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Abstract

Numerical modeling of the cardiovascular system is becoming an important tool for assessing the
influence of heart disease and treatment therapies. In the current study we present an approach for
modeling the interaction between the heart and circulatory system. This was accomplished by
creating animal specific biventricular finite element models, which characterize the mechanical
response of the heart, and coupling them to a lumped parameter model that represents the systemic
and pulmonic circulatory system. In order to minimize computation time, the coupling was
enforced in a weak (one-way) manner, where the ventricular pressure-volume relationships were
generated by the finite element models and then passed into the circulatory system model to
ensure volume conservation and physiological pressure changes. The models were first validated
by tuning the parameters, such that the output of the models matched experimentally measured
pressures and volumes. Then the models were used to examine cardiac function and the myofiber
stress in a healthy canine heart and a canine heart with dilated cardiomyopathy. The results show
good agreement with experimental measurements. The stress in the case of cardiomyopathy was
found to increase significantly, while the pump function was decreased, compared to the healthy
case. The total run time of the simulations is less than many fully-coupled models presented in the
literature. This will allow for a much quicker evaluation of possible treatment strategies for
combating the effects of heart failure, especially in optimization schemes that require numerous
finite element simulations.

Keywords
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1. Introduction

Recent statistics from the American Heart Association (2011) indicate that Congestive Heart
Failure (CHF) affects 5.7 million Americans. CHF is characterized by the hearts inability to
pump blood efficiently into the body, due to either impaired myocardial contraction and

"Corresponding author: Jonathan F. Wenk, PhD, Division of Surgical Service (112D), Department of Veterans Affairs Medical Center,
4150 Clement St, San Francisco, CA 94121, jwenk1l@me.berkeley.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wenk et al.

Page 2

global dilation of the ventricles (systolic heart failure), or decreased relaxation of the
ventricles (diastolic heart failure). Several treatment strategies have been investigated to
combat the adverse remodeling that leads to the progression of CHF (Gorman et al. 2004,
Thompson et al. 2010a, Thompson et al. 2010b). Some of these treatments involve the
improvement of blood flow to damaged regions of the heart, while others include reshaping
the heart by means of surgical procedures and implantation of medical devices. Examples of
implantable medical devices include the Acorn CSD and Copasys (Acker et al. 2006, Grossi
et al. 2010). These devices were designed to improve pump function by reducing ventricular
volume and thus reduce wall stress. The effect of these devices on regional ventricular
mechanics and global ventricular function, however, is currently not fully understood.

The mechanics of the heart have been widely studied using the finite element (FE) method.
Left ventricular (LV) FE models, which incorporate myocardial contractility, have been
described and used to determine the influence of myocardial infarction on structure and
function (Dang et al. 2005a, Guccione et al. 2001, Walker et al. 2005a). Additionally, the
efficacy of various surgical procedures has been simulated (Dang et al. 2005b, Walker et al.
2005b), as well as the effect of cardiac support devices (Jhun et al. 2010, Wenk et al. 2009).
Models that include volumetric growth (Kroon et al. 2009a) and myofiber remodeling
(Kroon et al. 2009b) have also been implemented with the FE method, and coupled to
lumped-parameter models of the circulatory system. Most recently, a non-invasive method
for determining myocardial material properties was developed using magnetic resonance
imaging (MRI), FE modeling, and optimization (Sun et al. 2009, Wenk et al. 2011), which
can be used to characterize weakly contracting regions of the heart. These single ventricle
models have provided much insight on cardiac mechanics, but do not account for the
interaction between the left and right ventricles.

To enhance LV models, biventricular FE models have been developed to simulate the
effects of ventricular dilation and electrical dyssynchrony on ventricular function and
regional mechanics (Kerckhoffs et al. 2010), as well as the effects of external defibrillation
on heart function (Rodriguez et al. 2006). In addition, biventricular FE models have been
used as a framework in which to incorporate multiscale models for eccentric and concentric
cardiac growth (Goktepe et al. 2010). The effects of surgical procedures for pulmonary
valve and patch replacement in patients with tetrology of Fallot were also investigated with
a biventricular FE model (Tang et al. 2008). Kerckhoffs et al. (2007b) developed a coupled
biventricular FE and lumped systems model to evaluate the effects of ischemia on pump
function, using an implicit scheme to simulate the results. These models, however, are
computationally expensive and have not been used to simulate the effect of cardiac devices
including surgical ventricular remodeling and passive constraint.

In the current study, we present a method to weakly couple a biventricular finite element
model and a lumped parameter model of the circulatory system. To achieve this end, we
used the biventricular FE model to represent the mechanical response of the heart, and then
input the response into the circulatory system model to ensure physiological pressure
changes and continuity of the total system volume during the cardiac cycle. By using a weak
(one-way) coupling scheme, the simulations were conducted in much less time than previous
approaches described in the literature. This is an important aspect of this work, since it
allows for numerous simulations to be conducted in a short period of time. This is essential
for the computational efficiency of optimization schemes, which require a large number of
simulations to evaluate an objective function (Sun et al. 2009). In order to validate our
method, two FE models were constructed, based on MRI and experimental hemodynamic
measurements in a normal healthy dog and the same dog with pacing tachycardia-induced
dilated cardiomyopathy. The primary goal of the current study is to evaluate the effects of
heart failure on stress and pump function in the heart. In the near future, this approach will
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be used to optimize the design of devices used to treat systolic heart failure. Specifically, the
method will be used to simulate the effect of passive constraint devices, such as the Acorn
CSD and Coapsys device.

2. Methods

In this study, we developed a weakly coupled FE/lumped-parameter system to model the
cardiovascular system. The model consists of two separate units: a biventricular FE model
for the heart and a lumped parameter model for the cardiovascular tree. The coupling
between the two units is based on previous experimental observations indicating that the
ventricular output is well characterized by the end-systolic pressure-volume relationship
(ESPVR) and end-diastolic pressure-volume relationship (EDPVR) (Suga and Sagawa
1974). We characterized the mechanical response of the heart to various pressure loads
using the biventricular FE model and then, used this data to drive the circulatory system
model (to ensure that pressure changes in each ventricle were coupled and physiologically
realistic). A flow chart of the coupling scheme is shown in Figure 1. The key features of
each model component are described in the following sections.

2.1 Animal model and experimental data

The details of the animal model and data acquisition have been described previously (Potter
et al. 2007). In brief, a single mongrel dog underwent a 4 week rapid pacing protocol to
induce dilated cardiomyopathy. Magnetic resonance images were acquired before
implantation of the pacemaker, as a baseline, and within 15 hours of termination of the
pacing. Right ventricular pressure was measured using a Cook Swan-Ganz catheter via the
pulmonary artery and left ventricular pressure was measured via direct cardiac puncture into
the LV apex with an 18 gauge needle. Both pressures were taken under general anesthesia
prior to surgical manipulation. The measured pressures were then used as boundary
conditions in the FE models (Table 1).

2.2 Image analysis

A customized version of the MRI post-processing software, FindTags (Laboratory of
Cardiac Energetics, National Institutes of Health, Bethesda, MD) was used to contour each
short-axis image of the endocardial and epicardial surfaces in both the LV and right
ventricle (RV) (Figure 2). Geometric surfaces (Rapidform, INUS Technology, Inc.,
Sunnyvale, CA) of the endocardium were created at end-diastole and end-systole, in order to
calculate the experimentally observed ventricular volumes (Table 1). Then, geometric
surfaces of the endocardium and epicardium were created at early diastole, which was
assumed to be the zero stress state of the heart, since pressure is at a minimum.

2.3 Finite Element Models

Biventricular FE models were created for the healthy canine heart (baseline) and for the
globally dilated canine heart using the animal-specific surface geometries and the mesh
generator TrueGrid (XYZ Scientific, Inc., Livermore, CA) (Figure 3a). The ventricular walls
of each model were meshed with approximately 4150 8-node trilinear elements. The
transmural mesh density was adjusted until the ventricular volume changed by less than 5%
for a given load. It was found that 3 elements are sufficient for accurate ventricular volume
calculations and computational efficiency (Sun et al 2009). The basic construction of the
mesh involved a continuous ring (3 elements wide) of elements around the perimeter of both
ventricular chambers, which was tangent to the epicardium of the heart. Then, three layers of
elements were generated to represent the septum. The myofiber angles were assigned to
each element using a custom in-house script that was created in MATLAB. Myofiber angles
were first assigned to the continuous ring of elements, moving from base to apex. The angles
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varied transmurally, in a linear fashion, and were assigned to be —37 deg at the epicardium
and 83 deg at the endocardium, relative to the circumferential direction (Figure 3b) (Omens
et al. 1991). This fiber distribution was used throughout the entire LV, including the septum,
and RV free wall. The endocardium of each ventricle was lined with shell elements in order
to create an airbag for computing the cavity volume. The shell elements were modeled as
being extremely soft (Young’s modulus of 1x10710 kPa and Poisson’s ratio of 0.3), and thus
had no influence on the mechanical response of the ventricles.

2.4 Boundary and Loading Conditions

The boundary conditions of the heart were assigned to fully constrain the displacement at
the epicardial-basal edge, while allowing the remaining nodes at the base to move in the
circumferential-radial plane. Additionally, the nodes along the LV endocardial-basal edge of
the septum were fully constrained. The inner endocardial walls of the LV and RV were
loaded with the experimentally measured pressures (Table 1), in order to simulate the end-
diastolic (ED) and end-systolic (ES) states. It should be noted that the pressure boundary
conditions were applied by quickly ramping the load to the measured value, and then
holding the load constant as the simulation reached a steady state solution at ED and ES. In
order to save time, these simulations were conducted independently, since the ES state is not
dependent on the ED state.

2.5 Material Properties of the heart

Nearly incompressible, transversely isotropic, hyperelastic constitutive laws for passive
(Guccione et al. 1991) and active myocardium (Guccione et al. 1993a) were modeled with a
user-defined material subroutine in the explicit FE solver, LS-DYNA (Livermore Software
Technology Corporation, Livermare, CA). Passive material properties were represented by
the strain energy function:

c
W== {exp [be%, +b (B3 +Er+ EL+ES,)+by (B +E3, +E%3+E§1)] - 1} o

where Ej;; is fiber strain, £,»is cross-fiber strain, £3zis radial strain, £53is shear strain in
the transverse plane, and £;,and E;zare shear strain in the fiber-cross fiber and fiber-radial
planes, respectively. Values for the material constants bz b; and bg were chosen as 18.5,
3.58, and 1.63, respectively, based on previous studies of canine myocardium (Guccione et
al. 1991). In order to validate the models, the material constant Cwas adjusted until the LV
and RV end-diastolic volumes matched the experimentally measured values. It should be
noted that the myocardial material properties (Guccione et al. 1991) have been used in
previous biventricular FE simulations of the canine heart (Kerckhoffs et al. 20073,
Kerckhoffs et al. 2007b).

Active contraction was modeled by defining total stress as the sum of the passive stress
derived from the strain energy function and an active fiber directional component, 7y, which
is a function of time, £ peak intracellular calcium concentration, Cay, sarcomere length, /,
and maximum isometric tension achieved at the longest sarcomere length, 7ax (Guccione
et al. 1993b),

W
S=pJC '+277?3 Dev (%) +Tolt, Cap, L, Tmax)  (2)

where Sis the second Piola-Kirchoff stress tensor, pis the hydrostatic pressure introduced as
the Lagrange multiplier needed to ensure incompressibility, Jis the Jacobian of the
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deformation gradient tensor, C is the right Cauchy-Green deformation tensor, Dev is the

deviatoric projection operator,

1
Dev(e)=(s) - 3([+]:C) c' @

and Wis the deviatoric contribution of the strain energy function, W/(Eq. 1). The
assumption of near incompressibility of the myocardium requires the decoupling of the
strain energy function into dilational and deviatoric components,

W=UJ)+W(C) @)
where Uis the dilatational (volumetric) contribution (Wenk et al. 2010).

The active fiber-directed stress component is defined by a time-varying elastance model,
which at end-systole, is reduced to (Tozeren 1985),

1 Caj ( ( 0.25 ) )
To==Tmax——2 1 = cos [——=—+1|z|
T2 N R ECd, ml, N2Ey +1+b ©)

with mand b as constants, and the length-dependent calcium sensitivity, £Cargp, is given by,

(CaO)max

Jexp[B (b VZET T - ig)] -1 ©

ECa50:

where Bis a constant, (Cagmax is the maximum peak intracellular calcium concentration, /f
is the sarcomere length at which no active tension develops and & is the stress-free
sarcomere length. The material constants for active contraction were taken to be (Guccione
et al. 1995a): Cag = 4.35 umol/L, (Cag)max = 4.35 wmol/L, B=4.75 um™, /y=1.58 um, m
=1.0489 sec um™1, b= -1.429 sec, and A was set at 1.85 wm, the sarcomere length in the
unloaded reference configuration. Based on biaxial stretching experiments (Lin and Yin
1998) and FE analyses (Usyk et al. 2000, Walker et al. 2005a), cross-fiber, in-plane stress
equivalent to 40% of that along the myocardial fiber direction was added. In order to further
validate the models, the parameter 7n,,x Was determined such that the LV and RV end-
systolic volumes matched the experimental values.

2.6 Calculation of the EDPVR and ESPVR

The diastolic compliance and systolic elastance of both the normal and dilated
cardiomyopathy cases were characterized by means of the pressure-volume relationship. The
EDPVR was determined for both the left and right ventricle using the FE models to compute
the volume at several end-diastolic pressures. In order to account for ventricular interaction
during the FE simulations, the following procedure was used:

1. The RV EDP was fixed at a constant value.

2. The LV EDP was varied over a physiological range in order to generate a single
EDPVR curve.

3. The RV EDP was incrementally increased and fixed at the new constant value.
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4. Steps 2 and 3 were repeated until a family of curves was generated for the LV
EDPVR.

5. Inorder to generate a family of curves for the RV EDPVR, steps 1 through 4 were
repeated holding the LV EDP fixed at several points while varying the RV EDP.

The resulting data was fit to an exponential equation (Eq. (7)) using a nonlinear least squares
regression analysis,

EDP=Py (X" — 1) ()

where Py, K, and Vg are the parameters that characterize the diastolic compliance of the
ventricle.

The ESPVR for the left and right ventricle was generated using a procedure similar to the
one described above. It should be noted that changes in the ESP of the adjacent ventricle did
not significantly affect the ESPVR of the ventricle of interest. Thus, each ventricle was
characterized with a single curve for the ESPVR. The results from the end-systolic FE
simulations were fit to the following linear equation by means of least square regression
analysis,

ESP=E  (ESV - Vy), (8)

where Vjis the volume intercept and Egsis the slope of the left ventricle elastance. The
family of curves that were generated for the cardiomyopathy case is shown in Figure 4.

2.7 Circulatory system modeling

In order to couple the biventricular FE model and the vascular system, we implemented a
lumped-parameter circulatory model following the classic model PHYSBE using Simulink
(The Mathworks, Natick, MA) (McLeod 1966). The PHYSBE model was chosen for its
simplicity and, more importantly, its separation of flows through the superior vena cava
(from head and arms) and inferior vena cava (from trunk and legs). This separation allows
us to measure the Starling relationship through inferior vena cava (IVC) occlusion,
accomplished by blocking IVVC flows from entering the RV. The full details of the PHYSBE
model are outlined in McLeod (1966)

Briefly, vascular resistance and compliance were modeled as analog resistance and
capacitance components in a closed loop to ensure volume conservation. The key
components of the vascular tree are shown in Figure 5. A description of the components and
the parameters used for each component are given in the Supplemental Material. It should be
noted that the original PHYSBE model approximates the LV and RV chambers with a linear
time-varying compliance model, which does not account for the physiological ESPVR. The
ESPVR is a pre-load independent parameter characterizing ventricular contractile function
(Suga and Sagawa 1974). In the present work, we implemented a lumped-parameter model
for the ventricles using the approach proposed by Ursino (1998). The RV and LV were
modeled in the same fashion, using the family of curves generated from the FE simulations
(Figure 4), with the only difference being a set of parameters governing the end-systolic and
end-diastolic ventricular properties. In what follows the subscript LV is used to describe the
left ventricular model. However, the same equations were used to model the RV as well,
which can be written by switching the subscript LV for RV. The LV pressure within a
cardiac cycle is governed by
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PLV(VLV’ t):¢(t)Purt,LV(VLV)+ [1 - ¢(t)] Ppm.LV(VLV) )

where ¢(2) is a squared half-sine wave that controls the activation of the ventricle, i.e., ¢(2) =
1 at maximum contraction and ¢(#) = 0 at complete relaxation (Ursino 1998). A description
of the activation function can be found in the Supplemental Material. The term P,y /is the
component of LV pressure generated by the active contraction of myofibers, while Ppgg/ /1S
the passive component of LV pressure. The active pressure component is governed by
applying (Eg. (8)) to the LV, such that

Pact (VLV) :EES,LV (VLV - Vo,LV) (10)

It can be seen from the FE simulations that the passive properties which govern the LV
EDPVR, for a fixed value of RV EDP, can be modeled by applying (Eq. (7) to the LV

PPHS(VLV):PCI‘LV (eKLV(VLV_Vd,LV) _ 1) (12)

where changing the RV EDP leads to a different EDPVR curve, as shown in Figure 4. The
interaction between the LV and RV was implemented into the circulatory model as follows.
First, a set of LV EDPVR curves was generated at several prescribed RV pressure levels. In
the case of the cardiomyopathy model, for example, three of those values in the RV were 5
mmHg, 8 mmHg, and 11 mmHg; i.e., the passive responses were given by

P past V"V, P pas, (V). and Ppag  FL(V) ), respectively. Each of these
pressure values is within the physiological range of pressures that could occur in the RV.
The final pressure response of the LV was determined by using linear interpolation between
adjacent curves in the family set. For example, if the RV pressure falls between 5 mmHg
and 8 mmHg, or between 8 mmHg and 11 mmHg, the pressure in the LV is computed such
that

8mm 11mm 8mm
+a- (P, """ = P ) a>0

P — pas,LV pas,LV
pas,LV P 8mm _ - (P Smm __ P 8mm) a<0

pas,LV pas,LV pas,LV

, (12)

EDP,, -8
where a= % This approach was used to model both ventricles for the baseline and

cardiomyopathy cases. In each case, the fixed ventricular pressure values were selected to
give a physiologically realistic range and interpolation occurred between adjacent curves.

2.8 Calculation of Stroke Volume/EDP (Starling) Relationship

We generated the Starling relationship for the baseline and cardiomyopathy cases by
conducting virtual inferior vena cava (IVC) occlusion experiments with the analog
circulatory model. We started each simulation of the analog circulatory model with zero
initial flows in the system and ran the simulation until it reached a steady state. Shortly after
this, a virtual IVVC occlusion was conducted by inserting a very large resistance component
between the outlets of lower body circulation components (trunk and legs) and the inlet of
vena cava (Figure 5). The virtual IVC occlusion led to a transient reduction in the preload of
the LV in our model. The pressure-volume loops after IVC occlusion were recorded and the
Starling curve was constructed using corresponding pairs of LV EDP and stroke volume
data from selected heart beats during the transient preload reduction phase.

Comput Methods Biomech Biomed Engin. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wenk et al.

3. Results

Page 8

3.1 Material Parameter Estimation

The passive material parameter, C, and the active material parameter, 7pmax, Were varied
until the volumes in the FE simulations matched the experimentally measured values at ED
and ES. Unfortunately, no other time point data was available. For the healthy case, C was
determined to be 0.455 kPa in the LV and 0.153 kPa in the RV. For the dilated
cardiomyopathy case, C was determined to be 2.83 kPa in the LV and 1.63 kPa in the RV. It
has been shown by Sacks and Chuong (1993a, b) that the LV and RV have different passive
responses to biaxial tensile loading. The RV tends to be more anisotropic, but this was not
taken into account in the present study. Rather, the effective difference in stiffness is
determined through the parameter, C, keeping the b5 by, and bg parameters constant.

For the normal heart case 7y Was found to be 350 kPa and 59.2 kPa in the LV and RV,
respectively. In the dilated cardiomyopathy case the values were found to be 204 kPa and
58.5 kPa in the LV and RV, respectively. It has been shown by Maughan et al. (1979, 1985)
that the LV is less compliant than the RV during contraction. In those studies, the slope of
the ESPVR was found to be steeper for the LV.

3.2 Comparison of Numerical Models and Experimental Measurements

The material properties in the FE models were determined such that the ventricular volumes
matched those of the experimental measurements taken at the time of MRI to within 0.1%.
This was also the case for the resistance and capacitance properties of the lumped parameter
model. Thus, the biventricular FE and circulatory system models give equivalent volumes
for the same set of pressures, using the measured data.

To ensure that the biventricular FE and circulatory system models match one another at
physiological states other than the experimentally measured state, the circulatory system
model was used to simulate the cardiac cycle for a heart rate that was 20% higher, for both
the normal and cardiomyopathy cases. This caused the ventricular pressures to change by
10% to 30%. The pressures generated from these simulations were then used as boundary
conditions in the FE models. A comparison of the resulting volumes is shown in Table 2a
and 2b, for the normal and cardiomyopathy cases, respectively. There was good agreement
between the biventricular FE and circulatory system models. The difference in volume
calculations ranged from 0.0% to 2.0%.

3.3 Simulation Run Time

The FE simulations that were used to generate the families of EDPVR and ESPVR curves
were run as batch jobs on a Dell Precision T7400 with dual 3.2 GHz Quad Core Xeon
processors and 16 GB of RAM. The family of EDPVR curves required 56 simulations,
while the ESPVR required 10. The total run time for all 66 simulations was approximately
330 minutes for the normal healthy case and 390 minutes for the cardiomyopathy case. The
run time of the circulatory system model was roughly 5 minutes for the virtual IVC or
increased heart rate simulations.

3.4 EDPVR, ESPVR, and Starlings Relationship

The EDPVR and ESPVR were generated using the validated FE models, and are shown in
Figure 6. The induction of cardiomyopathy caused both the LV and RV to dilate
significantly, which can be seen as rightward shifts of the EDPVR and ESPVR, shown in
Figure 6. In addition, the diastolic compliance of the myocardium decreased as a result of
the dilation. This is indicated by the increased slope of the EDPVR, and an increase in the
passive stiffness parameter, C, described in the Methods section.
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The slope of the ESPVR in the cardiomyopathy case decreased in both the LV and RV,
relative to the healthy case. For the LV, Egg | v decreased from 4.96 mmHg/mL to 1.91
mmHg/mL. For the RV, Egs ry decreased from 1.24 mmHg/mL to 0.81 mmHg/mL. The
intercept of the LV, V},; , was found to nearly quadruple from 17.16 mL to 67.78 mL, for
the healthy and cardiomyopathy cases, respectively. The intercept for the RV, V), was
found to nearly double from 16.82 mL to 36.65 mL. This is due to the significant dilation. It
should be noted that the fit of the experimental data to the linear equation was in good
agreement (R2 > 0.9919 for the healthy case and R? > 0.9996 for the HF case).

The Starling relationship was generated using the circulatory system model, and is shown in
Figure 7. The dilated heart shows an 18% decrease in stroke volume, leading to a downward
shift of the Starling curve. This implies that the dilated heart is unable to pump as much
blood into the body as the normal heart for a given EDP.

3.5 Myofiber Stress Distributions

It was observed from the FE simulations that the average stress in the myofiber direction
increased from the normal case to the cardiomyopathy case, as shown in Table 3. Stress
distributions in the myocardial wall are reported at short-axis slices taken 9 mm and 33 mm
below the base, shown in Figures 8 and 9. It can be seen that the stress is elevated globally
in the cardiomyopathy case, relative to the normal case, but the stress is elevated the most in
the posterior wall of the heart and in the septum.

4. Discussion

A computationally efficient method for weakly coupling a biventricular FE model and
lumped parameter model was developed and tested on animal-specific models of a normal
canine and a canine with dilated cardiomyopathy. There was good agreement between the
model simulations and experimentally measured volumes for both the normal and diseased
case. The biventricular FE model and circulatory model were found to be in good agreement
for a state of elevated heart rate, which was not directly measured during experiments. This
indicates that the coupling scheme is able to represent the ventricular response over a range
of physiological states.

One of the advantages of this approach is the relatively short total run times of the
simulations. Once biventricular mechanics have been characterized with the FE models, via
the pressure-volume relationships, this information can be used directly in the circulatory
system model, which takes only minutes to run. This is mainly due to the fact that the FE
simulations are set up to model only the end-diastolic and end-systolic states. Using this
information, the circulatory model is able to simulate the entire cardiac cycle in a short
period of time. Other studies have reported simulation times that take on the order of 100
hours (Kerckhoffs et al. 2007b), due to the fully coupled nature of the model. These long run
times would make it extremely cumbersome to evaluate multiple simulations during an
optimization. We have utilized a computationally efficient finite element formulation in
previous optimization studies in which we determined the contractile properties of
myocardium in animal-specific models of anteroapical and posterobasal infarction (Sun et
al. 2009, Wenk et al. 2011).

In the present study, there is no need to assume a non-physiological preload (McLeod 1966),
which allows us to capture the nonlinear effects of the ventricular mechanics. The lumped
parameter model ensures that the pressure and volume changes in the circulatory system are
properly coupled and conserve the total system volume. Once a particular state of interest is
calculated with the circulatory system model, these pressures can be passed back to the FE
model in order to calculate the stress and strain in the myocardial wall.
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It can be seen from the results that the diastolic compliance decreases due to CHF (i.e., the
wall becomes stiffer). As the heart dilates it becomes more difficult to fill, as evidenced by
the increase in the passive stiffness parameter, C. Increased wall stiffness due to CHF has
also been found in experimental studies by Wu et al. (2002) and Nagueh et al. (2004). In this
case, canines underwent rapid pacing to induce dilated cardiomyopothy, similar to the
present study, which causes myocardial stiffening, which were modulated by altered Titin
expression. At sarcomere lengths comparable to those computed in the present study, the
passive stiffness was increased by 5-6 times.

During the systolic phase of the cardiac cycle the strength of contraction is weaker in the LV
due to CHF. The values of Egg and Vjare in close agreement with those found in
experimental measurements with canines (Maughan et al. 1979, Maughan et al. 1985).
Weaker contraction is indicated by a decrease in the active contraction parameter, Tax, as
well as a decrease in Egg. This is a primary characteristic of CHF (Gorman et al. 2004,
Potter et al. 2007). As the heart dilates further, and myofiber stress increases, this will lead
to further dysfunction of the contracting myocytes until the heart is no longer able to pump
enough blood to the body to maintain even a resting metabolic state. As the heart becomes
weaker, higher end-diastolic pressures are required to produce a stroke volume that is
equivalent to that in a healthy heart, as seen in Figure 7.

The magnitude of average myofiber stress calculated in the current study is in close
agreement with values calculated for canine ventricles in other FE studies. In Guccione et al.
(1995b), an FE model of a healthy canine was validated with experimental strain at mid-
ventricle. The average ED myofiber stress was found to be approximately 1.5 kPa,
compared to 1.10 £ 0.59 kPa in the current study. In Kerckhoffs et al. (2010), stress was
reported for a healthy baseline and dilated canine heart. The average ES myofiber stress in
the healthy heart was approximately 12 + 5.3 kPa, compared to 14.5 + 6.4 kPa in the current
study, and was approximately 20.4 + 9.9 kPa in the dilated heart, compared to 19.9 + 7.69
kPa in the current study. In both studies, the stress in the myofiber direction was found to be
elevated in the entire heart due to cardiomyopathy.

There are a few limitations associated with the current study. Only a single animal data set
was used to develop the coupled FE/circulatory system model. Focused animal experiments
are needed to confirm the results at several physiological states, as well as multiple times
during the cardiac cycle. Only cine MRI data was available for this study. In the future,
tagged MRI will be obtained to further validate the FE models by matching the predicted
deformation to experimentally measured strains. The one-way coupling may not be as
accurate as a fully-coupled model. This is primarily due to the fact that the coupling does not
happen at every time step. Both fully-coupled and weakly coupled methods will be bounded
by the same EDPVR and ESPVR, which means the ED and ES states should be in close
agreement. However, the exact path of the pressure-volume loop may differ between the two
methods for a given heart beat. Depending on the application, the tradeoff of fast runtimes
could outweigh the need for higher accuracy, especially when conducting computationally
intensive optimization simulations. The active constitutive model does not contain strain rate
dependence. The current model represents the steady state response at ES. There are
numerous finite element models of regional ventricular mechanics that have focused only on
the LV end-diastole and end-systole, which have been sufficient to quantify the efficacy of
novel surgical procedures or medical devices for treating dilated or ischemic
cardiomyopathy or heart failure (Dang et al. 2005a, Walker et al. 2005a, Sun et al. 2009,
Wenk et al. 2011). The purpose of the present work is to describe a methodology for adding
the RV, and ensuring volume conservation between ventricles. However, we are in the
process of adding strain rate dependence in a new LV material model that is being
developed in LS-DYNA.
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In summary, the coupling approach presented in this work showed good agreement with
experimentally measured pressures and volumes. The one-way scheme was able to
characterize both a normal and dilated cardiomyopathy heart, in a relatively shorter runtime.
In the future, this approach will be used to evaluate the effects of a passive constraint device,
which wraps around the heart, to prevent dilation and help remodel the heart towards a
normal state. It is anticipated that the fast runtime will allow for computationally efficient
optimization of the key attributes of the constraint device.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by grant 5R01 HL077921, 5R01 HL086400, and 5R01 HL063348 from the National
Institutes of Health.

References

1. Acker MA, Bolling S, Shemin R, Kirklin J, Oh JK, Mann DL, Jessup M, Sabbah HN, Starling RC,
Kubo SH, Acorn Trial P. Mitral valve surgery in heart failure: Insights from the acorn clinical trial.
J Thorac Cardiovasc Surg. 2006; 132:568-U520. [PubMed: 16935112]

2. Association AH. Heart disease and stroke statistics 2011 update: A report from the american heart
association. 2011.

3. Dang AB, Guccione JM, Mishell JM, Zhang P, Wallace AW, Gorman RC, Gorman JH 3rd,
Ratcliffe MB. Akinetic myocardial infarcts must contain contracting myocytes: Finite-element
model study. Am J Physiol Heart Circ Physiol. 2005a; 288:H1844-1850. [PubMed: 15604126]

4. Dang AB, Guccione JM, Zhang P, Wallace AW, Gorman RC, Gorman JH 3rd, Ratcliffe MB. Effect
of ventricular size and patch stiffness in surgical anterior ventricular restoration: A finite element
model study. Ann Thorac Surg. 2005b; 79:185-193. [PubMed: 15620941]

5. Goktepe S, Abilez OJ, Parker KK, Kuhl E. A multiscale model for eccentric and concentric cardiac
growth through sarcomerogenesis. J Theor Biol. 2010; 265:433-442. [PubMed: 20447409]

6. Gorman RC, Jackson BM, Gorman JH I1l. The potential role of ventricular compressive therapy.
Surg Clin N Am. 2004; 84:45-59. [PubMed: 15053182]

7. Grossi EA, Patel N, Woo YJ, Goldberg JD, Schwartz CF, Subramanian V, Feldman T, Bourge R,
Baumgartner N, Genco C, Goldman S, Zenati M, Wolfe JA, Mishra YK, Trehan N, Mittal S, Shang
S. Outcomes of the restor-mv trial (randomized evaluation of a surgical treatment for off-pump
repair of the mitral valve). J Am Coll Cardiol. 2010; 56:1984-1993. [PubMed: 21126639]

8. Guccione JM, Costa KD, McCulloch AD. Finite element stress analysis of left ventricular
mechanics in the beating dog heart. J Biomech. 1995a; 28:1167-1177. [PubMed: 8550635]

9. Guccione JM, Costa KD, McCulloch AD. Finite element stress analysis of left ventricular
mechanics in the beating dog heart. J Biomech. 1995b; 28:1167-1177. [PubMed: 8550635]

10. Guccione JM, McCulloch AD, Waldman LK. Passive material properties of intact ventricular
myocardium determined from a cylindrical model. J Biomech Eng. 1991; 113:42-55. [PubMed:
2020175]

11. Guccione JM, Moonly SM, Moustakidis P, Costa KD, Moulton MJ, Ratcliffe MB, Pasque MK.
Mechanism underlying mechanical dysfunction in the border zone of left ventricular aneurysm: A
finite element model study. Ann Thorac Surg. 2001; 71:654-662. [PubMed: 11235723]

12. Guccione JM, Waldman LK, McCulloch AD. Mechanics of active contraction in cardiac muscle:
Part ii--cylindrical models of the systolic left ventricle. J Biomech Eng. 1993a; 115:82-90.
[PubMed: 8445902]

13. Guccione JM, Waldman LK, McCulloch AD. Mechanics of active contraction in cardiac muscle:
Part ii--cylindrical models of the systolic left ventricle. J Biomech Eng. 1993b; 115:82-90.
[PubMed: 8445902]

Comput Methods Biomech Biomed Engin. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wenk et al.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Page 12

Jhun CS, Wenk JF, Zhang Z, Wall ST, Sun K, Sabbah HN, Ratcliffe MB, Guccione JM. Effect of
adjustable passive constraint on the failing left ventricle: A finite-element model study. Ann
Thorac Surg. 2010; 89:132-137. [PubMed: 20103222]

Kerckhoffs, R.; McCulloch, A.; Omens, J.; Mulligan, L. Effect of pacing site and infarct location
on regional mechanics and global hemodynamics in a model based study of heart failure. In:
Sachse, F.; Seemann, G., editors. Functional imaging and modeling of the heart. Springer; Berlin/
Heidelberg: 2007a. p. 350-360.

Kerckhoffs RCP, Neal ML, Gu Q, Bassingthwaighte JB, Omens JH, McCulloch AD. Coupling of a
3d finite element model of cardiac ventricular mechanics to lumped systems models of the
systemic and pulmonic circulation. Ann Biomed Eng. 2007b; 35:1-18. [PubMed: 17111210]

Kerckhoffs RCP, Omens JH, McCulloch AD, Mulligan LJ. Ventricular dilation and electrical
dyssynchrony synergistically increase regional mechanical nonuniformity but not mechanical
dyssynchrony: A computational model. Circulation: Heart Failure. 2010; 3:528-536. [PubMed:
20466849]

Kroon W, Delhaas T, Arts T, Bovendeerd P. Computational modeling of volumetric soft tissue
growth: Application to the cardiac left ventricle. Biomech Model Mechanobiol. 2009a; 8:301-309.
[PubMed: 18758835]

Kroon W, Delhaas T, Bovendeerd P, Arts T. Computational analysis of the myocardial structure:
Adaptation of cardiac myofiber orientations through deformation. Med Image Anal. 2009b;
13:346-353. [PubMed: 18701341]

Lin DH, Yin FC. A multiaxial constitutive law for mammalian left ventricular myocardium in
steady-state barium contracture or tetanus. J Biomech Eng. 1998; 120:504-517. [PubMed:
10412422]

Maughan WL, Shoukas AA, Sagawa K, Weisfeldt ML. Instantaneous pressure-volume relationship
of the canine right ventricle. Circ Res. 1979; 44:309-315. [PubMed: 761311]

Maughan WL, Sunagawa K, Burkhoff D, Graves WL, Hunter WC, Sagawa K. Effect of heart-rate
on the canine end-systolic pressure-volume relationship. Circulation. 1985; 72:654-659. [PubMed:
4017217]

McLeod J. Physbe ... A physiological simulation benchmark experiment. SIMULATION. 1966;
7:324-329.

Nagueh SF, Shah G, Wu YM, Torre-Amione G, King NMP, Lahmers S, Witt CC, Becker K,
Labeit S, Granzier HL. Altered titin expression, myocardial stiffness, and left ventricular function
in patients with dilated cardiomyopathy. Circulation. 2004; 110:155-162. [PubMed: 15238456]
Omens JH, May KD, McCulloch AD. Transmural distribution of three-dimensional strain in the
isolated arrested canine left ventricle. Am J Physiol. 1991; 261:H918-928. [PubMed: 1887936]
Potter DD, Araoz PA, Ng LL, Kruger DG, Thompson JL, Hamner CE, Rysavy JA, Mandrekar JN,
Sundt TM. Cardiotropin-1 and myocardial strain change heterogeneously in cardiomyopathy.
Journal of Surgical Research. 2007; 141:277-283. [PubMed: 17574584]

Rodriguez B, Eason JC, Trayanova N. Differences between left and right ventricular anatomy
determine the types of reentrant circuits induced by an external electric shock. A rabbit heart
simulation study. Prog Biophys Mol Biol. 2006; 90:399-413. [PubMed: 16055175]

Sacks MS, Chuong CJ. Biaxial mechanical-properties of passive right-ventricular free wall
myocardium. Journal of Biomechanical Engineering-Transactions of the Asme. 1993a; 115:202—
205.

Sacks MS, Chuong CJ. Constitutive relation for passive right-ventricular free-wall myocardium. J
Biomech. 1993b; 26:1341-1345. [PubMed: 8262995]

Suga H, Sagawa K. Instantaneous pressure-volume relationships and their ratio in the excised,
supported canine left ventricle. Circ Res. 1974; 35:117-126. [PubMed: 4841253]

Sun K, Stander N, Jhun C-S, Zhang Z, Suzuki T, Saeed M, Wallace AW, Tseng EE, Baker AJ,
Saloner D, Einstein DR, Ratcliffe MB, Guccione JM. A computationally efficient formal
optimization of regional myocardial contractility in a sheep with left ventricular aneurysm. J
Biomech Eng. 2009; 131:111001. [PubMed: 20016753]

Comput Methods Biomech Biomed Engin. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wenk et al.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 13

Tang D, Yang C, Geva T, Del Nido PJ. Patient-specific mri-based 3d fsi rv/lv/patch models for
pulmonary valve replacement surgery and patch optimization. J Biomech Eng. 2008; 130:041010.
[PubMed: 18601452]

Thompson KA, Philip KJ, Barbagelata A, Schwarz ER. The new concept of interventional heart
failure therapy-part 1: Electrical therapy, treatment of cad, fluid removal, and ventricular support.
Journal of Cardiovascular Pharmacology and Therapeutics. 2010a; 15:102-111. [PubMed:
20435990]

Thompson KA, Philip KJ, Simsir S, Schwarz ER. The new concept of “Interventional heart failure
therapy”: Part 2-inotropes, valvular disease, pumps, and transplantation. Journal of Cardiovascular
Pharmacology and Therapeutics. 2010b; 15:231-243. [PubMed: 20595625]

Tozeren A. Continuum rheology of muscle contraction and its application to cardiac contractility.
Biophys J. 1985; 47:303-309. [PubMed: 3978204]

Ursino M. Interaction between carotid baroregulation and the pulsating heart: A mathematical
model. Am J Physiol Heart Circ Physiol. 1998; 275:1733-1747.

Usyk TP, Mazhari R, McCulloch AD. Effect of laminar orthotropic myofiber architecture on
regional stress and strain in the canine left ventricle. J Elasticity. 2000; 61:143-164.

Walker JC, Ratcliffe MB, Zhang P, Wallace AW, Fata B, Hsu EW, Saloner D, Guccione JM. Mri-
based finite-element analysis of left ventricular aneurysm. Am J Physiol Heart Circ Physiol.
2005a; 289:H692-700. [PubMed: 15778283]

Walker JC, Ratcliffe MB, Zhang P, Wallace AW, Hsu EW, Saloner DA, Guccione JM. Wall stress
after linear repair of left ventricular aneurysm: A finite element analysis validated with tagged-mri.
Ann Thorac Surg. 2005b Submitted.

Wenk J, Sun K, Zhang Z, Soleimani M, Ge L, Saloner DA, Wallace AW, Ratcliffe MB, Guccione
JM. Regional left ventricular myocardial contractility and stress in a finite element model of
posterobasal myocardial infarction. J Biomech Eng. 2011; 133:044501. [PubMed: 21428685]
Wenk JF, Papadopoulos P, Zohdi TI. Numerical modeling of stress in stenotic arteries with
microcalcifications: A micromechanical approximation. J Biomech Eng. 2010; 132:091011.
[PubMed: 20815645]

Wenk JF, Wall S, Peterson R, Helgerson S, Sabbah H, Burger M, Stander N, Ratcliffe M,
Guccione J. A method for automatically optimizing medical devices for treating heart failure:
Designing polymeric injection patterns. J Biomech Eng. 2009; 131:121011. [PubMed: 20524734]
Wu YM, Bell SP, Trombitas K, Witt CC, Labeit S, LeWinter MM, Granzier H. Changes in titin
isoform expression in pacing-induced cardiac failure give rise to increased passive muscle
stiffness. Circulation. 2002; 106:1384-1389. [PubMed: 12221057]

Comput Methods Biomech Biomed Engin. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wenk et al.

Page 14
Model Validation
FE model: tune material
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Figure 1.

Flow chart of the model validation and model application. Note that the exchange of data
between models, used to represent the coupling, is indicated by the dashed boxes labeled
weak coupling. (EDP = end-diastolic pressure, ESP = end-systolic pressure, EDV = end-
diastolic volume, ESV = end-systolic volume, IVC = inferior vena cava)
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Figure2.
An equatorial MR image of a canine heart with dilated cardiomyopothy. The yellow lines
are the contours used to generate to 3D geometry.
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Figure 3.

(a) The biventricular finite element models. The normal heart is on the left and the
cardiomyopathy heart is on the right. The red elements represent the LV myocardial wall,
the light blue elements represent the RV myocardial wall, and the septum is represented by
the 3 colored layers in between the ventricles. (b)The LV free wall, septum, and RV free
wall have fiber angles of —37 deg at the epicardium, 23 deg at mid-wall, and 83 deg at the
endocardium, relative to the circumferential direction..
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Figure4.

These are the EDPVR and ESPVR for the cardiomyopathy case. The EDPVR and ESPVR
of each ventricle were determined with different pressures in the adjacent ventricle, in order
to assess ventricular interaction. This generated a family of curves for each ventricle. Only
two of the curves in each family are shown for brevity. The ESPVR was unaffected by the
changes in pressure in the other ventricle.
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Figure5.

Lumped parameter model used to represent the cardiovascular system. The LV and RV were
used to were modeled with the EDPVR and ESPVR, while the remaining components were
modeled with resistance and capacitance components.
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Figure®6.

(@) The EDPVR and ESPVR are shown for the LV of the normal and cardiomyopathy cases.
(b) The EDPVR and ESPVR are shown for the RV of the normal and cardiomyopathy cases.
The curves are shifted to the right due to CHF. This effect is more pronounced in the LV.
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Figure7.
The Starling relationship is shown for the normal and cardiomyopathy cases. It can be seen
that the pump function is decreased due to CHF.
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© (d)

Figure8.
Stress in the myofiber direction at end-diastole for slices taken 10 mm below the base for (a)

normal and (b) CHF, and 25 mm below the base for (c) normal and (d) CHF. Stress is
elevated in the CHF case, relative to normal. Scale bar is in kPa. It should be noted that
stress is calculated as constant within each element and then smoothed for the graphical
presentation.
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Figure9.
Stress in the myofiber direction at end-systole for slices taken 10 mm below the base for (a)

normal and (b) CHF, and 25 mm below the base for (c) hormal and (d) CHF. Stress is
elevated in the CHF case, relative to normal. Scale bar is in kPa. It should be noted that
stress is calculated as constant within each element and then smoothed for the graphical

presentation.
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Table 3

Comparison of average stress in the myofiber direction, at end-diastole and end-systole, for the normal and
cardiomyopathy cases based on pressures taken at time of MRI. It should be noted that the volume average of
the myofiber stress was taken over all of the elements defined in each of the regions.

Average ED fiber stress (kPa) Average ESfiber stress (kPa)

Normal CHF Normal CHF

LV freewall  1.10 +£0.59 2.21+0.76 14.5+6.40 19.9+7.69
RV free wall  0.80 + 0.43 2.81+1.45 134+6.01 18.1+8.52
Septum 1.26 +£0.75 1.61+0.94 105+6.21 15.2+8.78

Values are reported as Mean + SD.
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