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Background: Pulsatile tinnitus (PT) is a type of tinnitus characterized by a rhythmic sound that is
synchronous with the heartbeat. One of the possible causes of PT is the jugular bulb wall dehiscence JBWD).
However, the hemodynamics of this condition are not well understood. To elucidate this issue, the present
study aimed to compare the blood flow of PT patients with JBWD, PT patients with sigmoid sinus wall
dehiscence (SSWD), and volunteers.

Methods: A retrospective case-control study was conducted, which enrolled patients with unilateral PT
who had undergone both computed tomography angiography (CTA) and four-dimensional (4D) flow
magnetic resonance imaging (MRI) examinations at the Department of Otolaryngology-Head and Neck
Surgery of Beijing Friendship Hospital affiliated to Capital Medical University between January 2019 and
July 2023. After excluding the possible causes of PT, the patients were divided into the JBWD group and
SSWD group according to the presence or absence of JBWD and/or SSWD. Finally, 11 female unilateral
PT patients with JBWD (JBWD group, 11sides), 22 age- and side-matched female patients with SSWD
(SSWD group, 22 sides), and 22 age-matched female volunteers (volunteer group, 36 sides) were enrolled.
The area, maximum voxel velocity (V,.,,,), maximum velocity (V,,,), average velocity (V,,,), and average
blood flow rate (Q) were measured in the transverse sinuses (TSs), sigmoid sinuses (SSs), and jugular bulb
(JB). The vortex flow pattern was also assessed. Fisher’s exact test and Bonferroni correction were used for

count data, with P<0.017 was considered statistically significant. Shapiro-Wilk test, one-way analysis of
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variance (ANOVA), Kruskal-Wallis H test, paired-samples #-test, and Wilcoxon matched-pairs signed-rank
test were used for continuous variables depending on the distribution and variance of the data. The P<0.05
and corrected P<0.05 was considered statistically significant.

Results: The area and Q of T'Ss and JB on the symptomatic side were higher than those on the
contralateral side in the JBWD group (TSs: P,..,=0.004, Py,,=0.002; JB: P,,.,=0.034, P;,,=0.018). The area
was larger and velocities were lower in the JBWD group at the TSs than the SSWD group (P,..,=0.004,
Py, x=0.009, Py,,,,=0.021, Py,,,=0.026), and velocities were higher at the distal T'Ss and SSs than the
volunteer group (T'Ss: Py,,,,=0.042, Py,,,=0.046, Py,,,=0.040; SSs: Py,_,,,=0.007, Py,,,=0.001, Py,,,=0.001). At
the JB, the JBWD group also had higher V,_,,, than the volunteer group (P=0.012). The occurrence rate of
vortex at JB in the JBWD group was higher than both the JBWD and the volunteer groups (P=0.002<0.017
and P=0.009<0.017, respectively).

Conclusions: The blood flow of the intracranial venous sinus was different between the JBWD group
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and the SSWD group. The indicators that can differentiate include V. ., Vi Vi vortex, and TSs cross-

sectional area.
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Introduction

Pulsatile tinnitus (PT), which is predominantly curable, is
a form of tinnitus characterized by a rhythmic noise that
follows the heartbeat without external stimuli and accounts
for about 4% of all tinnitus (1,2). If PT persists over a long
period, it can negatively affect mental and physical health
and lead to functional and structural cerebral changes (3,4).
Consequently, it is crucial to identify the underlying PT
causes, and noninvasive imaging plays an important role in
the diagnosis of PT (5). Causes can be detected in over 70%
of patients through computed tomography (CT) (6).

PT is attributed to arterial and venous causes (7-9).
Venous PT is the most common cause, accounting for
up to 84% (7,10), and this group of patients can be
distinguished from those with arterial PT by compressing
the symptomatic jugular vein to reduce the tinnitus
intensity (11). Based on CT examination, many studies
have shown that the key factor in venous PT is the absence
of bone wall dehiscence (12,13). Most cases of venous PT
have been linked to sigmoid sinus wall dehiscence (SSWD)
with or without diverticulum, making this the most studied
and reported form of venous PT (7). Furthermore, jugular
bulb wall dehiscence (JBWD) is another common imaging
feature of P'T patients, affecting about 13.6% (7), but it has
received little attention.

A growing body of research demonstrates that blood
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flow is the source of PT sounds, and that hemodynamics
are involved in the development of wall anomalies (14-16).
However, most previous investigations on hemodynamics
in PT patients did not distinguish between the two venous
PT types (14,17). Transverse sinus (I'S) stenosis causes
higher blood velocity and flow rate, which is critical to
bone abnormalities in PT associated with SSWD (15,18).
A recent paper presented differences in CT findings
between PT patients with JBWD and SSWD, suggesting
that the upstream vascular morphology of the jugular bulb
(JB) differs between the two groups (19). However, the
hemodynamic characteristics of PT with JBWD and the
differences between the JBWD and SSWD groups remain
poorly understood.

CT and magnetic resonance (MR) angiography (CTA and
MRA, respectively) can show intracranial sinuses, but only
yield anatomical information (1,20). Transcranial ultrasound
can observe and measure the veins and blood flow with high
resolution but depends on the bone window (21). Digital
subtraction angiography (DSA) has high resolution and can
detect blood flow direction and speed, but it is invasive and
has high radiation and risks (22). Phase contrast (PC) MR
imaging (MRI) enables the visualization and measurement
of blood flow iz vive. This lays the groundwork for four-
dimensional (4D) flow MRI, a diagnostic modality that
does not require radiation or contrast agents (23). This
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evolving technology is increasingly being used to assist in
the diagnosis of intracranial diseases (14,24-27).

This work investigated the hemodynamics of the
intracranial TS, sigmoid sinus (SS), and JB of all
participants. The aim of this study was to assess the
hemodynamic features of PT in patients with JBWD and
compare them with those of patients with SSWD using
4D flow MRI, and to provide a hemodynamic basis for the
clinical differentiation of the two types of PT. We present
this article in accordance with the STROBE reporting
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-23-781/rc).

Methods

This study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study was
approved by the Ethics Committee of Beijing Friendship
Hospital Affiliated to Capital Medical University (Nos.
2020-P2-202-02 and 2023-P2-095-01), and informed
consent was provided by all the patients.

From January 2019 to July 2023, a total of 1,972
consecutive patients came to the Department of
Otolaryngology-Head and Neck Surgery of Beijing
Friendship Hospital Affiliated to Capital Medical
University due to experiencing PT. A total of 157 patients
with unilateral PT had previously undergone both CT
angiography and 4D flow MRIL

CTA images of 157 patients with unilateral PT were
retrospectively analyzed, and the exclusion criteria for
the experimental group were as follows: (I) arterial PT,
which could not be eliminated or significantly alleviated
by ipsilateral jugular compression; (II) PT suspected to be
caused by metabolic causes; (II) arteriovenous abnormality
(e.g., dural arteriovenous fistula); (IV) PT suspected to be
caused by other potential small veins with surrounding
bone wall dehiscence (e.g., mastoid emissary veins,
diploic vein); (V) intracranial tumor (e.g., paraganglioma,
endolymphatic sac tumor, meningioma, vascular metastases,
hemangiopericytoma, hemangioma); (VI) patients without
any suspected PT-related bone wall dehiscence; and (VII)
patients with both SSWD and JBWD. After excluding
other suspicious factors that could cause PT, patients were
classified into two categories based on the presence of
JBWD or SSWD on imaging: those with isolated SSWD
without JBWD (90 patients) and those with isolated JBWD
without SSWD (11 patients). All 11 unilateral PT patients
(right/left, 8/3) with isolated JBWD without SSWD were
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enrolled in the JBWD group (11 symptomatic sides);
all were females with an average age of 40£10 years old.
Consecutive 22 age- and side-matched female patients with
isolated SSWD and without JBWD were enrolled at a ratio
of 1:2 (22 symptomatic sides, SSWD group, 37+13 years).
Furthermore, 22 age-matched female healthy controls (44
sides, volunteer group, 38+14 years) were enrolled at a ratio
of 1:2. The specific inclusion and exclusion processes of the

JBWD and the SSWD groups are shown in Figure 1.

Imaging technique

CTA was performed using a Brilliance 64-slice CT
scanner (Philips Healthcare, Best, The Netherlands)
with a bolus tracking program (Trigger Bolus software;
Philips Healthcare). All patients were placed in the supine
position. The parameters were the same as those reported
in European Radiology (1).

4D flow MRI data were derived from 3.0 T MRI
(Ingenia; Philips Healthcare) with a 32-channel standard
head coil. The velocity encoding (VENC) of 4D flow MRI
was flexibly evaluated from two-dimensional 2D) PC
MRI results. The acquisition plane of 2D PC MRI was
perpendicularly positioned at the distal end of the stenosis or
the distal TS of the symptomatic side. The VENC for 2D
PC MRI was first set to 40 cm/s; if velocity aliasing emerged
in the image, the VENC value was increased in 20 cm/s
increments until the aliasing was eliminated (28). Then, this
final VENC of 2D PC MRI was set as the VENC of 4D
flow MRI. The acquisition parameters of 2D PC MRI and
4D flow MRI are shown in Tible 1.

Blood flow visualization and measurement

4D flow MRI images were processed by GTFlow (version
2.2.15; Gyro Tools, Zurich, Switzerland). The data were
preprocessed before visualization and quantification, which
included applying velocity masks, correcting velocity
aliasing and eddy currents. Velocity masks were created
using intensity-based masks and velocity threshold masks
from 10 to 150 cm/s. Phase aliasing was manually corrected
voxel-by-voxel in all three flow directions. The linear phase
offsets caused by eddy currents were usually corrected
automatically.

On the magnitude image, the target vessel needs to
be manually drawn with cross-section lines to measure
the hemodynamic parameters, and all the measurement
planes are perpendicular to the vessel. A total of three

Quant Imaging Med Surg 2024;14(1):684-697 | https://dx.doi.org/10.21037/qims-23-781


https://qims.amegroups.com/article/view/10.21037/qims-23-781/rc
https://qims.amegroups.com/article/view/10.21037/qims-23-781/rc

Quantitative Imaging in Medicine and Surgery, Vol 14, No 1 January 2024

687

1,972 patients presented with unilateral PT in the
Department of Otolaryngology-Head and Neck Surgery

Y

157 unilateral PT patients with both CT
angiography and 4D flow MRI

Exclusion criteria*:

No preoperative images (n=11)

Arterial PT** (n=6)

Suspected metabolic causes (n=2)

Arteriovenous abnormality, e.g., dural

arteriovenous fistula (n=8)

e Suspected related other potential small veins
with surrounding bone wall dehiscence, e.g.,
mastoid emissary veins, diploic vein (n=5)

¢ |Intracranial tumor, e.g., paraganglioma,
endolymphatic sac tumor, meningioma,
vascular metastases, hemangiopericytoma,
hemangioma (n=1)

e Without any suspected PT-related bone wall
dehiscence (n=9)

e Patients with both SSWD and JBWD (n=20)

*, a patient may have more than one condition that

A

Patient with SSWD without
JBWD (n=90)

Y

Y

meets the exclusion criteria.

** unilateral PT, which could not be eliminated
or significantly alleviated by ipsilateral jugular
compression

Patient with JBWD
without SSWD (n=11)

Gender-matched,
age-matched and side-
matched PT patients were
included in a 1:2 ratio (N=22)

Y Y

JBWD group (n=11)

SSWD group (n=22)

Figure 1 Flow chart of the inclusion and exclusion processes of the JBWD group and the SSWD group in PT patients. PT, pulsatile

tinnitus; CT, computed tomography; 4D, four-dimensional; MRI, magnetic resonance imaging; SSWD, sigmoid sinus wall dehiscence;

JBWD, jugular bulb wall dehiscence.

Table 1 Acquisition parameters of 2D PC MRI and 4D flow MRI

Parameters 2D PC MRI 4D flow MRI
TR (ms)/TE (ms) 10/5.8 7.2/3.3
Flip angle (°) 10 20
Acquired voxel size (mm?/mm?) 1x1 1x1x1
Field of view (mm?/mm® 161x161  161x161x40
Matrix size (mm?/mm?) 160x162  160x160x40
Bandwidth (Hz/pixel) 192 193
Reconstructed voxel size (mm?’/mm® 0.31x0.31 0.46x0.46x1
Cardiac phases - 16
Scan time (min) 1.5 6

2D, two-dimensional; PC, phase contrast; MRI, magnetic
resonance imaging; 4D, four-dimensional; TR, repetition time;
TE, echo time.
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planes were measured: the distal TS, the middle SS, and
the lower boundary of the JB. PT patients in the JBWD
group and healthy volunteers were evaluated for bilateral
sinuses. P'T" patients in the SSWD group were evaluated for
symptomatic sinuses, and the contralateral asymptomatic
sinuses of this group were not included.

MR venography was used to measure the sinus cross-
section area. As for quantification of blood flow (Figure 2),
maximum voxel velocity (V,_ .., cm/s) and maximum
velocity (V,,.,, cm/s) that passes through vessel cross
sections were implemented at the time when peak velocity
appears. V, ... was defined as the highest velocity of all the
voxels passing through the vessel cross-section in a cardiac
cycle. V., was defined as the peak value at which the

average velocity (V,,,, cm/s) of all the voxels in the vessel

Vg’
cross-section over a cardiac cycle. The V,

.« Was the average
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Figure 2 A diagram of velocities within a vessel cross section. Velocity values were named from V| to V,, where x is the number of voxels

in the plane. V,_,, (cm/s) was the highest velocity of all the voxels passing through the vessel cross section in a cardiac cycle. V,

(cm/s) were the peak and the lowest value of all the voxels in the vessel cross section over a cardiac cycle, respectively. V.

velocity; V,,,,, maximum velocity; V,;,, minimum velocity.

of all 16 velocities within a cardiac period. The average
blood flow rate (Q, mL/s) was the mean flow rate value of
all 16 phases passing through vessel cross-sections within
a cardiac period. The area, velocity, and Q were evaluated
independently by two neuroradiologists with 5 and 8 years
of experience. The two radiologists were blinded to the
patient’s clinical information.

Flow patterns were assessed by two neuroradiologists
independently, and disagreements were settled by
consensus. The vortex flow pattern had a streamlined form
defined as a ring-shaped spin loop.

Statistical analysis

Statistical analysis was performed using SPSS 22.0
software (IBM Corp., Armonk, NY, USA). For the count
data, Fisher’s exact test (the expected frequency was less
than 5) was performed to test the association between the
dependent variable and the independent variable. Then,
pairwise comparisons were conducted using the Bonferroni
correction method. Since there were three groups in this
study, P<0.017 (two-sided test) indicated a statistically
significant difference.

The Shapiro-Wilk test was used to test the deviation
of the data from the normal distribution. If the P value
was greater than 0.05, we assumed that the data followed
a normal distribution. Continuous variables with normal
distribution were expressed as mean = standard deviation,
and continuous variables with non-normal distribution were
expressed as median [interquartile range (IQR)]. For the

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

and Vmin

maximum voxel

max

max»

comparison of measured values among the three groups
(JBWD group, SSWD group, and volunteer group), one-
way analysis of variance (ANOVA) was used if the data met
the assumptions of normality and homogeneity of variance,
otherwise Kruskal-Wallis H test was used, followed by
post-hoc analysis (Bonferroni correction) to determine the
specific differences among them. For the comparison of
bilateral venous blood flow parameters in the same patient
in the JBWD group, paired-samples #-test was used if the
data met the assumptions of normality and homogeneity
of variance, otherwise Wilcoxon matched-pairs signed-
rank test was used. Bland-Altman diagrams are used to
assess the agreement between the measurements of two
neuroradiologists. A P<0.05 and corrected P<0.05 (two-sided
test) were considered to indicate statistical significance.

Results

The demographic and clinical characteristics of patients in
JBWD group and SSWD group are shown in Table 2. In the
JBWD group, 2 of the 11 PT patients showed too narrow
contralateral sinuses that were not measured. Thus, in the
JBWD group, 11 symptomatic sides and 9 contralateral
sides were measured. In the SSWD group, a total of 22
symptomatic sides were measured. For the volunteer group,
36 of the 44 sides were included because 8 were too narrow
to be measured (right/left, 19/17). The Bland-Altman
plot shows that there is no obvious systematic deviation
between the results measured by the two neuroradiologists
(Figure S1).
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Table 2 Demographic and clinical characteristics of patients

Variables JBWD group (n=11) SSWD group (n=22)
Age (years) 40+10 37+13
Symptomatic side

Right 8[73] 16 [73]

Left 3[27] 6 [27]
BMI (kg/m?) 24+1 23+3
Duration (months) 18+11 23+17
THI score 67+25 69+24
Clinical treatment

Wall reconstruction 3 [27] 17 [77]

Endovascular treatment 0[0] 2[9]

Conservative treatment 8 [73] 3[14]

Data are expressed as mean + standard deviation or n [%]. JBWD, jugular bulb wall dehiscence; SSWD, sigmoid sinus wall dehiscence;

BMI, body mass index; THI, tinnitus handicap inventory.

Symptomatic sinuses vs. contralateral sinuses in the JBWD
group

The TS, SS, and JB hemodynamic parameters were
compared between the symptomatic and contralateral sides
in the JBWD group. The results are shown in Table 3. The
area in the TS and JB on the symptomatic side was larger
than that on the contralateral side (P=0.004, 0.034). The Q
in the TS, SS, and JB on the symptomatic side was higher
than that on the contralateral side, and the difference was
statistically significant (P=0.002, 0.002, 0.018). The V,,,, and
V, in the JB on the symptomatic side were higher than that
on the contralateral side (P=0.035, 0.042). However, there
was no significant difference in other parameters between
the symptomatic and contralateral sides. Figure 3 shows an
example of a PT patient with JBWD on the right.

Statistical comparison between the SSWD group, JBWD
group, and volunteer group

The area and hemodynamic quantitative values of the three
groups are presented in Table 4. Histograms of velocities
and average blood flow are represented in Figure 4. At the
distal TS, compared with the SSWD group, the JBWD group
showed a larger sinus area [4519 vs. 23 (IQR, 13-29) mm’,
corrected P=0.004]. Compared with the SSWD group, the
JBWD group showed lower V., [67£29 vs. 140 IQR, 110-
150) cm/s, corrected P=0.009], V... (30«13 vs. 51+17 cm/s,

max

corrected P=0.021), and V,, [25+10 vs. 43 (IQR, 34-47) cm/s,
corrected P=0.026] at the distal TS. Compared with the
volunteer group, the JBWD group showed higher V.,
[67£29 vs. 51 (IQR, 34-130) cm/s, corrected P=0.042], V..
[30+13 vs. 25 (IQR, 16-47) cm/s, corrected P=0.046], and V,,,
[25£10 vs. 22 (IQR, 14-39) cm/s, corrected P=0.040] at the
distal TS, and higher V., [74£28 vs. 48 (IQR, 38-64) cm/s,
corrected P=0.007], V... [33+11 vs. 22 (IQR, 19-25) cm/s,
corrected P=0.001], and V,,, [28+10 vs. 19 IQR, 17-22) cm/s,
corrected P=0.001] at the SS. At the JB, compared with the
volunteer group, the JBWD group showed higher V.,
[73£27 vs. 53 (IQR, 42-72) cm/s, corrected P=0.012]. Figure 5
shows a healthy volunteer with bilateral balanced venous
sinuses and Figure 6 shows a PT patient with SSWD on the

right and dysplasia of the left TS.

Blood flow pattern

As for the vortex in the position of the upper curve of SS,
Fisher’s exact test results showed P<0.001 (1°=25.002),
indicating that the occurrence rates were different among
the three groups. There were 2 sides (2/11, 18.2%) of
vortex flow pattern in the JBWD group, 16 sides (16/22,
72.7%) in the SSWD group (18.2% vs. 72.7%, x'=8.800,
P=0.008<0.017), and 4 sides (4/36, 11.1%) in the volunteers
(18.2% vs. 11.1%, 1=0.378, P=0.61450.017).

As for the vortex in the position of the JB, Fisher’s exact
test results showed P=0.004 (x’=10.562), indicating that the
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Table 3 The hemodynamic parameters of the bilateral T'S, SS, and JB in the JBWD group

Dai et al. Hemodynamics of PT with JBWD

Parameters Symptomatic side (n=9) Asymptomatic side (n=9) t/’z P value
TS
Area (mm?) 38+16 12+4 4.426 0.004*
V\-max (€M/S) 65+24 53+21 1.073 0.325
Vimax (€M/s) 27+15 23+13 0.436 0.678
Ve (€mM/s) 24+13 20+12 0.553 0.6
Q (mL/s) 6.4+2.8 1.6+0.66 5.282 0.002*
SS
Area (mm?) 28+12 18+9.2 2.004 0.092
V\.max (€M/S) 63+24 50+11 2.339 0.058
Ve (€M/S) 30+14 24+5.5 1.184 0.281
Vog (cm/s) 26+13 21+5.2 1.077 0.323
Q (mLY/s) 6.2+2.4 2111 5.141 0.002*
JB
Area (mm?) 72+39 34+9.9 2.731 0.034*
V,.max (€M/S) 69129 50+19 2.082 0.083
Vinax (CM/s) 23+11 16+5.6 2.711 0.035*
Vg (cm/s) 21+11 14+5.1 2.568 0.042*
Q (mL/s) 6.4+4.1 2.4 (0.37-2.6) -2.366 0.018*'

Except for the Q in the JB of the asymptomatic side expressed in median (IQR), the other parameters are expressed as mean + standard
deviation. *, significant; ', Wilcoxon matched-pairs signed-rank test. TS, transverse sinus; SS, sigmoid sinus; JB, jugular bulb; JBWD,
jugular bulb wall dehiscence; V..., maximum voxel velocity; V., maximum velocity; V,,,, average velocity; Q, average blood flow rate;
IQR, interquartile range.

Figure 3 CTA images (A,B), streamline images (C-F), and in-plane image (G) based on 4D flow MRI of a right PT patient. CTA showed
the right JBWD but no SSWD (A,B). (C-F) The streamline images of the bilateral TSs (C), SSs (D), and zoom-in images after rotation of
the bilateral JBs [(E,F) are equivalent to the front view; (G) is equivalent to the top view]. The vortex flow pattern is seen at the right JB (G).
The white horizontal lines represent the sites of hemodynamic measurement (C-E). CTA, computed tomography angiography; 4D, four-
dimensional; MRI, magnetic resonance imaging; PT, pulsatile tinnitus; JBWD, jugular bulb wall dehiscence; SSWD, sigmoid sinus wall

dehiscence; TS, transverse sinus; SS, sigmoid sinus; JB, jugular bulb.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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Table 4 The comparison of the measured values among the three groups

Po (H) 0.002 (12.572) <0.001 (51.951)
P, 0.004 0.009
P, 0.533 0.042

SS
JBWD group 29+12 74+28
SSWD group 35 [31, 38] 55 [48, 78]
Volunteer group 32114 48 [38, 64]

Po (H) 0.538 (1.385) <0.001 (18.924)
P, - >0.99
P, - 0.007

JB
JBWD group 69+34 73+27
SSWD group 55 [42, 73] 71 [52, 86]
Volunteer group 60+18 53 [42, 72]

P, (H) 0.427 (1.702) <0.001 (16.039)
P, - >0.99
P, - 0.012

<0.001 (46.384)

<0.001 (45.991)

Parameters Area (mm?) V,.max (CM/S) V,.x (CM/S) Vg (cM/s) Q (mL/s)
TS
JBWD group 45+19 67+29 30+13 25+10 7.3+3.7
SSWD group 23 [13, 29] 140 [110, 150] 51£17 43 [34, 47] 5.5+2.4
Volunteer group 36+15 51 [34, 130] 25 [16, 47] 22 [14, 39] 4.6+2.3

0.053 (5.868)

0.021 0.026 -
0.046 0.040 -
33+11 28+10 6.4+2.4

24 [21, 28] 21[18, 25] 5.4+1.4
22 [19, 25] 19 [17, 22] 4.6+2.4

0.003 (13.638) 0.003 (13.920) 0.140 (4.404)
0.448 0.368 _
0.001 0.001 -
23+10 19+4.2 7.8+5.5
22+4.5 21+9.9 5.3+2.1

20 [18, 24] 1815, 19] 4.9+2.1

0.129 (4.101)

0.197 (3.246)

0.195 (3.269)

Continuous variables with normal distribution were expressed as mean + standard deviation and continuous variables with non-normal
distribution were expressed as median [IQR]. P,: the significance of one-way ANOVA or Kruskal-Wallis H test among the three groups.
If P;>0.05, multiple comparisons are not performed. P,: JBWD group vs. SSWD group (significance values have been adjusted by the
Bonferroni correction for multiple tests). P,: JBWD group vs. volunteer group (significance values have been adjusted by the Bonferroni
correction for multiple tests). TS, transverse sinus; SS, sigmoid sinus; JB, jugular bulb; JBWD, jugular bulb wall dehiscence; SSWD,
sigmoid sinus wall dehiscence; V..., voxel maximum velocity; V.., maximum velocity; V,,,, average velocity; Q, average blood flow;

ANOVA, analysis of variance; IQR, interquartile range.

occurrence rates were different among the three groups.
There were 10 sides (10/11, 90.9%) of vortex flow pattern
in the JBWD group, 9 sides (9/22, 40.9%) in the SSWD
group (90.9% wvs. 40.9%, x’=10.125, P=0.002<0.017), and
13 sides (13/36, 36.1%) in the volunteers (90.9% vs. 36.1%,
x’=7.506, P=0.009<0.017). Videos 1,2 show the vortex of the
JBWD group and the SSWD group patients, respectively.

Discussion

In this study, 4D flow MRI was used to describe the

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

hemodynamics of TS, SS, and JB in PT patients and
volunteers, and moreover, compare the hemodynamics of
the JBWD group and the SSWD group. The JBWD group
showed higher values of V.., V..., and V,,, in the TS and
SS than the volunteer group, as well as a higher frequency of
vortex formation at the JB. These parameters, namely V...,
Voo Vi TS cross-sectional area, and vortex, can serve
as biomarkers to differentiate the JBWD group from the
SSWD group.

Bone wall dehiscence is a key cause of P'T, which is well
evidenced by previous surgical repair (13,29,30). It has also
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Figure 4 Blood flow parameters in different vascular segments in the JBWD group, the SSWD group, and the volunteer group. (A) The V..,
Vo and Vavg values of the TS in the JBWD group, the SSWD group, and the volunteer group. (B) The same parameters as in (A) for the SS.
(C) The same parameters as in (A) for the JB. (D) The Q values of the JBWD group, the SSWD group, and the volunteer group in the T'S, the
SS, and the JB. The asterisk (*) denotes a statistically significant difference in the P value after Bonferroni correction between the two groups.
V. maximum voxel velocity; V,,,, maximum velocity; V,,,, average velocity; SSWD, sigmoid sinus wall dehiscence; JBWD, jugular bulb wall

v-maxy

dehiscence; Q, average blood flow rate; T'S, transverse sinus; SS, sigmoid sinus; JB, jugular bulb.

B C
D E

4

Figure 5 Streamline images of a healthy volunteer based on 4D flow MRI. (A-D) Images of bilateral TSs (A), SSs (A), and zoom-in images after
rotation of bilateral JBs [(B,C) are equivalent to the front view; (D) is equivalent to the top view]. The vortex flow pattern is seen at the right
JB (D,E). The white horizontal lines represent the sites of hemodynamic measurement (A-C). R, right; L, left; 4D, four-dimensional; MRI,

magnetic resonance imaging; TS, transverse sinus; SS, sigmoid sinus; J B, jugular bulb.
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Figure 6 CTA images (A,B), streamline images (C-F), and in-plane images (G,H) based on 4D flow MRI of a right PT patient. CTA showed
the right SSWD but no JBWD (A,B). (C-F) The streamline images of the TS (C), SS (C), and zoom-in images after rotation of the JB [(D) is
equivalent to the front view]. The vortex flow pattern is seen at the upper curve of the SS (E,G) and the right JB (FH). The white horizontal

lines represent the sites of hemodynamic measurement (C,D). CTA, computed tomography angiography; 4D, four-dimensional; MRI, magnetic

resonance imaging; PT, pulsatile tinnitus; SSWD, sigmoid sinus wall dehiscence; JBWD, jugular bulb wall dehiscence; TS, transverse sinus; SS,

sigmoid sinus; JB, jugular bulb.

Video 1 CTA and 4D flow MRI dynamic images of a patient
with right PT. The CTA reveals that the patient has only JBWD
without SSWD. The 4D flow MRI demonstrates the vortex flow
at the JB. CTA, computed tomography angiography; 4D, four-
dimensional; MRI, magnetic resonance imaging; PT, pulsatile
tinnitus; JBWD, jugular bulb wall dehiscence; SSWD, sigmoid
sinus wall dehiscence; JB, jugular bulb.

been reported that cortical plate dehiscence significantly
contributed to noise sensation (12). CT is commonly used
to assess the integrity of the bone wall around the venous
sinuses. However, not all bone wall defects around the

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

Video 2 CTA and 4D flow MRI dynamic images of a patient
with right PT. The CT angiography reveals that the patient has
only SSWD without JBWD. The 4D flow MRI demonstrates the
vortex flow at the upper curve of the SS and JB. CTA, computed
tomography angiography; 4D, four-dimensional; MRI, magnetic
resonance imaging; PT, pulsatile tinnitus; SSWD, sigmoid sinus
wall dehiscence; JBWD, jugular bulb wall dehiscence; SS, sigmoid
sinus; JB, jugular bulb.

venous sinus could lead to PT symptoms (31,32). Our
results indicate that 12.7% of P'T patients present with both
JBWD and SSWD, which complicates the identification

of the responsible symptomatic bone wall dehiscence.
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Thus, after excluding other possible causes, PT patients
who had been previously diagnosed with either JBWD or
SSWD were included in this study to ensure the accuracy of
identifying P'T etiology to the greatest extent.

In previous studies, PT caused by SSWD was usually
concerned with the hemodynamics and morphology of the
upstream T'S (14,15), whereas PT caused by JBWD was
usually concerned with the hemodynamics at the JB (17).
This study innovatively assessed the blood flow of three
successive segments in three populations, which more
completely revealed the correlation between intracranial
venous sinus blood flow and different PT types. Meanwhile,
previous researchers mainly adopted voxel maximum blood
flow velocity based on 4D flow MRI (14), and this study
also focused on the maximal velocity of the plane.

The PT patients in the JBWD group had lower velocity
in the T'S than the SSWD group and higher than the healthy
volunteer group, which could be used as an important
hemodynamic biomarker to differentiate the three groups.
This study also found that the SSWD group had a smaller
area at the proximal end of the TS, which narrowed and
accelerated the blood flow. This finding was consistent
with most previous reports (14,15,19). The JBWD group
had less narrowing at the proximal end of the TS than the
SSWD group, resulting in less velocity increase. Therefore,
high-speed blood flow was the cause of PT originating
from the SSWD, not from the JBWD group. Although
the JBWD group had faster blood flow velocity than the
healthy volunteers, the increased blood flow velocity was not
sufficient to induce abnormal changes in the SS bone wall.

In prior work, the diameter or cross-sectional area of
the TS, as revealed by angiography, was frequently utilized
to infer blood flow (1,33,34). In the present work, 4D
flow MRI was used to describe the blood flow directly
and accurately. In the JBWD group, the blood flow of the
symptomatic side was higher than that of the contralateral
side in all three measurement planes. This finding was
consistent with previous studies that reported PT induced
by SSWD (14). This indicates that the occurrence of PT
requires a large blood flow rate, suggesting that PT is
more likely to occur on the dominant side. The histogram
indicated that the blood flow rate of the JBWD group
was higher than that of the SSWD group. A possible
explanation for the mismatch in blood flow rate and blood
flow velocity at the TS is the larger cross-area of the TS in
the JBWD group. However, the difference did not reach
statistical significance, which might be explained by the
small number of patients in our study.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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Previous studies have established T'S stenosis as a critical
factor for PT development, which could increase the trans-
stenotic pressure gradient, velocity, and force (14,18,35).
These factors lead to the continuous erosion of the SS wall
by the blood flow, resulting in its thinning and deformation.
In this study, the JBWD group was found to have a larger
cross-sectional area of the TS at the proximal end than the
SSWD group, which caused more blood flow to diffuse
outward and thus reduced the blood flow velocity and
increased the blood flow rate. This finding supported that
the accelerated blood flow velocity was the main cause of
the SSWD from a different perspective. Therefore, the
cross-sectional area of the T'S at the proximal end could be
used as one of the criteria to differentiate the SSWD group,
which was responsible for the mismatch between the blood
flow velocity and rate in both groups.

The vortex pattern was thought to be associated with
PT (14,17,35-37). This study showed that the vortex in the
SSWD group tends to occur in the SS, and the vortex in
the JBWD group tends to occur in the JB. These findings
are consistent with previous studies that demonstrated that
upstream fast flow could generate downstream vortices
and that the occurrence of vortices at the JB may depend
on their elevated position or irregular shape (17,35,36).
However, the exact mechanism underlying the development
of PT by vortex flow patterns remains elusive. It may be
associated with the activation of the cochlear inner hair
cells due to the noise energy produced by vortices or the
mechanical damage of vortices to the adjacent bone wall
resulting in its thinning or disappearance.

These results indicate that the hemodynamics of the two
types of PT differ, suggesting that the etiology of the two
types of PT also varies, and thus the treatment methods
based on the etiology may differ as well. Previous studies
have demonstrated that endovascular treatment is highly
effective and safe for PT patients who often present with
TS stenosis and SSWD (18,37,38). Endovascular stenting
can not only alleviate symptoms but also ameliorate the
abnormal condition of the SS bone wall (18,39). However,
according to the results of this study, the blood flow velocity
of the PT patients in the JBWD group is lower than that
of the SSWD group, and reducing blood flow velocity may
not be effective for them. This may also explain why few
studies have been reported to use endovascular stenting for
PT patients with JBWD (40). In this study, it was found
that 12.7% of venous PT patients had both SSWD and
JBWD, which may pose a challenge in determining the
etiology. In this situation, the hemodynamic results may be
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helpful for further identifying the source of the sound, and
thus selecting the suitable treatment strategy.

"This study has some limitations. First, the JBWD group
had a small sample size recruited from a single institution.
This was because JBWD had a lower incidence than
SSWD (7); our strict inclusion criteria only allowed JBWD
patients, not those with both JBWD and SSWD. Second,
we enrolled only female patients in the three groups, as
all the JBWD patients who met the criteria were female.
This was mainly due to the high prevalence of female PT
patients (41) which prevented us from assessing possible
sex-related differences in hemodynamics between men and
women. Third, although we tried to avoid measuring at the
locations where vortices were most prominent, there might
still have been flow quantification errors caused by non-
laminar flow and acceleration at the upper curve of the SS
and JB. Fourth, not all JBWD patients obtained surgical
confirmation, mainly because of the complexity of the
surgery and the lack of knowledge about the preoperative
features of this type of PT. Compared with PT caused by
SSWD, PT caused by JBWD has received less attention
and investigation in terms of imaging and hemodynamic
characteristics, which poses challenges and uncertainties for
the diagnosis and treatment of this type of PT. Therefore,
fewer patients opted for surgical treatment. Fifth, no
additional hemodynamic models, such as computational
fluid dynamics and ultrasound, were used to verify the data
in this study. The conclusions need to be further verified in
the future.

Conclusions

In summary, this study utilized 4D flow MRI to measure
and visualize intracranial blood flow iz vivo in PT patients
with JBWD and contrasted them with the SSWD group.
Differences in cerebral sinus hemodynamics and treatment
options between the JBWD and SSWD groups indicate
the need to distinguish the two types of PT in clinical work
and research. PT patients with both JBWD and SSWD in
clinical settings can undergo the 4D flow MRI examination
to help identify the main source of noise. The indicators
that can differentiate include V., .., Vi, Vi vortex, and
TS cross-sectional area.
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Figure S1 Bland-Altman plots are used to show the agreement between the measurements of two neuroradiologists for the area,
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maximum velocity; V,,, average velocity; Q, average blood flow rate.
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e and Q. Bland-Altman plots show no substantial systematic bias between the two neuroradiologists. V.,
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