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Abstract

Injectable biomaterials are an attractive therapy to attenuate left ventricular (LV) remodeling after 

myocardial infarction (MI). Although studies have shown that injectable hydrogels improve 

cardiac structure and function in vivo, temporal changes in infarct material properties after 

treatment have not been assessed. Emerging imaging and modeling techniques now allow for 

serial, non-invasive estimation of infarct material properties. Specifically, cine MRI assesses 

global LV structure and function, late-gadolinium enhancement (LGE) MRI enables visualization 

of infarcted tissue to quantify infarct expansion, and spatial modulation of magnetization 

(SPAMM) tagging provides passive wall motion assessment as a measure of tissue strain, which 

can all be used to evaluate infarct properties when combined with finite element (FE) models. In 

this work, we investigated the temporal effects of degradable hyaluronic acid (HA) hydrogels on 

global LV remodeling, infarct thinning and expansion, and infarct stiffness in a porcine infarct 

model for 12 weeks post-MI using MRI and FE modeling. Hydrogel treatment led to decreased 

LV volumes, improved ejection fraction, and increased wall thickness when compared to controls. 

FE model simulations demonstrated that hydrogel therapy increased infarct stiffness for 12 weeks 

post-MI. Thus, evaluation of myocardial tissue properties through MRI and FE modeling provides 

insight into the influence of injectable hydrogel therapies on myocardial structure and function 

post-MI.
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1. Introduction

Heart failure is a leading cause of death and disability, affecting 23 million individuals 

worldwide and 6 million in the U.S. [1, 2]. Nearly 70% of heart failure cases are attributed 

to left ventricular (LV) remodeling initiated by myocardial infarction (MI) [3]. LV 

remodeling is manifest by progressive LV dilation and loss of global contractile function 

[4]. Infarct expansion (stretching) initiates and sustains adverse left LV remodeling after MI. 

Immediately after the onset of ischemia, the infarct region ceases to contract and is subjected 

to the hemodynamic load produced by the remainder of the ventricle. This abnormal loading 

results in abrupt thinning and stretching of the infarct as well as increased mechanical stress 

in the perfused borderzone regions adjacent to the infarct [5–8]. In spite of increasing 

collagen content, infarcts can continue to expand for weeks after MI. This progressive 

expansion has been attributed to decreasing mechanical stiffness within the infarct and is 

associated with LV enlargement [9–11].

To limit infarct expansion, we initially tested and demonstrated the efficacy of numerous 

infarct wrapping techniques in large animal models of MI-induced LV remodeling [7, 12–

14]. More recently, in an attempt to develop less invasive therapeutic strategies, we have 

focused on the use of injectable biomaterials to stiffen the infarct to reduce expansion [15–

19]. While these studies have been encouraging, little in vivo data exists to describe the 

degree to which injectable materials influence infarct properties over time.

The goal of this study was to better understand the role that injectable hydrogels have on 

regional myocardial properties after MI using cardiac magnetic resonance imaging (MRI) 

and finite element (FE) modeling. Hydrogels were formed by crosslinking hyaluronic acid 

(HA), a linear polysaccharide found in native cardiac extracellular matrix (ECM) that plays 

a role in cardiac embryogenesis, scar reduction, cell migration and angiogenesis [20–23]. In 

vivo function was assessed in a porcine infarct model at 1, 4, 8, and 12 weeks post-MI to 

evaluate the temporal effect of injectable HA hydrogels on global LV remodeling, infarct 

thinning and expansion, and infarct stiffness over time. This study is the first to examine the 

influence of hydrogel therapies on infarct material properties using FE-model derived 

measures of passive myocardial stiffness based on in vivo, MRI-derived measures of 

regional myocardial strain.

2. Materials and methods

2.1. Synthesis of HeMA-HA macromer

HA (Lifecore) was modified to include a hydrolytically degradable group, hydroxyethyl 

methacrylate (HeMA; Figure 1A). Briefly, HeMA-HA was made by coupling HA-

tetrabutyl-ammonium salt (HA-TBA) to 2-hydroxyethyl-methacryl-succinate (HeMA-

COOH) using 4-dimethylamino-pyridine (DMAP, Sigma) and the coupling agent di-t-butyl 
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di-carbonate (BOC2O, Sigma) for 20 hours at 45°C (Figure S1A) [15]. The macromer was 

purified by dialyzing against deionized (DI) water at 4°C, acetone precipitating, and 

dialyzing again. The macromer was then lyophilized and the extent of HA modification with 

HeMA was assessed with 1H-NMR (Bruker) (Figure S1B). Modification was altered by 

varying the ratio of BOC2O to HeMA-COOH.

2.2. Hydrogel formation and characterization

Hydrogels were formed by crosslinking the methacrylate groups of HeMA-HA using a 

redox radical initiator system of ammonium persulfate (APS, 5 mM, Sigma) and N,N,N,N′, 

N′-tetramethylenediamine (TEMED, 5 mM, Sigma) [24]. Gel onset was quantified using an 

AR2000ex Rheometer (TA Instruments) by monitoring the storage (G′) and loss (G″) 

moduli over time at 37°C under 1% strain and a 1 Hz frequency in a cone-plate geometry 

(1°, 20 mm diameter). For in vitro characterization of mechanics and degradation, hydrogels 

were formed between two glass slides within a teflon mold sealed with vacuum grease. 

Compression testing was performed on hydrogels using a Dynamic Mechanical Analyzer 

(DMA) (Q800 TA Instruments) at a strain rate of 10%/min and compressive moduli were 

calculated from 10 to 20% strain [25]. Degradation was monitored in PBS at 37°C and mass 

loss was quantified using an uronic acid assay [26, 27]. Mechanics and degradation were 

assessed immediately after gelation (day 0) and at desired time points throughout 

degradation (i.e. days 1, 7, 14, 28, 56 and 84 after gelation).

2.3. In vivo evaluation in porcine infarct model

Fourteen male Yorkshire swine weighing 40–50 kg were enrolled in this study (n=8 

hydrogel treatment, n=6 saline control). All animals received care in compliance with 

protocols approved by the University of Pennsylvania’s Institutional Animal Care and Use 

Committee in accordance with the National Institutes of Health’s “Guide for the Care and 

Use of Laboratory Animals” (NIH Publication 85–23, revised 1996). Baseline MRI scans 

were performed to evaluate LV volumes and regional strains 5–7 days prior to MI.

For infarct induction, pigs were anesthetized and the LV free wall exposed through a left 

thoracotomy. Animals were first sedated with intramuscular ketamine injections (25–30 mg/

kg), intubated, and mechanically ventilated. General anesthesia was maintained on mixed 

isoflurane (1.5–3.0%) and oxygen, which was delivered by volume-controlled ventilation 

(tidal volume 10–15 mg/kg) [28]. A posterolateral infarction was induced by ligation of the 

left circumflex artery (LCX) and select obtuse marginal (OM) branches. In all cases, this 

pattern of coronary ligations produced an infarct comprising 20–25% of the left ventricle 

[29]. Akinesis of the infarcted myocardium was confirmed using intraoperative 

echocardiography. Following infarct induction, thin MRI compatible, platinum wire markers 

were sutured to the epicardium to outline the infarct area. These markers were tracked for 

quantitative assessment of infarct expansion over time (Figure 2A) [28].

Thirty minutes after infarction, animals received twenty evenly distributed 0.3 mL injections 

of either 0.9% normal saline (control) or HeMA-HA pre-hydrogel solution (treatment) 

throughout the infarct (Figure 2B). MRI scans were performed at one, four, eight, and 

twelve weeks after injection. Animals were sacrificed at 12 weeks and histological 
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evaluation of Masson’s Trichrome and H&E staining was performed. Morphometric 

analysis was performed to assess infarct and remote myocardial wall thickness using 

calipers [28].

2.4. MRI acquisition

Serial cardiac MRI was used to noninvasively assess global and regional cardiac structure 

and function in each animal through a series of three scans: 1) cine imaging to assess global 

LV morphology and function (Figure 2C), 2) late-gadolinium enhancement (LGE) imaging 

to assess infarct area thinning and expansion (Figure 2D), and 3) SPAMM (SPAtial 

Modulation of Magnetization) tagging to assess regional, diastolic myocardial strains 

(Figure 2E). MR images were acquired using a 3T Tim Magnetom Trio Scanner (Seimens, 

Inc.; Malvern, PA). General anesthesia was maintained throughout all imaging procedures, 

as described above. For each MRI scan, a high-fidelity pressure transducer (Millar 

Instruments; Houston, TX) was guided into the LV for cardiac gating; the measured pressure 

was later used as an input for a finite element (FE) model to assess in vivo myocardial stress-

strain relationships.

LV volume imaging was performed using prospectively-gated 3D steady-state free 

precession (SSFP) cine MRI with the following imaging parameters: field of view = 300 × 

244 mm2, matrix size = 192 × 156, repetition time = 3.11 ms, echo time = 1.53 ms, 

bandwidth = 1184 Hz/pixel, slice thickness = 4 mm, averages = 2 [28]. Assessment of 

infarct location and wall thickness occurred fifteen minutes following intravenous injection 

of 0.1 mmol/kg gadobenatedimeglumine (MultiHance; Bracco Diagnostics, Princeton, NJ) 

using a 3D LGE spoiled gradient echo sequence with the following parameters: field of view 

= 350 × 350 mm2, matrix size = 256 × 256, repetition time = 591.28 ms, echo time = 2.96 

ms, inversion time = 200–300 ms, flip angle = 25°, averages = 2 [28]. Finally, regional LV 

strain was assessed using a 3D SPAMM tagged sequence with the following parameters: 

field of view = 260 × 260 mm2, matrix size = 256 × 128, repetition time = 34.4 ms, tag 

spacing = 6 mm, bandwidth = 330 Hz/pixel, slice thickness = 2 mm, averages = 4 [28]. 

Separate scans were performed for systolic and diastolic strain assessment. Images were 

archived and stored off-line for post-processing.

2.5. MR image post-processing

2.5.1. LV volume measurement—Global LV structure and function was assessed from 

prospective SSFP cine MRI (Figure 2C). Raw short-axis images were sorted, cropped, and 

contrast-normalized in a custom MATLAB (Natick, MA) program to ensure homogenous 

LV coverage and image quality, respectively. Segmentation was performed throughout all 

cardiac phases using a semi-automated 3D active contour segmentation program (ITK-

SNAP, open access/source) [30] using edge-based snakes to identify the LV blood volume. 

LV end-diastolic volume (EDV), end-systolic volume (ESV), and ejection fraction (EF) 

were calculated throughout the cardiac cycle from segmented images using inputs of in-

plane and through-plane spatial resolution.

2.5.2. Infarct thickness and volume assessment—Myocardial wall thickness was 

measured throughout the study from cine MRI images at end diastole. Thirty radially-
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oriented spokes were randomly positioned throughout each 3D infarct area in fifteen mid-

ventricular slices using ImageJ software (NIH; Bethesda, MD). Platinum markers placed 

immediately post-MI and LGE images were used to confirm infarct boundaries. Infarct 

thickness was computed at each time point from the average spoke length. Remote wall 

thickness was measured as a comparison.

Infarct surface area and volume were assessed at end diastole from the LGE images at each 

imaging time point using MIPAV software (NIH; Bethesda, MD; Figure 2D). Both infarct 

surface area and volume were normalized to total LV surface area and volume for each data 

set, respectively. The epicardium, endocardium, and infarct regions were manually 

contoured in fifteen slices from base to apex. The infarct was identified from the enhanced 

region in the LGE images and confirmed by comparing to platinum marker locations in the 

cine and SPAMM images. Surface area was calculated by multiplying contour perimeters by 

the slice thickness (4 mm) and number of analyzed slices. Volume was calculated by 

converting LGE image contours to binary masks to sum the voxels and computing a volume 

based on the spatial resolution (1.37×1.37×4.00 mm3). It should be noted that the epicardial, 

endocardial, and infarct contours were the same for both the surface area and volume 

calculations.

2.5.3. Myocardial strain analysis—Regional wall function was assessed in terms of 

passive properties using diastolic strains. Regional strains were calculated from 3D SPAMM 

acquisitions using an optical flow technique (Figure 2E) [31]. Raw short-axis SPAMM 

images were first manually cropped in ImageJ to include only the LV from the apex to the 

mitral annulus. Epicardial and endocardial contours were manually segmented at the early 

diastolic reference state. Image masks were created from the segmented contours to isolate 

the LV myocardium. A custom optical flow mapping algorithm integrated into ImageJ was 

used to derive high resolution, 3D displacement flow fields and strain tensors from the 

SPAMM images, tracking from the early diastole to end diastole [31]. The endocardial and 

epicardial infarct boundaries were identified using the previously placed platinum markers 

and confirmed by comparison with the enhanced region in the LGE images.

2.6. In vivo diastolic material property estimation

The details of the diastolic myocardial tissue property estimation scheme, which employs a 

combination of MRI data, FE model simulations, and numerical optimization, have been 

described previously [32]. Briefly, early diastole was taken to be the reference state for the 

animal-specific ventricular FE models since it represents a relatively stress-free state due to 

minimal LV pressure. LV volume was calculated at early and end diastole using endocardial 

contours performed at those respective time points multiplied by the spatial resolution (area 

x in-plane resolution x through-plane resolution). Synchronous LV pressure was recorded 

throughout diastole and used as a pressure boundary condition in the model.

FE models were generated by fitting the MRI-derived endocardial and epicardial contours at 

early diastole with 3D surfaces (Rapidform; INUS Technology, Inc., Sunnyvale, CA) and 

filling the myocardial space with hexahedral trilinear elements (TrueGrid; XYZ Scientific, 

Inc., Livermore, CA, USA) [32]. The boundary between the infarct and remote region was 
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defined using 3D spline curves created from MRI-derived infarct contours projected onto 

the endocardial and epicardial surfaces. Myofiber angles were assigned for each hexahedral 

element using a custom MATLAB code and assumed to vary linearly in the transmural 

direction. Remote angles were fixed to be 83° at the endocardial surface and −37° at the 

epicardial surface with respect to the circumferential direction [19, 33, 34], whereas the 

infarct angles were assigned via an optimization algorithm, which will be discussed later.

The myocardial tissue properties of both the control and hydrogel-injected myocardial data 

were described by a nearly incompressible, transversely isotropic hyperelastic constitutive 

model given by:

(1)

where

(2)

The parameters C, bf, bt, bfs, are constants that describe diastolic myocardial tissue 

properties. Eii are the components of the Green–Lagrange strain tensor relative to the 

myofiber coordinate system (E11 = fiber direction, E22 = cross-fiber in-plane direction, E33 

= transverse-fiber direction). The remaining Eij parameters are shear strains [32]. Similar to 

Kichula et al. [19], the same constitutive law was used to describe both the saline- and 

hydrogel-treated infarcts so that differences in myocardial stiffness could be attributed to 

altered tissue parameters with hydrogel delivery. The strain energy function (Equation 1) 

was implemented using LS-DYNA (Livermore Software Technology Corporation; 

Livermore, CA, USA).

Subsequently, LS-OPT software (Livermore Software Technology Corporation; Livermore, 

CA, USA) was used to determine the optimal set of infarct material parameters (Table 1; 

Table S1) by minimizing the error (mean standard error, MSE) between the FE model 

predicted strain and the in vivo MRI measured strain. In addition to the diastolic strain 

inputs, constraints on LV cavity volume were incorporated into the MSE calculation to 

ensure better agreement, as described earlier. The parameters obtained from the optimization 

were then input into an equi-biaxial extension simulation [32] to obtain representative stress-

strain curves of the infarct and remote regions for the saline and hydrogel treated animals. 

Using a custom MATLAB code, stress was calculated for a range of strain values to 

facilitate a clearer interpretation of differences in myocardial tissue properties with hydrogel 

treatment.

2.7. Statistical analysis

Data is presented as mean ± standard deviation (SD) or mean ± standard error of the mean 

(SEM), as indicated in each figure legend. Comparisons were performed using unpaired 

two-tailed t tests, where p<0.05 was considered statistically significant.
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3. Results

3.1. In vitro characterization of selected hydrogel formulation

A single HeMA-HA hydrogel formulation was selected for in vivo assessment: 25% 

modified HeMA-HA at 8 wt% and gelled using 5 mM APS and 5 mM TEMED. Prior to its 

application in vivo, the properties of this selected formulation were characterized in vitro. 

Gelation onset occurred at 2.1 ± 0.5 min and the crosslinking reaction reached a plateau 

within 20 minutes (gel completion: 15.9 ± 2.9 min) after introducing the dissolved 

macromer to the initiators (Figure 1B). The gel onset time dictated the timing for injection in 

vivo. In addition, hydrogels were formed with an initial compressive modulus of 147.7 ± 

34.2 kPa and degraded at 11.9 ± 3.6 weeks (Figure 1C). The temporal degradation (Figure 

S2A) and compressive mechanical (Figure S2B) profiles illustrated that hydrogels of this 

formulation gradually degraded and lost their mechanics over 12 weeks, which was the 

intended duration of the in vivo study.

3.2 Histological evaluation and ex vivo infarct thickness

Histological assessment of the infarct region at the terminal time point (12 weeks) was 

similar (i.e. extensive collagen staining, lack of functional myocytes, etc.) in both the 

hydrogel treated and saline control animals (Figure 3). Hydrogel did not remain in the 

treatment animals at 12 weeks, which is consistent with the in vitro degradation results 

(Figure 1C; Figure S2A). Infarct wall thickness was measured ex vivo at 12 weeks using 

calipers. Hydrogel treated animals had greater ex vivo infarct wall thickness than controls 

and, as a comparison, wall thickness in the infarct region was significantly smaller (p<0.05) 

than in the remote region for both groups (Figure S3).

3.3. Global LV structure and function

Analysis of the cine MRI data revealed that the injectable HeMA-HA hydrogel system led to 

a trend of reduced LV end systolic volumes (ESV) and end diastolic volumes (EDV) at all 

time points relative to saline injected control animals (Figure 4A, B). Moreover, the LV 

volumes in the hydrogel treated animals were significantly smaller than the volumes of the 

saline control animals at 1 week post-MI (EDV, p=0.005; ESV, p=0.03). However, a trend 

towards progressively increasing LV volumes over time was observed in both the saline 

control and hydrogel treatment animals. Comparison of the saline treated volumes relative to 

the baseline (pre-MI) volumes (EDV, 69.4 ± 7.9 mL; ESV, 35.5 ± 5.7 mL) indicated that the 

majority of the ventricular expansion occurred within the first week post-MI. However, 

there was significant variability in the data, particularly for the saline control animals. There 

was also one animal that in the saline control group that showed limited progression of 

remodeling, potentially due to a smaller initial infarct. For the saline control group, all 

volumes were statistically greater (p<0.05) than the baseline volumes. For the hydrogel 

treatment group, all ESV were statistically greater than baseline, whereas the EDV were not 

statistically different (p>0.05) from baseline values except for at 8 weeks (p=0.04).

Ventricular function measured in terms of ejection fraction (EF) tended to be greater with 

hydrogel therapy than saline at all time points (Figure 4C). At 8 weeks, the average EF of 

the hydrogel animals was significantly different (p<0.05) than controls. Relative to baseline 
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(51.2 ± 3.5%), EFs were statistically different in the saline group at all time points and in the 

hydrogel group at 1 and 4 weeks post-MI. At 8 and 12 weeks post-MI, the EF of the 

hydrogel animals was not significantly different (p>0.05) than the baseline.

3.4. In vivo infarct thickness and expansion over time

Infarct wall thickness measured in vivo over 12 weeks from the cine data showed increased 

thicknesses with hydrogel therapy when compared to controls that were statistically 

significant past 1 week (Figure 5). Progressive infarct wall thinning occurred in both groups 

over time. This trend was confirmed qualitatively in the LGE MR images, where regions of 

enhanced signal were localized to the infarct (Figure S4). All infarct thicknesses in both 

groups were significantly different from the baseline posterolateral wall thickness (9.6 ± 0.4 

mm) except for the hydrogel group at 1 week post-MI (8.4 ± 0.5 mm, p=0.07). As a 

comparison, the remote wall thickness remained unchanged over the 12 week study for both 

groups (average over time points: hydrogel, 9.5 ± 0.1 mm; saline, 9.6 ± 0.1 mm) and there 

was no statistically significant difference when compared to the baseline value at each time 

point (baseline, 9.6 ± 0.2 mm).

Changes in infarct expansion were assessed by analyzing the LGE MR images to measure 

infarct surface area and infarct volume. Infarct surface areas normalized to the total LV 

surface area were maintained throughout the duration of the study in both the hydrogel and 

saline groups without statistically significant differences between the two groups (Figure 

S5A). Thus, the infarct surface area expanded at the same rate as the LV surface area over 

the course of the study. In contrast, infarct volumes normalized to the total LV volumes 

were maintained in the animals with hydrogel injections but decreased in saline treated 

animals over the four time points (Figure S5B). Beyond 1 week post-MI, the infarct volume 

in the hydrogel animals was significantly different (p<0.05) than the control animals.

3.5. Estimation of in vivo diastolic myocardial properties using FE modeling

Animal-specific FE models were used to predict diastolic strains for a given applied 

pressure, as a measure of passive myocardial properties (Figure 6; Figure S6). The 

constitutive model parameters (C, bf, bt, bfs) and infarct fiber angles were determined via 

optimization to represent the unique diastolic myocardial material properties for each 

treatment and control animal at each time point (Table 1; Table S1). The MSE values, which 

describe the degree of error between the MRI-derived and FE-model predicted strains, range 

from 6.1 ± 1.5 to 11.3 ± 9.5. The average MSE values are consistent with previous studies 

[11, 35] and imply good agreement between the data and models. In addition, the values 

were comparable over the different time points and similar but slightly less for the hydrogel 

data relative to the saline control data. The optimized infarct fiber angles ranged from −33.5 

± 25.7° to −2.2 ± 3.1 ° at the epicardial surface and 9.2 ± 15.4° to 56.8 ± 16.8° at the 

endocardial surface. In both animal conditions, the fiber angles were closer to 0° at the 

epicardial than the endocardial surface, where the proximity to 0° dictates the degree of 

circumferential orientation of the fibers. Moreover, comparison of the fiber angles between 

the hydrogel and saline data sets revealed that the epicardial fiber angles were closer to 0° in 

the hydrogel data but the endocardial angles were closer to 0° in the saline data. Over time, 

the epicardial fiber angles increased to be further away from 0°, whereas the endocardial 
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angles decreased closer to 0° in both conditions. Using the optimized parameters, FE models 

showed small strains in the infarct region that increased outward to the surrounding remote 

regions in both animal conditions (Figure 7). In addition, both the remote and infarct strains 

increased over the duration of the study.

To better understand differences in passive myocardial properties, simulated equi-biaxial 

tests were used to estimate stress over a given range of strain values and generate stress-

strain curves in the fiber and cross-fiber directions. The range of Green–Lagrange strains 

investigated was determined from the FE model predicted diastolic strains (Figure 7). 

Examination of the stress-strain curves revealed stiffening of the infarct region in both the 

hydrogel and saline animals at 1 week following infarct induction when compared to 

baseline (Figure 8). With each subsequent time point, the infarct became progressively less 

stiff in both animal groups, yet remained stiffer than at baseline even out to 12 week post-

MI. These trends were consistent between the fiber and cross-fiber direction but the stiffness 

in the fiber direction was greater than the cross-fiber direction at each time point when 

comparing within each animal condition. Most importantly, at each time point, the stiffness 

of the infarct in the hydrogel treated animals was greater than that of saline injected animals 

in both the fiber and cross-fiber directions.

Quantification of the moduli from the stress-strain plots over different strain ranges (0–0.05 

and 0.05–0.10) further confirmed greater infarct stiffness with hydrogel therapy relative to 

the control animals at each time point out to 12 weeks, particularly in the fiber direction 

(Figure 9). In addition, infarct stiffness was greater with extension simulated in the fiber 

direction than in the cross-fiber direction and this stiffening response progressively declined 

with time. Overall, there was a persistent trend towards increased infarct stiffness in the 

treatment animals throughout the study but limited statistical significance between treatment 

and control moduli due to a relatively small sample size and inter-subject variability. For the 

0–0.05 strain range, moduli were not statistically significant compared to baseline except for 

the hydrogel group at 12 weeks in the fiber direction (p=0.01) and the saline group at 8 

weeks in the fiber direction (p=0.03) and at 4 and 8 weeks in the cross-fiber direction (4 

weeks, p=0.03; 8 weeks, p=0.04). For the 0.05–0.10 strain range, moduli were not 

significantly significant than baseline aside from in the cross-fiber direction for the hydrogel 

group at 12 weeks (p=0.03) and the saline group at 8 weeks (p=0.03).

4. Discussion

It has become evident that the regional mechanical changes in the myocardium must be 

considered when designing biomaterial approaches for MI stabilization [4,9,36]. Previous 

biomaterial studies designed to alter myocardial mechanics post-MI have demonstrated that 

the delivery of injectable materials leads to thicker, stiffer infarcts with limited infarct 

expansion and preserved LV geometry [15, 16, 37–43]. However, a better understanding of 

the correlations between myocardial tissue properties and improved global outcomes is 

needed to identify optimal biomaterial properties and improve therapy design. Towards this 

goal, this work used MRI and FE modeling as tools to temporally examine the impact of an 

injectable hydrogel system on infarct tissue properties (i.e., thickness, expansion, stiffening).
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In this study, a HA hydrogel formulation with high initial mechanics was applied in vivo to 

investigate its ability to alter infarct thickness and stiffening post-MI. Previous in vivo work 

demonstrated that HA hydrogels that were present for over eight weeks with initial 

mechanics greater than that of the normal myocardium were more effective at maintaining 

LV structure post-MI than hydrogels with lower mechanics [15, 16]. Moreover, FE 

modeling using experimentally derived biaxial inputs from HA hydrogel-myocardial 

composites indicated that a formulation that is overall stiffer will further reduce wall stress 

to attenuate remodeling [19]. Thus, a single hydrogel formulation was selected for in vivo 

application with an in vitro degradation profile greater than eight weeks and an initial 

compressive modulus greater than ten times that of the normal myocardium. LGE MR 

images throughout the 12 week study correlated with the in vitro degradation profile (Figure 

1C; Figure S2A) in that the material appeared to be present in the infarct region at the 8 

week time point but was no longer present at 12 weeks (Figure S4). This was further 

confirmed by histology where no hydrogel was observed at the terminal time point (Figure 

3). Remodeling post-MI was evaluated using MRI at 1, 4, 8, and 12 weeks following 

injection of either hydrogel therapy or saline for controls.

In this study, the hydrogel therapy was delivered early post-MI to reduce animal mortality 

by limiting the number of surgical procedures. Other groups have delivered materials at 

various times, ranging from immediately after MI [44] out to two months post-MI [39], 

where greater improvement in ventricular function was generally observed with earlier 

injections prior to irreversible damage. For this work, the selected timing of thirty minutes 

post-MI is not directl clinical relevant because the average time between the onset of MI 

symptoms to hospital intervention is 2–6 hours [45, 46]. Moreover, the timing of delivery in 

the remodeling process (i.e., acute vs. chronic) may play a role in the overall outcomes. 

Percutaneous delivery systems are now being developed for such HA hydrogels for future 

investigation.

The impact of hydrogel delivery on LV remodeling was first examined in terms of global 

LV structure and function. As expected, intramyocardial hydrogel injection resulted in a 

trend of preserved LV geometry and improved cardiac function as compared to saline 

delivery at all time points (Figure 4). Although both groups demonstrated signs of adverse 

remodeling relative to baseline, the ability of hydrogel therapy to minimize LV dilation was 

maintained over the 12 week study. These findings correlated with our previous 

echocardiographic studies that demonstrated better maintenance of LV structure with HA 

hydrogel injection compared to infarct controls in an ovine infarct model [15, 16]. To 

expand upon our previous work, the current study used state-of-the-art MRI to serially 

examine the impact of hydrogels on in vivo infarct thinning and expansion and passive 

myocardial stiffening to better understand how hydrogel therapy led to these positive global 

outcomes.

Thinning of the myocardium post-MI has been identified as an important contributor to 

increased wall stress, both in the infarct and surrounding borderzone regions. Thus, 

myocardial thickness was measured to assess the ability of hydrogel therapy to bulk and 

stabilize the heart wall to attenuate remodeling. As anticipated, ex vivo assessment at 12 

weeks (Figure S3) and in vivo assessment over the 12 weeks demonstrated increased infarct 
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thickness due to hydrogel bulking (Figure 5). Many studies have demonstrated similar 

increases in ex vivo infarct thickness with material delivery [15, 16, 43], but few have 

quantified infarct thinning noninvasively over time, as in this study [28].

The infarct expansion that occurs as the heart dilates and myocardial walls thin both 

precipitates and sustains remodeling [6, 47–49]. Thus, the impact of hydrogel injection on 

infarct expansion (i.e., stretching) was assessed by measuring the infarct surface area and 

volume and normalizing to total LV surface area and volume, respectively. Infarct surface 

area is primarily a measure of infarct expansion, whereas infarct volume accounts for both 

thinning and expansion. The minimal change in infarct surface area over time and between 

groups (Figure S5A) suggests that the rate of infarct expansion was similar to the rate of 

global LV dilation (Figure 4A, B). However, since there was less overall LV dilation with 

hydrogel therapy at each time point, the infarct in the hydrogel treated animals expanded 

less than in controls. Moreover, the maintained infarct volume over the four time points with 

hydrogel therapy (Figure S5B) correlates with the minimal changes in infarct thickness 

(Figure 5C, D) and infarct surface area as a measure of expansion (Figure S5A). Similarly, 

the decrease in infarct volume over time in controls correlates with the thinning observed 

due to matrix degradation in the infarct (Figure 5) [50] since minimal changes were 

observed in the rate of infarct expansion (Figure S5B). Thus, infarct surface area assessment 

showed less infarct expansion with hydrogel therapy due to less LV dilation, whereas infarct 

volume assessment further confirmed the trends in infarct thickness in that hydrogels 

function by bulking the myocardial wall.

Due to the role of increased infarct compliance in sustaining adverse remodeling [51, 52], 

MRI-derived diastolic strains were input into a FE model to directly quantify in vivo passive 

mechanical properties in the myocardium and provide an understanding of the impact of 

hydrogel delivery on in vivo wall compliance (Figure 6; Figure S6). Assessment of regional 

stress-strain relationships using simulated equi-biaxial extension tests demonstrated that 

hydrogel injection led to increased myocardial stiffness in the infarct region relative to 

controls, with a larger impact on mechanics in the fiber direction as compared to the cross-

fiber direction (Figure 8; Figure 9). In both animal groups, extensive stiffening of the infarct 

was observed at 1 week post-MI compared to baseline and the stiffening response 

progressively decreased over time. Immediately post-MI, the infarct loses its systolic, 

contractile function whereas diastolic function is relatively maintained. This abrupt 

transition from an active to passive material leads to immediate stretching and thinning of 

the infarct, as well as LV dilation [36, 53, 54]. The initial stiffening response viewed over 

the first week relative to baseline (Figure 8; Figure 9) can thus be attributed to the interstitial 

edema and infiltration of inflammatory cells in the early post-MI necrotic period [9, 36], 

which only temporarily limit the outward expansion of the infarct. Despite the increase in 

collagen content as the infarct heals with time, there is a gradual decrease in infarct stiffness 

(Figure 8; Figure 9) as infarct expansion (Figure S5) and global LV dilation progress (Figure 

4). The increased stiffening with hydrogel injection indicates that the hydrogel successfully 

altered the material properties of the infarct prior to when the body had compensated for 

remodeling, leading to less infarct expansion and LV dilation.
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The increased infarct stiffness (Figure 9) and thickness (Figure 5) with HeMA-HA injection 

is likely due to a combination of the presence of the hydrogel itself, as well as a biological 

response to the material injection [55]. From the in vitro hydrogel characterization (Figure 

1C; Figure S2), the selected hydrogel formulation degrades prior to 12 weeks; yet, the 

infarct wall thickness at 12 weeks is greater in the hydrogel treated animals when compared 

to the saline injected animals, despite material degradation (Figure 5). This maintained 

thickness suggests a response to the HA hydrogel, which could include the degradation 

products of HA due to its native functions or an inflammatory response that leads to 

collagen production [20–23]. We have previously characterized the tissue response to 

injected HeMA-HA hydrogels delivered to the myocardium and observed positive MHC 

Class II staining at the biomaterial interface indicative of an inflammatory response and 

positive α-smooth muscle actin (α-SMA) staining in sections of the infarct region indicative 

of neovascularization [15]. There are no cytotoxicity concerns with the hydrogel degradation 

products or the chemical initiators used for crosslinking based on previous in vitro 

biocompatibility assessments by our group [16].

Overall, the use of MRI and FE modeling to serially assess key infarct parameters (i.e., 

thickening, expansion, stiffening) demonstrated that the infarcts of control animals 

progressively thinned over the 12 week study (Figure 5) and became less stiff, particularly in 

the fiber direction out to 8 weeks, at which point the infarct stiffness stabilized out to 12 

weeks (Figure 8; Figure 9). Whereas the greatest global ventricular changes in the control 

animals were observed from pre-MI to one week post-MI (Figure 4), regional myocardial 

assessment demonstrated a progressive decline in infarct properties throughout the 12 weeks 

(Figure 5; Figure 9; Figure S5). In contrast to saline delivery, HA hydrogel delivery not only 

limited global dilation (Figure 4) but also thickened (Figure 5) and stiffened the infarct in 

the fiber direction throughout the study (Figure 8; Figure 9). While the benefit of hydrogel 

therapy on global LV remodeling was maintained over the 12 weeks (Figure 4), both infarct 

thickness and stiffness progressively decreased as the material degraded (Figure S2). The 

gradual decrease in infarct modulus with hydrogel therapy (Figure 9) tracks with the 

decrease in hydrogel mechanics over time (Figure S2), highlighting that the material itself 

plays a dominant role in infarct stiffening. Moreover, the technique of combining MRI-

derived measures of strain with FE model-generated stresses can not only assess infarct 

specific properties but simultaneously document the decrease in mechanical properties of the 

hydrogel. Thus, future work should focus on biomaterials that maintain their mechanics for 

longer durations or those that alter the biology of the healing infarct.

5. Conclusions

An injectable, degradable hydrogel was successfully applied to an in vivo porcine infarct 

model to serially examine its effect on the physical properties of the infarct region using 

MRI and FE modeling. MRI analysis demonstrated that injectable HA hydrogels can 

improve LV structure and function, preserve infarct thickness, and limit infarct dilation. 

Building upon our previous work, input of MRI-derived diastolic strain parameters into a FE 

model indicated that the hydrogel delivery increased infarct stiffness throughout the 12 week 

study when compared to saline-treated controls. In summary, evaluation of myocardial 

properties using MRI and FE modeling improves our understanding of the impact of 
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injectable materials on the post-MI remodeling process and can serve as a tool to determine 

the optimal biomaterial properties for MI stabilization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Hydrogel formation and in vitro characterization. Chemical structure of HeMA-HA 

macromer, where 25% of the HA repeat units were modified with HeMA groups (A). 

Representative rheological time sweep after mixing HeMA-HA macromer with APS and 

TEMED, where the intersection of the storage (Gprime;) and loss (G″) moduli is defined as 

gel onset (B). Time to complete degradation and initial mechanics of the HeMA-HA 

formulation used for in vivo studies, n=4 (C). Data presented as mean ± SD.
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Fig. 2. 
MRI analysis of in vivo porcine infarct model. In vivo function (n=3–6/group) was assessed 

in an established porcine posterior infarct model (A). Inserts in panel A show a three-

dimensional MRI reconstruction of a hydrogel injection in a myocardial explant (top) and 

visibility of a MRI compatible marker (white, dashed circle) placed post-MI for tracking 

infarct expansion over time (bottom). Thirty minutes post-MI, animals underwent an array 

of twenty 0.3 mL injections of either prepolymer solution or saline in the infarct (B). MRI 

compatible markers (white, dashed circles) are visible. MRI scans were performed at 

baseline (i.e. prior to infarction) and at 1, 4, 8 and 12 weeks post-MI. MRI data was 

analyzed to assess global LV structure and function from segmentation of the blood volume 

(red shape) in cine MRI (C), infarct (red arrow) expansion from LGE MRI (D), and 

myocardial wall function from tracking grid displacement (red circles highlight select tags) 

in SPAMM tagged MRI (E). Scale bar = 2 cm.
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Fig. 3. 
Histological assessment of infarcts. Histological evaluation using Masson’s Trichrome (A, 

C) and H&E (B, D) stains of saline treated (A, B) and hydrogel treated (C, D) animals at 12 

weeks post-MI. Scale bar = 500 μm.
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Fig. 4. 
Global cardiac structural and functional outcomes. LV volume and function assessed by 

segmenting cine MRI images throughout all cardiac phases, n=3–6/group. Hydrogel 

treatment led to decreased LV volumes (A, B) and improved cardiac function in terms of 

ejection fraction (C). Data presented as mean ± SEM. *p<0.05 vs. saline controls. †p<0.05 

vs. baseline.
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Fig. 5. 
Infarct wall thicknesses measured in vivo. Myocardial wall thickness was measured at 

different locations (INF: infarct; REM: remote) in vivo throughout the study by analyzing 

cine MR images at end diastole. Representative images at 12 weeks indicating infarct region 

(white arrows) are shown for saline and hydrogel treated animals (A). Quantification 

showed increased infarct wall thickness at all time points with hydrogel therapy, n=3–6/

group (B). Data presented as mean ± SEM. *p<0.05 vs. saline controls. Scale bars = 1 cm.
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Fig. 6. 
Finite element model to assess passive myocardial properties. Representative finite element 

models of a baseline animal (A) and saline (B) and hydrogel (C) treated animals at 1 and 12 

weeks post-MI. The infarct (red) and remote (blue) regions were assigned different 

myocardial tissue properties. Short axis views taken from roughly the same position at mid-

ventricle demonstrate thinning of the infarct region over time (arrows).
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Fig. 7. 
Short-axis view of the diastolic principal strain generated from FE model simulations. 

Representative short-axis strain maps of a baseline animal (A) and saline (B) and hydrogel 

(C) treated animals at 1 and 12 weeks. The end-diastolic pressure was set at a constant 10 

mmHg to ensure all data sets experienced the same load.
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Fig. 8. 
Simulated equi-biaxial extension tests using FE model optimization parameters. Stress-strain 

equations were implemented into a custom MATLAB code to calculate stress at the same set 

of strain points for each case. Average stress-strain plots of the infarct region of saline 

control (top) and hydrogel treated (bottom) animals in the fiber (A, C) and cross-fiber (B, D) 

direction in saline treated animals over time.
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Fig. 9. 
Quantification of moduli in the infarct region from simulated equi-biaxial tests. The moduli 

were calculated at different strain ranges for extension in both the fiber (A, C) and cross-

fiber (B, D) direction in saline and hydrogel treated animals over time. Data presented as 

mean ± SEM.
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