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Abstract

The Parachute® (Cardiokinetix, Inc., Menlo Park, California) is a catheter-based device intended
to reverse left ventricular (LV) remodeling after antero-apical myocardial infarction. When
deployed, the device partitions the LV into upper and lower chambers. To simulate its mechanical
effects, we created a finite element LV model based on computed tomography (CT) images from a
patient before and 6 months after Parachute® implantation. Acute mechanical effects were
determined by in-silico device implantation (VIRTUAL-Parachute). Chronic effects of the device
were determined by adjusting the diastolic and systolic material parameters to better match the 6-
month post-implantation CT data and LV pressure data at end-diastole (ED) (POST-OP). Regional
myofiber stress and pump function were calculated in each case. The principal finding is that
VIRTUAL-Parachute was associated with a 61.2% reduction in the lower chamber myofiber stress
at ED. The POST-OP model was associated with a decrease in LV diastolic stiffness, and a larger
reduction in myofiber stress at the upper (27.1%) and lower chamber (78.4%) at ED. Myofiber
stress at end-systole and stroke volume were little changed in the POST-OP case. These results
suggest that the primary mechanism of Parachute® is a reduction in ED myofiber stress, which
may reverse eccentric post-infarct LV hypertrophy.
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1. Introduction

The increase in left ventricular (LV) volume that occurs after myocardial infarction (MI) is
increasingly recognized as a potential target for therapeutic intervention. In general, this LV
remodeling process is thought to be driven by an increase in stress in the LV wall.
Specifically, a compensatory increase in end-diastolic volume (EDV) is associated with an
increase in end-diastolic stress which causes eccentric hypertrophy of myocardium [1].
Increased end-systolic stress in the MI border zone (BZ) may also lead to non-ischemic
infarct extension and subsequent LV enlargement [10].

The Parachute® (Cardiokinetix Inc, Menlo Park, CA\) is a catheter-based device intended to
reverse LV remodeling after antero-apical MI. When deployed, the Parachute® device
partitions the LV into upper and lower chambers. The Parachute® has been shown to reduce
LV EDV and end-systolic volume (ESV) in animals [14] and humans [15]. The initial multi-
center, phase 1 “Percutaneous Ventricular Restoration in Chronic Heart Failure” or
PARACHUTE trial found an improvement in the LV ejection fraction, the New York Heart
Association (NYHA) class and the 6-minute walk test [15]. However, it is unclear as to what
mechanisms are responsible for these improvements.

Finite element (FE) modeling of the heart and cardiac surgical procedures is becoming more
common [4, 21]. Specifically, FE modeling allows the estimation of LV myofiber stress,
which is impossible to measure in vivo [9]. In addition, the FE method allows inverse
calculation of the myocardial material parameters by either manually or automatically
adjusting these parameters to match the in vivo measured LV strain and volume at different
phases of a cardiac cycle [19, 23].

Here, we describe the first patient-specific model capable of simulating the direct interaction
between the Parachute® and the LV. This model was reconstructed based on computed
tomography (CT) images taken from a patient before and after the device was implanted.
The entire implantation process and the effects of Parachute® on LV function and regional
mechanics were simulated using contact modeling and a validated user-defined material law
for diastolic and end-systolic myocardial mechanics. The goal of this paper is twofold: first,
to describe our methodology for simulating such patient-specific effects of the Parachute®;
and second, to present preliminary results from this single-patient study.

2. Methods

2.1 Imaging

Imaging was performed using a 64-slice CT scanner (Siemens Medical, Malvern, PA).
Image slices were 0.75mm in width with 0.4mm overlap. The image sequence was gated to
the surface electrocardiogram and there were 10 R wave to R wave phases. A series of long
and short-axis images of the LV were reconstructed and analyzed (Figure 1), and are shown
in the animation (Online Resource 1). Computed tomography data acquisition was triggered
by the QRS complex of the electrocardiogram.
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2.2 Image Analysis

A customized program (iContours, Liang Ge, Cardiac Biomechanics Lab, San Francisco,
CA) based on the medical image processing environment Mevislab (v 2.1, Mevislab,
Bremen, DE) was used to contour the endocardial and epicardial surfaces of the LV (Figure
2A). Computed tomography images corresponding to end-of-diastole (ED) and end-of-
systole (ES) were defined as images where the LV had the largest and smallest cross
sectional area, respectively.

2.3 Finite Element modeling

2.3.1 Overview—Finite element models of the LV and Parachute® were created based on
the pre-operative (PRE-OP) CT images at early-diastole and the device specifications
provided by Cardiokinetix, respectively. To determine acute effects associated with the
Parachute® treatment, Parachute® implantation was first simulated on the PRE-OP LV
model before simulating ED and ES on the LV model implanted with the device
(VIRTUAL-Parachute case). In the post-operative (POST-OP) case, the measured LV end-
diastolic pressure (EDP) at 6-months was applied to the LV, and the diastolic and systolic
material parameters of the LV were adjusted so that the predicted LV volume agreed with
that measured from the 6-month POST-OP CT images. The LV pump function and the
myofiber stress at ED and ES were calculated in these 3 cases (PRE-OP, VIRTUAL-
Parachute and POST-OP). All the simulations were performed using LS-DYNA (Livermore
Software Technology Corporation, Livermore, CA).

2.3.2 PRE-OP finite element model of the left ventricle—Endocardial and epicardial
surfaces were created from LV contours (Rapidform; INUS Technology, Inc, Sunnyvale,
CA). The space between the two surfaces was filled with 3648 8-node trilinear brick
elements to generate a volumetric mesh that was 4 elements thick (Truegrid; XYZ Scientific
Applications, Inc, Livermore, CA) (Figure 2B).

Myofiber angles at the epicardium and endocardium were assigned to be -60° and 60° with
respect to the circumferential direction (counterclockwise positive when viewed in the base-
to-apex direction), respectively. The myofiber angle was prescribed to vary linearly across
the LV wall [18].

Three distinct material regions were assigned in the LV, namely, the infarcted region, the
BZ region and the healthy remote region. The akinetic (i.e. no change in wall thickness in a
cardiac cycle) infarct region was defined to be the region where the ventricular wall has
thickness less than 6mm [8]. The BZ region with reduced contractility was defined to be the
region adjacent to the infarct and was prescribed a width of 3cm [12]. The rest of the LV
was defined to be the healthy remote region (Figure 2C).

2.3.2 Material law and parameters—Constitutive law describing passive filling of the
LV was prescribed to the entire LV using the strain energy function

c
W= (ewp (by By *+bi(Byy *+Epy ) Fo5( By, *+Eyy >+ By, *+E,p %)) - . @
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The strain energy function in Equation (1) is transversely isotropic with respect to the local
fiber direction [7]. In this equation, C, by, bssand by are the diastolic myocardial material
parameters and E;; with subscripts {i, j} € {f, s, n} are the components of the Green strain
tensor E where f, sand n denote the fiber, cross-fiber and transverse-fiber directions,
respectively. The values of the material parameters in the exponent of Equation (1) were
obtained from sheep with by = 49.25, by = 17.44 and by = 19.25 in the entire LV [19].
Material parameter C at the infarct (C,) was defined to be ten times stiffer than that in the
remote (CR) and in the BZ (Cgy) i.e. C; = 10Cr = 10Cgz [21]. The C — values were then
scaled accordingly so that the LV EDV matched the measurement from CT images.

The assumption of near incompressibility of the LV requires the decoupling of strain energy
function W into a dilational part U and a non-dilational part W. The dilational part U

depends on the Jacobian J of the deformation gradient tensor and the non-dilational part W )
depends on C:which is the deviatoric decomposition of the right Cauchy-Green deformation

tensor C (i.e. C= J*3 C)~. The dilational part was prescribed the function Uzg(J —1)*and
the resultant second Piola-Kirchkoff (PK2) stress during diastole becomes

S=k (J — 1) JC'+2J 7% Dev (‘ZZ ) @

In Equation (2), bulk modulus xwas prescribed a value close to that of water (1040 kg/m?3)
and Dev is the deviatoric projection operator defined as

Deu()=() - 3(FOC. @

Contraction during systole was modeled by adding an active stress component Ty in the fiber
direction f to the RHS of Equation (2) i.e. adding Tof ® f. The active stress Ty that
developed during systole is defined by a time-varying elastance model [6], where

0.25

1 Cad
To==Tyur =S — (1 - co 1) =).
05 e Gl ECag < o8 (mR Neror=se=al ) ”) )

In Equation (4), the active stress Ty is a function of the fiber strain Eg, the stress-free
sarcomere length 4, the length-dependent calcium sensitivity ECay, the intracellular
calcium concentration Cag and the maximum isometric tension achieved at the longest
sarcomere length T,ax. The length-dependent calcium sensitivity was defined by

CaO,max

Jerp(Bl, VIEgF1— o)~ 1 ©

EO(IO:

where 4 is the sarcomere length at which no active tension develops and Cag max is the
maximum peak intracellular concentration. Based on large animal studies, the material
constants in the time-varying elastance model were prescribed values Cag = 4.35umol/l,
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Cag max = 4.35umol/l, B = 4.75um™1, 4 = 1.58um, m= 1.0489s um™1, b = -1.429s and 4 =
1.85um [24].

To reflect the regional contractile state of the infarcted LV, Tay 0f the infarct (Tyax ;) and
the remote region (Tmax_gr) Were adjusted so that: (a) the predicted LV ESV matched the
measurements from CT images and (b) the average difference of the infarct thickness at ED
and ES was zero. The latter criterion reflects akinesis of the infarct [3]. Across the
borderzone, Tax Was prescribed to vary linearly (from Tpax | t0 Tmax_g) With distance
measured from infarct [12].

These active and passive constitutive laws were implemented using a user-defined material
subroutine in LS-DYNA.

2.3.3 Boundary conditions—The LV base was constrained from moving in the
longitudinal direction (i.e. in the apex-base direction) and the epicardial-basal edge was
fixed in space (Figure 2D). Because the velocity of the blood is quite small at ED and ES,
which coincide with the end of filling and end of ejection in a cardiac cycle respectively, the
pressure gradient within the LV is quite small [20]. Consequently, we prescribed a uniform
pressure distribution at the LV endocardial wall based on the measured pressure data
presented in the “Clinical data” section (Figure 2D). Specifically, the LV EDP was
prescribed to be 20 mm Hg in both PRE-OP and VIRTUAL-Parachute cases, and 12 mm Hg
in the POST-OP case. The LV end-systolic pressure (ESP) was prescribed to be 120 mm Hg
in all cases.

2.3.4 Parachute® model—The Parachute® consists of an expanded
polytetrafluoroethylene (ePTFE) membrane bonded to an expanded Nitinol frame. The
Nitinol frame consists of 16 struts and is attached to a radioplaque foot. The approximate
diameter of the Parachute® is 85mm. An FE model of the Parachute® was created (Figure
3A). Specifically, the Nitinol frame, ePTFE membrane and foot were modeled using 496
beam elements, 1152 shell elements and 1110 solid elements, respectively. Isotropic and
linear elastic material law was assigned to these 3 components and the material parameters
are tabulated in Table 1.

2.3.5 Virtual implantation of the Parachute® device—In the actual implantation
process, the Parachute® is first collapsed and then delivered percutaneously from the
femoral artery by standard catheterization technique. Once in position, the Parachute® is
expanded and the anchor tip of each strut in the device engages and hooks on to the LV
endocardial wall. As a result, the struts are not “stress-free” after implantation in the LV.

To account for residual stress in the struts and LV after implantation, the Parachute®
implantation process was also simulated. First, the Parachute® was collapsed by applying a
constant follower force at the end of each strut in order for it to not come into contact with
the LV (Figure 3B).

Next, the follower force was removed and a contact constraint between the LV endocardium
and the Parachute® was activated. Consequently, the Parachute® Nitinol frame expanded
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and came into contact with the LV endocardium. To simulate the anchor tip of each strut
hooking onto the LV endocardial wall after implantation, the nodal tip of each strut was tied
to the endocardial wall upon contact (Figure 3C). The virtual implantation process is also
shown in Online Resource 2.

The deployed position of the Parachute® in the LV was adjusted based on CT images taken
from the same patient 6 months after implantation. In its deployed position, the Parachute®
partitioned the LV into two chambers, namely, a lower static chamber containing mostly the
infarct and an upper functional chamber containing mostly the remote healthy tissue. Two
cardiac phases, namely, ED and ES, were simulated from this configuration.

Because leaks between the upper and lower chambers were found to be small based on
Doppler echocardiography, EDP and ESP in the lower chamber were adjusted so that the
lower chamber had a constant volume of about 36.2 ml (based on CT measurements). The
ESP in the upper chamber was kept at the baseline value of 120 mmHg and the EDP was
adjusted to match clinical data as described in the section “Boundary conditions”.

2.4 Statistical and sensitivity analysis

3. Results

Stress and strain were averaged over all elements in each of the two partitioned regions
(upper and lower chambers) within the LV and were presented as average + standard
deviation. A single FE model based on a patient was used. The results obtained are not
stochastic and statistical tests are therefore not appropriate. P values are therefore not
reported. To account for changes of the myofiber stress due to a variation of model
parameters, we performed a sensitivity analysis in which we analyzed the effects on
myofiber stress due to changes in the extent of infarct dysfunction, the degree of infarct
anisotropy, the myofiber angles and the borderzone width (see Online Resource 3).

3.1 Clinical data

Parachute® implantation for this patient was performed at the Texas Heart Institute as part
of the multi-center, phase 1 ‘Parachute United States Feasibility Trial’ clinical trial. The
study protocol was approved by the Texas Heart Institute Institutional Review Board (IRB).
Subsequent analysis of radiographic images obtained from this patient was approved by the
Committee on Human Research of the University of California, San Francisco.

The patient was a single 52-year-old male whose status was 9-years post large, antero-apical
MI. The procedure was uneventful and there were no complications at one-year follow up.
Before Parachute® implantation, his NYHA class was 3 and it improved to 1 at one-year
follow up.

Computed tomography images were obtained before and 6 months after Parachute®
implantation. The PRE-OP and 6-month POST-OP volumes are given in Table 2. Left
ventricular volume at ED and ES were reduced after 6 months by 4.4% and 5.7%,
respectively. On the other hand, comparison between the volume of the functioning chamber
at 6-months POST-OP (upper chamber) and that at PRE-OP (entire LV chamber), showed

Med Biol Eng Comput. Author manuscript; available in PMC 2014 August 01.
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reductions in EDV and ESV by 20.7% and 25.3%, respectively. The PRE-OP ejection
fraction was 27.7% and upper chamber ejection fraction at 6-months POST-OP was 31.9%.
Stroke volume was essentially unchanged at 6-months POST-OP.

In ten other patients who underwent the Parachute® procedure as part of the ‘Parachute
United States Feasibility Trial’ [13, 15], the LV EDP was measured to be 18.2 + 8.2 mmHg
and 12.9 + 4.5 mmHg (p<0.05) at PRE-OP and 6-months POST-OP, respectively.

3.2 PRE-OP Model

Regional LV material parameters assigned to the PRE-OP model are shown in Table 3 and
the resultant regional variation of contractility Tmax is Shown graphically in Figure 2C. The
infarct contractility (Tmax | = 117 kPa) was found to be 60% that of the remote contractility
(Tmax_r = 195kPa) in order for the average difference between the infarct thickness at ED
and ES to be zero. In the 3cm BZ, the resultant contractility therefore varied linearly from
117 kPa to 195 kPa with distance measured from the infarct.

The FE model of the LV (Figure 2C) closely resembles that in the PRE-OP CT images
(Figure 2A) showing the thin antero-apical infarct region. As seen in Table 2, the PRE-OP
LV EDV and ESV were within 7.7% and 10.9% of the PRE-OP CT data, respectively.

3.3 Acute mechanical effect of Parachute® (VIRTUAL-Parachute)

The VIRTUAL-Parachute model shown in Figure 3C qualitatively resembles the CT images
in Figure 1 showing the LV at 6 months after implantation. Apparent in these 2 figures, the
apical infarct and part of the BZ were covered by the Parachute® (see Online Resource 2).
The total contact force exerted by the Parachute® on the LV after implantation is 2.3N

The effects of VIRTUAL-Parachute on LV volumes and pressures are shown in Table 2.
First, to maintain a lower chamber volume of about 36.2 ml throughout the cardiac cycle,
the lower chamber pressure was predicted to be less than that in the upper chamber, which
was held equal to that in the PRE-OP model. At ED and ES, the lower chamber pressures
were predicted to be 72.5% and 4.8% lower than that in the upper chamber, respectively.

Also, the VIRTUAL-Parachute model predicted a reduction in the LV volume at ED (4.3%)
and ES (0.2%). As a result, stroke volume was predicted to decrease by 13.6%.

3.4 Chronic effect of Parachute® (6 month POST-OP)

To better match the LV volume measurements from the 6-month POST-OP CT images (in
particular, the measured stroke volume) and to account for the decrease in LV EDP 6
months after Parachute® implantation, the LV material parameters were adjusted. These
parameters are given in Table 3. We found that a 63.6% reduction in LV passive stiffness
can better predict the 6-month LV volume measurements. Specifically, the predicted EDV
and ESV were within 3% and 3.1% of the measurements, respectively. Also with that
adjustment, the predicted stroke volume was within 2.8% of the measurement.

Med Biol Eng Comput. Author manuscript; available in PMC 2014 August 01.
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3.5 Myofiber stress

Residual myofiber stress in the LV immediately after implantation of the Parachute® was
0.06 kPa. The effects of the Parachute® on LV regional myofiber stress at ED and ES are
tabulated in Table 4 and shown graphically in Figure 4. Because the LV wall at the antero-
apical infarct was substantially thinner than that in the remote region, myofiber stress was
predicted to be elevated in that region in the PRE-OP model. Specifically, myofiber stress in
the antero-apical region (lower chamber) was about twice as large as that in the remote
region (upper chamber) at ED and ES.

However, as a result of the reduction in the lower-chamber-EDP predicted in the
VIRTUAL-Parachute model, the average ED myofiber stress in the lower chamber was
reduced by 61.2 % (from 11.6 + 8.2 kPa to 4.5 + 3.8 kPa). By contrast, the average ED
myofiber stress in the upper chamber was essentially unchanged in the VIRTUAL-Parachute
model. Also, end-systolic myofiber stress in both chambers was predicted to be unaffected
by Parachute® implantation.

Compared to the VIRTUAL-Parachute model, the POST-OP model predicted a greater
decrease in ED myofiber stress in the lower chamber (78.4%). In addition, the POST-OP
model also predicted a 27.1% decrease in ED myofiber stress (from 5.9 + 4.5 kPa to 4.3 +
3.9 kPa) in the upper chamber. The combined average myofiber stress in both chambers was
59.5% lower than that in the PRE-OP model. End-systolic myofiber stress in both chambers,
however, was essentially unchanged in the POST-OP model.

Results from the sensitivity analysis (Online Resource 3) show that the greatest absolute
changes in myofiber stress due to a change in the myofiber angles, the degree of infarct
anisotropy, the extent of infarct dysfunction and the borderzone width were 9.6%, 16.8%,
13.7% and 1.3%, respectively. Thus, the changes in myofiber stress caused by a variation of
these parameters were relatively small when compared to the predicted decrease in ED
myofiber stress (59.5%) between the POST-OP and PRE-OP model.

4. Discussion

The principal finding of this study is that implantation of the Parachute® in the LV with
antero-apical infarct substantially reduced myofiber stress at ED. The ED myofiber stress
was predicted to decrease only in the partitioned lower chamber when the effects
immediately after Parachute® implantation were considered alone (VIRTUAL-Parachute
case). However, myofiber stress at ED was reduced in both upper and lower chambers after
the LV material parameters were adjusted to better match the 6-month POST-OP CT and
LV EDP data.

4.1 Parachute® model

We have presented the first patient-specific mathematical model of a human LV implanted
with the Parachute®. The model is realistic because in addition to simulating a beating LV
implanted with this device, the entire Parachute® implantation process was also simulated to
account for possible influence of the residual stress on the LV function and regional
myofiber stress. We found that residual stress in the LV associated with Parachute®
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1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Leeetal.

Page 9

implantation is small — about an order of magnitude smaller than the ED myofiber stress.
This result is also consistent with our results, which show that the total contact force of 2.3N
exerted by the Parachute® on the LV wall is small compared to the total pressure force
(product of pressure and endocardial surface area) exerted on the LV wall. In the
VIRTUAL-Parachute case, the total pressure force was predicted to be about 30N and 200N
at ED and ES, respectively.

4.2 Effects on myofiber stress

Results from this single patient study suggest that the therapeutic effects associated with
Parachute® implantation observed in humans [2, 15] and sheep [14] may possibly have
come from a reduction in pressure exerted on the partitioned lower chamber wall of the LV
at ED. The lowered pressure acting on the infarct reduces myofiber stress in the LV. In the
POST-OP case, ED myofiber stress across the entire LV was reduced by 59.5% on average
and its distribution became more homogeneous (Figure 4). Since elevated myofiber stress is
widely believed to be responsible for adverse cardiac remodeling [5], the reported
therapeutic effects are probably an outcome of the local reduction in the infarct myofiber
stress as predicted by our simulation.

4.3 Acute and chronic effects on LV pump function

The VIRTUAL-Parachute simulation predicted that both EDV and ESV would be reduced
immediately after Parachute® implantation. Because the reduction in EDV was larger than
the reduction in ESV, stroke volume was also predicted to have reduced (-13.6%)
immediately after implantation. A reduction in stroke volume is also found in simulations of
other treatments such as Surgical Ventricular Restoration [11]. However, based on the CT
data, stroke volume was largely restored at 6 months (-1.0%). It is interesting that in order to
match the 6-month CT data, the diastolic stiffness parameter C had to be significantly
reduced in the POST-OP model. Further work is needed in this area. However, it is possible
that the change in diastolic stiffness is a result of favorable LV remodeling.

4.4 Left ventricle with infarct

We modeled the LV BZ as a region having contractility that varies linearly with distance
from the infarct because in a previous sheep study, such a BZ model had predicted strain
that better matched the in vivo strain measurements [12]. With such a BZ model,
contractility of the entire LV depends on 2 parameters, namely, contractility in the akinetic
infarct (Timax 1) and the remote region (Tmax_gr). We found that the predicted akinetic infarct
contractility was 60% of that in the remote region. This value is close to that found in sheep,
where in a study by Dang et al. [3], the infarct contractility required to produce akinesis was
50% of that in the remote region when the infarct passive stiffness C, is 10 times that of the
remote region Cri.e. C; = 10Cg. This passive stiffness ratio (which was used in our models)
is based on previous sheep studies [21].

4.5 Limitations

Our model has 3 main limitations. First, given that the sole purpose was to evaluate the
effects of the Parachute® on the LV, we have simplified the analysis by modeling the
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Nitinol strut using beam elements. Second, we did not acquire in vivo myocardial regional
strain data because the patient had contraindications to magnetic resonance imaging (MRI).
Consequently, the model could not be validated against regional myocardial MRI-based
strain measurements. To corroborate the model’s prediction, new methods to quantify
regional myocardial contraction in CT images [16, 17] could be used in future studies. Last,
we do not have pressure measurements in the lower chamber (which are difficult to obtain)
to corroborate our prediction of the lower chamber pressure. Modeling blood flow in the LV
after Parachute® implantation can help to provide a more direct quantification of the
pressure difference between the upper and lower chamber, as well as the pressure
differential within the partitioned chambers.

4.6 Conclusion and future directions

In conclusion, we have created the first realistic FE model of the Parachute® implanted in a
human LV, including the implantation process. We have quantified the effects of this
treatment on both LV function and regional myofiber stress. Results from this single-patient
study suggest that the device reduces ED myofiber stress in the LV, particularly in the
partitioned lower chamber. These results are preliminary and studies involving more patients
are necessary to fully understand the effects of the Parachute®. Nonetheless, the
methodology described here opens the way for future FE studies of this novel device.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
CT images of the left ventricle 6 months after Parachute® implantation: (a) end-diastole and

(b) end-systole.
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(¢) (d)

Fig. 2.
Construction of the patient-specific finite element LV model: (a) Digitization of the

endocardial and epicardial surfaces, (b) fiber orientation in the finite element LV model, (c)
regional contractility in the LV with infarct and (d) boundary conditions prescribed on the
LV — green dots, black dots and red arrows indicate epicardial-basal edge displacement
constraints, basal displacement constraints and prescribed pressure on endocardial wall,
respectively.
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Static force applied
to collapse Parachute

Contact between Parachute Node at the end of each strut
and LV endocardial wall activated tied to LV endocardial wall
Fig. 3.

Virtual implantation of the Parachute® into the left ventricle: (a) finite element model of the
Parachute® in which the struts of the Nitinol frame are shown in red, (b) the collapsed
Parachute®, (c) the implanted Parachute®. Refer to text for explanation.
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Fig. 4.

Effects of Parachute® on the left ventricular regional myofiber stress: (a) end-diastole and
(b) end-systole. Color scale units are kPa.
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Table 1

Material parameters of components in the Parachute®. Unit of the elastic modulus is MPa.

Component Elastic Modulus  Poisson Ratio
Nitinol Frame 33.73 x 103 0.33
Foot 20 0.45
ePTFE Membrane 400 0.33
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