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Idiopathic tinnitus is a common and complex disorder with no established cure. The CAABT (Cochleural
Alternating Acoustic Beam Therapy CAABT), is a personalized sound therapy designed to target
specific tinnitus frequencies and effectively intervene in tinnitus according to clinical tinnitus
assessment. This study aimed to compare the effectiveness of the CAABT and Traditional Sound
Therapy (TST) in managing chronic idiopathic tinnitus. This was a randomized, double-blind, parallel-
group, single-center prospective study. Sixty adult patients with tinnitus were recruited and randomly
assigned to the CAABT or TST group in a 1:1 ratio using a computer-generated randomization. The
treatment lasted for 12 weeks, and participants underwent assessments using the tinnitus handicap
inventory (THI), visual analog scale (VAS), tinnitus loudness measurements, and resting-state
functional magnetic resonance imaging (rs-fMRI). Both groups showed significant reductions in THI
scores, VAS scores, and tinnitus loudness after treatment. However, CAABT showed superiority to
TST in THI Functional (p=0.018), THI Emotional (p=0.015), THI Catastrophic (p=0.022), THI total score
(p=0.005) as well as VAS score (p=0.022). More interesting, CAABT showed superiority to TST in the
changes of THI scores, and VAS scores from baseline. The rs-fMRI results showed significant changes in
the precuneus before and after treatment in both groups. Moreover, the CAABT group showed more
changes in brain regions compared to the TST. No side effects were observed. These findings suggest
that CAABT may be a promising treatment option for chronic idiopathic tinnitus, providing significant
improvements in tinnitus-related symptoms and brain activity.

Trial registration: ClinicalTrials.gov:NCT02774122.
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Idiopathic tinnitus is a heterogeneous disorder that affects millions of individuals worldwide across all age
groups; its prevalence in adults can reach 15%'. Recent research has sought to differentiate between tinnitus and
tinnitus disorders. Because of the close associations between tinnitus and psychological disorders (e.g., anxiety,
depression, and insomnia), tinnitus disorders are defined as functional impairment and behavioral changes
resulting from psychological disorders (e.g., anxiety, depression, and insomnia) when tinnitus?. For example,
negative emotions not only act as a susceptibility factor but also ensue as a consequence of tinnitus, thereby
intensifying the severity of the condition and hindering patients’ adaptation to the persistent sound. Hearing
loss linked to cognitive decline and poorer cognitive performance is caused by severe’ tinnitus. Additionally,
autonomic dysfunction is also known as a risk factor for tinnitus. Excessive stimulation of the sympathetic
nervous system heightens mental and physical tension, potentially lowering tolerance to tinnitus and impeding
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habituation. Recent studies have investigated the mechanism of tinnitus, to develop effective management strat-
egies; tinnitus was presumed to originate in the cochlea. A reduction in cochlea nerve afferent input triggers
compensatory changes in neurotransmission within auditory and non-auditory structures, leading to neural
hyperexcitability. These persistent changes in neural hyperexcitability contribute to the formation of tinnitus
networks characterized by altered functional connectivity, resulting in the development and perception of chronic
tinnitus®. However, perceptions of tinnitus and external sounds involve distinct and independent pathways. The
bottom-up pathway is responsible for processing external sounds, whereas the Top-down pathway is involved
in the perception of tinnitus. Consequently, the mechanism underlying chronic tinnitus focuses primarily on
functional connections between higher-level auditory and non-auditory centers®->.

Despite the strong preference for drug therapy in tinnitus management in China, no specific drug or cure
has been established®. However, certain interventions enhance the quality of life and reduce tinnitus-related
psychological distress by addressing the impact of tinnitus sensations. Cognitive behavioral therapy, recom-
mended in the American tinnitus guidelines, has shown positive therapeutic effects in terms of improving quality
of life and reducing the adverse effects of tinnitus. However, its effectiveness may be limited in cases of severe
or prolonged tinnitus’. Sound therapy, assessed through subjective evaluations, has demonstrated effectiveness
in tinnitus management. The efficacy of sound therapy improves with the duration of daily treatment; it can be
effective as a standalone method without additional counseling®’. Vernon'® demonstrated that tinnitus mask-
ing, a standard monotone therapy, involves using external noise to distract the patient’s attention and reduce
the contrast between the tinnitus signal and background activity within the auditory system. Advancements
in portable devices, such as smartphones, have led to the development of cochleural alternating acoustic beam
therapy (CAABT)'; this method uses various sound therapy algorithms to modify the sound in all dimensions,
adapting to the patient’s needs over time. It is a sound therapy that focuses on specific tinnitus frequencies and
relies on clinical tinnitus assessment methods for intervention. We aimed to provide alternative options for
patients seeking personalized intervention. Furthermore, based on clinical assessment methods, sound therapy
adjusted according to specific tinnitus frequencies offers personalized interventions. Compared with other sound
therapies, CAABT could tailor acoustic stimuli to the unique characteristics of each patient’s tinnitus perception.
Tailored sound therapy, in general, aims to provide auditory stimuli customized to an individual’s specific tin-
nitus features. CAABT goes a step further by incorporating adaptive beamforming technology. It dynamically
adjusts the acoustic beam to match the perceived characteristics of the tinnitus for each patient, providing a more
individualized and potentially effective treatment. The "alternating" aspect in the context of CAABT may refer
to the dynamic adjustments or variations made to the acoustic beam, possibly involving changes in frequency,
intensity, or spatial characteristics. These alterations aim to optimize the therapeutic effects of acoustic stimula-
tion for better outcomes in managing tinnitus. Therefore, in this randomized controlled trial, we compared the
effectiveness of CAABT and traditional sound therapy (TST).

Advancements in neuroimaging techniques, particularly functional magnetic resonance imaging (fMRI), have
provided valuable insights into tinnitus-related changes in brain structure and function. Resting-state fMRI (rs-
fMRI), based on blood-oxygenation-level-dependent (BOLD) signals, assesses abnormal spontaneous activity in
specific brain regions of individuals with tinnitus during the resting state. It is well-recognized that rs-fMRI is a
highly effective, non-invasive method for investigating the neural pathways associated with tinnitus. It can also
be utilized for therapeutic efficacy assessments’. This non-invasive technique provides objective and detailed data
regarding spontaneous neural activity, functional connectivity, and altered brain function. Notably, rs-fMRI can
investigate neural pathways associated with tinnitus and evaluate treatment efficacy'?. Zang et al."* introduced
the use of regional homogeneity (ReHo) analysis in fMRI. ReHo analysis measures consistency in differences
between a specific voxel and its neighboring voxels during the resting state. The synchronization of local neural
activities can be investigated by comparing changes in ReHo values in a particular brain region among healthy
individuals, which reveals the involvement of these brain areas in neural processing'*. The fMRI results revealed
distinct patterns of activation within key auditory and limbic regions, shedding light on the neural correlates of
this enigmatic condition. To elucidate the neurobiological underpinnings of tinnitus, our investigation employed
fMRI to probe the changes in neural activity associated with tinnitus perception after both interventions.

Methods

This two-group, double-blind, randomized controlled trial compared the effectiveness of CAABT and TST in the
management of adult patients with tinnitus at the Department of Otolaryngology-Head and Neck Surgery, Bei-
jing Friendship Hospital, Capital Medical University, using a 12-week follow-up period after treatment. The trial
was registered at ClinicalTrials.gov (NCT02774122) in Aug. 2016. The Ethics Committee of Beijing Friendship
Hospital approved the study protocol (approval no. 2016P2-012). The study was performed in accordance with
the ethical standards as laid down in the 1964 Declaration of Helsinki and its later amendments or comparable
ethical standards.

Inclusion and exclusion criteria
Inclusion criteria:

Participants aged 18-80 years with unilateral chronic tinnitus lasting for at least 6 months;
All subjects had the dominant tinnitus frequency between 125 and 8000 Hz;

Hearing loss did not exceed moderate deafness and communicated normally;

Persistent tinnitus;

Patients with primary or idiopathic tinnitus.
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We excluded participants with secondary tinnitus resulting from external, middle, or inner ear diseases, audi-
tory nerve disease, or non-auditory system dysfunction; hyperacusis; contraindications for magnetic resonance
imaging; The ears with tinnitus had moderately severe or severe hearing loss; serious mental illness; incomplete
adherence to the prescribed treatment; receipt of alternative sound therapies; or inability to cooperate during the
audiological examination and tinnitus detection. Additionally, patients with acoustic neuroma were excluded
after acoustic emissions (DPOAE) and whole-brain morphological examinations using a 3-Tesla magnetic reso-
nance imaging device (General Electric; Milwaukee, WI, USA).

Participant recruitment

Volunteers and unilateral tinnitus patients who visited Beijing Friendship Hospital were recruited for unilateral
tinnitus sound therapy through newspaper advertisements, online platforms, and email. We collected data on
all outcomes at 12-week follow-up. After routine registration, all patients underwent physical examinations
performed by otolaryngologists, as well as audiological and psychoacoustic tinnitus evaluations. Eligible patients
completed the case record form, tinnitus handicap inventory (THI), and visual analogue scale (VAS). Informed
consent was obtained from all study participants.

Randomization of CAABT and sound therapy groups

Group randomization was conducted using a validated computer-generated randomization table. Participants
were informed that they would be randomly assigned to receive a harmless sound therapy for tinnitus treatment.
Subsequently, an independent researcher not involved in the clinical trial assigned participants to treatment
groups at a 1:1 ratio based on the randomization table. Participants, investigators (clinicians and audiologists),
and statisticians were unaware of the treatment group to which each patient had been assigned (cochleural
alternating acoustic beam therapy or sound therapy). To ensure allocation concealment, the sound therapy
devices were identical in terms of packaging, labeling, appearance, and wearing schedule.

Interventions (CAABT or TST) and tinnitus consultation

CAABT, an innovative synthetic sound therapy, transmits two sound components to patients using specialized
equipment. The first component comprises natural sounds such as ocean or water sources, allowing patients to
select their preferred background sounds. This harmonious natural sound background helps patients adapt to
the treatment, desensitizes their reaction to tinnitus, reorganizes the central system to cope with tinnitus, and
reduces hypersensitivity. Similar to acoustic coordinated reset neuromodulation(ACRN), the second component
focuses on tinnitus frequency (TF), as identified through acoustic tinnitus evaluations. Sounds centered around
TF generate four groups of sounds: F1, TE, F2, and ST (F1+ TF + F2) where F1 represents TF (1-10%) Hz, F2
represents TF (1+10%) Hz, and ST represents simultaneous sound stimulation of F1, TF, and F2. The sound
sequence is arranged as F1, TE, F2, and ST (F1 + TF + F2), and this sequence is repeated. We disrupted auditory
memory associated with tinnitus, attenuated unpleasant experiences, and induced brain plasticity by alternating
the TF based on stimulation'®. Each sound lasts 150 ms; intervals between stimulus sounds are set to 100, 100,
500, and 500 ms for D1, D2, D3, and D4, respectively (Supplementary Fig. 1). The intensities of the stimulus
sound and background sound were determined based on the minimum masking level (MML); the stimulus sound
was set to MML—5 dB and the background sound was set to MML—10 dB (Supplementary Fig. 2). Patients can
effortlessly listen to these sounds by wearing sound emitters and activating the switch.

TST, a conventional monophonic sound therapy, typically involves the use of narrow-band noise that
matches the TE. The intensity of the masking sound exceeds the MML of tinnitus by 5 dB. TST remains a
commonly used therapy for tinnitus because of its simplicity and safety. The therapeutic mechanism involves
introducing a background sound that weakens the ability of the nervous system to perceive the tinnitus sound,
thereby reducing its impact. Additionally, external sounds distract the patient’s attention away from the tinnitus,
resulting in reduced perception and distress. However, sound therapy has some limitations in clinical practice.
The monotonous nature of the narrow-band noise used in masking may render it unappealing to some patients,
who find it tedious to listen to masking sounds that closely resemble their tinnitus frequency. Furthermore, issues
such as separation-type masking curves, or challenges in achieving effective masking can limit its effectiveness.
CAABT introduces a unique auditory experience by incorporating two integral components: synthesized
background sound and stimulus sound, diverging from the conventional use of narrowband noise. The fluctuating
nature of the background sound, characterized by dynamic variations, ensures that recipients do not experience
monotony or tedium. Notably, CAABT’s auditory composition avoids the partial masking of tinnitus sounds,
thereby circumventing constraints associated with specific masking curve types.

Tinnitus counseling for patients involves explaining the causes, potential harms, and effective management
strategies; it also involves emphasizing the significance of maintaining the audibility of the tinnitus side of the
ear as well as the use of sound generators and an understanding of the specific mechanisms by which tinnitus
can be habituated. Moreover, it is important to share the experiences of individuals with tinnitus who have
benefited from sound therapy.

rs-fMRI

fMRI was conducted using BOLD signals, a common approach. All participants underwent whole-brain
morphological examinations using a 3-Tesla magnetic resonance imaging device (General Electric; Milwaukee,
WI, USA) in the Department of Radiology at Beijing Friendship Hospital, Capital Medical University. Scans were
conducted with a 16-channel phase control head coil while the participants were in a supine position. During
scans, participants were given rubber earplugs and earphones with outer covers to minimize external auditory
stimuli. Participants were instructed to keep their heads still, close their eyes, and avoid thinking of anything in
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particular. The scanning parameters included three-dimensional fast spoiled gradient echo sequence imaging
with a repetition time of 8.8 ms, echo time of 3.5 ms, field of view of 240 mm X 240 mm, slice thickness of 1.0 mm,
slice distance of 0 mm, matrix size of 256 x 256, flip angle of 15°, and excitation number of 1.0. In total, 196
continuous sagittal plane images were obtained.60 normal individuals with the same sex, age, and handedness as
all tinnitus patients were enrolled as the reference group. For tinnitus patients and 60 eligible normal participants,
rs-fMRI was performed using a gradient-echo echo-planar imaging sequence with a repetition time of 2000 ms,
echo time of 35 ms, layer thickness of 6 mm, field of view of 240 mm x 240 mm, layer spacing of 1 mm, matrix
size of 64 x 64, flip angle of 90°, and excitation number of 1.0. In total, 200 time points were scanned, each lasting
2 s. The scan covered 28 layers from the base of the skull to the top of the head, with the scanning baseline parallel
to the joint line of the front and back. rs-fMRI scans were performed free of charge; the costs of other tests were
covered by medical insurance.

Trial procedure

The experiment was conducted following a previously published randomized controlled trial protocol'. All
participants underwent audiological and tinnitus-related examinations. Eligible participants completed the case
record form and underwent rs-fMRI. Next, they were randomly assigned to the CAABT group or the TST
group for 3 months. Before treatment, qualified audiologists instructed the participants to wear and adjust their
sound therapy devices. The loudness of the therapy device was adjusted to the most comfortable level for each
participant. Participants were advised to wear the sound therapy device for 15 min three times per day while
maintaining a relaxed state without focusing on the sound signals. They were encouraged to engage in activities
such as meditation, reading magazines, or internet browsing. The device volume was adjusted to a level that
allowed the sound to be audible and blend with each participant’s tinnitus, rather than completely masking it.
During treatment, participants were monitored each day through various instant messaging applications on their
mobile phones. They received reminders and inquiries about device usage, such as "Did you wear the sound
therapy device today?" and "Please continue using the therapy device according to the instructions for the entire
12-week treatment course." Participants were also encouraged to contact the researchers with any queries or
concerns. Participants could withdraw from the trial at any time if they experienced discomfort or decided not
to continue. The case record form collected basic personal information and details such as tinnitus duration,
characteristics, triggers, and treatment history; affected side; handedness (left or right); and the impacts of
tinnitus on thoughts, emotions, hearing, sleep, and attention.

Outcome measures

The THIY, VAS, and tinnitus loudness were used as the main outcome indicators. Tinnitus impact on patients is
assessed using THI, a commonly used clinical test, on three dimensions: functional, emotional, and catastrophic.
It has 25 questions with a 3-point rating system (0 for no, 2 for occasionally, and 4 for yes). The total score is
determined by summing the scores from all three dimensions, where higher scores indicate greater severity of
tinnitus-related disorder'”'®. Tinnitus severity is categorized into five grades (1 to 5), such that a higher grade
indicates a higher score and a more severe condition. The maximum score achievable on the THI is 100 points.
The validated Chinese version of the THI has demonstrated good reliability and validity, with a validity coefficient
0f 0.90".

VAS and tinnitus loudness

The VAS allows patients to subjectively assess the loudness of their tinnitus and its impact on their well-being
using a rating scale, which ranges from 0 to 10%%; higher scores indicate louder tinnitus sounds and greater
impact. A score of 0 represents no tinnitus sound and no impact, whereas a score of 10 represents an infinitely
loud tinnitus sound causing a catastrophic impact. Evaluation scores before and after treatment were compared
to assess changes in tinnitus loudness.

Psychoacoustic measurements of tinnitus were conducted using the TiniTest system (www.micro-dsp.com),
which includes comprehensive assessments, such as tinnitus loudness, pitch and loudness matching, octave
confusion test, MML, and residual inhibition test. These tests were administered with precise intensity level and
frequency to accurately identify specific therapy requirements. All hearing and tinnitus tests were performed in
a soundproof room that complied with relevant standards (room noise <25 dB).

Our secondary outcome measure was the rs-fMRI.

Feldmann’s masking curves

Feldmann’s masking curves were assessed through a test conducted at frequencies equivalent to those examined
in standard tonal audiometry. This involved the use of narrow-band noises or pure tones (excluding cases
where narrow-band noises failed to mask tinnitus). The test proceeded in 5 dB increments (lasting 1-2 s per
stimulation) starting from hearing thresholds, and continuing until the participant indicated they could no longer
perceive their tinnitus. The resulting curves, derived from the spatial relationship between hearing thresholds
(Supplementary Table 1) and tinnitus masking, were categorized into five types according to Feldmann’s
classification: (1) Convergent; (2) overlapping; (3) Separated; (4) spaced; (5) Antagonistic.

Statistical analysis

The sample size was calculated based on the THI score?’; alpha and beta levels were 0.05 and 0.2 (two-sided),
respectively, and the expected loss to follow-up rate was 20%. Based on the estimation that 58 participants were
needed (29 per group), we enrolled 60 participants (30 per group). Statistical analyses were performed using
SPSS 19.0 (IBM Corp., Armonk, NY, USA) following the consolidated standards guidelineszz. Data was reported
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as the mean + SD of triplicates. Categorical variables are represented as percentages and numbers. Comparative
analyses within and between the CAABT group and TST group were conducted using independent samples
t-tests. Paired samples t-tests were used for within-group comparisons; the chi-squared test was used for data
with homogenous variance, whereas the Wilcoxon rank-sum test was used for data with heterogeneous variance.
P-values <0.05 were considered statistically significant.

Statistical analysis of fMRI data involved using the rs-fMRI data analysis toolkit (REST software; http://
www.restfmri.net) to conduct ReHo analysis. The preprocessing steps included the removal of the first 10
volumes, temporal alignment, motion correction, spatial normalization, and resampling to a voxel size of
3 mmx 3 mm x 3 mm. After calculation, the ReHo results were spatially smoothed using a Gaussian filter
with a maximum full width of 6 mm. The REST software automatically displayed the regional neural activity
characteristics of tinnitus patients; the analysis revealed specific local neural activity characteristics within
tinnitus patients. Statistical comparisons between groups were performed using analysis of covariance; differences
in local neural activity between the groups before and after treatment were analyzed using paired-sample t-tests
with false discovery rate correction. The significance threshold was set to P<0.05. The results were presented
using REST software.

Results

Baseline characteristics

The study was conducted at the Department of Otorhinolaryngology-Head and Neck, Beijing Friendship Hospi-
tal, between March 2016 and July 2020. In total, 96 participants with unilateral persistent tinnitus were recruited.
Of these, only 60 participants met the criteria for inclusion in the trial. In total, 60 participants were randomly
assigned to the TST group or CAABT group (n=30 per group). After excluding 4 CAABT patients and 3 TST
patients from the group, 26CAABT patients and 27 TST patients were analyzed. Figure 1 illustrates the trial
protocol, including participant withdrawal and non-response. Loss to follow-up did not significantly differ
between the two groups (P> 0.6). Baseline characteristics of relevant covariates were assessed using completed
questionnaires (THI, VAS) from both groups (n =28 per group), except for patients who reported moderate tin-
nitus severity on the THI scale (Table 1). The distribution of patients between the CAABT and TST groups was
well-balanced. The questionnaire responses indicated that all patients were engaged in very light physical activity

36 excluded:

12 sudden hearing loss;

5 severe hearing loss;

3 Meniere's disease;

2 heart stents;

. 2 hyperacusis;

96 patients enrolled 1 hzgd trauma with metal clip;
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. . - 1 knee replacement;
60 patlen‘Fs .ehglble to | claustrophobia.
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TMT group

A

A

3 lost follow
up

4 lost follow
up

A 4

26 completed measurement at 3 months
4 missed measurement at 3 months:
2 did not complete questionnaires or

27 completed measurement at 3 months
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fMRI and tinnitus loudness;
1 family emergency;

1 unable to attend.

2 completed questionnaires but did not
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1 traveling for work;
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Figure 1. Flow diagram of the study protocol.
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Characteristics and clinical outcomes | Mean (SD) (%) | CAABT group | TST group Xt |p
Age (years) 46.53 (13.22) 48.25 (14.23) 44.5(12.21) |1.058 |0.295
Ex (%)

Male 23 (60%) 13 (46.4%) 10 (35.71%) | 0.664 | 0.415
Female 33 (40%) 15 (53.6%) 18 (64.29%)

Education (%)

School level 25 (44.64%) 10 (35.71%) 15 (53.57%) | 1.806 | 0.415
Higher education 31 (55.36%) 18 (64.29%) 13 (46.43%)

Work

Yes 35 (62.5%) 17 (60.71%) 18 (64.29%) | 0.076 | 0.783
No 21 (37.5%) 11 (39.29%) 10 (35.71%)

Physical labour

Extremely light 18 (32.15%) 6 (21.4%) 12 (42.9%)

Light 38 (67.85%) 22 (78.6%) 16 (57.1%) 2947 1 0.086
Extremely light 18 (32.15%) 6(21.4%) 12 (42.9%)

Dominant hand

Extremely light 18 (32.15%) 6 (21.4%) 2 (42.9%) | 1.018 |0.313
Light 38 (67.85%) 22 (78.6%) 16 (57.1%)

History of smoking

Yes 8 (12.5%) 4(14.29%) 3(10.71%) | 0.583 | 0.445
No 48 (87.5%) 24 (85.71%) 25 (89.29%)

History of drinking

Yes 6 (14.29%) 4 (14.29%) 4(14.29%) | 1.00 0.00
No 50 (85.71%) 24 (85.71%) 24 (85.71%)

Duration of tinnitus (years)

0.5-5 (including 5 years) 37 (66.08%) 19 (67.86%) 18 (64.29%) | 0.087 | 0.778
>5 19 (33.92%) 9 (32.14%) 10 (35.71%)

History of treatment

No 20 (35.71%) 1(39.29%) 9(32.14%) | 0.311 |0.575
Yes 36 (64.29%) 17 (60.71%) 19 (67.86%)

Light tinnitus (THI< 16) 13 (23.21%) 4(14.29%) 9(32.14%) | 2.504 |0.114
Mild tinnitus (18-36) 13 (23.21%) 5(17.86%) 8(28.57%) | 0.902 | 0.342
Severe tinnitus (58-76) 14 (25%) 7 (25%) 7 (25%) 1.000 | 0.000
Catastrophic tinnitus (78-100) 6 (10.72%) 4 (14.28%) 2(7.14%) |0.747 |0.388
Tinnitus side

Left or left head 30 (53.57%) 13 (46.43%) 17 (60.74%) | 0.220 | 0.639
Right or right head 26 (46.43%) 15 (53.57%) 1 (39.26%)

PTA in tinnitus side

PTA right ear 22.04 (17.72) 18.77 (9.42) 25.3(26.02) |1.059 |0.299
PTA left ear 24.83 (21.07) 27.28 (16.81) 22.38(15.33) |0.64 0.53
Feldmann’s curve

Convergent or overlapping 53 (94.64%) 28 (100) 25(89.29%) | 3.170 | 0.075
Separated or spaced 3 (5.36%) 0(0) 3(10.71%)

RlI-value

Incompletely positive 12 (21.43%) 5(17.86%) 7 (25%) 0.424 |0.515
Completely positive 44 (78.57%) 23 (82.1%) 21 (75%)

Feldmann’s curve

Convergent or overlapping ‘ 53 (94.64%) ‘ 28 (100) ‘ 25 (89.29%) 17010073

Table 1. Baseline characteristics. SD standard deviation; CAABT Cochleural alternating acoustic beam
therapy; TST traditional sound therapy; RI residual inhibition; THI tinnitus handicap inventory; PTA
pure-tone audiometry; School level: primary, junior, and high schools; Higher education: undergraduate or

postgraduate.

(e.g., typing, driving, playing cards, and cooking) or light physical activity (e.g., walking on a flat surface, clean-
ing, and babysitting). Of the 56 participants, 36 (64.29%) had previously received tinnitus treatment. Further-
more, 20 participants (35.72%) reported severe and catastrophic tinnitus (total THI score > 58). Additionally, 51
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participants (91.07%) had pure tinnitus, 53 participants (94.64%) exhibited converging or overlapping Feldmann
curves, and 44 participants (78.57%) showed complete positivity in the residual inhibition test.

Comparison of THI and VAS

At baseline, THI and VAS ratings did not significantly differ between the two groups (P> 0.05). However, after
three months of therapy, both groups demonstrated significant reductions in THI and VAS values after treat-
ment (P<0.05; Table 2). Furthermore, CAABT showed superiority to TST in THI Functional (p=0.018), THI
Emotional (p=0.015), THI Catastrophic (p=0.022), THI total score (p =0.005) as well as VAS score (p =0.022).
Regarding tinnitus loudness, there were no significant differences between the CAABT group and TST group
at baseline and after 3 months of therapy (p >0.05; Table 2). Next, post-intervention outcomes from pre- to
post-intervention were analyzed using ANCOVA with the pre-intervention measure as a covariate. The results
showed that CAABT showed superiority was superior to TST in the THI functional (F=34.165, p <0.0001), THI
emotional (F=33.811, p<0.0001), THI catastrophic (F=15.161, p <0.001), THI total score (F=52.116 p <0.001)
and VAS score (F=13.524, p<0.001). Figure 2 demonstrates estimated marginal means and standard errors for
the clinical cofactors pre-and post-intervention. We also compared the changes of variables from baseline after
both interventions. The results showed that CAABT showed superiority to TST in the changes of all variables
from baseline (Table 3). Significant reductions in tinnitus loudness were observed within each group after treat-
ment (P<0.01; Table 3).

CAABT group (n=28) TST group (n=28)

Outcome measures Baseline 3 months P Baseline 3 months P P1 P2 F P3

THE Functional 19.57 (11.79) 6.1(3.31) 0.0001 16.3 (12.47) 9.1(5.21) 0.006 0.348 0.018 34.165 <0.0001
Emotional 15.79 (10.26) 3.4 (2.43) 0.000 11.8 (10.97) 6.5 (5.85) 0.0282 0.172 0.015 33.811 <0.0001
Catastrophic 11.64 (5.22) .5(2.96) 0.000 9.64 (4.08) 5.29 (2.68) 0.000 0.116 0.022 15.165 <0.001
Total score 47 (25.74) 13.0 (7.02) 0.000 38 (25.51) 20.7 (11.89) 0.000 0.194 0.005 52.166 <0.001
VAS score 5.82 (2.50) .5(1.29) 0.0001 5.21(1.81) 3.39 (1.52) 0.000 0.303 0.022 13.524 <0.001
Tinnitus loudness 47.32(19.97) 32.71 (23.36) 0.0187 42.3 (20.40) 32.07 (21.88) 0.0868 0.362 0.898 0.003 0.956

Table 2. Outcomes of THI, VAS, and tinnitus loudness at baseline and 3 months after treatment within

and between the CAABT group and TST group. CAABT Cochleural alternating acoustic beam therapy;

TST traditional sound therapy. THI: tinnitus handicap inventory; VAS: visual analogue scale p: comparison
between before and after treatment in each group; p1, comparison between two groups before treatment; p2,
comparison between two groups after treatment. P3: Comparison of estimated marginal means + standard
errors between groups.
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Figure 2. Bar chart showing the estimated marginal means + standard errors for co-factors pre-intervention
and post-intervention.
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fMRI results

The CAABT group (26 participants) and TST group (27 participants) were matched with the same sex, age, and
right-handedness. Paired-sample t-tests were conducted within each group to compare ReHo values before and
after treatment; brain regions that exhibited significant differences were analyzed and presented on a mind map.
In the CAABT group, after treatment, the ReHo values decreased in the precuneus(t=— 4.47), right precentral
gyrus (PreCG, t=- 3.96)), and posterior cerebellum (t=— 3.98); the ReHo values increased in the left inferior
parietal lobule (t=3.88), right inferior parietal lobe (t=3.29), left cuneus anterior lobe (t=4.05), right precu-
neus (t=3.86), and right middle frontal gyrus (MFG, t=3.78). After treatment, the precuneus and left middle
temporal gyrus in the TST group showed lower ReHo values (respectively t=— 4.63; t=— 6.17); no other brain
areas displayed higher ReHo values. Figures 3 and 4 depict changes in various brain regions following CAABT
and TST, respectively. ReHo values that are higher are displayed in red, while those that are lower are displayed
in blue. The detailed information is presented in Table 4.

Side effects
Participants reported no side effects throughout the treatment period.

Discussion

Multiple studies have demonstrated the effectiveness of sound therapy for tinnitus®**-**. These studies revealed a
positive correlation between sound therapy and relief from tinnitus symptoms®. Furthermore, customized sound
therapies effectively improve tinnitus loudness®*. In this prospective randomized controlled trial, the effectiveness
of CAABT in treating individuals with chronic idiopathic tinnitus was compared to TST in terms of tinnitus
severity reduction and quality of life enhancement. After 3 months of treatment, CAABT showed superiority
to TST in THI Functional (p=0.018), THI Emotional (p=0.015), THI Catastrophic (p =0.022), THI total score
(p=0.005) as well as VASscore (p=0.022). More interesting, CAABT showed superiority to TST in the changes
of THI scores, and VAS scores from baseline. Additionally, no side effects were reported in either group. The rs
fMRI results showed significant changes in the precuneus before and after treatment in both groups. Moreover,
the CAABT group showed more changes in brain regions compared to the TST. Therefore, CAABT was effective
in patients with tinnitus of varying severity levels.

CAABT and TST demonstrated considerable safety and effectiveness, such that objective imaging changes
were observed within 12 weeks; these changes reflect the impact of sound therapy on brain function. Notably,
CAABT produced significant changes from baseline in THI and VAS scores compared with TST. The significant
changes observed with CAABT may be linked to its unique mechanism of inducing neuroplastic changes and
desensitization to tinnitus, as opposed to the mechanisms involved in TST. The effectiveness of each approach
can be influenced by the individual characteristics of the patients, the duration of therapy, and the specific
components of the sound stimuli used in each protocol.

The treatment groups exhibited changes in the precuneus, emphasizing its close association with persistent
tinnitus perception and centralization, considering its role as a vital component of the default mode network?.
We found that the ReHo value of the precuneus was altered. This variability could be attributed to factors such
as tinnitus duration and severity, as well as the diverse characteristics of tinnitus sounds; the small sample
size might have contributed to the contradictory results. The precuneus is a functionally complex region with
distinct subdivisions; the characteristics and connectivity of each subdivision and their associations with relevant
networks can substantially vary.

Additionally, significant changes were observed in the left middle temporal gyrus after TST. Han et a
demonstrated that patients with primary tinnitus exhibited higher fractional amplitude of low-frequency
fluctuations and ReHo values in the middle temporal gyrus, compared with healthy controls. Moreover, ReHo
values have shown positive correlations with THI scores. Wang et al.** demonstrated that the middle temporal
gyrus displays abnormal function in severe tinnitus patients. We observed a decrease in the ReHo value of the
middle temporal gyrus after TST (t=— 6.17), indicating reduced local neural activity and confirming treatment
efficacy. Notably, the tinnitus patients in our study had normal hearing, which is consistent with Anthony’s
initial study on unilateral tinnitus with hearing loss, where a decrease in the ReHo value of the middle temporal
gyrus was observed?!.

Compared with the TST group, the CAABT group exhibited functional changes in more brain areas after
treatment. In addition to the precuneus, seven other brain regions showed significant alterations. Although the

1 28,29

Change from baseline

Outcome measures CAABT group (n=28) | TST group (n=28) | P

THI Functional 13.2 (8.50) 7.21 (2.47) 0.0009
Emotional 12.38 (7.53) 5.5(2.34) <0.0001
Catastrophic 7.89 (2.45) 4.23 (2.10) <0.0001
Total score 35(10.51) 11.5 (4.67) <0.0001
VAS score 2.20 (0.30) 1.45 (0.45) <0.0001
Tinnitus loudness 15.82 (5.43) 9.81 (5.23) 0.0001

Table 3. Comparison of the change from baseline.
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Figure 3. Comparison of 26 patients before and after cochleural alternating acoustic beam therapy (CAABT)
(paired-samples ¢-test). R right hemisphere; L left hemisphere; Cb Cerebellum; MFG Middle frontal gyrus;
PreCG Precentral gyrus; PCUN Precuneus; IPL Inferior parietal lobule.

PreCG was suspected to contribute to somatosensory and primary motor functions, recent research has revealed
its involvement in auditory-related functions and speech processing. Feng et al.** observed enhanced functional
connectivity between the PreCG and cerebellum in tinnitus patients, leading to significant functional changes.
Additionally, Wei et al.** found that sound therapy can induce morphological changes in cortical thickness within
the PreCG. Consistent with previous studies, we observed functional changes in the PreCG after CAABT. Nota-
bly, the PreCG is a component of the attention network; chronic tinnitus affects both the auditory and attention
networks. This study revealed a decrease in the ReHo value of the PreCG after CAABT (t=- 3.96), indicating a
reduction in PreCG neural activity and the alleviation of abnormality. This reduction in attention towards tin-
nitus may lead to better focus on non-auditory events, thereby diminishing the perception of tinnitus sounds.
Furthermore, the MFG and inferior parietal lobule are critical components of the attention network. Previous
studies have demonstrated that subjective tinnitus patients exhibit decreased ReHo values in the right MFG and
left anterior cerebellum?3. Additionally, fMRI studies have revealed that neurofeedback treatment can increase
the ReHo value of the right MFG in tinnitus patients, which is negatively correlated with THI and VAS scores;
this finding indicates that neurofeedback treatment training effectively reduces tinnitus-related pain and sound
perception®. The inferior parietal lobule is involved in various functions, including sensory regulation, cognitive
processing, and language functions; it also regulates the activity of the superior temporal gyrus, which plays a key
role in tinnitus®. Our study revealed that the ReHo values of the right MFG and left and right inferior parietal
lobule increased after CAABT (respectively MFG t=3.78; right inferior parietal lobule = 3.29; left inferior parietal
lobule t=3.29). This result indicates enhanced local consistency in these brain regions, suggesting that patients
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Figure 4. Comparison of 28 patients before and after traditional sound therapy (TST) (paired-samples t-test). R
right hemisphere; L left hemisphere; PCUN Precuneus; MTG Middle temporal gyrus.

Group Anatomical regions | ¢ x(mm) |y(mm) |z(mm)
Cb.L -3.98 -3 - 66 -42
MFG.R 3.78 27 27 - 18
PCUN.L —-447 0 —48 36
IPL.R 3.29 51 -39 45
ReHo-CAABT
PCUN.L 4.05 -6 -75 54
PCUN.R 3.86 6 -72 51
IPL.L 388 | -54 -33 45
PreCG.R -3.96 21 -3 57
MTG.L -6.17 | -30 -39 -9
ReHo-TMT
PCUN.L -4.63 -3 -39 36

Table 4. Significance difference of signals in the same brain region. R Right hemisphere; L Left hemisphere;
Cb Cerebellum; MFG Middle frontal gyrus; PreCG Precentral gyrus; PCUN Precuneus; IPL Inferior parietal
lobule; MTG Middle temporal gyrus.
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can shift their focus from tinnitus to other sounds, thereby reducing the sensation of tinnitus. Consequently,
even if subcortical centers detect the tinnitus signal, it may not reach the level of conscious perception, leading to
perceptual adaptation. This improved ability to attenuate the interference and impact of tinnitus could explain the
beneficial effects of CAABT. Recent studies have demonstrated that MFG and PreCG characteristics can predict
the prognosis of idiopathic tinnitus and serve as a screening tool before sound therapy**.

CAABT affects both the attention system and the posterior cerebellum. Although the cerebellum has
been associated with motor control and coordination, there is evidence that it may be involved in auditory
transmission, processing, and tinnitus-related auditory hallucinations®”~*. In a meta-analysis of fMRI studies,
Chen et al.* identified increased abnormal activity in multiple brain regions, including the posterior lobe
of the cerebellum, among patients with subjective tinnitus. Feng et al.*> proposed that chronic subjective
tinnitus is related to abnormal functional coupling between the cerebellum and the PreCG, superior temporal,
parahippocampal, and infraoccipital gyri. Moreover, they suggested that impaired resting-state functional
connectivity between the cerebellum and the cerebral cortex plays a key role in the neuropathological aspects
of tinnitus. Consistent with these findings, we demonstrated a decrease in the ReHo value of the left posterior
lobe of the cerebellum after CAABT in tinnitus patients (t=— 3.98). This objective result provides evidence that
CAABT effectively alleviates abnormal activity in the posterior lobe of the cerebellum. However, further research
is needed to determine whether CAABT helps to reduce tinnitus-related auditory hallucinations.

Overall, these findings support our initial hypothesis that individualized and consistent CAABT, based on
the interaction of sound and tinnitus, is effective in the management of tinnitus. rs-fMRI can be used to evaluate
gradual habituation of perception and tolerance is achieved through assessing abnormal brain activity and
changes associated with tinnitus development.

This study had several limitations. First, the 12-week trial duration was relatively short for evaluating chronic
tinnitus treatment efficacy; it may not be sufficient to assess the long-term efficacy of sound therapy in chronic
tinnitus management. Future studies should extend the trial duration beyond 12 months to better understand
the long-term effects. Second, the daily treatment time for patients was relatively short; a longer daily sound
therapy duration might enhance the potential for improving tinnitus relief’. There is evidence that continuous
sound therapy for longer periods, such as 3 h per day for > 6 months, could yield better results®. Third, the trial
was conducted in a single center, which may limit the generalisability and stability of the findings. Therefore,
future research should involve multi-center and multi-region tinnitus treatment trials.

This study also had several strengths. First, it used a computer-generated random sequence and a double-
blind approach during participant allocation and data collection, which enhanced the validity and reliability
of the findings. Second, the use of the same sound therapy instrument for both experimental groups ensured
intervention consistency, enabling more accurate comparisons between the groups. Third, the involvement of
an independent statistician in data collection and analysis added objectivity to the study’s findings. Moreover,
both experimental groups received identical instructional counseling.

Conclusion

In conclusion, CAABT effectively improved the quality of life in tinnitus patients by reducing the loudness and
negative emotions associated with tinnitus and by distracting attention away from tinnitus. As a component of a
comprehensive tinnitus management strategy, CAABT had superiority to THI Functional, THI Emotional, THI
Catastrophic, THI total scores as well as VAS scores. More interesting, CAABT showed superiority to TST in the
changes of THI scores, and VAS scores from baseline. Therefore, CAABT was effective in patients with tinnitus
of varying severity levels. Our findings have the potential to provide more effective interventions for chronic
tinnitus by incorporating continuous improvement and innovative utilization of acoustics.

The use of rs-fMRI offers an objective evaluation of changes in brain function after treatment, providing
evidence to support physiological changes in the brain and tinnitus lesion sites because of the unique treatment
provided by CAABT. This imaging approach provides a unique perspective regarding the underlying mechanisms
of tinnitus development and offers insights into the possibility of long-term effects through successful habituation.
Therefore, this study provided a more comprehensive understanding of the efficacy of CAABT in the treatment
of tinnitus. Our study has some limitations which must be considered. Firstly, the study was done at a single
hospital, limiting the generalizability of our findings to other medical institutions in various settings. Secondly,
our study did not take into consideration the possibility of cognitive disorders in patients with increasing age
(especially 60 years old and above).

We have some suggestions on how retention in future studies. It should explore the intricate relationship
between tinnitus and hearing loss, employing thorough audiometric evaluations to gauge the extent and
frequency range of hearing impairment in patients. Additionally, exploring the cognitive status of individuals
with tinnitus through standardized assessments can shed light on potential links between tinnitus and cognitive
function. Comparative investigations into the effectiveness of diverse sound therapy techniques, including Tailor
Made-Notched Music Training (TMNMT), should be pursued, evaluating their impact on tinnitus severity,
quality of life, and associated neural changes using advanced neuroimaging methods. Long-term follow-up
studies with larger sample sizes are warranted to ascertain the sustainability and generalizability of treatment
outcomes.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon
reasonable request.

Scientific Reports |

(2024) 14:5900 | https://doi.org/10.1038/s41598-024-55866-0 nature portfolio



www.nature.com/scientificreports/

Received: 2 September 2023; Accepted: 28 February 2024
Published online: 11 March 2024

References

1.

2.

10.
. Liu, C. et al. The cochleural alternating acoustic beam therapy (CAABT): A pre-clinical trial. Am ] Otolaryngol. 39(4), 401-409

12.

13.
14.
15.
16.
17.
18.
19.

20.
. Henry, J. A., Roberts, L. E., Caspary, D. M., Theodoroff, S. M. & Salvi, R. J. Underlying mechanisms of tinnitus: Review and clinical

22.
23.

24.

25.
26.

27.

28.
29.
30.
31.
32.
33.
34.
35.
36.

37.

Biswas, R. & Hall, D. A. Prevalence, incidence, and risk factors for tinnitus. Curr. Top. Behav. Neurosci. 51, 3-28. https://doi.org/
10.1007/7854_2020_154 (2021).

Teismann, H. et al. Combining transcranial direct current stimulation and tailor-made notched music training to decrease tinnitus-
related distress-a pilot study. PLoS ONE 9(2), e89904. https://doi.org/10.1371/journal.pone.0089904 (2014).

. Zeng, E. G, Richardson, M. & Turner, K. Tinnitus does not interfere with auditory and speech perception. J. Neurosci. Off. J. Soc.

Neurosci. 40(31), 6007-6017. https://doi.org/10.1523/J]NEUROSCI.0396-20.2020 (2020).

. Knipper, M. et al. The neural bases of tinnitus: Lessons from deafness and cochleural implants. J. Neurosci. Off. J. Soc. Neurosci.

40(38), 7190-7202. https://doi.org/10.1523/J]NEUROSCI.1314-19.2020 (2020).

. Cardon, E. et al. Cortical auditory evoked potentials, brain signal variability and cognition as biomarkers to detect the presence

of chronic tinnitus. Hear. Res. 420, 108489. https://doi.org/10.1016/j.heares.2022.108489 (2022).

. Kleinjung, T. & Langguth, B. Avenue for future tinnitus treatments. Otolaryngol. Clin. North Am. 53(4), 667-683. https://doi.org/

10.1016/j.0tc.2020.03.013 (2020).

. Fuller, T. et al. Cognitive behavioural therapy for tinnitus. Cochrane Database System. Rev. 1(1), CD012614. https://doi.org/10.

1002/14651858.CD012614.pub2 (2020).

. Jin, L K. et al. Effects of tinnitus sound therapy determined using subjective measurements. J. Am. Acad. Audiol. 32(4), 212-218.

https://doi.org/10.1055/s-0041-1722984 (2021).

. Jin, I. K,, Choi, S. J., Ku, M., Sim, Y. & Lee, T. The impact of daily hours of sound therapy on tinnitus relief for people with chronic

tinnitus: A randomized controlled study. J. Speech Lang. Hear. Res. JSLHR. 65(8), 3079-3099. https://doi.org/10.1044/2022_JSLHR-
21-00651 (2022).
Vernon, J. Attemps to relieve tinnitus. J. Am. Audiol. Soc. 2(4), 124-131 (1977).

(2018).

Chen, J. et al. Altered amplitude of low-frequency fluctuations and degree centrality in patients with acute subjective tinnitus: A
resting-state functional magnetic resonance imaging study. J. Integr. Neurosci. 21(4), 116. https://doi.org/10.31083/j.jin2104116
(2022).

Zang, Y., Jiang, T., Lu, Y., He, Y. & Tian, L. Regional homogeneity approach to fMRI data analysis. Neurolmage. 22(1), 394-400.
https://doi.org/10.1016/j.neuroimage.2003.12.030 (2004).

Kok, T. E. et al. Resting-state networks in tinnitus : A scoping review. Clin. Neuroradiol. 32(4), 903-922. https://doi.org/10.1007/
$00062-022-01170-1 (2022).

Yang, Z. et al. Behavioral effects of repetitive transcranial magnetic stimulation in disorders of consciousness: A systematic review
and meta-analysis. Brain Sci. 13(10), 1362 (2023).

Liu, C. L. et al. A study protocol of a novel tinnitus management: The cochleural alternating acoustic beam therapy (CAABT).
Invest Clin. 61(2), 553-560 (2020).

Newman, C. W,, Jacobson, G. P. & Spitzer, J. B. Development of the Tinnitus Handicap Inventory. Arch. Otolaryngol. Head Neck
Surg. 122(2), 143-148 (1996).

Newman, C. W, Sandridge, S. A. & Jacobson, G. P. Psychometric adequacy of the Tinnitus Handicap Inventory (THI) for evaluat-
ing treatment outcome. J. Am. Acad. Audiol. 9(2), 153-160 (1998).

Qi, M. et al. Personality traits and tinnitus distress: Results based on patients with tinnitus in China. Noise Health. 25(116), 55-64
(2023).

Baguley, D. & Norman, M. Tinnitus handicap inventory. J. Am. Acad. Audiol. 12(7), 379-380 (2001).

implications. J. Am. Acad. Audiol. 25(1), 5-22. https://doi.org/10.3766/jaaa.25.1.2 (2014) (quiz 126).

Hopewell, S. et al. CONSORT for reporting randomised trials in journal and conference abstracts. Lancet. 371(9609), 281-283.
https://doi.org/10.1016/S0140-6736(07)61835-2 (2008).

Han, L. et al. The effects of sound therapy in tinnitus are characterized by altered limbic and auditory networks. Brain Commun.
2(2), fees131. https://doi.org/10.1093/braincomms/fcaal31 (2020).

Mahboubi, H., Haidar, Y. M., Kiumehr, S., Ziai, K. & Djalilian, H. R. Customized versus noncustomized sound therapy for treat-
ment of tinnitus: A randomized crossover clinical trial. Ann. Otol. Rhinol. Laryngol. 126(10), 681-687. https://doi.org/10.1177/
0003489417725093 (2017).

Chen, Y. C. et al. Tinnitus distress is associated with enhanced resting-state functional connectivity within the default mode
network. Neuropsychiatric Dis. Treatm. 14, 1919-1927. https://doi.org/10.2147/NDT.S164619 (2018).

Bauer, C. A. & Brozoski, T. J. Effect of tinnitus retraining therapy on the loudness and annoyance of tinnitus: A controlled trial.
Ear Hear. 32(2), 145-155. https://doi.org/10.1097/AUD.0b013e3181f5374f (2011).

Schmidt, S. A., Carpenter-Thompson, J. & Husain, E. T. Connectivity of precuneus to the default mode and dorsal attention net-
works: A possible invariant marker of long-term tinnitus. Neurolmage Clin. 16, 196-204. https://doi.org/10.1016/j.nicl.2017.07.
015 (2017).

Han, Q. et al. Disrupted local neural activity and functional connectivity in subjective tinnitus patients: Evidence from resting-state
fMRI study. Neuroradiology. 60(11), 1193-1201. https://doi.org/10.1007/s00234-018-2087-0 (2018).

Han, Q, Liu, D. H. & Wang, Y. Changes of local brain neural function activity in subjective tinnitus based on resting-state functional
MRI. Chin. ]. Magn. Reson. Imaging. 7, 481-486 (2018).

Wang, L. Z., Han, L. Y., Wei, L. & Wang, Z. Q. Characteristics of resting state functional magnetic resonance imaging in tinnitus
patients with different degrees of affective disorder. Lin Chung Er Bi Yan Hou Tou Jing Wai Ke Za Zhi. 34(9), 781-784 (2020).
Gentil, A. et al. Alterations in regional homogeneity in patients with unilateral chronic tinnitus. Trends Hear. 23,2331216519830237.
https://doi.org/10.1177/2331216519830237 (2019).

Feng, Y. et al. Increased resting-state cerebellar-cerebral functional connectivity underlying chronic tinnitus. Front. Aging Neurosci.
10, 59. https://doi.org/10.3389/fnagi.2018.00059 (2018).

Wei, X. et al. Cortical thickness alterations in patients with tinnitus before and after sound therapy: A surface-based morphometry
study. Front. Neurosci. 15, 633364. https://doi.org/10.3389/fnins.2021.633364 (2021).

Ma, X., Wang, E, Zhang, C., Shen, W. & Yang, S. Self-directed neurofeedback treatment for subjective tinnitus patients evaluated
by multimodal functional imaging. Neural Plast. 2022, 5114721. https://doi.org/10.1155/2022/5114721 (2022).

Chen, X. H., Zhang, J. & Li, C. Assessment of functional connectivity in patients with chronic tinnitus by resting-state functional
MRL. Radiol. Pract. 35(12), 1507-1512 (2020).

Chen, Q. et al. Outcomes at 6 months are related to brain structural and white matter microstructural reorganization in idiopathic
tinnitus patients treated with sound therapy. Human Brain Mapp. 42(3), 753-765. https://doi.org/10.1002/hbm.25260 (2021).
Salmi, J., Rinne, T., Koistinen, S., Salonen, O. & Alho, K. Brain networks of bottom-up triggered and top-down controlled shifting
of auditory attention. Brain Res. 1286, 155-164. https://doi.org/10.1016/j.brainres.2009.06.083 (2009).

Scientific Reports |

(2024) 14:5900 | https://doi.org/10.1038/s41598-024-55866-0 nature portfolio


https://doi.org/10.1007/7854_2020_154
https://doi.org/10.1007/7854_2020_154
https://doi.org/10.1371/journal.pone.0089904
https://doi.org/10.1523/JNEUROSCI.0396-20.2020
https://doi.org/10.1523/JNEUROSCI.1314-19.2020
https://doi.org/10.1016/j.heares.2022.108489
https://doi.org/10.1016/j.otc.2020.03.013
https://doi.org/10.1016/j.otc.2020.03.013
https://doi.org/10.1002/14651858.CD012614.pub2
https://doi.org/10.1002/14651858.CD012614.pub2
https://doi.org/10.1055/s-0041-1722984
https://doi.org/10.1044/2022_JSLHR-21-00651
https://doi.org/10.1044/2022_JSLHR-21-00651
https://doi.org/10.31083/j.jin2104116
https://doi.org/10.1016/j.neuroimage.2003.12.030
https://doi.org/10.1007/s00062-022-01170-1
https://doi.org/10.1007/s00062-022-01170-1
https://doi.org/10.3766/jaaa.25.1.2
https://doi.org/10.1016/S0140-6736(07)61835-2
https://doi.org/10.1093/braincomms/fcaa131
https://doi.org/10.1177/0003489417725093
https://doi.org/10.1177/0003489417725093
https://doi.org/10.2147/NDT.S164619
https://doi.org/10.1097/AUD.0b013e3181f5374f
https://doi.org/10.1016/j.nicl.2017.07.015
https://doi.org/10.1016/j.nicl.2017.07.015
https://doi.org/10.1007/s00234-018-2087-0
https://doi.org/10.1177/2331216519830237
https://doi.org/10.3389/fnagi.2018.00059
https://doi.org/10.3389/fnins.2021.633364
https://doi.org/10.1155/2022/5114721
https://doi.org/10.1002/hbm.25260
https://doi.org/10.1016/j.brainres.2009.06.083

www.nature.com/scientificreports/

38. Petacchi, A, Laird, A. R, Fox, P. T. & Bower, ]. M. Cerebellum and auditory function: An ALE meta-analysis of functional neuro-
imaging studies. Human Brain Mapp. 25(1), 118-128. https://doi.org/10.1002/hbm.20137 (2005).

39. Parsons, L. M., Petacchi, A., Schmahmann, J. D. & Bower, J. M. Pitch discrimination in cerebellar patients: Evidence for a sensory
deficit. Brain Res. 1303, 84-96. https://doi.org/10.1016/j.brainres.2009.09.052 (2009).

40. Chen, Y. C. et al. Resting-state brain abnormalities in chronic subjective tinnitus: A meta-analysis. Front. Human Neurosci. 11, 22.
https://doi.org/10.3389/fnhum.2017.00022 (2017).

Acknowledgements
The work was supported by the S&T Program of Hebei (No. 20377751D). The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the manuscript.

Author contributions
All authors contributed equally to the work.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-55866-0.

Correspondence and requests for materials should be addressed to SL.Z. or Sj.Z.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:5900 | https://doi.org/10.1038/s41598-024-55866-0 nature portfolio


https://doi.org/10.1002/hbm.20137
https://doi.org/10.1016/j.brainres.2009.09.052
https://doi.org/10.3389/fnhum.2017.00022
https://doi.org/10.1038/s41598-024-55866-0
https://doi.org/10.1038/s41598-024-55866-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Therapy effect of cochleural alternating acoustic beam therapy versus traditional sound therapy for managing chronic idiopathic tinnitus patients
	Methods
	Inclusion and exclusion criteria
	Participant recruitment
	Randomization of CAABT and sound therapy groups
	Interventions (CAABT or TST) and tinnitus consultation
	rs-fMRI
	Trial procedure
	Outcome measures
	VAS and tinnitus loudness
	Feldmann’s masking curves
	Statistical analysis

	Results
	Baseline characteristics
	Comparison of THI and VAS
	fMRI results
	Side effects

	Discussion
	Conclusion
	References
	Acknowledgements


