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A series of models were developed in which a circulatory system
model was coupled to an existing series of finite element (FE) models
of the left ventricle (LV). The circulatory models were used to pro-
vide realistic boundary conditions for the LV models. This was devel-
oped for the JSim analysis package and was composed of a systemic
arterial, capillary, and venous system in a closed loop with a varying
elastance LV and left atria to provide the driving pressures and flows
matching those of the FE model. Three coupled models were devel-
oped, a normal LV under normotensive aortic loading (116/80 mm
Hg), a mild hypertension (137/89 mm Hg) model, and a moderate
hypertension model (165/100 mm Hg). The initial step in the model-
ing analysis was that the circulation was optimized to the end-
diastolic pressure and volume values of the LV model. The cardiac
FE models were then optimized to the systolic pressure/volume
characteristics of the steady-state JSim circulatory model solution.
Comparison of the stress predictions for the three models indicated
that the mild hypertensive case produced a 21% increase in the aver-
age fiber stress levels, and the moderate hypertension case had a
36% increase in average stress. The circulatory work increased by
18% and 43% over that of the control for the mild and moderate
hypertensive cases, respectively. [DOI: 10.1115/1.4023697]
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Introduction

Finite element models have been applied to study the effects of is-
chemia [1,2] and infarction [3-5] on the left ventricle as well as used
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to evaluate the effectiveness of cardiac interventions such as the
repair of infarction induced aneurysms [6-9]. One of the limitations
of these types of FE models is that they have not been connected to a
model of the circulatory system so that the reflections of the pressure
waves back to the heart from the arterial system and their influence
on the contractile process are not represented. Instead, a priori bound-
ary conditions are assigned to the models based on typical vascular
pressure loading to predict the cardiac strain/stress.

In order to overcome this problem, Kerckhoffs et al. [10] em-
bedded a full zero-dimensional (0D) circulatory system into the
Continuity simulation package', thus providing the appropriate
boundary conditions to a 3D FE biventricular mechanical model
[11,12]. The tight integration of the circulation with the solid
model allows for direct exchange of LV pressure/volume informa-
tion between the two parts of the simulation package, but this sys-
tem is computationally expensive.

The primary goal of the following work was to create a framework
that allows for the communication of pressure and volume values
back and forth between two distinct and dissimilar modeling systems,
thus linking a OD circulatory model to a 3D finite-element LV me-
chanical model. The circulatory model was run under the JSim [13]
analysis package® while the LV models were developed for and ana-
lyzed using the general purpose, nonlinear, large deformation FE
package NIKE3D [14]. Due to limitations in the communication
pathway between the circulatory and FE models, this type of cou-
pling can be considered “weak” or “loosely” coupled rather than the
direct coupling illustrated by the work of Kerckhoffs et al. [10].

Materials and Methods

The coupled JSim/FE models were composed of three parts,
each of which will be described in detail below. The first compo-
nent was a circulatory system run using JSim. The second compo-
nent was the FE LV mechanical model that runs under NIKE3D.
The third component, the JSim/FE interface, controls the commu-
nication of information between these two modeling systems as
well as providing the means to optimize the FE LV active contrac-
tion parameters of the FE model so that it reproduces the pressure/
volume characteristics of the JSim simulation.

JSim Circulatory Model. The JSim model of the systemic cir-
culation contains the left atria, left ventricle, the aorta, and the rest
of the systemic circulation (arteries, capillaries, and venous return)
(Fig. 1) and is a reduced form of the Neal and Bassingthwaighte
[15,16] model. The systemic circulations were modeled using three
lumped Windkessel compartments in series, one compartment for
the aorta, another for the arteries and capillary blood, and another
for the venous blood. The right heart and the pulmonary systems
were lumped into the venous return. The left atria and left ventricle
are represented using time-varying elastance models. All the equa-
tions are listed in Appendix A.

Left Ventricle Mechanical Model. A complete description of
the LV model can be found in Veress et al. [1,5] (Fig. 2). Briefly, the
passive myocardium was represented as transversely isotropic [17]
with a time varying elastance active contraction component [18,19].

The total Cauchy stress in the fiber direction a is given as
T =T(a®a) and is the sum of the active stress 7'’ and the pas-
sive stress tensor 7 component due to the transversely isotropic
material model in the fiber direction as follows:

T=1" 7@ (1)

The active fiber stress 7' is defined as

2
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For more information, see www.continuity.ucsd.edu.
2For more information, see www.physiome.org.
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Fig. 1 Schematic of the systemic JSim model of FE heart
model and model of circulatory system. The labels are P for the
pressure values, F for the flow, R for the resistance, C for the
compliance, and L for the inertance at the given locations
shown above. The left atria and ventricle are represented as a
time varying elastance units.

R artery
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Fig. 2 The left ventricle FE model in the end-diastolic (left) and
end-systolic (right) configurations

where T,,.x = 135.7 KPa is the isometric tension under maximal
activation at the peak intracellular calcium concentration of
Cay=4.35uM [19]. C, governs the shape of the activation curve
[19], which is only defined during contraction. The product of the
constant 7, and C, defines the primary boundary condition in
the mechanical model input file and was zero during diastole and
controls active contraction during systole. The length dependent
calcium sensitivity ECas is governed by the following equation:

(Cao)max (3)

ECasy =
% exp[B(I —lp) — 1]

where (Cag)max =4.35 uM is the peak intracellular calcium con-
centration, B =4.75 um~" governs the shape of the peak isometric
tension-sarcomere length relation, /y=1.58 um is the sarcomere
length at which no active tension develops, and / is the sarcomere
length, which is the product of the fiber stretch ratio 4, and the
unloaded length /, =2.04 yum [18,19].

Coupled Analysis. The coupled analysis begins with the anal-
ysis of the baseline FE LV model in order to provide the JSim cir-
culatory model with diastolic pressure/volume characteristics
based on literature values [19,20]. The end-diastolic pressure/vol-
umes were passed to JSim where a SENSOP optimization routine
[21,22] was utilized to tailor the circulatory model so that the dia-
stolic pressure and volume characteristics of the FE model were
reproduced in the circulatory model. This was accomplished
through the optimization of the systemic resistance (Rar) and
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capacitance (Car) values and the maximum elastance of the left
ventricle (Emaxlv).

Upon completion of the diastolic optimization, the circulatory
model was run until equilibrium was achieved (five cardiac
cycles). JSim then initiated the interface program by issuing a
command to the Linux operating system. The interface program
provided the communication pathway between the JSim circula-
tory model and the ventricular FE mechanical model.

JSim Interface Program. The interface program was com-
posed of two parts. The first part reads in pressure and volume
values at four points during the ejection phase of systole exported
from JSim as a text file. These were 408, 413, 417, and 420 ms
from the beginning of diastole (reference configuration t =0 with
an 800ms cardiac cycle time). Peak systolic pressure was
achieved at 417 ms. These time points represent the ejection phase
of systole when the aortic valve is open. The NIKE3D LV model
file was read by the interface program, and the JSim-derived LV
pressure values were substituted for those of the original Nike
model. The interface program initiated the FE analysis of the
model, which was the starting point for the subsequent systolic
optimizations. For this initial run, the FE analysis of the entire car-
diac cycle was completed with the analysis starting with the
model at reference, beginning diastolic configuration, proceeding
through passive filling followed by contraction, and finally relaxa-
tion from the contracted state.

The active contraction stress values of the LV model were then
optimized until the difference in the NIKE3D volumes (Appendix B)
and the JSim volumes reached a user defined tolerance. This was
accomplished using a secant [24] type iteration scheme (Eq. (4)),
which uses an estimate of the derivative based upon the current and
previous iterations (Eq. (5)). The derivative of the active contraction
stress/error function was used to determine the next active contractile
stress values via the setting of C, as given below:

Cr,,“ = Ct” - fxé 4)

!
n

where 7 is the current iteration, n — 1 is the previous iteration, and
n+ 1 is the next iteration. « is a damping factor having a value of
0.5. The damping factor was necessary due to the highly nonlinear

nature of the stress/volume relationship. The derivative f' was
defined as:
1 _ A ) 5)
ac, (¢, —-¢C, )
with f being the error in volumes
J = Voljsim — Volnike (6)

The iteration scheme ran until the user defined tolerance was
reached, |f| < tol (1.5ml). Then the analysis for this time point
was completed, and the analysis would proceed to the next time
point. The optimization process is shown schematically in Fig. 3.
In order to save computational time, the FE analysis used for
each optimization iteration was completed up to and including
the time point being optimized and then was subsequently
terminated.

Application: Normal and Hypertensive Hearts. Three cases
were developed and analyzed with the first case being a normal
LV model coupled to the circulation model that represented nor-
motensive loading (116/80 mm Hg) measured at the aorta. Two
pathologic cases were modeled with the first being mild hyperten-
sion (137/89 mm Hg) and the second being moderate hypertension
(160/100 mm Hg). The hypertension circulatory models were cre-
ated by systematically increasing the peripheral resistance until
the hypertension values were achieved without an increase in the
ejection fraction. The geometries of all of the FE models were
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Fig. 3 Schematic of the coupled system analysis protocol. The
initial step is the optimization of the circulation to the end-
diastolic pressure and volume values produced by an initial run
of the FE model. JSim was then run until equilibrium was
achieved in the model. This was followed by optimization of the
FE model to reproduce the JSim pressure and volume values at
each of the four time points. Once the correct values were
achieved for a given time point, the process was repeated for the
next time point until all of the time points had been optimized.

identical, thus representing cases of hypertension without subse-
quent remodeling. The starting parameters for the normotensive
systolic optimizations were based upon a previous LV model [1].
Additionally, the hypertension cases used the optimized normal
FE model as the starting point for the systolic optimizations. The
entire cardiac cycle was analyzed following the optimization of
the final systolic time point.

FE Model Data Analysis. Upon completion of the analysis of
the three cases, the average fiber stresses predicted by each of the
FE models were compared. The circulatory pressure and volume
characteristics were used to estimate the circulatory work.

Results

The diastolic optimizations within JSim were completed in
I min for 150 iterations using the SENSOP optimizer run on a
four core 3.2 GHz Linux computational server. The optimized dia-
stolic LV pressure value fell within 1.0mm Hg of the NIKE3D
target value, and the end-diastolic LV volume came within 1.0 ml
of the target value for all cases.

The systolic optimizations run within the interface program
(Figs. 4(a) and 4(b)) required four NIKE3D iterations to ensure
proper LV volume output (Fig. 5). The total analysis time was
approximately 4 h. The curves labeled “starting values” in Fig. 5
are the NIKE3D volume values on the initial run following the
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Fig. 4 (a) Aortic pressure curves (dashed black) and the left
ventricular pressure curve (solid black) defined in the JSim cir-
culatory system are given. (b) The JSim derived LV volume
curve (black) used in the mild hypertensive systolic optimiza-
tions. The vertical gray lines indicate the four systolic time
points for both graphs.

substitution of the JSim systolic pressure values into the LV
model.

The circulatory model was able to produce realistic hemody-
namic values (Table 1). The cardiac output (stroke volume)
increased in the mild and moderate hypertension cases compared
with the normal model. The hypertension cases showed
unchanged ejection fraction values from that of the normal case.

The FE analysis prediction for the average LV fiber stress was
17.9 KPa for the normotensive case. The mild hypertensive case
had an average fiber stress of 21.6 KPa, and the moderate hyper-
tensive case had a value of 24.3 KPa (Fig. 6). These represented
increases of 21% and 36% in end-systolic fiber stress.

The circulatory work indicated that the increase in peripheral re-
sistance substantially increased the work of the heart. The circula-
tory work for the baseline normal case was 0.857J, 1.015J for mild
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Fig. 5 Optimization to the JSim systolic volume values (gray)
was achieved after four iterations all of the time points in each
of the cases: normotensive (top), mild hypertension (middle),
and moderate hypertension (bottom)
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Table 1 Circulatory hemodynamic data

Normal Mild Hypertension Moderate Hypertension
EDV 128 129 131
ESV 60 60 60
N 69 70 71
EF 53% 54% 54%

Note: EDV =end-diastolic volume, ml; ESV =end-systolic volume, ml;
SV =stoke volume, ml; EF =ejection fraction=(EVD — ESV)/EVD,
dimensionless.

hypertension, and 1.223J for the moderate hypertension case.
These represent 18% and 43% increases in workload, respectively.

Discussion

The use of the OD JSim model to define the boundary condi-
tions for the LV models resulted in a dual success, namely the de-
velopment and parameterization of an FE model with constrained
time-dependent physiological outflow impedance and a 0D equiv-
alent circulatory model defining systemic arterial pressures and
flows. The system in its present form is capable of modeling and
having the FE LV model respond to changes in the circulatory
system through altered loading of the FE model.

The analysis of the normotensive and the hypertensive cases
indicate that even mild hypertension can cause a marked increase
in total LV wall stress as demonstrated by the fiber stress results.
The circulatory work results were consistent with these findings
indicating that relatively mild increases in afterload resulted in
substantially increased circulatory work values.

The optimization routines utilized in this study proved to be ef-
ficient. The SENSOP method used in this study was robust and
converged quickly for the diastolic optimization of the circulatory
system. The systolic optimization (secant method) showed reason-
able convergence characteristics provided the starting pressure
values in the FE model were within 5 mm Hg of the JSim-defined
pressures. Outside this range at the end-systolic time point, the
optimization had difficulty converging as the iteration solutions
tended to oscillate between positive and negative errors or simply
did not converge.
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Fig. 6 Hypertension increases the fiber stress as seen in these ventricular short axis slices.
These are fiber strain distributions for normal, mild, and moderate hypertension (left). The loca-

tion of the slices is shown on the right.
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The presented work is similar in scope with the work of Wenk
et al. [24] in that a weak coupling was sought between a circula-
tory model and a FE based model. Wenk et al. initially tune the
FE models to pressure/volume relationships found in their animal
models. The models were then used to generate a family of pres-
sure/volume curves through the definition of end-systolic pres-
sure/volume and the end-diastolic pressure/volume relationships.
These functions are passed to the circulatory model in order to
tune the resistance and capacitance components. The strength of
the Wenk model was that the circulatory system was tuned using
a more complete relationship rather than the end-diastolic vol-
umes and pressures as was done in our methodology. In systole,
we simply let the circulatory system define the entire systolic
pressure/volume relationship and then matched the FE model vol-
umes using the pressures defined by the circulatory system. The
use of discrete points to characterize the systolic contractile phase
allows for optimization of experimental systolic pressure/volume
data directly rather than fitting to a pressure/volume relationship.

Limitations. The primary limitation of the current implementa-
tion of this type of coupled modeling is that the transfer of informa-
tion at the diastolic and four systolic time points is unidirectional
instead of being bidirectional at all times. The communication nec-
essary for heart failure and ischemia/infarction needs to be bidirec-
tional at both diastole and systole so that the deficiencies in LV
function will alter the response of the circulatory system.

Another drawback was that changes cannot be made to the cir-
culatory parameters within a single cardiac cycle for either analy-
sis system due to limitations inherent to both JSim and NIKE3D.
The changing of parameters during the runs within JSim causes
numerical instabilities that greatly alter the pressure/volume
curves leading to erroneous results. While NIKE3D does have a
mechanism by which the run may be interrupted and restarted, the
boundary conditions cannot be changed for the continuation of the
simulation.

The pressure wave forms produced by the circulatory system
model tended to be overly simple. For example, the dicrotic notch
does not appear in the aortic pressure waveform (Fig. 4). How-
ever, overall the waveforms do capture the relevant features of the
LV pressure/volume relationship.

This work demonstrates a methodology used to couple two
completely separate and dissimilar simulation packages, providing
results without changing the underlying source code of either sys-
tem. The system contains relatively generic components such that
the interface program could be modified and applied to other dis-
similar systems. With continued development, the system will be
able to be used to model the boundary conditions for models that
are used to define circulatory based pathologies.
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Appendix A: Equations Defining the JSim Model

The equations used to describe the function of the JSim 0D cir-
culatory system are given below.

Pressure

Pressure = elastance (volume minus resting volume) (in mm Hg)

Journal of Biomechanical Engineering

Pla = Ela(Vla — restVla) (A1)
Plv = Elv(Vlv — restV1v) (A2)
Pao — Vao — restVao (A3)
Cao
Par — Var — restVar (Ad)
Car
Pvein — Vvein — rffsthein (AS)
Cvein
Flow
Flow = pressure drop/resistance (in 1/min)
AFlow equals pressure drop/inertance
Pla — PI1
Fmit = if (Pla > PIv) then —— > else 0 (A6)
Rmitvalve
Plv — P
Faov = if (PIv > Pao) then — 2 else 0 (A7)
Raorvalve
dFao Pao — Par
- % A8
dt Lao (A8)
Par — Pvei
Far = w (A9)
Rar
Pvein — P1
Fyein = o ¢ (A10)
Rvein

Parameter Values for Normotensive Case

Emaxla =2.07 mm Hg/ml, maximum left atrium elastance
Eminla = 0.15 mm Hg/ml, minimum left atrium elastance
Emaxlv =5.01 mm Hg/ml, maximum left ventricle elastance
Eminlv =0.16 mm Hg/ml, minimum left ventricle elastance
Cao =0.14 ml/mm Hg, compliance or capacitance of aorta
Car = 1.32 ml/mm Hg, compliance of systemic arteries
Cvein =42.1 ml/mm Hg, compliance of systemic veins
restVlad = 43.9 ml, end-diastolic rest volume left atrium
restVlas = 54.4 ml, end-systolic rest volume right atrium
restVlvd = 56.2 ml, end-diastolic rest volume left ventricle
restVlvs = 37.6 ml, end-systolic rest volume right ventricle
restVao = 22.8 ml, rest volume of aorta

restVar = 184.1 ml, rest volume of systemic arteries
restVvein =593.3 ml, rest volume of systemic veins
Rmitvalve = 0.003 mm Hg*s/ml, resistance of mitral valve
Raorvalve = 0.001 mm Hg*s/ml, resistance of aortic valve
Lao=1.e-8 mm Hg*sz/ml, inertance of aorta

Rar =0.78 mm Hg*sec/ml, resistance of systemic arteries
Rvein =0.26 mm Hg*sec/ml, resistance of systemic veins
HeartRate = 1.25 Hz, heart rate (75 beats/min)
PRint=0.16s, P-R interval

ylaoffset = 0.5 s, offset for left atrium activation

ylvoffset = 0.0 s, offset for left ventricle activation

Variable Definitions

Ela(t) mm Hg/ml, elastance of left atrium

Elv(t) mm Hg/ml, elastance of left ventricle

yla(t) dimensionless, activation function for artrial elastance
ylv(t) dimensionless, activation function for ventricle elastance
restVla(t) ml, rest volume of left atrium

restV1Iv(t) ml, rest volume of left ventricle

Pla(t) mm Hg, pressure in left atrium

Plv(t) mm Hg, pressure in left ventricle

Pao(t) mm Hg, pressure in aorta

Par(t) mm Hg, pressure in systemic arteries
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Pvein(t) mm Hg, pressure in systemic veins
Fmit(t) liters/min, flow in left atrium
Faov(t) liters/min, flow in left ventricle
Far(t) liters/min, flow in systemic arteries
Fvein(t) liters/min, flow in systemic veins

Initial Conditions of State Variables (Normotensive
Case),t=0s

Fao(0) =0.30 liters/min, flow in aorta

VIa(0) = 59.1 ml, volume of left atrium

VIv(0) = 125.9 ml, volume of left ventricle
Vao(0) = 34.5 ml, volume of aorta

Var(0) =327.5 ml, volume of systemic arteries
Vvein(0) = 1910.1 ml, volume of systemic veins

State Variables for Normotensive Case

Fao(t) liters/min, flow of aorta

Vla(t) ml, volume of left atrium
Vl1v(t) ml, volume of left ventricle
Vao(t) ml, volume of aorta

Var(t) ml, volume of systemic arteries
Vl1v(t) ml, volume of systemic veins

Appendix B: LV Volume Calculation

A variation of the “stacked coin” methodology used clinically
to determine LV volumes from echocardiographic images was uti-
lized [25]. The endocardial nodes in the FE LV model correspond-
ing to short axis slices were used to determine an effective radius
through fitting a circle to the endocardial node points using a least
squares approximation [26]. The volume between each of these
layers was approximated as a truncated circular cone so that each
incremental volume was determined by

szgh(R%+R§+R1R2) B1)

where R, is the radius of a layer of endocardial nodes, and R; is
the radius of an adjacent set of endocardial nodes (next layer). / is
the axis distance between the layers as determined by taking the
difference between the average of the long axis coordinates for a
given layer and the average of the adjacent layer. The incremental
volumes were summed to determine the total LV lumen volume.
However, given the modular nature of the interface program, other
measures of LV volume could easily be substituted for this one.
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