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Transverse Sinus Stenosis in Venous Pulsatile Tinnitus Patients May Lead to Brain Perfusion and White Matter Changes
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Objective: Transverse sinus stenosis (TSS) is associated with various symptoms, but whether it can lead to pathological brain changes is unclear. This study aimed to investigate brain changes in venous pulsatile tinnitus (PT) patients with TSS.

Materials and Methods: In this study, fifty-five consecutive venous PT patients and fifty age- and gender-matched healthy controls (HCs) were investigated. In CT venography, the combined conduit score (CCS) was used to assess the degree of TSS in venous PT patients. Magnetic resonance venography was used to assess TSS in HCs. All the participants had undergone arterial spin labeling and structural MRI scans.

Results: Two patients without TSS and ten HCs with TSS were excluded. Fifty-three venous PT patients with TSS and 40 HCs without TSS were included in this study. All the patients had unilateral cases: 16 on the left and 37 on the right. Based on the CCS, the patients were divided into high-degree TSS (a score of 1–2) (n = 30) and low-degree TSS groups (a score of 3–4) (n = 23). In the whole brain and gray matter, the patients with high-degree TSS showed decreased cerebral blood flow (CBF) compared with patients with low-degree TSS as well as HCs (P < 0.05), and no significant difference in CBF was found in patients with low-degree TSS and HCs (P > 0.05). In white matter (WM) regions, the patients with high-degree TSS exhibited decreased CBF relative to the HCs (P < 0.05). The incidence of cloud-like WM hyperintensity was significantly higher in the above two patient groups than in the HC group (P < 0.05).

Conclusion: TSS in venous PT patients may lead to decreased CBF and cloud-like WM hyperintensity. These neuroimaging findings may provide new insights into pathological TSS in venous PT.
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INTRODUCTION

Pulsatile tinnitus (PT) is an auditory perception synchronized with vascular pulsation (Wang et al., 2014). According to the blood vessels of origin, PT is divided into the arterial, venous and arteriovenous types (Hofmann et al., 2013), of which venous PT accounts for 84% of the PT population (Lyu et al., 2018). The sound originates from turbulent flow in the transverse-sigmoid sinus, which is then perceived by the inner ear (Bae et al., 2015). Transverse sinus stenosis (TSS) is one of the most common anomalies in venous PT, and it is also a clear etiology of this condition. A previous study reported that 84.6% of venous PT patients have varying degrees of bilateral TSS (Hewes et al., 2020). After stent placement, PT can disappear completely (Baomin et al., 2014). With the rapid development of imaging techniques, an increasing number of studies have focused on the relationship between TSS and the central nervous system (Saindane et al., 2014; Morris et al., 2017; Favoni et al., 2019).

The intracranial venous system is a complex three-dimensional structure with greater anatomic variation and asymmetry than the arterial structure (Scott and Farb, 2003). Additionally, the former is susceptible to physiological factors such as posture, breathing, and the hydration status (Werner et al., 2011). Some additional factors, such as enlarged arachnoid granules, septa, and congenital causes, can lead to TSS (Durst et al., 2016), increasing the susceptibility to this venous pathology.

Currently, TSS is the cause of the pathological conditions of venous PT (Baomin et al., 2014) and idiopathic intracranial hypertension (Farb et al., 2003; Carvalho et al., 2017). However, few studies have focused on the neuroimaging characteristics of symptomatic TSS. A previous study used semiquantitative single-photon emission computed tomography (SPECT) to identify decreased brain perfusion and cloud-like white matter (WM) hyperintensity in symptomatic internal jugular vein (IJV) stenosis patients (Zhou et al., 2019). Bai et al. (2019) further found that patients with symptomatic TSS also have cloud-like WM hyperintensity. Ding et al. reported a PT patient with TSS and decreased brain perfusion; after TSS was resolved by stent placement, the hypoperfusion state returned to normal (Ding et al., 2019). These findings indicate that TSS may cause pathological changes in the central nervous system. However, the above studies assessed brain perfusion using SPECT (Ding et al., 2019; Zhou et al., 2019), which is a semiquantitative and invasive technique. Arterial spin labeling (ASL) uses magnetically labeled arterial blood water as an endogenous tracer, which can non-invasively and quantitatively assess brain perfusion (Ha et al., 2019). Additionally, because stent placement requires the long-term use of anticoagulants, sigmoid sinus wall reconstruction is the main surgical treatment for venous PT in clinical practice (Zhao et al., 2016; Eisenman et al., 2018; Hewes et al., 2020) but does not resolve TSS. In the present study, we aimed to quantitatively evaluate brain perfusion changes by ASL and investigate white matter changes in venous PT patients with TSS, possibly helping clinicians better understand such abnormalities and choose treatment options.



MATERIALS AND METHODS


Subjects

This study protocol was approved by local institutional review boards. All the participants offered written informed consent.

Fifty-five consecutive venous PT patients from the Department of Otolaryngology Head and Neck surgery were included in the study between January 2018 and December 2020. All the patients showed pulse-synchronous tinnitus, which disappeared after compression of the ipsilateral internal jugular vein. The age was between 18 and 50 years. These patients had no neurological disorders, such as headache, papilledema, decreased vision, sleep disturbance or memory deterioration. The audiometric and otoscopic examination results were normal. CT arteriography/venography (CTA/V), digital substraction angiography (DSA), and ASL were performed in each patient before treatment. The exclusion criteria for venous PT patients were as follows: (1) systemic diseases such as hypertension, hyperlipidemia, diabetes, and kidney disease; (2) carotid or intracranial artery abnormalities, including congenital malformation, large or small vascular disease and stenosis; (3) IJV stenosis or thrombosis; (4) significant stenosis or hypoplasia of venous sinuses in HCs; (5) neurodegenerative diseases or neuroinflammation; (6) psychiatric or neurological disorders; (7) history of head trauma or tumor; (8) drug and alcohol abuse in the last 3 months; and (9) contraindications for MRI. The Tinnitus Handicap Inventory (THI) score was used to assess the severity of PT.

Fifty age- and gender-matched healthy controls (HCs) were enrolled. The exclusion criteria for HCs were the same as those for venous PT patients above.



Imaging Technique

MR arteriography/venography (MRA/V) of all the participants was performed using a Philips 3.0T MRI unit (Ingenia; Philips Healthcare, Best, Netherlands). The parameters of 3D time of flight (TOF) MRA were as follows: repetition time (TR), 19 ms; echo time (TE), 3.5 ms; flip angle (FA), 18°; field of view (FOV), 200 × 200 mm; matrix, 400 × 256; slice thickness, 1.1 mm, no gap; 156 slices. The parameters of 3D phase-contrast MRV were as follows: TR, 17 ms; TE, 6.2 ms; FA, 10°; FOV, 173 × 173 × 192 mm; velocity encoding, 15 cm/s; matrix, 144 × 108 × 120.

All venous PT patients had undergone CTA/V examination using a 64-slice CT system (Philips, Best, Netherlands) with a bolus tracking program. The parameters for CTA/V were as follows: 300 mAs; 100 kV; collimation, 64 × 0.625 mm; matrix, 512 × 512; and rotation time, 0.75 s; contrast agent (iopamidol, 370 mg/ml iodine; Bracco, Shanghai, China): 1.5 ml/kg, 5 ml/s. Images were reconstructed on a postprocessing workstation with the following parameters: thickness, 1 mm, no gap; standard algorithms (width 700 Hu; level 200 Hu) for soft tissue reconstruction; bone algorithms (width 4,000 Hu; level 700 Hu) for bone reconstruction.

Head MRA/V and cervical Doppler ultrasound were used to exclude intracranial and cervical arteriovenous abnormalities in HCs. In venous PT patients, head CTA/V and DSA were used to assess intracranial and cervical arteries and veins. CTV was used to assess the severity of TSS in venous PT patients. Based on the improvement of the method proposed by Farb et al. (2003), the TSS in venous PT patients was assessed by dividing the cross-sectional area of the most stenotic segment of the transverse sinus by that of the distal superior sagittal sinus (Figure 1). The left and right transverse sinuses were independently divided into 0–4 grades as follows: grade 0, discontinuity (gap); grade 1, hypoplasia or severe stenosis (<25%); grade 2, moderate stenosis (25–50%); grade 3, mild stenosis (50–75%); and grade 4, normal (>75%). This method calculates the combined conduit score (CCS) as the sum of right and left scores, which can be used to reflect the overall venous drainage. Normally, the left and right transverse sinuses would reveal a score of 4, and the final CCS would show a score of 8. A transverse sinus is characterized as dominant if its largest cross-sectional area is greater than 150% of that of the smaller side (Li et al., 2021).
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FIGURE 1. Examples of radiological evaluation in a venous PT patient with TSS and a healthy control. CTV (A) showed bilateral TSS in the venous PT patient (white arrow). The cross-sectional area of the distal superior sagittal sinus (B) and TSS (C) were measured perpendicular to the venous sinus. MRV (D) showed no TSS in the healthy control. TSS: transverse sinus stenosis.


All the participants had undergone brain structure and perfusion scans using a GE 3.0T MRI unit (Discovery MR750W; GE, Milwaukee, WI, United States) using an eight-channel phased-array head coil. The structural images included a 3D T1-brain volume (T1-BRAVO) sequence [TR/TE/inversion time (TI), 8.4/3.2/450 ms; slice thickness, 1 mm without gap; FA, 12°; 196 slices], T2-weighted imaging (T2WI: TR/TE, 5,637/130 ms; slice thickness, 6 mm; gap: 7 mm; 20 slices), T2 fluid attenuated inversion recovery (T2 FLAIR: TR/TE/TI, 8,400/88/2,404 ms; slice thickness, 6 mm; gap, 7 mm; FA, 160°; 20 slices) and diffusion-weighted imaging (DWI: TR/TE, 4,880/79 ms; slice thickness, 6 mm; gap, 7 mm; b value: 0, 1,000 s/mm2; FA, 90°; 20 slices). The perfusion images were acquired using a 3D pseudocontinuous ASL sequence with fast spin-echo acquisition (TR/TE, 4,854/10.7 ms; slice thickness, 4 mm, no gap; number of excitations, 3; postlabel delay, 2,025 ms; FOV, 240 mm × 240 mm; in-plane resolution, 3.37 mm × 3.37 mm; FA, 111°; 36 slices). During the imaging process, the participants were instructed to close their eyes, move as little as possible, stay awake and think of nothing. Earplugs were provided to reduce noise.



Cerebral Blood Flow Calculation

Using a single compartment model, the ASL difference images were calculated after subtracting the label images from the control images. Next, we obtained the cerebral blood flow (CBF) maps from the ASL difference images. The preprocessing of the CBF images was as follows. Statistical Parametric Mapping (SPM8) software was used to normalize the CBF maps to the Montreal Neurological Institute (MNI) space (Zhuo et al., 2017; Guo et al., 2018). Specifically, the CBF images of all the HCs were coregistered to a PET perfusion template in the MNI space to obtain a standard CBF template. We coregistered the CBF images of all HCs and PT patients to this standard CBF template and resampled the data to 2 × 2 × 2 mm. In the data processing and analysis of brain imaging (DPABI) software package, the CBF values (ml/100 g/min) of the gray matter (GM), WM and whole brain in each participant were extracted using specific GM, WM and whole brain masks, respectively.



White Matter Change Evaluation

All the participants had undergone brain structure scans. Based on previous studies (Bai et al., 2019; Zhou et al., 2019), the WM change was defined as bilaterally symmetrical cloud-like hyperintensity in the bilateral centrum semiovale and/or periventricular area on the T2 FLAIR sequence and was evaluated by three neuroradiologists (with 6, 8, and 12 years of experience) blinded to the clinical data. Inconsistent cases reached a consensus through consultation.



Statistical Analysis

Statistical analysis was performed using SPSS software, version 22.0 (IBM, Chicago, IL). Fisher’s exact test and two-sample t-test were used to explore the differences in the clinical and demographic data between the venous PT patients and HCs. To compare CBF among the three groups, one-way analysis of variance (Bonferroni correction) was used. Chi-squared test was used to compare the difference in the incidence of cloud-like WM hyperintensity among the three groups (Bonferroni correction).




RESULTS


Demographic and Clinical Characteristics

Two venous PT patients without TSS and ten HCs with TSS were excluded. Fifty-three patients and 40 HCs were enrolled in this study. The prevalence of TSS was 96.4% in venous PT patients and 20% in HCs. All the patients had unilateral PT, 16 cases on the left and 37 cases on the right. The mean PT duration was 28.0 ± 23.8 months, and the mean THI score was 50.8 ± 22.2. The patients and HCs were well matched for age (two-sample t-test, P = 0.100), gender (Fisher’s exact test, P = 1.000) and body mass index (two-sample t-test, P = 0.416) (Table 1).


TABLE 1. Characteristics of the venous PT patients and HCs.
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Radiological Evaluation

No obvious abnormalities were found in the intracranial arteries and cervical arteriovenous systems of all the participants. The dominance of the transverse sinus in 44 patients was on the symptomatic side, and 9 patients had codominance. Most patients (46/53) had varying degrees of bilateral TSS. The remaining 7 patients had TSS on the PT side and dysplasia of the transverse sinus on the asymptomatic side. Because all the patients had different degrees of unilateral/bilateral TSS, the CCS ranged from 1 to 4 in all the patients. Based on the CCS, the venous PT patients were divided into a high-degree TSS group (a score of 1–2) (n = 30) and a low-degree TSS group (a score of 3–4) (n = 23) (Table 1). MRV revealed no incidental TSS in the HCs (Figure 1).



Cerebral Blood Flow Differences Among the Groups

The CBF values of patients with high-degree and low-degree TSS and HCs are exhibited in Table 2. Significant differences were found in the CBF value of the whole brain, GM and WM among the three groups (whole brain: P = 0.001; GM: P = 0.002; WM: P = 0.005). In the whole brain and GM, the patients with high-degree TSS showed significantly decreased CBF compared with the HCs (whole brain: 45.68 ± 5.58 ml/100 g/min vs. 51.58 ± 7.29 ml/100 g/min, P = 0.001; GM: 49.08 ± 6.26 ml/100 g/min vs. 55.03 ± 7.91 ml/100 g/min, P = 0.002); the patients with high-degree TSS exhibited significantly decreased CBF relative to compared with those with low-degree TSS (whole brain: 45.68 ± 5.58 ml/100 g/min vs. 50.30 ± 6.03 ml/100 g/min, P = 0.036; GM: 49.08 ± 6.26 ml/100 g/min vs. 54.04 ± 6.45 ml/100 g/min, P = 0.039); no significant difference in CBF was found in patients with low-degree TSS and HCs (P > 0.05). In the WM region, the patients with high-degree TSS exhibited significantly decreased CBF compared with that in the HCs (38.80 ± 3.90 ml/100 g/min vs. 42.83 ± 6.03 ml/100 g/min, P = 0.004).


TABLE 2. CBF measurement among the three groups.
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White Matter Change

Cloud-like WM hyperintensity on the T2 FLAIR sequence was observed in 17 of 30 patients with high-degree TSS (56.7%) and 13 of 23 patients with low-degree TSS (56.5%). The incidence of WM change was significantly higher in the above two patient groups than in the HC group (9 of 40; 22.5%; P < 0.05) (Figure 2).
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FIGURE 2. Comparison of the MRI findings between a 33-year-old female patient with TSS (A) and a 42-year-old female healthy control (B). Venous PT patient with TSS: T2 FLAIR (A) shows symmetrical cloud-like WM hyperintensity in the bilateral periventricular area (white arrow) that was absent in the healthy control (B). PT, pulsatile tinnitus; TSS, transverse sinus stenosis; FLAIR, fluid attenuated inversion recovery; WM, white matter.





DISCUSSION

In this study, we investigated brain perfusion and WM changes in venous PT patients with TSS. The results indicated that as the severity of TSS increased and overall venous drainage concomitantly decreased, the CBF values of the GM, WM and whole brain were significantly decreased. Additionally, the incidence of cloud-like WM hyperintensity was significantly higher in patients with TSS than in HCs. These findings confirm that TSS in venous PT patients may lead to pathological brain changes.

Venous PT is related to abnormal hemodynamics caused by different morphological changes (Li et al., 2021), including TSS, sigmoid sinus dehiscence with and without diverticulum, and jugular bulb abnormality (Dong et al., 2015; Kao et al., 2017; Hewes et al., 2020). TSS is one of the most common morphological abnormalities of venous PT and a cause of venous PT. Hewes et al. (2021) found that 84.6% of these patients had different degrees of bilateral TSS. After stent placement, the blood flow pattern became more regular (Han et al., 2017) and the PT disappeared immediately (Baomin et al., 2014). Therefore, TSS plays an essential role in the pathophysiology of venous PT.

Previous studies have reported decreased brain perfusion in patients with extracranial venous drainage disorder (Garaci et al., 2012; Zhou et al., 2019). Moreover, after stent placement or surgical restoration, brain hypoperfusion significantly improved or even disappeared (Zamboni et al., 2016; Zhou et al., 2019). Regarding pathophysiological mechanism, Zhou et al. (2019) believed that cerebral venous outflow disorder may contribute to increased intracranial venous pressure and that long-term venous hypertension reduces brain perfusion and disruption of the intracranial microvasculature. However, the above studies all used invasive examination including single-photon emission computed tomography (SPECT) and dynamic susceptibility contrast (DSC) MRI. Furthermore, these studies used semiquantitative or region-of-interest-based methods to assess CBF; these methods do not provide an accurate and comprehensive reflection of brain perfusion status. In this study, we used the ASL technique to non-invasively and quantitatively evaluate the CBF of the GM, WM and whole brain. Compared with HCs, patients with high-degree TSS showed significantly decreased CBF in the GM, WM and whole brain, demonstrating that TSS can lead to decreased brain perfusion. We also found that the patients with high-degree TSS showed significantly decreased CBF in whole brain and GM compared with the patients with low-degree TSS, and no significant difference was found between the patients with low-degree TSS and the HCs. This finding indicates that only a certain degree of TSS can lead to a significant decrease in brain perfusion. In contrast to the whole brain and GM, no significant difference was found in WM CBF between the patients with low-degree and high-degree TSS. Because the CBF of WM is significantly lower than that of GM under physiological conditions (Puig et al., 2020), we speculate that, in the two PT subgroups, the difference in WM CBF caused by TSS was too small to reach a statistical level.

Previous studies have mainly focused on the effects of aging and arterial diseases including cerebral small vessel disease, large vessel occlusion or stenosis on the WM (Lamar et al., 2010; Fennema-Notestine et al., 2016; Wang et al., 2016; Mistry et al., 2020). Chung et al. (2011) found that more severe age-related WM changes were observed in subjects with IJV reflux. This finding links WM changes with cerebral venous outflow disorder. Subsequently, their study further revealed that compared with patients with negative IJV reflux, the WM changes in Alzheimer’s disease (AD) patients with positive IJV reflux showed an increasing trend, indicating that cerebral venous outflow disorder may be involved in forming WM changes in AD patients (Chung et al., 2014). Zhou et al. (2019) found that 95.3% of patients with symptomatic IJV stenosis had bilateral symmetrical cloud-like WM hyperintensity. Bai et al. (2019) further found that cloud-like WM hyperintensity is a common feature of patients with IJV stenosis and patients with TSS. However, the above two studies did not include a control group for comparative analysis. In the present study, we found that the incidence of cloud-like WM hyperintensity is significantly higher in patients with TSS than in HCs. In contrast to the previous study, the participants in this study were relatively young (venous PT patients: 35.5 ± 7.0 years; HCs: 37.9 ± 6.7 years) and had no history of AD or arterial diseases. Currently, the underlying mechanism of the formation of cloud-like WM hyperintensity remains unclear. Zhou et al. (2019) believed that decreased brain perfusion was usually related to the formation of white matter lesions, particularly deep white matter lesions. We speculate that the relationships among decreased CBF, cloud-like WM hyperintensity, and TSS are as follows: TSS may inhibit the outflow of deoxyhemoglobin-rich venous blood and flow of hemoglobin-rich arterial blood into capillaries. These effects may affect the oxygen exchange between blood and brain tissues, resulting in decreased CBF using the ASL technique; long-term ischemia and hypoxia may lead to the demyelination of WM (Bai et al., 2019; Zhou et al., 2019).

In this study, we used the ASL technique, which uses arterial blood water as endogenous tracer (Binnewijzend et al., 2013), to non-invasively and quantitatively measure CBF. In contrast to traditional perfusion imaging techniques such as SPECT, dynamic contrast-enhanced MRI and DSC MRI, ASL can be used to perform repeated studies on subjects because of the lack of radioactivity and the non-use of exogenous contrast agents. This technique has been widely used in brain tumors, epilepsy, neurodegenerative and cerebrovascular diseases (Haller et al., 2016; Delgado et al., 2018; Barzgari et al., 2019) and provides valuable information for clinicians. Currently, the treatment principle for venous PT with TSS is based on eliminating PT without evaluating the brain perfusion and WM changes. Therefore, the decision to perform sigmoid sinus wall reconstruction or stent implantation does not depend on the presence or absence of brain change. In this study, however, decreased CBF and cloud-like WM hyperintensity in venous PT patients with TSS deserve more attention from clinicians. Appropriate and early intervention may help improve the neuropathological progress of patients.

This study has several limitations. First, because of the limited sample size, the effect of gender on CBF was not investigated. More venous PT patients will be included and grouped by gender. Second, previous studies have found that venous PT and idiopathic intracranial hypertension overlap in demography (Lansley et al., 2017; Hewes et al., 2020), that is, idiopathic intracranial hypertension may be present in venous PT patients. Idiopathic intracranial hypertension may affect brain perfusion (Bicakci et al., 2006). In this study, all the patients had no clinical symptoms of idiopathic intracranial hypertension; thus, lumbar puncture was not performed. Third, other comorbidities, such as diabetes and hypertension, can cause WM signal change (Fennema-Notestine et al., 2016). All the subjects in this study were young and middle-aged (patients: 35.5 ± 7.0 years; HCs: 37.9 ± 6.7 years), and none had systemic diseases such as hypertension, hyperlipidemia, and diabetes. Additionally, this is a cross-sectional study. We will enroll patients after the resolution of TSS and evaluate their neuroimaging characteristics to further verify the influence of TSS on the central nervous system.



CONCLUSION

In summary, we found that TSS in venous PT patients can lead to decreased CBF and cloud-like WM hyperintensity. These representative neuroimaging findings may help understand the pathological TSS in venous PT.
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