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Chronic Tinnitus Exhibits Bidirectional Functional Dysconnectivity in Frontostriatal Circuit
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Purpose: The phantom sound of tinnitus is considered to be associated with abnormal functional coupling between the nucleus accumbens (NAc) and the prefrontal cortex, which may form a frontostriatal top-down gating system to evaluate and modulate sensory signals. Resting-state functional magnetic resonance imaging (fMRI) was used to recognize the aberrant directional connectivity of the NAc in chronic tinnitus and to ascertain the relationship between this connectivity and tinnitus characteristics.

Methods: Participants included chronic tinnitus patients (n = 50) and healthy controls (n = 55), matched for age, sex, education, and hearing thresholds. The hearing status of both groups was comparable. On the basis of the NAc as a seed region, a Granger causality analysis (GCA) study was conducted to investigate the directional connectivity and the relationship with tinnitus duration or distress.

Results: Compared with healthy controls, tinnitus patients exhibited abnormal directional connectivity between the NAc and the prefrontal cortex, principally the middle frontal gyrus (MFG), orbitofrontal cortex (OFC), and inferior frontal gyrus (IFG). Additionally, positive correlations between tinnitus handicap questionnaire (THQ) scores and increased directional connectivity from the right NAc to the left MFG (r = 0.357, p = 0.015) and from the right MFG to the left NAc (r = 0.626, p < 0.001) were observed. Furthermore, the enhanced directional connectivity from the right NAc to the right OFC was positively associated with the duration of tinnitus (r = 0.599, p < 0.001).

Conclusion: In concurrence with expectations, tinnitus distress was correlated with enhanced directional connectivity between the NAc and the prefrontal cortex. The current study not only helps illuminate the neural basis of the frontostriatal gating control of tinnitus sensation but also contributes to deciphering the neuropathological features of tinnitus.
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INTRODUCTION

Tinnitus is defined as a phantom auditory perception that may bother many patients to the extent that it changes their lives (Baguley et al., 2013; Bauer, 2018). Because of the aging population and unavoidable noise pollution, the incidence of chronic tinnitus has increased sharply over the past 15 years (Shargorodsky et al., 2010; Knipper et al., 2013). Currently, the mechanism of action of chronic and irreversible tinnitus is unknown. Hence, many investigators have applied themselves to unraveling the nature of tinnitus (Galazyuk et al., 2012), notably subjective chronic tinnitus without organic lesions. Abnormal cochlear function has been considered to be the primary cause of tinnitus over the years. However, a small number of studies indicated that many patients failed to experience relief from tinnitus after the complete recovery of cochlear lesions (Rauschecker et al., 2010). The central nervous system is integral when considering the occurrence and development of tinnitus. A series of anomalies in the auditory center were observed in tinnitus cases in prior research studies (Leaver et al., 2011, 2016a; Kim et al., 2012; Song et al., 2012, 2015; Vanneste and De Ridder, 2012; Adjamian et al., 2014; Husain and Schmidt, 2014; Chen et al., 2015, 2016; Hinkley et al., 2015; Gunbey et al., 2017; Schmidt et al., 2017; Hullfish et al., 2019), simultaneously covering synaptic remodeling (Eggermont and Roberts, 2004), neuronal spontaneous hyperactivity or hypoactivity (Chen et al., 2014), increased neuronal synchronicity (Eggermont, 2007; Langers et al., 2012), and changes in tonotopic representation of sound (Langers et al., 2012). Tinnitus activations may also involve the non-auditory center, in which the limbic system and the autonomic nervous system are especially important (Crippaa et al., 2010; Rauschecker et al., 2010; Leaver et al., 2011, 2016a; Kim et al., 2012; Vanneste and De Ridder, 2012; Carpenter-Thompson et al., 2014; Kreuzer et al., 2015; Song et al., 2015; Chen et al., 2016; Gunbey et al., 2017; Schmidt et al., 2017; Hullfish et al., 2019). As a result, an increasing number of researchers have investigated tinnitus from the periphery to the central nervous system. Although many studies have investigated this area over the years, the neuropathological mechanism underlying tinnitus generation remains an enigma.

Comprehensively accumulated evidence from functional neuroimaging studies indicated that the limbic system plays an intermediary role in evaluating and modulating tinnitus perception signals, for instance, identifying and eliminating phantom sounds normally as well as canceling the noise at the level of the limbic system by providing feedback to the thalamic reticular nucleus (TRN) (Muhlau et al., 2006; Rauschecker et al., 2010, 2015; Leaver et al., 2011; Barry et al., 2015; Gunbey et al., 2017). At the level of the thalamus, the inhibition and stimulation of the medial geniculate nucleus (MGN) and TRN are determined by the pathway above (Rauschecker et al., 2010, 2015; Barry et al., 2015). Research has also indicated that one of the reasons for the generation and maintenance of tinnitus is the breakdown of auditory circuitry, especially in the thalamic regions, including the MGN and TRN (Rauschecker et al., 2010; Barry et al., 2015). Moreover, the functional connectivity between the nucleus accumbens (NAc) and MGN single neurons as well as the modulation of auditory neuron activity in the MGN by the NAc may play a part in the development of tinnitus (Barry et al., 2015).

Furthermore, the generation of tinnitus may be ascribed to the reaction of the NAc to dysfunctional sensory gating control (Barry et al., 2015). The study of Rauschecker et al. demonstrated that as part of a central gatekeeping system in tinnitus, the subcallosal area, which is composed of the ventromedial prefrontal cortex (vmPFC) and the NAc, evaluates the relevance and emotional value of sensory stimuli, and controls the flow of information (Rauschecker et al., 2010). Previous studies have suggested that the NAc and vmPFC and subgenual anterior cingulate cortex (sgACC) form a frontostriatal gating circuit in tinnitus patients (Leaver et al., 2011, 2016b; Rauschecker et al., 2015; Hullfish et al., 2019). Therefore, functional magnetic resonance imaging (fMRI) was used to measure the neural activity within frontostriatal network in tinnitus.

The interconnection within cerebral networks, which is structurally segregated and functionally specialized, may be further understood by resting-state low-frequency (0.01–0.1 Hz) fluctuations of blood oxygenation level-dependent (BOLD) fMRI (Biswal et al., 1995; Raichle et al., 2000; Barkhof et al., 2014). Recent MRI studies on tinnitus have raised awareness of altered structural and functional brain alterations in auditory and limbic regions (Leaver et al., 2011, 2016a; Vanneste and De Ridder, 2012; Meyer et al., 2016; Hullfish et al., 2019). The NAc, vmPFC, and sgACC could be the kernel regions of tinnitus dysfunction. The highest degree of hyperactivity, specifically to sounds frequency matched in the NAc area, as well as complementary structural differences in the vmPFC, has been shown in tinnitus patients (Leaver et al., 2016a). Increased gray matter (GM) and decreased white matter (WM) concentrations in the vmPFC within tinnitus patients have been detected (Middleton and Tzounopoulos, 2012), in which the functional changes in the NAc and auditory cortex were closely associated with the degree of structural changes. Moreover, Meyer et al. (2016) demonstrated that the reduced GM in sgACC was correlated with tinnitus duration in a large sample of tinnitus patients, suggesting that ongoing tinnitus may be related to progressive reorganization of the sgACC, which is consistent with the gating model (Rauschecker et al., 2015). Likewise, Hinkley et al. (2015) investigated the presence of increased functional connectivity in the NAc and vmPFC with the auditory cortex of tinnitus patients. While many studies have shown that tinnitus involves changes in the functional connectivity between the whole brain and the NAc as well as the vmPFC (Leaver et al., 2011; Adjamian et al., 2014; Hullfish et al., 2019), the directionality or specificity of the dysfunctional connections in tinnitus remains unknown.

A Granger causality analysis (GCA) study is employed to identify directionality in altered effective connectivity between the whole brain and the NAc as well as the vmPFC among subjects, providing scientific evidence for in-depth research. GCA has been applied broadly to expose the causal effects among brain regions in other neurological or psychiatric disorders, such as Alzheimer’s disease (Zhong et al., 2014), mild cognitive impairment (Yu et al., 2017), depression (Guo et al., 2015), and presbycusis (Chen et al., 2019). In the current study, fMRI combined with the GCA method was used to collect and process BOLD data to precisely determine the directionality of altered resting-state directional connectivity (Jiao et al., 2011; Stephan and Roebroeck, 2012). Specific seed regions are stipulated in the NAc considering the potential role of the NAc within the frontostriatal gating circuit in tinnitus. It is hypothesized that disruption of the directional connectivity in the NAc in patients with chronic tinnitus would be observed by utilizing the GCA method. Moreover, the disrupted frontostriatal connectivity would be associated with specific tinnitus characteristics, such as tinnitus distress and duration. To our knowledge, this is the first study to use fMRI in combination with the GCA method to detect the directional connectivity of the NAc in chronic tinnitus patients.



MATERIALS AND METHODS


Subjects

Fifty chronic tinnitus patients and 55 healthy subjects (all right-handed, with at least 8 years of education) were recruited through community health screening or newspaper advertisements. No subject was excluded from the fMRI analysis due to excessive head motion during scanning. The patients and controls were paired into matched groups in terms of age, sex, and education. There were 18 left-sided and 16 right-sided tinnitus patients as well as 16 tinnitus patients who experienced bilateral tinnitus or tinnitus originating within the head. The Iowa version of the Tinnitus Handicap Questionnaires (THQ) (Kuk et al., 1990) and a pure tone audiometry (PTA) examination were used to assess the tinnitus severity, tinnitus distress, and the hearing threshold. All participants had clinically normal hearing (hearing thresholds < 25 dB) at the frequencies of 0.25, 0.5, 1, 2, 4, and 8 kHz. There were no statistically significant differences in auditory thresholds between the tinnitus group and the control group (see Figure 1 for average hearing thresholds). According to the self-rating depression scale (SDS) and the self-rating anxiety scale (SAS) (overall scores < 50, respectively), none of the participants had depression or anxiety (Zung, 1971, 1986). In accordance with a previous study (Khalfa et al., 2002), the Hyperacusis Questionnaire was applied to exclude participants with hyperacusis in the current study. Moreover, consistent with the previous diagnostic criteria (Lopez-Escamez et al., 2015), patients with Meniere’s disease were also excluded from the study. Other exclusion criteria for the study included the following: (1) pulsatile tinnitus, hyperacusis, or Meniere’s diseases; (2) a past history of severe alcoholism, smoking, or head injury; (3) stroke, Alzheimer’s disease, Parkinson’s disease, epilepsy, major depression, or other neurological or psychiatric illness; (4) major medical illness (e.g., cancer, anemia, and thyroid dysfunction); (5) severe visual loss; and (6) any contraindications for MRI scanning. The characteristics of the chronic tinnitus patients and healthy subjects are summarized in Table 1. The study was approved by the Ethics Committee of Nanjing Medical University, and informed consent was obtained from each participant.
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FIGURE 1. Mean hearing thresholds of the chronic tinnitus and control groups. Data are presented as mean ± SD.



TABLE 1. Demographic and clinical characteristics of chronic tinnitus patients and healthy controls.
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MRI Scanning

A 3.0-T MRI scanner (Ingenia, Philips Medical Systems, Netherlands) with an eight-channel receiver array head coil was used to generate magnetic resonance images. Foam padding and earplugs were used to reduce the head motion and scanner noise. From the manufacturer’s data, approximately 32 dB of scanner noise may be attenuated by the earplugs (Hearos Ultimate Softness Series, United States). All participants were instructed to remain awake, keep their eyes closed, and stay motionless without thinking of anything in particular during scanning. Structural T1-weighted images were acquired in a high-resolution three-dimensional turbo fast echo (3D-TFE) scan with the following parameters: repetition time (TR)/echo time (TE) = 8.1/3.7 ms; slices = 170; thickness = 1 mm; gap = 0 mm; flip angle (FA) = 8°; acquisition matrix = 256 × 256; and field of view (FOV) = 256 mm × 256 mm. A total of 5 min 29 s was spent in scanning the structural sequence. Functional images were collected axially using a gradient-recalled echo-planar imaging sequence as follows: TR = 2,000 ms; TE = 30 ms; slices = 36; thickness = 4 mm; gap = 0 mm; FOV = 240 mm × 240 mm; acquisition matrix = 64 × 64; and FA = 90°. A total of 8 min 8 s was spent on the fMRI sequence.



Data Preprocessing

Data Processing & Analysis for Resting-State Brain Imaging (DPABI_V2.3_170105) with the following stages was applied for data analysis (Yan et al., 2016). The first 10 volumes were discarded to reduce deviation, and the remaining 230 consecutive volumes were used for data analysis. Slice timing and realignment for head motion correction were performed. Subjects were excluded if they exhibited a head motion with >2.0-mm translation or a 2.0° rotation in any direction. The Montreal Neurological Institute (MNI) template (resampling voxel size = 3 mm × 3 mm × 3 mm) and an isotropic Gaussian kernel [full width at half maximum (FWHM) = 6 mm] were employed to spatially normalize, detrend, and filter (0.01–0.08 Hz) the data.

With the WFU_PickAtlas software1, the bilateral NAc were set as seed regions. Moreover, REST-GCA in the REST toolbox was applied to analyze the effective connectivity (Zang et al., 2012). The current study established the seed time series x by the time series of the bilateral NAc and the time series y by the time series of all voxels in the brain. The linear direct influence of x on y (Fx→y) and of y on x (Fy→x) was calculated on the basis of the voxel across the brain. Thus, two Granger causality maps were generated according to the influence measures for each subject. The residual-based F was normalized (F’) and standardized to the Z score for each voxel (Zx→y and Zy→x, subtracting the global mean F’ values, divided by the standard deviation).



Structural Analysis

Structural images were processed using the VBM8 toolbox software in SPM82. Imaging preprocessing was performed in accordance with the optimized VBM protocol previously described by Good et al. (2001) including spatial normalization, segmentation, modulation, and smoothing. In SPM8, the image is rearranged to the front and back joint axis. After rearrangement, the images were divided into GM, WM, and cerebrospinal fluid using the full-automatic algorithm in VBM8. The segmented images were used to create a custom DARTEL template, which was then normalized to the MNI space. The resulting GM and WM images were smoothed using a 10-mm FWHM Gaussian kernel. GM and WM volumes were calculated by estimating these segments. Brain parenchyma volume was calculated as the sum of GM and WM volumes. The voxel-wise GM volume was used in the following statistical analysis as covariates for GCA calculations.



Statistical Analysis

The mean values of the Zx→y and Zy→x maps were computed several times to analyze the effective connectivity of the bilateral NAc between groups. On the basis of the above results, four Granger causality maps, including two for each direction and two for each group (the left NAc with Zx→y and Zy→x and the right NAc with Zx→y and Zy→x for both the patients and healthy controls), were acquired. Thus, to determine the differences between tinnitus patients and healthy controls, in which the covariates were age, sex, and education, these Granger causality maps were entered into a voxel-wise two-sample t-test. To exclude potential effects of GM volume differences, the voxel-wise GM volume maps were also obtained as covariates. The voxel-wise results for group differences were corrected for multiple comparisons using 3dClustSim3 determined by Monte Carlo simulation. A combined threshold of p < 0.001 and a minimum cluster size of 40 voxels were set, yielding a corrected threshold of p < 0.01.

Demographic data were compared by using between-group t-tests and χ2 tests (statistical significance set at p < 0.05). The clusters of the significant differences in the effective connectivity of the bilateral NAc between groups were extracted to investigate the association between the clinical characteristics and the fMRI data. Partial correlations in SPSS software (version 19.0; SPSS, Chicago, IL, United States) were used to correlate the mean z values within these clusters with the characteristics of each tinnitus patient. After correction for age, sex, education, and hearing thresholds, p < 0.05 was considered statistically significant. Bonferroni correction for multiple comparisons was applied in the correlation analysis.



RESULTS


Structural Data

After VBM analysis, there were no significant differences in the comparisons of the whole-brain volumes (GM volume, WM volume, and brain parenchyma volume) between chronic tinnitus patients and healthy controls (p > 0.05). After Monte Carlo simulation correction, no suprathreshold voxel-wise difference in the GM and WM volume between the chronic tinnitus patients and healthy controls was observed.



Directional Connectivity From the NAc

In contrast to healthy controls, patients with chronic tinnitus demonstrated significantly increased directional connectivity from the left NAc to the left inferior frontal gyrus (IFG). Interestingly, decreased directional connectivity was detected in the left cuneus. In addition, significantly enhanced directional connectivity from the right NAc to the left middle frontal gyrus (MFG) and right orbitofrontal cortex (OFC) was also observed in chronic tinnitus patients. In contrast, reduced directional connectivity was observed in the right cuneus in chronic tinnitus patients (Figures 2A,B and Table 2).
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FIGURE 2. Directional functional connectivity of the bilateral NAc in chronic tinnitus patients compared with healthy controls (p < 0.01 corrected by 3dClustSim). (A) Reduced directional connectivity from the left NAc to the left IFG and left cuneus. (B) Decreased directional connectivity from the right NAc to the left MFG, right OFC, and right cuneus. (C) Reduced directional connectivity from the right MFG and right MTG to the left NAc. (D) Decreased directional connectivity from the right IFG and right MTG to the right NAc.



TABLE 2. Abnormal directional connectivity from the NAc to the other brain regions in tinnitus patients.
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Directional Connectivity to the NAc

Compared with the controls, chronic tinnitus patients showed enhanced directional connection from the left middle temporal gyrus (MTG) and right MFG to the left NAc. In addition, in patients with tinnitus, the right MTG and the right IFG showed increased directional connectivity to the right NAc when compared with that in healthy controls (Figures 2C,D and Table 3). No reduction in directional connectivity with the NAc was observed.


TABLE 3. Abnormal directional connectivity from the other brain regions to the NAc in tinnitus patients.
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Correlation Analysis

Pearson’s correlation analyses revealed that THQ scores were positively correlated with the increased directional connectivity from the right NAc to the left MFG (r = 0.357, p = 0.015) and from the right MFG to the left NAc (r = 0.626, p < 0.001). In addition, Figure 3 shows a positive association between the enhanced directional connectivity from the right NAc to the right OFC and the tinnitus duration (r = 0.599, p < 0.001). These correlations were corrected for age, sex, education, and hearing thresholds. Other measures of increased or decreased directional connectivity were independent of tinnitus duration or THQ scores. None of the disrupted directional connectivity was correlated with SAS or SDS score (Table 4).
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FIGURE 3. The directional functional connectivity networks of the bilateral NAc. The red line represents the directional functional connectivity from the bilateral NAc to the other brain regions; the blue line represents the directional functional connectivity from the other brain regions to the bilateral NAc. (A) Positive correlation between the increased directional connectivity from the right NAc to left MFG and the THQ score (r = 0.357, p = 0.015). (B) Positive correlation between the increased directional connectivity from the right NAc to right OFC and the tinnitus duration (r = 0.599, p < 0.001). (C) Positive correlation between the enhanced directional connectivity from the right MFG to left NAc and the THQ score (r = 0.626, p < 0.001).



TABLE 4. Correlation coefficients and significance between the abnormal directional connectivity and tinnitus characteristics in tinnitus patients.
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DISCUSSION

In this study, resting-state fMRI combined with GCA was used to investigate the directional connectivity between the NAc and all brain regions in chronic tinnitus patients compared with healthy controls. NAc was selected as the seed region of the brain networks, as it plays an important role in establishing the significant directional connectivity patterns in the study of tinnitus. Hullfish et al. (2019) studied whether the NAc and the extended frontal striatum network participate in the pathological process of tinnitus by using resting-state fMRI. Moreover, NAc is also implicated in the pathologies of several other disorders, namely, reward deficiency syndromes, including addiction, attention deficit hyperactivity disorder, and schizophrenia (Blum et al., 2000). However, no study has observed the altered directional functional connectivity from this core region in the frontostriatal network. We note that our approach of GCA is not a conceptual innovation but is an effective solution for investigating altered directional connectivity. Our fMRI study is the first to refer to this method and settle on the NAc as the seed region of tinnitus. To provide evidence for NAc-related neural network intercorrelations and particularly emphasize the core role of the NAc and the vmPFC in tinnitus neural circuits, specifically interactions in the frontostriatal gating system, we will discuss our results combined with those of the current literature (Rauschecker et al., 2015).

Reductions in GM volumes in the NAc, vmPFC, superior frontal gyrus, superior temporal gyrus, cingulate cortex, hippocampus, and occipital lobe in tinnitus patients have been reported by previous studies (Muhlau et al., 2006; Schneider et al., 2009; Leaver et al., 2011, 2012; Boyen et al., 2013; Adjamian et al., 2014). However, we did not detect any significant differences of GM volume between our tinnitus patients and controls. It is possible that the absence of any hearing loss in our tinnitus population may be one reason for the different results. In addition, the magnetic resonance (MR) technique and analytical method should also be taken into account.

Prior studies found that the NAc receives excitatory input from the neocortex, which ends on GABAergic spiny projection neurons directly and via inhibitory interneurons (Tepper et al., 2004). Moreover, a direct GABAergic projection from the basal ganglia back to the frontal cortex can be also detected (Saunders et al., 2015). In addition, the NAc receives modulatory input from dopaminergic structures. Dopaminergic activity has been linked to valuation, motivation, and learning in the NAc (Salamone and Correa, 2012; Guitart-Masip et al., 2014). It has therefore been claimed that dopamine and the NAc particularly relate to the valuation of tinnitus, which may influence the development of tinnitus into a chronic condition. We hypothesize that enhanced directional connectivity of NAc may increase the dopamine activity that will maintain the tinnitus perception.

Previous studies on tinnitus have provided evidence for decreased functional connectivity in the default mode network (DMN) (Husain and Schmidt, 2014; Chen et al., 2015, 2018a; Hinkley et al., 2015; Schmidt et al., 2017). In addition, in patients with chronic tinnitus, abnormal functional connectivity in limbic–auditory circuits plays a pivotal role in pathogenesis (Rauschecker et al., 2010; Leaver et al., 2011; Gunbey et al., 2017). More specifically, the subcallosal area in the limbic system is composed of the NAc and extends anteriorly toward the vmPFC (Rauschecker et al., 2010; Leaver et al., 2011; Middleton and Tzounopoulos, 2012; Adjamian et al., 2014; Carpenter-Thompson et al., 2014; De Ridder et al., 2014; Hinkley et al., 2015; Meyer et al., 2016; Hullfish et al., 2019). Therefore, Rauschecker et al. (2010) proposed a model in which the NAc and vmPFC participated in the elimination of the tinnitus signal at the level of the thalamus. Our results regarding NAc bidirectional functional connectivity were consistent with the outcomes above. The hyperactivity in the NAc and altered auditory–limbic networks may be responsible for the increased interactions between the NAc and auditory regions (Leaver et al., 2011; Adjamian et al., 2014; Rauschecker et al., 2015). Schmidt et al. (2017) found decreased DMN–precuneus connectivity and proposed correlations between interrupted connectivity and chronic tinnitus as well as tinnitus severity, which is in accordance with our result that there was decreased effective connectivity from the NAc to the bilateral cuneus. In addition, it was found that tinnitus distress was positively correlated with the increased effect of the NAc on the bilateral connection with the MFG and that the effective connection between the NAc and the OFC and MFG was enhanced. The overlapping regions of the MFG and OFC all include Brodmann’s area 10, which specifically refers to the vmPFC, reflecting an interwoven relationship with the NAc in the brain network of tinnitus patients.

It is noteworthy that there were strong interactions between the NAc and vmPFC regions in tinnitus. Previous studies noted that a dysfunctional frontostriatal system can be attributed to the anomalous structure and function of the NAc and vmPFC in tinnitus patients (Rauschecker et al., 2015; Leaver et al., 2016a; Sedley et al., 2016; Hullfish et al., 2019; Tzounopoulos et al., 2019). Moreover, GM volume reduction was also detected in the subcallosal area of the vmPFC in tinnitus patients (Muhlau et al., 2006; Leaver et al., 2011; Rauschecker et al., 2015). In addition, several studies demonstrated that limbic brain regions in tinnitus are affected by functional plasticity (Lockwood et al., 1998; Mirz et al., 2000; Plewnia et al., 2007). Complementing these findings, an event-related fMRI study was the first to reveal the stimulus-evoked hyperactivity of the NAc in tinnitus patients (Leaver et al., 2011). The sgACC/vmPFC region of highly distressed tinnitus patients showed specific functional connectivity that was related to tinnitus loudness (Vanneste et al., 2014). The latest resting-state fMRI study on tinnitus utilizing NAc as a seed region revealed that NAc-related connectivity was significantly reduced, while frontostriatal connections, such as NAc–vmPFC, were most likely negatively correlated with age and mean hearing loss (Hullfish et al., 2019). Accordingly, the significantly altered effective connectivity of NAc was observed, providing effective support for the previous hypothesis of NAc–vmPFC interactions.

Beyond the discussions mentioned above, converging evidence has shown that tinnitus, as a relatively circumscribed condition, may facilitate a better understanding of the common mechanisms in limbic dysregulations of many similar disorders (Leaver et al., 2011). An analogous study was conducted, since tinnitus and chronic pain have a high degree of similarity not only in terms of sensory perception disorder and the influence of behavior but also in their pathophysiological dysfunction mechanism in the neural hierarchy (Apkarian et al., 2011; Rauschecker et al., 2015). fMRI studies on chronic pain also showed structural and functional abnormities (May, 2011; Wasan et al., 2011; Howard et al., 2012; Liu et al., 2013; Smallwood et al., 2013; Cauda et al., 2014). In addition, Rauschecker et al. (2010, 2015) concluded that chronic pain showed obvious similarity in part of the top-down modulation of sensory signals, as well as the evaluation process, and therefore proposed that the vmPFC and the NAc are crucial in the frontostriatal gating mechanism in both sensory modalities, which is consistent with our result showing bilateral altered directional connections. The intrinsic NAc–vmPFC–TRN noise cancelation system was considered the formation mechanism of tinnitus (Rauschecker et al., 2010; Sedley et al., 2016). The inhibitory signal from the NAc–vmPFC system to the TRN decreases when it becomes abnormal. Once the noise-canceling system becomes inefficient or invalid, the extra noise will stop (Rauschecker et al., 2010). Increased directional connectivity from the NAc to the IFG and MFG was observed in our study. Aberrant intrinsic connections seem to exist in frontostriatal thalamic circuits, although there is no evidence in our results indicating direct decreased connectivity to the TRN in the thalamus. Moreover, increased connectivity instead of decreased connectivity has been found in regard to the altered directional connectivity to the NAc. Based on our results and the noise-canceling mechanism, we hypothesize that with a reduced inhibitory signal, the MGN-TRN not only fails to cancel the phantom sound but also feeds back more signal to the NAc through the amygdala, which may explain the increased directional connectivity from the NAc.

Several limitations must be acknowledged in this study. First, our ability to detect the relationship between abnormal directional connectivity and tinnitus characteristics may be reduced because of our small sample size. Additional longitudinal studies involving more subjects are required in the future. Furthermore, only the NAc was selected as the seed region to investigate the directional connectivity in tinnitus. For initial consideration, this study just would like to explore more deeply about the NAc-related connectivity in tinnitus and see whether any directional NAc-related connectivity has correlation with tinnitus-related distress, based on the study of Hullfish et al. (2019). Therefore, other critical seed regions were not included in our directional connectivity analysis. We admit that the selection of the seed region is not data driven, which will result in a biased conclusion. Other data-driven methods, such as independent component analysis (ICA) and principal component analysis (PCA), will be used for generating the seed regions in our future study. The current GCA approach can be extended to other regions within the frontostriatal gating circuit, such as the sgACC. Previous structural MRI and fMRI studies have suggested the critical role of the sgACC in tinnitus patients (Rauschecker et al., 2015; Meyer et al., 2016; Hullfish et al., 2019). Disruption of the descending projection from sgACC to the TRN might prevent the suppression of irrelevant sensory signals, such as those that result in a phantom percept, which might raise the intensity of such percepts (Rauschecker et al., 2015). Our prior study has also identified the relationship between tinnitus distress and abnormal functional connectivity in the ACC, especially the dorsal and ventral ACC (Chen et al., 2018b). However, the role of sgACC has not been demonstrated in this study. In addition, the NAc–sgACC interaction involved in the frontostriatal gating circuit has not been confirmed in the study of Hullfish et al. (2019). Therefore, the exact role of the sgACC on the neuropathological mechanism underlying chronic tinnitus will require exploration in further studies. Moreover, the subjects in the current study showed no obvious hearing loss or hyperacusis, which is not representative of all tinnitus patients. Finally, the auditory pathway is likely to be activated by scanner noise, which is nearly impossible to completely eliminate even with earplugs or active noise reduction (Rondinoni et al., 2013). This uncertainty should be taken into consideration when interpreting the resting-state fMRI data in future research.



CONCLUSION

To our knowledge, this is the first fMRI study to apply the GCA method to explore the directional connectivity of the NAc in chronic tinnitus patients. The current study showed that tinnitus distress correlates with bidirectionally enhanced effective connectivity between the NAc and the prefrontal cortex. Taken together, these results help elucidate the neural basis of frontostriatal gating control of tinnitus sensation, which may play a pivotal role in the neuropathological features of tinnitus.
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(n = 50) (n = 55)
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Data are represented as mean + SD. The PTA from both ears was averaged. PTA,
pure tone audiometry; THQ, tinnitus handicap questionnaires.
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*p < 0.05. THQ, tinnitus handicap questionnaires; SAS, self-rating anxiety scale;
SDS, self-rating depression scale; NAc, nucleus accumbens; IFG, inferior frontal
gyrus; MFG, middle frontal gyrus; OFC, orbitofrontal cortex; MTG, middle temporal
gyrus; L, left; R, right.
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