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Objectives: Chronic tinnitus affects approximately 10%–15% of the population. The long-term presence of severe tinnitus significantly impacts affected individuals’ quality of life and emotional state. Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive technique that employs pulsed magnetic fields to modulate neural activity. rTMS is considered a promising treatment strategy for chronic tinnitus. However, the therapeutic effect of rTMS on subjective chronic tinnitus remains inconclusive, and its validity is still a subject of debate among researchers.

Methods: To identify RCTs investigating rTMS for subjective chronic tinnitus, a comprehensive computerized search was conducted across multiple databases, including PubMed, The Cochrane Library, Embase, Web of Science, China Knowledge, WIPO, Wanfang, and the China Biomedical Literature Database (CBM). The search timeframe spanned from the inception of each database to 2 June 2024. Two independent investigators performed literature screening, data extraction, and quality assessment using the Cochrane Risk of Bias Assessment Tool. Meta-analysis was conducted using RevMan 5.4 software.

Results: Sixteen randomized controlled trials (RCTs) involving 1,105 chronic tinnitus patients were included. RTMS was superior to Sham rTMS in THI and VAS and had a positive effect on the short-term impact of THI (1 month), Still, this meta-analysis did not observe a positive effect of rTMS on the long-term implications of tinnitus (6 months). rTMS had no significant immediate effect on TQ and LM scores on tinnitus questionnaires.

Conclusion: This meta-analysis demonstrated that rTMS has some efficacy in chronic tinnitus. However, more RCTs are needed to validate its effectiveness, to support the effectiveness of repetitive transcranial magnetic stimulation for tinnitus with larger sample sizes and more follow-up data, and to explore the potential benefits of rTMS in chronic tinnitus.

Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/, identifier CRD42024569403.
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Introduction

Tinnitus is defined as the perception of sound in the absence of corresponding external acoustic stimuli. Unlike auditory hallucinations, which primarily occur in patients with psychiatric disorders and involve the perception of voices or music, tinnitus sensations are typically characterized by unformed acoustic qualities, such as buzzing, and hissing. When the sound is generated within the body and can also be heard by the examiner, it is classified as objective tinnitus. In contrast, subjective tinnitus lacks a specific internal acoustic source. In this study, the authors focus on subjective chronic tinnitus (Langguth et al., 2013). Jarach et al. (2022) reported a pooled prevalence of 14.4% for tinnitus in adults, with a severe tinnitus prevalence of 2.3% of the population. Globally, tinnitus affects more than 740 million adults, with over 120 million considering it a major health concern. Chronic tinnitus often causes emotional disturbances, such as anxiety, depression, sleep disorders, and there can even be problems like hearing loss and cognitive impairment (Caspary and Llano, 2017; Mazurek et al., 2023). This indicates that tinnitus is a global health concern, similar to chronic pain, with a significant lack of effective treatment options.

The pathophysiology underlying tinnitus remains incompletely understood, involving various model theories. Langguth et al. (2024) summarized four principal models - peripheral, central, gate control, and somatosensory model, revealing the abnormal electrical activity of neurons in peripheral and central auditory pathways (including the cerebral cortex). The pathology of chronic tinnitus likely involves multiple systems, often implicating complex neural networks across various brain regions (Hu et al., 2021).

The clinical management of chronic subjective tinnitus primarily involves pharmacological, cognitive behavioral therapy (CBT), neural stimulation, counseling and psychoeducation, tinnitus retraining therapy (TRT), Hearing aids, among other modalities (Langguth et al., 2023). These therapeutic approaches demonstrate varying degrees of efficacy in tinnitus management, particularly guideline-recommended CBT and hearing aid (therapy with concomitant hearing loss) (Langguth et al., 2023). However, these therapies are not satisfactory for all tinnitus patients, so there is an urgent need to find more effective therapeutic strategies for chronic tinnitus.

Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive neuroregulatory technique based on electromagnetic induction. It generates transient magnetic fields via high-intensity pulsed current coils, inducing depolarization of cortical neurons through the scalp and skull. This process modulates the excitability of tinnitus-related neurons and neurotransmitters and enhances the plasticity of auditory neurons (May et al., 2007). The stimulation frequency employed in rTMS is determined by the intended therapeutic outcome. Low-frequency rTMS (= 1 Hz) has been associated with inhibitory effects on neuroplasticity (To et al., 2018). RCTs investigating rTMS for tinnitus have utilized low-frequency stimulation, to reduce neuronal hyperactivity in non-auditory regions implicated in tinnitus pathogenesis. Concurrently, most RCTs have focused on targeting specifically the dorsomedial prefrontal cortex (DMPFC), auditory cortex (AC), or temporoparietal regions at 1 Hz stimulation, demonstrating that the low-frequency rTMS paradigm represents the most widely adopted therapeutic protocol (Denton et al., 2021). Additionally, rTMS offers several advantages, including being non-invasive, painless, and safe. A meta-analysis by Liang et al. (2020) reported that rTMS for tinnitus are a safe option, as severe adverse events were evenly distributed between participants randomized to rTMS and sham rTMS groups. Meng et al. (2011) also supported this view, indicating that rTMS is a safe treatment for tinnitus in the short term, although data supporting its long-term safety are currently lacking. The clinical practice guideline for tinnitus published by the American Academy of Otolaryngology-Head and Neck Surgery assigns a Grade C recommendation to rTMS for treating chronic tinnitus (Lefaucheur et al., 2014). However, the results and conclusions of clinical trials investigating rTMS for tinnitus are varied. Although studies have reported the clinical efficacy and safety of rTMS for chronic tinnitus, the findings remain inconsistent. A survey by Piccirillo et al. (2011) reported that daily low-frequency rTMS applied to the left temporoparietal junction for 2 weeks were no more effective than a placebo in patients with chronic tinnitus. A possible explanation for this result is the short duration of treatment, which may have limited the ability of rTMS to influence the auditory cortex buried within the lateral sulcus. Therefore, this study conducted a meta-analysis by collecting relevant randomized controlled trials (RCTs) to evaluate the efficacy of rTMS for subjective chronic tinnitus.



Methods

This systematic review and meta-analysis adheres to standardized measurement tools for evaluating systematic reviews and follows the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. The study protocol is registered with the International Prospective Register of Systematic Reviews (PROSPERO) under CRD42024569403.


Inclusion and exclusion criteria

The inclusion criteria are outlined below:


1)Study design: Randomized controlled trials (RCTs) or clinical controlled trials (CCTs).

2)Participants: Patients diagnosed with subjective chronic tinnitus, with a duration of = 6 months, regardless of nationality, race, or age.

3)Intervention: The test group received repetitive transcranial magnetic stimulation (rTMS), while the control group underwent sham stimulation.

4)Primary outcome measure: Tinnitus Handicap Inventory (THI), Secondary outcome measure: Visual Analog Scale (VAS), Tinnitus Loudness Match (LM), and Tinnitus Questionnaire (TQ).



The exclusion criteria are as follows:


1)Conference papers, dissertations, systematic reviews, meta-analyses, animal studies, or studies irrelevant to the research topic.

2)Studies combining rTMS with other interventions (e.g., electroacupuncture) or pharmacological treatments.

3)Studies with incomplete data, uncontactable authors, or unavailable full-text articles.

4)Non-Chinese or non-English publications and duplicate records.





Database and search

We systematically searched PubMed, The Cochrane Library, Embase, Web of Science, China National Knowledge Infrastructure (CNKI), WIPO, Wanfang, and the China Biomedical Literature Database (CBM) to identify relevant randomized controlled trials (RCTs) on repetitive transcranial magnetic stimulation (rTMS) for the treatment of subjective chronic tinnitus. The search timeframe spanned from database inception to 2 June 2024, utilizing a combination of subject headings and free-text terms. The search keywords included tinnitus, chronic tinnitus, subjective tinnitus, repetitive transcranial magnetic stimulation (rTMS). The detailed search strategy is provided in Table 1.


TABLE 1 Basic characteristics of the included studies.
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Studies selection

Two researchers (He and Liao) independently performed literature screening and data extraction using EndNote X9 software. After removing duplicates, animal studies, and review articles, non-compliant literature was excluded based on title and abstract screening, and the predefined inclusion and exclusion criteria were used to conduct the final selection. Full-text articles requiring further evaluation were assessed and selected for inclusion in the analysis.



Data extraction

Two researchers (He and Liao) independently extracted data using a pre-designed extraction table and cross-checked the following information:


1)Basic information: First author’s name, publication year, sample size, age, disease duration, and stimulation site;

2)Baseline characteristics, intervention details, and pre-and post-treatment outcome data for participants;

3)Primary and secondary outcome measures;

4)Risk of bias assessment: Randomization method, allocation concealment, and other relevant criteria;



Any discrepancies were resolved through consensus or consultation with a third reviewer.



Risk of bias assessment

The quality of each study was independently assessed by two investigators (He and Liao) using the Cochrane Handbook, which evaluates six key dimensions (Jørgensen et al., 2016):


1)Randomization of the allocation method;

2)Concealment of the allocation scheme;

3)Blinding of participants, treatment administrators, and outcome assessors;

4)Completeness of outcome data;

5)Selective reporting of results;

6)Other potential sources of bias (e.g., small sample size, imbalanced baseline characteristics).





Data analysis

The study characteristics and findings of the included literature were summarized and presented in tabular form. The results of the risk of bias and reporting quality assessments were summarized using diagrams and tables. Meta-analysis was conducted using Revman5.4 and Stata14 software, and raw effect sizes were pooled. For continuous variables, the mean difference (MD) was used as the effect measure, with each effect size reported along with its 95% confidence interval (CI). A fixed-effects model was applied when P > 0.05 and I2 < 50%, whereas a random-effects model was employed for results with high heterogeneity (P < 0.05 and I2 = 50%). In cases of significant heterogeneity, subgroup or sensitivity analyses were conducted to identify its source, and Egger’s test was performed to assess publication bias.




Results

Sixteen randomized controlled trials (RCTs) involving 1,105 participants were identified from 908 publications. The databases searched and the number of records identified in each database were as follows: PubMed (n = 325), The Cochrane Library (n = 130), Web of Science (n = 170), China Biomedical Literature Database (CBM; n = 38), China National Knowledge Infrastructure (CNKI; n = 36), WanFang Data (n = 0), VIP (n = 25), and Embase (n = 184). A total of 908 potentially relevant articles were identified. After removing duplicates and conducting initial screening, 472 articles were excluded, and 50 full-text articles were retrieved for further assessment. Ultimately, 16 articles were included for analysis. Figure 1 illustrates the study selection process through a PRISMA flow diagram.
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FIGURE 1
Flowchart of literature screening.



Study characteristics

Twelve English-language studies (Marcondes et al., 2010; Chung et al., 2012; Hoekstra et al., 2013; Langguth et al., 2014; Yilmaz et al., 2014; Folmer et al., 2015; Landgrebe et al., 2017; Sahlsten et al., 2017; Formánek et al., 2018; Godbehere et al., 2019; Kyong et al., 2019; Aydın et al., 2021) and four Chinese-language studies (Ma et al., 2014; Dai et al., 2018; Dai et al., 2021; Li et al., 2023) were ultimately included. The study included 1,105 participants, 600 in the rTMS group and 505 in the Sham group. The participants’ ages ranged from 19 to 73. Fourteen of the 16 studies applied low-frequency stimulation (1 Hz), while two utilized high-frequency stimulation (5 Hz). Twelve studies applied single-site rTMS stimulation; five targeted the temporoparietal cortex, six focused on the auditory cortex, and one study targeted the left dorsolateral prefrontal cortex. Four studies employed multi-site rTMS stimulation, targeting the left temporal cortex combined with the left dorsolateral prefrontal cortex, the bilateral temporoparietal cortex, the left primary AC with the left dorsolateral prefrontal cortex, and the bilateral temporoparietal cortex combined with the right dorsolateral prefrontal cortex. The detailed characteristics of the included studies are summarized in Table 1.



Risk of bias evaluation results

Figure 2 presents the risk of bias assessment results for the included studies. All 16 studies reported using a randomization method. Among these, eight studies (Hoekstra et al., 2013; Langguth et al., 2014; Ma et al., 2014; Yilmaz et al., 2014; Landgrebe et al., 2017; Dai et al., 2018; Aydın et al., 2021; Li et al., 2023) specified the randomization technique, which included random number generation, coin tossing, simple random sampling, and computer-generated sequences. The remaining eight studies (Marcondes et al., 2010; Chung et al., 2012; Folmer et al., 2015; Sahlsten et al., 2017; Formánek et al., 2018; Godbehere et al., 2019; Kyong et al., 2019; Dai et al., 2021) did not describe their randomization methods in detail. Fifteen studies failed to describe allocation concealment and were therefore rated as having a medium risk of bias. Ten studies employed a double-blind design, three used a single-blind approach, and the remaining did not report blinding procedures. All studies adequately reported the completeness of outcome data and demonstrated minimal selective reporting bias. Regarding other sources of bias, 14 were rated as low risk, while the remaining two were classified as high risk due to small sample sizes.
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FIGURE 2
Risk of bias for included studies.




Meta-analysis


Tinnitus Handicap Inventory score

Of the 11 included studies (Marcondes et al., 2010; Chung et al., 2012; Hoekstra et al., 2013; Ma et al., 2014; Yilmaz et al., 2014; Landgrebe et al., 2017; Dai et al., 2018; Kyong et al., 2019; Aydın et al., 2021; Dai et al., 2021; Li et al., 2023) involving 739 participants with subjective chronic tinnitus assessed outcomes using the Tinnitus Handicap Inventory (THI). Meta-analysis of these studies using a random-effects model demonstrated that repetitive transcranial magnetic stimulation (rTMS) significantly reduced the adverse impact of tinnitus on physical functioning, mental health, and emotional wellbeing (MD = −11.54, 95% CI (−17.32, −5.77), P < 0.00001; Figure 3).
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FIGURE 3
Forest plot: effect of repetitive transcranial magnetic stimulation (rTMS) reduction of Tinnitus Handicap Inventory (THI) score compared with the control group.


Subgroup analysis based on intervention duration included eight studies (Chung et al., 2012; Hoekstra et al., 2013; Ma et al., 2014; Landgrebe et al., 2017; Dai et al., 2018; Kyong et al., 2019; Aydın et al., 2021; Li et al., 2023) with rTMS treatment durations of less than 1 month. Meta-analysis using a random-effects model demonstrated significantly lower THI scores in the experimental group compared to the control group (MD = −13.08, 95% CI (−19.54, −6.61), P < 0.0001 Figure 4). Three studies (Marcondes et al., 2010; Yilmaz et al., 2014; Dai et al., 2021) with rTMS treatment durations of 1 month or longer were analyzed using a random-effects model, revealing significantly lower THI scores in the experimental group compared to the control group (MD = −17.50, 95% CI (−27.38, −7.61), P = 0.0005 Figure 5).
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FIGURE 4
Forest plot: effect of repetitive transcranial magnetic stimulation (rTMS) treatment cycles were less than 1 month Tinnitus Handicap Inventory (THI) score compared with the control group.
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FIGURE 5
Forest plot: effect of repetitive transcranial magnetic stimulation (rTMS) treatment cycles were more than 1 month Tinnitus Handicap Inventory (THI) score compared with the control group.




Tinnitus Handicap Inventory score follow-up after treatment

Three studies (Chung et al., 2012; Hoekstra et al., 2013; Kyong et al., 2019) provided data on changes in THI scores in the medium-term follow-up (1 month after treatment). The fixed effect model used to summarize and analyze the data showed significant improvement in THI scores in the rTMS group compared with sham stimulation (MD = −10.98, 95% CI (−17.42, −4.54), P = 0.0008 Figure 6). Three studies (Marcondes et al., 2010; Hoekstra et al., 2013; Landgrebe et al., 2017) provided data on changes in THI scores in the long-term follow-up (6 months after treatment). The fixed effect model used to summarize and analyze the data showed no significant difference in THI scores between the two groups (MD = −4.26, 95% CI (−10.28, 1.76), P = 0.17 Figure 7).
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FIGURE 6
Forest plot: effect of repetitive transcranial magnetic stimulation (rTMS) Mid-term Follow-up Tinnitus Handicap Inventory (THI) score compared with the control group.
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FIGURE 7
Forest plot: effect of repetitive transcranial magnetic stimulation (rTMS) long-term follow-up Tinnitus Handicap Inventory (THI) score compared with the control group.




Other indicators for outcome evaluation

A meta-analysis was conducted to evaluate patient outcomes across the included studies: four studies (Ma et al., 2014; Dai et al., 2018; Dai et al., 2021; Li et al., 2023) assessed post-intervention VAS scores, three studies (Chung et al., 2012; Hoekstra et al., 2013; Landgrebe et al., 2017) evaluated post-intervention TQ scores, and three studies (Chung et al., 2012; Yilmaz et al., 2014; Aydın et al., 2021) measured post-intervention LM scores. A statistically significant difference in post-intervention VAS scores was observed between the rTMS group and the sham rTMS group (MD = −1.85, 95% CI (−2.26, −1.45), P < 0.05). No statistically significant difference in outcome was found between the other two groups (Table 2).


TABLE 2 Meta-analysis results of other indicators for outcome evaluation.
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Adverse events

Five studies (Hoekstra et al., 2013; Landgrebe et al., 2017; Formánek et al., 2018; Godbehere et al., 2019; Aydın et al., 2021) reported adverse events following rTMS treatment, involving a total of 92 participants (45 in the rTMS group and 47 in the sham group). A fixed-effects model was employed for the meta-analysis. The results indicated no statistically significant difference in the incidence of adverse events between the rTMS group and the sham-rTMS group (7.5% vs. 9.3%; OR: 0.89, 95% CI: 0.52–1.52; P = 0.67) (Figure 8). The most commonly reported symptom of the adverse events was headache. Additionally, three patients experienced facial muscle discomfort, one reported dizziness, one experienced blurred vision, and one described a “battery-licking” sensation (Table 3).


TABLE 3 Summary of adverse events.
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FIGURE 8
Forest plot: analysis of advance events.





Sensitivity analysis

Due to the high heterogeneity observed in Tinnitus Handicap Inventory (THI) scores, the sensitivity analysis of the included studies revealed that none significantly influenced the overall results (Figure 9).
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FIGURE 9
Sensitivity analysis of Tinnitus Handicap Inventory (THI) score.




Publication bias

Due to the small sample size included, the Egger’s test was performed only on the Tinnitus Handicap Rating Inventory (THI), an outcome indicator, and yielded P = 0.34 > 0.05, so it can be judged that there is no significant publication bias in this literature study.




Discussion

This study presents the results of a systematic review and meta-analysis of 16 randomized controlled trials. To ensure the reliability of our conclusions, we systematically searched, reviewed, and summarized previously published studies on rTMS for chronic subjective tinnitus. Additionally, we conducted a qualitative analysis of adverse events reported across the 16 RCTs to address various clinical questions regarding the efficacy and safety of this treatment. The current meta-analysis revealed that active rTMS significantly impacted the THI and VAS scores in tinnitus patients, with positive effects observed immediately post-treatment and at the 1 month follow-up. However, the findings of this study suggest that the long-term efficacy of active rTMS for tinnitus remains uncertain. Furthermore, the analysis indicated that the direct effects of rTMS on TQ and LM scores were minimal. Previous meta-analyses have reported moderate efficacy of low-frequency rTMS as a treatment for chronic tinnitus, with outcomes assessed using TQ and THI scores. A meta-analysis by Dong et al. (2020) concluded that low-frequency rTMS showed no significant benefit compared to a placebo in chronic tinnitus patients. However, in a study by Schoisswohl et al. (2019), verum rTMS was more effective than sham rTMS. In a systematic review by Yin et al. (2021), THI scores demonstrated positive effects, while TQ scores showed no direct impact, consistent with the findings of the current meta-analysis. Therefore, the use of rTMS as a treatment for tinnitus remains a controversial and unresolved issue. Several factors may have contributed to this result: firstly, treatment parameters on rTMS efficacy are the main correlation. In Schoisswohl et al. (2019) Lower stimulus intensity was significantly associated with the efficacy of rTMS for tinnitus treatment. Secondly, the lower the number of pulses, the better the effect may be. The lengthening of the stimulus does not by itself lead to an improvement in the tinnitus condition. Doubling the length of the stimulus causes reverse aftereffects, such as inhibition becoming excitatory (Gamboa et al., 2010). Finally, differences in the site of rTMS treatment of tinnitus may lead to variability in results. In a study by Watson et al. (2023) it was concluded that the temporoparietal junction is a promising non-auditory rTMS treatment site, with a relatively higher frequency of tinnitus suppression than all other sites. In previous research, the left primary auditory cortex was a potential target for 1 Hz rTMS in tinnitus treatment, as low-frequency rTMS applied to this region can reduce auditory hallucinations in patients (Eichhammer et al., 2003). Thus, the left temporal cortex is the preferred target regardless of which ear is affected.

Based on our findings, rTMS demonstrates a certain level of efficacy in treating chronic tinnitus. Subgroup analysis based on intervention duration revealed that both rTMS groups (treatment duration < 1 month and = 1 month) exhibited lower Tinnitus Handicap Inventory (THI) scores compared to the control group, indicating that both durations can improve chronic tinnitus. However, the effect was more pronounced in the = 1 month group (MD: -17.5, P = 0.0005) than in the < 1 month group (MD: -13.08, P < 0.0001), suggesting that intervention duration may influence therapeutic outcomes, which is consistent with previous research (Ting et al., 2011). Additionally, data analysis of follow-up outcomes showed that the therapeutic effect was most pronounced immediately post-treatment (MD: -11.54, P < 0.00001), gradually diminishing over time (MD: -10.98, P = 0.0008), and becoming non-significant at 6 months (MD: -4.26, P = 0.17). Therefore, the efficacy of rTMS for tinnitus may be time-limited. Additionally, to assess the safety of rTMS for tinnitus, we conducted a pooled analysis of adverse events. The results indicated that rTMS is a relatively safe option, as adverse events were evenly distributed between the rTMS and sham rTMS groups, consistent with previous findings (Liang et al., 2020).

The heterogeneity observed in some results of this meta-analysis may be attributed to variations in rTMS parameters, such as frequency and duration, as well as differences in patient baseline characteristics, including age, tinnitus severity, or duration. Additionally, regional differences among patients, including lifestyle, cultural background, cognitive factors, and educational level, may also impact the robustness of the results. Another potential factor is the inherent subjectivity of the assessment scales and the limited sample size in some included studies. Therefore, future research should include more extensive, multicenter, randomized controlled trials to further validate the efficacy of rTMS for tinnitus.

This study has several advantages compared to previous meta-analyses on rTMS for tinnitus. First, we included the latest RCTs (Aydın et al., 2021; Dai et al., 2021; Li et al., 2023) in addition to previous studies, and our search encompassed both Chinese and English literature, ensuring comprehensiveness. Additionally, we conducted subgroup analyses based on intervention duration and follow-up time, providing a multi-faceted exploration of the efficacy of rTMS for chronic tinnitus. Furthermore, we performed a series of assessments on the included studies to ensure the high reliability of our conclusions. Second, most of the included studies were single—or double-masked, providing a relatively high level of evidence and enhancing the results’ reliability. Moreover, sensitivity analysis and publication bias assessment were conducted to ensure the stability of this meta-analysis. Finally, we performed a quantitative analysis of the safety of rTMS for chronic tinnitus.

Additionally, it is important to acknowledge several limitations of our study. First, although recent large-scale randomized trials were included, the limited number of participants in our meta-analysis constrained the accuracy of the analysis. Additionally, some results were non-significant, which may be attributed to the heterogeneous nature of the population receiving rTMS. Future research should encourage large-scale, multicenter randomized controlled trials with standardized protocols. Furthermore, exploring combination therapies, such as rTMS with cognitive behavioral therapy (CBT), rTMS combined with prefrontal stimulation, high-frequency protocol, and auditory stimulation may yield synergistic effects.
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VAS, visual analog scale; TQ, tinnitus questionnaire; LM, Loudness Matching Tinnitus.






