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ABSTRACT

BACKGROUND AND PURPOSE: Case reports demonstrate that coiling of a sigmoid sinus diverticulum can treat pulsatile tinnitus. We
hypothesized that MR imaging 4D flow and computational fluid dynamics would reveal distinct blood flow patterns in the venous outflow
tract in these patients.

MATERIALS AND METHODS: Patients with pulsatile tinnitus of suspected venous etiology underwent MR imaging at 3T, using venous
phase contrast-enhanced MR angiography, 4D flow, and 2D phase contrast. The contrast-enhanced MRA contours were evaluated to
determine the presence and extent of a sigmoid sinus diverticulum. Computational fluid dynamics analysis was performed using the 4D
flow inlet flow and the luminal contours from contrast-enhanced MRA as boundary conditions. In addition, computational fluid dynamics
was performed for the expected post treatment conditions by smoothing the venous geometry to exclude the sigmoid sinus diverticulum
from the anatomic boundary conditions. Streamlines were generated from the 4D flow and computational fluid dynamics velocity maps,
and flow patterns were examined for the presence of rotational components.

RESULTS: Twenty-five patients with pulsatile tinnitus of suspected venous etiology and 10 control subjects were enrolled. Five (20%) of
the symptomatic subjects had sigmoid sinus diverticula, all associated with an upstream stenosis. In each of these patients, but none of the
controls, a stenosis-related flow jet was directed toward the opening of the sigmoid sinus diverticulum with rotational flow patternsin the
sigmoid sinus diverticulum and parent sigmoid sinus on both 4D flow and computational fluid dynamics.

CONCLUSIONS: Consistent patterns of blood flow can be visualized in a sigmoid sinus diverticulum and the parent sinus using 4D flow
and computational fluid dynamics. Strong components of rotational blood flow were seen in subjects with sigmoid sinus diverticula that
were absent in controls.

ABBREVIATIONS: CFD = computational fluid dynamics; 4DF = 4D flow; PT = pulsatile tinnitus; SSD = sigmoid sinus diverticulum; SSIJ = sigmoid sinus and internal

jugular vein; UCSF = University of California, San Francisco

Tinnitus is the auditory perception of sound in the absence of
an extracorporeal source, which affects millions of Ameri-
cans.' Patients’ lives can be severely impacted by tinnitus, and it is
not uncommon for patients to have insomnia, depression, or even

Received March 27, 2018; accepted after revision August 20.

From the Departments of Radiology and Biomedical Imaging (M.RA, HH., EK, SK.,
RK.,J.L, N.DJ, F.F, MB., D.S.) and Neurology (K.M., W.S.), University of California,
San Francisco, San Francisco, California.

This work was supported by the National Center for Advancing Translational Sci-
ences, National Institutes of Health, through UCSF-CTSI Grant Number B27552C. In
addition, the research reported in this publication was supported by the National
Institutes of Health under award number R21 DC016087-01A1.

The content of this article is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of Health.

Paper previously presented, in part, at: Annual Meeting of the American Academy
of Otolaryngology—Head and Neck Surgery Foundation, September 18-21, 2016;
San Diego, California; and another portion of these data were presented at: Annual
Meeting of the Society of Neurolnterventional Surgery, July 25-29, 2016; Boston,
Massachusetts.

suicidal ideations because of their tinnitus.”® A subset of tinnitus
is thythmic, termed “pulsatile tinnitus” (PT). PT accounts for up
to 10% of patients with tinnitus.'®'> Some causes of PT are asso-
ciated with a very high risk of intracranial hemorrhage, stroke, or
blindness. Even the more benign causes of PT have a very high
association with debilitating comorbid psychiatric disease. Some
causes of PT can be treated. In our experience, treating an under-
lying cause of PT not only alleviates the risks of hemorrhage,
stroke, or blindness but can also mitigate the comorbid psychiat-
ric disease. Thus, identifying and treating causes of PT can be very
beneficial to patients.

PT may be related to abnormal flow in vascular structures near
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the cochlea and is often pulse-synchronous.””'" The vascular
structures with aberrant flow can be either venous or arterial.
Approximately 40% of PT etiologies are venous, approximately
35% are arterial, and in nearly 25%, the cause of PT is never
identified.'” One of the venous etiologies of PT is a sigmoid sinus
diverticulum (SSD). SSD is an outpouching from the sigmoid
dural venous sinus that is usually laterally or anteriorly oriented
and is often associated with an upstream transverse or sigmoid
sinus stenosis.””'>"'® Altering the flow of venous blood through
the SSD and the parent sinus by manual compression of the ipsi-
lateral internal jugular vein is known to mitigate symptoms. Pa-
tients report an increase in symptoms in high-flow states such as
contralateral internal jugular vein compression, after exercise, or
during pregnancy.'>'” Treatment of the offending SSD, which
has been reported with both endovascular and open surgical tech-
niques, can resolve PT.'”**

However, the exact pattern of blood flow in patients with SSD
has not been studied. Two recent approaches provide the ability to
explore the flow patterns in complex vascular geometries. One is
direct measurement of the velocity field using MR imaging tech-
niques; the other is using a numeric simulation approach to com-
pute the velocity field. Advances in MR imaging have facilitated
the visualization of the 3D velocity field of blood flow through the
cardiac cycle. We have adapted these techniques for imaging the
flow patterns in the transverse sinus, sigmoid sinus, and the inter-
nal jugular vein near to and including the jugular bulb (a region of
venous sinus anatomy we will refer to as the SSIJ) using 3T MR
imaging.””>® Alternatively, with known boundary conditions (ie,
the luminal surface and the inlet flow waveform), numeric simu-
lations (computational fluid dynamics [CFD]) can be used to
calculate the velocity field. The aim of this study was to apply these
techniques to subjects with SSD and evaluate the blood flow pat-
terns in this venous anomaly. We hypothesize that subjects with
PT with SSD demonstrate a distinct flow pattern in the SSIJ and
SSD that is absent in control subjects.

MATERIALS AND METHODS

We prospectively performed MR imaging analysis on adult pa-
tients with suspected venous etiology of pulsatile tinnitus and
control subjects without pulsatile tinnitus using a study protocol
approved by our institutional review board. All patients signed
written informed consent to participate in this study.

Patient Selection

Patients were recruited from the University of California, San
Francisco (UCSF) Pulsatile Tinnitus Clinic. The UCSF Pulsa-
tile Tinnitus Clinic is a multispecialty clinic that evaluates pa-
tients with PT. PT was suspected to be of venous etiology if the
patient described a low-pitched, pulse-synchronous PT that
improved with ipsilateral neck compression and potential ar-
terial (or other) etiologies (such as carotid atherosclerosis, fi-
bromuscular dysplasia, tumor, or dural arteriovenous fistula)
were not identified on prior imaging studies. All patients un-
derwent the UCSF Pulsatile Tinnitus Clinic MR imaging and
MRA protocol, which included brain MR imaging with
fat-saturated postcontrast sequences, time-of-flight MRA of
the head, time-resolved contrast-enhanced MRA of the neck
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through the circle of Willis, and postcontrast spoiled gradient-
recalled imaging to evaluate venous sinus anatomy.

Imaging

The imaging protocol used in this study is an adaptation of
contrast-enhanced MRA and 4D flow (4DF) described in prior
articles.”” > High-resolution contrast-enhanced MRA was per-
formed on a 3T Magnetom Skyra scanner (Siemens, Erlangen,
Germany). A 3D time-resolved imaging with a stochastic trajec-
tory timing run with a 2-mL gadolinium bolus was used to deter-
mine the venous phase of contrast opacification as the point when
the contrast first appears in the distal transverse sinus. The full
contrast-enhanced MRA study was then performed with a 20-mL
injection of gadolinium-based contrast agent at 2 mL/s with an
acquisition time of 35 seconds. Images had 0.7-mm isotropic res-
olution covering an FOV of 280 X 180 mm with an 84-mm-thick
slab. Image acquisition used an elliptic centric k-space ordering
with the center of k-space synchronized to the venous phase as
determined from the timing run. Following acquisition of the
MRA, a finger-pulse-triggered 4D MR velocimetry study (4DF)
was acquired at a 1.3-mm isotropic resolution and 32-mm slab
coverage. Subsequently, 2D phase contrast was acquired in a slice
transverse to the vessel in the mid-transverse sinus and proximal
to any stenosis if one was present. Phase contrast in-plane resolu-
tion was 0.65 X 065 mm.

Postprocessing

The contrast-enhanced MRA vein and 4D MR velocimetry data-
sets were segmented using Clem-volume, an in-house software
package. The velocity field, streamlines, path lines, vorticity, and
helicity maps were generated from these data using Paraview (Kit-
ware, Clifton Park, New York). In addition, a numeric simulation
of the velocity field (ie, a CFD analysis) was performed using the
contrast-enhanced MRA for the luminal surface boundary condi-
tions and the inlet flow condition as acquired from the 2D phase
contrast study. Several assumptions were made in our CFD anal-
ysis, including Newtonian flow, steady flow conditions, pressure
of 0 cm H, O at the outlet of the modeled segment, and rigid walls,
as per our previously published method.** To investigate the
effects of an interventional treatment on the velocity field, we
altered the geometry to provide a simulated, smooth, and con-
tinuous luminal surface that excluded the SSD. Path lines and
streamlines were generated from the CFD-predicted velocity
field.

Flow Pattern Analysis

The streamlines were extracted and visualized in Paraview, using
seed points dispersed throughout the flow domain. As can be seen
in the figures, regions of recirculating or vortical flow were iden-
tified by visual inspection.

RESULTS

Twenty-five patients with a suspected venous etiology of PT and
10 control subjects without PT were imaged using our protocol.
Of the 25, five (20%) had an SSD identified on MRA (Table).
Streamlines of the CFD- and 4DF-resolved velocity field images
for the 5 patients with SSD and 1 control subject are shown in



Anatomic characteristics and treatments performed for the identified sigmoid sinus diverticula

SSD Neck Orientation Associated
Dimensions Maximum of Long Upstream
Subject (mm) Width (mm) Axis of SSD Laterality Stenosis Treatment
1 6.0 X 2.8 X 32 3.2 Lateral Left Yes None
6.8 X 8.0 X 4.2 34 Lateral Right Yes Coiled
2 74 X 55X 63 5.1 Anterior Right Yes Surgical resurfacing
3 88 X 57X 84 6.4 Anterior Right Yes None
4 83 X39X69 6.6 Lateral Right Yes None
5 6.8 X75X56 41 Lateral Left Yes Stent

4Dflow MRI

MRA iso-surface CFD simulation

FIG 1. MRA isosurface MIP rendering, CFD-predicted flow fields, and
4D-flow MR imaging from 6 subjects. The first subject is a control
subject. The other 5 are subjects clinically suspected of having a ve-
nous cause for pulsatile tinnitus who were found to have a sigmoid
sinus diverticulum on MRA. The following observations are made in
symptomatic subjects with a sigmoid diverticulum: 1) high velocity
flow jet in an upstream stenosis in the transverse sinus directed at the
SSD opening; 2) a flow jet into the SSD along the long axis of the SSD,
either anteriorly or laterally directed; 3) a vortex of flow in the SSD;
and 4) a strong vortex component of flow in the sigmoid sinus from
the SSD. In the control subject, none of these flow components were
present.

Fig 1. All SSDs had a bulbous shape directed away from the flow in
the upstream sinus, either laterally or anteriorly, and all were as-
sociated with an upstream stenosis with a flow jet directed toward
the SSD opening.

Observations of Blood Flow from 4DF (In Vivo
Measurement)

In vivo measurement of blood flow in the SSIJ revealed some
commonalities among patients with SSD: 1) a high-velocity flow
jetis demonstrated at the stenosis in the transverse sinus, directed
distally at the SSD opening; 2) the flow jet into the SSD is oriented
along the long axis of the SSD (either anteriorly or laterally di-
rected); 3) there is a vortical flow in the SSD; 4) a large component
of rotational flow is present in the sigmoid sinus downstream
from the SSD; and 5) none of these flow features were seen in the
SS1J of control subjects.

Observations from CFD Flow Analysis

The flow patterns observed in the CFD analysis were very similar
to those identified by 4DF. The flow jets through the stenoses, the
vortices of flow in the SSD, and the flow recirculation in the sig-
moid sinuses were all comparable between modalities. While the
gross flow features were similar, there were some minor differ-
ences in the velocity fields resolved by 4DF and CFD in certain
locations.

Observations from Post treatment

CFD analysis was performed on the expected post treatment ge-
ometries lacking SSDs and demonstrated the absence of flow re-
circulation in the parent sinus. Subject 2 elected to have surgical
resurfacing of her SSD, which resulted in resolution of her PT
symptoms. This subject subsequently underwent repeat MR im-
aging evaluation using our protocol. No flow was identified at the
site of the prior SSD, and recirculation was no longer present in
the parent sinus. The pre- and post treatment 4DF and CFD flow
fields based on the pre- and post treatment MRA are shown in Fig
2. The SSD was excluded from the flow domain to simulate resur-
facing of the pretreatment sinus geometry, and CFD was per-
formed. For this simulated post-treatment geometry, the flow jet
through the stenosis remained unchanged but the vortices in the
sigmoid sinus downstream from the diverticulum remained.

DISCUSSION

We present a case series of 5 subjects with suspected venous PT
and SSD in whom we imaged the anatomy and blood flow of the
venous anomaly as well as the parent sinus using contrast-en-
hanced MRA and 4DF, and we also performed CFD analysis. All
SSDs had similar anatomic and flow imaging, consisting of a bul-
bous outpouching projecting anteriorly or laterally from the sig-
moid sinus, with the long axis of the SSD in the direction of a flow
jet through the upstream transverse sinus stenosis. This study was
an observational analysis that provides an illustration of the abil-
ity of imaging and computational methods to visualize complex
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FIG 2. MRA, CFD simulation, and 4D-flow MR imaging from subject 2
before and after surgical exclusion of her sigmoid sinus diverticulum,
which resulted in resolution of symptoms. There was an absence of
flow in the SSD as well as lack of a vortex in the downstream sigmoid
sinus. Only the SSD was excluded from the CFD flow domain. Thus,
the flow jet through the proximal stenosis is unchanged.

flow patterns present in patients with venous diverticula. To have
a clinical impact, inclusion of a broader range of geometrically
varying SSDs is needed to provide a definitive link between geom-
etry and flow and subsequently to the manifestation of PT
symptoms.

While 4DF has been used fairly extensively in the vasculature,
it has found the greatest application on the arterial side. To de-
velop confidence in the 4DF measurement of the velocity field in
the tortuous venous anatomy, we also performed numeric simu-
lations of the flow fields using a CFD approach. Both 4DF and
CFD demonstrated comparable flow patterns consisting of a flow
jet through the stenosis, a vortex of flow in the SSD, and an addi-
tional vortex of flow in the parent sigmoid sinus. One case of
repeat 4DF and CFD after SSD surgical exclusion, which resulted
in cessation of PT, demonstrated an absence of flow in the SSD as
well as resolution of the vortex of flow in the sigmoid sinus.

Previous publications have demonstrated the ability to evalu-
ate flow in the SSIJ of patients with pulsatile tinnitus using both in
vivo and patient-specific flow models,”” evaluate flow differences
in the SSIJ of subjects with and without PT using CFD,** and
provide an overview of the varying flow patterns that can be seen
in subjects with PT with different SSIJ anatomies using 4DF.*

1°° used patient-specific MR imaging and catheter-ob-

Levitt et a
tained pressure measurements to generate CFD models of trans-
verse sinus stenoses. The current work expands on prior articles
by systematically reviewing a series of subjects with an anatomic
aberration, SSD. In addition, we are the first group to evaluate
flow in the dural venous sinuses of patients to establish the
boundary conditions for the inlet flow conditions of our CFD
analysis. This work also includes pre- and postsurgical evaluation
of flow using both 4DF and CFD. In keeping with our group’s
prior publications of blood flow evaluation in the cerebral venous
structures, we have again identified several interesting flow fea-
tures in these patients.

The role that these flow patterns, specifically the vortices in the
SSD and parent sinus, play in sound generation in patients with
SSD and PT is unclear, and in fact, they may play no role at all. It
is conceivable that turbulent flow downstream of the stenosis,
within the SSD or at the outlet of the SSD, may contribute to

4 Amans @ 2018 www.ajnr.org

sound generation. However, the unique pattern of flow presented
in this work has not been previously demonstrated, to our knowl-
edge. Our hope is to eventually use this technique to prospectively
identify patients whose PT would be well-treated with surgical or
endovascular exclusion of the SSD.

All subjects with SSDs had a concomitant transverse sinus ste-
nosis. Transverse sinus stenosis has also been shown to be a cause
of PT, and the high rate of comorbid sinus stenosis and SSD has
been previously reported.'®>***2”*> The stenosis and subse-
quent flow jet may cause the SSD, similar to the effects of complex
patterns of wall shear stress and spatial wall shear stress gradients
previously reported in intracranial bifurcation aneurysms such as
at the basilar tip.”>** Our observation that the long axis of the SSD
is coincident with the flow jet from the stenosis would seem to
lend credence to this hypothesis; however, the relationship be-
tween the entities remains speculative.

To establish the role that geometric features of the diverticu-
lum, such as maximal diameter and neck width, have in defining
specific flow patterns such as vortices in the SSD and parent sinus,
it will be necessary to expand this study to include a broader
spectrum of geometric conditions. Expanding the study will
similarly contribute to defining the link between flow patterns
and sound generation in patients with SSD and PT. The unique
pattern of flow presented in this work has not been previously
demonstrated.

It is also unclear whether the stenosis, the SSD, or both are
causing patients’ symptoms. Many authors have treated both the
stenosis and the diverticulum and reported resolution of symp-
toms””?"*%; others have treated only the SSD and also reported
resolution of symptoms.'®*>2%* We suspect that sound genera-
tion in these patients with PT is multifactorial, and the source of
sound generation remains a focus of ongoing research.

All 5 patients with PT found to have an SSD were women. This
may be simply a result of the small sample size, though there may
be a component of idiopathic intracranial hypertension contrib-
uting to the transverse sinus stenosis in these patients, and idio-
pathic intracranial hypertension is more common in females.”” In
fact, subject 5 was found to have idiopathic intracranial hyperten-
sion based on standard criteria,”® and her symptoms greatly im-
proved with stent placement in a transverse sinus stenosis, which
decreased the pretreatment pressure gradient across the stenosis
from 13 to 3 mm Hg.

There are several limitations to our study. Our small sample
size limits the extent of the conclusions we can derive. Several
assumptions were made in our CFD analysis, including Newto-
nian flow, steady flow conditions, zero pressure at the outflow,
and a noncompliant vessel wall. While Newtonian flow is a rea-
sonable assumption in capacious vessels such as the sigmoid sinus
and jugular vein, the flow may be non-Newtonian in transverse—
sigmoid junction stenosis. Steady flow conditions have been used
in our prior work and have previously captured most flow infor-
mation with a high degree of fidelity.** Rigid wall conditions are
likely a reasonable assumption in the transverse and sigmoid si-
nuses, which are encased by the thick dura and bone. However,
the validity of this assumption is challenged by known changes in
PT with lumbar puncture and removal of CSF, particularly in
patients with idiopathic intracranial hypertension.’” In addition,



the jugular vein has a very high capacitance and is known to not be
arigid structure. Our models in this work include only the jugular
bulb that is, at least partly, bounded by the skull base.

CONCLUSIONS

This prospective case series applied 4DF and CFD analysis to pa-
tients suspected of having a venous etiology of PT and identified a
consistent pattern of blood flow that was absent in controls. The
flow pattern consists of a high-velocity jet through a transverse
sinus stenosis directed into the SSD, vortical flow in the SSD, and
avortex of flow returning to the sigmoid sinus from the SSD. 4DF
and CFD of the post treatment state show resolution of flow in the
SSD and resolution of the vortex in the sigmoid sinus. The role the
vortices play in sound generation for PT is unclear and remains a
subject of future investigation.
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