A Novel Method for Quantifying the In-Vivo
Mechanical Effect of Material Injected Into a

Myocardial Infarction

Jonathan F. Wenk, PhD, Parastou Eslami, MS, Zhihong Zhang, MS, Chun Xu, PhD,
Ellen Kuhl, PhD, Joseph H. Gorman III, MD, J. Daniel Robb, MBBS,
Mark B. Ratcliffe, MD, Robert C. Gorman, MD, and Julius M. Guccione, PhD

Departments of Surgery and Bioengineering, University of California, San Francisco; Department of Veterans Affairs Medical
Center, San Francisco; Gorman Cardiovascular Research Group, University of Pennsylvania, Philadelphia, Pennsylvania; and
Department of Mechanical Engineering, Stanford University, Palo Alto, California

Background. Infarcted regions of myocardium exhibit
functional impairment ranging in severity from hypoki-
nesis to dyskinesis. We sought to quantify the effects of
injecting a calcium hydroxyapatite-based tissue filler on
the passive material response of infarcted left ventricles.

Methods. Three-dimensional finite element models of
the left ventricle were developed using three-dimensional
echocardiography data from sheep with a treated and un-
treated anteroapical infarct, to estimate the material prop-
erties (stiffness) in the infarct and remote regions. This was
accomplished by matching experimentally determined left
ventricular volumes, and minimizing radial strain in the
treated infarct, which is indicative of akinesia. The nonlin-
ear stress-strain relationship for the diastolic myocardium
was anisotropic with respect to the local muscle fiber

ecent studies of the biomechanical response of the
left ventricle (LV) to myocardial infarction (MI) have
identified infarct expansion (ie, stretching) as an impor-
tant phenomenon that both initiates and sustains a pro-
gressive pathologic process that ultimately results in LV
dilation, loss of global contractile function, symptomatic
heart failure, and death. This maladaptive response is
termed infarction-induced ventricular remodeling and is
a complex process that is, in its initial phase, an almost
completely mechanical problem manifest by abnormal
myocardial stress patterns; however, with time these
abnormal stress distributions lead to inherent biologic
changes in the myocardium that become difficult to
reverse by any means once established [1-5].
Awareness of the progressive nature of MI-induced LV
remodeling and the relatively poor outcomes achieved
with therapy for end-stage heart failure has led to in-
creasing interest in developing early post-MI therapies
intended to limit adverse remodeling.
The finite element (FE) method is the most versatile
approach for computing myocardial stress and strain
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direction, and an elastance model for active fiber stress was
incorporated.

Results. It was found that the passive stiffness param-
eter, C, in the treated infarct region is increased by nearly
345 times the healthy remote value. Additionally, the
average myofiber stress in the treated left ventricle was
significantly reduced in both the remote and infarct
regions.

Conclusions. Overall, injection of tissue filler into the
infarct was found to render it akinetic and reduce stress
in the left ventricle, which could limit the adverse
remodeling that leads to heart failure.

(Ann Thorac Surg 2011;92:935-41)
© 2011 by The Society of Thoracic Surgeons

distributions in the LV. The FE models of the LV that
incorporate myocardial contractility have been described
and used to determine the effect of myocardial infarction
on structure and function [6—8]. Additionally, the efficacy
of various surgical procedures has been simulated with
the FE method [9, 10].

Finite element models have also been used to investi-
gate the effects of injecting biocompatible material into
the wall of the LV to combat the progression of heart
failure [11, 12]. Experimental studies by Ryan and asso-
ciates [13] and Ifkovits and associates [14] have used
large-animal models to examine the effects of injecting
tissue filler and hydrogels into the infarcted LV, respec-
tively. A review of biomaterial injection therapy for
treating heart failure has recently been published [15].

In the current study, using an ovine infarct model, we
tested the hypothesis that eliminating dyskinesia by
infarct stiffening reduces LV stress and limits adverse
remodeling. A commercially available reactive tissue
filler agent was used to stiffen the infarct. The material
was injected into the infarct immediately and resulted in
an akinetic infarct at 8 weeks after infarction. The FE
models were then created from contoured three-
dimensional echocardiographic (3DE) images for an un-
treated (control) and treated animal, to estimate the
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material properties in the infarct and remote regions.
This was accomplished by matching experimentally de-
termined LV volumes, and minimizing radial strain in
the treated infarct, which is indicative of akinesia. Two
sheep were analyzed to demonstrate the methodology of
model generation and numerical simulation from 3DE. A
detailed description of the experimental measurements,
taken from a large cohort of animals, can be found in the
companion paper to this work, presented by Morita and
colleagues [16].

Material and Methods

The animals used in this work received care in compli-
ance with the protocols approved by the Institutional
Animal Care and Use Committee at the University of
Pennsylvania in accordance with the guidelines for hu-
mane care (National Institutes of Health Publication
85-23, revised 1996).

Experimental Measurements

The animal model has been described previously [17].
Briefly, two adult 40-kg Dorset sheep underwent ligation
of the left anterior descending and second diagonal
coronary artery that resulted in an infarction of approx-
imately 20% of the LV mass at the anteroapex. Owing to
the absence of collateral vessels, the demarcation be-
tween the infarct and healthy myocardium is quite dis-
tinct and visible during thoracotomy. The infarct region
of one sheep was injected with 2.6 cc of a calcium
hydroxyapatite-based tissue filler agent (Radiesse; Bio-
form Medical, San Mateo, CA) distributed over 20 evenly
spaced injections, resulting in an akinetic infarct [13].
These injections were made directly into the myocar-
dium. The second animal was used as a control (no tissue
filler injection), resulting in a dyskinetic infarct. Further
details about the injection procedure can be found in
Morita and associates [16].

At 8 weeks post-MI, epicardial real-time 3DE was
performed using a Philips iE33 platform with a 2-7 MHz
matrix array real-time 3D ultrasound probe (Philips X7-2;
Philips, Bothell, WA). Full-volume 3D datasets were
acquired and postprocessed. After the 3D image was
analyzed at end diastole (ED) and end systole (ES), on a
dedicated work station, the resulting contour points were
used to calculate the chamber volumes and generate the
geometric surface data for the FE models. The contour

Fig 1. Contour points created from the three-
dimensional echo images, which were used to
generate the in vivo geometry for the (A) aki-
netic (treated) left ventricle and (B) the dyski-
netic left ventricle.
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points for the treated and control animals are shown in
Figure 1A and 1B. Mitral and aortic valve function was
normal in both animals.

Finite Element Models

The FE models were generated using early diastole as
the initial unloaded reference state, since the LV pres-
sure is lowest at this point and therefore stress is at a
minimum. The infarct and remote regions were deter-
mined from the LV 3DE data points. In the case of the
control animal, the boundary between the infarct and
remote region was estimated by assessing the transi-
tion in wall thickness between the two regions [18]. For
the treated animal, the boundary between the remote
and akinetic region was created by overlapping the
endocardial contours at ED and ES to determine where
the wall does not move, indicating akinesia. In each
case, the boundary was defined using 3D spline curves.
Surface meshes were then created from the contour
data points to replicate the in vivo geometry (Rapid-
form; INUS Technology, Sunnyvale, CA).

Volumetric meshes were generated by filling the space
between the endocardial and epicardial surfaces with
8-node trilinear brick elements (Truegrid; XYZ Scientific
Applications, Livermore, CA). Each 3D mesh consisted of
three elements transmurally, 32 elements circumferen-
tially, and 18 elements longitudinally, resulting in a total
of 1,728 elements (Fig 2A and 2B). The remote region was
assigned different material properties than the infarct
region, representing the heterogeneous nature of the
infarcted LV. The inner endocardial surface was lined
with a layer of extremely soft linearly elastic shell ele-
ments to create an enclosed volume for LV volume
calculations at ED and ES.

Cardiac myofiber angles of —37 degrees, 23 degrees,
and 83 degrees were assigned at the epicardium, mid-
wall, and endocardium, respectively, in the remote re-
gion [19]. At the infarct region, fiber angles were assigned
to be 0 degrees, to use experimentally determined infarct
material parameters with respect to this direction [20].
Nodes at the LV epicardial-basal edge were fully con-
strained, while the remaining basal nodes were restricted
to displace in the circumferential-radial plane. The inner
endocardial wall was loaded to the measured in vivo ED
and ES LV pressures.
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Diastolic and Systolic Material Properties

The material response was assumed to be nearly incom-
pressible, transversely isotropic, and hyperelastic for
both passive [21] and active myocardium [22]. An explicit
FE solver (LS-DYNA; Livermore Software Technology,
Livermore, CA) with a user-defined material subroutine
was used to model the myocardium. The diastolic (pas-
sive) myocardial mechanics are described by the strain
energy function, W, developed by Guccione and associ-
ates [21], which is transversely isotropic with respect to
the local muscle fiber direction,

C
W= E{exp[bffsi1 + by(E3, + E3; + Ep; + E3,) + by (E3, + E3,

+Ejs + E3)] -1} 1)

where C, b, b, and by, are diastolic myocardial material
parameters, E;; is the fiber strain, E,, is cross-fiber in
plane strain, E;; is radial strain, and the rest are shear
strains.

Systolic contraction was modeled by defining the sec-
ond Piola-Kirchoff stress tensor as the sum of the passive
stress derived from the strain energy function and an
active fiber directional component, T,, which is a function
of time, t, peak intracellular calcium concentration, Ca,,
sarcomere length, I, and maximum isometric tension
achieved at longest sarcomere length, T,,,.. [22],

ax

ow
S=p/C 1+ ZI—MDeV(% +To{t, Cag |, Traxp  (2)

where S is the second Piola-Kirchoff stress tensor, p is the
hydrostatic pressure introduced as the Lagrange multi-
plier needed to enforce incompressibility, ] is the Jaco-
bian of the deformation gradient tensor, C is the right
Cauchy-Green deformation tensor and the Dev is the
deviatoric projection operator,

Dev(s)=(s) - 3([#}C) C* ©

The deviatoric contribution of the strain energy func-
tion, W (Eq. 1), is W. The strain energy function is
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Fig 2. The volumetric mesh generated for the
(A) akinetic (treated) left ventricle and (B) the
dyskinetic left ventricle.

decoupled into volumetric and deviatoric components
due to the assumption of near incompressibility of the
myocardium,

w = u() + wlc) @

where U is the volumetric contribution.

The active fiber directional stress component is defined
by a time-varying elastance model, which at ES, is
reduced to [23],

lT Ca}
2™ Ca? + ECa?,

0.25
X|1— cos +1|w (5)
mlR\/ 2E11+1+b

where m and b are constants, and the length-dependent
calcium sensitivity, ECas,, is defined by,

(Cuo) max

\/exp[B(lR\/ﬂSni—i-l - lo)] -1

where B is a constant, (Cay),,., is the maximum peak
intracellular calcium concentration, [, is the sarcomere
length at which no active tension develops, and Iy is the
stress-free sarcomere length. The material constants for
active contraction were taken to be [24]: Ca, = 4.35
umol/L, (Cag) o = 4.35 pmol/L, B = 4.75 pm ™, I, = 1.58
pm, m = 1.0489 s um™', b = —1.429 s, and I, the
sarcomere length in the unloaded configuration, was set
at 1.85 pm. In accordance with biaxial stretching experi-
ments [25] and FE analyses [8, 26], cross-fiber, in-plane
stress equivalent to 40% of that along the myocardial
fiber direction was added.

The diastolic material parameters, by, b, and by, were
assigned to be by = 3.5, b, = 1.37, and b, = 1.24 for both
cases. The passive stiffness parameters in the remote
region, Ci, and the infarct, C, were determined by
calibrating them such that the predicted ED LV volume
matched the experimentally measured value. Similarly,
the remote active contraction parameter, T, ,, g, which
represents the strength of contraction, was determined
by matching the predicted ES LV volume to the mea-

TO =

ECa50 =

(6)
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sured value. The infarct active contraction was set to zero,
as there are no contracting myocytes in the infarct.

In the case of the treated infarct, the material param-
eter search was subject to an additional criterion. The
passive stiffness parameters were adjusted until the ra-
dial component of strain was nominally zero in the
infarct, indicating akinesia, as well as matching the
measured chamber volumes. This approach was adopted
from Dang and associates [27], who used FE models,
extrapolated from two-dimensional echocardiographic
data, to examine akinetic infarcts. In our study, we have
utilized data from full 3DE images, which eliminates the
need for extrapolation.

Results

Hemodynamic and Echocardiographic Measurements

In the dyskinetic (control) case, the ED pressure was
measured to be 9 mm Hg and the ES pressure was 93 mm
Hg. The measured ED volume was 113.3 mL and the ES
volume was 72.8 mL, which leads to an ejection fraction
of 35%. In the akinetic (treated) case, the ED pressure was
found to be 12 mm Hg and the ES pressure was 97 mm
Hg. The ED volume was 48.4 mL and the ES volume was
22.8 mL, which is an ejection fraction of 53%.

Finite Element Output

The deformed states at ED and ES, obtained for the
akinetic LV, are shown in Figure 3A and 3B, and the
overlap of the endocardial surfaces at ED and ES is
shown in Figure 3C. The passive stiffness for the akinetic
case was estimated to be C; = 0.87 kPa in the remote
region and C; = 300 kPa for the infarct region. The active
contraction parameter was estimated to be T, g = 130
kPa for the remote region and T = 0 kPa for the

max_I

infarct region (as stated previously). The akinesia was
estimated by computing the average radial strain in the
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infarct region, which was found to be e, = 0.0014. This
implies that on average the wall thickness in the infarct
region changed by less than 0.14%.

In the dyskinetic LV case, the passive material proper-
ties were estimated to be C; = 3 kPa and C; = 150 kPa for
the remote and infarct zones, respectively. The active
contraction was found to be T, g = 500 kPa for the
remote and T, ; = 0 kPa for the infarct region. A
summary of material properties described above is given
in Table 1. Fiber stress distributions and regional average
stress values for both cases are shown in Figure 4 and
Table 2, respectively. The average ED fiber stress is
nearly twice as high in the infarct of the untreated
dyskinetic LV, whereas the average ES fiber stress is
nearly 10 times higher in the infarct of the dyskinetic LV.

Comment

In the current study, we used contour data acquired from
fully 3DE imaging to create FE models of two ovine
hearts 8 weeks after large anteroapical infarction. One
animal had infarct stiffening therapy with a reactive
tissue filler agent and the other was an untreated control.
The tissue filler initially limits infarct stretching and
thinning by a mass effect, but over time it stimulates
increased collagen deposition that maintains tissue thick-
ness and stiffness even after most of the injected material
has been absorbed [13].

The use of 3DE (as opposed to 2DE) data allowed for
more realistic estimates of LV volumes and regional
myocardial material properties compared with our pre-
viously published work [27].

Passive Material Properties

It was determined by Dang and associates [27] that for a
noncontracting infarct to be akinetic, the passive stiffness
must be greater than 285 times the normal healthy value.

Fig 3. The model configuration of the akinetic (treated) case at (A) end diastole, (B) end systole, and (C) overlap and comparison of the endo-

cardium at end systole and end diastole.
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Table 1. Material Properties of Dyskinetic (Control) and
Akinetic (Treated) Left Ventricle

Passive Stiffness, Active Contraction,

C (kPa) Tonax (kPa)
Remote Infarct Remote Infarct
Control 3.0 150 500 0
Treated 0.87 300 130 0

kPa = kilopascal.

In the current study, it was found that the tissue filler
injection causes the passive stiffness to be 345 times
greater than normal myocardium. Ifkovits and associates
[14] also showed an increase in stiffness due to the
injection of hyaluronic acid hydrogels into infarcted
tissue. Morita and associates [16] performed experimen-
tal biaxial tensile tests on injected infarct tissue that
showed that the peak strain in the longitudinal direction
of the infarct was significantly reduced. This implies that
the stiffness of the treated infarct has increased relative to
the control case, as was also found in the current FE
study.

In the control case, the passive stiffness was found to
be 50 times higher in the infarct region than in the
healthy remote region. This is the same order of magni-
tude increase as the values reported in similar studies of
infarct modeling using the FE method [28, 29]. In many
cases, the infarct is assumed to be 10 times stiffer than the
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Table 2. Average Fiber Stress Values for Dyskinetic
(Control) and Akinetic (Treated) Cases in Remote and Infarct
Region at End Diastole and End Systole

Average End-
Diastolic Fiber Stress

Average End-
Systolic Fiber Stress

(kPa) (kPa)
Remote Infarct Remote Infarct
Control 2.49 7.50 35.1 61.6
Treated 0.535 3.66 29.4 4.42

kPa = kilopascal.

remote, but it is possible for this ratio to be higher as
there is variation between animals [30].

Stress Distribution and Ejection Fraction

It can be seen in Table 2 that the average fiber stress is
higher overall in the dyskinetic (untreated) case. The
maximum difference between the dyskinetic and akinetic
case is the ES fiber stress in the infarct regions, where the
injection of tissue filler reduced the stress by nearly 10
times. It can be seen in Figure 4 that there are stress
concentrations at the boundary between the infarct and
remote region that could lead to the progressive impair-
ment of contracting myocytes in the borderzone region. It
can also be seen that the wall thickness in the infarct
region is much greater in the treated LV, also helping
reduce stress. The effects of the injections were found to

Fig 4. Fiber stress distribution in the lateral
wall of the dyskinetic left ventricle at (A) end
diastole and (B) end systole. Fiber stress dis-
tribution in the lateral wall of the akinetic
(treated) left ventricle at (C) end diastole and
(D) end systole. It should be noted that the
color scales of the end diastole panels are the
same, and the color scales of the end systole
panels are the same.
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be transmural throughout the entire infarct region, by
inducing collagen production within the infarct tissue
[16]. By eliminating the bulging that occurs during dys-
kinesis, the ejection fraction of the treated heart was 53%,
which is close to a normally functioning heart [13]. Thus,
both stress and ejection fraction are improved, relative to
the untreated case.

Study Limitations

There are limitations in the current study. First, the treated
infarct was assumed to be homogeneous, rather than mod-
eling the distribution of injected material and tissue re-
sponse separately. Second, only two animals were ana-
lyzed in the study to develop the modeling methodology;
admittedly, the treatment animal was selected from a
cohort of 11 animals in which it manifest the most benefit
from injection of the material based on attenuation of LV
dilation [16]. In the future, this method will be applied to
a large cohort of animals to determine the statistical
relevance. Finally, the validation of the models was based
on matching experimental LV chamber volume, and in
the case of the treated animal, the radial strain in the
infarct region. In the future, this will be improved by
computing myocardial strain from 3D magnetic reso-
nance imaging, which will be compared with the FE
simulation results.

In summary, we have presented a methodology for
using 3DE images to generate FE models of an anteroapi-
cal infarct model. This was done to investigate the alter-
ations to myocardial material properties due to the injec-
tion of calcium hydroxyapatite-based tissue filler. It was
found that the passive stiffness value in the treated
infarct region is increased by near 345 times the healthy
value, and the thickness of the infarct wall is also in-
creased. Overall, the injection of tissue filler was found to
cause akinesia in the infarct and globally reduce stress in
the LV, and that could limit adverse remodeling.
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