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Background: The hemodynamic pathogenesis of venous pulsatile tinnitus (VPT) is still unclear. This study
aimed to explore the mechanism of bone morphology and hemodynamic changes in transverse sigmoid sinus
(TSS) on VPT patients.

Methods: 49 patients with unilateral VPT, 26 patients with subjective tinnitus and 36 healthy controls
were included in this retrospective clinical trial. Four-dimensional (4D) flow magnetic resonance imaging
(MRI) was used to evaluate the hemodynamics of the TSS. High-resolution computed tomography was
used to assess the perivenous bone structures. All images were independently assessed for each participant
by two trained neuroradiologists. Kolmogorov-Smirnov test was used to determine the normal distribution
of the data. Chi-square test and nonparametric test were used to compare classified or continuous variables.
Stepwise linear regression and mediation effect analysis was used to explore the relationship between bone
dehiscence (BD), hemodynamic factors and VPT symptoms.

Results: Peak velocity (P=0.001) and maximum energy loss (P=0.041) in VPT group were risk factors for
the severity of tinnitus. Energy loss [indirect effect =0.692, P<0.005, 95% confidence interval (CI): 0.201-
1.377] and peak velocity (indirect effect =0.899, P<0.005, 95% CI: 0.406-1.582) demonstrated the complete
mediation effect between the BD and VPT. BD showed a complete mediation effect between the wall shear
stress (WSS) and VPT (indirect effect =15.181, P<0.005, 95% CI: 3.448-35.493).

Conclusions: Cross-talk between the hemodynamic changes of TSS and BD can regulate the VPT
symptoms. This type of analysis might be helpful in establishing the possible occurrence and development
mechanism of the hemodynamics and bone morphology of the VPT.

Keywords: Four-dimensional flow magnetic resonance imaging (4D flow MRI); hemodynamics; venous pulsatile

tinnitus (VPT); bone morphology; mediation effect analysis
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Introduction

Pulsatile tinnitus (PT) is a chronic and rare form of tinnitus
with a sensation of hearing rhythmic noise with the same
frequency of the heartbeat and pulse (1). PT is caused
by vascular abnormalities with venous pulsatile tinnitus
(VPT) being a common presentation (2). In recent years,
the VPT has been increasingly seen, causing emotional
and behavioral impacts, thus affecting the quality of life of
people, and some severe cases end up in life-threatening
complications (3,4).

Changes in blood flow and bone changes around the
sigmoid sinuses are common imaging manifestations of
VPT patients. Previous studies on computed tomography
(CT) evaluation of the structure found that there were
abnormalities in the transverse sigmoid sinus (TSS),
such as diverticulum and dehiscence (5-7), resulting in
venous pulsations which were captured by the cochlea and
produced VPT. Sigmoid sinus bone dehiscence (BD), which
is one of the common causes of VP, can be detected by
high-resolution CT (HRCT) (8,9). The VPT is always
accompanied by abnormal venous blood flow (10). Some
recent studies found that the blood flow in the TSS in
patients with VPT was with faster flow velocity, higher flow
rate, and presence of turbulence (11-14). However, these
observations varied between individuals (11). These analyses
were primarily focused on the blood flow volume and
velocity (9,13), but a few previous studies focused on the
stress parameters acting on the venous wall and perivenous
bone, as well as the energy consumption parameters of
the blood flow (14). Additionally, further research like
mediation effect analysis on the relationship between
hemodynamics, bone morphology, and tinnitus occurrence
and development is rare.

With the rapid development of three-dimensional
(3D) phase contrast magnetic resonance imaging (MRI)
technology (15), four-dimensional (4D) flow MRI (when 3D
spatial encoding and three-directional time-varying velocity
phase contrast MRI are combined) is increasingly used in
diagnosing cerebrovascular diseases, such as aneurysms,
atherosclerosis, and arteriovenous malformations (16-19).
Furthermore, it has been used in VPT research. The 4D
flow MRI can simultaneously collect multiple parameters

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

such as velocity, wall shear stress, and energy loss (15).
However, the information on the interaction between
the abnormal blood flow and BD specific to the severity
of VPT is presently lacking. Therefore, we aimed to
comprehensively elucidate the location of abnormal blood
flow in VPT patients using 4D flow MRI. Additionally,
we planned to determine the risk factors contributing to
VPT. Subsequently, the interaction between hemodynamic
changes of T'SS detected by 4D flow MRI and BD detected
by HRCT will be investigated, their contributions to the
severity of VPT will also be studied using the mediation
effect analysis. We present this article in accordance with
the STROBE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-24-610/rc).

Methods

The retrospective study was conducted in accordance
with the Declaration of Helsinki (as revised in 2013). The
study was approved by institutional ethics board of Tianjin
First Central Hospital (No. 2017N002KY) and individual

consent for this retrospective analysis was waived.

Participants

Forty-nine patients with clinically confirmed unilateral VPT
were included in this study and the VPT was diagnosed
according to the criteria from the previous studies (10,13).
They were as follows: (I) patients who had rhythmic sounds
consistent with the heartbeat, which were relieved or absent
when the internal jugular vein was compressed on the side of
symptoms; (II) otoscopy and imaging examination excluded
other causes such as glomus tympanicum tumors and glomus
jugular tumors that could have caused PT. Twenty-six
patients with clinically confirmed non-pulsatile subjective
tinnitus were included in the subjective tinnitus (ST)
group and 36 healthy controls without tinnitus symptoms
were included in the healthy controls (HCs) group. The
diagnostic criteria of the ST are in the Appendix 1. The
clinical characteristics of the subjects were gender, age,
side of the symptoms, duration of disease, body mass index
(BMI), and presence of dominant drainage (DD) in the
transverse-sigmoid sinus and high jugular bulb (HJB), and
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the diagnostic criteria can be seen in Figure S1 (17,18).

Assessment of tinnitus severity

Tinnitus Handicap Inventory (THI) was used to assess
the severity of tinnitus in VPT and ST patients. It is a
comprehensive scale and can simultaneously assess the
function, mood, and patients’ response to symptoms, with
high internal consistencies (19). The scale consisted of
25 questions with a full score of 100, and a higher score
indicated that the tinnitus was more severe.

Imaging protocol

The HRCT on the temporal bone was carried out using
a Somatom force CT scanner (Siemens Healthineers,
Marburg, Germany). The parameters used for scanning
were slice thickness of 0.75 mm and tube current of 150
mAs and tube voltage of 120 kVp per slice. The MRI
was performed on all subjects using a 3.0T magnetic
resonance scanner (Philips Ingenia, 3.0T, Amsterdam, the
Netherlands) and 4D flow MRI data were acquired using a
free-breathing, peripheral pulse-gated, and multi-shot turbo
field echo sequence (Appendix 1), with 3-direction velocity
encoding on a 4-point velocity encoding scheme. The
velocity encoding was set to 75 cm/s in all directions. The
phase-encoding steps per segment resulted in a temporal
resolution of 49-51 ms, which was interpolated to 14-16
cardiac phases per cardiac cycle. The 3D-PC-MRV scan

was also performed in this study.

Imaging analysis

The HRCT and MR images were independently assessed
for each patient by two trained neuroradiologists with 2
and 8 years of neuroradiological experience, respectively,
who were blinded to the clinical information of all subjects.
The standard HRCT images were carefully evaluated to
ensure that all transverse sigmoid dehiscence could be
found. The two neuroradiologists determined the presence
of dehiscence and subsequently counted the amount of
dehiscence. After multiple plane reconstruction of HRCT,
the maximum diameter of each fissure was measured. If
a patient had multiple defects, the sum of the maximum
diameter line of each defect represented the diameter of the
BD in a patient (Figure I).
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Hemodynamic analysis

The commercially available software CVI-42 (Circle
Cardiovascular Imaging, Inc., Calgary, AB, Canada) was used
for post-processing analysis of the hemodynamic 4D flow
MRI data from all subjects (20). Post-processing methods
were reported in the consensus recommendations (21) and
a previous study (22). The specific measurement process is
shown in Figure 1 and Appendix 1.

Six measurement planes were set to assess the
hemodynamics of each subject. When setting the free
planes, we ensured the same position of the measurement
plane setting using the three-dimensional display function
per subject, and it also should be noted that the plane was
set in the direction perpendicular to the blood flow. All
vessels were included based on the following criteria: (I)
vessels were clear enough for the accurate measurement,
(IT) no vascular malformations or arteriovenous fistulas
significantly affected the hemodynamics. Since all patients
with VPT included in our study had unilateral tinnitus,
we performed unilateral measurements each time. For
subjects in the ST group, we included the vessels on the
symptomatic side. For the HCs, we included the bilateral
vessels if they met the above criteria.

The following hemodynamic parameters selected for
the analysis were total blood flow volume (TV) (mL); peak
velocity (PV) (cm/s); maximum wall shear stress (MWSS)
(Pa); in all six planes and maximum energy loss (MEL) (mW)
between plane 1 and plane 6. The calculation method for
wall shear stress (WSS) was reported in a previous study (14).
In 4D flow MRI, WSS could be calculated from two-
dimensional (3D) analysis planes perpendicular to the
vascular lumen or, as more recently demonstrated, by 3D
techniques. Images were corrected for background offset
errors and velocity aliasing artifacts. WSS represented
the tangential force displayed by a layer of fluid on the
endothelial surface, mathematically defined as the product
of shear rate and shear stress (23). The calculation formula
for WSS was as follows:

R | N L[fm Lo j
Ox 20ox oy ) 2\ox oz
- 1{ov. Ov, ov, 1{ov. ov,)\|-
T=20 —| =+ — - —|——=+—||n [1]
20 oy ox oy 2\ oy Oz
1 (6\1)C ov, j 1(0v, ov, Ov,
— + —| ==+
|2\ 0z oOx 2\ 0z Oy 0z ]

Quant Imaging Med Surg 2024;14(9):6647-6659 | https://dx.doi.org/10.21037/qims-24-610


https://cdn.amegroups.cn/static/public/QIMS-24-610-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-24-610-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-24-610-Supplementary.pdf

6650 Lv et al. Interaction between hemodynamics and bone morphology on VPT

. .
| I
Plane 1

~ Plane 2

Plane 4

Plane 6

Plane 5 ,, Plane 3

Figure 1 Schematic diagram of the bone defect and hemodynamic measurement. (A) The measurement of maximum diameter of sigmoid

sinus’ dehiscence. (B,C) Multiple plane reconstruction technology was used to find the plane with the largest range of dehiscence for

measurement. (D-I) Hemodynamic measurement steps and the measurement planes. (D) Manually outlined region of interests. (E)

Manually segmented vessels of interest. (F) The tracked centerline of the vessels of interest. (G) The vessels of interest that were analyzed

and calculated. (H) The observed streamline and placed free plane. (I) The six measurement planes.

Energy loss (EL) was calculated within a predefined
segmentation from sinus confluence to internal jugular
vein. Peak systolic and average EL per cardiac cycle were
sampled per considered tract. Barker ez a/. (24) theoretically
deduced and described the EL dissipation caused by viscous
energy loss, in which the viscous dissipation was calculated
by the viscous component of the Navier Stokes flow energy
equation of incompressible fluid according to a single prime
basis in a predefined region of interest. The centerline
through our vascular segmentation of interest helped
depict EL within a predetermined volume range (25). The
calculation formula for EL was as follows (14):
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Statistical analysis

Statistical analysis was performed using SPSS version
25.0 IBM Corp., Armonk, NY, USA). The Kolmogorov-
Smirnov test was used to determine the normal distribution
of the data. The categorical data were expressed as the
frequency with percentages. The continuous data were
presented as median and interquartile range (IQR) (the
range between the 25th and 75th percentiles). The Chi-
square test was used to compare the differences of the
categorical variables including gender, side of symptoms,
DD, and HJB. The nonparametric test was used to compare
continuous variables including BMI, PT duration, THI
score, and hemodynamic parameters. Stepwise linear
regression analysis was employed to explore the risk factors
of the BD and the severity of the VPT. Mediation effect
analysis was performed to explore the relationship between
hemodynamic factors, BD, and PT severity. The P value of
<0.05 was considered statistically significant.
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Table 1 Demographic characteristics of the study sample
Demographic characteristics VPT group (n=49) ST group (n=26) HCs group (n=36) Statistical value P value
Age (years) 3819 40+11 39+11 3.514 0.103
Gender (female) 11.437 0.003"
M 8 (16.3) 14 (53.8) 12 (33.3)
F 41 (83.7) 12 (46.2) 24 (66.7)
BMI (kg/m?) 24.0£2.7 23.1£2.5 23.1+£2.8 2.123 0.346
HJB 16.060 0.013"
No 15 (30.6) 12 (46.2) 25 (69.4)
Ipsilateral L 13 (26.5) 2(7.7) 3(8.3)
Ipsilateral R 16 (32.7) 8 (30.8) 6 (16.7)
Bilateral 5(10.2) 4 (15.4) 2 (5.6)
DD 5.283 0.259
No 20 (40.8) 12 (46.2) 20 (55.6)
Ipsilateral L 9(19.4) 3(11.5) 1(2.8)
Ipsilateral R 20 (40.8) 11 (42.3) 15 (41.7)

Data are represented as mean + standard deviation or number (%). T, P<0.05. VPT, venous pulsatile tinnitus; ST, non-pulsatile subjective
tinnitus; HCs, healthy controls; M, male; F, female; BMI, body mass index; HJB, high jugular bulb; L, left; R, right; DD, side of dominant

drainage.

Results
Demographics

Demographic and clinical characteristics of all participants
are shown in the 7able 1. The study included 49 patients
(49 veins) with clinically confirmed unilateral VPT. In
the control groups, 26 ST patients (32 veins) and 36 HCs
(51 veins) were included. The majority of patients with
VPT were young and middle-aged (mean age, 38+9 years)
with a predilection of female (41/49, 83.7%). Compared
with the ST group (53.8%) and HCs group (30.6%), the
patients in the VPT group often had HJB (69.4%) with a P
value of 0.013.

In the VPT group, the median duration of symptoms
was 32 [12-96] weeks. Twenty-seven patients with VPT
had tinnitus symptoms on the right side. The median THI
scores were 40 [31-52] points. Forty-two (85.7%) patients
showed different degrees of BD (5.77, 2.25-12.16 mm).
In the ST group, the median duration of symptoms was
49 [11-81] weeks. The median THI score was 28 [20-42]
points. No abnormal BD of the sigmoid sinus wall was
found in patients with ST (Table 2).
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Hemodynamic abnormalities in the venous sinus of

patients with VPT

There was no significant difference in the TV of the six
planes among the three groups, but there were significant
differences in the PV and MWSS of the six planes among
the three groups (Table S1). The MWSS in plane 2 of the
VPT patients was statistically higher than that in other
planes, and the PV in plane 3 was statistically higher than
that in the other planes (Figure 2). Combined with the
visual evaluation (Figure 3), planes 2 and 3 were identified
as segments with abnormal hemodynamics in the VPT
patients.

Hemodynamic differences in plane 2 and plane 3 of
transverse-sigmoid sinus among the three groups

Compared with the ST group (Figure 3F-37) and HCs
group (Figure 3K-30), the venous morphology of patients
in the VPT group was more irregular (manifested as uneven
signal and irregular shape on the PC-MRV) (Figure 34,3B).
Patients with VPT showed faster blood flow velocity (red
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Table 2 Characteristics of symptoms in the venous pulsatile tinnitus patients and subjective tinnitus patients

Characteristics of symptoms VPT group (n=49) ST group (n=26) Statistical value P value
Median duration of symptom (W) 32 [12-96] 49 [11-81] -0.201 0.841
Side of symptoms 15.699

L 22 (44.9) 4 (15.4) <0.001*

R 27 (55.1) 16 (61.5)

B - 6 (23.1)
THI score 40 [31-52] 28 [20-42] -1.310 0.190
BD, mm 5.77 [2.25-12.16]

0 7 (14.3) -

1 42 (85.7) -

Data are represented as median [interquartile range] or number (%). ¥, P<0.001. VPT, venous pulsatile tinnitus; ST, subjective tinnitus; W,
weeks; L, left; R, right; B, bilateral; THI, Tinnitus Handicap Inventory; BD, bone dehiscence.
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Figure 2 Hemodynamic parameters in the six measurement planes of transverse-sigmoid sinus. Measurement planes with abnormal blood
flow in the transverse-sigmoid sinus of patients with VPT were mainly distributed in the middle plane of the transverse sinus to the middle
plane of the sigmoid sinus. *, P<0.05; **, P<0.001. VPT, venous pulsatile tinnitus.

streamline in Figure 3C,3D) and larger WSS (redder color segment among the three groups, were compared. There
in Figure 3E). was no evidence of a difference in the TV values on these

The TV, PV, and MWSS in plane 2 and plane 3 among two planes among the three groups. Compared with the ST
these three groups, as well as MEL of the whole venous group and HCs group, the PV on plane 2 and plane 3 in the
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Figure 3 Visualization of 4D flow MRI hemodynamic changes of representative cases among three groups. Compared with the ST patient
(F-J) and HCs participant (K-O), the blood flow in the VPT patient (A-E) was more complex. The flow velocity was faster [(C,H,M) shown
as the higher flow velocity of the red line, (D,I,N) shown as the higher velocity of red color] and the wall shear stress was greater [(E,J,O)

shown as the red pressure area of the cross-section]. 4D, four-dimensional; MRI, magnetic resonance imaging; ST, subjective tinnitus; HCs,

healthy controls; VPT, venous pulsatile tinnitus.

patients with VPT was significantly higher, and the MWSS
on plane 3 in the patients with VPT was significantly
higher. Moreover, the MEL of patients with VPT was also
significantly higher than those of the other two groups
(1able 3, Figure 4).

Relationship among bemodynamic factors, BD, and
severity of tinnitus

Plane 3 with the largest variability of blood flow was
selected as the appropriate measurement plane to explore
the relationship between hemodynamic parameters and
the BD in patients with VPT. The TV (r=0.313, P=0.028),
PV (r=0.620, P<0.001), MWSS (r=0.493, P<0.001), and
MEL (r=0.535, P<0.001) were positively related to the size
of BD as shown in Figures S2,S3. Additionally, a stepwise

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

linear regression model was established to explore the
hemodynamic risk factors for BD (7able 4, Model 1), and
found that PV (P=0.003) and MWSS (P=0.018) can be
independent risk factors of BD.

THI scale was used to evaluate the severity of tinnitus
symptoms in patients with VPT. The TV (r=0.381,
P=0.007), PV (r=0.631, P<0.001), MWSS (r=0.367,
P=0.010), and MEL (r=0.567, P<0.001) on plane 3 were
positively correlated with the THI scores. The size of BD
in patients with VPT was also positively correlated with the
THI score (r=0.473, P=0.002) (Figures S2,54).

"THI scale was used to evaluate the severity of tinnitus
symptoms in patients with ST. Results showed that there
were no statistically significant correlation between THI
and TV (r=0.320, P=0.074), PV (r=-0.058, P=0.753),
MWSS (r=0.009, P=0.960), and MEL (r=-0.108, P=0.556)
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Table 3 Difference of hemodynamics among the three groups

Plane VPT ST HCs F value P value
Plane 2
TV 4.55 (2.47-6.59) 4.15 (2.31-5.61) 4.15(0.93-5.11) 0.708 0.702
PV 40.68 (29.17-63.48) 29.25 (23.91-34.20) 31.73 (22.44-38.91) 14.614 0.001"
MWSS 0.51 (0.28-0.73) 0.43 (0.34-0.53) 0.40 (0.32-0.51) 4.320 0.115
Plane 3
TV 4.73 (2.99-7.87) 4.50 (2.64-5.56) 3.95 (2.84-5.99) 2.125 0.346
PV 59.27 (35.11-83.91) 28.20 (22.63-34.28) 25.41 (20.78-33.60) 37.044 <0.001*
MWSS 0.32 (0.24-0.49) 0.27 (0.20-0.34) 0.23 (0.19-0.27) 19.046 <0.001*
MEL 1.55 (0.56-5.21) 0.41 (0.29-0.68) 0.67 (0.30-1.20) 26.662 <0.001*

Data are represented as median (25th to 75th). T, P<0.05; ¥, P<0.001. VPT, venous pulsatile tinnitus; ST, subjective tinnitus; HCs, healthy
controls; TV, total blood flow volume; PV, peak velocity; MWSS, maximum wall shear stress; MEL, maximum energy loss.
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Figure 4 Hemodynamic parameters in the three groups. PV values in Planes 2 (A) and 3 (B) were higher in patients with VPT compared

with ST patients and HC participants. MWSS values in Plane 3 were significantly higher in patients with VPT compared with ST patients
and HC participants (C). MEL values were significantly higher in the VPT group compared with the ST and HC groups (D). HC, healthy

control; VPT, venous pulsatile tinnitus; ST, subjective tinnitus; PV, peak velocity; MWSS, maximum wall shear stress.

on plane 3 in ST group (as shown in Figure S5).

Risk factors of severity of tinnitus in patients with VPT

A stepwise linear regression model was established to

evaluate the risk factors of the severity of tinnitus in patients
with VPT. Age, duration of symptoms, TV, PV, MWSS,
MEL, and BD size were used as independent variables and
the THI was used as the dependent variable. The model
was statistically significant (F=23.107, P<0.001). The MEL
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Table 4 The risk factors of severity of tinnitus using a multiple linear regression

95% confidence interval

Model Beta P value Partial VIF
Lower bound Upper bound
Bone dehiscence
PV (cm/s) 0.395 0.003' 0.028 0.133 0.367 1.159
MWSS (Pa) 0.315 0.018" 1.743 17.424 0.293 1.159
Tinnitus symptom severity
PV (cm/s) 0.485 0.001" 0.124 0.449 0.369 1.731
MEL (mW) 0.298 0.041" 0.086 3.743 0.219 1.731

T, P<0.05. VIF, variance inflation factor; PV, peak velocity; MWSS, maximum wall shear stress; MEL, maximum energy loss.

(P=0.041) and PV (P=0.001) were the independent factors
for the severity of tinnitus (7zble 4, Model 2).

The effect of BD on PT severity is mediated by
bemodynamic factors

Two sets of mediation effect models were established to
explore the relationship among the hemodynamic factors,
BD, and VPT severity.

In the first model, the MEL, TV, PV, and MWSS
were considered mediation variables, BD was taken as the
independent variable, and THI was taken as the dependent
variable. MEL [indirect effect =0.692, P<0.005, 95%
confidence interval (CI): 0.201-1.377] and PV (indirect
effect =0.899, P<0.005, 95% CI: 0.406-1.582) demonstrated
the complete mediation effect between the BD and VPT,
as shown in Figure 5A,5B and Table S2. However, when
the TV and MWSS were used as mediation variables, the
model was invalid (Figure S6).

In the second model, BD was considered a mediation
variable, the MEL, TV, PV, and MWSS were taken as
independent variables, and THI was considered a dependent
variable. BD showed a complete mediation effect between
the WSS and VPT (indirect effect =15.181, P<0.005, 95%
CI: 3.448-35.493), as shown in Figure 5C and Table S3.
However, no significant mediation effect existed between
the TV, PV, MEL and THI when the BD was used as a
mediation variable (Figure S7).

Discussion

In this study, we focused on the mechanism of occurrence
and development of VPT in hemodynamic and bone

morphological changes. A detailed analysis of TSS in VPT

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

patients, ST patients, and HC participants was conducted
using the 4D flow MRI method. The abnormal blood
flow segments of VPT patients were determined, valuable
hemodynamic indicators were identified, and further
regression analysis and mediation effect analysis were used
to determine the impact of hemodynamic indicators and
BD on the severity of VPT.

The presence of abnormal flow in patients with VPT
at the midpoint of the transverse sinus to the midpoint
of the sigmoid sinus was consistent with the presence of
abnormalities in the sigmoid sinus wall from previous
studies (26,27). This vessel segment was located at the
TSS transition, relevant to the congenital physiological
curvature (27). Due to the great individual variation in
the vein structure, the structure often seems to have some
abnormalities. In previous study, transverse sinus stenosis
mostly occurred in the lower segment of the transverse
sinus (12). Our study further confirmed that the blood
flow was more complex, the PV was faster, the WSS was
greater, and the EL was greater in patients with VPT when
compared with HCs and ST groups. These were consistent
with the results of previous studies (10,13). But our study
was the first study to observe the changes in WSS and EL
in VPT, which further explained the occurrence of VPT
from the perspective of mechanics and energy.

Our study confirmed that PV and EL were the risk
factors for the severity of VPT. The effect of PV in patients
with VPT was evidenced in many previous studies, and
similar results were obtained in this study (10-12). The EL
was relevant to the kinetic energy consumed by blood as it
flowed through a defined vessel. A previous study illustrated
the mechanism by which helical features increased the
overall energy loss from the system (25). The TSS in our
study also exhibited innate morphological curvature and
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A
BD THI
pc =1.269, P=0.002
MEL
Indirect effect =0.692
(P<0.005, 95% CI: 0.193, 1.367) g
¢ G
BD THI
Bc’ =0.577, P=0.131
Direct effect =0.577 Total effect =1.269
P=0.131 P=0.002
C
MWSS THI

Bc =27.490, P=0.027

BD

Indirect effect =15.181
(P<0.005, 95% CI: 3.218, 35.610)

MWSS THI
fc’ =12.309, P=0.384

Direct effect =12.309
P=0.384

Total effect =27.489
P=0.029

B

BD THI
fc =1.269, P=0.002

PV

Indirect effect =0.899
(P<0.005, 95% Cl: 0.433, 1.557)

BD THI
fc’ =0.128, P=0.314

Direct effect =0.128
P=0.314

Total effect =1.269
P=0.002

Figure 5 Mediation effect analysis results. The effect of bone dehiscence on the severity of PT mediated by hemodynamic factors (A,B).
The MEL (A) and PV (B) mediated the relationship between bone dehiscence and THI. The bone dehiscence (C) exhibited a complete
mediation effect between MWSS and THI. BD, bone dehiscence; THI, Tinnitus Handicap Inventory; MEL, maximum energy loss; MWSS,

maximum wall shear stress; PV, peak velocity; CI, confidence interval; PT, pulsatile tinnitus.

functional variations (28). Other vascular abnormalities,
such as stenosis, vestibule, and abnormal vascular position,
were the factors affecting the blood flow trajectory (29,30).
The presence of these abnormalities explained why EL was
significantly increased in patients with VPT and might have
been a risk factor for the severity of tinnitus.

Our study proposed two possible mechanisms of VPT.
(I) BD might have caused the abnormal hemodynamic
changes, resulting in severe VPT. (II) The abnormal
hemodynamic changes might have caused the BD, leading
to severe VPT. To explain the first mechanism, all patients
with VPT included in this study had BD, and abnormal
blood flow was found in the area of BD, indicating that
BD may have occurred before the blood flow changes.
The abnormality of bone structure led to the increase
in blood flow energy consumption and the generation

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

of flow turbulence (8,31). According to a previous study,
not all patients with BD exhibited symptoms of PT (32),
but VPT resulted when BD and abnormal blood flow co-
occurred. In relevant to the second mechanism, there
are studies that suggested BD as one of the risk factors
for the occurrence of VPT (32,33). The PV and WSS
can affect the intensity of BD. When the blood flows at a
higher velocity through the curved blood vessel, the vessel
wall bears more pressure to change the direction of the
blood flow (32). Elevated WSS can cause the destruction,
degradation, and turnover of vascular endothelial cells,
increase the production of matrix metalloproteinase by
mural cells (33,34), and lead to vascular wall remodeling.
With constant pressure, the surrounding bone gradually
resorbs and thins, and the protective effect of vasculature
is gradually reduced, resulting in BD. Regardless of the
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presence of BD, the blood flow changes can produce large
pulsating sounds, which can be captured by the cochlea.
In addition, relevant studies on surgical treatment like
sandwich surgical technique and transient sigmoid sinus
decompression surgery of VPT patients also point out that
appropriate surgical treatment can effectively alleviate the
symptoms and enable patients to achieve a good prognosis
(35,36). This also confirms from the perspective of surgical
treatment the important impact of hemodynamic and
morphological changes on the occurrence and development
of VPT.

Our study also had limitations. (I) The number of
patients with the presence of the diverticulum was small.
Next step will be increasing the sample size and following
up timely. (IT) Given the area of BD was irregular, our study
only measured the maximum diameter of the BD, rather
than the area. Although we adopted a strict measurement
method, the area should have more accurately reflected
the size of BD. (III) There was no golden standard for the
in vivo EL. measurement, but previous hydrodynamics
studies found that the results measured by the in vitro
mechanical EL were consistent with those measured by the
4D flow MRI. (IV) This study did not focus on the clinical
treatment methods and outcomes of VPT patients. (V)
Gender, as a nuisance variable, was not analyzed in detail
in this study. Further research is needed to explore the
mechanism of gender in the onset and progression of VPT
in the future.

Conclusions

Complex and aggressive blood flow status causes the
pathogenesis of VPT. Abnormal hemodynamic changes
can lead to BD and then affect the clinical symptoms of
VPT. BD can also reversely cause abnormal hemodynamic
changes, further leading to clinical symptoms of VPT and
reflecting the possible interactive effect of hemodynamics in

TSS and bone morphology on VPT.
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Appendix 1

Materials and methods
Participants

Diagnostic criteria of subjective tinnitus

The diagnostic criteria of subjective tinnitus included the following: (I) unilateral or bilateral non pulsatile sound (sustainable
or non-sustainable); (II) no abnormalities of hearing structures, including the auditory conduction pathway, inner ear hearing
organs, auditory nerve, temporal lobe and brain parenchyma, found by imaging; (III) no causes of objective tinnitus resulting
from ear trauma, vascular abnormalities, new organisms, etc. (1,2).

Diagnostic criteria of dominant drainage and high jugular bulb

Dominant drainage of transverse-sigmoid sinus is defined as the transverse sinus on one side, and the diameter of sigmoid
sinus is more than 1.5 times that of the opposite side (17). High jugular bulb is defined as the basal rotation of the jugular
bulb up to the ipsilateral cochlea (18) (Figure SI).

Hemodynamic analysis

CVI-42 has been used to post process the 4D Flow MRI data of all participants, and the specific processing process was as
follows. First, the whole processing procedure was based on the small vessel algorithm provided by the software developer
to analyze the data. After importing the image data into CVI, the software automatically detected the range of blood flow
and performed preprocessing. The software used the offset correction and phase unwrapping function to further optimize
the accuracy of blood flow region detection. Secondly, the vessels of interest were segmented and outlined. The vascular
segment in this study was sinus confluence to transverse sinus to sigmoid sinus to jugular bulb to internal jugular vein. After
the segmentation of vessels, in order to ensure the accuracy of blood flow measurements, the centerlines of blood vessels of
interest were further tracked. Using the vessel centerline tracking function of the software, we respectively selected the sinus
confluence and internal jugular vein as the start and end points of the centerline. After automatic tracking, we conducted
careful inspection and correction to ensure the reliability of the centerline. Thirdly, hemodynamic analysis was performed.
At this time, the software showed the segmented vessels’ hemodynamic features, including the morphologies of the vessels of
interest and the internal blood flow. The visualization of the streamline could help clarify the accuracy of blood flow direction
setting. Blood flow abnormalities could be identified according to the changes of streamline color and shape.

Results
Hemodynamic abnormalities in the venous sinus of patients with VPT

There was no significant difference in the TV of the six planes among the three groups, but there were significant differences
in the PV and MWSS of the six planes among the three groups (7able SI).

Relationship among bemodynamic factors, bone debiscence, and severity of tinnitus

Plane 3 with the largest variability of blood flow was selected as the appropriate measurement plane to explore the
relationship between hemodynamic parameters and the BD in patients with VPT. The TV (r=0.31, P=0.028), PV (r=0.62,
P<0.001), MWSS (r=0.49, P<0.001), and MEL (r=0.54, P<0.001) were positively related to the size of BD as shown in
Figures §2,53. THI scale was used to evaluate the severity of tinnitus symptoms in patients with VPT. The TV (r=0.38,
P=0.007), PV (r=0.63, P<0.001), MWSS (r=0.36, P=0.010), and MEL (r=0.57, P<0.001) on plane 3 were positively correlated
with the THI scores. The size of BD in patients with VPT was also positively correlated with the THI score (r=0.47,
P=0.002) (as shown in Figures S2,54).
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In addition, the results showed that there were no statistically significant correlation between THI and TV (r=0.320,
P=0.074), PV (r=-0.058, P=0.753), MWSS (r=0.009, P=0.960), and MEL (r=-0.108, P=0.556) (as shown in Figure S5).

The blue band shows the relationship between bone dehiscence and hemodynamics. The PV, MWSS, and MEL were
positively correlated with the size of BD. The correlation between the PV and the size of BD was the strongest. The
correlation between the TV and the size of BD was the weakest. The pink band shows the relationship between the severity
of tinnitus, hemodynamics, and bone dehiscence, the correlation between the PV and THI was the strongest. The correlation
between the MWSS and THI was the weakest.

The effect of BD on PT severity is mediated by bemodynamic factors

The MEL and PV showed complete mediation effects between the effect of BD and THI, as shown in Figure 54,58 and
Table S2. However, when the TV and MWSS were used as mediation variables, the model was invalid (Figure S6).

The BD a complete mediation effect between MWSS and THI, as shown in Figure 5C and Table S3. However, no
significant mediation effect existed between the TV, PV, and THI when the BD was used as a mediation variable (Figure S7).

r2=3.11mm rl =5.37mm

Figure S1 Diagnostic criteria of dominant drainage and high jugular bull. Dominant drainage was defined as the diameter of the vein on
the dominant side was 1.5 times greater than that on the contralateral side. The high jugular bull was defined as the level of the jugular bulb

reaching the bottom of cochlea on the same side.
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Figure S2 Correlations between the bone dehiscence, hemodynamic parameters, and severity of tinnitus in patients with VPT. VPT, venous
pulsatile tinnitus.
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Figure S4 Associations of Tinnitus Handicap Inventory score with hemodynamics and bone dehiscence in PT patients. TV, PV, MWSS

and MEL were positively correlated with Tinnitus Handicap Inventory score. The size of bone dehiscence was positively correlated with

Tinnitus Handicap Inventory score. PT, pulsatile tinnitus; TV, total blood flow volume; PV, peak velocity; MWSS, maximum wall shear

stress; MEL, maximum energy loss.
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Figure S5 Associations of Tinnitus Handicap Inventory score with hemodynamics and bone dehiscence in ST patients. TV, PV, MWSS and
MEL have no obvious correlation with Tinnitus Handicap Inventory score. ST, subjective tinnitus; TV, total blood flow volume; PV, peak
velocity; MWSS, maximum wall shear stress; MEL, maximum energy loss.
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Figure S6 Two non-significant mediation analysis models for hemodynamic parameters in regulating the relationship between BD and
THI. BD, bone dehiscence; THI, Tinnitus Handicap Inventory; TV, total blood flow volume; MWSS, maximum wall shear stress.
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Figure S7 Non-significant mediation analysis models for BD in regulating the relationship between hemodynamics and THI. MEL,
maximum energy loss; THI, Tinnitus Handicap Inventory; BD, bone dehiscence; TV, total blood flow volume; PV, peak velocity.
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Table S1 Hemodynamic differences in the different planes of transverse-sigmoid sinus in three groups

Plane 1 Plane 2 Plane 3 Plane 4 Plane 5 Plane 6 F value P value

VPT
TV (mL) 452 (2.73-6.63) 4.55(2.47-6.59) 4.73 (2.99-7.87) 4.72 (3.15-7.10) 4.76 (2.47-6.63) 3.29 (2.11-5.29) 10.079  0.073

PV (cm/s) 25.80 40.68 59.27 44.34 38.56 26.95 71.204 <0.001*
(20.77-39.25)  (29.17-63.48)  (35.11-83.91) (35.23-62.30) (34.17-49.22)  (19.28-30.81)

MWSS (Pa) 0.23 (0.19-0.30) 0.51 (0.28-0.73) 0.32 (0.24-0.49) 0.38 (0.27-0.44) 0.28 (0.23-0.38) 0.21 (0.16-0.28) 66.589 <0.001*
MEL (mW)  1.55 (0.56-5.21) - - - -

HC

TV (mL) 4.44 (2.88-5.60) 4.15 (2.93-5.11) 3.94 (2.81-5.98) 3.92 (2.80-5.11) 4.10 (3.25-5.72) 3.12 (2.35-5.26) 8.415  0.135

PV (cm/s) 24.47 31.73 25.41 25.78 28.75 24.82 16.365 0.006"
(19.49-34.58) (22.44-38.91)  (20.78-33.60) (21.80-33.94) (24.76-35.53) (21.27-28.56)

MWSS (Pa) 0.25(0.10-0.31)  0.40 (0.32-0.51) 0.23 (0.19-0.27) 0.28 (0.24-0.32) 0.29 (0.25-0.34) 0.21 (0.17-0.25) 89.742 <0.001*
MEL (mW)  0.30 (0.67-1.20) - - - -

ST

TV (mL) 4.81(3.63-5.97) 4.15(2.31-5.61) 4.50 (2.64-5.56) 4.20 (3.05-5.78) 4.53 (3.46-6.21) 3.58 (2.60-4.65) 8.098  0.151

PV (cm/s) 25.60 29.25 28.20 26.02 32.58 35.02 20.913  0.001"
(20.43-30.89)  (23.91-35.00)  (22.63-34.28) (22.94-32.67) (28.62-40.54) (21.24-31.10)

MWSS (Pa) 0.25(0.22-0.31)  0.43 (0.34-0.52) 0.27 (0.20-0.34) 0.32 (0.28-0.36) 0.32 (0.26-0.38) 0.25 (0.22-0.30) 36.473 <0.001*
MEL (mW)  0.41 (0.29-0.68) - - - -

T, P<0.05; *, P<0.001. VPT, venous pulsatile tinnitus; TV, total blood flow volume; PV, peak velocity; MWSS, maximum wall shear stress;
MEL, maximum energy loss; HC, healthy control; ST, subjective tinnitus.

Table S2 Mediating efficacy with hemodynamic parameters used as mediating variables

95% confidence interval

Mediating factor Effect Boot SE T P
LLCI ULCI
MEL
Total effect 1.269 0.379 3.350 0.002 0.507 2.031
Direct effect 0.577 0.375 1.538 0.131 -0.178 1.331
Indirect effect 0.692 0.300 - - 0.201 1.377
PV
Total effect 1.269 0.379 3.350 0.002 0.507 2.031
Direct effect 0.369 0.363 1.018 0.314 -0.361 1.100
Indirect effect 0.899 0.295 - - 0.406 1.582

SE, standard error; LLCI, lower limit of the confidence interval; ULCI, upper limit of the confidence interval; MEL, maximum energy loss;
PV, peak velocity.
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Table S3 Mediating efficacy with bone dehiscence used as an independent variable

Mediating factor

Effect

Boot SE

95% confidence interval

T P
LLCI uLcl
BD
Total effect 27.489 12.170 2.259 0.029 3.008 51.971
Direct effect 12.309 12.993 0.947 0.348 -13.844 38.462
Indirect effect 15.181 8.417 - - 3.448 35.493

SE, standard error; LLCI, lower limit of the confidence interval; ULCI, upper limit of the confidence interval; BD, bone dehiscence.
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