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Abstract

Background—There is continued need for therapies which reverse or abate the remodeling 

process following myocardial infarction (MI). In this study, we evaluate the longitudinal effects of 

calcium hydroxyapatite microsphere gel on regional strain, global ventricular function, and mitral 

regurgitation (MR) in a porcine MI model.

Methods—Twenty five Yorkshire swine were enrolled. Five were dedicated weight-matched 

controls. Twenty underwent posterolateral infarction by direct ligation of the circumflex artery and 

its branches. Infarcted animals were randomly divided into four groups: one week treatment, one 

week control, four week treatment, and four week control. Following infarction, animals received 

either twenty 150μl calcium hydroxyapatite gel or saline injections within the infarct. At their 

respective timepoints, echocardiograms, cardiac MRI, and tissue were collected for evaluation of 

MR, regional and global left ventricular function, wall thickness, and collagen content.

Results—Global and regional LV function were depressed in all infarcted subjects at one week 

compared to healthy controls. By four weeks post-infarction, global function had significantly 

improved in the calcium hydroxyapatite group compared to infarcted controls (EF 48.5±1.9% vs. 

38.0±1.7%, p<0.01). Similarly, regional borderzone radial contractile strain (16.3±1.5% vs. 

11.2±1.5%, p=0.04), MR grade (0.4±0.2 vs. 1.2±0.2, p=0.04), and infarct thickness (7.8±0.5mm 

vs. 4.5±0.2mm, p<0.01) were improved at this timepoint in the treatment group compared to 

infarct controls.
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Conclusions—Calcium hydroxyapatite injection following MI progressively improves global 

LV function, borderzone function, and mitral regurgitation. Using novel biomaterials to augment 

infarct material properties is viable alternative in the current management of heart failure.
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Introduction

Myocardial infarction (MI) precipitates approximately 70% of heart failure cases, and 

population modeling suggests the prevalence of both coronary artery disease and heart 

failure will further increase in the coming decades [1,2]. Progressively increasing scar 

compliance results in infarct expansion, which leads to impaired borderzone contraction, 

significant left ventricular (LV) systolic dysfunction and ventricular dilatation [3,4]. Passive 

restraint devices have been previously shown to limit the infarct expansion, improve 

borderzone function and ameliorate LV remodeling [5–12]. Unfortunately, application of 

such devices thus far has been limited by technical concerns and risk profiles from early 

clinical trials[13].

Injectable acellular biomaterials designed reverse or abate the remodeling process are of 

interest to surgeons and interventionalists as potential new treatment modalities in the 

limited armamentarium against ischemic cardiomyopathy. These therapies can potentially 

provide a minimally invasive and technically straightforward means of attenuating infarct 

expansion by directly providing structural support and/or by favorably altering the 

endogenous wound healing response in the infarct [14–18].

Radiesse® is a commercially available soft tissue filler gel composed of 30% 25–45μm 

calcium hydroxyapatite microspheres suspended in 70% water, glycerin, and 

carboxymethylcellulose and has been utilized for a variety of cosmetic and reconstructive 

applications [19]. Injection of the material induces neocollagenesis by inducing a phenotypic 

shift in wound-infiltrating macrophages from a pro-inflammatory phenotype towards and 

anti-inflammatory/pro-healing phenotype [20,21].

We have previously shown using 3-dimensional echocardiography that epicardial injection 

of Radiesse® following apical MI increases infarct stiffness, reduces infarct expansion and 

limits global LV remodeling [22,23]. Using a novel 3-dimensional tagged cardiac MRI, this 

study extends our previous work by evaluating the spatiotemporal effects of Radiesse® 

injection on regional contractile strains and global post-infarct ventricular function as well 

as mitral valve function in a large animal posterolateral infarct model.

Material and Methods

The longitudinal effects of calcium hydroxyapatite microsphere injection (Radiesse®) on 

global LV and borderzone function were studied in a porcine infarct model.
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With approval from The University of Pennsylvania’s Institutional Animal Care and Use 

Committee, twenty five male Yorkshire swine weighing 37.2±1.2kg were enrolled in this 

study. Twenty subjects underwent posterolateral infarction by direct coronary artery ligation 

via left thoracotomy. These animals were then randomized to sham injection or 

hydroxyapatite injection groups—with ten subjects per treatment. Post-infarct animals were 

then allowed to survive for either one or four weeks, at which point they underwent terminal 

imaging and tissue preparation. Five additional animals were used as healthy weight-

matched controls. All studies were performed in compliance with the Guide for the Care and 

Use of Laboratory Animals (National Institutes of Health Publication no 85-23, revised 

1996).

Infarction and Injection

All animals—with exception of healthy controls— underwent posterolateral infarction via 

left thoracotomy. Subjects were first sedated with intramuscular ketamine injection (25–

30mg/kg), intubated, and mechanically ventilated. General anesthesia was maintained on 

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

ventilation (tidal volume 10–15mg/kg). Aseptic technique was maintained throughout each 

procedure. Via left thoracotomy, animals underwent selective ligation of the circumflex 

artery and/or its branches with nonabsorbable polypropylene suture to create a posterolateral 

infarct involving approximately 15–18% of the LV. Akinesis of the involved wall was 

confirmed with intraoperative echocardiography. Ten custom 2mm platinum markers were 

positioned around the infarct periphery to assist in infarct localization during later MRI 

acquisitions and postprocessing.

Thirty minutes after infarction, animals were randomized to infarct control or treatment 

(Radiesse®) groups. Subjects then received twenty evenly distributed 150μl injections of 

either 0.9% normal saline (infarct control) or Radiesse® (treatment) throughout the infarct 

area. Hemodynamic and echocardiographic data was recorded pre-infarction, post-

infarction, and post-injection. After ensuring hemodynamic and electrophysiologic stability, 

all animals were then recovered. Subjects were then sub-divided into either one week or four 

week timepoints (N=5 per treatment/timepoint).

MRI

All animals, including healthy controls, underwent cardiac MRI to assess global ventricular 

function, 3D strain, and wall thickness. General anesthesia was maintained for the entirety 

of the imaging procedures, as described above. A high-fidelity pressure transduction catheter 

(Millar Instruments; Houston, TX) was positioned for LV pressure gating. MRI was 

performed using a 3T Seimens Trio A Tim Magnetom scanner (Seimens; Malvern, PA). 

Animals underwent prospectively-gated 3D SSFP cine MRI for volumetric analysis using 

the following parameters: field of view – 300 × 244, acquisition matrix – 192 × 156, 

repetition time – 3.11ms, echo time – 1.53ms, bandwidth – 1184Hz/pixel, slice thickness – 

4mm, averages – 2. Regional LV strain was assessed using a 3D SPAMM (SPAtial 

Modulation of Magnetization) tagged sequence with the following parameters: field of view 

– 260 × 260, acquisition matrix – 256 × 128, repetition time – 34.4ms, tag spacing – 6mm, 

bandwidth 330Hz/pixel, slice thickness – 2mm, averages – 4. Fifteen minutes following 
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intravenous injection of 0.1mmol/kg gadobenatedimeglumine (MultiHance; Bracco 

Diagnostics, Princeton, NJ), infarct location and wall thickness were visualized using a 3D 

late-gadolinium enhanced (LGE) spoiled gradient echo sequence with the following 

parameters: field of view – 350 × 350, acquisition matrix – 256 × 256, repetition time – 

591.28ms, echo time – 2.96ms, inversion time – 200–300ms, flip angle - 25°, averages – 2. 

Images were archived and stored off-line for post-processing.

Echocardiography

Prior to euthanasia, all animals underwent epicardial 2-D and 3-D Doppler 

echocardiography using a 2- to 7-MHz matrix array transducer (Philips Medical Systems 

iE33, Andover, MA, USA) for assessment of mitral regurgitation (MR). Images were stored 

off-line for analysis. The severity of mitral regurgitation (MR) was assessed semi-

quantitatively on the standard 0–4 scale by two analysts blinded to treatment group [24]. 

Average scores for each subject were then compared between control and treatment groups 

for each timepoint.

Image Post-Processing

Imaging data sets were blinded to the end-user throughout post-processing.

LV volume and global function data was obtained using prospective SSFP cine MRI images. 

Raw short-axis images were automatically sorted, cropped and contrast normalized in a 

custom Matlab (Natick, MA) program to ensure homogenous LV coverage and image 

quality, respectively. Segmentation was then performed through all cardiac phases of the 

sorted and correct images using a semi-automated 3D active contour segmentation program 

(ITK-SNAP, open access/source) [25]. LV end-diastolic volume (EDV), end-systolic 

volume (ESV), stroke volume (SV), and ejection fraction (EF) were then computed 

throughout the entire cardiac cycle from segmented images using in-plane and through-plane 

spatial resolution information.

Regional strain measurements were calculated from 3D SPAMM acquisitions using an 

optical flow technique. Epicardial and endocardial contours were first manually segmented 

at the end diastolic reference state using ImageJ software (NIH; Bethesda, MD). Image 

masks were created from segmented contours to isolate LV myocardium. A custom optical 

flow plug-in for ImageJ was used to derive 3D displacement flow fields from the stacked 

images through end-systole [26]. Using a custom Matlab program, infarct boundaries were 

identified using the previously placed platinum epicardial markers and LGE landmarks. 

Using a centroid placed within the LV, Borderzone myocardium was then automatically 

defined by the region extending 20 degrees beyond the infarct boundaries on each side [9]. 

Remote regions were automatically defined as the regions extending 40 degrees beyond the 

borderzone boundaries on each side. The endocardial and epicardial edges were excluded to 

reduce noise from blood and lung movement, respectively. Maximum principle strain (εmax)

—indicative of contractile function due to LV wall thickening—was then calculated for each 

region and 3D strain maps were generated (Figure 1a).

Infarct wall thickness was measured from LGE MRI images at end diastole (Figure 1b–e). 

Thirty random radially-oriented spokes were positioned throughout each 3D infarct area. 
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Platinum markers and LGE images were used to confirm infarct boundaries. Average 

thickness was computed from spoke length.

Tissue Analysis

Infarct size was measured by planimetry from the endocardial infarct surface area using 

ImageJ image analysis software. Tissue was then stained for collagen content using PSR 

staining.

Statistics

All data is presented as mean ± standard error of the mean (SEM). Volumetric, strain, and 

infarct wall thickness comparisons were performed using unpaired two-tailed t tests. A p 

value less than 0.05 was considered statistically significant.

Results

All animals successfully underwent infarction and reached their respective end-points with 

no unexpected deaths. No adverse outcomes, such as post-operative arrhythmia or material 

embolism, were encountered.

Global Ventricular Function

At one week following posterolateral infarct, both infarct control and Radiesse® treated 

animals developed significant reduction in ejection fraction compared to healthy control (EF 

55.8±5.4% versus 38.5±2.4% infarct control versus 38.3±1.9% Radiesse® treated, p<0.01) 

(Figure 2). At this timepoint, ESV increased from 25.4±6.3ml in healthy animals to 

46.0±4.8ml (p=0.02) in infarct controls and 46.6±3.4ml (p=0.01) in Radiesse® treated 

animals. Similarly, EDV increased from 54.5±6.4ml in healthy controls to 74.0±5.6ml 

(p=0.05) in infarct controls and 75.6±4.8ml (p=0.02). SV was similar among healthy 

controls (29.1±1.1ml), infarct controls (27.9±1.5ml, p=0.59), and Radiesse® treated 

(28.9±2.2ml, p=0.95). There were no differences in volumes or global function noted 

between treatment groups at one week.

At four weeks following posterolateral infarct, infarct control animals showed progressive 

dilation and loss of systolic function, while Radiesse® treated animals demonstrated 

improvement of all indices towards healthy control levels. EF following Radiesse® 

treatment improved to 48.5±1.9% (p=0.20 compared to healthy control), while infarct 

control EF remained reduced at 38.0±1.7% (p<0.01 versus 4wks post-Radiesse® treatment 

and healthy control). ESV significantly improved at four weeks in the Radiesse® treated 

group (38.6±2.1ml Radiesse® versus 54.3±3.3ml infarct control, p<0.01). Infarct only 

animals showed progressive dilation of the ventricle at four weeks compared to Radiesse® 

treated animals, which maintained EDV similar to one week (74.7±2.9ml Radiesse® versus 

87.4±3.9ml infarct control, p=0.03). SV was preserved between infarct control and 

Radiesse® treated animals at four weeks post-infarct (36.2±1.8ml Radiesse® versus 

33.1±1.6ml infarct control, p=0.22).
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Regional Ventricular Function

Remote and borderzone regional maximal principle strain was reduced in all infarct animals 

relative to uninfarcted healthy controls; however, maximal principle strain was improved in 

Radiesse® treated animals at both one week and four week timepoints compared to infarct 

controls (Figure 3). Healthy animal control posterolateral radial wall strain was 16.2±1.4%. 

At one week, remote myocardial strain was 11.9±0.8% in untreated infarct controls and 

13.7±2% in Radiesse® treated animals (p=0.05 between infarct and healthy controls, p=0.32 

between Radiesse® treatment and healthy controls, and p=0.44 between infarcted groups). 

Similarly, borderzone radial strain at one week was 9.4±0.7% in infarct controls versus 

11.1±1.6% following Radiesse® treatment (p<0.01 between infarct and healthy controls, 

p=0.04 between Radiesse® treatment and healthy controls, and p=0.38 between infarct 

groups).

At four weeks post-infarction, regional maximal principle strain following Radiesse® 

treatment continued to improve to near healthy control levels, while untreated infarct 

controls remained depressed. Remote regional strain at four weeks was 12.8±1.1% among 

infarct controls and 15.9±1.4% in Radiesse® treated infarcts (p=0.11 between infarct and 

healthy controls, p=0.89 between Radiesse® treatment and healthy controls, and p=0.11 

between infarct groups). Borderzone regional strain was 11.2±1.5% in infarct controls and 

16.3±1.5% in the Radiesse® group (p=0.03 between infarct and healthy controls, p=0.96 

between Radiesse® treatment and healthy controls, and p=0.04 between treatment groups).

Mitral Regurgitation

At one week post-infarction, there was no difference in severity of MR between control and 

treatment groups (1.0±0.0 vs 0.8±0.4, respectively). At four weeks post-infarction, there was 

improvement in the grade of MR from 0.4±0.2 with Radiesse® treatment to 1.2±0.2 in the 

control arm (p=0.04).

Infarct Size, Thickness and Histology

In vivo infarct wall thickness generated from MRI cine images demonstrated progressive 

thickening of Radiesse® treated infarcts, while untreated infarct controls thinned (Figure 2, 

right axis). Healthy control posterolateral myocardial wall thickness at end diastole was 

7.4±0.3mm. At one week post-infarct, Radiesse® treated and untreated infarct controls wall 

thickness were similar—6.3±0.5mm versus 5.7±0.2mm (p=0.34), respectively. By four 

weeks post-infarct, Radiesse® treated infarcts thickened to 7.8±0.5mm while infarct control 

wall thickness decreased to 4.5±0.2mm (p<0.001 between groups). This finding also 

represented a significant increase in wall thickness for Radiesse® treated animals from one 

week to four weeks (p=0.05), and a significant decrease in untreated infarct controls 

(p<0.01).

PSR collagen staining of infarct tissue qualitatively found dense collagen islands and 

cellular infiltrates surrounding Radiesse® microsphere islands compared to untreated infarct 

controls (Figure 4). Untreated control tissue at one week demonstrates homogenous faint 

collagen staining, which is slightly more pronounced by four weeks. Radiesse® treated 
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animals show dense collagen depositions around calcium hydroxyapatite islands which 

appear more dense and organized by four weeks.

Infarct size was similar between all treatment groups by planimetry—with one week control, 

one week Radiesse® treated, four week control, and four week Radiesse® treated infarcts 

measuring 15.7±1.2%, 15.3±0.8%, 15.3±0.6%, and 16.6±0.7% of total LV surface area 

respectively (p>0.05).

Comment

Epicardial injection of calcium hydroxyapatite microspheres shortly after posterolateral 

infarction ameliorated LV dilatation and was associated with progressive improvement in 

both borderzone and global LV function compared to sham controls. These findings were 

accompanied by reduced infarct thinning in the treatment group. At one week post-

infarction, no significant differences were found between groups. Both treated and untreated 

infarct control groups showed evidence of immediate LV dilatation and systolic dysfunction 

compared to healthy controls at this timepoint. By four weeks, however, the Radiesse® 

treatment group had not experienced infarct thinning and demonstrated near normalization 

of global function and borderzone contractile strain, while saline treated subjects showed 

regional and global evidence of on-going LV remodeling with infarct thinning. Similarly, 

MR was improved in the four week Radiesse® treated group compared to controls.

Although both groups demonstrated signs of early adverse remodeling, the untreated infarct 

group experienced persistent adverse remodeling between 1 week and 4 weeks after MI, 

while further LV dilation was prevented in the treatment group as global and regional 

contractile function nearly normalized. Radiesse® remains one of the stiffest injectable 

biomaterials commercially available for medical purposes [27], and the viscoelastive 

properties of this gel were the primary reason for its selection in this study. These temporal 

differences indicate that the beneficial effect was most likely the result of a biologic 

response to the injectate rather than mechanical characteristics of the material. Microsphere-

based biomaterials have been found to alter the phenotype of macrophages and fibroblast 

responding to healing wounds. Recent work by our group is supportive of this hypothesis—

showing temporal changes in fibroblast function and differentiation following Radiesse® 

injection with increased proliferation and migration of myofibroblasts [15,16,21].

These findings also corroborate earlier echocardiographic studies showing improved LV 

function after Radiesse® injection in an apical infarct model[22,23]. The current study 

extends our previous work by demonstrating that the prevention of infarct expansion by 

Radiesse® also improves borderzone contractile function and prevents extension of 

contractile dysfunction to progressively larger regions of perfused myocardium. Progressive 

increases in borderzone stress distributions following MI are thought to contribute to global 

contractile dysfunction and clinical heart failure symptoms [4,28–31]. This study supports 

that hypothesis. By augmenting infarct wall material properties, we can provide a more 

robust substrate upon which normally perfused borderzone can contract. Accordingly, we 

further hypothesize that the favorable effects seen after Radiesse® injection in this study are 

likely secondary to progressive infarct stiffening and resulting stabilization of the 
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borderzone myocardium and nearby papillary muscles—effects which are corroborated by 

progressive infarct wall thickness and the potential to limit development of ischemic mitral 

regurgitation.

In spite of revascularization treatments, over one third of patients with MI will later develop 

heart failure symptoms [32] —emphasizing the need for new therapeutic options. With a 

trend towards less-invasive treatment modalities, localized ventricular restraint/stiffening 

devices and injectable biomaterials have gained considerable clinical and research interest in 

the secondary prevention of heart failure [5,10,11,14,33,34]. While this study focuses on a 

single treatment, our group and others are actively involved in the development of other 

catheter-based therapeutics which are designed to alter the biochemical milieu and/or LV 

material properties [15–18,35,36]. An acknowledged limitation of Radiesse® injection is its 

inability to be injected via catheter due to high viscosity—necessitating open epicardial 

injections. In future studies, we plan on utilizing both shear thinning hydrogels and bioactive 

materials to alter post-infarct remodeling mechanics via a catheter-based approach [37,38].

In vivo quantification of therapeutic efficacy is typically limited to more traditional imaging 

techniques to date (e.g. echocardiography). Such modalities are often limited in spatial, 

dimensional or temporal resolution and provide limited insight into subtle regional function. 

In this study, we employed the use of high-spatial and temporal resolution 3D tagged cardiac 

MRI techniques to measure regional contractile wall strain (εmax) following biomaterial 

injection. Progressively increased systolic borderzone strain in the treatment groups 

compared to control supports the notion that infarct thinning and increased wall compliance 

drives LV remodeling. Nonetheless, borderzone wall strain and global LV function are 

indirect measures of in vivo infarct wall compliance and stress—metrics which have 

traditionally required ex vivo biaxial tissue analysis [3]. With the use of finite element 

modeling combined with diastolic 3D tagged cardiac MRI, our group is currently validating 

a technique by which LV wall stress-strain relationships can be directly quantified in vivo 

[17,39]. Additionally, MRI-based studies focused on long-term assessment of infarct stress-

strain relationships following acellular biomaterial injection are currently in process. In 

these studies, we are also implementing 4-D velocity-encoded MRI flow analysis to 

quantitatively assess mitral regurgitant fraction as well as LV diastolic fluid dynamics 

following biomaterial injection.

In conclusion, we have shown progressive improvement in global ventricular function, 

regional borderzone strain, and mitral regurgitation following directed injection of calcium 

hydroxyapatite microspheres into infarcted myocardium. These findings support the role of 

biomaterials in the treatment of ischemic cardiomyopathy. Further, high-resolution 3D MRI 

imaging techniques are emerging as an important tool in the measurement of therapeutic 

efficacy and in vivo biomechanics.
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Figure 1. 
(A) 3D radial strain map generated from manually segmented mid-myocardial contours. 2D 

short-axis strain maps (inset) are first generated for each myocardial slice from apex to base. 

Infarct, borderzone, and remote boundaries are then identified. Inf – Infarct region, BZ – 

Borderzone region, Rem – Remote region, Apex – LV apex. (B–E) Late gadolinium 

enhanced and cine images of 4wk untreated control (B & C) and 4wk Radiesse® treated (D 

& E) infarcts at end diastole. Red arrow denotes infarct area. Diffuse Radiesse® deposits are 

visible within the infarct scar as a black void.
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Figure 2. 
Summary of LV global function indices (left axis) and in vivo posterolateral wall thickness 

(right axis) at both one (A) and four weeks (B) post-infarct in infarct control and Radiesse® 

treated groups compared to healthy control. § denotes p<0.05 vs healthy control, * denotes 

p<0.05 vs 4wk infarct control.
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Figure 3. 
Summary of regional radial strain (εmax) at both one and four weeks post-infarct in infarct 

control and Radiesse® treated groups compared to healthy control. § denotes p<0.05 vs 

healthy control, * denotes p<0.05 vs 4wk infarct control borderzone myocardium.
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Figure 4. 
PSR collagen staining of healthy (A), 1wk untreated (B), 4wks untreated (C), 1wk 

Radiesse® treated (D), and 4wks Radiesse® treated (E) infarcts. Dense collagen deposits and 

cellular infiltrates surrounded Radiesse® islands in treated infarcts. Collagen deposition was 

decreased and more homogenous in MI controls.
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