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Abstract—Inferior vena cava (IVC) filters are used to prevent
pulmonary embolism (PE) in patients with deep vein throm-
bosis for whom anticoagulation is contraindicated. IVC filters
have been shown to be effective in trapping embolized clots
and preventing PE; however, among the commercially avail-
able designs, the optimal balance of clot capture efficiency,
clot dissolution, and prevention of to vena cava occlusion is
unknown. Clot capture efficiency has been quantified in
numerous i vitro studies, in which model clots are released
into a mock circulation system, with the relative capture
efficiency of various IVC filters analyzed statistically. In
general, two-stage filters have been found to be more efficient
than one-stage filters. However, other factors may play a role
in the ultimate dissolution of clots and in the overall effect of
the resulting blood flow on caval vasculature. Clot dissolution
has been shown to increase with increasing wall shear stress,
while low and oscillating wall shear stresses are known to
have a deleterious effect on vessel walls, causing intimal
hyperplasia. This paper describes the effect of IVC filters on
blood flow, velocity patterns, and wall shear stress by flow
visualization and computational fluid dynamics.

Keywords—Vena cava filter, Thrombosis, Blood flow, Flow
visualization, Computational fluid mechanics, Wall shear
stress.

INTRODUCTION

Deep vein thrombosis affects an estimated 48 per
100,000 Americans per year.> The condition is usually
treated by anticoagulant therapy to prevent potentially
fatal pulmonary embolism,'? the incidence of which is
estimated at 69 per 100,000 per year,” with 60,000
dying of the complication per year.'? In patients for
whom anticoagulation is ineffective or contraindi-
cated, a mechanical filter to trap emboli can be placed
percutaneously in the inferior vena cava (IVC).'> The
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first IVC filters were designed to mitigate the risks
associated with ligation or plication of the vena cava,*
but were subject to obstruction® and migration.”” One
design hypothesis is that filters should trap large
thromboemboli (which can then undergo lysis by
flowing blood), but pass small emboli that can be
trapped and lysed in the lungs without serious patient
harm.?® Patients with compromised lung function may
require a more occlusive filter that traps smaller emboli
as well, although with a possibly greater risk of IVC
occlusion.'>??

Many IVC filters have been cleared by the U.S.
Food and Drug Administration. Today’s filters are
typically made of flexible stainless steel, titanium, or
Nitinol wire. Most use a basic conical shape like the
Greenfield® and Vena Tech* filters, which resemble
the struts of an umbrella with the opening facing the
incoming flow (Fig. 1). Clots are trapped in the center
of the filter, with annular flow around the trapped
thrombus providing vena cava patency. Other com-
mercial filters vary from this basic design, some with
two stages instead of one (e.g., Figs. le and 1f).

In Vivo Studies

Good clinical results with the Greenfield filter have
been reported, with long-term patency rates of 95%.°
In contrast, the two-stage Simon Nitinol filter showed
a caval occlusion rate of about 21%.” In a study
comparing filters vs. no filters in 400 patients,”’ the
incidence of pulmonary embolism was significantly less
in those patients receiving filters. Four filter types were
used, but stratification by filter type was not per-
formed. Indeed there has been a dearth of blinded,
controlled studies reported in the literature,® thus good
clinical data on the relative efficacy among filter
designs is lacking. The optimal filter design to capture
emboli, encourage lysis of trapped thrombus, yet allow
good caval blood flow is not yet known.* The
best combination of features is most likely patient
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(i)

FIGURE 1. Filters used in flow visualizations (shown unconstrained by vena cava): (a) Greenfield; (b) Simon Nitinol; (c) TrapEase.
Corresponding computational models (constrained by 2.0 cm inner diameter vena cava): (d) Greenfield; (e) Simon Nitinol; (f)
TrapEase. Top views: (g) Greenfield; (h) Simon Nitinol; (i) TrapEase.

dependent, with lung function being an important
indicator of the capture efficiency needed.

Some clinical evidence of the clot trapping process
has been reported. Radiographs of the two-stage
TrapEase filter showed pieces of clot trapped near the
wall in the filter’s proximal stage, and in the center of
the distal stage.>® Caval occlusion in a Vena Tech filter
has also been documented by radiography.* A large,

cone-shaped, coiled thrombus was observed to be
trapped at the apex of a Vena Tech filter.>* A wall clot
(or intimal hyperplasia) was observed in another
patient. The Vena Tech filter has an umbrella-strut
shape with additional parallel strut wires along the IVC
wall. In animal studies of the Vena Tech filter, intimal
hyperplasia of the vena cava was observed near the
wall struts.! Fibrous evolution of trapped thrombus led
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to the formation of fibrous webs between the wall
struts and IVC wall in a follow-up study.’ In a com-
parison study of stents implanted in the canine aorta
and IVC, medial hyperplasia of the IVC associated
with thrombus formation led to incorporation of the
stent wires into the vessel wall.?’

In a comparison of the Greenfield and Vena Tech
filters performed in sheep, blood clots 5 mm in diam-
eter by 5, 10, and 30 mm long were injected.”® The
Vena Tech filter was found to trap 70 and 100% of
the 5 and 10 mm long clots, respectively, while the
Greenfield trapped only 26 and 34% of the 5 and
10 mm long clots, respectively. Four out of four Vena
Tech filters were occluded with only 2 cm® of clot,
while only two of the four Greenfield filters were
occluded, with 4.6 and 8.3 cm® of clot. This suggests
that good trapping efficiency is correlated with a
greater tendency for occlusion in these two filters, but
whether this rule applies more generally is unknown.

In Vitro Experiments

In an in vitro study of nine filters,"> clot capture

efficiency was higher for the Simon Nitinol filter than
for the Greenfield filter, with cylindrical clots <3 mm
diameter escaping through the Greenfield but not the
Simon Nitinol filter. This is consistent with the clinical
results mentioned above. Other in vitro studies have
confirmed the Simon Nitinol filter to be more efficient
at clot capture than the Greenfield filter.'®**%7 The
two-stage TrapEase filter has also been found to be
more efficient than either the Greenfield or Simon
Nitinol filter.**

In vitro flow visualizations have shown that an
unobstructed Greenfield filter caused little effect on the
flow field."" A cone-shaped clot occluding the filter
caused an annular flow field around the clot. Compared
to an empty cylindrical tube, the wall shear stress
(WSS) increased seven-fold along the vena cava wall,
and tenfold along the clot surface. However, this was
not considered to be pathological, leading to hemolysis
or thrombogenesis, but in the range to cause clot lysis
(as demonstrated in a canine model®). No downstream
turbulence or flow instabilities were observed.

In contrast, an empty Simon Nitinol filter caused
flow stagnation between the distal and proximal
stages.'” The flow was diverted radially to the vena cava
wall, thereby doubling the WSS over that in a an empty
vena cava. A symmetric clot obstructing the filter
caused recirculation and stagnation, along with
unsteadiness downstream. The maximum WSS on the
clot was 30 times that in a simple tube, but decreased to
negative values due to the recirculation zone, thus
providing a high spatial WSS gradient. Turbulence
intensities due to unsteadiness were on the order of 5%.

An unobstructed TrapEase filter showed flow
divergence at the proximal tip and lower velocities
within the basket.>®?> When the TrapEase was
obstructed by a symmetric clot in the distal stage, flow
diverged around the clot and increased the velocities
by 3.6 times. Recirculating and stagnant flow was
observed in the clot’s wake, extending from the tip of
the clot by about 2 cm. Unsteadiness downstream was
associated with turbulence intensities reaching 35%. A
half-torus clot with elliptical cross-section in the
proximal stage next to the wall caused a large zone of
stagnant and recirculating flow within the basket
downstream of the clot, along the wall of the vena
cava. A smaller recirculation zone was present
upstream of the clot. No flow instabilities or turbu-
lence were observed.

Thus a major difference among filter designs
appears to be the position and symmetry of the trap-
ped clot. The umbrella shape tends to trap thrombi in
the center of the filter, allowing annular flow around
the clot. However, designs like the TrapEase may also
trap thrombi near the wall.** Caval blood flow is then
shunted asymmetrically around the clot. The parallel
wires in contact with the IVC wall may also lead to
hyperplasia or incorporation into the vessel wall, as
has been observed in the Vena Tech filters.'?” The
effects in vivo of the resulting blood flow asymmetry
and WSS on thrombus lysis, aggregation, and intimal
hyperplasia is unknown.

The goal of this study was to examine the flow pat-
terns around model clots trapped in three IVC filter
designs via flow visualization and computational fluid
dynamics (CFD). Clot models were based on radio-
graphic data'’?*?% and work by other research-
ers>!11920 presented in the literature. The results were
analyzed with respect to recirculation patterns, WSS,
and other factors which have been correlated to
thrombus lysis or growth, and intimal hyperplasia. This
work was intended to help define the relative likelihood
and magnitude of risk of hemolysis, thrombosis, and
intimal hyperplasia among basic filter designs.

METHODS

In Vitro Experiments

Three commercially available filters were used in the
flow visualization studies: a one-stage Greenfield filter
(Boston Scientific, Natick, MA, USA), a two-stage
Simon Nitinol filter (Bard Peripheral Vascular, Tempe,
AZ, USA), and a two-stage TrapEase filter (Cordis,
Miami, FL, USA) (Figs. la—). Flow was visualized in
a compliant inferior vena cava model made of 0.3 mm
thick silicone, nominally 2 cm in inner diameter.



Effects of Thrombosed Vena Cava Filters on Blood Flow 1767

A centrifugal pump was used to drive steady flow at
1.0 L/min, appropriate for the infrarenal vena cava
during resting conditions.> The WSS under such con-
ditions was calculated to be 0.74 dyn cm 2. Glycerol
(58% by weight) in water at 37 °C was used as the
blood mimicking fluid, with viscosity (3.5 x 1072
dyn s cm™?) and density (1.12 g cm ™) approximating
that of whole blood. The fluid used was Newtonian.
The model vena cava was suspended horizontally in a
bath of blood mimicking fluid, so as to minimize
refraction effects. Filters with the wall hooks removed
(to prevent rupture of the silicone model) were
deployed into the vena cava. The flow system included
an asymmetric bifurcation formed by the junction of
the iliac veins at the inlet of the inferior vena cava
(approximately 15 cm upstream of the filter). The
asymmetry was based on human anatomy, with
the two branchs at 30° and 43° from the vena cava.'?
The flow loop was typical of those designed for per-
forming clot capture studies.

Models of various size clots were cast of polyvinyl
chloride gel (MF Manufacturing, Ft. Worth, TX), with
shapes designed to fit into the three filters (Figs. 2 and
3). The clots in the Greenfield and the proximal stage
of the Simon Nitinol were based on descriptions and

radiographs of obstructed filters in patients.'’**%

Symmetric cone-shaped clots were fabricated with the
downstream angle of the cone configured to match the
separation angle of the wires, given the size of the filter
deployed in the vena cava (Fig. 2). The clots were
made to fill the boundaries of the filter wires; no
attempt was made to coil cylindrical clots to fit inside
the filters (as might be expected of a long cylindrical
clot caught in a filter). Thus it was assumed that real
thrombus was sufficiently deformable to pack inside
the filters. The upstream ends were hemispherical. Clot
diameters were chosen to occlude the filters in a sys-
tematically increasing fashion. The cone radii, length,
orientation, and angles for the clots used in the
Greenfield and Simon Nitinol filters are given in
Table 1. Clot sizes were chosen to cover the range that
might be expected in vivo.

In contrast, 360° ring-shaped model clots as well as
180° symmetric clots were wrapped around the proxi-
mal stage of the TrapEase filter (Fig. 3). These clots
were based on descriptions and radiographs of clots
trapped by the filter published in the literature.?'**-*
Table 2 gives the dimensions of these clots. Similar
model clots have been used previously in numerous
in vitro studies.>!'"1%2°

FIGURE 2. Clots used in experimental and computational studies: (a) Greenfield flow visualization clots; (b) Greenfield CFD clots;
(c) Simon Nitinol flow visualization clots; (d) Simon Nitinol CFD clots. Visible slots in CFD clots are intersections with filter wires.

Scale is in centimeters.
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FIGURE 3. Clots used in experimental and computational studies: (a) TrapEase flow visualization 180° asymmetric clots; (b)
TrapEase CFD 180° asymmetric clots; (c) TrapEase flow visualization 360° ring clots; (d) TrapEase CFD 360° ring clots.

TABLE 1. Dimensions of clots in Greenfield & Simon Nitinol filters.

Filter Clot radius (cm)  Clot cone height (cm)  Downstream clot angle (°)  Maximum clot area (cm?)  Clot volume (cm?®)
Greenfield 0.35 1.28 15.3 0.385 0.25
0.75 3.00 14.0 1.767 2.65
0.90 2.70 18.4 2.545 3.82
Simon Nitinol 0.48 0.83 30.0 0.724 0.43
0.75 1.57 25.5 1.767 1.81
0.90 1.50 31.0 2.545 2.80

TABLE 2. Dimensions of clots in TrapEase filters.

Filter Clot Clot inner radius (cm) Clot area (cm?) Clot volume (cm?®)
TrapEase Small 180° asymmetric clot 0.40 1.200 0.90
Large 180° asymmetric clot 0.05 1.700 1.62
Small 360° ring 0.68 1.689 0.42
Large 360° ring 0.52 2.292 0.86

Digital Particle Imaging Velocimetry (DPIV)
Technique

The blood mimicking fluid was seeded with
2040 um polystyrene particles, dyed with a fluores-
cent dye (Rhodamine 6G and Dichloro-fluorescein
dye)' that absorbed light at 532 nm and emitted light
at 570 nm. The vena cava filter was illuminated by a
532 nm Nd:YAG dual pulsed laser (model Solo I, New
Wave Research, Fremont, CA), using a flexible hollow
optical fiber.*> A Powell lens (OZ Optics, Ottawa,
Canada) was used to spread the laser light emitted
from the fiber into a 1 mm thick laser sheet. A

'Obtained from Dr. Yury Ronzhes, Dept. of Mechanical Engineer-
ing, The John Hopkins University, 223 Latrobe Hall, 3400 North
Charles St., Baltimore, MD 21218.

micromanipulator system was used to adjust the laser
sheet so that it illuminated the central plane of the
filter. A digital CCD camera (model ES 1.0, Kodak,
Rochester, NY) was used to record images of the
particles illuminated by the laser sheet, with an inter-
vening optical filter used to block the 532 nm light
directly from the laser, but pass the 570 nm light
emitted by the fluorescent particles. Images were taken
at 3-5 positions along the vena cava, from just
upstream to just downstream of the filter.

DPIV Analysis

Digital particle imaging velocimetry software (Pro-
vision, IDT, Tallahassee, FL) used a cross-correlation
algorithm to process pairs of images to provide the
velocity fields. A 24 x 24 pixel interrogation region
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was used. Velocity field data files were then imported
into the visualization program, Tecplot (version 10,
Tecplot, Inc., Belleview, WA). Registration of the
multiple images per experiment was done manually, by
moving the images in the x and y directions until
overlapping velocity contours were congruent. Veloc-
ity contours and area streamlines were then plotted.

Computational Fluid Dynamics (CFD)

CFD was used in conjunction with the flow visuali-
zation studies to provide details on the effects of filters
and clots on the flow field. A set of filter/clot/vena cava
models were created to match as closely as possible
those used in the flow visualizations. Filter dimensional
data were obtained by micrometer measurements of the
Greenfield, Simon Nitinol, and TrapEase filters used in
the flow visualizations. Diagrams in the filters’ labeling
were also used as a guide. Computer-aided design
(CAD) models were then created using the program
GAMBIT (version 2.1.6, Ansys, Inc., Evanston, IL)
(Figs. 1d—f). The CAD models included the filter wires,
the short sections of tubing where the wires come
together in the center of the vessel (one tube for the
Greenfield, and two each for the Simon Nitinol and
TrapEase filter), and the wire struts along the wall
(TrapEase only). No attempt was made to model the
hooks which imbed in the vessel wall to stabilize the
filters. The angles between the filter wires were set so
that the filter fit properly within a 2.0 cm inner diameter
vena cava. The filters were created with axial symmetry;
no attempt was made to model sample to sample
variations (e.g., bends, or twists), nor was any attempt
made to model a filter tilted within the vessel. Full 360°,
three-dimensional models were created. Steady flow
simulations were performed in the present study
because only steady DPIV data were available.

CFD model clots fitting within the filters were cre-
ated in GAMBIT to match those used in the flow
visualization studies (Figs. 2 and 3, Tables 1 and 2). A
2.0 cm diameter by 24 cm long cylinder was used to
model the inferior vena cava, matching the flow visu-
alization studies. No vessel branching or tapering was
included, and the vena cava was modeled as having a
perfect circular cross-section. The CFD simulated
blood clots and vena cava were modeled as being rigid.
The iliac veins and bifurcation were not modeled
because trial CFD simulations showed that flow from
the iliac veins merged together to form a symmetric
velocity pattern at the Reynolds numbers used. This
may not have been the case in the flow visualizations,
due to slight variations in the position of the iliacs, or
to differential flow rates in the two branches. To obtain
a final CAD model, a filter and clot model were
chosen, which were then subtracted from the axial

midpoint of the vena cava model using GAMBIT’s
solid Boolean functions. In cases where the wires
approached the clots or the vessel wall at an oblique
angle, small fillets were formed and subtracted from
the flow regime to prevent highly skewed elements.

One model per filter type was created with no clot,
for comparison. Flow in the vena cava alone (without
filter or clot) was also modeled for comparison.

Mesh Design

The final CAD models were meshed using four-node
tetragonal elements in the middle third of the vena
cava where the filter was situated, and six-node wedge
elements in the entrance and exit portions. Hexahedral
elements could not be easily used in the filter region
due to the complexity of the filter wire topology. The
filter wire surfaces were meshed with triangles
approximately 0.014 cm on a side, while the clot sur-
faces were meshed with triangles approximately
0.03 cm on a side. The bulk of the middle third of the
vena cava was filled with tetragonals approximately
0.08 cm on a side. GAMBIT’s size functions were used
to regulate the growth of the elements from small to
large. A growth factor of 2 was used in most cases. The
models had from 173,270 to 315,719 nodes and from
778,216 to 1,598,601 elements. The mesh for a typical
filter/clot/vena cava is shown in Fig. 4 (styled after
Swaminathan et al.,** F ig. 2); in this case, the mesh of
the Simon Nitinol filter and small clot is shown.

Simulations

Three-dimensional laminar flow in the models was
simulated using the program FIDAP (version 8.7.2,
Ansys, Inc., Evanston, IL). Three velocity components
were simulated: u. in the axial direction, and u, and u,
in the plane perpendicular to the axial direction (see
Stewart et al.,*® Appendix, for discussion of the fluid
mechanics equations used). Because of the size of the
mesh, FIDAP’s segmented solver was used. This solver
required a mixed pressure formulation, whereby the
pressure variable p was discretized, providing an
additional degree of freedom (in contrast to the pen-
alty approach, where the pressure is recovered from the
velocities). The clipping parameter for the mixed
pressure formulation was set equal to 10~%. The 4-node
tetragonal elements used in the meshes required a
continuous rather than discontinuous pressure varia-
tion over the elements. Positive and negative clipping
equal to +150 cm/s on the velocity components were
also used to suppress oscillations which, in preliminary
simulations, led to divergence. Thus if a velocity
component at any node increased beyond the clipping
threshold during an iteration, the value at that node
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FIGURE 4. Mesh plot of Simon Nitinol filter with small clot. Top: cross-sectional views corresponding to 1, 2, 3, and 4 in overall
view. Middle: overall view of vena cava, filter, and small clot. Bottom left: filter with clot in proximal stage. Bottom right: closeup of

small clot. After Swaminathan et al.,* Fig. 2.

was reset to the threshold value for the next iteration.
The solver used the conjugate residual iterative and
conjugate gradient squared methods for solving the
symmetric and non-symmetric linear systems of equa-
tions, respectively. The convergence tolerance for the
two linear systems of equations were both set equal to
10~®, while the overall velocity convergence tolerance
was set to 107%. A simple Newtonian model of blood
was used, with the viscosity u equal to 3.5 x 1072
dyn s cm ™2 and the density p equal to 1.056 g cm™>.

A steady parabolic flow profile was applied to the
inlet of the vena cava, with velocities calculated to
provide a total volume flow rate of 1.0 L/min to match
the flow visualization experiments (maximum velocity
on the axis = 10.6 cm/s). Natural (stress-free) bound-
ary conditions were automatically applied at the outlet
by FIDAP. Zero slip boundary conditions were
applied at the wall, filter wires, and clot (if present).
The Reynolds number based on the inlet velocity,
vessel inner diameter, density, and viscosity (Re =
UDp/u) was equal to 320.

A steady, linear simulation was performed first, with
zero velocity initial conditions. This solution was then
used as input to the final steady, nonlinear simulation.
All simulations and analyses were performed on a
computer with a 3.0 GHz Pentium 4 processor running
Windows 2000.

A mesh refinement study was performed to ensure
that the meshes used in the simulations were fine
enough to provide accurate results. The vena cava
model with the Greenfield filter and medium clot was
repeated using 110, 120, and 130% of the original
number of nodes. Higher mesh densities were beyond
the computer resources available. Computed velocities
and shear stresses were then compared at selected
coordinates in the four meshes, to determine if the
original mesh had sufficiently fine density to not affect
the results.

CFD Analysis

The CFD results were analyzed to determine the
effects of clot size and configuration on fluid velocities
and particle paths, using the program TecPlot 360
(Tecplot, Inc., Bellevue, WA). The velocities and par-
ticle paths were compared to the DPIV results.
Although the flow patterns around the filters were
acknowledged to be three-dimensional, the DPIV
technique used was limited to determining the veloci-
ties in a two-dimensional plane. Therefore particle
paths were calculated in the midplane of the DPIV
studies, as well as in the CFD studies for comparison.

The mean wall shear stress, Ty, from the CFD
results was also calculated as a function of position on
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the filter, clot and vena cava boundaries. The mean Comparison of Flow Visualizations with Computations

shear rate, D, was first calculated by the equation . .
W 4 y au Flow in the empty vena cava showed similar

D? = 254837, (1) velocity profiles in both the DPIV and CFD results at a
) ) ) point half-way down the 24 cm long vessel (Fig. 6).
where s; is the strain rate tensor computed using The CFD results showed the expected parabolic

Tecplot’s internal functions. Then 7,, was calculated by
the equation

Ty = U XD, (2) 12 1
where p is the viscosity. 104
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velocity profile, while the flow visualization results
showed some non-symmetry. This was likely due to
asymmetries in the converging flow from the iliac veins
at the input of the physical model, and to the com-
pliance of the vena cava model used, neither of which
was simulated in the CFD work. Asymmetries in the
converging flow may have also distorted the compliant
model somewhat. Despite the lack of symmetry in the
experiment, the peak velocities were within 10%:
11.7 cm/s (DPIV) vs. 10.6 cm/s (CFD). The CFD 7,
was equal to 0.73 dyn ecm™ > close to the analytical
value of 0.74 dyn cm~2. The 7, calculated from the
DPIV results were less accurate, equal to 0.40 and
0.50 dyn cm ™2 at the two sides of the wall, respec-
tively, which may be due to the difficulty in the DPIV
measurement of velocities close to the wall.

In the vena cavas with bare filters, the flow diverged
around the wires, then converged on the downstream
side. In the empty Greenfield filter (Fig. 7, left panel),
the flow was the least diverted due to the simple six
wire design, while flow patterns were more complex in
both the Simon Nitinol and TrapEase filters (left
panels of Figs. 8 and 9, respectively), both of which
included a greater number of wire segments. Qualita-
tive agreement between the flow visualization experi-

ments and the CFD results was observed, with
differences again due to the asymmetries in the physi-
cal models. Velocity profiles were consistent with
results from previous studies.'''*°

In both the Greenfield and Simon Nitinol filters, the
trapped clots created more flow interruption and
higher flow velocities as the flow diverged radially
around the rounded upstream face of the clots, then
converged downstream (Figs. 7 and 8, right panels).
Flow past the clot in the Simon Nitinol filter caused a
small recirculation zone adjacent to the downstream
face in both the experiment and simulation (Fig. 8),
while no such recirculation zone was observed in the
Greenfield filter in either the flow visualization or
simulation, presumably due to the smaller, more
gradual angle of the Greenfield filter. This is consistent
with previously reported results. ™"

Flow past the 180° asymmetric clot in the TrapEase
filter was qualitatively different, due to the large dif-
ferences in clot shape and placement (Fig. 9). Flow was
diverted to one side by the asymmetric clot, forming
recirculation zones both upstream and downstream of
the clot visible in both the flow visualization and
simulation, as reported previously.”> The size of
the downstream recirculation zone was significantly
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medium clot. Upper panels: DPIV image. Middle panels: velocity magnitude (in cm/s) along central plane from DPIV measurements
(white hash marks indicate lighting and shadowing artifacts). Lower panels: velocity magnitude (in cm/s) along central plane from

CFD simulation.
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FIGURE 8. Vena cava model (2.0 cm inner diameter) with Simon Nitinol filter, 1.0 L/min flow. Left panels: no clot; right panels,
medium clot. Upper panels: DPIV image. Middle panels: velocity magnitude (in cm/s) along central plane from DPIV measurements
(white hash marks indicate lighting and shadowing artifacts). Lower panels: velocity magnitude (in cm/s) along central plane from
CFD simulation. Points labeled ““a” indicate recirculation zones.

different between CFD and DPIV, however. Our CFD
results better match those from previous flow visual-
izations."""** Flow past the ring clot (Fig. 10) was
axisymmetric, forming a high velocity jet in the CFD
study that was not visible in the DPIV results, likely
due to shadowing of the laser sheet by the filter and
clot. Recirculation zones were observed in the DPIV
study that were not visible in the CFD study, most
likely due to asymmetries present in the former but not
the latter. In all cases except the TrapEase/ring clot
case, there was good agreement in the maximum
velocity observed between the DPIV and CFD studies,
which lended support to the validity of the computa-
tional results.

Wall Shear Stresses from CFD Studies

In the Greenfield filter, the computed 7, was lowest
(<0.1 dyn cm~2) around the points of contact with the
vena cava (IVC) wall (Fig. 11), compared to a nominal
0.73 dyn cm 2 on the IVC wall with no filter. A wavy
pattern of IVC 7, could be seen in the filter with no clot,
due to the sinuous design of the filter legs. A centrally
located clot caused an increase in T, near the maximum

diameter of the clot, similar to that reported previ-
ously.3 As the clot size increased, the overall level of T,
on the IVC wall increased. Similar effects
were observed on the Simon Nitinol filter (Fig. 12),
although more points of low 7, were present on the
IVC due to the greater number of wires contacting
the wall than in the Greenfield filter (13 vs. 6). In the
largest clots, streaks of low 7,, could be seen on the IVC
wall in the Greenfield filter (Fig. 11d), again as an
apparent effect of the wires, while a larger, more com-
plex pattern of low 7, was observed on the IVC wall in
the Simon Nitinol filter (Fig. 12d), due to the curved
wires in the distal stage. This latter pattern did not have
radial symmetry, because of the mismatch between the
proximal six-wire stage and the distal seven-wire stage.

The patterns of 7, were observed to be more com-
plex in the TrapEase filter. The filter without a clot had
larger areas of low 7, (<0.1 dyn cm™?) than did the
Greenfield (Fig. 13a), due to the six parallel wires in
contact with the IVC wall (instead of just the wire ends
in the Greenfield filter case). The small 360° ring clot
caused a complex radially symmetrical pattern of low
Ty (Fig. 13b), due to recirculation zones downstream
of the clot that were broken up by the hexagonal wire
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FIGURE 9. Vena cava model (2.0 cm inner diameter) with TrapEase filter, 1.0 L/min flow. Left panels: no clot; right panels, small
180° asymmetric clot (see Fig. 3). Upper panels: DPIV image. Middle panels: velocity magnitude along central plane from DPIV
measurements. The white hash marks in this case indicate the position of the clot. Lower panels: velocity magnitude along central

plane from CFD simulation. Points labeled “a” indicate recirculation zones.

design. The small 180° asymmetric clot also caused a
complex pattern of low 7,, downstream of the clot, that
was symmetric about the yz plane (Figs. 13c and 13d).
An area of low 7, upstream of the clot was also
observed, due to the recirculation zone upstream of the
clot observed in the velocity contour plots (Fig. 9). The
T, on the clot itself was also seen to be much lower
than in the other filters. These trends were also
observed in the large 360° ring clot and large 180°
asymmetric clot (Fig. 14). Table 3 summarizes the
maximum 7y, in all the simulations performed.

DISCUSSION

Patterns of flow past IVC filters without clots were
observed to be highly dependent on filter design. Flow
past the Greenfield filter was least obstructed, with the
flow separating around the wires into six distinct cur-
rents that reconnected downstream of the filter. Flow
in the Simon Nitinol filter was separated into many
more distinct currents, due to the complex pattern of
petals in the distal stage, and to the interaction
between the six wires of the proximal stage and the
seven wires of the distal stage. The downstream flow

was not symmetric as a result of the latter effect. The
flow in the TrapEase filter was separated into twelve
distinct currents, six in the central portion of the flow
and six near the wall. Separation occurred at both the
proximal and distal stages of the filter. Flow past the
distal stage was affected by the currents formed by
the proximal stage.

This distribution of currents influenced the pattern
of 7, on the vena cava wall. The Greenfield filter
caused symmetric streaks of low 7, parallel to the
wires. Clots caused bands of higher vena cava 7, due
to fluid speeding up around the obstruction. The
magnitude of higher 7, in the band increased as the
clot diameter increased; however, the basic pattern of
streaks remained. The Simon Nitinol filter had a dif-
ferent pattern of 7, due to its two-stage design, and the
relative complexity of its flow pattern. Areas of low 7,
were also present around the wires attached to the vena
cava wall; however, more such areas were present due
to the greater number of wires in contact with the wall
in the Simon Nitinol as compared to the Greenfield
filter. As with the Greenfield filter, caval 7, increased
with clot size.

The empty TrapEase filter had the largest areas of
low vena cava T, due to the six parallel wires in direct
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FIGURE 10. Vena cava model (2.0 cm inner diameter) with TrapEase filter and large 360° ring clot, 1.0 L/min flow. Upper panel:
DPIV image. Middle panel: velocity magnitude along central plane from DPIV measurements (limited by lighting and shadowing
artifacts). Lower panel: velocity magnitude along central plane from CFD simulation.

contact with the caval wall. Furthermore, the 360° ring
and 180° asymmetric clots caused large areas of low Ty,
due to recirculation zones downstream of the clot (as
well as upstream of the asymmetric clots). The clots in
the TrapEase filter were much different in shape and
size than in the Greenfield or Simon Nitinol filters, but
were based on clinical radiographs and clot capture
distribution studies. Thus the observed differences may
be considered to be fairly representative of the clinical
situation. Furthermore, the maximum clot volume in
the TrapEase case was 1.62 cm® (large 180° asymmet-
ric clot, Table 2), compared to 3.82 and 2.80 cm’ in the
Greenfield and Simon Nitinol filters, respectively
(Table 1); thus smaller clot volumes in the TrapEase
cause more complex 7, patterns. The clinical signifi-
cance of this is unknown; however, low and oscillating
Ty and high 7, gradients have been linked to the
migration and growth of vascular smooth muscle
cells,** and the formation of intimal hyperplasia.'®
Studies have suggested the formation of intimal

hyperplasia near the wall struts of the Vena Tech fil-
ter."**?” This one-stage filter has parallel wires in
contact with the caval wall much like the TrapEase.
Low 7, near the wires may be associated with the
formation of hyperplasia observed, but more studies
are needed to confirm this.

The 7, on the downstream ends of the clots was
higher in the Simon Nitinol filter than in the Greenfield
filter, possibly due to the presence of recirculation
zones in the former. This may have an effect on clot
dissolution rates, as higher 7, tends to favor dissolu-
tion of the clot,'®** but recirculation and stagnant flow
tend to favor aggregation of blood elements and
thrombus formation.'* The relative effects of these two
mechanisms in vena cava filters is unknown. However,
the differences in flow patterns and 7,, among the three
filter designs are consistent with results from previous
in vitro™'1%2% and numerical®® studies.

The wall shear stress T, can also be compared when
similar sized clots are captured by the filters. For
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FIGURE 11. 7, on Greenfield filter and vena cava wall (dyn cm~2) from CFD study. (a) No clot; (b) small clot; (c) medium clot; (d)

large clot.

example, from Table 1, the medium clot in the
Greenfield filter (volume = 2.65 cm®) has approxi-
mately the same volume as the large clot in the Simon
Nitinol filter (2.80 cm?). From Table 3, we find that
the maximum wall shear stress for the Greenfield
medium clot is only 28.4 dyn cm ™2, compared to
89.3 dyn cm™2 (>3x) for the Simon Nitinol large clot.
How the clot volume fills the filters is thus an impor-
tant difference between the Greenfield and Simon
Nitinol filters. However, the proper balance of filtration
efficiency, clot dissolution, and potential for caval
occlusion remains unknown. Two-stage filters generally
have better filtration efficiency than one-stage filters; in
a comparative in vitro clot capture study of ten filters,
the TrapEase and Simon Nitinol were the most efficient
in trapping model clots, while the Greenfield filter was
the least efficient.*” Similar results have been found in
other studies.'®'>*” The Greenfield filter may still be
useful in patients with healthy lungs that may tolerate
small emboli,*® while those with poor pulmonic func-
tion may require the greater safety of a more efficient
filter, despite the risk of caval occlusion.” !>
Regardless of filter efficiency, the position of the
captured clot may affect clot dissolution. Theoretically
a clot near the wall would be more problematic due to
filter occlusion. Based on this study and others,'""”

capturing a clot next to the vena cava wall would seem
to be suboptimal. The evidence of recirculation zones
and associated low 7y, upstream and downstream of
the captured clot do not appear to be conducive to clot
dissolution, and may promote continued aggregation
of blood elements, clot growth, and intimal hyperpla-
sia. Furthermore, our computational evidence along
with recent in vivo evidence'***” suggests that the total
length of filter wires pressing against the vessel wall
should be minimized.

Study Limitations

The experimental setup used in this study was
designed to provide a realistic test bed for clot capture
distribution studies. Flow visualizations were per-
formed to understand behavior of flow around clots;
thus a compliant silicone vena cava model was used.
The vena cava was supported in a bath of blood
mimicking fluid to reduce optical distortion; however,
some sagging of the tubes was visible in the DPIV
images due to the filter weight. Neither vessel compli-
ance nor curvature was modeled in the CFD simula-
tions. A more accurate CFD model could have been
made by characterizing the behavior of the silicone
tube and using fluid-structure interaction.>® The tube
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FIGURE 12. %, on Simon Nitinol filter and vena cava wall (dyn cm~2) from CFD study. (a) No clot; (b) small clot; (c) medium clot;

(d) large clot.

curvature could have been characterized and applied to
the CAD model.”®> Both techniques were beyond the
scope of this project.

The compliance and slight curvature of the silicone
vena cava in the bench experiments also led to diffi-
culty in applying the laser sheet exactly in the center-
line of the tube and filters. Some of the differences
between the experimental and simulated flow fields
may be due to a slight offset of the laser sheet.

The velocities in the DPIV experiment without a
filter showed deviations from the expected parabolic
profile (Fig. 6). This may have been due to the tube
curvature as well as due to the realistic converging iliac
veins included in the flow loop, the branches of which
may have had slightly different flow rates. The flow
rates in the two branches were not measured, so that
no data was available as input to the simulations.
Therefore a parabolic velocity profile was applied to
the vena cava inlet in the CFD studies.

CFD indicated that flow past the filters was fully
three dimensional. Slight swirling was seen due to the
rotational (but not mirror) symmetry of the Greenfield
filter (Fig. 1g), while fully asymmetric flow was seen
due to the mismatch between the six-wire proximal
stage and seven-wire distal stage in the Simon Nitinol
filter (Fig. 11). Full three-dimensional DPIV studies

were not attempted in the current study, however.
Thus the streamlines shown in Figs. 7-10 were con-
strained to the midplane so that the CFD and DPIV
analyses could be compared.

The gel clots used in the DPIV study were difficult
to manufacture in smooth shapes. The CAD models
were matched to the experimental models so that fine
details of the flow patterns could be compared. Other
characteristics not captured in the CFD studies (such
as tube curvature) prevented the DPIV and CFD flow
patterns from matching exactly. These problems could
be solved by using a rigid vena cava and clot models.
This was not deemed suitable for the clot capture
distribution study, however.

This study would have benefited by the use of clots
with constant volume from filter to filter. Due to the
different configurations of the filters (in particular, the
opening angle of the wire baskets), constant volume
clots would have different maximum diameters, which
would be expected to have different levels of shear
stress and maximum velocity. This would provide a
better standardized test for direct filter to filter com-
parisons under equivalent clot loading. We recom-
mend that constant volume clots be considered in the
development of national and/or international standard
test methods for blood filters of all kinds.
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FIGURE 13. 7, on TrapEase filter and vena cava wall (dyn cm~2) from CFD study. (a) No clot; (b) small 360° ring clot; (c) small 180°

asymmetric clot; (d) as in (c), but opposite side of clot.

Shadowing of the laser sheet by the opaque filter
and translucent clots occluded significant portions of
the flow field. This problem could be addressed by
using multiple laser sheets from below and above, or
by using a transparent filter model matching the
refractive index of the fluid used. Such techniques were
outside the scope of our study.

The limitations of the CFD simulation itself
included the use of a Newtonian fluid. Blood is known
to be non-Newtonian, with a finite yield stress and a
viscosity that increases with decreasing shear rate. The
effect of the finite yield stress in a recirculation zone
downstream of a clot would be to cause a locus of
rotating but non-shearing blood in the center of the
vortex. Thus a Newtonian solution would lead one to
underestimate the residence times of cellular elements,
and thus the probability of cellular aggregation. The
effect of the nonlinear viscosity would be to decrease
the shear rate at low shear stresses just above the yield
stress, which would tend to add to this effect. Thus the
potential for thrombus growth in a recirculation zone
of real blood would probably be greater than what a
Newtonian model would suggest.

The complex shapes and angles of the filter wires
could not be easily meshed with hexagonal elements, so
that less accurate tetragonal elements had to be used.

Minor noise due to the tetragonals can be seen in
Fig. 8, lower left panel (jet issuing from the distal stage
of Simon Nitinol filter). Noise is also visible in the Ty,
plots (e.g., Fig. 11d), amplified due to derivatives being
taken. The noise was not expected to significantly
affect the results of the study.

A laminar model was used in this study, because the
Reynolds number based on the vena cava diameter was
320; however, flow past a blunt object like a clot may
have a lower threshold for transition to turbulence.
The generation of disturbed flow by vena cava filters
has been observed in in vitro studies,''>?° and in a
transient numerical study of the Greenfield filter.*
Nonsteady or disturbed flow was not captured in these
steady flow simulations, however. Nonsteady or dis-
turbed flows may benefit filters by washing out recir-
culation zones that otherwise lead to stagnation.
Ongoing transient studies in thrombosed filters will be
detailed in a future report.

SUMMARY

1. In both in vitro and computational studies, sub-
stantial differences were observed in the velocity
field around three commercially available vena
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FIGURE 14. 7, on TrapEase filter and vena cava wall (dyn cm~2) from CFD study. (a) No clot; (b) large 360° ring clot; (c) large 180°
asymmetric clot; (d) as in (c), but opposite side of clot.

TABLE 3. Maximum z,, from computational filter simulations.

Maximum 7,, (dyn cm~2)

Filter Clot Vessel wall Filter wires Clot Overall
Greenfield None 1.16 18.24 - 18.24
0.35 cm radius 1.78 23.44 11.23 23.44
0.75 cm radius 7.96 28.38 16.35 28.38
0.90 cm radius 54.04 88.41 72.52 88.41
Simon Nitinol None 2.31 19.64 - 19.64
0.48 cm radius 2.69 23.68 10.54 23.68
0.75 cm radius 8.16 36.23 22.27 36.23
0.90 cm radius 52.93 89.31 74.56 89.31
TrapEase None 1.67 22.47 - 22.47
Small 180° asymmetric clot 0.98 25.66 15.34 25.66
Large 180° asymmetric clot 1.1 28.69 16.37 28.69
Small 360° ring 7.44 28.03 24.10 28.03
Large 360° ring 9.56 34.78 24.93 34.78

cava filters. In empty filters, the one-stage Green-
field filter caused less interruption in flow than did
the two-stage Simon Nitinol and TrapEase filters,
due to its having fewer wires struts.

. Areas of low shear stress were visible around the
points where wires contacted the wall of the vena
cava. The relative area of low 7,, due to wire/vessel
contact was in the order TrapEase > Simon Niti-
nol > Greenfield. The consequences of this effect

are unknown, but low 7, has been linked to intimal
hyperplasia. The incorporation of a wall thrombus
into the hyperplastic process also may be of con-
cern.

Model clots made to fit the natural shape of the
filters, based on clot capture studies and radio-
graphs in the literature, further increased the dis-
ruption in the flow field. In the Greenfield filter,
flow separated around the upstream curved surface,
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then rejoined smoothly along the downstream
conical surface. In contrast, recirculation zones
were seen downstream of the larger clots in the Si-
mon Nitinol filter, most likely due to the larger
downstream angle of the clots which encouraged
flow separation, and due to the interruption in flow
caused by the distal stage. The ring and asymmetric
clots in the TrapEase filter also caused recirculating
flow due to the blunt downstream configuration.
Recirculating flows are known to trap blood ele-
ments and encourage thrombogenesis; thus the
presence of this flow feature in a vena cava filter
would appear to be problematic.

4. Associated with the recirculating flow in the two
two-stage filters were areas of low 7, on the
downstream ends of the clots, and on the vena cava
wall. Low 7, may decrease the rate of lysis of blood
clots and increase the potential for intimal hyper-
plasia on the vena cava wall. The relative arecas of
low 7, due to the recirculation patterns were in the
order TrapEase > Simon Nitinol > Greenfield.

5. Patient characteristics should guide the choice of
filter. Patients with good lung function may benefit
from single-stage filters, with good trapping effi-
ciency for large emboli, but lower efficiency for
smaller emboli which can be safely trapped in
healthy lungs. This choice may help prevent the
negative effects of blood flow recirculation and
thrombogenesis, possible delayed clot lysis due to
low 7y, and vena cava occlusion by either clot
buildup or intimal hyperplasia. In contrast, patients
with poor lung function may benefit from a two-
stage filter that has better trapping efficiency even
with smaller emboli.

6. Considerations for future two-stage designs include
central rather than wall capture of clots, smaller
angles of wires (to reduce recirculating flows), and
increased distance between stages. This may allow
for increased clot capture efficiency without some of
the drawbacks of the two-stage filters described
herein.
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