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Objective: Tinnitus may be associated with various brain changes. However, the degenerative changes in patients with tinnitus have not been extensively investigated. We aimed to evaluate degenerative, structural, and functional brain changes in patients with mild cognitive impairment (MCI) who also suffer from tinnitus.

Materials and methods: This study included participants aged 60 to 80 years with MCI and a hearing level better than 40 dB. The participants were classified into two groups: MCI with tinnitus (MCI-T) and MCI without tinnitus (MCI-NT). All patients underwent Tinnitus Handicap Inventory (THI), 3 T brain MRI, F18-florapronol PET, and F18-FDG PET.

Results: The MCI-T group exhibited higher β-amyloid deposition in the superior temporal gyrus, temporal pole, and middle temporal gyrus compared to the MCI-NT group (p < 0.05 for all). Additionally, the MCI-T group showed increased metabolism in the inferior frontal gyrus, insula, and anterior cingulate cortex (ACC) (p < 0.005 for all). The THI score was strongly correlated with increased volume in the insula, ACC, superior frontal gyrus, supplementary motor area, white matter near the hippocampus, and precentral gyrus (p < 0.05 for all). Moreover, the MCI-T group demonstrated higher metabolic activity in the default mode network (DMN) and lower activity in the executive control network (ECN) (p < 0.05 for all). In the MCI-T group, the posterior DMN was positively correlated with the visual network and negatively with the ECN, whereas in the MCI-NT group, it correlated positively with the ECN.

Conclusion: The MCI-T group exhibited greater β-amyloid accumulation in the auditory cortex and more extensive changes across various brain networks compared with the MCI-NT group, potentially leading to diverse clinical symptoms such as dementia with semantic deficits or depression. Tinnitus in MCI patients may serve as a biomarker for degenerative changes in the temporal lobe and alterations in brain network dynamics.
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Introduction

Tinnitus, a chronic condition manifesting as ringing or buzzing sounds, persistently disrupts daily life. It affects approximately 20% of the general population aged 12 and older (Park et al., 2014). Its prevalence is notable among children and adolescents, increasing with age (Park et al., 2014). Tinnitus is divided into subjective, which is undetectable by physicians, and objective, which may originate from adjacent structures such as blood vessels or muscle tremors (Crummer and Hassan, 2004; Henry et al., 2014; Han et al., 2009). Unlike objective tinnitus, the causes of subjective tinnitus (Crummer and Hassan, 2004; Han et al., 2009; Henry et al., 2014) are highly varied. Hearing loss is a primary factor influencing tinnitus (Crummer and Hassan, 2004; Han et al., 2009; Henry et al., 2014). Additionally, subjective tinnitus is associated with depressive moods, physical pain, and sleep quality (Ausland et al., 2021; Hackenberg et al., 2023; Alster et al., 1993).

Recent studies have established a significant association between otologic symptoms and degenerative changes in the brain (Zheng et al., 2022; Bisogno et al., 2021; Cheng et al., 2021; Shulman et al., 2007). Hearing loss can accelerate cognitive impairment by promoting the degeneration of brain function (Zheng et al., 2022; Bisogno et al., 2021). Moreover, these changes can be mitigated by the use of hearing aids (Lin et al., 2023). Lin et al. demonstrated that hearing aids could partially offset cognitive deterioration in a long-term, large-scale cohort study (Lin et al., 2023). Furthermore, a link between degenerative brain changes and tinnitus has also been established by several studies (Chu et al., 2020; Cheng et al., 2021). These studies disclosed that dementia, Parkinsonism, and mild cognitive impairment (MCI) are associated with tinnitus (Chu et al., 2020; Cheng et al., 2021). However, the mechanisms underlying this association remain to be fully elucidated.

Prior research aimed to clarify the identification of tinnitus-associated brain networks. Lee et al. and De Ridder et al. discovered that the default mode network (DMN), central executive network (CEN), and salience network (SN) are implicated in tinnitus, and alterations in these networks can trigger tinnitus (Lee et al., 2022; De Ridder et al., 2022). In addition, activation of the noise-canceling pathway can also provoke tinnitus (Lee et al., 2022; De Ridder et al., 2022). Furthermore, several studies on brain changes in tinnitus patients have shown that tinnitus is linked with alterations in brain structures and metabolism (Lee et al., 2022; De Ridder et al., 2022; Mirz et al., 2000). However, the relationship with other brain degenerative changes, such as β-amyloid accumulation, in tinnitus patients remains unexplored. Although some studies have demonstrated an association between β-amyloid accumulation and hearing loss (Pan et al., 2024; Zheng et al., 2022), they did not evaluate the β-amyloid accumulation pattern in tinnitus patients.

Herein, we aimed to identify the structural and functional brain changes in MCI patients with tinnitus, particularly focusing on degenerative changes including β-amyloid accumulation patterns among MCI patient groups with and without tinnitus in individuals with age-normative hearing levels.



Materials and methods


Subjects

We included participants aged between 60 and 80 years who had experienced tinnitus for over six months, were diagnosed with MCI, and had a mean hearing level (average hearing level at 0.5 kHz, 1 kHz, 2 kHz, and 4 kHz) of less than 40 dB. We excluded individuals with severe neurocognitive disorders such as schizophrenia or a history of dementia, severe cerebrovascular disease, brain lesions or trauma, previous brain surgery, those who had abused alcohol or substances within the previous year, those with cognitive impairments or severe deafness that hindered the conduct of surveys, hearing tests, or tinnitus examinations, a history of sudden hearing loss or traumatic hearing injuries, users of hearing aids, those whose illiteracy interfered with neuropsychological testing, and those with metal in their bodies, claustrophobia, or other conditions that precluded MRI imaging. Consequently, we prospectively included 30 patients with MCI, of whom 7 were in the MCI-T group and 23 in the MCI-NT group.



Ethics

This study was conducted following approval from the Institutional Review Board (IRB No. 20-2019-67), and all participants provided informed consent prior to participation.



Surveys for evaluation of tinnitus and MCI

The Tinnitus Handicap Inventory (THI) survey (Newman et al., 1996) was administered to assess tinnitus-associated distress and evaluate the otological symptoms of all enrolled subjects. The Korean Version of the Consortium to Establish a Registry for Alzheimer’s Disease (CERAD-K) (Lee et al., 2002) was utilized to assess the cognitive function of the participants.



Image acquisition and preprocessing


MRI acquisition and preprocessing

A Philips 3 T MRI system (Achieva, Philips Medical Systems, Best, The Netherlands) was employed for MRI imaging. High-resolution T1-weighted spoiled gradient recall (SPGR) MRI sequences (TR = 9.9 ms, TE = 4.6 ms, flip angle = 8°, FOV = 320 × 320 mm2, voxel size of 0.7 × 0.7 × 0.7 mm) were used. Preprocessing involved the use of Statistical Parametric Mapping software (SPM12, Wellcome Department of Imaging Neuroscience, London, United Kingdom) running in Matlab 9.14. Voxel-based morphometry analysis (VBM) was executed through the CAT12 toolbox in SPM12.1 Images were segmented into gray matter (GM), white matter, and cerebrospinal fluid, and nonlinearly normalized to a standard stereotactic space using the DARTEL algorithm. The spatially normalized images were then smoothed with an 8 mm FWHM Gaussian kernel. An absolute threshold value of 0.1 was applied to eliminate artifacts on the gray matter.



PET acquisition and preprocessing

Subjects underwent two positron tomography (PET) scans: an F-18 Florapronol (FPN) PET to measure amyloid deposition, and an F-18 fluorodeoxyglucose (FDG) PET to evaluate metabolic uptake in the brain, using a PET-CT scanner (Gemini TF64, Philips Healthcare, Best, the Netherlands), with the scans conducted four weeks apart.

F-18 FDG scans: after injecting 370 MBq or less, FDG emission scans commenced 40 min post bolus injection and continued for 20 min.

F-18 FPN scans: patients received 370 MBq of F-18 florapronol (Alzavue, FutureChem Pharma), followed by the immediate acquisition of dynamic images for 10 min. Delayed imaging sessions began 30 min post-injection.

Preprocessing involved using SPM12 to linearly coregister PET images to individual T1-MRI scans. The aligned FPN and FDG PET images were then spatially transformed to conform to the MNI (Montreal Neurological Institute) spatial template. The spatially normalized FDG PET image was smoothed with a Gaussian kernel of 12 mm FWHM, and the images were scaled to the global mean to minimize individual variations.

To quantify amyloid deposition on FPN PET, the standardized uptake value ratio (SUVR) was used to normalize signal intensity to the total cerebellar GM; the resulting SUVR images were also smoothed with a Gaussian kernel of 12 mm FWHM.



Independent component analysis

For FDG PET, independent component analysis (ICA) was conducted using the GIFT toolbox (version 3.0a; Medical Imaging Analysis Lab, The Mind Research Network; http://mialab.mrn.org/software/gift). The analysis of individually smoothed PET images identified components showing common subject covariation. A total of twenty-four components were extracted from the FDG PET data, with spatial correlation maps being generated using a z-score threshold of 2.0. Components considered meaningful based on visual screening presented major clusters primarily in the gray matter (Yakushev et al., 2013). A measure termed “loading coefficients” was used to gauge the degree of component expression in individual subjects.




Statistical analysis

Statistical analysis entailed the use of general linear modeling via SPM12. Voxel-wise statistics for VBM, FDG PET, and FPN PET were derived using non-parametric permutation-based testing (5,000 permutations) and threshold-free cluster enhancement (TFCE). The significance level was set at FWE p < 0.05. Analysis for VBM was controlled for age, sex, and total intracranial volume (TIV), while PET analyses were adjusted for age and sex as covariates of no interest. For the ICA analysis, network integrity indices between groups were compared using a 2-sample t-test, setting the alpha value at 0.05.




Results


Demographics, CERAD-K, hearing level, and THI-score

The age of the MCI-T group was 71.0 ± 6.6, which did not differ significantly from that of the MCI-NT group (74.1 ± 4.7, p = 0.173) (Table 1). Additionally, the gender distribution in the MCI-T group (M:F = 5:2) was comparable to that in the MCI-NT group (M:F = 18:5, p = 1.000) (Table 1). In the MCI-T group, only one subject was ambidextrous, whereas all other participants in both the MCI-T and MCI-NT groups were right-handed. Moreover, the MCI-T group attained higher scores on the CERAD-K than the MCI-NT group (MCI-T: 63.4 ± 11.4; MCI-NT: 52.8 ± 11.3, p = 0.04). The hearing level of MCI-T group (22.1 ± 8.0 dB) was not different compared to MCI-NT group (26.4 ± 6.3 dB, p = 0.145). Additionally, the THI score in the MCI-T group was 34.3 ± 32.4 (Table 1). In contrast, the THI score for the MCI-NT group was reported as 0.



TABLE 1 Subject demographics.
[image: Table1]



β-amyloid deposition of brain in MCI-T and MCI-NT group

Compared to the MCI-NT group, the MCI-T group showed significantly higher uptake in F-18 FPN PET [TFCE, FWE p < 0.05, cluster size (k) > 100] in the left superior and middle temporal gyrus, as well as the temporal pole (Figure 1A; Supplementary Figure S1A; Table 2). Meanwhile, the MCI-NT group showed no regions of significantly higher uptake compared to the MCI-T group.

[image: Figure 1]

FIGURE 1
 Brain region of the MCI-T group with (A) higher β-amyloid plaque accumulation in F-18 florapronol PET and (B) greater glucose metabolism than the MCI-NT Group in F-18 FDG-PET.




TABLE 2 Brain regions showing significant group differences.
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Gray matter volume and metabolic activity changes of brain in MCI-T and MCI-NT group

For group comparisons using VBM, no significant difference was observed in gray matter volume between the MCI-T and MCI-NT groups [TFCE, FWE p < 0.05, cluster size (k) > 100]. However, glucose metabolism was significantly higher in the MCI-T group [TFCE, FWE p < 0.05, cluster size (k) > 100] in the right inferior frontal cortex and ACC (Figure 1B; Supplementary Figure S1B; Table 2). No region showed greater glucose metabolism in the MCI-NT group compared to the MCI-T group.

For the correlation analysis with THI score, it was found to be positively associated with gray matter volume in the insula, ACC/superior frontal gyrus, supplementary motor area, and precentral area [TFCE, uncorrected p < 0.005, cluster size (k) > 100] (Figure 2; Supplementary Figure S2; Table 3).

[image: Figure 2]

FIGURE 2
 Brain regions showing significant GM volume changes associated with THI score in MRI.




TABLE 3 Brain regions demonstrating significant GM volume correlations with THI score differences between MCI-T and MCI-NT groups.
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Independent component analysis

Among 24 independent components, 9 were identified as meaningful components in FDG PET data. Spatial maps included the anterior and posterior default mode network (DMN), auditory network (AUN), visual network (VIN), somatosensory network (SMN), cerebellar network (CBN), basal ganglia network (BGN), and executive control network (ECN) as depicted in Figure 3. The ICA results indicated notably lower integrity of the ECN and higher integrity of both the anterior and posterior DMN in the MCI-T group compared to the MCI-NT group (Figure 4A). In the connectivity matrix, there was a significantly positive correlation between the VIN and the posterior DMN in the MCI-T group, a correlation absent in the MCI-NT group (Figure 4B). Additionally, the ECN and pDMN displayed a negative correlation in the MCI-T group, whereas a positive correlation was noted in the MCI-NT group.

[image: Figure 3]

FIGURE 3
 An overlay is displayed of the independent component map at a threshold of z > 2.0 on a T1 template in MNI space in F-18 FDG-PET; it includes (A) anterior DMN, (B) posterior DMN, (C) auditory network; AUN, (D–E) primary visual network; pVIS, (F) somatosensory network; SMN, (G) executive control network; ECN, (H) basal ganglia network; BGN, (I) cerebellar network; CBN.
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FIGURE 4
 Distribution of network integrity indices is shown. (A) The boxplots depict loading coefficients for F-18 FDG-PET. *p < 0.05. (B) The correlation matrix (with strong rectangle lines) represents pairs with a threshold p < 0.05.





Discussion

We assessed β-amyloid plaque accumulation, brain volume, and metabolism in relation to the presence of tinnitus in MCI patients. Our findings indicated distinct differences in brain pathology, structure, and function between the MCI-T and MCI-NT groups. The MCI-T group exhibited higher β-amyloid plaque deposition particularly in the auditory cortex regions and the temporal lobe. Furthermore, this group demonstrated elevated metabolism in the inferior frontal gyrus, insula, and ACC. Similarly, metabolic activity was higher in the anterior and posterior DMN but reduced in the ECN when compared to the MCI-NT group. The THI scores correlated significantly with the gray matter volume in the insula, ACC, superior frontal gyrus, supplementary motor area, white matter adjacent to the hippocampus, and precentral gyrus. These results highlight structural and functional brain alterations in MCI-T patients, including amyloid plaque deposition in the auditory cortex, increased volume and activity in the DMN, enhanced volume in the SN including the insula, ACC, and parts of the inferior frontal gyrus, and diminished activity in the ECN compared to the MCI-NT group.

β-amyloid plaque contributes to degenerative changes in the brain including neuronal loss (DeTure and Dickson, 2019), with our research demonstrating its deposition in the superior and middle temporal gyrus as well as in the temporal pole regions in the MCI-T group. The affected superior temporal gyrus areas are Brodmann areas 41 and 42, which include the primary auditory cortex, while parts of the Rolandic operculum also belong to the auditory cortex (Khalighinejad et al., 2021; Moerel et al., 2014). Since tinnitus is linked to aberrant auditory cortex activity (Galazyuk et al., 2012; Lee et al., 2022) and β-amyloid plaque deposition can induce abnormal neuronal activity in adjacent cells (Zott et al., 2019; Wood, 2019), the presence of β-amyloid plaque in parts of the auditory cortex may contribute to the onset of tinnitus in these cortical areas.

Additionally, the middle temporal gyrus is associated with semantic memory, visual perception, and multi-sensory integration (Onitsuka et al., 2004; Mesulam, 1998), which previous studies have demonstrated to be diminished in patients with tinnitus (Karimi Boroujeni et al., 2020; Mahoney et al., 2011; Dehmel et al., 2008; Lanting et al., 2010; Spiegel et al., 2015). Moreover, the temporal pole is implicated in a range of functions including language, semantic and auditory processing, visual processing, multimodal sensory integration, and emotion (Herlin et al., 2021). The β-amyloid plaque-deposited areas in the MCI-T group were predominantly in regions associated with semantic processing and visual or auditory sensory functions. Consequently, the pattern and progression of cognitive impairment in the MCI-T group might differ from that in MCI-NT patients, characterized initially by multi-sensory deficits coupled with semantic impairments. Thus, tinnitus in the MCI group might be considered a biomarker indicating a predisposition towards dementia with semantic deficits.

Higher metabolic activity of glucose in the SN, encompassing the ACC, insula, and parts of the inferior frontal gyrus, was evident in the MCI-T group, as demonstrated by our findings (Seeley et al., 2007). Additionally, the volume of these areas exhibited a significant correlation with THI. The SN is linked to rewards, motivation, emotion, and pain, and facilitates the switch between the ECN and (Schimmelpfennig et al., 2023). Abnormally activated SN has been identified as one of the chronic tinnitus-related brain network changes (De Ridder et al., 2011; Lee et al., 2022). Our results support the involvement of SN in tinnitus, consistent with previous studies (De Ridder et al., 2011; Lee et al., 2022).

The volume of the white matter adjacent to the hippocampus and superior frontal gyrus was significantly negatively associated with THI. These regions are crucial for learning and memory, functions that are compromised in Alzheimer’s disease (Boisgueheneuc et al., 2006; Yang et al., 2019; Bird and Burgess, 2008). Moreover, the volume of the precentral gyrus and supplementary motor area correlated with the THI score. Earlier studies have shown that motor functions decline as Alzheimer’s disease progresses (Buchman and Bennett, 2011). Another study indicated that the supplementary motor area is also affected in the early stages of Alzheimer’s disease (Vidoni et al., 2012). Given that the THI scores of the MCI-NT group were considered to be 0, the associations between the volumes of these regions and THI might be attributed to the impairments in these areas within the MCI-NT group, suggesting further advanced cognitive and motor function deterioration.

The regions with heightened metabolic activity in the MCI-T group included the DMN. Comprising the dorsal medial prefrontal cortex, posterior cingulate cortex, precuneus, and angular gyrus, as well as the medial orbitofrontal cortex and anterior cingulate cortex (Yeshurun et al., 2021), the DMN is active during rest, exploration, and unfocused states (Yeshurun et al., 2021). Increased activity of the DMN has been documented in prior studies (Chen et al., 2018a; Chen et al., 2018b). The heightened activity of the DMN accounts for the predominance of tinnitus perception during rest (Chen et al., 2018a; Chen et al., 2018b). Our results align with these earlier findings.

Additionally, our metabolic network analysis showed that the MCI-T group exhibited higher DMN activity and lower ECN activity compared to the MCI-NT group. The ECN, also associated with tinnitus (De Ridder et al., 2022) governs executive functions critical for goal-oriented actions, such as working memory and attention (De Ridder et al., 2022; Vincent et al., 2008). This network comprises the lateral prefrontal cortex, anterior cingulate cortex, and inferior parietal lobule (Vincent et al., 2008). Typically, disruptions involving increased metabolic activity and functional connectivity in these networks have been identified as changes linked to tinnitus in the general population, findings that differ from those of our study (De Ridder et al., 2022; Lee et al., 2022). These discrepancies may result from impairments in and alterations of the connections among the SN, DMN, and ECN in MCI (Xue et al., 2021; Chand et al., 2017). Earlier research indicated that the SN is unable to modulate the DMN or ECN effectively in MCI patients (Xue et al., 2021; Chand et al., 2017). Moreover, the DMN shows elevated activity in conditions like semantic memory decline and tinnitus, (Chen et al., 2018a; Chen et al., 2018b; Gardini et al., 2015) while ECN activity may diminish in MCI patients with impaired executive functions (Liu et al., 2021). Furthermore, the DMN is typically anti-correlated with the ECN (Fox et al., 2005). Thus, the heightened DMN function in the MCI-T group could suppress the ECN, resulting from inadequate modulation by the SN and the strong anti-correlation with the highly active DMN.

In addition, the ICA results indicated that the DMN was negatively correlated with the ECN in the MCI-T group, whereas it showed a positive correlation in the MCI-NT group. These inter-network modifications could stem from alterations in brain networks related to MCI. A preceding study found that increased functional connectivity between the posterior DMN and ECN correlates with greater β-amyloid deposition and reduced working memory (Zhukovsky et al., 2023). In this study, the MCI-NT group, which had a lower CERAD-K score indicating further progression of MCI, exhibited increased connectivity between the posterior DMN and ECN.

The ICA results highlighted that the posterior DMN and posterior visual network were positively correlated in the MCI-T group. Previous research suggested that a positive relationship between the DMN and the visual network reflects prolonged emotional experiences (Xu et al., 2023). Given that some tinnitus patients suffer from emotion-related disorders, such as depression or anxiety (Hackenberg et al., 2023), this positive correlation between the DMN and visual networks might also elucidate the emotional alterations linked to tinnitus.

In addition, the negative correlation between the DMN and SMN appeared to be weaker in the MCI-T group compared to the MCI-NT group. The DMN is typically anti-correlated with the SMN in healthy individuals (Schwarz et al., 2013). The DMN and SMN are important for perception and internal mental activities, respectively (Xie et al., 2024). A previous study reported that a weakened network between the DMN and SMN is present in tinnitus patients, indicating decreased cognitive control and reduced attention (Xie et al., 2024). This study also supports those findings. Consequently, MCI patients with tinnitus may have less attention and cognitive control compared to those without tinnitus.

This study has some limitations. First, the small number of subjects in the experiment group (MCI-T) was a significant constraint. We were unable to enroll enough participants during the COVID-19 era. Additionally, to minimize the effect of covariates such as other coexisting neurocognitive diseases and hearing-related factors, which could influence the brain function, structures, and tinnitus (Noble, 2008; Shinden et al., 2021; Zheng et al., 2022), only tinnitus patients without other neurocognitive diseases and with hearing levels less than 40 dB were included. This resulted in more homogeneous subjects, although the small number of patients was included. To overcome this limitation, we applied nonparametric analysis and used a strict cut-off for significant differences in the various imaging tests. Despite this limitation, our findings consistently demonstrated changes related to tinnitus and THI, which might provide valuable insights into structural and metabolic alterations in the brain cortex and networks.

Additionally, the CERAD-K scores of each group were not equally distributed. Although Alzheimer’s disease was excluded, the degree of MCI might differ between the groups. To adjust for the differences in CERAD-K scores between the groups, we employed multivariable analysis, controlling for CERAD-K as a covariate. This adjustment is an important consideration for future research.

Another limitation of our study was the evaluation of the THI score with a small number of MCI-T patients. The THI score-associated changes of brain volume may reflect the differences between the MCI-T group and the MCI-NT group, rather than gradual changes in each brain region according to the THI score, due to the limited number of subjects. Further studies with a larger MCI-T group may provide a clearer understanding of the THI-associated brain changes.

Since patients with hearing levels greater than 40 dB were not included, this study may not represent the functional or structural changes in chronic tinnitus patients with hearing loss. Further studies evaluating brain changes in chronic tinnitus patients with hearing loss may be necessary.



Conclusion

The MCI-T group showed significantly more β-amyloid accumulation in the temporal lobe, including the auditory cortex. Additionally, there were volume and metabolic changes in brain regions of the ECN, DMN, and SN associated with tinnitus. These changes included higher functional connectivity in the DMN, increased brain volume in certain parts of the SN, and lower functional connectivity in the ECN. These findings suggest that MCI-T patients demonstrate distinct degenerative patterns in the brain and altered functional connectivity in networks associated with emotions compared to MCI-NT patients. Tinnitus in the MCI group may serve as a biomarker for degenerative changes in the temporal lobe, potentially leading to dementia with semantic deficits, and for increased functional connectivity in emotion-associated brain networks.
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