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Abstract

Injectable hydrogels are a potential therapy for mitigating adverse left ventricular (LV) remodeling
after myocardial infarction (MI). Previous studies using magnetic resonance imaging (MRI) have
shown that hydrogel treatment improves systolic strain in the borderzone (BZ) region surrounding
the infarct. However, the corresponding contractile properties of the BZ myocardium are still
unknown. The goal of the current study was to quantify the in vivo contractile properties of

the BZ myocardium post-Ml in an ovine model treated with an injectable hydrogel. Contractile
properties were determined 8 weeks following posterolateral M1 by minimizing the difference
between in vivo strains and volume calculated from MRI and finite element model predicted
strains and volume. This was accomplished by using a combination of MRI, catheterization, finite
element modeling, and numerical optimization. Results show contractility in the BZ of animals
treated with hydrogel injection was significantly higher than untreated controls. End-systolic (ES)
fiber stress was also greatly reduced in the BZ of treated animals. The passive stiffness of the
treated infarct region was found to be greater than the untreated control. Additionally, the wall
thickness in the infarct and BZ regions were found to be significantly higher in the treated
animals. Treatment with hydrogel injection significantly improved BZ function and reduced LV
remodeling, via altered MI properties. These changes are linked to a reduction in the ES fiber
stress in the BZ myocardium surrounding the infarct. The current results imply that injectable
hydrogels could be a viable therapy for maintaining LV function post-Ml.
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Introduction

Left ventricular (LV) remodeling caused by a myocardial infarction (M) is responsible for
almost 70% of the 5 million cases of heart failure in the United States (Mozaffarian et

al. 2016). Early infarct expansion or stretching has been associated with poor long-term
prognosis (Eaton et al. 1979; Erlebacher et al. 1984; Weisman and Healy 1987) and has
been identified as the mechanical phenomenon that initiates and sustains the process of
adverse post-MI LV remodeling that leads to heart failure (Epstein et al. 2002; Jackson et al.
2003; Jackson et al. 2002; Kramer et al. 1993; Lima et al. 1985; Pilla et al. 2005). Infarct
expansion causes abnormal stress distribution in myocardial regions within and outside

the M, especially in the adjacent normally perfused borderzone (BZ) region. With time,
increased regional stress is the impetus for maladaptive biologic processes, such as matrix
metalloproteinase activation, that inherently alter the contractile properties of normally
perfused myocardium (Wilson et al. 2003). Once initiated, these maladaptive processes lead
to a heart failure phenotype that is difficult to reverse by medical or surgical means.

We have demonstrated that externally affixed ventricular restraint early after MI reduces
infarct expansion, moderates regional stress distribution, improves BZ contractile function
and, most importantly, limits long-term global LV remodeling in large-animal M1 models
(Blom et al. 2007; Enomoto et al. 2005; Kelley et al. 1999; Moainie et al. 2002; Pilla et al.
2005). Although these studies have established the prevention of early infarct expansion as a
potentially important therapeutic goal, it is unlikely that the surgical placement of restraining
devices early after M1 will gain widespread acceptance and application. As a result, we have
done extensive experimental work to study the effect of injecting percutaneously deliverable
biomaterials into the infarct to limit global LV remodeling (Ifkovits et al. 2010; Rodell et al.
2016; Ryan et al. 2009; Tous et al. 2011). While our results have demonstrated improvement
in remodeling, the effect of these materials on regional myocardial stress distribution and BZ
contractile function has not been fully established. In this study, we employed a state-of-the
art MRI-based finite element (FE) model that employs subject-specific LV geometry to
assess the effect of early post-MI infarct delivery of a novel shear-thinning biomaterial
system on regional post-MI contractile function and regional myocardial stress distribution
at 8 weeks after Ml in an ovine infarct model.

Materials and Method

Infarct model

The data examined in the current study were collected in the course of a preceding study
by Rodell et al (Rodell et al. 2016) wherein protocols complied with the University

of Pennsylvania’s Institutional Animal Care and Use Committee and animal care was

in agreement with the National Institute of Health’s guidelines for the care and use of
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laboratory animals (NIH Publication 85-23, revised 1996). In brief, Dorset sheep (adult
male, 45kg) underwent left thoracotomy to expose the heart. Posterolateral infarction was
produced by suture ligation of obtuse marginal branches, selected on a case dependent
basis to result in infarcts comprising approximately 20-25% of the left ventricle and
involving the posterior papillary. A set of MRI-compatible platinum wire markers were
sutured to the epicardium around the infarct boundary, identified by visible blanching of
the infarcted tissue, immediately following infarction to enable infarct contouring from
subsequent MRI acquisitions. Sixteen injections (0.3 mL each) of saline (MI control,
n=6) or dual-crosslinking hydrogels (hydrogel treatment, n=6) were performed within the
infarcted region 30 minutes post ligation. The injection pattern was a 4x4 grid, with the
outermost injections placed approximately 1 cm away from the BZ. The dual-crosslinking
(DC) hydrogels were prepared by separate modification of hyaluronic acid (HA) by both
adamantane and thiols (Ad-HA-SH) or B-cyclodextrin and methacrylates (CD-MeHA), with
injectable hydrogels formed by their combination at a pH of 5 under sterile conditions as
previously reported (Rodell et al. 2016; Rodell et al. 2015).

Magnetic resonance (MR) imaging and analysis

At 8 weeks post-infarction, MR image acquisition was performed (3T MAGNETOM

Trio; Siemens; Malvern, PA) under maintained anesthesia (1-2% isoflurane) with cardiac
gating using LV placement of a pressure transducer (Millar Instruments; Houston, TX),
with magnetic tagging triggered at onset of systole. Recorded pressures were later used

to determine loading in the model. 3D SPAMM was performed to enable generation of
animal-specific LV geometry and determination of corresponding tissue displacement fields
(field of view = 260 mm x 260 mm, acquisition matrix = 256 x 128, pixel size = 1.015 mm
x 1.015 mm, repetition time = 34.44 ms, tag spacing = 6 mm, bandwidth = 331 Hz/pixel,
slice thickness = 2 mm, averages = 4) (Xu et al. 2010). Late-gadolinium enhanced (LGE)
images were acquired 15 minutes following bolus administration of 0.1 mmol/kg gadobenate
dimeglumine (MultiHance; Bracco Diagnostics; Cranbury, NJ) to confirm designation of
the infarct region (field of view = 218 x 350 mm, acquisition matrix = 256 x 160, pixel

size = 1.37x1.37 mm, repetition time = 5.50 ms, echo time = 2.42 ms, BW 244 Hz/pixel,
slice thickness = 4 mm, averages = 2). The hydrogel distribution was examined following
intramyocardial injection in vivo, explanation of the tissue, and hydrogel visualization by

a To-weighted turbo spin echo pulse sequence (field of view = 100 x 80 mm, acquisition
matrix = 320 x 256, pixel size = 0.3125 x 0. 3125 mm, repetition time = 1128 ms, echo time
=71 ms, slice thickness = 1 mm, averages = 4).

Both epicardial and endocardial contours of the LV were generated (ImageJ; Bethesda, MD)
from 3D SPAMM images at the onset of systole to enable strain calculation by application
of optical flow methods (Xu et al. 2010). Contours were similarly generated at early
diastole to generate the animal-specific reference geometry for the FE model, including
isolation of the endocardial and epicardial segments of the infarct region, which was aided
by synchronization with LGE images. Endocardial contours were used to determine the
end-systolic (ESV) and end-diastolic (EDV) LV volumes. The 3D distribution of hydrogel
within the infarct was reconstructed using ITK-Snap (Yushkevich et al. 2006).
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Finite Element modeling

Finite element models were created based on each animal-specific LV geometry at early
diastole. This configuration was chosen because the stress in the LV is at a minimum.

The geometry of LV wall was based on experimental measurements from MRI. The infarct
region was defined based on the combination of LGE imaging and the MRI-compatible
markers discussed previously. The BZ region was approximated as a 20-degree sector which
transitions from the infarct region to the remote region, based on previous studies of 8 week
posterolateral M1 (Pilla et al. 2005; Pilla et al. 2015) (Figure 1).

Each animal-specific LV FE mesh (Ml control, n=6; hydrogel treatment, n=6) was produced
using tri-linear hexahedral brick elements, which were fit to 3D geometric surfaces that
were generated from the endocardial and epicardial contours (TrueGrid; XYZ Scientific,
Inc., Livermore, CA). The myofiber orientation in the remote, BZ, and infarct regions were
assigned from epicardium to endocardium using the angles of —27 degrees to 88 degrees
(Dorsey et al. 2015), —20 degree to 70 degree (Wu et al. 2009), and -5 degree to 26

degree (Dorsey et al. 2015) respectively. For the hydrogel treated group, the infarct region
was modified to include a pattern of hydrogel injections embedded within the wall (Figure
2(b)). The pattern and volume were approximated from MR images of a representative
in-vivo injection (Figure 2(a)). It should be noted that the MRI reconstruction, shown in
Figure 2(a), was only conducted on a single animal. Therefore, the injection pattern in
each of the six hydrogel treated models was approximated from this distribution. Since
each injection was 0.3 ml, the total amount of volume added to the infarct region was 4.8
ml. The endocardial wall of each MI control and hydrogel treated LV model was loaded
with a pressure boundary condition, based on the experimentally measured values from the
pressure transducer. Boundary conditions were implemented at the base of the LV to fully
constrain displacement on the epicardial-basal edge, while allowing the remaining basal
nodes to move in the circumferential-radial plane.

Material response

The material response of the passive myocardium was represented using a nearly
incompressible, transversely isotopic, hyperelastic constitutive law, which was defined using
the following strain energy function (Guccione et al. 1991):

C 2 2 2 2 2 2 2 2 2
W oo = 3( obrEjy + b(EL+ En+ Epo+ EL) + by(Ef + Edp+ Efy + Ey) _ 1)

@
K 2
+5( =1

where E,; are the deviatoric components of the Green-Lagrange strain tensor relative to

the myofiber coordinate system (f = fiber direction, s = cross-fiber in-plane direction, n

= transverse-fiber direction) and J is the determinant of the deformation gradient. The
diastolic animal-specific material parameters, C in the remote region and C_I in the infarct
region were optimized to match the corresponding EDV from MRI in each animal. Based on
a previous study, the passive material parameters in the exponential function were assigned
differently in the remote region (b, b, b,,) and the infarct region (»,_1, b_1I, b,,_I) for

the MI control models and hydrogel treated models (MI: b, = 37.67, b, = 17.39, b,, = 23.12,
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b, I =2267,b_I=19,b,_I=18.12; hydrogel: b, = 22.84, b, = 3.46, b, = 12, b,_I = 15.28,
b_I =832, b, I =2527) (Dorsey et al. 2015). Note that the passive material parameters
chosen in the BZ region were the same as the remote region at 8 weeks post-infarction,
which is an assumption based on previous studies (Lee et al. 2011; Wenk et al. 2011). The
bulk modulus was assigned as x = 1.0 GPa.

The material response of the hydrogel injections was represented using a nearly
incompressible, isotopic, hyperelastic constitutive law, which was defined using the
following strain energy function:

E

2

W et twr(E?) +

_ E
2(1+v)

where E is the deviatoric Green-Lagrange strain tensor, tr( ) is the trace operator, and In()

is the natural log operator. The material parameters for Young’s modulus (E) were assigned

based on the experimental measurements of the DC hydrogels at 8 weeks (E=4.5 kPa,

determined in previous study (Rodell et al. 2016)), while the Poisson ratio (v) was assigned a

value of 0.499 (due to near incompressibility).

Systolic stress was modeled as the sum of the passive stress derived from the strain energy

function and an active fiber directional stress component T, (Guccione et al. 1993; Wenk et
al. 2009), which was defined by a function of time, ¢ peak intracellular calcium contraction,
Ca,, sarcomere length, /, and maximum isometric tension achieved at the longest sarcomere
length 7,,.:

2 —
S = pJC_l + 2J_3Dev((2—vé{ + T[){ts Ca()a 13 Tmux} (3)

where Deuv() is the deviatoric operator and C is the right Cauchy-Green deformation tensor.
At end-systole, the active fiber directional stress is defined as:
Cay
(Cao)ax @
exp| B(In2E;+1—1)| - 1

Ty, =T,

Ca, +

where B is a constant, (Ca,),., is maximum peak intracellular calcium concentration, J, is
the sarcomere length at which no active tension develops, and /, is the reference sarcomere
length in an un-loaded state. The material constants for active contraction were taken

to be (Guccione et al. 1993): Ca, = 4.35 pmol / L, (Cap),o. = 4.35 pmol / L, B = 4.75 um1,

I, = 1.58 pm, and I, = 1.85 pm. It should be noted that these parameters were used in both
the remote and BZ regions of the FE models. This assumption was based previous FE
studies (Walker et al. 2005; Wenk et al. 2011) and on experiments performed by Shimkunas
et al. (Shimkunas et al. 2014), which showed that there is no significant difference in the
calcium sensitivity between remote and BZ tissue.

The systolic material parameter associated with the maximum isometric tension (7,,,) was
calculated in the remote and BZ regions using numerical optimization. In particular, the T,,,
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parameter within the remote region was designated as T... » and was assumed to be uniform
throughout. Based on previous experimental and numerical studies of BZ contractility (Lee
etal. 2011; Shimkunas et al. 2014), the T, parameter was allowed to vary across the BZ
region. Specifically, the contraction in the middle of the BZ (T,.. .. ) and the contraction
at the edge of the BZ (T ... .... 5), Which is located directly next to the infarct, were allowed
to vary separately. These locations are shown schematically in Figure 1. The contraction
parameter in the infarct region (T, ;) was assigned to be zero, which was confirmed in
previous work (Wenk et al. 2011). The initial search range in the optimization was set
between 50 kPa and 400 kPa for T, » and between 10 kPa and 300 kPa for T, ... » and
Tonax eaze s While T, , = 0 cross-fiber in-plane stress component equivalent to 40% of the fiber
component was added based on previous studies of LV contraction (Walker et al. 2005).

Each FE simulation was conducted in two phases, where the first phase represented passive
diastolic filling and the second phase represented active systolic contraction to end-systole
(LS-DYNA, Livermore Software Technology Corporation, Livermore, CA). The genetic
algorithm (GA) was used to minimize the objective function, which was taken to be the sum
of the squared error (SE) between the experimentally measured systolic data from MRI and
FE predicted results, and was defined as

5\2
SE = Z,:Vzl Zi./: 1.2,3w”(E"/'~" - EU»")2 + (V I_} V) ®)

where n is the location of a specific strain point within the myocardium, N is the total
number of strain points, E;, and V are the FE predicted end-systolic strain and LV cavity
volume, respectively. The over bar variables represent in-vivo measured values. Since there
were fewer strain points measured in the BZ region compared to the remote region, the
weight factor (w,) for the SE in the BZ was set to 3 while the rest were set to 1. Additional
details related to the parameters used in the GA are given in (Mojsejenko et al. 2015).

Statistical analysis

Results

Data is presented as mean + standard error (SEM) of the mean. For T, ES principal

strain, and ES fiber stress, comparison between groups (Ml control, hydrogel treated) was
performed by two-tailed student’s t-test with significant determined at p < 0.05. For the Ml
model and hydrogel model, statistical significance in different regions was determined by
one-way ANOVA. Bonferroni test was used to account for multiple comparisons procedures
with a=0.05.

Estimation of Mechanical Properties

The average animal-specific diastolic material parameters, C in the remote region and C_1
in the infarct region, were determined such that the model EDV matched the corresponding
EDV from MRI. The values were found to be C = 0.15+0.10 kPaand C_I = 9.5 + 4.5 kPa
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for the MI control group, and C = 0.89 + 0.24 kPa and C_I = 23.7 + 4.6 kPa for the hydrogel
group, respectively. In order to further investigate the effects of the hydrogel on passive
stiffness, the biaxial stress-strain relations were derived from the strain-energy function in
Eqgn (1) and then evaluated using the parameters from the remote and infarct regions, for
both the treated and untreated groups. The modulus along the fiber direction was then
estimated over the strain range of 0 to 0.05, using the tangent to the fiber direction stress-
strain curve, similar to the approach taken in Dorsey et al. (Dorsey et al. 2015). It was found
that the fiber direction modulus of the remote region (for both the treated and untreated
groups) was approximately 42 + 11 kPa. The fiber direction modulus for the infarct region
in the MI control group was approximately 298 + 93 kPa, while the hydrogel treated group
was 620 + 117 kPa. This implies that the treated infarct region is more than twice as stiff
as the untreated infarct at 8 weeks post-MI, and it nearly 15 times stiffer than the remote
myocardium.

The contractility parameter T, was determined from optimization of all animal-specific
models (Figure 3). For the MI control group, the parameter T, = 199.2 + 31.6 kPa,

T mia s = 79.7 £ 12.7 KPa, and T, ... 5 = 21.5 + 5.3 kPa. Relative to the remote region, this
represents a 60% and 89% reduction in contractile force in the mid-BZ and edge-BZ
regions of the untreated MI controls, respectively. For the hydrogel treated group, the
parameter T, r = 158.0 + 25.4 KPa, Ty mia s = 129.8 £ 17.4 KPa, and T cgee 5 = 112.3 + 17.1
kPa. Relative to the remote region, this represents only an 18% and 29% reduction in
contractile force in the mid-BZ and edge-BZ regions of the hydrogel treated animals,
respectively.

In the remote region, the difference in contractile function between the treated and untreated
animals was not associated with any statistical significance (p=0.334) (Figure 3). In contrast,
the contractility in the mid-BZ and edge-BZ regions predicted in the hydrogel treated group
were higher and significantly different from the Ml control group (p*=0.042 and p*<0.001,
respectively) (Figure 3). Additionally, within the MI control group the contractile function
was significantly different when comparing the remote region to the mid-BZ and edge-BZ
regions (p*=0.001 and p*<0.001, respectively) (Figure 3). However, the tissue contractile
function within the hydrogel treated group was similar when comparing between the remote
region and BZ regions, i.e., no statistical significance (p=0.308) (Figure 3). These results
indicate that the BZ tissue in a treated animal has higher contractility compared to an
untreated animal.

In terms of the fit achieved during the optimization, the average SE value for the Ml control
group was 25.1 + 2.1 and for the hydrogel treated group was 21.9 + 2.9. After decreasing
monotonically during each optimization, the value of the objective function remained
unchanged during the last five successive iterations. At that stage, it was assumed that the
parameter values had converged to a unique solution within the designated parameter space.
As an additional verification test, the search ranges for all of the parameters were varied by
+ 25%. It was found that the final results were virtually unaffected. It is worth noting that
the optimizations were also conducted with a uniform value of T,,, in the BZ, which actually
led to a worse fit between the MRI data and FE model predictions. Specifically, allowing BZ
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contractility to vary spatially resulted in SE values that were improved by 3% and 4% for the
MI control group and hydrogel treated group, respectively.

Systolic Principal Strains

In order to further explore the effects of hydrogel treatment on BZ function, the minimum
principal strain (which relates to systolic shortening) and the maximum principal strain
(which relates to radial thickening) were assessed at ES. In the BZ region, the minimum
principal strain (e,,) of the hydrogel group was higher and significantly different from

the M1 control group (p*=0.007) (Figure 4a). Additionally, in the MI control group, &,
was significantly decreased in the BZ region compared to the remote region (p**=0.003)
(Figure 4a). It should be noted that e,;, in the hydrogel group was similar when comparing
between the remote region and BZ region, i.e., there is no statistically significant difference
in shortening (p=0.086) (Figure 4a).

With respect to the maximum principal strain (e,..), in the BZ region e,,, of the hydrogel
group was higher and significantly different from the M1 control group (p*=0.036) (Figure
4b). Additionally, in the MI control group, e,... was significantly decreased in the BZ region
compared to the remote region (p**=0.049) (Figure 4b). Similar to e,,,, the value of ¢, in
the hydrogel group was similar when comparing between the remote region and BZ region,
i.e., there is no statistically significant difference in thickening (p=0.642) (Figure 4b).

LV Wall Geometry

The average wall thickness within the infarct region at end-diastole for the MI control group
and hydrogel treated group were 0.5+0.02 cm and 1.05+0.06 cm, respectively. In the BZ
region, the average wall thickness was measured to be 0.64+0.01 cm and 0.86+0.04 cm

for MI and hydrogel groups, respectively. In the remote region, the average wall thickness

in the MI group was 0.98+0.05 cm while in the hydrogel group was 0.99+0.05 cm. This
indicates that the DC hydrogel treatment reduced wall thinning at 8 weeks post-infarction
and a significant difference was observed between the two groups (Rodell et al. 2016). It
should be noted that additional data related to the LV cavity volumes, ejection fraction, and
infarct area, for both the control and treated groups, have been previously reported (Rodell et
al. 2016).

Regional Stress Distribution

The regional ES fiber stress distribution is given in Table 1. The average ES fiber stress in
the infarct region of the hydrogel treated group was significantly reduced by 40% relative to
the MI control group (p*=0.025). The average ES fiber stress of the hydrogel treated group
in the BZ region was also significantly reduced by 35% relative to the MI control group
(p*=0.003). In the remote region, the ES fiber stress showed a significant reduction of 34%
compared to the Ml control group (p*=0.014). The end-systolic fiber stress distribution in
different regions of the mid-ventricle wall are shown for a representative hydrogel injection
case (Figure 5a) and a representative MI control case (Figure 5c). Figures 5b and 5d define
the different material regions for evaluating the fiber stress distribution, and also show the
differences in wall thickness at end-systole.
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Discussion

Despite the established efficacy and widespread availability of reperfusion therapy,
myocardial infarction resulting from coronary artery disease and subsequent adverse LV
remodeling remains a leading cause of heart failure (Mozaffarian et al. 2016). In the
majority of acute MI patients, the LV function is initially preserved and only after months

or years do symptoms of heart failure develop. The severity of the LV response to Ml (i.e.
LV remodeling) is determined by the size, location and transmurality of the infarct. We have
previously shown that the dysfunctional BZ becomes more hypocontractile and progresses to
involve additional perfused myocardium as remodeling continues and heart failure develops
(Jackson et al. 2002).

Considering that external restraint devices, in the form of mesh jackets and patches, are not
likely to achieve widespread clinical application because of the invasive surgical procedures
that would be required in the early post-MI period to place them, our group and others have
begun to explore and develop the use of hydrogel biomaterials to modify infarct material
characteristics to limit or prevent progressive infarct expansion (Ifkovits et al. 2010; Rodell
et al. 2016; Ryan et al. 2009; Tous et al. 2011). The use of such materials holds the
potential for percutaneous, catheter-based approaches for beneficially altering the post-Ml
LV remodeling process. In recent years, a number of experimental and computational studies
have investigated the capacity for injectable hydrogels to assuage LV remodeling through
mechanical stabilization of the MI region. These studies have been expertly reviewed (Zhu
et al. 2017) and highlight the need for hydrogels of appropriate stiffness, which may be
easily delivered in a clinical setting. The novel shear-thinning biomaterial system tested

in this study is an emerging candidate for translation into patients because it can be
administered through long, narrow catheters but at the same time can be engineered to

the appropriate stiffness for optimally limiting infarct expansion (Rodell et al. 2015).

Utilizing our state-of-the art MRI-based FE modeling approach, it was found that
contractility in the BZ of animals treated with hydrogel injection was significantly higher
than untreated controls, indicating that function is better retained due to treatment (Figure 3).
In both the M1 control and hydrogel groups, the variation of contractility across the BZ was
very close to linear, which is in good agreement with previous experimental and numerical
studies of sheep with MI (Lee et al. 2011; Shimkunas et al. 2014). The contractility results
were reinforced by the fact that the magnitude of ES principal strain in the BZ region of

the hydrogel treated group was significantly higher when compared to the Ml control group
(Figure 4). Additionally, the strain in the BZ region of the hydrogel treated group was
similar to the remote region, which again implies the preservation of function. This result
shows strong agreement with purely MRI-based studies, which found that ES principal
strains were higher in animals treated with hydroxyapatite-based biomaterial injections
(implying stronger contraction) (McGarvey et al. 2015). It was also found that the passive
stiffness of the treated infarct region was greater than the untreated control. Additionally, the
wall thickness in the infarct and BZ regions were significantly higher in the treated animals.
Both of these factors are likely contributors to the fact that end-systolic fiber stress was
greatly reduced in the BZ of treated animals.
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There are several limitations in the current study. The hydrogel distribution was only imaged
in a single animal. However, it should be noted that examination of the hydrogel distribution
could not be conducted in all animals, since this would require the animal be sacrificed

after injection to image gel distribution by MRI of the explanted tissue. The example shown
(Figure 2) is assumed to be representative of the distribution in other animals, since the same
injection pattern was used in every animal. The pericardium was not included in the LV
models. This will be incorporated in future studies. Finally, it was assumed that the passive
stiffness in the BZ region was the same as that in the remote region. This assumption will be
explored further in future studies.

In conclusion, treatment with hydrogel injection significantly improved BZ function and
reduced LV remodeling, via altered MI properties. These changes are linked to a reduction

in the ES fiber stress experienced in the BZ myocardium surrounding the infarct. The current
results, in conjunction with those reported previously, imply that the novel shear-thinning
hydrogel system used in this study should be a viable therapy for mitigating adverse LV
remodeling after M.
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Figure 1:
(a) Animal-specific FE model. The red elements represent the remote region, green elements

are BZ region, and blue elements are the infarct region. (b) Short axis cross-section view of
the animal-specific FE model near mid-ventricle.
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(a) (b)

Figure 2:
(a) Image reconstruction from To-weighted MRI data of retained hydrogel (red) distributed

within the infarct region (purple) in vivo. (b) Example of FE model with approximated
hydrogel injection pattern (brown) within the infarct region.
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Figure 3:
Comparison of the T, distribution between the Ml control group and hydrogel treated group

in the remote region and BZ region. (*p < 0.05 relative to MI control; **p < 0.05 relative to
remote region)
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Figure 4:
(a) Comparison of the ES minimum principal strain between the MI control group and

hydrogel treated group in the remote region and BZ region. (b) Comparison of the ES
maximum principal strain between the MI control group and hydrogel treated group in the
remote region and BZ region. (*p < 0.05 relative to Ml control; **p < 0.05 relative to remote
region)
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Figure5:
(a) End-systolic fiber stress distribution in cross-section view of an animal-specific Ml

control FE model near mid-ventricle. (b) Cross-section view of the MI FE model at end-
systole in same location. (c) End-systolic fiber stress distribution in cross-section view of an
animal-specific hydrogel treated FE model near mid-ventricle. (d) Cross-section view in the

hydrogel treated FE model at end-systole in same location.
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Table 1:

Comparison of end-systolic fiber stress (kPa) between the MI control group and hydrogel treated group in the
Remote, Border zone, and Infarct regions, respectively. *p < 0.05 compared to Ml control.

Remote Border zone | Infarct

MI control 21.86+1.51 29.84+1.98 47.25+6.14

Hydrogel treated | 14.12+2.31* | 19.53+1.69* | 28.49+3.78*
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