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ABSTRACT

BACKGROUND AND PURPOSE: Idiopathic intracranial hypertension has been associated with dural venous sinus stenosis in some
patients, but the hemodynamic environment of the dural venous sinuses has not been quantitatively described. Here, we present the first
such computational fluid dynamics model by using patient-specific blood pressure measurements.

MATERIALS AND METHODS: Six patients with idiopathic intracranial hypertension and at least 1 stenosis or atresia at the transverse/
sigmoid sinus junction underwent MR venography followed by cerebral venography and manometry throughout the dural venous sinuses.
Patient-specific computational fluid dynamics models were created by using MR venography anatomy, with venous pressure measure-
ments as boundary conditions. Blood flow and wall shear stress were calculated for each patient.

RESULTS: Computational models of the dural venous sinuses were successfully reconstructed in all 6 patients with patient-specific
boundary conditions. Three patients demonstrated a pathologic pressure gradient (=8 mm Hg) across 4 dural venous sinus stenoses. Small
sample size precludes statistical comparisons, but average overall flow throughout the dural venous sinuses of patients with pathologic
pressure gradients was higher than in those without them (1041.00 = 506.52 mL/min versus 358.00 = 190.95 mL/min). Wall shear stress was
also higher across stenoses in patients with pathologic pressure gradients (37.66 = 48.39 Pa versus 7.02 = 13.60 Pa).

CONCLUSIONS: The hemodynamic environment of the dural venous sinuses can be computationally modeled by using patient-specific
anatomy and physiologic measurements in patients with idiopathic intracranial hypertension. There was substantially higher blood flow
and wall shear stress in patients with pathologic pressure gradients.

ABBREVIATIONS: CFD = computational fluid dynamics; IIH = idiopathic intracranial hypertension; WSS = wall shear stress

diopathic intracranial hypertension (ITH), also known as pseu-

dotumor cerebri or benign intracranial hypertension, has been
associated with dural venous sinus stenosis."”> While many pa-
tients with ITH have anatomic evidence of venous sinus stenosis,’
cerebral venography and invasive manometry are often used to
differentiate patients with a “pathologic” stenosis, which demon-
strates a pressure gradient across the stenosis, from those without
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such a gradient, to determine which patients may benefit from
endovascular stent placement.”” That some patients with ITH
present with this pressure gradient and others do not, despite
similar anatomic narrowing of the dural venous sinuses, suggests
that the mechanism by which ITH is related to venous sinus ste-
nosis may depend on hemodynamic characteristics of dural ve-
nous sinus drainage.® However, venous manometry measures
only blood pressure rather than blood flow through the complex
3D hemodynamic environment of the dural venous sinuses.

Patient-specific computational fluid dynamics (CFD) model-
ing of the hemodynamic environment of patients with ITH with
and without a physiologic stenosis could improve the under-
standing of ITH pathophysiology and potentially aid in patient
selection for endovascular stent placement. In this study, we con-
structed CFD models of patients” dural venous sinuses, with sim-
ulated blood flow informed by patient-specific pressure measure-
ments obtained during invasive cerebral venography, to
accurately model the hemodynamics of ITH in patients with dural
venous sinus stenosis.
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Table 1: Venography and manometry measurements

results. The virtual microcatheter was

Blood Pressure (mm Hg)

modeled after the Excelsior SL-10 mi-

Superior Pressure crocatheter used during venographic
Sagittal Transverse Sigmoid Gradient manometry, with an identical diameter

Patient Side Sinus Sinus Sinus (mm Hg) % Stenosis® of 0.57 mm.
1 '—?ﬁ 7 5 2 3 60.34 A computational mesh was also cre-
5 i:g:: " ; 3 _: ;;‘31 ated with VMTK. The spatial resolution
3 Right 23 24 19 5 14.81 of the mesh was a uniform 0.4 mm in all
4 Left 56 34 16 18 50 meshes without virtual microcatheter
Right 16 15 1 33.33 placement, while meshes with the virtual
5 '—?ﬁ 39 29 18 n 82.35 microcatheters decreased in resolution
é i:g:: 83 gg ]; ;7] 26?‘6‘31 to 0.07 mm around the catheter surface.

Meshes had 1-4 million finite volumes.

?Defined as the percentage change between the narrowest point of the transverse sinus and the midpoint of the

ipsilateral sigmoid sinus.

MATERIALS AND METHODS

Patient Population and Venogram Procedure

Institutional review board approval (Barrow Neurological Insti-
tute, Phoenix, Arizona) was obtained for this retrospective study.
Six patients with a previous diagnosis of untreated IIH (deter-
mined by intracranial pressure of =25 cm H,O without structural
or CSF abnormality”) and MR venography demonstrating dural
venous sinus atresia or stenosis of >50% in at least 1 location
underwent cerebral venography with manometry. Cerebral
venography was performed with the patient under local anesthe-
sia by using a transfemoral access. A 5F guide catheter (Envoy;
Codman & Shurtleff, Raynham, Massachusetts) was navigated
into the right jugular bulb, and a microcatheter (Excelsior SL-10;
Stryker, Kalamazoo, Michigan) was placed in the dural venous
sinuses. Manometry was then performed in the bilateral trans-
verse and sigmoid sinuses and the posterior third of the superior
sagittal sinus by transducing the blood pressure through the mi-
crocatheter. In 2 patients in whom the transverse and sigmoid
sinuses were atretic or absent on 1 side, measurements were ob-
tained in all other locations. Stenoses were considered pathologic
if a pressure gradient of =8 mm Hg was observed across the seg-
ment of narrowed lumen.” Patients were grouped into pathologic
and nonpathologic groups based on the presence of such a gradi-
ent across =1 stenotic venous sinus.

Computational Modeling

3D reconstructions of each patient’s venous sinuses were created
from the preprocedural MR venography by using the Vascular
Modeling Toolkit (VMTK; www.vmtk.org), which uses a gradi-
ent-based level set method. The model inflows were truncated at
the posterior third of the superior sagittal sinus and the midpoint
of the straight sinus. The model outflows were truncated at the
bilateral distal sigmoid sinuses, unless 1 side was atretic, in which
case it was excluded.

Two models were created for each patient: one with a virtual
microcatheter in the center of the lumen from the sigmoid sinus
through the transverse sinus on the right side (as it was placed
during the actual venogram procedure) and one without. We cre-
ated both models for each patient to address a common concern
with venographic manometry, which is that the placement of a
microcatheter through a venous sinus stenosis could, in itself,
alter the hemodynamics of the venous sinus stenosis and affect the

Steady flow CFD simulations were con-
ducted by using Fluent 14 (ANSYS, Can-
onsburg, Pennsylvania) with a spatially
second-order upwind scheme. Blood pressure at the inflow (pos-
terior third of the superior sagittal sinus) and outflow (sigmoid
sinuses) as measured by venographic manometry was directly
prescribed as the CFD boundary conditions. Gravity was also in-
cluded in the simulations because pressure measurements in the
venous system can be influenced by hydrostatic pressure gradi-
ents. The CFD simulations assumed rigid sinus walls and Newto-
nian blood rheology with a density of 1.05 g/cm? and a viscosity of
3.5 cP. Flow was determined to be laminar or turbulent on the basis
of the results of the CFD calculations, which resolved velocity and
pressure fluctuations if present. Laminar flow was not presupposed.

Each patient-specific CFD model was analyzed for blood pres-
sure, flow rate, and wall shear stress (WSS) both with and without
the virtual microcatheter. Values of each variable at key anatomic
locations (superior sagittal, straight, and sigmoid sinuses) were
calculated with and without virtual microcatheter placement, and
contour maps of blood pressure and WSS throughout the venous
sinuses were created for each patient.

Separate 2D blood flow velocity profiles across dural venous
sinus stenoses were created by using the patient-specific flow data.
The magnitude of the flow velocity across each stenosis was visu-
alized by manually placing a 2D plane along a longitudinal section
of the affected dural sinus.

RESULTS

Sinus measurements and venographic pressures for each patient are
shown in Table 1. Three patients had pathologic pressure gradients
of =8 mm Hgacross 4 stenoses (the pathologic group), while 3 other
patients did not have a substantial pressure gradient (the nonpatho-
logic group). One patient in the pathologic group and 2 patients in
the nonpathologic group had atretic sinus systems on one side. The
average severity of the stenosis was 50.76% * 22.42% in the patho-
logic group and 24.34% = 32.31% in the nonpathologic group as
determined by the 3D imaging.

Results from CFD simulations are shown in Table 2 and Figs 1
and 2. Data in Table 2 and all figures are displayed on the basis of
calculations with the virtual microcatheter in place, to better rep-
resent the hemodynamic environment during venous pressure
measurements obtained with the microcatheter in vivo. The av-
erage outflow was 1041.00 = 506.52 mL/min for the pathologic
group and 358.00 = 190.95 mL/min for the nonpathologic group.
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Table 2: CFD calculations of blood flow and WSS with virtual microcatheter placement

Blood Flow (mL/min) Wall Shear Stress (Pa)
Superior Superior
Sagittal Straight Sigmoid Sagittal Straight Transverse Sigmoid WSS Gradient
Patient Side Sinus Sinus Sinus Sinus Sinus Sinus Sinus across Stenosis
1 Left 370 50 171 0.72 0.27 29 1.59 2741
Right 248 0.36 0.82 —0.46
2 Right 433 78 51 2.59 0.89 1.88 116 0.72
3 Right 7 72 144 0.67 0.84 133 0.93 0.4
4 Left® 1582 0 196 14.74 0.09 8.24 121 7.03
Right 1386 37.94 18.72 19.22
5 Left? 457 121 2 237 0.82 38.21 4.63 33.58
Right® 466 16.36 9.82 6.54
6 Right® 816 147 963 5.23 179 163.01 41.07 121.94
2 Pathologic pressure gradient (= 8 mm Hg) on venographic manometry.
Non-pathologic pressure gradient
oradont (o)
!100
80
ESO 2
40
4cm
I20 4cm A ’
0
Pathologic pressure gradient

FIG1. Computational fluid dynamics calculations of blood pressure gradients in the dural venous sinuses of patients with IIH. Pressure gradients
are shown as a percentage of the blood pressure in the superior sagittal sinus (assigned as 100% in each patient). Patients without pathologic
pressure gradients (upper row) show very little pressure drop across venous sinus stenoses compared with patients with pathologic pressure
gradients (lower row). Sinuses are truncated at the posterior third of the superior sagittal sinus, midpoint of the straight sinus, and the end of
each sigmoid sinus (see “Materials and Methods”) and are shown in a right anterior oblique/Towne projection.

The average WSS gradient across stenotic segments (defined as
the difference in WSS between the narrowest point of each steno-
sis and the midpoint of the ipsilateral sigmoid sinus) was 37.66 *
48.39 Pa for the pathologic group and 7.02 = 13.60 Pa for the
nonpathologic group.

Figures 1 and 2 are visual depictions of blood pressure and
WSS in the dural venous sinus models. Blood pressure is displayed
as a percentage of the pressure in the superior sagittal sinus to
normalize the results of pressure drops across the stenotic seg-
ments, while WSS is shown on a constant scale. This display per-
mits comparison between patients with and without pathology.
Visual inspection suggests minimal or low pressure drops across
stenotic segments in the nonpathologic group (Fig 1, top row),
compared with more substantial reduction in the pathologic
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group (Fig 1, lower row). Wall shear stress also appears minimally
changed in the nonpathologic group (Fig 2, upper row) but ele-
vated at and downstream of stenotic segments in the pathologic
group (Fig 2, lower row).

Figure 3 shows 2D blood flow velocity profiles across dural
venous sinus stenoses in patients in the nonpathologic (upper
row) and pathologic groups (lower row). Projections are oriented
through a cross-section of the maximal area of stenosis in each
case. Visual inspection demonstrates substantially higher postste-
notic velocities and disordered flow in the patients with pathol-
ogy. The elevated velocities in Fig 3 correspond to the increased
WSS and pressure drops in patients with pathology in Figs 1 and 2,
while lower peak poststenotic velocities mirror the minimal WSS
elevation and pressure drop seen in patients without pathology.
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FIG 2. Computational fluid dynamics calculations of wall shear stress in the dural venous sinuses of patients with IIH. Patients without
pathologic pressure gradients (upper row) show very little change in WSS at and beyond venous sinus stenoses compared with patients with
pathologic pressure gradients (lower row), who have more severe elevations in WSS.

Non-pathologic pressure gradient

Pathologic pressure gradient

0 50 100 150 200
Velocity (cm/s)
FIG 3. Computational fluid dynamics calculations of 2D velocity profiles oriented through the point of maximal venous sinus stenoses in

patients in the nonpathologic (upper row) and pathologic (lower row) groups. Blood flow is from left to right. Substantially higher blood flow
velocity is observed across stenoses in patients in the pathologic group.

The On-line Table shows CFD results without the virtual ~ 7.76% = 3.98%) and WSS gradients across each transverse-
microcatheter. The effect of the virtual microcatheter on CFD  sigmoid junction or stenosis (mean WSS reduction, 1.81% =
was minimal on both total outflow (mean outflow reduction,  24.19%).
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DISCUSSION

We have modeled the hemodynamic environment of patients
with ITH with dural venous sinus stenosis. Our CFD models used
patient-specific anatomic information from each patient’s MR
venography and incorporated patient-specific venographic ma-
nometry measurements for use as boundary conditions. Patient-
specific inlet and outlet boundary conditions have been shown to
be more accurate than stereotypic boundary conditions (derived
from literature averages of individual cases or healthy volunteer
cohorts) in the CFD modeling of other cerebrovascular diseases
such as intracranial aneurysms.®® These CEFD models permit the
comparison of the hemodynamics of patients with ITH with sim-
ilar anatomic venous sinus stenoses to better understand why
some patients’ stenoses were pathologic and were responsive to
treatment with dural venous sinus stent placement, while others
were not.

Patients with pathologic pressure gradients did have higher
overall venous outflow rates through the transverse and sigmoid
sinuses than those with low or absent pressure gradients (1041
versus 358 mL/min). The high flow rate in patient 4, who had a
pathologic pressure gradient, may be an overestimate due to er-
rors inherent in CFD reconstructions from MR venography data
with large voxel sizes but is near previously published values of
overall cerebral blood flow.'® Despite anatomic abnormalities in
both groups, flow rates of patients without pathology were similar
to previously reported values for jugular flow in healthy con-
trols.'" This finding supports the theory that the presence of a
stenotic or atretic segment may be necessary but not sufficient to
cause pathologic pressure gradients across venous stenosis, be-
cause the presence of an atretic transverse/sigmoid sinus system
(with 100% of outflow through the remaining stenotic segment)
was seen in patients with and without pathologic pressure gradi-
ents in the current study, and others have observed no correlation
between stenosis severity and IIH symptoms.'” The presence of
unilateral sinus hypoplasia or atresia in up to 33% of asymptom-
atic patients also argues against a purely anatomic source of flow
disturbance.'>"

Wall shear stress also differed between patient groups. In the
nonpathologic group, minimal or no elevation in WSS was ob-
served in stenotic segments, while large elevations in WSS were
seen at and downstream from stenoses in the pathologic group.
Since WSS has been related to downstream vascular resistance,'”
the difference in WSS profiles between groups further under-
scores the lack of adequate collateral pathways (and thus in-
creased vascular resistance across the stenosis) in the pathologic
group. Similarly, the 2D velocity profiles across the stenosis in
patients with and without pathology demonstrate higher postste-
notic velocity in the pathologic group, indicating more disordered
flow and vascular resistance, which could also correspond to re-
duced collaterals.

While the underlying mechanism for venous sinus stenosis in
patients with ITH remains unclear, these results suggest that pa-
tients with anatomic but not pathologic stenosis may have collat-
eral venous drainage in addition to the transverse/sigmoid sinus
system. These collateral venous pathways prevent the increased
resistance of an anatomic stenosis from affecting the overall pres-
sure gradient across it and thus limit the elevation of blood pres-
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sure upstream from the stenosis. In patients in whom collaterals
are sparse or absent, the resistance created by the narrowing of 1
or both primary venous outflow channels (the sigmoid sinuses)
increases the pressure upstream from the stenosis, creating a
pathologic gradient and elevating the pressure in the entire ve-
nous sinus system. Cerebral venous hypertension further limits
CSF reabsorption, increasing intracranial pressure and further
exacerbating ITH by compressing the already stenosed segment
acting as a Starling resistor.'®'” On the other hand, in vitro and
animal studies on the influence of extravascular pressure on cere-
bral venous outflow do not perfectly follow this model."®

Because the compliance and elasticity of the dural venous si-
nuses are not known, we are unable to incorporate intracranial
pressure measurements into the model calculations. The near-
instantaneous nature of the CFD calculations (by using a single
time point of venous pressure) should limit the effects of intracra-
nial pressure on our calculations, but the complex relationship
between intracranial pressure and pathologic dural venous sinus
stenosis remains incompletely explained.'® In the pathologic
group, all 3 patients had intracranial pressures of >40 cm H,O,
while in the nonpathologic group, intracranial pressures were
lower (<30 cm H,O). Future study of CFD before and after stent
treatment would be improved with incorporation of intracranial
pressure changes to ensure accurate modeling of the influence of
external compression on the dural venous sinus stenosis.

The results of this study could have practical applications for
the noninvasive screening of patients with IIH for a pathologic
pressure gradient. A review of our large cohort of 158 patients
with and without ITH who underwent diagnostic cerebral venog-
raphy and manometry showed that noninvasive vascular imaging
(such as MR venography and CT venography) was an imperfect
predictor of the pathologic pressure gradient, even in the presence
of anatomic dural venous sinus stenosis.'” This finding is consis-
tent with the findings of the current study of different flow and
WSS profiles between patients with and without pathology, de-
spite similar degrees of anatomic stenoses or atresia. Recent ad-
vances in noninvasive quantitative phase-contrast MR venogra-
phy show promise in measuring blood flow through venous
sinuses.”® Applying such measurements as boundary conditions
in the CFD simulation methodology of the current study may
allow noninvasive, patient-specific, and accurate determination
of pathologic and nonpathologic stenoses without the need for
invasive venography. This method could be used for enhanced
screening of patients with ITH at the time of diagnosis and is under
investigation by our group. In addition, the hemodynamic
changes before and after stent placement across pathologic seg-
ments could be virtually modeled before the procedure to help
predict the restoration of normal blood pressure, blood flow, and
WSS.

We observed a minimal effect on flow when the virtual micro-
catheter was placed across the venous sinus stenosis in our simu-
lations. This is an important finding relative to the methods by
which pressure gradients are obtained in venographic manometry
because a catheter placed through an already narrow vessel (such
as a venous sinus stenosis) could impart a “loading error,” further
reducing the cross-sectional area of the lumen and falsely elevat-
ing the pressure measurements.”' This is a common critique of



the results of venographic manometry because there is concern
that the procedure in which pressures are measured may skew the
measured results and potentially affect patient treatment strategy.
However, we observed a minimal loading error for both outflow
and the WSS gradients, and the large SD observed for WSS gradi-
ents was the result of the effect of the microcatheter on very small
(<1 Pa) absolute WSS values in 3 patients. This minimal loading
error is unlikely to be clinically relevant because a substantially
larger error would be required to create a falsely elevated flow
leading to a pressure gradient of =8 mm Hg, which would change
clinical decision-making toward stent placement.> Other CFD
studies using patient-specific boundary conditions measured by
intravascular devices may require integration of the presence of
the device into determining the load error, though in our study,
this did not have a substantial influence on calculations and
should not be considered as a source of clinically relevant error on
venographic manometry measurements in patients with ITH.

A simplified mathematic model was also created in an attempt
to predict the degree of flow disturbance created by a microcath-
eter of a certain diameter (On-line Appendix). This model pre-
dicts that a microcatheter one-tenth of the diameter of the ste-
notic segment of the vessel causes approximately 40% reduction
in flow, and that a microcatheter one-hundredth of the diameter
of the stenosis causes approximately 22% reduction in flow as-
suming that the pressure gradient is fixed. The ability of the model
to make quantitative predictions is limited by a number of impor-
tant factors. In a stenosis, the spatial accelerations are likely im-
portant and the flow is not fully developed; thus, these features
violate a key assumption of the model. More important, the excess
resistance is highly dependent on the individual anatomy of each
stenosis and not just the ratio of the diameters of the catheter and
stenosis as the model predicts. Thus, CFD modeling with patient-
specific anatomic and physiologic data as presented above is more
likely to reflect accurate hemodynamic conditions on a case-by-
case basis.

This work has several limitations. First, the sample size is
small, precluding statistical comparison between patients with
and without pathology. However, this study demonstrates the
methodology for CFD modeling of the dural venous sinuses by
using patient-specific physiologic measurements as boundary
conditions, which has not been reported before, to our knowl-
edge. Second, the voxel size of the MR venography used to recon-
struct the dural venous sinuses, which ranged from 0.43 to 0.86
mm’, could potentially miss fine webbing that could be better
seen by using high-resolution techniques such as conebeam CT
venography?? or felt during microcatheterization during invasive
venography. A 10% error in stenosis diameter estimation can
change the flow rate by 40%, and it is unclear how equally the
errors in the reconstructions affect patients with and without pa-
thology. Third, prescribing only the pressures (without velocities)
as the CFD boundary conditions may be more susceptible to ran-
dom errors subject to the precision of the pressure transducer (*1
mm Hg), especially in cases in which the pressure gradients are
small. The prescribed pressure gradients in CFD may have relative
errors of up to 25%, and the calculated flow rates may subse-
quently have similar relative errors. However, the relative errors
are likely much smaller in pathologic cases in which large pressure

gradients were measured and are thus unlikely to be clinically
significant. Fourth, there were differences in the severity of steno-
ses in patients with pathologic and nonpathologic stenoses. How-
ever, all patients had documented ITH and some degree of venous
sinus abnormality (stenosis, atresia, or both), which could cause
outflow abnormalities and influence hemodynamics across the
entire dural sinus system, as has been proposed by others.*

CONCLUSIONS

Dural venous sinus stenosis in patients with ITH can be computa-
tionally modeled by using patient-specific anatomic and physio-
logic data. Increased overall blood flow and WSS were found in
patients with a pathologic pressure gradient.
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