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Objective: To identify quantitative electroencephalography (qEEG)-based connectivity alterations associated with hyperacusis 
using combined subjective-objective diagnostic criteria.
Study design: Retrospective case-control study.
Setting: Tertiary referral center.
Patients: Seventy-four patients with subjective tinnitus were analyzed. Hyperacusis was defined using combined criteria: 
subjective complaint and uncomfortable loudness levels (UCL) ≤ 77 dB HL, resulting in 11 patients with hyperacusis. Extreme 
groups (11 patients with hyperacusis vs. 23 high-tolerance controls with UCL ≥ 90 dB) were compared.
Intervention(s): None (observational study).
Main outcome measure(s): Functional connectivity assessed using the phase-locking value (PLV) and weighted phase lag index 
(wPLI) for delta, theta, alpha, beta, and gamma frequency bands.
Results: Patients with hyperacusis exhibited markedly lower UCLs than the full cohort (56.2 ± 19.0 vs. 82.4 ± 22.4 dB HL; P = 
0.001, d = 1.19). In the extreme-group EEG analysis, right fronto-temporal connectivity showed increased delta PLV (d = 0.88, 
95% CI: −0.14 to 1.90, P = 0.021) and decreased gamma PLV (d = −0.69, 95% CI: −1.71 to 0.33, P = 0.044; Welch t test). The 
delta-gamma balance index differed between groups (d = 1.27, 95% CI: 0.25–2.29, P = 0.003, uncorrected). Supplementary 
wPLI analysis showed similar directional trends for gamma reduction (d = −0.50, P = 0.068) but not for delta increase (d = 0.07), 
suggesting differential volume conduction effects across frequency bands. However, no connectivity features survived Benjamini- 
Hochberg FDR correction across the planned comparisons.
Conclusions: In this small, exploratory extreme-group study, a right fronto-temporal delta-gamma imbalance emerged as a 
candidate connectivity signature of objectively verified hyperacusis in tinnitus. The gamma reduction, partially supported by wPLI 
analysis, represents the more robust finding, while the delta increase warrants cautious interpretation given its absence in wPLI. 
Because no features survived FDR correction and CIs were wide, the results are preliminary and warrant replication in larger 
cohorts.
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Introduction

Hyperacusis, characterized by reduced tolerance to everyday 
environmental sounds, affects approximately 15% of indivi
duals with tinnitus and can severely impact quality of life[1]. 
Despite its clinical significance, the diagnosis of hyperacusis has 
traditionally relied on subjective reports, which show poor cor
relation with objective audiological findings[2,3]. The absence of 
standardized diagnostic criteria has hindered both clinical 
management and research progress. Although uncomfortable 
loudness levels (UCLs) provide quantifiable sound tolerance 
measures, consensus on diagnostic thresholds remains lacking. 
Recent evidence suggests that combining subjective complaints 
with objective UCL measurements may enhance diagnostic 
reliability[4].

From a neurophysiological perspective, current theories pro
pose dysfunction at multiple levels of the auditory system, ran
ging from peripheral sensitization to altered central processing 
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for hyperacusis[5]. However, the functional connectivity patterns 
underlying altered sound processing remain largely unexplored. 
Quantitative electroencephalography (qEEG), a noninvasive 
tool for assessing cortical dynamics, offers valuable insight into 
brain network activity. Among qEEG-derived measures, the 
phase-locking value (PLV) provides a robust estimate of func
tional connectivity but may be affected by volume conduction. 
To address this limitation, the weighted phase lag index (wPLI) 
can be applied, as it captures only nonzero phase relationships, 
yielding a more conservative estimate of genuine functional 
connectivity[6]. Therefore, a dual approach combining PLV and 
wPLI may allow differentiation between true phase-lagged 
interactions and spurious zero-lag coupling.

This study aimed to determine whether frequency-specific 
qEEG connectivity patterns characterize hyperacusis by com
paring extreme groups—patients with severe hyperacusis and 
those with the highest sound tolerance—to maximize the 
detection of neurophysiological differences.

Methods

Patients
A total of 74 patients with subjective tinnitus were recruited 
from a tinnitus clinic at a tertiary hospital between January 2024 
and December 2024. Hyperacusis was defined using combined 
diagnostic criteria: (1) the presence of subjective hyperacusis 
during medical history assessment and (2) UCLs ≤ 77 dB HL on 
audiological testing, based on prior evidence demonstrating 
limitations of subjective-only diagnoses for decreased sound 
tolerance[3]. This dual approach ensured both symptomatic 
complaints and objective physiological evidence of sound intol
erance, resulting in 11 patients with both tinnitus and hyper
acusis (14.9%) and 63 patients with tinnitus alone (85.1%).

Inclusion criteria were: (1) subjective tinnitus of ≥ 1 month’s 
duration, (2) ability to complete psychoacoustical assessments, 
and (3) obtained qEEG data. For comparison, 23 patients with 
high sound tolerance (UCL ≥ 90 dB HL) and 40 patients with 
intermediate tolerance (77 < UCL < 90 dB HL) were identified. 
This 3-group design allowed examination of the full UCL spec
trum while focusing primary connectivity analyses on extreme 
groups. Exclusion criteria included: (1) objective or pulsatile 
tinnitus, (2) active psychiatric disorders requiring medication 
that could affect EEG recordings, (3) neurological conditions 
affecting brain function (eg, epilepsy, stroke, dementia), (4) 
current use of ototoxic medications, (5) conductive hearing loss, 
and (6) Ménière’s disease or active vestibular disorders.

This study was approved by the Institutional Review Board of 
Ewha Womans University Mokdong Hospital (IRB No. 2025- 
05-051), and the requirement for written informed consent was 
waived due to the retrospective nature of the study.

Clinical assessment
Consistent with previous tinnitus studies, patients’ age, sex, 
duration of tinnitus, history of exposure to loud noise, and 
accompanying symptoms, including subjective hyperacusis, 
sleep disturbance, aural fullness, headache, attention problems, 
temporomandibular/neck pain, and comorbid conditions such as 
diabetes mellitus and hypertension, were documented[7,8]. 
Questionnaire results were also recorded, including the Tinnitus 
Handicap Inventory (THI) and Beck Depression Inventory 

(BDI). Subjective tinnitus features were further quantified using a 
numerical rating scale (0–10) evaluating awareness, annoyance, 
loudness, and effect on daily life.

UCLs were measured at standard audiometric frequencies 
(0.25, 0.5, 1, 2, 4, and 8 kHz) using an ascending method of 
limits. The average UCL across frequencies was calculated, with 
values ≤ 77 dB HL used as the objective threshold for hyper
acusis diagnosis. Additional audiometric testing included pure- 
tone audiometry (air and bone conduction), tympanometry, 
acoustic reflex thresholds, and distortion product otoacoustic 
emissions (DPOAEs) as required.

EEG data acquisition and preprocessing
Raw EEG data were preprocessed in EEGLAB. Continuous data 
were band-pass filtered (1–40 Hz) using a zero-phase FIR filter 
(EEGLAB pop_eegfiltnew), minimizing phase distortion near the 
40-Hz cutoff. Data were visually inspected to remove gross 
artifacts (eg, electrode pops, abrupt movement deflections) and 
to identify persistently noisy channels. ICA was then performed 
using runica (extended Infomax) on the cleaned continuous data. 
Components reflecting ocular activity and myogenic activity 
over temporal/frontal regions were rejected based on scalp 
topography, time-course, and spectral profile (broadband high- 
frequency dominance). The cleaned data were segmented into 2-s 
non-overlapping epochs, and epochs exceeding ± 100 μV were 
rejected. Participants with fewer than 60 clean epochs were 
excluded. Signals were re-referenced to the average of all elec
trodes. This preprocessing protocol was adapted from validated 
EEG pipelines used in prior hyperacusis and tinnitus studies[9,10].

Functional connectivity analysis
Functional connectivity was estimated using PLV to quantify 
phase synchronization between electrode pairs. To address 
volume conduction effects, wPLI was also calculated, which 
captures nonzero phase-lag relationships. wPLI was defined as |E 
{|Im(S)|·sign(Im(S))}|/E{|Im(S)|}, where S denotes the cross-spec
trum[6]. Both metrics were computed for 5 frequency bands: delta 
(1–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), beta (13–30 Hz), and 
gamma (30–40 Hz) following band-pass filtering and Hilbert 
transform.

Statistical analysis
To control multiplicity, inferential testing was restricted to 8 
prespecified fronto-temporal electrode pairs; across 5 frequency 
bands and 2 phase-based metrics (PLV and wPLI), this yielded 80 
planned comparisons. Benjamini-Hochberg FDR (BH-FDR) 
correction was applied to these 80 tests, and FDR-adjusted 
q-values are provided in Supplementary Table S1, Supplemental 
Digital Content 1, http://links.lww.com/MAO/C408. Group 
comparisons were performed using 2-sided Welch t tests 
(unequal variances). Nominal (uncorrected) P values are repor
ted alongside effect sizes. Effect sizes (Cohen’s d) with 95% bias- 
corrected accelerated (BCa) bootstrap CIs (B = 10,000 resam
ples) are reported. Post-hoc power analysis indicated achieved 
power of 64% (delta) and 45% (gamma) at uncorrected α = 
0.05; under conservative family-wise thresholds (eg, Bonferroni 
α = 0.05/80), power would be substantially reduced, and power 
modeling indicates 50–80 participants per group would be 
required for adequately powered replication. The delta-gamma 
balance index was computed as (delta PLV − gamma PLV) / 
(delta PLV + gamma PLV) and is presented as a candidate 
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composite metric requiring independent validation. PLV–wPLI 
agreement was assessed by correlating edgewise effect-size vec
tors to evaluate consistency across estimators. Statistical ana
lyses were performed using RStudio (version 2023.06.0+421 
“Mountain Hydrangea”).

RESULTS

Participant characteristics and baseline demographics
The final cohort included 74 patients with subjective tinnitus, with a 
mean age of 54.7 ± 12.9 years. On the basis of combined diagnostic 
criteria incorporating both subjective complaints and objective 
UCLs, 11 patients (14.9%) were classified as having both tinnitus 
and hyperacusis, and 63 patients (85.1%) were designated as having 
tinnitus alone. Patients with hyperacusis exhibited significantly 
lower UCLs compared with those with tinnitus alone (56.2 ± 19.0 
vs. 82.4 ± 22.4 dB HL; P = 0.001, Cohen’s d = 1.192), repre
senting a 26.2 dB HL difference (Fig. 1). The hyperacusis group 
reported numerically higher tinnitus distress and subjective ratings, 
although these differences were not statistically significant. Detailed 
group characteristics are presented in Table 1.

qEEG-based functional connectivity alterations
Extreme-group comparison (11 patients with hyperacusis vs. 23 
high-tolerance controls with UCL ≥ 90 dB HL) revealed nominal 
differences in right fronto-temporal connectivity as measured by 
PLV analysis. After BH-FDR correction across the 80 planned 
comparisons, no connectivity features remained statistically 
significant (Supplementary Table S1, Supplemental Digital 
Content 1, http://links.lww.com/MAO/C408); therefore, the 
following results are reported as nominal (uncorrected) findings. 
The hyperacusis group exhibited increased delta PLV (0.34 ± 

0.05 vs. 0.24 ± 0.03; P = 0.021, d = 0.88) and decreased 
gamma PLV (0.18 ± 0.04 vs. 0.26 ± 0.03; P = 0.044, d = 
−0.69) compared with high-tolerance controls (Fig. 2). The 
spatial distribution of connectivity differences is shown in 
Figure 3. Other frequency bands did not show nominal group 
differences (theta: P = 0.18; alpha: P = 0.45; beta: P = 0.32). All 
reported P values are nominal (uncorrected). No connectivity 
features survived BH-FDR correction across the planned com
parisons (Supplementary Table S1, Supplemental Digital 
Content 1, http://links.lww.com/MAO/C408).

wPLI analysis demonstrated similar directional trends for 
gamma-band connectivity (T4–F4: d = −0.50, P = 0.068; T3–T4: 
d = −0.57, P = 0.035), with T3–T4 reaching nominal significance. 
The convergent direction of effects across PLV and wPLI supports 
reduced gamma synchrony in hyperacusis, though the primary T4– 
F4 finding showed only a trend-level effect in wPLI. In contrast, the 
delta-band increase observed in PLV (T4–F4: d = 0.92) was not 
replicated in wPLI (d = 0.07, P = 0.88), suggesting potential 
volume conduction contribution to this finding.

Delta-gamma balance index
The delta-gamma balance index captured opposing frequency- 
specific changes in a single metric, demonstrating robust 
separation between hyperacusis (n = 11, UCL ≤ 77 dB HL) and 
high-tolerance controls (n = 23, UCL ≥ 90 dB HL): 0.357 ± 
0.308 vs. −0.034 ± 0.308; P = 0.003, d = 1.27, 95% CI: 
0.25–2.29. A summary of all effect sizes is presented in Figure 4, 
and regional connectivity patterns are shown in Figure 5. Given 
the extreme-group design (11 vs. 23) and the risk of data leakage 
or overfitting, classifier performance was not presented; infer
ence focuses on group differences and bootstrap CIs.

Figure 1. Objective validation through UCL measurements. Boxplots showing marked differences in UCLs between patients with hyperacusis (56.2 ± 19.0 dB HL) 
and controls (82.4 ± 22.4 dB HL). The 26.2 dB HL difference (P = 0.001, d = 1.19) provides robust objective validation of the combined diagnostic criteria. The 
red dashed line indicates 77 dB HL, and the black dashed line indicates 90 dB HL. Individual data points are overlaid. All P values are uncorrected.
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Table 1 
Baseline characteristics and clinical measures

Variable Hyperacusis UCL ≤ 77 (n = 11) Middle Group 77 < UCL < 90 (n = 40) High-tolerance UCL ≥ 90 (n = 23) P

Age (years) 53.0 ± 11.5 58.2 ± 14.5 49.4 ± 12.0 0.092
Sex (male/female) 7/4 30/10 16/7 0.776
Onset (months) 2.0 [1.0–36.0] 8.0 [2.0–36.0] 11.0 [3.25–54.0] 0.126
Pure-tone thresholds (right) (dB HL) 21.4 ± 14.8 23.7 ± 16.0 21.4 ± 21.7 0.860
Pure-tone thresholds (left) (dB HL) 23.3 ± 15.7 20.6 ± 13.0 16.1 ± 12.5 0.273
Mean UCL (dB HL) 56.2 ± 19.0a 84.1 ± 3.5b 103.5 ± 8.3c < 0.001
Tinnitus laterality (right/left/bilateral/nonlateralized) 3/3/4/1 3/12/24/1 2/4/15/2 0.284
THI 57.1 ± 26.2 53.5 ± 24.0 50.4 ± 25.3 0.762
VAS

Loudness 7.7 ± 2.4 7.3 ± 2.4 7.2 ± 1.5 0.803
Awareness 8.5 ± 2.5 8.1 ± 2.4 8.8 ± 2.3 0.567
Annoyance 7.8 ± 2.4 8.0 ± 2.5 6.9 ± 2.3 0.278
Effect on life 6.8 ± 3.2 6.1 ± 2.7 5.5 ± 2.2 0.363

BDI 17.5 ± 12.8 12.7 ± 9.4 10.8 ± 9.0 0.106
Accompanying symptoms

Subjective hyperacusis n (%) 11 (100.0) 2 (5.0) 5 (21.7) < 0.001
Sleep disturbance n (%) 5 (45.5) 10 (25.0) 8 (34.8) 0.369
Temporomandibular/neck pain 6 (54.5) 4 (10.0) 1 (4.3) < 0.001
Headache 6 (54.5) 6 (15.0) 7 (30.4) 0.024
Attention problem 3 (27.3) 6 (15.0) 2 (8.7) 0.360
Dizziness 3 (27.3) 7 (17.5) 2 (8.7) 0.417
Aural fullness 4 (36.4) 7 (17.5) 7 (30.4) 0.314
Diabetes mellitus 1 (9.1) 6 (15.0) 1 (4.3) 0.599
Hypertension 3 (27.3) 6 (15.0) 5 (21.7) 0.787

Values are mean ± SD or n(%). 
P values from ANOVA for continuous variables and χ2 test, Fisher exact test for categorical variables.

Figure 2. Frequency-specific PLVs in right fronto-temporal connectivity (T4–F4). Bars represent mean ± standard error for hyperacusis (n = 11, UCL ≤ 77 dB HL) 
and high-tolerance control group (n = 23, UCL ≥ 90 dB HL). Asterisks indicate nominal differences (*P < 0.05, uncorrected). All P values are nominal 
(uncorrected). No connectivity features survived BH-FDR correction across the planned comparisons (see Supplementary Table S1, Supplemental Digital 
Content 1, http://links.lww.com/MAO/C408).
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Figure 3. Spatial distribution of connectivity differences across electrode pairs. Bar heights represent PLV difference (hyperacusis minus control) for the delta (left 
panel) and gamma (right panel) frequency bands. Colored bars indicate nominal group differences (P < 0.05, uncorrected): red denotes increased connectivity, 
blue denotes decreased connectivity. Gray bars represent non-significant differences. No connectivity features survived BH-FDR correction across the planned 
comparisons (see Supplementary Table S1, Supplemental Digital Content 1, http://links.lww.com/MAO/C408).

Figure 4. Effect sizes of primary study findings. Horizontal bars represent Cohen’s d values. The gray bar indicates the clinical measure (UCL), and colored bars 
represent EEG connectivity measures (red = increased in hyperacusis; blue = decreased in hyperacusis). The dashed line indicates the d = 0.8 threshold for a 
large effect size. Asterisks indicate significant differences (***P < 0.001, *P < 0.05; nominal, uncorrected). All P values are nominal (uncorrected); no connectivity 
features survived BH-FDR correction across the planned comparisons (see Supplementary Table S1, Supplemental Digital Content 1, http://links.lww.com/MAO/ 
C408).
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Sensitivity analyses addressing myogenic confounding
Because temporomandibular/neck pain was more prevalent in 
the hyperacusis group (Table 1), we performed control analyses 
addressing potential myogenic confounding. Gamma-band 
power at T4 and F4 was not elevated in hyperacusis (T4: −13.84 
vs −12.84 dB; F4: −13.77 vs −13.22 dB). Temporomandibular/ 
neck pain was not associated with gamma PLV (r = −0.26, P = 
0.14). In sensitivity analyses excluding participants with tem
poromandibular/neck pain, effect sizes were maintained or 
increased (gamma d = −0.95; delta d = 0.64). In ANCOVA 

adjusting for temporomandibular/neck pain, the delta PLV 
group effect remained nominal (β = 0.103, P = 0.047), while the 
gamma PLV group effect was attenuated (β = −0.070, P = 
0.243). While EMG-related broadband noise can reduce phase 
synchrony without necessarily increasing mean gamma power, 
these convergent checks are less consistent with a simple EMG- 
only explanation for the observed pattern.

Exploratory analysis of symptom laterality
Tinnitus laterality was mixed within the hyperacusis group 

Figure 5. Regional connectivity matrix for the delta-band. The heatmap displays PLV differences between the hyperacusis and control groups across brain regions. 
Warm colors (red) indicate increased connectivity in hyperacusis. The right fronto-temporal connection showed the largest nominal difference in the planned 
comparisons. The color scale is symmetric ( ± 0.10).

Figure 6. Exploratory visualization of connectivity patterns across tinnitus laterality subgroups. Delta PLV (left panel) and gamma PLV (right panel) in right fronto- 
temporal connectivity (T4–F4) stratified by tinnitus laterality. The gray dashed line and shaded area represent the control group mean and 95% CI, respectively (n 
= 23). Despite very small subgroup sizes (right n = 3, left n = 3, bilateral n = 4, nonlateralized n = 1), the right fronto-temporal pattern appeared directionally 
consistent across subgroups, including patients with left-sided tinnitus.
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(right: n = 3; left: n = 3; bilateral: n = 4; head: n = 1). In an 
exploratory subgroup visualization, the right-lateralized fronto- 
temporal pattern was directionally consistent across laterality 
subgroups and did not clearly track symptom laterality (Fig. 6), 
although subgroup sizes were small and this analysis was not 
powered for definitive inference.

Discussion

In this exploratory study, we identified functional connectivity 
alterations in a small cohort of patients with tinnitus and 
objectively verified hyperacusis using resting-state qEEG. By 
applying combined diagnostic criteria incorporating both sub
jective complaints and UCL thresholds, we observed a fre
quency-specific imbalance in right fronto-temporal connectivity, 
characterized by increased delta synchronization and reduced 
gamma synchronization. Because no connectivity features sur
vived Benjamini-Hochberg FDR correction and CIs were wide, 
these findings should be interpreted as hypothesis-generating and 
require independent replication.

Although hyperacusis prevalence in tinnitus cohorts has been 
reported at 15–40%, diagnostic approaches remain heterogeneous 
and often rely on subjective questionnaires[1,2]. Our study applied 
combined subjective-objective criteria, revealing a 14.9% pre
valence, consistent with earlier clinically validated estimates[4,11]. 
The substantial objective UCL difference of 26.2 dB HL between 
patients with tinnitus and hyperacusis versus patients with tin
nitus alone (56.2 ± 19.0 vs. 82.4 ± 22.4 dB HL) supports the 
clinical validity of UCL thresholds in stratifying sound tolerance 
abnormalities. Our selection of 77 dB HL as the diagnostic 
threshold is supported by Aazh and Moore’s large-scale study, 
which demonstrated that the average of the lowest UCL across 
frequencies (ULLmin) ≤ 77 dB HL achieved 95% concordance 
with validated Hyperacusis Questionnaire scores ≥ 22, repre
senting the upper boundary of the 95% CI for clinically sig
nificant hyperacusis[12]. These criteria are further supported by 
our previous report, which suggested that UCL ≤ 77–80 dB HL 
may serve as an effective diagnostic criterion, collectively 
emphasizing the utility of combined diagnostic frameworks for 
improved classification reliability[3].

Our 3-tiered design—hyperacusis (UCL ≤ 77 dB HL), inter
mediate tolerance (77 < UCL < 90 dB HL), and high tolerance 
(UCL ≥ 90 dB HL)—enabled examination of the full sound 
tolerance spectrum while focusing connectivity analyses on 
extreme groups to maximize neurophysiological signal detec
tion. The intermediate group (n = 40, 54% of the cohort) may 
represent subclinical features or transitional states warranting 
future investigation. Given that many hyperacusis cases remain 
undetected when clinicians rely solely on patient history without 
systematic UCL measurement, our combined approach requiring 
both subjective complaint and objective UCL evidence improves 
diagnostic consistency and reduces misclassification[13].

Our qEEG results indicate that hyperacusis involves aberrant 
cortical connectivity extending beyond peripheral auditory 
mechanisms. The observed pattern of increased delta and 
decreased gamma PLV in right fronto-temporal circuits may 
reflect a disruption of excitation-inhibition balance underlying 
abnormal sound processing. Delta oscillations are typically 
generated by thalamocortical input and reflect large-scale inte
gration, whereas gamma oscillations depend on fast inhibitory 

interneurons that modulate excitatory neuronal activity[14]. 
Notably, our study focused specifically on patients with tinnitus 
and comorbid hyperacusis, a population that exhibits distinct 
neurophysiological patterns compared with patients with tinni
tus only[15,16]. Reduced resting-state gamma connectivity may 
reflect baseline inhibitory dysfunction in this specific tinnitus 
with comorbid hyperacusis subgroup, which paradoxically leads 
to hyperresponsiveness to actual sound stimuli—consistent with 
recent task-based studies showing elevated evoked gamma 
responses in hyperacusis during active auditory processing[15]. 
In contrast, prior studies of patients with tinnitus without 
systematic hyperacusis assessment have typically reported 
increased gamma activity, highlighting the need to distinguish 
between tinnitus subtypes[17].

By comparison, our findings differ from Han et al.[18], who 
reported decreased connectivity in idiopathic hyperacusis with
out tinnitus. This discrepancy likely reflects distinct pathophy
siological mechanisms between isolated hyperacusis and 
hyperacusis comorbid with tinnitus. In isolated hyperacusis, 
decreased connectivity may represent primary sensory gating 
dysfunction, whereas in our cohort of patients with tinnitus and 
comorbid hyperacusis, the pattern of reduced resting-state 
gamma but increased delta connectivity suggests more complex 
dysregulation involving both thalamocortical drive and cortical 
inhibitory circuits[15]. Although the resting-state pattern of 
reduced gamma connectivity appears paradoxical given clinical 
hyperresponsiveness to sound, it may be understood in the con
text of baseline cortical hyperexcitability that limits dynamic 
range for stimulus-driven responses[15]. The opposing con
nectivity pattern observed—increased delta but decreased gamma 
synchronization—compared with the generalized connectivity 
reduction in isolated hyperacusis supports the hypothesis that 
tinnitus comorbidity fundamentally alters the neural substrate of 
sound intolerance, potentially through distinct effects on thala
mocortical drive versus cortical inhibitory balance[18].

The right-lateralized localization of connectivity alterations war
rants specific consideration within the broader context of sound 
intolerance neurobiology. The right fronto-temporal network con
stitutes a key node within the salience network, particularly invol
ving the right anterior insula and temporoparietal junction (TPJ), 
which assigns subjective salience to sensory stimuli and coordinates 
attentional responses to aversive events[19]. Right hemisphere 
dominance in processing aversive sounds has been consistently 
demonstrated in neuroimaging studies, with the right insula 
exhibiting preferential activation to unpleasant acoustic 
stimuli[20]. The right TPJ, a critical component of the salience 
network, plays a central role in stimulus-driven attention and 
detection of relevant internal and external cues, particularly by 
mediating transitions between large-scale brain networks during 
salient stimulus processing[21]. In hyperacusis, ordinary sounds 
acquire heightened salience and emotional valence, suggesting 
that right-lateralized salience network dysfunction may mediate 
the transformation of neutral auditory input into aversive per
cepts. The delta-gamma imbalance observed in right fronto- 
temporal connectivity may therefore reflect aberrant salience 
attribution, wherein dysregulated oscillatory dynamics impair 
the network’s ability to appropriately gate and contextualize 
incoming auditory information. Notably, this right-lateralized 
pattern was observed despite mixed tinnitus laterality, and did 
not clearly track symptom laterality in an exploratory analysis 
(Fig. 6), supporting a network-level (rather than purely 
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peripheral) interpretation.
A methodological strength of this study is the dual use of PLV and 

wPLI measures to address potential volume conduction effects. The 
gamma-band reduction showed consistent directional trends across 
both metrics (PLV d = −0.61, wPLI d = −0.50), with T3–T4 
gamma reaching nominal significance in wPLI (P = 0.035), pro
viding partial support for genuine neural synchrony changes. In 
contrast, the delta-band increase was present only in PLV (d = 0.92) 
but absent in wPLI (d = 0.07), suggesting that volume conduction 
may contribute to this finding. The overall moderate correlation 
between PLV and wPLI effect sizes (r = 0.30; Supplementary Table 
S1, Supplemental Digital Content 1, http://links.lww.com/MAO/ 
C408, Fig. SDC1, Supplemental Digital Content 2, http://links.lww. 
com/MAO/C409) highlights the importance of using com
plementary connectivity metrics and supports cautious interpreta
tion of frequency-specific effects.

Our findings have several tentative implications pending 
replication. First, they support the use of combined objective- 
subjective diagnostic criteria rather than self-reports alone, as 
connectivity patterns were detected in an objectively verified 
subgroup. Second, the delta-gamma balance index could be 
evaluated as a stratification marker to enrich clinical trials for 
patients with sound intolerance and to test mechanistic 
hypotheses regarding thalamocortical drive and inhibitory con
trol. Third, as a candidate prognostic biomarker, baseline delta- 
gamma balance could be examined for association with hyper
acusis severity trajectories and treatment response (eg, sound 
desensitization/counseling, pharmacotherapy targeting central 
gain, or neuromodulation). Fourth, as a monitoring readout, 
within-subject changes in the index could be tracked long
itudinally to quantify normalization (or worsening) of fronto- 
temporal network dynamics. Given that no features survived 
FDR correction and the sample size was small, these applications 
remain provisional and require prospective validation with rig
orous EMG control and external replication.

This study has some limitations. The retrospective design and 
small hyperacusis subgroup (n = 11) limit generalizability, and 
independent replication in larger multicenter cohorts is essential 
before drawing definitive conclusions. The reliance on resting- 
state recordings without task-based paradigms precludes inter
pretation of dynamic auditory responses. The cross-sectional 
nature cannot establish causality, and medication effects were 
not systematically controlled. Furthermore, the moderate cor
relation between PLV and wPLI effect sizes (r = 0.30) indicates 
that volume conduction may have influenced some PLV results, 
particularly in lower frequency bands. The divergent findings 
between metrics for delta versus gamma bands underscore the 
importance of using multiple connectivity measures and support 
cautious interpretation of frequency-specific effects until repli
cated with source-level analyses. Finally, subjective hyperacusis 
was based on a structured interview rather than a validated 
questionnaire (eg, the Hyperacusis Questionnaire), which should 
be addressed in future work.

Conclusion

In this exploratory extreme-group analysis, a right fronto-tem
poral delta-gamma imbalance emerged as a candidate 

connectivity signature of objectively verified hyperacusis in tin
nitus. The gamma-band reduction showed consistent effects 
across PLV and wPLI, providing converging evidence for genu
ine neural synchrony changes, while the delta-band increase was 
not replicated in wPLI and warrants cautious interpretation. 
Because no connectivity features survived BH-FDR correction 
and CIs were wide, these preliminary findings should be inter
preted cautiously and warrant replication in larger cohorts with 
rigorous control of potential myogenic confounding.
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