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Identifying and implementing an effective tinnitus treatment has been a challenge. Despite efforts over many decades, there is no definitive cure for tinnitus yet. Implementation science may assist audiology practitioners and end-user patients in their pursuit of a cure by identifying ways to maximize the use of research findings. Within the context of therapeutic interventions, implementation science is the study of a successful treatment–system fit evidenced by use. Research evidence for tinnitus treatment efficacy is dominated by behavioral questionnaires as they are a pragmatic source of patient-driven data. Neurophysiological evidence of the underlying neural network change correlated with these behavioral findings enhances research conclusions and potential use. This implementation science review systematically sourced and analyzed neurophysiological evidence from 29 studies to find that targeting tinnitus core network neuroplasticity may be the most effective tinnitus treatment. Narrow-band sound treatment has the greatest body of correlated neurophysiological-behavioral evidence. This is the first tinnitus implementation science systematic review. It is hoped that new or improved treatments may emerge from pivoting the evidential lens toward the pragmatic use of neurophysiological evidence.
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Introduction

The implementation of a universally effective tinnitus treatment is a challenge. Tinnitus, the “conscious awareness of a tonal or composite noise for which there is no identifiable corresponding external acoustic source” (De Ridder et al., 2021, p. 8), is prevalent in ~11.9%–30.3% of the general adult population (McCormack et al., 2016). As a comorbid or standalone pathology, it presents itself in many ways. Tinnitus may be characterized as unilateral, originating in one ear, or bilateral, found in both ears. It may be subjective, only perceptible by the individual, or objective, where it is generated by a source within the body and is perceptible by others. It can present with or without hearing loss. Most importantly, tinnitus may be acute, when it is temporarily present for a short duration, or chronic, when it persists for 3 months or more. The heterogeneity of its presentation is driven in part by the heterogeneity of its epidemiology, with research into risk factors such as hearing loss, aging, noise-related trauma, or head injury, illustrating that what drives tinnitus in one individual may not in another (Møller, 2011). Although no definitive cure has been found to date, multiple treatments have been developed including, but not limited to, cognitive behavioral therapy (CBT) and counseling, electrical stimulation, hearing aids, and sound-based therapy. Given these challenges, the most pragmatic treatment strategy has been trial and error. Inefficient and costly in time and resources, trial and error also runs the risk of producing a successive failure of treatments, only reinforcing the perception that tinnitus cannot be treated.

Implementation science may uncover solutions to this problem. Utilizing the scientific method, implementation science seeks to identify ways to increase the uptake of research findings into routine practice (Eccles et al., 2012). Applied to the systematic review of a health intervention, the implementation gap between efficacy under ideal research conditions and effectiveness under “normal” constraints (Villalobos Dintrans et al., 2019) can be overtly addressed. While this may improve health outcomes through increased adoption and early implementation of evidence-based practice, the greatest impact comes from long-term, consistent application (Tansella and Thornicroft, 2009) reliant on clear, rigorously tested research. Randomized control trials (RCTs) remain the gold standard of scientific research design, reducing the risk of bias through strict participant inclusion criteria, and (often blinded) randomization to highly controlled research protocols. Consistent RCT translation by clinical practitioners to ensure health equity (Yapa and Barnighausen, 2018; Woodward et al., 2021) is problematic without explicit implementation consideration (Wensing and Grol, 2019).

Evidential rigor competes with cost and accessibility in implementation translation. Subjective self-report questionnaires dominate evidence for tinnitus treatment efficacy such as the Tinnitus Handicap Inventory (THI), the Tinnitus Functional Index (TFI), and the Tinnitus Questionnaire (TQ). Pragmatic, low-cost, scientific behavioral metrics are captured firsthand, such as through the TFI eight subscales for intrusiveness, cognition, quality of life, and emotional distress. Advancements in non-invasive neuroimaging technology have enabled the growth of objective neurophysiological evidence. While magnetic resonance imaging captures the blood-oxygenation level-dependent response to treatment (McRobbie et al., 2017; Poldrack et al., 2011), electroencephalography (EEG) records cellular local field potential changes at the scalp (Kropotov, 2010; Schomer and Da Silva, 2018). Efficacy at a cellular level is captured at a regional and a global level by quantitatively comparing spatiotemporal neural activity in tinnitus participants with healthy control subjects, pre- and postintervention. Neuroimaging, however, is inaccessible to some researchers due to technology cost, location, and operational skill set. The implementation science dilemma is that the accessibility and equity necessary in practice must be weighed against research reliability and validity potentially achieved through expensive neurophysiological measures. For example, with tinnitus, questionnaire results alone underpin the claim that “only CBT treatment has been shown to have a definite improvement effect on tinnitus in a large randomized controlled trial” (Cima et al., 2012; Tang et al., 2019, p. 110). Using a low-cost, accessible, internet-based form, a positive effect on tinnitus distress using questionnaires has also been evidenced (Andersson et al., 2002; Beukes et al., 2018). Two Cochrane systematic reviews (Martinez Devesa et al., 2007; Fuller et al., 2020), however, reported contradicting results discussing the risk of bias when employing self-report questionnaires alone. Combined behavioral and neurophysiological data enhance the evidential rigor of research conclusions, increasing trust in treatment efficacy and potential use. Identifying ways to implement neurophysiological alongside behavioral evidence of tinnitus treatment efficacy, reconciling scientific rigor with equitable accessibility, is the goal of this systematic review.



Methods


Review protocol

This systematic review was conducted adhering to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses Guidelines 2020 (Page et al., 2021) as shown in Figure 1. The review protocol was registered with the Prospective Register of Systematic Reviews, ID CRD42022335201, prior to data extraction. One deviation occurred post-extraction when the Assessing the Methodological Quality of Systematic Reviews (AMSTAR 2), with its treatment of non-randomized studies (Shea et al., 2017), was adapted to act as the individual study risk-of-bias (RoB) tool. Ethics committee approval was not required for this review.
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FIGURE 1
 Preferred reporting items for systematic reviews and meta-analysis flow diagram detailing study selection process following 2020 guidelines. AMSTAR 2, assessing the methodological quality of systematic reviews; RoB, risk of bias.




Search strategy

A systematic search of the literature was undertaken using Scopus, EMBASE, and the Web of Science to ensure a biomedical focus was enhanced by a wider sciences scope while including one publisher independent of Elsevier. A comprehensive search strategy was employed to identify articles published using the English language without any limitation on the year of publication or the ages of participants. A combination of medical subject headings and keywords (tinnitus, network or system or region or area, and intervention or treatment or therapy) in the title, abstract, and/or keywords resulted in (n = 1,373) studies being retrieved for screening. Multiple searches were conducted commencing April 14, 2022, with a final search performed June 1, 2022.



Inclusion and exclusion criteria

Included in this systematic review were “articles” in which neural network change, using non-invasive experimental tinnitus interventions on human participants, was evidenced using a pre–post neurophysiological observation. Reviews, meta-analyses, book chapters, conference abstracts, non-English-language articles, and unpublished studies were excluded, along with in vitro and animal models, invasive interventions such as cochlear implantation, studies in which tinnitus was a secondary pathology or behavioral evidence alone was collected. A minimum treatment sample size of 25 was determined based on a two-sample power t-test (d = 0.8, sig. level = 0.05, power = 0.8) and analysis of variance power test (k = 2, f = 0.4, sig. level = 0.05, power = 0.8).

Summary data from (n = 1,373) studies, including title, source, authors, publication year, digital object identifier, URL, and abstract, were exported and de-duplicated by the primary reviewer (LJBH), resulting in 800 studies eligible for review. Two reviewers (LJBH and GS) independently reviewed eligibility. Any discrepancies between reviewers were documented in the protocol log, with final decisions undertaken by the tertiary reviewer (PS). Summary data screening resulted in 435 exclusions displayed in Figure 1. A total of 15 studies were entered into the protocol log and resolved by the tertiary reviewer (PS). Abstracts were then screened resulting in 336 exclusions. The full-text records of 29 studies were eligible for analysis. It is acknowledged that of the 29 studies, 12 were sourced from research conducted at the Department of Radiology, Beijing Friendship Hospital, Capital Medical University, including four connected to Trial ID: NCT02774122, three to NCT03764826, and two to NCT00927121. The independence of each study was reviewed by all three reviewers and confirmed to remain as an independent study.



Data extraction

To enhance consistency across reviewers, the primary reviewer extracted data for analysis in the Crowe Critical Appraisal Tool (CCAT; Crowe, 2013) format enabling a systematic eight-category quality review. A total score out of 40 was broken into the subcategories: preliminaries (title, abstract), introduction, research design, sampling (method, size, and protocol), data collection, ethics, results, and discussion. Exclusion for this systematic review was determined to be a score of <60% in total or for one individual section. No studies were excluded, with two studies reaching 60% but not below.



Individual studies' ROB assessments

An additional risk of bias (RoB) assessment was conducted on 29 studies using an adapted AMSTAR 2 (Shea et al., 2017) 16-item protocol. Studies (n = 11) were excluded for lacking an explicit control group, sample data, and explicit statements regarding conflict of interest and ethics, as shown in Table 1. Only data presented within the published article were sourced for the RoB assessment on the basis that supplementary or additional data links contained data not imminently pertinent to the study findings. An additional study was excluded for an invasive intervention. The three-reviewer protocol resulted in no additional entries into the protocol log for either the CCAT or AMSTAR 2 assessments.


TABLE 1 The risk of bias assessment of 29 studies using an adapted AMSTAR 2 framework.
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Data analysis

The analysis of each individual study produced a quantitative and a qualitative table of the remaining 17 studies. Statistical analysis of the quantitative table included central tendency and distribution data for sample size (control and pathology), tinnitus duration (standardized to months) and lateralization, and intervention duration (standardized to days), as well as demographic data (age, gender, education years, and handedness). Non-statistical analysis included treatment effect measure points (T0, T1, and T2), hearing loss, pretreatment (group only) baseline differences between healthy control and tinnitus pathology sample groups, posttreatment (Group × Time) intervention effects, and correlates between behavioral and neurophysiological results, as well as author-stated limitations. To ease the implementation of findings by end-user patients and clinicians, statistical and non-statistical results were then grouped by tinnitus duration (acute, <3 months; chronic, 3–60 months; and chronic extended, >60 months) and intervention type.




Results


Search outcome

Figure 1 illustrates that of the 29 studies analyzed in Table 1, the results of 17 studies are presented in this systematic review. Primary affiliations across three nations, China, Germany, and the United States, are represented in Figure 2. Without any search restriction on publication year, most articles were published in 2020 or 2021. A significant majority of studies sourced included participant samples with a mean duration (months) classified as chronic tinnitus.
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FIGURE 2
 Heterogeneity of studies analyzed (n = 17) following the risk of bias assessment at Table 1.




Neurophysiological evidence supports narrow-band sound efficacy

The intervention with the greatest body of neurophysiological evidence for treatment-induced neural network change was narrow-band sound therapy (n = 12) displayed in Table 2. Demographical data for the large, consolidated tinnitus treatment sample (n = 464) include a mean age of 43.52 years (18–65), gender ratio 1.24 male:female, tinnitus duration 25.24 months (6–48, indicating all participants were chronic), and tinnitus lateralization ratio of 0.72 right:left, with 24.17 (mean) participants unilateral and 24.83 bilateral. A narrow-band noise set at the tinnitus frequency (Tf) ± 0.5 kHz for 20 min three times per day was applied with a mean intervention duration of 129 days (84–180). Following the review criteria of a minimum sample size of 25, from the large Table 2 control sample (n = 413), the mean control group size was 34.42 (25–63), while the mean treatment group size was 38.67 (25–78). All studies found behavioral evidence of improvement in tinnitus symptoms following sound treatment, measured by the THI.


TABLE 2 Results from 12 studies applying a narrow-band noise sound treatment to chronic (3–60 months) tinnitus participants.
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Narrow-band sound induces tinnitus core network change in chronic individuals

Narrow-band sound induced a reduction in network connectivity from the elevated baseline tinnitus brain to a healthy control level, positively correlated with symptom improvement. Correlated neurophysiological and behavioral evidence is displayed visually in Figure 3 and comparatively in Table 3. Using a seed-based analysis, Study 1 (Lv et al., 2020) found reductions in functional connectivity between the bilateral thalami and right inferior frontal gyrus, anterior cingulate cortex, left medial frontal gyrus, and right postcentral gyrus. Selecting the right thalamus in the seed-based analysis, functional connectivity also decreased posttreatment to the left fusiform gyrus, right midbrain, and left postcentral gyrus. Decreased connectivity between the right thalamus and right inferior frontal gyrus was positively correlated with the reduction in THI, (r = 0.476, p = 0.016) fake discovery rate (FDR)–corrected (p < 0.05). One year prior, applying a global analysis, Study 2 (Han et al., 2019a) evidenced a positive correlation between reduced THI and reduced functional connectivity in the right insula (r = 0.419, p = 0.030), bilateral thalamus (left: r = 0.411, p = 0.033; right: r = 0.503, p = 0.008), right inferior parietal lobule (r = 0.468, p = 0.014), and posterior left middle temporal gyrus (secondary auditory cortex A2; r = 0.410, p = 0.034) FDR-corrected (p < 0.05). Reduced connectivity between bilateral thalami and the left secondary auditory cortex was evidenced in Study 24 (left: r = 0.434, p = 0.024; right: r = 0.414, p = 0.032) FDR-corrected (p < 0.05; Lv et al., 2021). Study 11 (Han et al., 2019b) confirmed a correlate reduction in connectivity between the right thalamus and right inferior frontal gyrus (r = 0.434, p = 0.024) Tukey-corrected (p < 0.05), while Study 21 (Chen et al., 2021a) confirmed a reduction in the right insula of the salience network (THI points: r = 0.415, p = 0.016; %: r = 0.391, p = 0.024) along with the left inferior frontal gyrus of the left frontoparietal network (points: r = 0.385, p = 0.027, %: r = 0.470, p = 0.006) family-wise error (FWE)–corrected (p < 0.05). Similar normalization was found with cortical gray matter volume increasing to a healthy control level between limbic and auditory network structures, including the bilateral thalami (Study 18; Wei et al., 2020b), left posterior cingulate cortex (Study 8; Wei et al., 2021a), right parahippocampal gyrus, right caudate, left superior temporal gyrus (primary auditory cortex A1), left cuneus gyrus, and right calcarine gyrus (Study 17; Wei et al., 2020a). Negatively correlated with tinnitus symptom improvement, changes in gray matter are displayed in Figure 3 indicated by the dark circles.
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FIGURE 3
 Specific locations named within each study in Table 2 in which neurophysiological evidence correlated with behavioral evidence following narrow-band sound stimulus, overlayed with the tinnitus core network. Dark circles represent increases in gray matter volume up to a healthy control level. Light circles represent decreases in functional connectivity to a healthy control level. Shadow circles represent the tinnitus core network adapted from De Ridder et al. (2014, p.27). Given the potential effect of hearing loss, tinnitus lateralization, and duration, specific hemisphere locations (left or right) have not been represented, only the region of interest. (1) Superior temporal gyrus (primary auditory cortex A1). (2) Middle temporal gyrus (secondary auditory cortex A2). (3) Thalamus. (4) Inferior frontal gyrus (overlaying ventrolateral prefrontal cortex in tinnitus core network). (5) Insula. (6) Parahippocampal gyrus. (7) Inferior parietal lobule. (8) Medial cerebellar peduncle. (9) Medial frontal gyrus. (10) Precentral gyrus. (11) Posterior cingulate cortex. (12) Caudate. (13) Cuneus. (14) Calcarine gyrus.



TABLE 3 Comparative evidence for correlation between neurophysiological and behavioral data in Table 2 (n = 12) and in Table 4 (n = 2).

[image: Table 3]

Functional connectivity and gray matter neurophysiological evidence were also found to be predictors of sound therapy efficacy. Confirmed by both connectivity strength and degree centrality measures, bilateral thalami functional connectivity was found to be a predictor of sound therapy success (with area under the curve for left thalamus 0.745, and right thalamus 0.708; Study 2; Han et al., 2019a). Functional connectivity between the left superior temporal gyrus (A1) within the auditory network and the right inferior frontal gyrus of the anterior default mode network was found to be a predictor of sound treatment success with 94.3% sensitivity and 76.7% specificity (Study 21; Chen et al., 2021a). Gray matter volume in the right medial frontal gyrus and right precentral gyrus, alongside bilateral middle cerebellar peduncle white matter integrity, was found to predict sound therapy success in Study 20 (78.8% positive predictive value and 81.9% negative predictive value, with sensitivity of 77.1% and specificity 82.8%; Chen et al., 2021b). On a more global scale, higher structural-functional connectivity coupling was found to be predictive of sound therapy failure in Study 9 post-hoc uncorrected (Chen et al., 2022).



Minimal neurophysiological evidence for other treatments

Sound-based therapy almost exclusively drives the systematic review results. Notably absent were any studies investigating CBT, tinnitus retraining therapy, or counseling. Minimal neurophysiological evidence was found for sound-based treatment that did not involve narrow-band noise. Table 4 illustrates evidence for the Heidelberg model of music in Study 7 (Krick et al., 2015), increasing gray matter density in the right Heschl's gyrus (p = 0.047), right Rolandic operculum (p = 0.022), and left superior frontal sulcus (p = 0.047), FWE-corrected (p < 0.05) in acute tinnitus patients (tinnitus duration of <3 months). As a form of sound therapy, the Heidelberg model of music was evidenced as potentially preventing the chronification of tinnitus by inducing long-lasting neuroplasticity. Acoustic coordinated reset neuromodulation was also found to normalize oscillatory power in temporal, parietal, and cingulate cortices to a healthy control baseline in participants with chronic extended tinnitus (more than 60 months in duration) in Study 23 (Adamchic et al., 2014). Only two studies applying non-sound brain stimulation met the review criteria for analysis. Study 13 (Cacace et al., 2018) found repetitive transcranial magnetic stimulation (rTMS) induced a downregulation of glutamate, an excitatory neurotransmitter, specific to the treatment condition and hemisphere positively correlates with a reduction in the THQ score (r = 0.77, p < 0.05). Study 25 (Lan et al., 2022) compared rTMS with tailor-made notched music training (TMNMT). Enhanced connectivity of the salience network to the right frontoparietal network indicated that rTMS may be successful, whereas reduced connectivity at baseline between the auditory network and salience or cerebellar networks indicated that TMNMT may be more successful.


TABLE 4 Results from five studies categorized by tinnitus duration (months).
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No definitive findings for the duration of tinnitus

Despite the synthesis of results by tinnitus duration, the small study number, collective sample size, and mixed efficacy results presented in Table 4 prevent any conclusion from being drawn. For example, the number of “not good” treatment respondents (TQ improvement ≤ 12 points) outweighed the “good” (TQ improvement > 12 points) in Study 23 (Adamchic et al., 2014). In Study 27 (Lehner et al., 2014), significant mean gray matter concentration changes in the bilateral insula, inferior frontal gyrus, and ventromedial prefrontal cortex measured on Day 12 posttreatment were absent by Day 90.




Discussion


The evidential context matters

The consolidated evidential strengths and weaknesses presented by the study authors shape implementation discussion.


Strengths: reproducibility and triangulation

All studies presented in this review were published in scientifically rigorous, peer-reviewed, high–impact factor journals. The methods were meticulously described, enhancing reproducibility. Despite all studies in Table 2 originating from the same primary affiliation, a range of different research teams approached a homogeneous research question with a diverse set of measurement techniques. Results were obtained through seed-based, global, and mixed approaches. Functional connectivity within the tinnitus brain, for example, was examined using the resting-state functional magnetic resonance imaging (rs-fMRI) REST toolkit (Study 1), graph-theoretical metric degree centrality (Study 2), graph-theoretical metric functional connectivity strength (Study 11), and graph-theoretical metric structural connectivity–functional connectivity coupling (Study 9) to conclude local and global connectivity changes occurred following sound stimulus.



Weaknesses: generalizability and validity

A coherent body of limitations was expressed by authors across all 17 studies. Generalizability was highly constrained by heterogeneity in sample demographics and tinnitus characteristics illustrated by large statistical ranges for each metric. A lack of data regarding hearing loss classification (mild or severe), tinnitus lateralization (unilateral, bilateral, left, and right), and distress quantification and qualification is notable potentially indicating heterogeneity is understated. A small sample size was cited by many authors as weakening the validity of individual study results. The absence of any study that did not find any behavioral improvement also raises the question as to whether collectively a publication bias is present, despite individually satisfying the RoB assessment. Despite these limitations, it is argued that sufficient validity is present for readers to confidently rely on the review findings for narrow-band sound treatment efficacy applying the protocol prescribed to the population characterized.




Treatment efficacy depends on the morphophysiology of the underlying tinnitus brain

Given the evidential context and link between narrow-band sound treatment success and specific morphophysiological characteristics within the tinnitus brain, pivoting the evidential lens toward brain regions correlated with tinnitus symptom improvement may be of most use.


The tinnitus core network as a therapeutic target

Narrow-band sound induced significant tinnitus core network neuroplasticity correlated with tinnitus symptom reduction as shown by the shadowed circles in Figure 3. A non-hierarchical tinnitus network was explored in 1990 when Jastreboff (1990) discussed distributed connections between the auditory network, prefrontal cortex, and limbic system when tinnitus was present. An ecological perspective on this auditory–non-auditory interplay considered tinnitus as a “failure of error correction” (Searchfield, 2014, p. 7) within overlapping bottom-up and top-down neural processes (Schilling et al., 2023). With continued research, a tinnitus core subnetwork specifically between the ventrolateral prefrontal cortex, auditory cortex, inferior parietal lobule, and parahippocampus was identified as the minimal subset of jointly active neural regions required for the conscious perception of tinnitus, excluding affective constituents (De Ridder et al., 2014). Interestingly, further research into the connectivity within an integrative model showed peripheral feeder nodes were ascertained as having a higher betweenness centrality value (reflecting influence on information transmission within a network) than other nodes as they transfer information from the periphery to the core in both tinnitus and control subjects using a “rich club” neural connectome (Mohan et al., 2017). The strikingly visual “T” first displayed in 2014 (De Ridder et al., 2014, p. 27), with the caveat that lines were not based on connectivity studies, is now displayed in 2023 with neurophysiological evidence directly sourced from connectivity and cortical gray matter studies.

Therapeutically targeting the multiplane tinnitus core network requires activation of an individual's underlying brain morphophysiology. Integrating review and tinnitus core network locations indicate tinnitus activates limbic association fibers linking structures within hemispheres, projection fibers descending from the cerebrum such as auditory cortices down to the thalamus and brainstem, as well as commissural fibers connecting homotopic areas across the midline between hemispheres. This is illustrated by the neurophysiological predictors of sound treatment success. Tinnitus participants who found narrow-band sound effective had reduced fractional anisotropy and increased radial diffusivity in the corpus callosum and cingulum (commissural), alongside decreased fractional anisotropy and axial diffusivity in the superior longitudinal fasciculus (association), altering white matter microstructure integrity combined with less gray matter atrophy in the medial frontal gyrus and pre-cingulate gyrus in Study 20 (Chen et al., 2020). A high structural connectivity–functional connectivity coupling was also found to predict sound treatment failure (Chen et al., 2022). This individual form–function neuroplasticity, a product of brain trauma, aging, experience, and genetic factors, may indicate a temporal window exists where sound treatment is most efficacious. The degree to which peripheral nodes dominate this core network also supports the importance of collecting tinnitus characteristic data, such as hearing loss, and tinnitus lateralization, as this may affect the window by altering the dominance of peripheral nodes following the effects of sensory deprivation–driven neuroplasticity on functional coupling (Noreña and Farley, 2013; Schilling et al., 2021).



Limbic system activation may facilitate cellular repair

Cellular repair is commonly sought when tinnitus is related to aging, blast and noise trauma, or a comorbid pathology. This review found decreased connectivity and increased gray matter volume around the thalamus and parahippocampal gyrus were correlated with improved tinnitus symptoms. Deep within the limbic system of the temporal lobe, thalamic functional nuclei in each hemisphere maintain an active reciprocal excitatory connection with highly specific cortical regions. For example, auditory peripheral–core communication is driven by thalamic medial geniculate nuclei receiving afferent fibers from the midbrain's inferior colliculus and projecting efferent fibers to the primary auditory cortex via the retrolenticular part of the internal capsule (Crossman and Neary, 2018). Thalamic connectivity dysfunction (Wu et al., 2022) and reduced gray matter volume (van de Mortel et al., 2021) have been found in the neurodegenerative Alzheimer's disease and Huntington disease (Ross et al., 2014). Despite ongoing debate (Boldrini et al., 2018; Sorrells et al., 2018), adult neurogenesis post-trauma or the proliferation of new neurons after birth is still considered a worthy pursuit (Kempermann et al., 2018). Located between the thalamus and parahippocampus, the hippocampus is one of two locations where adult neurogenesis has been found. Research links hippocampal neurogenesis, a complex unique form of neuroplasticity, to changes in learning and memory (Deng et al., 2010), memory resolution (Aimone et al., 2011), pattern separation (Sahay et al., 2011), and temporal encoding potentially relevant to tinnitus-related auditory memory formation, consolidation, and reconsolidation. Glial cells, such as microglia and astrocytes, are essential to the maintenance and repair of neural networks, as well as an integral aspect of adult neurogenesis. Stem cells originating in the hippocampus predominantly inhabit astroglia properties such that young astrocytes are produced alongside young neuronal cells (Götz and Huttner, 2005; Morrens et al., 2012). Neuroinflammatory signaling and resultant pro-inflammatory microglia and cytokines disrupt this neural repair system (Shulman et al., 2021). In the event of neuroinflammation, glial cells drive the initiation, progression, and resultant effect of neurogenesis (Yang and Zhou, 2019). Postmortem histopathological analysis of tinnitus brains, including the medial geniculate body and inferior colliculus, showed the presence of inflammatory and neurodegenerative processes (Almasabi et al., 2022). Glutamate release, also found following neuroinflammatory-induced microglial activation (Almeida et al., 2020), is consistent with the review in Study 13 (Cacace et al., 2018), where a positive correlation was found between reductions in tinnitus loudness and the downregulation of glutamate following five consecutive days of rTMS treatment, suggesting a potential mitigation of neuroinflammatory activity.



Cortico-thalamic activation may improve gating and distress

fMRI evidence links tinnitus with impaired thalamic gating. Gating dysfunction results in disinhibited signals increasing from the thalamus to cortical regions evidenced by increased activation of the medial geniculate body (Jimoh et al., 2023). Multiple review studies found tinnitus improvement was correlated with reduced functional connectivity between the thalamus and inferior frontal gyrus (IFG) as well as the right insula. Located within the frontal lobe, the inferior frontal gyrus lies above the Sylvian fissure or lateral sulcus, constituting the inferior-lateral cortical surface (Rasuli, 2020). Broca's area, known for speech production, is located within the dominant, commonly left (Crossman and Neary, 2018), hemisphere of the IFG. The IFG plays an active role in response inhibition or externally driven inhibition as demonstrated through research using the go/no-go task stimulus (Chikazoe et al., 2007, Schel et al., 2014). The insula as part of the ventral attention network acts to reorient attention to salient task-based activities. Directly participating in the pain pathway and language, the anterior insula has also been found to mediate bottom-up-driven affective distress and top-down avoidance during distress phases in a positive-vs.-negative auditory feedback task (Addicott et al., 2018). Receiving signals from these and other regions connected to a distributed inhibitory network, subthalamic nuclei suppress or inhibit thalamocortical output. Specific metabotropic glutamate receptor subtype activation induces the up- or downregulation of thalamic relay neuron inhibitory activity levels, differentially altering thalamocortical gating of sensory information transfer (Govindaiah and Cox, 2006) and dendritic output of thalamic interneurons (Govindaiah and Cox, 2004). Astrocytic activation also plays a role in thalamocortical gating, modulating sensory inhibition through metabotropic glutamate receptor receptor regulation (Copeland et al., 2017). Aging has been found to alter auditory gating and medial geniculate body temporal processing by reducing the density of gamma-aminobutyric type A receptors, driving fast (phasic) inhibition and long-lasting (tonic) inhibition (Richardson et al., 2013, 2021). Neurophysiological evidence of the tinnitus brain illustrates that neuromodulation, such as impaired inhibition, is part of a complex system interacting and responding to changes in neuroprotective mechanisms and neuroplasticity change (Abraham et al., 2013, Shahsavarani et al., 2019) such that pain and distress emerge for some individuals (De Ridder et al., 2021). Within the tinnitus core network, where gray matter volume of the ventromedial prefrontal cortex was not found to be correlated with levels of distress, anterior insula cortical thickness was positively correlated with distress levels, while subcallosal anterior cingulate cortex was negatively correlated with depression and anxiety (Leaver et al., 2012) reinforcing the link between underlying cortico-limbic morphophysiology, tinnitus symptoms, and potential treatment efficacy.




Implementation

Implementing the scientifically rigorous neurophysiological evidence found within this review that narrow-band sound induces tinnitus core neural network change correlated with tinnitus improvement is difficult when the underlying morphophysiological tinnitus brain is unknown. Seeking ways to implement research regarding the neuroprotective and rehabilitative properties of tinnitus core network activation, to make possible the necessary cortico-thalamic neuronal cell density and connectivity strength required for therapy success, invites both old and new treatment opportunities.


End-user patient-driven experience is encouraged

Experience-dependent neuroplasticity is an old but effective treatment driven by the end-user patient. End-user patients can target their tinnitus core network through exercise and environmental enrichment that in consultation with their primary health care team, clinician, or practitioner meets their unique rehabilitative needs. Animal models enabling the direct observation of cellular change show the restorative properties of environmental enrichment and physical exercise. Exercise drives neurovascular adaptation with an increase in the density of dentate gyrus blood vessels (Clark et al., 2009) as well as neurogenesis in the form of hippocampal dentate gyrus stem cell proliferation (van Praag et al., 1999). Enrichment and exercise also increase the expression of brain-derived neurotrophic factor (BDNF), a neurotrophin that supports neurite growth and survival in existing neurons, and vascular endothelial growth factor that promotes vasculogenesis and angiogenesis driving new blood vessel formation (Clemenson et al., 2015). A three-phase enriched environment protocol matching a multistage rehabilitation program applied post–head trauma or stroke, was found to improve cerebral blood flow, reducing cortical cellular loss (Zhan et al., 2020). Specific examples of implementation include encouraging end-user patients to identify new ways to deepen their experience of naturally occurring sound (Welch et al., 2022), incorporating mindfulness (Tran et al., 2020, 2023) that may engage tinnitus core inhibitory systems and reduce stress. Multisensory novel stimuli, such as visual–auditory (experiencing unexpected or new sights and sounds) or motion–auditory stimuli (such as singing and dancing), may activate similar limbic structures to narrow-band noise. Tinnitus individuals appear hypersensitive to cross-modal interference (Araneda et al., 2015), indicating impaired inhibitory systems are active during multimodal experiences, with decreased sensitivity to novel visual stimuli as we age (Czigler et al., 2006), potentially altering this dynamic in tinnitus individuals. Novel or new stimulus also propels inhibitory activity at a cellular level through Parvalbumin-expressing (PV+) inhibitory neurons driving gamma oscillations (Hayden et al., 2021). Long-term benefits of novel experiences driving gamma oscillations within the brain include delaying the onset of dementia and Alzheimer's disease (Martorell et al., 2019, Iaccarino et al., 2016). Mobile digital applications that implement the latest tinnitus research are encouraged (Searchfield and Sanders, 2022), especially where user input shapes treatment design. Given that this review highlights the importance of trying to match the unique form and functional health of the individual tinnitus brain to the treatment, end-user patients are encouraged to record their own research into the role exercise, enrichment, and specific treatments play for them, sharing this valuable data with clinicians and practitioners over the time course of their tinnitus journey.



Clinician and practitioner empowerment will enhance implementation

The clinician-practitioner arguably plays the most critical role in research implementation. As the trusted source of tinnitus education and support to patients, as well as the gatekeeper to the largest potential cohort of tinnitus research participants, clinicians and practitioners must be continually empowered to be the health change makers they are and continually strive to be. To address the generalizability limitations of this review finding and implement the knowledge that treatment success requires a specific morphophysiological tinnitus brain, clinicians and practitioners are encouraged to collaborate with researchers to improve the secure standardized capture of individual patient histories. As well as capturing hearing loss classification, tinnitus lateralization, duration, and distress, neurophysiological data, such as cognitive, neurovascular, and neuronal health, evident through cognitive testing and exercise and enrichment data are important. Supporting end-user patients to be their own researchers of themselves may reduce the burden of this data capture and facilitate the recording of between-visit changes. Compensating the commercially situated clinician-practitioner may improve access for researchers to their frontline pragmatic view when seeking new ways to improve the standardization of tinnitus behavioral questionnaires or capture behavioral data, such as using ecological momentary evaluation (Goldberg et al., 2017, Schleicher et al., 2020). A standardized tinnitus health literacy metric to improve the monitoring of equitable access to treatments may also occur through a commercially mediated collaboration between clinicians, practitioners, and academic researchers. Future implementation of neurophysiological evidence is currently being supported by innovation across three streams: commercially available low-cost mobile neuroimaging, artificial intelligence, and investment in secure data-sharing infrastructure. For example, sound-based tinnitus treatment efficacy prediction (Sanders et al., 2021; Doborjeh et al., 2023) and mindfulness efficacy were able to be predicted with 0.87 accuracy (F-score, 89%) using EEG data fed into a brain-inspired spiking neural network model (Doborjeh et al., 2019).



The trade-off between evidential rigor and resource constraint must be addressed

Closing the evidential gaps identified in this review requires resources. Quality research design within an agile scientific, legal, financial, and ethical research environment requires the careful allocation of finite, competing resources. The dominance of reviewed articles published in 2020 and 2021 suggests the capture of neurophysiological-based evidence has improved within tinnitus research in recent times, in line perhaps with advancements in methodologies and tools for data capture. To continue this improvement, a range of research opportunities are presented with varying levels of resource intensity. Given the importance of the underlying morphophysiological characteristics within the tinnitus brain determining treatment success, observed through neurophysiological data, explicitly designing neurophysiological subgroups at the protocol phase may facilitate greater sample homogeneity balanced against impact on effect sample size. Collaborating with clinicians and practitioners to share participant history over their life span may also inform subgrouping and strengthen the generalizability of research findings. Incorporating active, passive, and sham controls, with pre–postintervention data captured for both treatment and control, is encouraged, especially when normalization from a pathological state to a healthy state is the primary research question. Given the chronification of tinnitus (potentially 0–3 months) and wide tinnitus duration deemed chronic when narrow-band sound was effective (6–48 months), increasing the number of data capture points between 0 and 48 months may narrow or inform the temporal window for treatment efficacy. On a wider scale, while restorative enriched environment research paradigms are not new, the control of their implementation by end-user patients is perhaps more recent. Participatory research and codesign are rapidly evolving, which may increase the adoption and use of findings through intellectual and creative multistakeholder investment in outcomes (Tu'akoi et al., 2022). Collaborating with other researchers to spread the resource burden may enable more multiphase tinnitus studies where RCT and participatory research designs are given the opportunity to collectively maximize the adoption and pragmatic use of evidentially rigorous findings to improve health outcomes.





Limitations: this systematic review rob assessment

Applying the same rigorous standards of AMSTAR 2 to this systematic review highlights three key limitations. First, the exclusion of non-English-language articles may adversely constrain the findings presented. Second, it must be acknowledged that the minimum sample size may have introduced a bias toward research from nations with a large population, evidenced by the nations displayed in Figure 2 (China, the United States, and Germany). Third, the sample selection may also have been affected by the COVID-19 pandemic, with most studies published between 2020 and 2022. Participation by those situated long distances from research hubs or confined by lockdown protocols may have been impeded. The lack of studies from smaller nations, as well as rural and remote sample participants, further constrains the generalizability and thereby implementation of results.



Conclusion

Implementing an effective tinnitus treatment through trial and error is a challenge. This review has found that the greatest body of neurophysiological evidence for treatment success correlated to symptom improvement is narrow-band sound when applied to chronic tinnitus individuals. Underlying treatment efficacy, however, is a specific morphophysiological tinnitus core network that both facilitates and predicts success. In the absence of neuroimaging equipment in audiology practice or in the home of tinnitus individuals to assess the health of this tinnitus core network prior to treatment, implementation science reveals both old and new opportunities for implementing this important body of research today. From end-user patient-driven experience and clinician-practitioner empowerment to researcher collaboration, it is hoped that new or improved treatments will continue to emerge as the evidential lens pivots toward the pragmatic use of neurophysiological evidence. Alongside the rapid development of mobile neuroimaging tools and artificial intelligence, implementation science has a vital role to play in ensuring the link between tinnitus research and practice continues to narrow to make visible when knowledge boundaries dissipate and the co-construction of research-informed practice between the end-user patient, the clinician-practitioner, and the academic researcher emerges.
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1 Narrow-band noise: Tf 0.5 kHz, 20 min, three Decrease ATHI Higher functional connectivity L Lower functional connectivity using 2 seeds: L
times per day, 12 weeks. MRI: Neural network 36.7 + 8.8. A Percentage 55.05% =& 11.44% for n= | thalamus: to precuneus-PCC, L and R thalamus: R IFG, ACC, L MFG, R postcentral
node functional connectivity measure: rs-fMRI 25 (Table 1, p. 2671) fusiform gyrus, R middle and IFG, R gyrus. R thalamus: R IFG, ACC, L MFG,
REST toolkit. Result: Functional connectivity SFG, R insula, R STG. R thalamus: to L fusiform gyrus, R midbrain, bilateral
Thalamus-IFG and Thalamus-ACC Precuneus-PCC, L and R fusiform posteentral gyrus (Table 3, p. 2673).
normalization (decrease). gyrus, L lingual gyrus, L MTG, R SEG Positive correlation with reduced THI and

and MFG, R insula. FDR corrected p< connectivity: R thalamus to R IFG (r = 0.476,
0.05 (Table 2, p. 2673) p=0.016) FDR corrected p < 0.05 (p. 2673)

2 Adjusted narrow-band noise: Tf & 0.5 kHz, Decrease ATHI Increased DC: ACC; R insula; L and R Predictor for treatment success: L thalamus
20 min, three times per day, 12 weeks, readjusted 36.2 & 8.8 (24-52) for n = 27 (Table 1, p. 4) SFG; R MFG; RIPL; L and R thalamus; AUC= 0.745, R Thalamus AUC= 0.708.
every 2 weeks. MRI: Neural network node R MTG (anterior DMN); L MTG Positive correlation with reduced THI and
functional connectivity measure: graph-theoretical (posterior SAC) FDR-corrected p < 0.05 | connectivity: R insula (r = 0.419, p= 0.030),
‘metric DC. Result: Thalamus connectivity at (Table 2, p. 4) RIPL (r = 0.468, p= 0.014), Bilateral
baseline is a predictor of sound therapy success. thalamus (left: r = 0.411, p = 0.033; right: r =

0.503, p = 0.008, respectively), Posterior left
MTG (SAC; r = 0.410, p = 0.034) FDR
corrected p< 0.05 (Figure 1, p. 5)

8 Narrow-band noise: 20 min, three times per day, Decrease ATHI Significantly lower cortical thickness: L Significantly higher cortical thickness: L SMC,
24 weeks. MRI: Neural network change measure: 15.3 + 32.8 n = 33 (Table 1, p. 4) SMC, left PCC, and R OPFC (p. 4) bilateral SPC, left IPC, L PCC, and R OPFC.
surface-based morphometry cortical thickness, Monte Carlo simulation-corrected p < 0.025
DPABISurf toolbox. Result: Cortical thickness in for each hemisphere.
auditory and non-auditory regions No significant correlation to THI change (p.
normalization (increase). 5)

9 Adjusted narrow-band noise: Tf & 0.5 kHz, Decrease ATHI All groups (HC, EG, IG) presented Positive correlation with reduced THI: IG
20 min, three times per day, 6 months, every two EG 3529 & 18.23. A Percentage 52.30% % 19.34% small-world topology in structural and and EG: normalized clustering coefficient (y;
weeks adjusted. MRI: Neural network node forn=28 functional brain connectomes (y > 1, & r=0.326, p = 0.024). EG only: normalized
functional connectivity measure: graph-theoretical | G —4.75 % 11.01. A Percentage —15.79% ~ 1,and o > 1) (Figure 2, p. 6). characteristic path length (A; r = 0.476, p =
metric structural connectivity, functional 42.26% for n = 32 (Table 1, p. 5) Structural network lower characteristic | 0.014) post-hoc uncorrected p >0.05 (p. 6)
connectivity, and SC-FC coupling. Result: High path length (% and Lp; EG p = 0.008, IG
structural-functional connectivity coupling at p = 0.013), and higher global efficiency
baseline is a predictor of sound therapy failure. (Eg; EG p = 0.002, IG p = 0.001). No

significant difference between EG and
IG. Functional network higher local
efficiency (Eloc) in EG than IG (p

= 0.034). Structural-functional
connectivity coupling significantly
higher in IG (p = 0.024) over EG (p <
0.05 Bonferroni-corrected) (p. 6)

11 Adjusted narrow-band noise: Tf £ 0.5 kHz, Decrease ATHI Increased functional connectivity Lower functional connectivity using 3 seeds.
20 min, three times per day, 12 weeks, adjusted 362 + 8.8 (24-52) for n =27 (Table 1, p. 1734) strength: MCC, L IFG, L precentral L thalamus: R IFG and R IFG Orbital. R
if required. MRI: Neural network node functional | Retest of study 2 sample. gyrus, R IPL, and bilateral MFG (p < thalamus: R IFG, R MTG, L postcentral gyrus.
connectivity measure: graph-theoretical metric 0.05, corrected; Table 2, p. 1735) L ACC: R MFG, RIPL.
functional connectivity strength. Result: Sound Positive correlation with reduced THI and
may alter thalamus gating and enhance connectivity post validation reproducibility
‘tinnitus-canceling’ system checks: R thalamus to R IFG (r = 0.434, p =

0.024) Tukey-corrected p < 0.05 (p. 1736)

17 Narrow-band noise: Tf 2 0.5 kHz, 20 min, three Decrease ATHI Decreased GM volume: R Increased GM volume: R Parahippocampal
times per day, 24 weeks. MRI: Neural network 15.3 £ 32.8 for n = 33 (Table 1, p. 3) Parahippocampal gyrus, R caudate, L gyrus, R caudate, L STG, L cuneus gyrus, R
functional connectivity measure: structural STG, L cuneus gyrus, R calcarine gyrus calcarine gyrus.
covariance network. Result: GM volume and (Table 2, p. 5) SCN changes were found in 12 regions, non-
change in SCN functional connectivity in left auditory and auditory-related. Significant
superior temporal lobe normalization (increase). difference in nodal efficiency, DC, and

betweenness centrality after FDR-corrected p
< 0.05: L STG and L Rolandic operculum
(Table 3, p. 6).

Combined GM volume increase and SCN
change: L STG. No correlation found with
THI. (p. 4)

18 Narrow-band noise: Tf 2 0.5 kHz, 20 min, three Decrease ATHI Decreased GM volume: Bilateral Increased GM volume: Bilateral thalami, and
times per day, 12 weeks. MRI: Neural network 21.1 % 8.3 for n =27 (Table 1, p. 3) thalami, and cochlear nucleus (p < 0.05, | cochlear nucleus. FDR-corrected p < 0.05
change: VBMS toolbox. Result: GM volume in left FDR-corrected; Table 2, p. 4) (Table 3, p. 6)
superior temporal lobe normalization (increase). No THI correlation survived multiple

comparison correction. (p. 5)

20 Narrow-band noise: Tf = 0.5 kHz, 20 min, three Decrease ATHI Decreased GM volume in R MFG, and R Reduced AD in EG group: R MCP, FWE-
times per day, 6 months. MRI: Neural network EG. 36.21  18.57. A Percentage 53.17% % precentral gyrus (FWE corrected p < 0.05 (Figure 3, p. 760)
functional connectivity measure: fractional 19.56% for n = 29 cluster-corrected, p < 0.05; Table 2, p. Negative correlation between THI decrease
anisotropy, mean diffusivity, AD, and radial IG. —4.80 % 10.85. A Percentage —15.81% % 758). No significant WM volume and GM increase: R MFG (r = —0.286, p =
diffusivity maps were calculated based on the 41.09% for n = 35 (Table 1, p. 757) differences (p. 756) 0.024) and R precentral gyrus (r = —0.362, p
eigenvalues of diffusion tensors, fitted using linear = 0.004) uncorrected (p. 756)
least squares algorithm. Result: Brain Positive correlation between THI and AD
reorganization with GM change in right MFG, decrease in EG only: R MCP (points: r =
right precentral gyrus, combined with WM 0331, p = 0.009; %: r = 0.280, p = 0.027); in
integrity change in MCP. EG and IG: L MCP (points: (r = 0.296, p =

0.017) uncorrected (p. 758)

Predictor for treatment success: combined
predictive value of MFG/precentral gyrus
GM change and bilateral MCP WM integrity
change is 78.8% PPV and 81.9% NPV with
sensitivity of 77.1% and specificity 82.8%.
(Table 2, p. 762)

21 Narrow-band noise: Tf 0.5 kHz, 20 min, three Decrease ATHI Intranetwork decreased functional Negative correlation between THI decrease
times per day, 6 months. MRI: Neural network EG. 34.86 = 20.29. A Percentage 55.08% + connectivity in EG compared to 1G: R and intranetwork functional ~connectivity
functional connectivity measure: intranetwork 18.52% for n = 35 IFG of aDMN, and L STG of the AUN increase in EG group only: R IFG of the
connectivity extracted using general linear model | 1G. —3.49 % 16.32. A Percentage —14.18% + (EWE cluster-corrected, p < 0.05; Table | aDMN (points: r = —0.475, p = 0.005), FWE-
in each region of interest. Internetwork measured 46.68% for n = 43 (Table 1, p. 4766) 2, p. 4769). Internetwork decreased corrected p < 0.05.
using mean time course of each functional connectivity in EG compared Positive correlation between THI decrease
resting-state network. Result: Intranetwork to IG: SN and ECN (p = 0.025), pDMN and intranetwork functional connectivity
connectivity within the aDMN and AUN is an and DAN (p = 0.011; Table 3, p. 4769) decrease in EG group only: L IFG of the LEPN
effective predictor of sound therapy success. (points: r = 0.385, p = 0.027, %: r = 0.470,

p = 0.006); and R insula of SN (points: r =
0.415, p = 0.016; %: r = 0.391, p = 0.024,
FWE-corrected p < 0.05 (p. 4766)

Predictor for treatment success: predictive
value of changes in R IFG of aDMN and L
STG of AUN: sensitivity 94.3%; specificity
76.7%.

24 Narrow-band noise: Tf 2 0.5 kHz, 20 min, three Decrease ATHI No significant difference in functional Increased functional connectivity: L PAC.
times per day, 12 weeks. MRI: Neural network 36.2 & 8.8 (24-52) for n=27 (Table 1, p. 3) connectivity between tinnitus sample Decreased functional connectivity: L SAC.
node functional connectivity measure: and HC: L PAC Increased functional L SAC seed changes with: Bilateral dIPFC,
independent component analysis and seed-based connectivity between tinnitus sample thalamus, bilateral mPFC and R ACC, and R
functional connectivity analysis. Result: Sound and HC: L SAC (p < 0.05, corrected) fusiform gyrus, FDR corrected p< 0.05 (p. 5)
may recover the thalamus gating function (p-4) Positive correlation with reduced THI % and
reducing connectivity strength between the L SAC reduced connectivity: L SAC and L thalamus
and bilateral thalami, evidencing the gain (r=10.434, p = 0.024); L SAC and R thalamus
adaptation mechanism theory. (r=0.414, p = 0.032) FDR corrected p< 0.05

(p-5)

28 Narrow-band noise: Tf £ 0.5 kHz, 20 min, three Decrease ATHI Decreased ALFF: L TPOJ, and R PCC. Increased ALFF: L TPOJ, and R PCC.
times per day, 24 weeks. MRI: Neural network 153 & 32.8 for n=33 (Table 1, p. 4) (p.6) Remaining changes did not survive post-hoc
functional connectivity measure: brain analysis (p < 0.025 for each hemisphere),
surface-based ALFF changes detected by rs-fMRI. Monte Carlo simulation corrected after
Result: ALFF in the L TPOJ and R PCC correcting for age, sex, education, and the
normalization (increase). head motion). (p. 6)

No correlation found with THI change. (p. 6)

29 Narrow-band noise: Tf & 0.5 kHz, 20 min, three Decrease ATHI Increased ALFF: bilateral Decreased ALFF: L Parahippocampal gyrus.
times per day, 12 weeks. MRI: Neural network 3254 9.3 (20-52) for n = 30 (Table 1, p. 5) Parahippocampal gyrus, LIFG, L Increased ALFF: R Heschls gyrus (after
functional connectivity measure: brain caudate nucleus, L MTG, RIPL, and L Bonferroni-corrected p < 0.05/2 = 0.025; p.
surface-based ALFF changes detected by rs-fMRI, Precuneus (p. 5) L Parahippocampal 7)
and seed-based functional connectivity. Result: gyrus as seed: Increased ALFF: bilateral Positive correlation between decreased THI
ALFF in the left Parahippocampal gyrus and the fusiform gyrus, calcarine sulcus,and R~ | and decreased ALFF value of L
right Heschl's gyrus normalization (decrease). caudate nucleus (p. 5) R Heschl’s gyrus | Parahippocampal gyrus (r = 0.434, p =

as seed: Increased ALFE: L thalamus, L 0.016) after the effects of age, gender, and
MTG, R MFG, R IPL, L caudate nucleus, disease duration were removed
and L SFG (p.7) (Bonferroni-corrected p < 0.025 per

| hemisphere; p. 7)

Behavioral evidence: a reduction in THI was found for all studies. Baseline tinnitus group effect: pre-intervention comparison of tinnitus with healthy control participants. Postintervention Group x Time effect: Postintervention comparison of neural network change
sourced from study abstract, conclusion, and post-hoc comparative data tables.

ACC, anterior cingulate cortex; AD, axial diffusivity; ALFE, amplitude of low-frequency fluctuation; AUC, adjusted area under the curve; AUN, auditory network; DAN, dorsal attention network; DC, degree centrality; dIPFC, dorsolateral prefrontal cortex; aDMN,
anterior default mode network; pDMN, posterior default mode network; ECN, executive control network; EG, effective group; FDR, false discovery rate (post-hoc)-corrected; FWE, family-wise error (post-hoc)-corrected; GM, gray matter; HC, healthy control; IFG,
inferior frontal gyrus; IG, ineffective group; IPC, inferior parietal cortex; IPL, inferior parietal lobule; L, left; LEPN, left frontoparietal network; mPEC, medial prefrontal cortex; MCC, middle cingulate cortex; MCP, bilateral middle cerebellar peduncle; MFG, middle
frontal gyrus; MRI, magnetic resonance imaging; MTG, middle temporal gyrus; NPV, negative predictive value; OPEC, orbital and polar frontal cortex; PAC, primary auditory cortex; PCC, posterior cingulate cortex; PPV, positive predictive value; R, right; rs-fMRI,
resting-state functional magnetic resonance imaging; SAC, secondary auditory cortex; SCN, structural covariance network; SMC, somatosensory and motor cortex; SFG, superior frontal gyrus; SN, salience network; SPC, superior parietal cortex; STG, superior temporal
gyrus; T, tinnitus frequency; THI, Tinnitus Handicap Inventory; TPOJ, temporo-parieto-occipital junction; TQ, Tinnitus Questionnaire; VBM, voxel-based morphometry; WM, white matter.
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Lower functional connectivity.

Positive correlation

Study 1: Positive correlation with reduced THI and
connectivity: R thalamus to R IEG (r = 0.476, p =
0.016) FDR-corrected p < 0.05 (p. 2673). Study 2:
Positive correlation with reduced THI and connectivity:
Rinsula (r = 0.419, p = 0.030), RIPL (r = 0.468, p =
0.014), bilateral thalamus (left: r = 0.411, p = 0.033;
right: r = 0.503, p = 0.008, respectively), posterior left
MTG (SAC; r = 0.410, p = 0.034) FDR-corrected p <
0.05 (Figure 1, p. 5). Study 9: Positive correlation with
reduced THI: IG and EG: y, normalized clustering
coefficient (r = 0.326, p = 0.024). EG only: X,
normalized characteristic path length (r = 0.476, p =
0.014) post-hoc uncorrected p > 0.05 (p. 6). Study 11:
Positive correlation with reduced THI and connectivity
post-validation reproducibility checks: R thalamus to R
IFG (r = 0.434, p = 0.024) Tukey corrected p < 0.05
(p. 1736). Study 21: Positive correlation between THI
decrease and intranetwork functional connectivity
decrease in EG group only: L IFG of the LEPN (points: r
= 0.385, p = 0.027, %: r = 0.470, p = 0.006) and R
insula of SN (points: r = 0.415, p = 0.016; %: r = 0.391,
p=0.024, FWE-corrected p < 0.05 (p. 4766). Study 24:
Positive correlation with reduced THI % and reduced
connectivity: L SAC and L thalamus (r = 0.434, p =
0.024); L SAC and R thalamus (r = 0.414, p = 0.032)
FDR-corrected p < 0.05 (p. 5).

Negative correlation

Study 21: Negative correlation
between THI decrease and
intranetwork functional
connectivity increase in EG group
only: RIFG of the aDMN (points: 7
= —0.475, p = 0.005),
FWE-corrected p < 0.05.

No correlation

Study 1: Functional connectivity thalamus-IFG and
thalamus-ACC normalization (decrease).

Study 2: Thalamus connectivity at baseline is a predictor
of sound therapy success.

Study 9: High structural-functional ~connectivity
coupling at baseline is a predictor of sound therapy
failure.

Study 11: Sound may alter thalamus gating and enhance
“tinnitus-canceling” system.

Study 21: Intranetwork connectivity within the aDMN
and AUN is an effective predictor of sound therapy
success. Predictive value of changes in R IFG of aDMN
and L STG of AUN: sensitivity 94.3%; specificity 76.7%.
Study 24: Sound may recover the thalamus gating
function reducing connectivity strength between the L
SAC and bilateral thalami, evidencing the gain
adaptation mechanism theory.

Increased cortical thickness.

Study 8: No significant correlation
to THI change (p. 5) Study 18: No
THI correlation survived multiple
comparison correction (p. 5).

Study 8 result: Cortical thickness in auditory and non-
auditory regions normalization (increase).

Study 18: GM volume in left superior temporal lobe
normalization (increase).

Combined lower functional
connectivity and increased cortical
thickness.

Study 20: Positive correlation between THI and AD
decrease in EG only: R MCP (points: r = 0.331, p =
0.009; %: r = 0.280, p = 0.027); in EG and IG: L MCP
(points: r = 0.296, p = 0.017) uncorrected (p. 758).

Study 20: Negative correlation
between THI decrease and GM
increase: R MFG (r= —0.286, p =
0.024) and R precentral gyrus (r =
—0.362, p = 0.004) uncorrected (p.
756).

Study 17: Combined GM volume
increase and SCN change: L STG.
No correlation found with THI (p.
4).

Study 17: GM volume and change in structural
covariance network functional connectivity in  left
superior temporal lobe normalization (increase).

Study 20: Brain reorganization with GM change in right
MEFG, right precentral gyrus, combined with white
matter integrity change in MCP. The combined
predictive value of success MEG/precentral gyrus GM
change and bilateral MCP white matter integrity
change is 78.8% PPV and 81.9% NPV with sensitivity of
77.1% and specificity 82.8% (Table 2, p. 762).

loudness and downregulation of glutamate. Active
rTMS condition only; specific hemisphere stimulated (r
=0.77, p < 0.05; p. 66) Study 27: Positive correlation:
reduced TQ with reduced GM concentration in the left
medial temporal pole and the right posterior cingulate
cortex in the 1 = 36 group (Day 12) (Table 3, p. 7).

correlations in n = 41 (Day 90)
group (Table 3, p. 7).

ALFF Study 29: Positive correlation between decreased THI Study 28: No correlation found Study 28: ALFF in the left temporo-parieto-occipital
and decreased ALFF value of L parahippocampal gyrus with THI change. (p. 6). junction and right posterior cingulate cortex
(r= 0434, p = 0.016) after the effects of age, gender normalization (increase).
and disease duration were removed Study 29: ALEF in the left parahippocampal gyrus and
(Bonferroni-corrected p < 0.025 per hemisphere) (p. 7). the right Heschl’s gyrus normalization (decrease).

rTMS Study 13: Positive correlation: reduction in tinnitus Study 27: No significant Study 13: rTMS may induce the down regulation of

glutamate (excitatory neurotransmitter).
Study 27: rTMS induces transient decreases in GM
related to intervention ‘per se and not its clinical effect’

(»-9).

Behavioral evidence: A reduction in Tinnitus Handicap Inventory was found for all studies. Postintervention Group x Time effect: Postintervention comparison of neural network change sourced from study abstract, conclusion, and post-hoc comparative data tables.
AD, axial diffusivity; ALFE, amplitude of low-frequency fluctuation; AUN, auditory network; aDMN, anterior default mode network; EG, effective group; FDR, false discovery rate (post-hoc)-corrected; FWE, family-wise error (post-hoc)-corrected; GM, gray matter;
IEG, inferior frontal gyrus; IG, ineffective group; L, left; LEPN, left frontoparietal network; MCP, bilateral middle cerebellar peduncle; MFG, middle frontal gyrus; MTG, middle temporal gyrus; NPV, negative predictive value; PPV, positive predictive value; R, right;
rTMS, repetitive transcranial magnetic stimulation; SAC, secondary auditory cortex; SN, salience network; STG, superior temporal gyrus; TQ, Tinnitus Questionnaire.
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Study no: RoB result

Nation, source

Sample: demographic p-value,

hearing loss yes/no/mixed/none.

Design: type, intervention
days, control

Absent explicit text or statement
in published study

1 included China (Lv et al., 2020) Age p = 0.88, Gender > 0.99, No. NRSI, 84 days, Passive healthy. No RoB

2 included China (Han et al,, 2019) Age p= 0.78, Gender > 0.99, No. NRSI, 84 days, Passive healthy. No RoB

3 excluded Rep. Korea (Yakunina et al., 2018) No p-values, Yes. NRSI, 0 days, Active. No RoB

4 excluded South Korea (Lee et al.,, 2019) No p-values, Mixed. NRSI, 180 days, No control. No RoB/protocol

5 excluded Germany (Adamchic etal., 2012) No p-values. No. RCT, 84 days, Sham. Conflict stated contractual relationship
6 excluded USA (Kallogjeri et al., 2017) No p-values, Mixed. RCT, 56 days, Passive healthy. No ethics/RoB

7 included Germany (Krick etal,, 2015) Age p = 0.42, Gender= 0.95, Mixed. RCT, 5 days, Passive and Active. No RoB

8 included China (Wei et al., 2021a) Age p = 0.745, Gender > 0.99, No. NRSI, 168 days, Passive healthy. No RoB

9included China (Chen et al,, 2022) Age p = 0.755, Gender p = 0.128, Mixed. NRSI, 180 days, Passive healthy. No RoB/protocol

10 excluded Belgium (Vanneste et al,, 2013) No p-values, Mixed. RCT, 30 days, Sham. No Conflict/ethics/RoB/funding/protocol
11 included China (Han et al,, 2019b) Age p = 0.78, Gender > 0.99, None. NRSI, 84 days, Passive healthy. No RoB/conflict

12 excluded China (Feng et al,, 2020) Age p = 0.297, Gender p = 0.973, Mixed. RCT, 90 days, No control. No RoB/protocol

13 included USA (Cacace et al., 2018) No p-values, Mixed. RCT, 5 days, Sham-Active. No conflict/ethics/RoB

14 excluded Germany (Silchenko etal,, 2013) No p-values, No. RCT, 84 days, Passive healthy. No conflict/ethics/RoB/funding
15 excluded USA (Carpenter-Thompson et al., 2015) No p-values, Mixed. NRSL 1 day, No control. No RoB/protocol

16 excluded Korea (Kim etal,, 2016) No p-values, Mixed. NRSI, 90 days, No control. No RoB/protocol

17 included China (Wei et al., 2020a) Age p = 0.745, Gender > 0.99, No. NRSL, 168 days, Passive healthy. No RoB/protocol

18 included China (Wei et al., 2020b) Age p = 0.92, Gender > 0.99, No. NRSI, 84 days, Passive healthy. No RoB

19 excluded China (Huang et al,, 2021) No p-values, Mixed. NRSL 30 days, No control. No RoB/protocol

20 included China (Chen etal, 2021b) Age p= 0.812, Gender p = 0.438, Mixed. NRSI, 180 days, Passive healthy. No RoB

21 included China (Chen etal, 2021a) Age p=0.979, Gender p = 0.692, Mixed. NRSL, 180 days, Passive healthy. No RoB

22 excluded South Korea (Han et al., 2020a) No p-values, Mixed mild-severe. NRSI, 180 days, No control. No RoB/protocol

23 included Germany (Adamchic et al.,, 2014) No p-values, Mixed. NRSI, 84 days, Passive healthy. No RoB/funding

24 included China (Lv et al., 2021) Age p = 0.78, Gender > 0.99, No. NRSL 84 days, Passive healthy. No RoB/protocol

25 included China (Lan et al., 2022) Age p = 0.156, Gender p = 0.313, No. NRSI, 30 days, Passive healthy. No RoB/protocol

26 excluded Excluded prior to analysis due to invasive intervention not meeting review protocol inclusion criteria.

27 included Germany (Lehner et al.,, 2014) Age p = 0.983, Gender p = 0.752, Mixed. NRSI 10 days, No control. No RoB/funding

28 included China (Wei etal., 2021b) Age p = 0.745, Gender > 0.99, No. NRSI, 168 days, Passive healthy. No RoB

29 included China (Han et al.,, 2020b) Age p = 0.33, Gender > 0.99, No. NRSI, 84 days, Passive healthy. No RoB

Hearing loss present in study: Yes (loss present), No (loss not present), Mixed (some participants had hearing loss), None (no statement on loss). Explicit statements reviewed included ethics, conflicts of interest, funding, pre-intervention protocol, and risk of bias.
RoB, risk of bias, AMSTAR 2, Assessing the Methodological Quality of Systematic Reviews; NRSI, non-randomized studies of interventions; RCT, randomized controlled trial.
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Source study number

Intervention method

Behavioral
evidence:
questionnaire

Neurophysiological
evidence: group effect

Neurophysiological evidence:
group x time effect

Acute tinnitus duration < 3 months (1 = 1): Heidelberg model of music may prevent chronification through ‘long-lasting structural brain plasticity

effects (Study 7, p. 7).

7

Nine consecutive sessions over 5 days, 50-min per
session.

Decrease ATQ17.7 £ 13.6p
< 0.0001 for n =20 (p. 4)

No explicit comparison to healthy
control.

Increased GM density: R Heschl's gyrus (p =
0.047), (OP1) R Rolandic operculum (p = 0.022),
L superior frontal sulcus (p = 0.047)
FWE-corrected p < 0.05 (p. 6)

Chronic tinnitus duration >3-< 60 months (n = 2):
Higher functional connectivity of the SN-REPN may
TMNMT success instead (Study 25).

rTMS may induce the down regulation of glutamate (excitatory neurotransmitter) (Study
predict a rTMS benefit, whereas lower AUN-SN and AUN-CN functional connectivity may predict

13).

13 rTMS: Five-sequential days, 20 min per day, 1-Hz Decrease A THQ 6.52%, Sham-active crossover design; therefore, | Positive correlation: reduction in tinnitus loudness
stimulation, 1,200 pulses per session, left (active) 1.36% (sham) p = no group only effect. and down-regulation of glutamate. Active rTMS
hemisphere. 0.005 for 1 = 25 (p. 65) condition only; specific hemisphere stimulated (r
=0.77, p < 0.05; p. 66)
25 rTMS: Single pulse, 50 min, 10 consecutive Decrease ATQ rTMS: 5.37 & No explicit comparison to a Posttreatment TQ with base MRI:

working days, 1-Hz stimulation, 2,000 stimuli, left
temporal cortex. Sound TMNMT: 30 min, four
times per day, for 1 month.

7.37,p < 0.001 for n =43, and
TMNMT: 4.90 £ 4.08, p <
0.001 for n = 43.No
significant difference between
groups (p = 0.717; p. 6)

healthy control. Tinnitus subgrouping:
responder (>5 TQ decrease) 1 = 42
non-responder (<5 TQ decrease) n =
44 with mean age older p = 0.036 (p. 6)

TMS: AUN-REPM p = 0.014 and SN-REPN p =
0.002. Prediction SN-REPN: AUC 0.804, sensitivity
0.700, specificity 0.913.

TMNMT: AUN-SN p = 0.027 and AUN-CN p =
0.027. Prediction AUN-SN: AUC 0.764, sensitivity
0.864, specificity 0.667 (pp. 8,9)

Chronic extended tinnitus duration > 60 months: Acoustic CR neuromodulation may normalize oscillatory

and cingulate cortices to a healthy control level (Study 23). rTMS induces transient decreases in gray matter

clinical effect” (Study 27, p. 8).

related to intervention “per se and

power significantly in temporal, parietal,

not its

23

Acoustic CR neuromodulation: 12 weeks
stimulation using a portable acoustic device.

Decrease ATQ —11.0 £ 10.2,
Decrease VAS Loudness (L) or
Annoyance (A): VAS-L: =195
+22.6, VAS-A: —19.3 £ 21.6
(all p < 0.01) for n =28. (p.
2105)

Tinnitus compared to healthy control:
Higher spectral power in (Hz) delta
(1-3.5), low theta (<5), high beta (>20),
low gamma (30.5-48), high gamma
(52-90). Lower spectral power in high
alpha (9.7-12 Hz).

Tinnitus subgrouping into ‘Good responder’ (=12
TQ decrease) n = 12. Not good responders n = 16.
Reduction of beta and high gamma in entire
cortex. Delta and low gamma decreased in
temporal and parietal regions. Increase in alpha
power in entire cortex (Figure 3, p. 2108)

27

rTMS: 10 consecutive working days, 1-Hz
stimulation, 2,000 stimuli, L temporal cortex.

Day 12 for n = 77 Decrease
TQ p = 0.016. Day 90 for n =
41 Decrease TQ p = 0.052 (p.
4)

No healthy control for comparison

Positive correlation: Reduced TQ with reduced
GM concentration in the L medial temporal pole
and the R posterior cingulate cortex in the n = 36
group (Day 12). No significant correlations in n =
41 (Day 90) group (Table 3, p.7)

Behavioral evidence: a reduction in THQ or TQ was found for all studies. Group effect: pre-intervention comparison of tinnitus with healthy control participants. Group x Time effect: Postintervention comparison of neural network change sourced from study
abstract, conclusion, and post-hoc comparative data tables.

AUN, auditory network; CN, cerebellar network; CR, coordinated reset; FWE, family-wise error correction; GM, gray matter; L, left; MRI, magnetic resonance imaging; PAC, primary auditory cortex; R, right; REPN, right frontoparietal network; rTMS, repetitive
transcranial magnetic stimulation; SN, salience network; THQ, Tinnitus Handicap Questionnaire; TQ, Tinnitus Questionnaire; TMNMT, tailor-made notch music training; VAS, visual analog scale.
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