

psychotherapy approaches, there is still a lack of sufficient clinical

response in over 40% of adolescents with major depression to

various medication, psychotherapy, or combination of both. Only

approximately 60% of adolescent depression patients exhibit

adequate clinical response to selective SSRIs (18). A study on the

treatment of adolescent depression found that after 12 weeks of

treatment, only 23% of patients achieved complete symptom

remission (medication combined with cognitive therapy: 37%;

cognitive behavioral therapy: 16%; placebo: 17%) (19). In terms of

current treatment methods, there is an approximate recurrence rate

of 42% to 70% (20, 21). In addition, the safety of therapy is also a

concern. Emslie et al. found that at least 2% of patients receiving

drug plus psychotherapy experienced sedation, insomnia, vomiting,

and epigastric pain, twice as often as those receiving a placebo (22).

A review of previous studies by Hammad et al. showed a significant

increase in suicidal thoughts in adolescent patients treated with

selective SSRIs (23). Therefore, given the current controversies

surrounding clinical response, relapse, and safety of existing

treatment options, alternative supplementary treatment strategies

are being explored.
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NIBS, as an alternative treatment for depression, is gaining

increasing attention. It regulates the cortical excitability and neural

activity of the brain to achieve emotional intervention. Common

NIBS techniques include transcranial direct-current stimulation

(tDCS), transcranial magnetic stimulation (TMS), and

electroconvulsive therapy (ECT) (24). Numerous studies have

evaluated the therapeutic benefits of the NIBS model for a wide

range of adult patients with mental disorders, such as

schizophrenia, anxiety, and depression (25–27). However, most of

the research was done in adult populations. Some studies have

revealed that NIBS may play a positive role in treating serious

mental disorders in children, such as autism spectrum disorder,

schizophrenia, attention deficit hyperactivity disorder, and dyslexia

(28, 29). Furthermore, NIBS can promote the rehabilitation of

dyskinesia after brain injury in children by modulating cortical

excitability and enhancing motor learning (30). A prospective trial

combining 3.5 million stimuli sessions identified good safety and

tolerability of TMS or tDCS in children (31). Although NIBS has

achieved good results in the treatment of depression in children and

adolescents, who even respond better to rTMS than adults (32), the

safety and efficacy of NIBS combined with antidepressants in the

treatment of childhood and adolescent depression are still unclear

due to the lack of meta-analysis aggregate data. Thus, the aim of this

single-arm meta-analysis is to determine whether the combination

of antidepressant medication and NIBS has a positive impact on

children and adolescent patients with depression, particularly in

terms of clinically meaningful improvement, and to evaluate the

safety of this treatment. The summarized preliminary evidence may

offer more choices for future research and clinical practice.
2 Methods

The study was conducted according to the Preferred

Reporting Items for Systematic Reviews and Meta-Analyses

(PRISMA) (33). The study protocol was registered on

PROSPERO, the international prospective register of systematic

reviews (registration No CRD42023442215).
2.1 Database search

The retrieval strategy of this study was the combination of key

words and free words. PubMed, Cochrane Library, Web of

Science, and Embase were searched from database inception to

April 11, 2023 and language was limited to English. In addition, to

reduce the risk of omission, cross-referencing was performed for

review articles and meta-analyses. The specific search terms were

as follows: (“Depressive Disorder” OR “depression”) AND

(“Child” OR “Children” OR “Adolescent” OR “Teens” OR

“Youth” OR “Teenager”) AND (“Transcranial Magnetic

Stimulation” OR “Electroconvulsive Therapy” OR “Magnetic

Field Therapy” OR “Transcranial Direct Current Stimulation”

AND (“Antidepressive Agents” OR “Antidepressant”) .

Supplementary Table S1 shows the specific search strategy.
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2.2 Selection criteria

Studies meeting the following inclusion criteria were included

in this meta-analysis: 1) Participants: children and adolescents

diagnosed with depression (6-25 years) (34). The diagnostic

criteria for depression followed the Diagnostic and Statistical

Manual of Mental Disorders (third edition, fourth edition, or text

revision of the fifth edition) or the International Classification of

Diseases (ninth or tenth edition), with no restrictions on disease

severity. If explicit diagnostic criteria are not provided in the study,

it is necessary to make inferences about patient’s depression based

on existing information in the research (e.g., selecting patients

currently undergoing depression treatment).

2) Intervention: the patients were treated with conventional

antidepressants combined with NIBS, including TMS (including q
burst stimulation), tDCS, ECT and other non-invasive stimulation.

3) Outcome: the studies reported one or more of the following

outcomes, including changes in depression scores compared to

baseline, relief of depressive symptoms, or rate of adverse events.

There is currently no unified standard for outcome measurement

(35). Based on the current research status, we have developed the

following criteria. Depression score measures should include at least

one of the following: Childhood Depression Rating Scale (CDRS),

revised CDRS (CDRS-R), Hamilton Depression Scale (HAMD),

Original Beck Depression Inventory (BDI-I), or Beck Depression

Inventory-II (BDI-II). The criteria for remission should meet one of

the following: HAMD ≤ 7, CDRS-R ≤ 28, BDI < 10, or clinical

judgment based on follow-up. The criteria for other efficacy outcomes

are as follows: Early improvement: a 20%-25% reduction in HAMD

score; Response: at least a 50% reduction in HAMD score, CDRS-R

score ≤ 40, at least a 30% reduction in CDRS-R score, at least a 50%

reduction in BDI-I score, or at least a 30% reduction in BDI-II score;

Recovery: maintaining the remission state for more than 2 months.

The same outcome was reported in ≥ 2 studies.

4) Type of study: clinical intervention trial (single arm trial,

randomized controlled trial (RCT) or non-RCT (with external

parallel control group, but non-randomized allocation).

Exclusion criteria were as follows: animal experiments, cellular

studies, reviews, guidelines, abstracts, conference papers, meta-

analyses, case reports and letters were excluded, for these types of

publications often lack important quantitative information. Two

reviewers independently identified eligible articles based on

inclusion and exclusion criteria.
2.3 Data extraction and quality assessment

Information on all included studies was independently

extracted by two reviewers, and the quality of the studies was

assessed. The extracted data were summarized as follows: author,

year of publication, type of study, country, sample size, sex, age,

intervention mode, site of stimulation, diagnostic criteria, duration,

and outcome index. Any disagreement was discussed with a

third reviewer.
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MINORS (Methodological index for non-randomized studies)

(36) was used for quality evaluation of single-arm and non-RCTs.

MINORS include 12 items: (1) clear study objectives; (2)

consistency of inclusion of patients; (3) collected expected data;

(4) end-point indicators that appropriately reflected study

objectives; (5) objectivity of end-point indicators evaluation; (6)

adequacy of follow-up; (7) the rate of loss to follow-up was less than

5%; (8) the sample size was estimated; (9) the selection of the

control group was appropriate; (10) the control group was

synchronized; (11) the baseline was comparable between the

groups; and (12) the statistical analysis was appropriate. The

scoring criteria were: unreported (0 points), reported but

insufficient (1 point), reported and adequate (2 points), with a

maximum of 24 points. The first eight items were used for single-

arm, and all 12 items were used for non-RCTs.

Cochrane ROB2 Tool was used to assess the risk of bias in

randomized controlled trials (RCT). The tool included the following

five evaluation domains: bias during randomization, bias away from

established interventions, bias for missing outcome data, bias for

outcome measures, and bias for selective reporting of outcomes.

The risk of bias in each domain would be classified as “Low”, “Some

concerns” or “High”.
2.4 Statistical analysis

In this study, the change in depression scores compared to

baseline and remission rate were used as the primary outcome

measures, while adverse events and other efficacy outcomes were

used as the secondary outcome measures for the quantitative analysis.

All data were analyzed with Stata 16.0 software (StataCorp LP,

College Station, TX, USA). Mean difference (MD) was used for

continuous variables, and rate was used for dichotomous variables

as effect size for pooled results. Meanwhile, 95% CI were reported

for all data. For all outcomes, the more conservative random-

effects model was used for the initial summary of results. Study

heterogeneity was assessed using Cochran’s I2 index and Q test.

P < 0.1 represented a statistically significant difference. If there was

significant heterogeneity (I2>50%, P<0.1), the random-effects

model was used for subsequent analysis, otherwise, the fixed-

effects model was used. When necessary, we also investigated

heterogeneity by subgroup analysis and regression analysis for

primary outcomes (≥5 studies). To compare the difference in

pooled estimates for an outcome measure between different

subgroups, we selected the random-effects model in R software

(version 4.3.1) and Metafor software to perform regression

analysis to obtain the P value of the difference comparison (37,

38). In addition, a sensitivity analysis was conducted to access the

effect of a single study on the pooled effects by omitting one study

in turn each time (39). Finally, funnel plots were used to assess

reporting bias, and Begg’s or Egger’s tests were used to identify

potential publication bias (≥10 studies). If there was significant

publication bias, the trim-and-fill method was used to measure the

impact of publication bias on the results.
frontiersin.org

https://doi.org/10.3389/fpsyt.2024.1288338
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org


Li and Liu 10.3389/fpsyt.2024.1288338
3 Results

3.1 Study selection

A total of 900 records were found in the initial search of four

databases, of which 213 were excluded due to duplication. After

evaluating the titles and abstracts of 687 records, we selected 17

reports for full-text retrieval and further evaluated their eligibility.

After excluding five articles that did not have full texts and three

articles that reported irrelevant outcome measures, we finally

included nine studies for subsequent meta-analyses (32, 40–47).

The process of literature screening is shown in Figure 1.
3.2 Characteristics of the included studies

The analysis captured data on 393 patients aged between 12 to

25 years: 12-18 years (comprising 8 studies) and 17-25 years

(represented by 1 study). A significant majority of the

participants, 74.3%, were female. No articles that met the criteria

in children were included in the analysis. Within the 9 studies

analyzed, 6 targeted patients diagnosed with major depression, 1

investigated individuals with treatment-resistant depression, and 2

did not specify the severity of the depressive symptoms in their

patient cohorts. These 9 studies were conducted in a total of 5

countries, including China (3), United States (3), Australia (1),

Israel (1), and India (1). One study was RCT, one study was non-

RCT, and seven were single-arm clinical trials that compared the

improvement in depression before and after self-treatment. In

terms of intervention mode, one study chose electro-shock

therapy combined with fluoxetine, and the other eight studies

chose transcranial magnetic stimulation combined with
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antidepressants for depression (7 rTMS, 1 TBS). The basic

characteristics of the included studies are detailed in Table 1.
3.3 Quality assessment

Seven studies were single-arm trials and one was non-RCT. The

quality evaluation of MINORS showed that the included studies

reported no sufficient information on the objectivity of the

evaluation of end-point indicators, whether the sample size was

estimated prospectively and whether adequate follow-up time was

set. All single-arm trials had a total score of 13-14 (moderate

quality) and the non-RCT had a total score of 22 (high quality)

(Table 2). One study was RCT and the Cochrane risk of bias

assessment showed an overall low risk (Figure 2).
3.4 Results of meta-analysis

Primary outcomes measures were post-treatment remission

rates and change from baseline in depression scores. Secondary

outcomes were post-treatment adverse events and other

efficacy outcomes.

3.4.1 Remission rate
Four studies reported the remission rates after treatment (32,

40, 42, 44). Remission was defined as HAMD score ≤7 or judged by

regular clinical follow-up. The heterogeneity test revealed

significant heterogeneity among the included studies

(I2 = 85.25%, P < 0.01); thus the results were combined using a

random effects model. The remission rate was 40% (95% CI: 13% to

71%; P < 0.01) (Figure 3).

3.4.2 CRDS score
Six studies reported the changes in CRDS scores before and

after treatment (40, 42, 43, 45–47). Heterogeneity test showed that

there was moderate heterogeneity among the included studies

(I2 = 65.6%, P = 0.013), so we used the random effects model to

combine the results. The meta-analysis showed that NIBS combined

with antidepressants significantly reduced patients’ CRDS

depression scores (MD = -27.04; 95% CI: -30.95, -23.12; P <

0.001) (Figure 4).
3.4.3 HAMD score
Four studies reported changes in HAMD scores before and after

treatment (32, 41, 42, 44). The heterogeneity test showed that there

was significant heterogeneity among the included studies

(I2 = 98.9%, P < 0.01). The results showed that the HAMD scores

of the patients after treatment were significantly lower than

those before treatment (MD = -12.78.95% CI: -19.55 to -6.01;

P < 0.001) (Figure 5).
3.4.4 Other efficacy outcomes
Early rates of improvement and response were reported in 2

studies and 6 studies, respectively. Summary results are as follows,
FIGURE 1

The PRISMA flowchart of the literature search and selection.
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early improvement rate after treatment was 95% (95% CI: 87% to

99%; P < 0.01), the response rate of 63% (95% CI: 41% to 83%;

P < 0.01) (Supplementary Figures S4, S5).
3.4.5 Rate of adverse events
Three studies reported the rate of adverse events during

treatment (32, 40, 45), with a total type of 7 events. The

heterogeneity test showed that there was significant heterogeneity

among the included studies (I2 = 69.52%, P < 0.01), so the results

were pooled using a random-effects model. The meta-analysis

revealed an overall incidence rate of adverse events at 13% (95%

CI: 5%, 23%). Among them, the incidence rate of headache was 40%

(95% CI: 23%, 57%); the incidence of neck pain was 15% (95% CI:

0.06%, 0.34%); the incidence of scalp irritation was 12% (95% CI:

4%, 29%); hearing and lachrymation both had an incidence rate of
FIGURE 2

Assessment of risk of bias in the included studies (RCTs).
FIGURE 3

Forest plot of remission rate.
TABLE 2 Quality assessment of included studies (Single-arm trials and non-RCT).

Author Year A B C D E F G H I J K L Total

Bloch et al.* 2008 2 2 2 2 2 1 2 0 / / / / 13

Croarkin et al.* 2018 2 2 2 2 2 1 2 0 / / / / 13

Rosenich er al.* 2019 2 2 2 2 1 2 2 1 / / / 14

Shere et al.* 2021 2 2 2 2 2 1 2 0 / / / 13

Sonmez et al.* 2020 2 2 2 2 2 2 2 0 / / / 14

Wall et al.* 2011 2 2 2 2 2 2 2 0 / / / 14

Zhang et al.* 2019 2 2 2 2 1 2 2 1 / / / / 14

Cai et al.# 2023 2 2 2 2 2 2 2 0 2 2 2 2 22
fronti
*, Single-arm trials; #, non-RCT; /, not applicable. Numbers A-H in heading signified: A, clearly stated study objectives; B, Inclusion of consecutive patients; C, Prospective collection of data; D,
Endpoints appropriate to the aim of the study; E, Unbiased assessment of the study endpoint; F, Follow-up period appropriate to the aim of the study; G, Loss to follow up less than 5%; H,
Prospective calculation of the study size; I, A control group having the gold standard intervention; J, Contemporary groups; K, Baseline equivalence of groups; L, Statistical analyses adapted to the
study design.
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4% (95% CI: 1%, 19%); mood changes or switch had an incidence

rate of 8% (95% CI: 2%, 24%); headache or musculoskeletal

discomfort had an incidence rate of 5% (95% CI: 1%,

16%) (Figure 6).
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3.4.6 Subgroup analysis and regression analysis
Subgroup analyses of CRDS score were performed to explore the

source of heterogeneity according to intervention measures,

treatment duration and measurement methods, as shown in Table 3.
FIGURE 4

Forest plot of CRDS score.
FIGURE 5

Forest plot of HAMD score.
FIGURE 6

Forest plot of adverse effect rate.
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Subgroup analysis of CRDS score was performed based on

treatment duration. The results showed that the CRDS score was

MD = -25.31(95% CI: -31.84, -18.78; P < 0.001) at 2 weeks and

MD = -28.37(95% CI: -33.88, -22.86; P < 0.001) at 6-8 weeks

(Supplementary Figure S1). The differences between subgroups

were not statistically significant (P=0.472). The differences

between subgroups were not statistically significant (P = 0.483).

In addition, we also conducted a subgroup analysis according to the

intervention, and the CRDS score for RTMS plus antidepressants

was MD = -26.42(95% CI: -31.23, -21.61; P < 0.001); The CRDS

score for TBS plus antidepressants was MD = -29.30(95% CI:

-34.65, -23.95; P < 0.001) (Supplementary Figure S2). The choice

of additional noninvasive brain stimulation modality, rTMS or TBS,

did not significantly affect the combined CRDS score between

subgroups (P = 0.601), which may be due to the fact that TBS

remains, in principle, one of the modes of TMS implementation.

Finally, after subgroup analysis based on CDRS score, there were

significant differences between subgroups (P=0.02). The

conventional CDRS showed MD = -21.13(95% CI: -28.64, -13.62;

P < 0.001) while corrected CDRS showed MD = -29.62(95% CI:

-32.61, -26.63; P < 0.001) (Supplementary Figure S3). It is possible

that the corrected CDRS (CDRS-R) can better capture the

improvement of depression. Because of the limited number of

studies, no regression analysis for heterogeneity of CRDS scores.

In addition, we did not perform subgroup and regression analyses

of HAMD and response rates because the numbers within each

subgroup were too small.
3.4.7 Sensitivity analysis
We performed sensitivity analyses on the main outcome

indicators to assess the impact of individual studies on the pooled

results by excluding them individually. Considering that the age of

the subjects included in Rosenich’s study (41) differed markedly

from other articles (17-25 years). The combined remission rate was

49% (95% CI: 15% to 83%) after excluding Rosenich alone and

the remission rate for all studies was 40% (95% CI: 13% to 71%).
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The change in post-treatment HAMD scores from baseline after

excluding Rosenich alone was (MD = -14.56, 95% CI: -22.22 to

-6.90), and the combined HAMD scores for all studies was (MD =

-12.78, 95% CI: -19.55 to -6.01). Furthermore, the exclusion of other

individual studies similarly did not have a great impact on the

pooled results, suggesting that the results of this meta-analysis were

relatively reliable. Therefore, we did not exclude individual studies

for re-analysis. The results of sensitivity analysis are shown in

Figures 7–9.

3.4.8 Publication bias
To ensure the validity of the meta-analysis results, we used

funnel plot, Egger’s and Begg’s tests to identify publication bias of

the main outcome measures. The results showed that the

publication bias of the effect rate was not significant (P = 0.508),

but the publication bias of the CRDs score was significant (P < 0.01).

After we supplemented two articles with the trim and fill method,

the results did not change, which further confirmed the reliability of

our results.
FIGURE 7

Sensitivity analysis for the remission rate by sequentially excluding
each individual trial.
TABLE 3 Subgroup analyses of CRDS score was performed according to intervention measures, duration of treatment, diagnostic scales. *, P<0.05.

Outcomes Subgroups Number of studies ES 95%CI

Heterogeneity
(Intra-group)

Heterogeneity
(between groups)

I2 P P

CRDS score

Intervention

rTMS+Antidepressants 5 -26.42 -31.23, -21.61 71.9% 0.007 0.432

TBS+Antidepressants 1 -29.30 -34.65, -23.95 — —

Duration of treatment

2 weeks 3 -25.31
-31.84,
-18.78

69.6% 0.037
0.483

6-8 weeks 3 -28.37 -33.89, -22.86 70.3% 0.035

Measurement methods

CDRS 2 -21.13 -28.64, -13.62 55.6% 0.133 0.039*

CDRS-R 4 -29.62 -32.61, -26.63 25.9% 0.256
*P<0.05.
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4 Discussion

Our meta-analysis included 9 studies on the effect of NIBS in

combination with antidepressants on depression in adolescents. No

articles about children (6-12 years) were included in the analysis.

The results showed that compared to baseline value, NIBS

combined with antidepressants could decrease the depression

score. The remission rate was 40% (95% CI: 13% to 71%). All

adverse events incidence of 13% (95% CI: 5%, 23%). Furthermore,

out of the 9 qualifying studies, 6 studies (77.8%) focused on patients

with major depression. This suggests that the positive effects of

using NIBS in combination with antidepressant medications may be

more common in patients with major depression.

In research on depression, Qiu et al’s meta-analysis showed that

rTMS can benefit children and adolescents with major depression in

a relatively safe manner (48). Zheng et al. included three RCTs for a

systematic review comparing the safety and efficacy of low-

frequency rTMS versus sham stimulation in children and

adolescents (mean age range from 14.5 to 17.5 years) with first-

episode major depression, the results suggested that rTMS was
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beneficial and relatively safe for children and adolescents with

major depression, but more high-quality RCTs are needed (34).

In terms of the combined treatment of ECT, Pluijms et al. found

that compared with the use of antidepressants alone, the combined

use of antidepressants during ECT for major depression can

enhance the efficacy (27). Elias et al. further found that ECT in

combination with antidepressants significantly reduced the risk of

relapse (49). The magnetic resonance imaging found that ECT did

not cause brain damage, but rather induced a short-term increase in

brain volume and modulated the effect by inducing changes in

neuroplasticity (50, 51). The results of our meta-analysis showed

that ECT combined with antidepressants was equally effective in

adolescents, which was consistent with the results of the above-

mentioned studies. In the context of TMS in combination with

medication, results from previous meta-analysis showed that high-

frequency rTMS accelerated clinical responses to antidepressants in

patients with major depression and did not increase withdrawal

rates (52). The neurophysiology mechanism may be related to

cortical excitability, inhibitory imbalance, and the role of

neuroplasticity (53). In this study, TMS combined with

antidepressants significantly improved depression in adolescents,

consistent with the findings in adults.

The pooled remission rate was 40%. Our findings were not

entirely consistent with the results of a systematic review conducted

by Zheng et al., in which two articles reported remission rates of 0%

and 13.3% in the trial group. The differences in the results may be

related to the number of included studies, the type of studies, the

definition of outcomes and the choice of subjects. Three RCT

studies were included in the systematic review by Zheng et al.,

and the results were qualitatively described. In addition, their review

was conducted in children and adolescents diagnosed with first-

episode major depression who did not receive any antidepressant

therapy, and treatment remission was defined as a reduction in

HAMD score by at least 75% (34). A previous meta-analysis

incorporating 40 RCTs on psychological treatment for children

and adolescents with depression revealed that among 38 different

psychological treatments, the pooled remission rate and response

rate in the psychological treatment group were 24% (95%CI: 19%-

28%) and 41% (95% CI: 34%-48%). The results of subgroup analysis

further showed that there was no significant difference in response

rate between children and adolescents (54). A RCT conducted on

young patients with bipolar depression revealed that the remission

rates after 8 weeks of treatment were approximately 35.7% for the

quetiapine group and 12.5% for the lurasidone group (55).

Furthermore, an earlier study on the treatment of adolescent

depression found that after 12 weeks of treatment, the complete

remission rate was 37% for pharmacotherapy combined with

cognitive therapy, 16% for cognitive-behavioral therapy, and 17%

for placebo (19). When compared to current conventional

treatments, NIBS as an adjunct to antidepressant medication

appears to be a promising treatment option. Of note, in adults

with major depression who received high-frequency TMS, the

remission rate was approximately 18.6% (56). More than 50% of

the adults who received ECT achieved remission (57). In summary,

adolescents may benefit more than adults from NIBS combined

with conventional medication for depression.
FIGURE 9

Sensitivity analysis for the HADS score by sequentially excluding
each individual trial.
FIGURE 8

Sensitivity analysis for the CRDS score by sequentially excluding
each individual trial.
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Previous neuroimaging studies showed that there were

abnormal resting-state functional connections between brain

regions in patients with major depression. Due to the disruption

of network relationships, patients always showed some degree of

medial prefrontal-medial parietal default mode network (DMN)

dysfunction (58). Therefore, DMN is also a common target of

TMS in the treatment of depression (59). Previous studies showed

that TMS regulation may normalize the functional relationship

between neural networks and improve clinical efficacy (60). It was

reported that MDD patients had abnormal activities in the

anterior cingulate cortex (ACC) and amygdala during emotional

processing, often showing hyperactivation to negative stimuli and

low activation to positive stimuli (61, 62). ECT may increase the

activity of ACC in patients with major depression during negative

emotion processing (62). Although we obtained very encouraging

results, the subgroup analysis of the main outcome measure,

CRDS, showed partial heterogeneity across and within

subgroups. After subgroup analysis of symptom assessment

scale, it was found that the different scales might be the

potential source of heterogeneity. Compared with the

uncorrected CDRS, the corrected CDRS-R could capture the

change in depressive symptoms more effectively. The original

CDRS was an observer-assessed tool used to measure the

severity of depression in children and adolescents (63). The

CDRS-R was a revised version of the CDRS, consisting of 17

semi-structured items, including cognitive, somatic, emotional,

and psychomotor symptoms (64, 65). Shain et al. found that

adolescents with major depression were able to show a faster

improvement in CDRS-R scores (66). The reliability, validity and

sensitivity to symptom changes of CDRS-R were also well verified

(67). Subgroup analysis showed that there was no significant

difference in the combined effects between different treatment

times (2 weeks and 6-8 weeks). This may be due to small sample

size effects or differences in subjects studied. In addition to

patients with depression, some of the subjects in the depression

group included by Shere et al. used insomnia medication. Wall

et al. included adolescents with suicidal ideation at baseline, while

Croarkin excluded individuals with mental disorders other than

depression (43, 45, 47). A parallel double-blind sham controlled

study of rTMS in the treatment of depression for 2-4 weeks found

that rTMS had no adverse effect on neuropsychological function

and was safe after 4 weeks of treatment (68). In addition, our

subgroup analysis based on interventions found no differences in

the efficacy of rTMS plus antidepressants versus TBS plus

antidepressants. This could be explained by the fact that they

were all subject to TMS. Although a few studies showed that TBS

had similar or better efficacy in the treatment of depression

compared with rTMS (69), this study did not identify

differences, perhaps due to the number of studies and trial design.

In terms of safety, three studies reported safety events during

treatment, with a pooled incidence of adverse events of

approximately 13%. Adverse events included transient or mild

head and neck pain, head irritation and muscle discomfort (32,

40, 45, 47). Previous meta-analysis of RCTs showed that it was a safe

treatment with only some tolerable side effects, such as transient
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scalp discomfort or pain, which was similar to the results of this

study (34, 70).
4.1 Limitations and Prospects

This meta-analysis highlighted the clinical safety and efficacy of

NIBS in combination with antidepressants in adolescents with

depression. Although our results provide some basis for future

complementary therapies in the younger population with

depression, there were still some limitations. First, the number of

studies included in our analysis was small, 80% of which were

single-arm trials, lacking a separate control group. This leads us to

be cautious in interpreting this result, as we cannot identify

confounding effects of antidepressants and psychological

conditions. Second, owing to the lack of RCTs comparing NIBS

with current conventional treatments (pharmacotherapy and

psychotherapy), our results cannot support the replacement of

traditional treatments with NIBS. RCT trials comparing the

efficacy of NIBS and conventional treatments are warranted to

further examine the true effects of NIBS. Third, in this meta-

analysis, only two NIBS interventions were observed, of which

90% were TMS and 10% were ECT, which limited the generalization

of our conclusions. Our results were more suitable for

recommending TMS combined with antidepressants as a

treatment for depression in adolescents. Fourth, owing to the

majority of included studies being focused on patients with major

depression, we can only draw conclusions about the benefits of

NIBS for this type of patients. Fifth, although our investigation

spanned both child and adolescent groups, in the end, no qualifying

studies specifically focusing on children were incorporated,

indicating that the available body of evidence pertains primarily

to adolescent and young adult demographics. Sixth, there was

significant heterogeneity in multiple outcomes after combination,

which may be related to the diversity of study designs, small

recruitment sizes, treatment parameters, and basic characteristics

of the included subjects. The impact could not be further analyzed

due to limitations in the number of studies with the same factors. Of

the studies included in the analysis, the main focus was on TMS. As

the optimal frequency, location, and intensity of stimulation in

adolescents are unknown, further research is required to optimize

the treatment. In addition, the age of the included population is

somewhat controversial. There is currently no uniformity regarding

the age boundaries of adolescents as a group, with two common

criteria being 12-18 and 12-25 (which includes the youth group).

We chose the latter criterion, which may have had a subtle effect on

the results. Finally, as only one study reported on patient

comorbidities (37), it is not clear whether there is some

confounding regarding the role of comorbid psychiatric disorders

in the treatment process.

In conclusion, NIBS combined with antidepressant therapy can

significantly improve depression in adolescents with good safety

and efficacy, especially rTMS stimulation scheme in the treatment

of patients with major depression. However, due to the existence of

high heterogeneity, careful interpretation is required.
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5 Conclusions

Owing to the lack of studies in pediatric populations, the

available evidence is more applicable to adolescent or young adult

populations. In general, NIBS combined with antidepressants can

effectively and safely improve the depressive symptoms of

adolescents, especially rTMS for the treatment of depressive

patients. In addition, there were a few minor adverse events,

mainly pain at the stimulation site. Although our results support

this therapeutic strategy, further multicenter studies with more

rigorous designs, larger samples are still needed to verify

these results.
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26. Begemann MJ, Brand BA, Ćurčić-Blake B, Aleman A, Sommer IE. Efficacy of
non-invasive brain stimulation on cognitive functioning in brain disorders: a meta-
analysis. psychol Med. (2020) 50(15):2465–86. doi: 10.1017/S0033291720003670

27. Pluijms EM, Kamperman AM, Hoogendijk WJ, Birkenhäger TK, van den Broek
WW. Influence of an adjuvant antidepressant on the efficacy of electroconvulsive
therapy: A systematic review and meta-analysis. Aust New Z J Psychiatry. (2021) 55
(4):366–80. doi: 10.1177/0004867420952543

28. Muszkat D, Polanczyk GV, Dias TG, Brunoni AR. Transcranial direct current
stimulation in child and adolescent psychiatry. J Child Adolesc Psychopharmacol.
(2016) 26(7):590–7. doi: 10.1089/cap.2015.0172

29. Salehinejad MA, Ghanavati E, Glinski B, Hallajian AH, Azarkolah A. A
systematic review of randomized controlled trials on efficacy and safety of
transcranial direct current stimulation in major neurodevelopmental disorders:
ADHD, autism, and dyslexia. Brain Behavior. (2022) 12(9):e2724. doi: 10.1002/
brb3.2724

30. Elbanna ST, Elshennawy S, Ayad MN. Noninvasive brain stimulation for
rehabilitation of pediatric motor disorders following brain injury: systematic review
of randomized controlled trials. Arch Phys Med Rehabilitation. (2019) 100(10):1945–
63. doi: 10.1016/j.apmr.2019.04.009

31. Zewdie E, Ciechanski P, Kuo HC, Giuffre A, Kahl C, King R, et al. Safety and
tolerability of transcranial magnetic and direct current stimulation in children:
Prospective single center evidence from 3.5 million stimulations. Brain Stimulation.
(2020) 13(3):565–75. doi: 10.1016/j.brs.2019.12.025

32. Zhang T, Zhu J, Xu L, Tang X, Cui H, Wei Y, et al. Add-on rTMS for the acute
treatment of depressive symptoms is probably more effective in adolescents than in
adults: Evidence from real-world clinical practice. Brain Stimulation. (2019) 12(1):103–
9. doi: 10.1016/j.brs.2018.09.007

33. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al.
The PRISMA 2020 statement: an updated guideline for reporting systematic reviews.
BMJ. (2021) 372:n71. doi: 10.1136/bmj.n71

34. Zheng W, Lan XJ, Qin ZJ, Yang XH, Shi ZM. Low-frequency repetitive
transcranial magnetic stimulation for children and adolescents with first-episode and
drug-naïve major depressive disorder: A systematic review. Front Psychiatry. (2023)
14:1111754. doi: 10.3389/fpsyt.2023.1111754

35. Courtney DB, Watson P, Chan BW, Bennett K, Krause KR, Offringa M, et al.
Forks in the road: Definitions of response, remission, recovery, and other dichotomized
outcomes in randomized controlled trials for adolescent depression. A scoping review.
Depress Anxiety. (2021) 38(11):1152–68. doi: 10.1002/da.23200

36. Slim K, Nini E, Forestier D, Kwiatkowski F, Panis Y, Chipponi J. Methodological
index for non-randomized studies (minors): development and validation of a new
instrument. ANZ J Surg. (2003) 73(9):712–6. doi: 10.1046/j.1445-2197.2003.02748.x

37. Higgins JP, Green S. Cochrane handbook for systematic reviews of interventions
version 5.0. 1 The Cochrane Collaboration (2011). Available at: http://wwwcochrane-
handbookorg.2011.

38. Tianshong Z, Suxian Z. How to compare the combined effects of different sub
combinations in meta-analysis. Chin J Evidence-Based Med. (2017) 17(12):1465–70.

39. Zhu C, Li F, Wong MC, Feng XP, Lu HX, Xu W. Association between
herpesviruses and chronic periodontitis: A meta-analysis based on case-control
studies. PloS One. (2015) 10(12):e0144319. doi: 10.1371/journal.pone.0144319
Frontiers in Psychiatry 12
40. Bloch Y, Grisaru N, Harel EV, Beitler G, Faivel N, Ratzoni G, et al. Repetitive
transcranial magnetic stimulation in the treatment of depression in adolescents: an
open-label study. J ECT. (2008) 24(2):156–9. doi: 10.1097/YCT.0b013e318156aa49

41. Cai H, Du R, Song J, Wang Z, Wang X, Yu Y, et al. Suicidal ideation and
electroconvulsive therapy: outcomes in adolescents with major depressive disorder.
J ECT. (2023) 39:166–172. doi: 10.1097/YCT.0000000000000906

42. Chen H, Hu X, Gao J, Han H, Wang X, Xue C. Early effects of repetitive
transcranial magnetic stimulation combined with sertraline in adolescents with first-
episode major depressive disorder. Front Psychiatry. (2022) 13:853961. doi: 10.3389/
fpsyt.2022.853961

43. Croarkin PE, Nakonezny PA, Deng ZD, Romanowicz M, Voort JLV, Camsari
DD, et al. High-frequency repetitive TMS for suicidal ideation in adolescents with
depression. J Affect Disord. (2018) 239:282–90. doi: 10.1016/j.jad.2018.06.048

44. Rosenich E, Gill S, Clarke P, Paterson T, Hahn L, Galletly C. Does rTMS reduce
depressive symptoms in young people who have not responded to antidepressants?
Early Intervention Psychiatry. (2019) 13(5):1129–35. doi: 10.1111/eip.12743

45. Shere SS, Mehta UM, Girimaji SC. Theta burst stimulation in adolescent
depression: An open-label evaluation of safety, tolerability, and efficacy. Brain
Stimulation. (2021) 14(4):1051–3. doi: 10.1016/j.brs.2021.07.002

46. Sonmez AI, Kucuker MU, Lewis CP, Kolla BP, Doruk Camsari D, Vande Voort
JL, et al. Improvement in hypersomnia with high frequency repetitive transcranial
magnetic stimulation in depressed adolescents: Preliminary evidence from an open-
label study. Prog Neuropsychopharmacol Biol Psychiatry. (2020) 97:109763.
doi: 10.1016/j.pnpbp.2019.109763

47. Wall CA, Croarkin PE, Sim LA, Husain MM, Janicak PG, Kozel FA, et al.
Adjunctive use of repetitive transcranial magnetic stimulation in depressed adolescents:
a prospective, open pilot study. J Clin Psychiatry. (2011) 72(9):1263–9. doi: 10.4088/
JCP.11m07003

48. Qiu H, Liang K, Lu L, Gao Y, Li H, Hu X, et al. Efficacy and safety of repetitive
transcranial magnetic stimulation in children and adolescents with depression: A
systematic review and preliminary meta-analysis. J Affect Disord. (2023) 320:305–12.
doi: 10.1016/j.jad.2022.09.060

49. Elias A, Phutane VH, Clarke S, Prudic J. Electroconvulsive therapy in the
continuation and maintenance treatment of depression: Systematic review and meta-
analyses. Aust New Z J Psychiatry. (2018) 52(5):415–24. doi: 10.1177/0004867417743343

50. Gbyl K, Videbech P. Electroconvulsive therapy increases brain volume in major
depression: a systematic review and meta-analysis. Acta Psychiatrica Scandinavica.
(2018) 138(3):180–95. doi: 10.1111/acps.12884

51. Ryan KM, McLoughlin DM. From molecules to mind: mechanisms of action of
electroconvulsive therapy. Acta Psychiatrica Scandinavica. (2018) 138(3):177–9. doi:
10.1111/acps.12951

52. Berlim MT, Van den Eynde F, Daskalakis ZJ. High-frequency repetitive
transcranial magnetic stimulation accelerates and enhances the clinical response to
antidepressants in major depression: a meta-analysis of randomized, double-blind, and
sham-controlled trials. J Clin Psychiatry. (2013) 74(2):e122–9. doi: 10.4088/JCP.12r07996

53. Kinjo M, Wada M, Nakajima S, Tsugawa S, Nakahara T, Blumberger DM, et al.
Transcranial magnetic stimulation neurophysiology of patients with major depressive
disorder: a systematic review and meta-analysis. psychol Med. (2021) 51(1):1–10. doi:
10.1017/S0033291720004729

54. Cuijpers P, Karyotaki E, Ciharova M, Miguel C, Noma H, Stikkelbroek Y, et al.
The effects of psychological treatments of depression in children and adolescents on
response, reliable change, and deterioration: a systematic review and meta-analysis. Eur
Child Adolesc Psychiatry. (2023) 32(1):177–92. doi: 10.1007/s00787-021-01884-6

55. Diao X, Luo D, Wang D, Lai J, Li Q, Zhang P, et al. Lurasidone versus quetiapine
for cognitive impairments in young patients with bipolar depression: A randomized,
controlled study. Pharm (Basel). (2022) 15(11):1403. doi: 10.3390/ph15111403

56. Berlim MT, van den Eynde F, Tovar-Perdomo S, Daskalakis ZJ. Response,
remission and drop-out rates following high-frequency repetitive transcranial magnetic
stimulation (rTMS) for treating major depression: a systematic review and meta-
analysis of randomized, double-blind and sham-controlled trials. psychol Med. (2014)
44(2):225–39. doi: 10.1017/S0033291713000512

57. Mutz J, Vipulananthan V, Carter B, Hurlemann R, Fu CHY, Young AH.
Comparative efficacy and acceptability of non-surgical brain stimulation for the
acute treatment of major depressive episodes in adults: systematic review and
network meta-analysis. Bmj. (2019) 364:l1079. doi: 10.1136/bmj.l1079

58. Cooney RE, Joormann J, Eugène F, Dennis EL, Gotlib IH. Neural correlates of
rumination in depression. Cognitive Affect Behav Neurosci. (2010) 10(4):470–8. doi:
10.3758/CABN.10.4.470

59. Liston C, Chen AC, Zebley BD, Drysdale AT, Gordon R, Leuchter B, et al.
Default mode network mechanisms of transcranial magnetic stimulation in depression.
Biol Psychiatry. (2014) 76(7):517–26. doi: 10.1016/j.biopsych.2014.01.023

60. Philip NS, Barredo J, Aiken E, Carpenter LL. Neuroimaging mechanisms of
therapeutic transcranial magnetic stimulation for major depressive disorder. Biol
Psychiatry Cogn Neurosci Neuroimaging. (2018) 3(3):211–22. doi: 10.1016/j.bpsc.2017.10.007

61. Groenewold NA, Opmeer EM, de Jonge P, Aleman A, Costafreda SG. Emotional
valence modulates brain functional abnormalities in depression: evidence from a meta-
analysis of fMRI studies. Neurosci Biobehav Rev. (2013) 37(2):152–63. doi: 10.1016/
j.neubiorev.2012.11.015
frontiersin.org

https://doi.org/10.1001/jama.299.8.901
https://doi.org/10.1097/01.chi.0000242228.75516.21
https://doi.org/10.1176/appi.ajp.2007.07091453
https://doi.org/10.1176/appi.ajp.2007.07091453
https://doi.org/10.1097/chi.0b013e318145ae1c
https://doi.org/10.1097/01.chi.0000240840.63737.1d
https://doi.org/10.1001/archpsyc.63.3.332
https://doi.org/10.1001/archpsyc.63.3.332
https://doi.org/10.1016/j.brs.2008.06.006
https://doi.org/10.1038/s41380-022-01524-8
https://doi.org/10.1038/s41380-022-01524-8
https://doi.org/10.1017/S0033291720003670
https://doi.org/10.1177/0004867420952543
https://doi.org/10.1089/cap.2015.0172
https://doi.org/10.1002/brb3.2724
https://doi.org/10.1002/brb3.2724
https://doi.org/10.1016/j.apmr.2019.04.009
https://doi.org/10.1016/j.brs.2019.12.025
https://doi.org/10.1016/j.brs.2018.09.007
https://doi.org/10.1136/bmj.n71
https://doi.org/10.3389/fpsyt.2023.1111754
https://doi.org/10.1002/da.23200
https://doi.org/10.1046/j.1445-2197.2003.02748.x
http://wwwcochrane-handbookorg.2011
http://wwwcochrane-handbookorg.2011
https://doi.org/10.1371/journal.pone.0144319
https://doi.org/10.1097/YCT.0b013e318156aa49
https://doi.org/10.1097/YCT.0000000000000906
https://doi.org/10.3389/fpsyt.2022.853961
https://doi.org/10.3389/fpsyt.2022.853961
https://doi.org/10.1016/j.jad.2018.06.048
https://doi.org/10.1111/eip.12743
https://doi.org/10.1016/j.brs.2021.07.002
https://doi.org/10.1016/j.pnpbp.2019.109763
https://doi.org/10.4088/JCP.11m07003
https://doi.org/10.4088/JCP.11m07003
https://doi.org/10.1016/j.jad.2022.09.060
https://doi.org/10.1177/0004867417743343
https://doi.org/10.1111/acps.12884
https://doi.org/10.1111/acps.12951
https://doi.org/10.4088/JCP.12r07996
https://doi.org/10.1017/S0033291720004729
https://doi.org/10.1007/s00787-021-01884-6
https://doi.org/10.3390/ph15111403
https://doi.org/10.1017/S0033291713000512
https://doi.org/10.1136/bmj.l1079
https://doi.org/10.3758/CABN.10.4.470
https://doi.org/10.1016/j.biopsych.2014.01.023
https://doi.org/10.1016/j.bpsc.2017.10.007
https://doi.org/10.1016/j.neubiorev.2012.11.015
https://doi.org/10.1016/j.neubiorev.2012.11.015
https://doi.org/10.3389/fpsyt.2024.1288338
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org


Li and Liu 10.3389/fpsyt.2024.1288338
62. Enneking V, Dzvonyar F, Dück K, Dohm K, Grotegerd D, Förster K, et al. Brain
functional effects of electroconvulsive therapy during emotional processing in major
depressive disorder. Brain Stimulation. (2020) 13(4):1051–8. doi: 10.1016/
j.brs.2020.03.018

63. Poznanski EO, Cook SC, Carroll BJ. A depression rating scale for children.
Pediatrics. (1979) 64(4):442–50. doi: 10.1542/peds.64.4.442

64. Poznanski EO, Mokros HB. Children's depression rating scale, revised (CDRS-R).
(1996).

65. Poznanski EO, Mokros HB. Psychometric properties of the CDRS-R. In: Mokros
HB, Poznanski EO, editors. Children’s Depression Rating Scale, Revised (CDRS-R).
(2005). p. 52–3.

66. Shain BN, King CA, Naylor M, Alessi N. Chronic depression and hospital course
in adolescents. J Am Acad Child Adolesc Psychiatry. (1991) 30(3):428–33. doi: 10.1097/
00004583-199105000-00012
Frontiers in Psychiatry 13
67. Brooks SJ, Kutcher S. Diagnosis and measurement of adolescent depression: a
review of commonly utilized instruments. J Child Adolesc Psychopharmacol. (2001) 11
(4):341–76. doi: 10.1089/104454601317261546

68. Loo C, Sachdev P, Elsayed H, McDarmont B, Mitchell P, Wilkinson M, et al.
Effects of a 2- to 4-week course of repetitive transcranial magnetic stimulation (rTMS)
on neuropsychologic functioning, electroencephalogram, and auditory threshold in
depressed patients. Biol Psychiatry. (2001) 49(7):615–23. doi: 10.1016/S0006-3223(00)
00996-3

69. Chung SW, Hoy KE, Fitzgerald PB. Theta-burst stimulation: a new form of TMS
treatment for depression? Depression Anxiety. (2015) 32(3):182–92. doi: 10.1002/
da.22335

70. Maneeton B, Maneeton N, Woottiluk P, Likhitsathian S. Repetitive transcranial
magnetic stimulation combined with antidepressants for the first episode of major
depressive disorder. Curr Neuropharmacol. (2020) 18(9):852–60. doi: 10.2174/
1570159X18666200221113134
frontiersin.org

https://doi.org/10.1016/j.brs.2020.03.018
https://doi.org/10.1016/j.brs.2020.03.018
https://doi.org/10.1542/peds.64.4.442
https://doi.org/10.1097/00004583-199105000-00012
https://doi.org/10.1097/00004583-199105000-00012
https://doi.org/10.1089/104454601317261546
https://doi.org/10.1016/S0006-3223(00)00996-3
https://doi.org/10.1016/S0006-3223(00)00996-3
https://doi.org/10.1002/da.22335
https://doi.org/10.1002/da.22335
https://doi.org/10.2174/1570159X18666200221113134
https://doi.org/10.2174/1570159X18666200221113134
https://doi.org/10.3389/fpsyt.2024.1288338
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

	Efficacy and safety of non-invasive brain stimulation in combination with antidepressants in adolescents with depression: a systematic review and meta-analysis
	1 Introduction
	2 Methods
	2.1 Database search
	2.2 Selection criteria
	2.3 Data extraction and quality assessment
	2.4 Statistical analysis

	3 Results
	3.1 Study selection
	3.2 Characteristics of the included studies
	3.3 Quality assessment
	3.4 Results of meta-analysis
	3.4.1 Remission rate
	3.4.2 CRDS score
	3.4.3 HAMD score
	3.4.4 Other efficacy outcomes
	3.4.5 Rate of adverse events
	3.4.6 Subgroup analysis and regression analysis
	3.4.7 Sensitivity analysis
	3.4.8 Publication bias


	4 Discussion
	4.1 Limitations and Prospects

	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


