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Two-Layer Passive/Active Anisotropic FSI Models with Fiber Orientation:
MRI-Based Patient-Specific Modeling of Right Ventricular Response to

Pulmonary Valve Insertion Surgery

Dalin Tang∗, Chun Yang†, Tal Geva‡§, and Pedro J. del Nido¶

Abstract: A single-layer isotropic patient-
specific right/left ventricle and patch
(RV/LV/Patch) combination model with fluid-
structure interactions (FSI) was introduced in our
previous papers to evaluate and optimize human
pulmonary valve replacement/insertion (PVR)
surgical procedure and patch design. In this
paper, an active anisotropic model with two-layer
structure for ventricle wall and tissue fiber
orientation was introduced to improve previous
isotropic model for more accurate assessment of
RV function and potential application in PVR
surgery and patch design. A material-stiffening
approach was used to model active heart con-
traction. The computational models were used to
conduct “virtual (computational)” surgeries and
test the hypothesis that a PVR surgical design
with a smaller patch and more aggressive scar
tissue trimming would lead to improved RV car-
diac function recovery. Results from our models
validated by pre-operation data indicated that the
small patch design had 11% improvement in RV
function as measured by RV ejection fraction,
compared to the conventional patch. Maximum
Stress-P1 value from the active anisotropic model
was 121.2% higher than that from the passive
isotropic model. Computational RV volume
predictions agreed well with CMR-measured
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volume data (error < 2%).
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1 Introduction

Recent advances in computational modeling,
methods and computer technology have made it
possible for computer-simulated procedures (vir-
tual surgery) to be used in clinical decision-
making process to replace empirical and often
risky clinical experimentation to examine the ef-
ficiency and suitability of various reconstruc-
tive procedures in diseased hearts. Since fluid-
structure interaction (FSI) definitely plays an im-
portant role in heart motion and mechanical and
cardiac functions, isotropic right/left ventricle and
patch (RV/LV/Patch) combination models with
fluid-structure interactions were introduced in our
previous papers [31, 39] to evaluate RV cardiac
function and provide helpful mechanical flow and
stress/strain analysis for surgical procedure and
patch design. In this paper, anisotropic mate-
rial properties, a two-layer ventricle structure with
tissue fiber orientation, and a material-stiffening
approach to model active heart contraction were
added to our previous RV/LV/Patch FSI mod-
els for more accurate assessment of RV function
and potential application in RV pulmonary valve
replacement/insertion (PVR) surgery design and
patch optimization.

Right ventricular dysfunction is a common cause
of heart failure in patients with congenital heart
defects and often leads to impaired functional ca-
pacity and premature death. Patients with re-
paired Tetralogy of Fallot (ToF), a congenital
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Figure 1: Repaired Tetralogy of Fallot heart with RV outflow patch and scar [7]. (a) Human heart; (b) RV
with patch and scar; (c) Conventional patch; (d) Small patch with scar removal.

heart defect which includes a ventricular septal
defect and severe right ventricular outflow ob-
struction, account for the majority of cases with
late onset RV failure. The mechanism of failure is
a complex interaction of chronic pulmonary valve
regurgitation (present since the original repair),
a non-contractile and sometimes aneurysmal RV
outflow, ventricular scarring from the incision to
remove RV outflow muscle at the original repair,

and some residual obstruction to RV outflow. It
is believed that mechanical factors play an impor-
tant role in the development of the disease lead-
ing to RV failure. However, the exact mechanism
as how mechanical forces and conditions would
contribute to RV failure or recovery is currently
unknown due to lack of available clinical data
and patient-specific computational models. The
current surgical approach, which includes pul-
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monary valve replacement/insertion (PVR), has
yielded mixed results, with many of the patients
seeing little if any improvement in RV function,
while in others there is significant improvement
[33, 39]. The reason for the unpredictable re-
sults is the fact that the PVR surgery only ad-
dresses one mechanism for RV dysfunction and
dilatation, namely pulmonary regurgitation. More
radical surgical procedures, where scar tissue and
even non-contracting segments of the RV muscle
are removed (see Fig. 1), are being performed
[7]. However there is currently no mechanism
for predicting which patients will benefit from the
various surgical options, and certainly no mech-
anism for tailoring the procedure to the individ-
ual patient with some confidence of the outcome.
We propose a novel surgical/modeling procedure
to test the hypotheses that patient-specific image-
based modeling can provide accurate informa-
tion for assessment of RV function and that more
aggressive scar removal using computer-aided
surgery design with optimized post-operative RV
morphology and patch design will lead to im-
proved recovery of RV functions [7]. With the
detailed flow and stress/strain solutions from the
computational model with fluid-structure interac-
tions, we hope to be able to better understand the
mechanisms governing the disease development
and the factors affecting the surgical outcome so
that PVR procedure and patch design can be opti-
mized.

Computational modeling and medical imaging
technologies have made considerable advances in
biological and clinical research in recent years
[1, 5, 8-17, 19-26, 28-29, 32-33, 35-37]. In re-
cent years, considerable effort has been devoted
to quantifying heart tissue mechanical properties
and fiber orientations mostly using animal models
[6, 21, 24, 26, 30]. Humphrey’s book provides a
comprehensive review of the literature [15]. More
recent efforts include introduction of MRI-based
fluid-only or structure-only 3D models to investi-
gate flow and stress/strain behaviors in the whole
ventricle (either RV or LV) [8-12, 18-21, 25-26,
28-29, 35-36]. Stevens et al. introduced a 3D
finite element solid model of the heart based on
measurements of the geometry and the fiber and

sheet orientations of pig hearts. The end-diastolic
deformation of the model was computed using the
"pole-zero" constitutive law to model the mechan-
ics of passive myocardial tissue specimens. The
sensitivities of end-diastolic fiber-sheet material
strains and heart shape to changes in the mate-
rial parameters were investigated [28-29]. Mc-
Culloch et al. performed extensive research for
3D ventricular geometry and myofiber architec-
ture of the rabbit heart. Their work and their Con-
tinuity package included experimental and model-
ing studies of 3D cardiac mechanics and electro-
physiology [18-20, 35-36]. In a series of papers,
Guccione et al. introduced anisotropic passive
and active ventricle models where an additional
tension term was added to the stress field to model
active heart contractions RV [8-12]. The work of
Nash and Hunter [21] and Hunter et al. [16] has
provided comprehensive reviews for heart model-
ing, including tissue properties, fiber orientation,
passive and active mechanical models, electrome-
chanical models, and whole heart models. Those
animal models provide insight for human heart
mechanics and function.

Due to the complexity of human heart struc-
ture, nonlinear anisotropic tissue material proper-
ties, and difficulties involved in acquiring human
subject data and solving models including fluid–
structure interactions (FSI), patient-specific RV
models with FSI are lacking in the current liter-
ature. Early 3D models for blood flow in the heart
include Peskin’s model which introduced fiber-
based LV model and the celebrated immersed-
boundary method to study blood flow features in
an idealized geometry with fluid-structure inter-
actions [22-23]. Our recent papers [31, 39] in-
troduced FSI RV/LV/Patch combination models
based on patient-specific MRI data with healthy
and diseased RV to perform computational sim-
ulations for surgery design and patch optimiza-
tion. While the isotropic FSI models were able
to provide accurate RV volume predictions, it is
well-known that heart ventricles have multi-layer
structure and that heart muscle demonstrates clear
anisotropic material properties. Computational
predictions for heart deformation and stress/strain
predictions could be improved if anisotropic ma-
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terial properties and fiber orientation could be in-
cluded in the model.

In this paper, passive and active 3D CMR-based
RV/LV/Patch combination models which include
a) fluid-structure interactions, b) anisotropic ma-
terial properties, c) two-layer construction with
myocardial fiber orientation are introduced to pro-
vide accurate assessment for RV mechanical con-
ditions and cardiac function. Active ventricle con-
traction was modeling by a material stiffening ap-
proach. Both passive and active models were val-
idated by pre- and post-surgery CMR data and
then used to assess and optimize RV remodeling
surgical procedures and RV outflow patch design
with the ultimate goal of improving recovery of
RV function after surgery. Details are given be-
low.

2 Data acquisition, computational models,
and solution procedures

CMR data was first acquired and segmented to
get RV/LV geometries. Valve and patch posi-
tions were determined with flow data, delayed
enhancement CMR to delineate location and ex-
tent of scar/patch, and the intra-operative obser-
vations of Dr. del Nido. The computational mesh
and finite element model were generated based
on RV/LV geometries, valve locations and patch
design. The complete LV/RV/Patch FSI model
was solved by ADINA (ADINA R&D, Water-
town, MA, USA) using unstructured finite ele-
ments and the Newton-Raphson iteration method.
Nonlinear incremental iterative procedures were
used to handle fluid-structure interactions. AD-
INA is a well-tested commercial finite-element
package and has been used by Tang et al. exten-
sively to solve FSI models in the past 10 years
[31-33, 39]. More details for the solution meth-
ods can be found in [2-3].

2.1 Data acquisition

Cardiac MRI (CMR) studies were performed by
Dr. Tal Geva to acquire patient-specific ventri-
cle geometry, heart motion, flow velocity, and
flow rate for patients needing RV remodeling and
pulmonary valve replacement operations before

and after scheduled surgeries. 30 positions of
the RV/LV were acquired during one cardiac cy-
cle, with each position containing 10-14 planar
slices. 3D RV/LV geometry and computational
mesh were constructed following the procedures
described in [31, 39]. Fig. 2 shows one set of
pre-operation CMR images from a patient and
segmented contours. Fig. 3 shows the stacked
contours, RV/LV inner/outer surface plot, valve
and patch positions, and two patch models modi-
fied from the pre-operative geometry for compu-
tational mechanical analysis. The patch models
were constructed under guidance from Dr. del
Nido with surgical limitations taken into consid-
eration.

2.2 The fluid model

Blood flow in the right ventricle was assumed to
be laminar, Newtonian, viscous and incompress-
ible. The Navier-Stokes equations with ALE for-
mulation were used as the governing equations.
Pressure conditions were prescribed at the tricus-
pid (inlet) and pulmonary (outlet) valves (see Fig.
4 and [4, 17]). Since RV muscle was treated as
passive material, pressure conditions were modi-
fied so that RV could be inflated properly by fluid
forces. To simplify the computational model, the
cardiac cycle was split into two phases: a) The
filling phase when blood flows into RV, the in-
let was open and the outlet was closed; b) The
ejection phase when blood was ejected out of RV,
the outlet was kept open and the inlet was closed.
When the inlet or outlet was closed, flow veloc-
ity was set to zero and pressure was left unspec-
ified. No-slip boundary conditions and natural
force boundary conditions were specified at all in-
terfaces to couple fluid and structure models to-
gether [2-3]. The fluid model is given below:

ρ(∂u/∂ t +((u−ug) ·∇)u) = −∇p+ μ∇2u, (1)

∇ ·u = 0, (2)

u|Γ = ∂x/∂ t, ∂u/∂n|inlet, outlet = 0, (3)

P|inlet = pin(t), (inlet open),
u|inlet = 0, (inlet closed), (4)

P|outlet = pout(t), (outlet open),
u|outlet = 0, (outlet closed), (5)
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(a) Pre-Operation CMR images from a patient, End of Systole

(b) Segmented Contours of RV-LV for Model Construction

LVRV

Figure 2: Pre-operation MR images (end-systole) acquired from a patient and segmented RV/LV contours
for 3D geometry re-construction.
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Figure 3: The 3D geometry re-construction process, conventional patch and proposed small patch models
with patch locations.



164 Copyright c© 2007 Tech Science Press MCB, vol.4, no.3, pp.159-176, 2007

p|LV = pLV(t), (6)

σi j ·n j|out_wall = 0, (7)

σ r
i j ·n j|interface = σ s

i j ·n j|interface, (8)

where u and p are fluid velocity and pressure, ug

is mesh velocity, Γ stands for RV inner wall, f•, j

stands for derivative of f with respect to the jth
variable.

2.3 The passive anisotropic solid model

The RV and LV materials were assumed to be hy-
perelastic, anisotropic, nearly-incompressible and
homogeneous. Isotropic RV/LV models intro-
duced in our earlier papers were also solved for
comparison purposes. Scar tissue and patch ma-
terial were assumed to be hyperelastic, isotropic,
nearly-incompressible and homogeneous. The
governing equations for the structure models are:

ρvi,tt = σi j, j, i, j = 1,2,3; sum over j, (9)

εi j = (vi, j +v j,i +vα ,ivα , j)/2, i, j,α = 1,2,3,

(10)

where σ is the stress tensor, ε is the strain ten-
sor, v is solid displacement vector, f•, j stands for
derivative of f with respect to the jth variable, and
ρ is material density. Equations (9)-(10) are used
for RV/LV muscle, patch, and scar tissue.

The nonlinear Mooney-Rivlin model was used to
describe the nonlinear anisotropic and isotropic
material properties of the material with parameter
values chosen to match experimental data avail-
able and adjusted to reflect stiffness variation of
different materials [15, 19, 26]. The strain en-
ergy function for the isotropic modified Mooney-
Rivlin model is given by [2-3, 31, 39]:

W = c1(I1−3)+c2(I2 −3)
+D1[exp(D2(I1 −3))−1], (11)

where I1 and I2 are the first and second strain in-
variants given by,

I1 = ∑Cii, I2 = 1/2[I2
1 −Ci jCi j], (12)

C = [Ci j] = XT X is the right Cauchy-Green de-
formation tensor, X = [Xi j] = [∂xi/∂a j], (xi) is
current position, (ai) is original position, ci and

Di are material parameters chosen to match ex-
perimental measurements [15,19,26]. The strain
energy function for the anisotropic modified
Mooney-Rivlin model anisotropic model was ob-
tained by adding an additional anisotropic term in
Eq. (3):

W = c1(I1−3)+c2(I2 −3)
+D1[exp(D2(I1 −3))−1]

+
K1

2K2
exp[K2(I4 −1)2 −1], (13)

where I4 = Ci j(n f )i(n f ) j, Ci j is the Cauchy-Green
deformation tensor, n f is the fiber direction, K1

and K2 are material constants [13]. Parameter val-
ues in (13) can be chosen to fit the material models
given in [19-20]:

W =
C
2

(eQ −1), (14)

Q = b1E2
f f +b2(E2

cc +E2
rr +E2

cr +E2
rc)

+b3(E2
f c +E2

c f +E2
f r +E2

r f ), (15)

where E f f is fiber strain, Ecc is cross-fiber in-
plane strain, Err is radial strain, and Ecr, E f r and
E f c are the shear components in their respective
coordinate planes, C, b1, b2, and b3 are param-
eters to be chosen to fit experimental data. The
3D stress/strain relations can be obtained by find-
ing various partial derivatives of the strain en-
ergy functions with respect to proper variables
(strain/stretch components). Choosing c1 = 0.351
KPa, c2 = 0, D1 = 0.0633 KPa, D2 = 5.3, K1 =
1.913 KPa, K2 = 6.00 in (13). Fig. 5 shows our
model agrees very well with the model given in
[19-20]. The patient-specific stress-stretch curves
derived from the modified Mooney-Rivlin models
fitting CMR-measured data are given by Fig. 6.

2.4 Active anisotropic material model

Modeling active heart contraction is much harder
because stress in a pumping human heart can-
not be measured in vivo non-invasively (at least
not with available technology in current prac-
tice). Heart expansion/contraction can be con-
sidered as combination of passive elastic expan-
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(c) Numerical Valve 
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Figure 4: Recorded and prescribed pressure conditions at the tricuspid (inlet) and pulmonary (outlet) valves
[4, 17]. Prescribed numerical pressure conditions and valve close/open times were modified from the
recorded data so that pressure conditions were as consistent with the recorded data as possible. The ver-
tical bars in (c)-(d) indicate valve open/close switch time.

*: Tff by Continuity Model
∇: Tff by Adina MR Model 

O: Tcc by Continuity Model
+ : Tcc by Adina MR Model 

Stretch Ratio 

Figure 5: Anisotropic Mooney-Rivlin Model
matches well with the model in the Continuity
package [19]. Parameters used for the Adina MR-
model: c1 = 0.351 KPa, c2 = 0, D1 = 0.0633 KPa,
D2 = 5.30, K1 = 1.913 KPa, K2 = 6.00.

sion/contraction caused by blood pressure and ac-
tive contraction/relaxation caused by fiber stiff-

ening/relaxation. Fluid-structure interaction plays
an important role in the process. During the fill-
ing phase, increase of RV blood pressure causes
passive elastic expansion of the ventricle, accom-
panied by RV fiber relaxation. In the ejection
phase, RV material stiffens and leads to ejection;
at the same time, RV blood pressure decrease
also leads to (passive) elastic ventricle contrac-
tion. The stress/strain distributions (passive and
active combined) are determined by mechanical
conservation laws (9)-(10) with proper boundary
conditions and material constitutive laws. Since
it is very hard to separate and measure the pas-
sive and active stresses/strains in clinical prac-
tice, we chose to specify time-dependent material
stiffness parameters to model RV tissue stiffen-
ing and active RV contraction. RV muscle fibers
will contract/relax by following a time-dependent
stiffening/relaxation material model. The time-
dependent material parameters in (13) will be ad-
justed to match CMR-measured patient-specific
pressure-volume values. Fig. 6 shows our pas-
sive isotropic and anisotropic stress-stretch curves
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(Fig. 6(a)) and end diastolic/systolic stress-stretch
curves for the active anisotropic model (Fig.
6(b)). The time-dependent stiffness parameters in
Eq. (13) (each parameter in (5) was a function
of time) were numerically determined to match
CMR measured RV volume curves.

2.5 Two-layer model with fiber orientation

As patient-specific fiber orientation data is not yet
available in current practice, we chose to con-
struct a two-layer RV/LV model and set fiber ori-
entation angles using fiber angles given in Hunter
[16] (see Fig. 7). The angles can be adjusted
in our model easily volume by volume (the seg-
ment between two slices are divided into several
blocks called “volumes” in ADINA so that proper
mesh can be generated when patient-specific fiber
orientation data becomes available [27]. Fig.
7 shows fiber orientations on a patient-specific
RV/LV model and a segment of the two-layer
model between two slices. Fiber orientation data
from [27] indicated that fiber orientations in hu-
man heart follow similar patterns as shown in
Fig. 7.

2.6 LV model

For simplicity, LV is included as a structure-only
model with the same material parameter values
used as those used for RV tissues. Inclusion of LV
provides structure support for the part of RV sur-
face connected to LV. This is important to obtain
the correct RV motion and deformation. Blood
flow in the LV was not included to reduce the size
of the computational code and total CPU time. A
recorded LV pressure was specified so that the LV
will deform properly [4].

2.7 Simulation procedures

Equations (1)-(13) give the complete FSI model,
with proper initial and boundary flow, pressure
and stress/strain conditions. We start our sim-
ulation cycle when RV has its smallest volume
(end of systole) corresponding to the minimal in-
let pressure. As the inlet pressure increases (inlet
is kept open), blood flows into RV and its vol-
ume increases. When RV reaches its maximal

volume, the tricuspid valve closes and the pul-
monary valves opens up. Blood is ejected and
RV volume decreases. That completes the cy-
cle. While the mechanism driving the motion is
different from the real actively-contracting heart,
our simulated RV motion, deformation, volume
change, ejection fraction and fluid flow can pro-
vide results matching patient-specific volume data
with properly-adjusted material parameters and
flow-pressure boundary conditions.

3 Results

3.1 Comparison of passive isotropic/aniso-
tropic and active anisotropic models

Nine fully-coupled FSI RV/LV combination mod-
els (the pre-operation model called M1, Patch
Model 1 called M2 for conventional patch,
Patch Model 2 called M3 with small patch
and aggressive trimming, each with passive
isotropic/anisotropic and active anisotropic mate-
rial properties) were solved by ADINA to obtain
full 3D flow, RV deformation and stress-strain
distributions for detailed mechanical analysis and
comparative studies. Fig. 8 gives a cut-surface
and selected stress/strain plots given by the active
anisotropic pre-operation model corresponding
to maximum and minimum pressure conditions.
Maximum stress values were found to be closely
related to RV curvature and wall thickness, less
influenced by stiffness variations among RV tis-
sue, scar and patch materials. Maximum princi-
pal strain (Strain-P1) distributions demonstrated
closer link to stiffness changes, as shown by Fig-
ures 8(c) and (e). Fig. 9 gives selected Stress-
P1 and Strain-P1 plots from the passive isotropic
and anisotropic pre-operation models. Maxi-
mum Stress-P1 values corresponding to maximum
RV pressure from the passive isotropic, passive
anisotropic, and active anisotropic models were
359.8, 898, and 796 KPa respectively. The stress
values from passive and active anisotropic models
were 149.6% and 121.2% higher than those from
the passive isotropic model, respectively. This
supports the use of the anisotropic multi-layer
models which give more accurate stress predic-
tions [14]. Maximum Strain-P1 values from the
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Figure 6: Stress-Stretch curves from isotropic and passive and active anisotropic models used in this paper.
Model parameter values were selected to match CMR pressure-volume data: Isotropic RV tissue: c1=7.36
KPa, c2=0, D1=2.88 KPa, D2=4.0; Scar: c1=73.6 KPa, c2=0, D1=28.8 KPa, D2=4.0; Patch: c1=147.2 KPa,
c2=0, D1=57.6 KPa, D2=4.0; Anisotropic Continuity model [17] parameters: C=18.04 KPa, b1=8.79, b2

=1.70, b3=0.774. (b) End-systolic and end-diastolic Tf f and Tcc plots from proposed active patient-specific
RV/LV model. End-systolic model parameters: C=72.16 KPa, b1=8.79, b2 =1.70, b3=0.774; End-diastolic
model parameters: C=22.55 KPa, b1=8.79, b2 =1.70, b3=0.774.
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Figure 7: Fiber orientations from a pig model (Ref) and our patient-specific model. Fiber orientations are
illustrated (a) on the epicardium, pig, (b) on the endocardial surfaces. LV fiber orientation is approximately -
60˚ (relative to the circumferential direction) at the epicardium, and +80˚ at the endocardium. (c)-(d) Human
ventricle fiber orientation from a patient; (e)-(f) Fiber orientation from our proposed RV/LV model based
on patient-specific RV/LV morphologies. RV fiber orientation was set -45˚ at the epicardium, and +40˚ at
the endocardium. The angles can be adjusted to fit patient-specific data. (g) Model construction illustrated
using two slices.
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Figure 8: Selected cut-surface and Stress-P1 and Strain-P1 plots from the active anisotropic model at Pmax
(beginning of ejection pahse) and Pmin (beginning of filling phase) conditions.
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Figure 9: Model comparison: selected Stress-P1 and Strain-P1 plots from the passive isotropic and
anisotropic models showing considerable differences in predicted stress/strain values.
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(a) RV Volume from Passive Model
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Figure 10: Computed RV volumes from passive and active anisotropic pre-operation models compared with
CMR recorded data showing good agreement (error margin < 2% for the active model). The active model
has better agreement with CMR data because the material stiffness was adjusted for every time step to match
with CMR volume data.
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Figure 11: Flow velocity and pressure band plots during the filling and ejection phases showing interesting
patterns.
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active model were lower than those from the pas-
sive models. Localized stress/strain behaviors at
selected sites will be tracked and presented later.

Fig. 10 shows that the computed RV volumes
from both passive and active anisotropic models
agreed well with CMR data. The model with ac-
tive contraction gave more accurate predictions
(error margin < 2% for the active model) because
the material stiffness in the active model was ad-
justed for every time step to match with CMR vol-
ume data.

Fig. 11 gives some interesting flow patterns and
pressure band plots in the filling-ejection cycle
from M2. At the beginning of the filling phase,
pressure at the inlet is higher than the inside pres-
sure, blood is pumped into the ventricle (Fig. 11
(a) and (d)). The filling continues until the inlet
closes, the outlet opens, and the ejection phase be-
gins (Fig. 11 (b) and (e)). As ejection continues,
the ventricle contracts, more blood is pumped out
of the ventricle (Fig. 11 (c) and (f)). Pressure con-
tour plots on the cut-surface corresponding to the
velocity plots are given showing that maximum
pressure was found near the inlet at the beginning
of the filling phase. During the ejection phase,
minimum pressure was found at the outlet as ex-
pected.

3.2 Assessment of RV Cardiac Function and
Patch Model Comparisons

Based on the results and comparisons given in
Section 3.1, the active anisotropic model was used
to perform RV cardiac function assessment for the
three patch models (M1, M2, and M3 as defined in
3.1) under consideration. Two major measures of
RV cardiac function are stroke volume (SV) and
ejection fraction (EF) defined as:

SV = RV End Diastolic (maximal) Volume

−RV End Systolic (minimal) Volume, (16)

EF = [RV end diastolic volume(RVEDV)

−RV end systolic volume (RVESV)]/RVEDV,
(17)

RVEDV, RVESV, SV and EF values for M1, M2,
and M3 are summarized in Table 1 which indi-
cates that the proposed small patch model (M3)
would provide about 11% improvement in EF,
compared to the conventional patch model (M2).
The fact that EF values for M1 and M2 were
almost the same makes people wondering if the
RV surgery brings any improvement for RV car-
diac function. It should be noted that SV from
the pre-op model is not a good measure of RV
function because a considerable amount of blood
leaks back through the pulmonary valve due to
pulmonary regurgitation which is the reason for
a PVI surgery. Fig. 12 gives CMR-measured
accumulated out-flow volume at the pulmonary
valve for M1. With pulmonary regurgitation taken
into consideration, the adjusted EF value for M1
is only 18.1%. The computer-predicted EF im-
provement of M2 and M3 over M1 were 104%
and 126.5%, respectively, when pulmonary re-
gurgitation is taken into consideration. This is
an important finding since the implication is that
valve insertion alone has a greater relative bene-
fit (104%) compared to the remodeling (an addi-
tional 22.5%). This needs to be validated by clini-
cal studies with both pre- and post-operation data.

3.3 Smaller Patch leads to Reduced Stress
Conditions in the Patch Area

To investigate mechanical conditions and
stress/strain behaviors in the patch area,
stress/strain values were tracked and Fig. 13
gives Stress-P1 and Strain-P1 variations tracked
at selected locations for the pre-operation model
(M1), the conventional patch model (M2), and
the small patch model (M3). Our tracking results
indicated that stress/strain levels around the patch
were considerably lower from the small patch
model compared to the conventional large patch
model. Reduced stress/strain levels around the
patch may be desirable for improved RV function
and to prevent scarring of peri-patch myocardium,
and should be taken into consideration in patch
design process. This critical-site-tracking (CST)
method is especially suitable for analyzing large
3D data sets to identify critical sites and indices
related to the disease state under investigation
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Table 1: Stroke volume and ejection fraction comparisons for three models considered. M1: pre-operation
model with scar+ old patch; M2: conventional patch; M3: proposed small patch with aggressive trimming.
Adjusted SV for M1 was obtained by including pulmonary regurgitation determined by CMR (Fig. 12).
M4: small patch model with adjustment pressure condition to match post-operation CMR data.

Cases Pre-Op Model Pre-Op Model Patch Model 1 Patch Model 2 CMR Model 2
(M1) (M2) (M3) Data modified (M4)

Old (large) +Pulmonary Conv. Small Patch + Post-Op Using
Patch + Scar Regurgitation Large Patch Trimming actual data post-op data

RVEDV(ml) 412.7 256.9 208.7 188.3 118.28
RVESV(ml) 254.9 162.1 123.2 115.0 115.65

SV (ml) 157.8 74.6 (outflow) 94.9 85.5 73.3 72.63
Ejection 38.2 EF 36.9 41.0 38.9 38.6

Fraction (%) PRad j: 18.1

(a) CMR-Measured Average Flow Rate at the 
     Pulmonary Valve 

(b) CMR-Measured Accumulated Total
     Out-Flow at the Pulmonary Valve 

Flow-Rate > 0, out-flow

Flow-Rate < 0,
Leaking Back 

In-Flow
(regurgitation)

Out-Flow Out-Flow

Figure 12: CMR-measured flow rate at the outlet and accumulated out-flow volume at the pulmonary valve
for the pre-operation model (M1).

[33]. Our results also shows that stress conditions
around the patch are far more sensitive to patch
variations and may serve as better indicators
for comparative analysis in patch design (size,
shape and material properties) and optimization
process.

3.4 Validation Using Pre- and Post-Operative
Data

Pre-operation data was used not only for deter-
mining the material parameters in the model, but
also for validation of the model and computa-
tional results. RV pressure and volume data were
used to determine patient-specific parameter val-
ues for material models to fit CMR RV volume

data. The validated model matching pre-operation
data (patient-specific RV/LV morphology, mate-
rial parameters and pressure conditions) was used
to perform patch-design simulations and predict
post-operation RV cardiac function. Since the
model was applied to the same patient, the pre-
and post-operation ventricle tissue material prop-
erties should remain the same.

Actual surgery outcome may differ from com-
putational predictions since there is a consider-
able distance between computational models and
what the surgeon can accomplish in the operating
room. Follow-up data was acquired six months
after the surgery and compared with pre-operation
computational predictions. This serves as the
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(c) M3: Patch Model 2.

X1

X2

X3

X4
X6

X5

X1

X2

X3

X4

X5

X1

X2

X3

X4
X5

..
.
.

(a) M1: Pre-Op Model.  (b) M2: Patch Model 1. 

Symbols used in Plots:
X1: *, X2: x, X3: o,
X4: +, X5: ∇, X6: Δ

Stress-P1  Stress-P1  Stress-P1

Strain-P1  Strain-P1  Strain-P1

Time (s) Time (s) Time (s) 

Time (s) Time (s) Time (s) 

Figure 13: Stress-P1/Strain-P1 variations tracked at selected tracking points (marked on Strain-P1 plots)
locations for the three cases show that stress/strain levels in the patch area are considerably lower (> 50%
for stress, > 20% for strain) from the pre-operation model to the other two models. Strain-P1 distributions
from the three models were used to show locations of tracking sites. Selected tracking points and marking
symbols in the plots: X1: *, just below the patch (or scar for M1); X2: x, just next to the left of the patch;
X3: o, just above the patch; X4: +, just next to the right of the patch; X5: ∇, at the center of the patch; X6:
Δ, just below the patch (this is for pre-op model only).

final validation of our proposed surgical proce-
dure and optimization process and provide valu-
able information for future improvements. Fig.
14 gives post-operation MR images of the same
patient whose pre-operation data were used for
our demonstration. The CMR-measured and
computer-predicted (patch Model 2) RV volume
curves are given by Fig. 14(c), and the error
margin is 8.8%. Noticing the differences in the
volume profile and the over-all over-estimation
by Patch Model 2, pressure condition and mate-
rial parameters were adjusted and new predicted

RV volume had much improved accuracy (new
predicted maximum volume: 188.28 ml, error <
0.01%; error for the entire cycle < 2%). SV and
EF values are listed in Table 1 to compare with
those from other models. This modification tech-
nique will be applied to future cases so that the
first-time prediction accuracy can be improved.
Data obtained and experience learned will be ap-
plied to subsequent patient surgery design. Our
team and the optimization process will improve
as more pre- and post-operative data analysis and
optimizations are completed.
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LV

RV

LV

RV
LVRV

(a) Post-Op CMR Images (10 selected from 12 slices) from the Same Patient. 

(c) Computer-Predicted and CMR-
      Measured RV Volumes. 

(b) Computational Pre- and Post-Op
      Pressure Conditions in RV. 

Pre-op
pressure

New RV pressure 
adjusted based on post-
op CMR data 

      Adjusted
      prediction 
      (Black) 

Blue: First 
prediction

Figure 14: Validation by post-operation data. (a) Post-operation CMR images; (b) Computational pre- and
post-operation pressure conditions in RV; (c) Comparison between measured RV volume and two computa-
tional predictions. Blue line: volume using pre-operation pressure (CMR max volume 188.3 ml, predicted
volume 204.9 ml, error margin 8.8%); black line: volume using adjusted pressure condition to match post-
operation CMR RV volume (new predicted volume 188.28 ml, error < 0.01%; error for the entire cardiac
cycle < 2%).

4 Discussion

With the rapidly increasing number of late sur-
vivors of repair of tetralogy of Fallot, surgi-
cal management of patients with right ventric-
ular dysfunction has become a major clinical
challenge. The wide variability in clinical sta-
tus, extent of right ventricular dilatation, scar-
ring, and dysfunction at the time of presentation
has resulted in disparate surgical results with pul-
monary valve insertion alone [38]. The proposed
multi-disciplinary approach of integrating inno-
vative computational modeling, surgical proce-

dures and noninvasive CMR techniques has the
potential for improved outcome of RV remodeling
surgical procedures associated with pulmonary
valve replacement surgery. For the first time,
patient-specific 3D computational RV/LV/Patch
combination models with fluid-structure interac-
tions and surgical procedure design will be de-
veloped to simulate blood flow and stress/strain
in the right ventricle. Computational simulations
will be used to supplement/replace empirical and
often risky clinical experimentation, or even guide
the design of new clinical trials to examine the ef-
ficiency and suitability of various reconstructive
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procedures in diseased hearts so that optimal de-
sign can be found. The proposed surgical pro-
cedures of right ventricular remodeling will be
tested and optimized by computational simula-
tions before the surgeon actually operates on the
patient.

Several improvements can be added to our mod-
els in the future for better accuracy and applica-
bility: a) Direct measurements of tissue mechani-
cal properties will be very desirable for improved
accuracy of our models; b) Mechanical Valve me-
chanics and pulmonary regurgitation. While exact
valve motion and mechanics are not included in
the current model, the valve opening/closing can
be controlled and adjusted to simulate pulmonary
regurgitation. Our model can be adjusted so that
the outlet can be made partially open in the dias-
tole period with proper pressure conditions speci-
fied to reach measured flow and RV volume vari-
ation data. c) Industrial patch materials can be
used in the model for actual evaluations of differ-
ent brands and product from different manufactur-
ers. d) Active contraction model. Another way to
add active contraction into our model is to intro-
duce an external force field which is tied to fiber
structure and orientations. The difficulty is that
measurement and validation of the external force
field are not currently available. Information ob-
tained from animal models could be used as an
approximate starting point [8, 9]. We expect that
the SV and EF predictions by our current model
and a heart model including active contractions
will have the same accuracy.

5 Conclusion

Our preliminary results indicated that the ac-
tive anisotropic RV/LV/Patch model with two-
layer construction and fiber orientations pro-
vide considerable improvements in computational
stress/strain predictions, compared to the previ-
ous passive isotropic models. Maximum Stress-
P1 value from passive and active anisotropic mod-
els were 149.6% and 121.2% higher than those
from the passive isotropic model, respectively.
Patient-specific MRI-based FSI models validated
by pre-operation data have great potential to make
accurate assessment of RV cardiac function and

may be used to perform virtual surgeries to re-
place expensive and risky surgical experiments.
The proposed small patch model with aggres-
sive scar tissue trimming provided 11% improve-
ment in RV function as measured by RV ejection
fraction, and considerably lower (20-40% lower)
stress level in the patch region, compared to the
conventional patch. Scientifically, the 3D flow,
RV stroke volume, ejection fraction, and 3D RV
stress/strain distributions from participating pa-
tients and healthy volunteers will be adding to the
current literature and form a database for future
research and investigations.
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