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Advanced computing technology increasingly allows the expeditious calculation 
of solutions to complex problems. Three-dimensional (3D) finite element model-
ing and computational fluid dynamics, although historically time consuming and 

expensive, are becoming more accessible and thus more frequently utilized in improving 
medical devices (1).

Finite element analysis (FEA) involves first modeling the system being analyzed with dis-
crete elements, each of which allows for the variable being studied (e.g., stress, tempera-
ture, flow) to be approximated within its domain. After modeling is complete, a numerical 
matrix is assembled, which represents both the properties of the individual elements and 
the inter-relationships between the surrounding elements. Finally, known constraints on 
the problem (e.g., internal pressures) are applied as boundary conditions, and numerical 
techniques are used to solve the system of equations represented by the matrix. This solu-
tion leads to an approximation of the variable being studied (Fig. 1). This method is partic-
ularly useful for finding solutions in complex geometries for which closed-form solutions 
may not exist. Computational fluid dynamics (CFD) is a similar numerical technique used 
to estimate the behavior of fluids in complex geometries. CFD can be used to model blood 
flow through the vasculature and around intravascular devices to aid in decision making 
(2). Computational methods are typically less time-consuming and more cost-effective than 
some of the current alternatives to testing medical devices in vitro.

Today, 3D simulation is used for designing, positioning, and testing devices (3). One such 
device is the inferior vena cava (IVC) filter, used to trap emboli from the lower extremities 
when medical anticoagulation is contraindicated. Complications of IVC filter placement in-
clude cava wall perforation, intimal hyperplasia, thrombosis, strut fracture, and emboliza-
tion. Understanding the dynamic environment that IVC filters are placed in, in a patient-spe-
cific manner, could potentially decrease the occurrences of these complications (Fig. 2).

Evaluating credibility of CFD in medical device design
Complex CFD methods have the potential to change how we practice patient centered 

medicine; however, they must first be shown to accurately reflect the scenarios that they 
model. The reliability of these methods must be verified before they can be used to affect 
biomedical design and clinical practice. The American Society of Mechanical Engineers 
(ASME) recently released the V&V 40, a set of standards that outlines a framework to assess 
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the credibility of computational modeling 
in medical device modeling applications. 
Central to this framework is the definition 
of “model risk” which is a combination of 
inherent errors within the modeling meth-
od as well as the risk that decision-making 
based on the model can lead to patient 
harm. The value of a credible model cannot 
be understated, since decisions leading to 
patient harm based on these models is pro-
portional to their credibility (4, 5). 

The accuracy of different CFD methods 
within a 3D model has recently been eval-
uated by comparing the model outputs to 
a velocity map obtained through particle 
image velocimetry (PIV). PIV uses motion 
tracking cameras and lasers to measure 
the velocities of particles in a fluid as they 
pass. By fabricating an optically transpar-
ent 3D model of the device or vessel being 
studied, PIV can be used to generate ve-
locity maps that can be compared to the 
CFD estimates. Hariharan et al. (6) studied 
the credibility of CFD models in the FDA 
centrifugal blood pump across different 
laboratories and found that the variability 
of PIV measurements across different labo-
ratories was more than 20% despite follow-
ing a standard protocol, with up to a 35% 
variability in one particular location within 
the pump. This variability in measurement 
was possibly related to differences in parti-
cles used, differences in flow patterns, and 

flow separation. Malinauskas et al. (7) sim-
ilarly attempted to compare CFD to PIV in 
centrifugal pumps and nozzles across lab-
oratories, two benchmark flow geometries 
commonly used in medical devices. The 
authors concluded that analyses of flow 
within even “simple” geometries such as 
those studied are challenging; 57% of pres-
sure head estimates by CFD were within 
one standard deviation of the mean mea-
sured values. Other studies have developed 
methods to obtain velocimetry data within 
a “patient-averaged” or representative infra-
renal IVC in order to serve as a comparison 
point for validation of new data from more 
complex or patient specific geometries (8, 
9). Aycock et al. (10) also demonstrated that 
simple to moderately complex models can 
be 3D printed in clear resins, so that their 
flow patterns can then be evaluated using 
PIV. These results demonstrate the ongoing 
effort to establish guidelines in evaluating 
credibility and validity within these com-
plex theoretical modeling methods.

Predicting IVC filter function
The hemodynamic environment of IVC 

filters has been studied using CFD mod-
els. In an effort to understand the effects 
of trapped emboli on IVC filter function, 
Stewart et al. (11) compared CFD models of 
the Greenfield, Simon Nitinol, and TrapEase 
filters to PIV studies performed in vitro and 

found that each filter had different patterns 
of thrombi capture and hemodynamics. 
The Simon Nitinol filter’s complex design 
was found to introduce the most hemody-
namic disturbance cephalad to the IVC filter 
position. While the authors state that this 
hemodynamic disturbance is of unknown 
clinical significance, they predict that it 
could lead to increased intimal hyperplasia. 
The TrapEase filter was found to capture 
smaller volumes of annular thrombi against 
the vessel wall that subsequently decreased 
the wall shear stress patterns. Intimal hy-
perplasia and decreased hemodynamic clot 
lysis are posited as the results of low wall 
shear stress due to recirculating flow pat-
terns and struts that contact larger areas of 
IVC wall (12).

Using different hemodynamic assump-
tions, Rhabar et al. (13) used computer 
modeling to assess the contribution of 
captured clots to thrombogenesis within 
IVC filters. Their work explored whether or 
not captured clots can cause sufficient flow 
disturbance to increase the potential for 
thrombogenesis. While clinical data are in-
conclusive, the presence of stagnant zones 
around an IVC filter appears to increase 
the risk of thrombosis. The group conclud-
ed that flow disturbances proximal to the 
filter (downstream from clots) are not sig-
nificantly different enough to recommend 
use of one IVC filter design over another 

Main points

•	 Finite element analysis and computational 
fluid dynamics allow improved calculation 
of stress, heat transfer, and flow to better 
understand the medical device environ-
ment.

•	 Complications of IVC filter placement include 
cava wall perforation, intimal hyperplasia, 
thrombosis, strut fracture, and emboliza-
tion.  These complications have led to FDA 
warnings, patient awareness efforts, and in-
creased interest in improved filter designs.

•	 Understanding the dynamic environment 
that IVC filters are placed in, in a patient-spe-
cific manner, could potentially decrease the 
occurrences of these complications.

•	 Computer modeling can be helpful in un-
derstanding IVC filter function, design, posi-
tioning, as well as filter tilt, considerations for 
retrieval, and strut perforation. 

•	 Future efforts may allow for patient-specific 
simulations to determine which filter may 
best serve a patient and minimize the long-
term, filter-related adverse events.

Figure 1. Finite element analysis (FEA) and computational fluid dynamics (CFD) are both used 
to approximate solutions to problems in physics and engineering by approximating continuous 
models with discrete points and volumes. As an example of CFD, the image on the left depicts a fluid 
with a continuously varying property across its volume. The image on the right shows a numeric 
approximation of this property within finite volumes across the domain.

Actual fluid property CFD approximation



at lower flow rates. However, Ren et al. (14) 
showed that regions of stagnant and recir-
culating flow increase with partial occlusion 
of the IVC and exercise. Regions of stagnant 
and recirculating flow occur at locations of 
differences in flow velocity, such as at vein 
inflow points or around solid bodies within 
the vessel. Exercise conditions were found 
to increase the effects of these zones on 

wall stress. Increased wall stress as a result 
of these flow disturbances can potentially 
lead to thrombosis. 

The above differences in study results 
highlight that conclusions drawn from 
these studies depend highly on the as-
sumptions made and the models used. The 
use of Newtonian simulations was shown 
by Aycock et al. (15) to overpredict the 

Reynolds number and underpredict the 
wall shear stress (-28% to -54%) calculated 
by non-Newtonian methods. Across the 
three IVC models of increasing complexity 
(straight tube IVC, patient average IVC, Pa-
tient specific IVC), non-Newtonian methods 
showed characteristics of flow that were in-
herent to more complex patient specific ge-
ometry. These methods also had marginally 
increased computation time and are recom-
mended as the minimum requirement (15). 
The authors caution that simpler modeling 
methods may fail to adequately visualize 
secondary flow patterns that may influence 
embolus trajectories and effective trapping.

In other studies, Aycock et al. (16, 17) also 
found positional differences between the 
embolus trapping capability of the three 
types of IVC models described previous-
ly. Changes in orientation from upright 
to supine showed variability in embolus 
trapping capability that was mitigated by 
secondary flow patterns in the patient-spe-
cific IVC. The impact of the morphology of 
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Figure 3. a, b. IVC filter model used by Dowell et al. (36) to evaluate factors contributing to wall 
perforation by primary struts: (a), IVC filter modeled without load; (b), IVC filter modeled with radial 
deformation within a 15 mm diameter IVC. Predicted strain on struts represented by color gradient 
with red areas showing increased strain.

a b

Figure 2. a–f. 3D reconstructions of in vivo IVC filters from CT data demonstrating examples of complications. (a), Greenfield (Boston Scientific) filter 
demonstrating tilt; (b), Vena Tech (B. Braun Medical) filter demonstrating tilt; (c), Denali (Bard Peripheral Vascular) filter demonstrating tilt; (d), Option 
(Argon Medical Devices) filter demonstrating perforation; (e), Celect (Cook Medical) filter demonstrating tilt and perforation; (f), ALN (Aln International) 
filter demonstrating tilt and perforation.

d

a

e f

b c
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the IVC on embolus trapping performance 
suggests that individual variations in pa-
tient anatomy must be taken into account 
separately rather than averaged together. 
The embolus trapping performance of IVC 
filters was subsequently shown to increase 
with embolus size and decrease with filter 
tilt and trapped emboli load. The clinical rel-
evance of the results of computer modeling 
studies must thus be explored by further re-
finement and standardization of modeling 
methods across the complexity of geome-
tries encountered by the filter in vivo.

IVC filter design
Aspects of IVC filter design were exam-

ined by Leask et al. (18) to determine the 
pathogenesis of partial and complete IVC 
occlusion in patients with a Simon Nitinol 
IVC filter. Their CFD calculations found a re-
gion of low velocity surrounding the apex 
of the filter that increased when the filter 
was modeled to be partially occluded. Re-
gions of low velocity correspond to relative 
stagnant flow zones, and subsequently an 
increase of the low velocity zone size leads 
to an increase in the thrombogenic poten-
tial proximal to the filter. Singer et al. (19) 
evaluated the TrapEase filter, which features 
a dual filter design different from the coni-
cal filters mentioned previously. Their CFD 
calculations again determined regions of 
decreased velocity that correspond to oc-
clusive and non-occlusive thrombus forma-
tion. 

Since downstream thrombogenic envi-
ronments may be exacerbated by trapped 
emboli, IVC filters could be designed to 
trap emboli in certain configurations that 
minimize these downstream effects. Singer 
et al. (20) explored IVC filter design optimi-
zation to minimize hemodynamic effects 
when partially occluded. Two spherical 
thrombi were modeled against physio-
logical flow in an IVC and an optimization 
algorithm was used to position the down-
stream thrombus to mitigate the nega-
tive hemodynamic effects caused by the 
upstream thrombus. In addition, by elon-
gating the shape of the spherical thrombi 
along the cava axis, the group was able to 
further reduce downstream hemodynamic 
effects (at the cost of increased wall shear 
stress). This research demonstrates how 
computer modeling could be used to de-
sign filters that trap emboli in optimal con-
figurations and lead to lower rates of occlu-
sion or thrombosis.

IVC filter positioning
Computer modeling can be used to de-

termine effects of different microenviron-
ments on device function. Wang et al. (21) 
studied the hemodynamic effects of renal 
vein inflow on the TrapEase and Celect IVC 
filters. Using CFD methods, they found that 
nonoccluded or patent filters did not cause 
a serious downstream disruption cephalad 
to the filter position to the hemodynamics. 
Partially occluded filters in the infrarenal 
position were found to have stagnant flow/
recirculating zones cephalad to the filter 
position that decreased as the filter was 
moved closer to a juxtarenal position (at the 
same level as the renal vein inlet). However, 
partially occluded filters were found to have 
increased stagnant flow zones when the fil-
ter was placed superior to the renal vein in-
let, suggesting that this position may result 
in further thrombosis. The optimal position 
was thus found to be a near-juxtarenal po-
sition upstream of the renal inlet with the 
apex at the same level as the renal vein in-
flow, where high velocity inflow might ex-
ert a protective effect on the thrombogenic 
apex region of the filter.

Numerical simulation can be performed 
on patient-specific models of the IVC to de-
termine optimal filter placement location 
and performance. Aycock et al. (22) de-
scribed a computational method to assess 
IVC filter performance in variant anatomy. 
The two patient-specific models tested 
were left-sided IVC and retroaortic IVC. The 
computer models demonstrated regions of 
low wall stress at interfaces between IVC fil-
ter and IVC in both of the tested anatomies. 
This low wall stress region was found to be 
larger in the retroaortic IVC. The left-sided 
IVC also had a large recirculating flow re-
gion with an additional low wall stress re-
gion along the left infrarenal IVC wall. These 
models show how different the microen-
vironments can be in anatomical variants 
both pre and post IVC filter placement. By 
iterating this modeling process with dif-
ferent filter locations, the configuration 
with the least thrombogenic profile can be 
deployed, to help reduce complications in 
patients with atypical IVC anatomy. Recent 
works of Aycock et al. (9, 15, 16) continue to 
demonstrate that positioning of IVC filters 
affects their efficacy in emboli trapping. 
Further, others have investigated CFD mod-
eling of patient specific and idealized vena 
cava designs in the presence of different IVC 
filters to show their effectiveness (23–27). 

These models collectively show that com-
plication rates can be further decreased by 
considering and calculating the exact he-
modynamic environment of different filters 
with respect to the anatomic vasculature of 
each unique patient.

IVC filter tilt and retrieval
While IVC filter retrieval attempts are 

highly successful technically in the inter-
ventional radiology setting, challenging 
retrieval procedures and complications can 
occur. Modeling may serve as a supplement 
to improve procedural planning and filter 
retrieval attempts (28, 29). Modeling can 
further improve our knowledge of a filter 
position’s effect on hemodynamics by ex-
ploring the consequences of an off-center 
IVC filter. A tilted IVC filter can function sub-
optimally and often presents a challenge to 
retrieval. Singer et al. (30) showed through 
computer modeling that tilt may addition-
ally increase the potential for thrombo-
genesis in patients with permanent filters 
demonstrating significant tilt. They studied 
the impact of filter tilt on the hemodynamic 
environment within the IVC. Their comput-
er models found that tilted IVC filters pro-
duced a stagnant zone between the filter 
apex and the vessel wall. The stagnant zone 
was found to become larger when the filter 
tip was modeled closer to the vessel wall. 
Stagnant flow zones were also found to 
extend above the filter position when the 
filter (and thus IVC) was modeled as com-
pletely occluded with a spherical thrombus. 

In addition to thrombosis, tilted filters 
can also complicate filter retrieval. Dowell 
et al. (31) compared retrieval of two conical 
IVC filter designs, namely the Argon Option 
and Bard Denali IVC filters. Despite their 
similar designs, the Argon Option IVC filter 
required advanced retrieval significantly 
more often than the Bard Denali filter, pos-
sibly as a result of increased cava wall re-
modeling when the Argon Option is used. 
Tilted filters that require advanced retrieval 
have also been shown to result in a signifi-
cant increase in fluoroscopy time (32). Com-
puter modeling allows a method to better 
understand the impact of tilt and procedur-
al planning ahead of a challenging retrieval.

IVC filter perforation
Perforation of the IVC wall after filter 

placement is related to normal (perpendic-
ular) and shear (parallel) forces on the filter 
surfaces, long-term placement, and chang-



es in the IVC walls as a result of malignancy. 
Hernández and Peña (33) quantified the 
failure properties of the IVC with respect to 
normal force related fracture using in vitro 
IVC models harvested from sheep; however, 
in vitro examinations of shear stress related 
IVC perforation are scarce. Pérez‐Andrés 
and Peña (34) developed a method to ana-
lyze filter perforation related to deployment 
of filters using the data on normal force re-
lated IVC fracture and determined that pen-
etration does not occur due to filter deploy-
ment. They suggest that other physiologic 
mechanisms such as respiratory variation 
of IVC size and Valsalva maneuver are likely 
to be larger contributors to the perforation 
phenomenon. Variations in IVC cross-sec-
tional area secondary to Valsalva maneuver 
are in fact shown by Laborda et al. (35) to 
be strongly related to IVC filter penetration 
due to radial forces.

Dowell et al. (36) used finite element anal-
ysis to study the effects of IVC size and shape 
on strut deformation and subsequent risk 
of perforation for the Cook Celect IVC filter. 
They found that smaller IVC diameters re-
sulted in higher strut normal and total forces 
(Fig. 3). Once a threshold force was reached 
by the IVC filter strut against the IVC wall, 
strut perforation would follow. Their mod-
els suggested that filter-related perforations 
might occur more frequently in women and 
those with malignancy due to a lower aver-
age strut force required for perforation.

After establishing higher filter strut forc-
es within IVCs with ellipse cross-section, 
they modeled strut forces from sequential 
CT studies in representative patients that 
demonstrated progressive strut perforation 
over time. Their model demonstrated redis-
tributed forces on the adjacent strut feet fol-
lowing an initial strut perforation. This mod-
el allowed the prediction of additional strut 
perforation by estimating the force thresh-
old necessary for a second perforation by 
another strut following an initial perfora-
tion. While there is continued incidence of 
IVC filter perforation without symptomatic 
complications in the population, research 
into this area could further improve com-
plication rates. Computer modeling may 
therefore help predict elements of a device 
that might be more prone to failure.

Conclusion and future 
directions

As technology continues to evolve, pro-
cessor performance will continue to grow 

and multi-physics (structural, heat transfer, 
fluid) numerical simulation will become 
quicker, more accurate, and more accessi-
ble. Limitations do exist to CFD in modeling 
the IVC environment as described above. 
The methods themselves must hold up to 
scrutiny, and credibility evaluations such as 
the V&V 40 will be instrumental in holding 
CFD to a high standard for patient care deci-
sion making. The complexity of patient-spe-
cific IVC geometries require more complex 
non-Newtonian calculations to adequately 
capture secondary flow zones, and a deep 
understanding of hemorheology is required 
to ensure the models represent states as 
close to in vivo states as possible. Addition-
ally, modeling the physical characteristics 
of IVC filters represents a unique challenge 
as they are made of Nitinol, a memory met-
al with the unique characteristic of “remem-
bering” its deployed shape. Limitations will 
continue to exist in modeling the IVC as a 
dynamic structure that responds to physio-
logic maneuvers, rather than a static tube. 
As knowledge on theoretical aspects of 
heat transfer, fluid dynamics, and vascu-
lar microenvironments continues to grow, 
computer models will become more so-
phisticated, possibly leading to improved 
evaluation of medical devices and predic-
tion of their shortcomings.

As demonstrated, positioning of IVC fil-
ters has important implications for optimal 
function. Improved understanding of IVC 
filter characteristics by computer modeling 
may aid in IVC filter design to incorporate 
the advantages of the IVC filters available 
today while minimizing their long-term 
complications. By understanding a patient’s 
anatomy prior to filter placement, model-
ing may allow patient-specific simulations 
to determine which filter may best serve 
a patient and minimize the long-term, fil-
ter-related adverse events. The future of 
computer modeling and simulation in med-
ical device design, development, and test-
ing continues to be promising. 
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