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SUMMARY 

Biomaterial injectates are promising as a therapy for myocardial infarction to inhibit the 

adverse ventricular remodeling. The current study explored interrelated effects of injectate 

volume and infarct size on treatment efficacy. A finite element model of a rat heart was 

utilized to represent ischemic infarcts of 10%, 20% and 38% of left ventricular wall volume 

and polyethylene glycol hydrogel injectates of 25%, 50% and 75% of the infarct volume. 

Ejection fraction was 49.7% in the healthy left ventricle and 44.9%, 46.4%, 47.4% and 47.3% 

in the untreated 10% infarct and treated with 25%, 50% and 75% injectate, respectively. 

Maximum end-systolic infarct fibre stress was 41.6, 53.4, 44.7, 44.0 and 45.3 kPa in the 

healthy heart, the untreated 10% infarct and when treated with the three injectate volumes, 

respectively. Treating the 10% and 38% infarcts with the 25% injectate volume reduced the 

maximum end-systolic fibre stress by 16.3% and 34.7% and the associated strain by 30.2% 

and 9.8%, respectively. The results indicate the existence of a threshold for injectate volume 

above which efficacy does not further increase but may decrease. The efficacy of an injectate 

in reducing infarct stress and strain changes with infarct size. 

Keywords: biomaterial; polyethylene glycol; finite element method; cardiac function; 

ventricular remodelling; indentation tests 
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1 INTRODUCTION 

Cardiovascular diseases have been the leading cause of deaths worldwide over the past 

decade. In 2008, myocardial infarction (MI) was responsible for about one third of these 

cardiovascular deaths, making it the leading cause of heart failure deaths. It is expected that 

there will be a drastic increase in deaths resulting from MI and cardiovascular diseases in 

Africa due to increasing economic wealth as well as an increase in obesity, diabetes and 

hypertension [1]. After MI, remodeling of the heart takes place in both the infarcted and 

healthy tissue in an attempt to regain functionality within the heart. The remodeling process 

comprises ventricular dilation and hypertrophy as well as the development of scar tissue in 

the region of the infarct, which affects the left ventricle (LV) and performance of the heart 

[2]. This remodeling process attempts to maintain the stroke volume and other cardiac 

function, but causes an increase in myocardial stress, as a results of wall thinning, LV dilation 

and increase in infarct stiffness [3, 4]. Current treatment therapies used for MI include both 

pharmaceutical and surgical techniques. Pharmaceutical therapies aim to prevent and treat 

any complications that may arise as a result of the infarction healing process, as well as aims 

to restore the balance between the oxygen supply and demand, preventing further ischemia 

[5]. Many surgical techniques on the other hand focus on the return of the blood flow to the 

infarcted region of the heart, for example coronary bypass grafting. Although these therapies 

are relatively effective 30-40% of patients die from heart failure within 1 year after being 

diagnosed [6]. Therefore, a new treatment to inhibit post-infarct remodeling has been 

investigated which involves the injection of biomaterials into the infarcted myocardium [7-9].  

Various materials as well as cells have been used as therapeutic injectate [10, 11]. Cell 

therapies aiming at the regeneration of the infarcted myocardium [12, 13] have shown 

benefits but the underlying mechanisms remain uncertain. Computational analysis, 
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particularly the finite element analysis, has been an effective tool in investigating the 

mechanical aspects of acellular biomaterial injectate therapy for MI through model 

predictions. Recent computational investigations have shown that these injectates reduce the 

stress in the infarct [14-17]. However, the effects of injectate volume and a possible 

relationship between injectate volume and infarct size on the efficacy of the treatment are not 

well understood.  

The current study aimed as such providing further insights into this question. It was 

hypothesized that there is an optimal volume, or volume range, of biomaterial delivered in an 

infarct to maximize the therapeutic effects, and that this optimal volume depends on the 

infarct size. 

2 METHODS 

2.1 Generation of finite element model of healthy heart from cardiac MRI 

Sets of 11 cardiac short-axis magnetic resonance images (MRI) of the end-systolic and end-

diastolic time points of a healthy rat heart were used from the study by Saleh et al. [18]. All 

institutional and national guidelines for the care and use of laboratory animals were followed 

for that study and approved by the institutional review board of the University of Cape Town.  

Automatic image segmentation was undertaken on the end-systolic MRI set using 

Segment [19] to define the contours of the left ventricle (LV) endocardium, right ventricle 

(RV) endocardium and epicardium for each slice. Each segmented contour contained 80 data 

points which were exported as x, y and z coordinates. The data were imported into 

Continuity 6.4 (National Biomedical Computation Resource, University of California, San 

Diego, CA, USA) and prolate-spheroidal surface meshes were fitted to the contour points 

using an automated least-squares method. Minor manual adjustments were made on the mesh 
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to obtain a closer fit to the contour points by adjusting the derivatives as well as nodal 

locations. A small hole was created at the apex of the LV to omit redundant nodes. A three-

dimensional mesh was created from the surface meshes. The mesh density was four by four 

by five elements in transmural, longitudinal and circumferential direction, respectively, 

yielding 80 tri-cubic Hermite elements with 127 nodes. The myofibrefibre orientation was 

implemented with tri-cubic Hermite basis functions rotating transmurally from -52° on the 

epicardial surface to 53° on the endocardial surface [20]. The definition of fibre orientation 

was simplified to avoid computational errors related to discontinuity in fibre orientation 

between septal wall and RV free wall [21]. The fibre orientations for the endocardial and 

epicardial surfaces were set while no constraints were defined for the fibre orientation on the 

endocardial surfaces of the RV, ensuring continuity of fibre angles throughout. Fig. 1 (a, b) 

illustrates the geometry of the biventricular rat heart model. 

Boundary conditions were applied to the coordinates of the basal nodes as well as the 

derivatives in the circumferential and transmural directions of these nodes to limit the 

extension of the epicardial base and to simulate the effect of the stiff valve annuli. The 

derivatives of the apical nodes were fixed in longitudinal and circumferential directions such 

that the unrealistic effect of the apical hole was suppressed [22]. 

2.2 Material models 

2.2.1 Myocardium 

During the diastolic phase of the cardiac cycle, the heart undergoes purely passive expansion, 

which was described by a Lagrangian strain energy function [23] representing the 

transversely isotropic and nearly incompressible characteristics of the myocardium: 

   1ln1
2

1
compr  JJJCeCW Q

myo
, (1) 
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where C is the stress scaling coefficient, Ccompr is the bulk modulus of the myocardial tissue 

and J is the volume ratio of the stretch tensor U [24]. The second right-hand term in Eq. (1) is 

a penalty function to describe the passive myocardium as nearly incompressible [25]. Q is 

given by 

   2 2 2 2 2 2 2 2 2

ff ff xx cc ss cs sc fx fc cf fs sf        Q b E b E E E E b E E E E
 (2) 

where Eff is the fibrefibre strain, Ecc is the cross fibrefibre in-plane strain, Ess is radial strain 

transverse to the fibrefibre direction. The shear strains are Ecs in the transverse plane, Efc in 

the fibrefibre–cross-fibrefibre plane and Efs in the fibrefibre–radial plane. The parameters bff, 

bxx and bfx are the fibre strain coefficient, cross-fibre strain coefficient and shear strain 

coefficient, respectively. Material properties used in this study were C = 2.0 kPa, bff =9.2, bxx 

= 3.0, bfx = 3.7 based on Omens et al. [20] with some modifications to match the model 

predicted stress and strain to the data reported Omens et al. [20]. Ccompr was set to 100 kPa. 

Active contraction during the systolic phase was described by an additional fibre directional 

active tension component given by 
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Here, m is the gradient and b is the time-intercept of the linear relationship of relaxation 

duration to sarcomere length, with m = 1.0489 s/μm and b = -1.429 s [26]. B = 4.75 μm
-1

 

describes the shape of the relationship of peak isometric tension to sarcomere length [26]. 

Ca0,max = 4.35 μmol/l is the maximum peak concentration of intracellular calcium [27]. lr = 
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1.85 μm [26] and l0 = 1.58 μm [28] are the sarcomere length at its stress-free state and at zero 

tension, respectively. Additionally, Tmax = 135.7 kPa [26] and Ca0 = Ca0,max = 4.35 μmol/l 

[27]. 

2.2.2 Polyethylene Glycol Hydrogel 

Material preparation and experimental characterization 

Vinyl sulfone derivatized polyethylene glycol (PEG) prepared by methods described by 

Dobner et al. [8] In brief, a 5% PEG (20 kPa, 8-arm, hydroxyl-terminated: 20PEG-8OH, 

Shearwater/Nektar) solution in dry dichloromethane was reacted with 5x molar excess of 

sodium hydride followed by 50x molar excess of divinyl sulfone under inert atmosphere for 

48 hours. After neutralization of the remaining sodium hydride with glacial acetic acid and 

removal of the precipitated sodium acetate salt through centrifugation and vacuum filtration, 

reduction of the volume by rotary evaporation, and precipitation in 10x excess cold diethyl 

ether, the product was dried (room temperature, 24 hours, reduced pressure). Purification of 

the product (20PEG-8VS) was achieved through 3x re-precipitation from dichloromethane in 

diethyl ether and drying. Gels of 10% (m/v) nominal concentration were prepared by 

dissolving 10 mg of 20PEG-8VS in 50 µL phosphate-buffered saline, and casted into discs 

with diameter of 5 mm and thickness of 2 mm. 

Using a customized set-up adopted from Cox et al. [29], the PEG hydrogel discs (n = 6) were 

subjected to quasi-static indentation tests  at the center of the disc (spherical indenter, 

diameter: 2 mm; displacement rate: 0.01 mm/s). After preconditioning, three consecutive 

indentations with a maximum indentation depth of 0.5 mm were conducted for each sample. 

Additional indentation tests were performed at two off-center locations for each sample, 

providing the same results as the central indentation. The average reaction force of the central 
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indentations at the indentation depths of 0.1, 0.3 and 0.5 mm (data are provided as an online 

supplement) was used for the identification of constitutive parameters.  

Determination of constitutive parameters using an inverse finite element method 

The hydrogel was described by the isotropic Neo-Hookean hyperelastic strain energy 

function 

2

110 )1(
1
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, (5) 

where )(1

t
FFtrI   is the first deviatoric invariant, )det(FJ   is the volume ratio, F  is 

the deformation gradient, FJF 3

1


  is the deviatoric deformation gradient, C10 and D are the 

Neo-Hookean elastic and compressible moduli, respectively. 

An axisymmetric finite element model of the hydrogel disc sample and a rigid body indenter 

was used to simulate the indentation experiments (Abaqus 6.10, Dassault Systèmes, 

Providence, RI, USA). Hybrid elements were used to account for the nearly-incompressible 

behavior of the gel. Using the objective function  
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and setting D = 0.8 MPa
-1

, the constitutive parameters were identified through fitting of the 

numerical solution to the experimental force-displacement data averaged over all samples and 

tests. In Eq. (6), 
num

iF  and 
ex

iF  are the reaction forces from numerical simulation and 

experiment, respectively, at three indentation depths (i = 1 to 3) of 20%, 60% and 100% of 

the sample thickness which corresponded to 0.1, 0.3 and 0.5 mm, respectively. Minimizing 

the cost function with a Nelder-Mead simplex algorithm resulted in C10 = 0.0123 MPa.  



This article is protected by copyright. All rights reserved. 

2.2.3 Homogenization of myocardium and hydrogel injectate 

When injected into early ischemic infarcts, hydrogel has been found to form very thin layers 

within the myocardial tissue [8, 9, 30]. Hence, the infarcted myocardium with dispersed 

hydrogel was represented using a homogenization approach based on the fractions and 

constitutive relationships of the different materials within the hydrogel-treated region of the 

LV.  

For the distinction between healthy myocardium, infarcted myocardium and hydrogel, a 

strain energy function with three terms was formulated that could be used to describe any of 

the three materials and mixtures thereof: 

gelWWWW   infarcthealthy  , (7) 

with α + β + γ = 1. The parameters α, β and γ represent the fractions of healthy myocardium, 

infarcted myocardium and hydrogel injectate, respectively. Whealthy and Winfarct describe the 

constitutive properties of healthy and infarcted myocardium according to section 2.2.1 and 

2.3, and Wgel represents the hydrogel according to Eq. (6). 

2.3 Implementation of infarcts and hydrogel injectates 

Three sizes of antero-apical transmural infarcts were implemented in the LV, namely 10%, 

20% and 38% of the LV wall volume (Fig. 1 c-e). The infarct region and functional border 

zone were defined employing a matrix of 5 x 5 x 5 field variables [31] in each element 

allowing for intra-element material status changes. The size of the border zone was 

approximated to 10% of the infract size. 

This study focused on early ischemic infarcts (e.g. few minutes to hours after MI onset), the 

mechanical properties of which are characterised by the loss in contractility and dominated 
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by the passive material properties of myocardium [2]. Therefore, the constitutive changes for 

the infarct were limited to the active tension relationship Eq. (3). Infarcts were assumed to be 

completely non-contractile. This was modelled by turning off the active contraction, i.e. 

setting the intracellular calcium concentration Ca0 = 0. The functional border zone was 

assumed to have partial contractile dysfunction modelled by reducing the intracellular 

calcium concentration to 50% of the value of the healthy case. 

The volume fractions of dispersed hydrogel and infarcted tissue within the hydrogel-treated 

region were obtained from morphometric analysis of histological micrographs from a 

previous study [32]. All institutional and national guidelines for the care and use of 

laboratory animals were followed for that study and approved by the institutional review 

board of the University of Cape Town. In brief, after experimental infarction by ligation of 

the left anterior descending artery, PEG hydrogel was immediately injected in the infarcted 

wall and allowed to disperse and polymerize in situ for 30 min. The heart was harvested and 

cryosectioned from the apex towards the base obtaining 30 µm sections the heart at 20 levels 

with an inter-level distance of 200 µm. Microscopic images of DAPI (4',6-diamidino-2-

phenylindole) mounted sections were acquired with an Eclipse 90i Fluorescent Microscope 

with digital camera DXM-1200C and fluorescein isothiocyanate filter (Nikon Corporation, 

Tokyo, Japan) at x3.2 magnification and stitched to composite images of the entire short-axis 

cross section of the heart at each level. The composite images from three levels of the heart 

underwent morphometric assessment. For each image, a region of interest was defined in the 

infarct region (Simpleware, Simpleware Ltd, Exeter, UK) that contained a representative 

distribution of the hydrogel. Two-dimensional masks of tissue and hydrogel were defined in 

the region of interest and the respective areas were measured. The fractions of infarcted tissue 

and hydrogel were found to be 0.558 ± 0.052 and 0.442 ± 0.042 (mean ± standard deviation), 

respectively. These fractions were employed in the homogenization constitutive relationship, 
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Eq. (7), by setting β = 0.558 and γ = 0.442 to model the material properties of the hydrogel-

treated infarct region. 

A local wall thickening was implemented in the model geometry to account for the volume of 

the injected hydrogel. This was performed by applying a negative pressure to both the 

endocardial side and the epicardial side of the wall at the region of injection. All nodal points 

except those in the area of injection were constrained to ensure the thickening was applied 

locally to the region where injection occurred. 

 

2.4 Study cases 

To determine the effect of injectate volumes on infarct mechanics, three hydrogel injectate 

volumes were studied, namely 25%, 50% and 75% of the infarcted wall volume. These 

injectate volumes were implemented in the 10% infarct size, as illustrated in Fig. 1 (f-h). The 

injectate-treated regions were modelled centralized within the infarct region. Furthermore, to 

evaluate the effect of the variable infarct size, two additional cases were developed with 

larger infarcts: a) 25% injectate volume was implemented in the 38% infarct, and b) 50% 

injectate volume was implemented in the 20% infarct.    

2.5 Left ventricular hemodynamics 

A linear increase in pressure was applied to the left and right ventricles cavities to simulate 

the diastolic phase of the cardiac cycle. The LV and RV end-diastolic pressures were taken to 

be 3.36 and 1.78 kPa, respectively, which gave an end-diastolic volumes equal to those 

recorded from the MRI. To simulate the systole, active contraction was applied with constant 

LV and RV volume until a desired LV peak pressure of 14 kPa was reached. These pressure 
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end points were used for all models based on the understanding that the LV pressure needs to 

overcome the aortic pressure for the aortic valve to open. 

The analysis of the cardiac hemodynamics was performed by recording the pressure–volume 

relationships marked by the diastolic and systolic phases of the LV cardiac cycle. The end-

diastolic pressure volume relationship (EDPVR) provided a measure of the ventricular 

compliance whereas the contractility, or elastance, Emax was defined by the slope of the end-

systolic pressure volume relationship (ESPVR) curve. Other cardiac functional parameters 

obtained from EDPVR and ESPVR were the dead space volume V0, stroke volume SV and 

ejection fraction EF. 

3 RESULTS 

3.1 Left ventricular hemodynamics 

Fig. 2 (a) displays the pressure volume relationships of the healthy case and the three infarct 

sizes 10%, 20% and 38%. The EDPVR was identical for all cases since the ischemic infarcts 

exhibited the same passive material properties as the healthy tissue. For end-systolic, a slight 

decrease in the slope of the ESPVR curves was observed with increasing infarct size. Fig. 

2 (b-e) shows the effect of infarct size on ejection fraction (EF), dead volume (V0), stroke 

volume (SV) and end-systolic elastance (Emax). With increasing infarct size, similar steady 

decreases were recorded for EF and SV whereas Emax decreases primarily for the 38% infarct 

and V0 was shown to increase. 

Fig. 2 (f, g) illustrates end-diastolic and end-systolic pressure volume relationships for the 

untreated and treated 10% infarct cases as well as the healthy control. The end-diastolic 

compliance was lower in the treated infarct cases compared to the untreated infarct and 
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decreased with an increase in injectate volume (Fig. 2 f). The systolic function of the 

infarcted LV was recovered, to varying extent, for the cases with hydrogel injectate.  

The left ventricle functional parameters for different models are summarized in Table 1. For 

the treated 10% infarcts, Emax increased steadily with increasing injectate volume exceeding 

the value of the healthy control for the 50% and 75% injectate. The dead volume and ejection 

fraction were improved for all injectate sizes; the greatest benefit was observed for the 50% 

injectate. Comparing between the 25% relative injectate volume in the 10% and 38% infarcts, 

the EF improvement was similar; 3.3% and .3.5% respectively. The EF recovery in absolute 

measures was, however, considerably smaller for the 38% infarct due to the larger associated 

functional loss (48.1%) as opposed to 9.7% loss in the 10% infarct when compared to the 

healthy case. A large difference in improvement of EF was observed for the 50% relative 

hydrogel volume in the 10% infarct (5.6%) and the 20% infarct (39%). In both 20% and 30% 

infarcts, the injectate also improved the stroke volume unlike the further decrease in stroke 

volume observed in the treated 10% infarct. A further difference was the decrease in the end-

systolic elastance Emax in the presence of the injectates for the 38% infarct and 20% infarct in 

contrast to the increase of Emax in the 10% infarct with the respective injectate volume. The 

improvement of dead volume in different infarct sizes was similar for each of the two 

injectate volumes which, once again, did not correspond to a similar absolute recovery due to 

the increase in functional impairment with increasing infarct size. 

 [Position of Table 1] 

3.2 Myocardial mechanics 

End-diastolic strain was calculated with the end-systole as a reference configuration and vice 

versa for end-systolic strain. Fig. 3 illustrates the end-diastolic and end-systolic maximum 
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fibre stress and strain for the 10% infarct cases without injectate and with 25%, 50% and 75% 

injectate volumes, respectively, and the healthy control. At the end-diastolic time point, stress 

and strain were the same in the healthy case and the untreated infarct and decreased with 

increasing injectate volume. At end-systole, the stress in the untreated infarct exceeded the 

level predicted for healthy control. In the treated infarcts, the stress was reduced compared to 

the untreated infarct and were only slightly higher than in the healthy case. Although 

marginally, the largest decrease was observed with the 50% hydrogel injectate. The end-

systolic strain was predicted to be lower in all treated infarcts compared to the untreated 

infarct. Similar to stress, the largest decrease in strain was observed for the 50% injectate 

whereas the least decrease found for the 75% injectate volume. 

A comparison of the myocardial mechanics for different infarct sizes with the same relative 

injectate volume is provided in Fig. 4 and Fig. 5. The maximum fibre stress and strain in the 

10% and 38% infarcts when treated with the 25% injectate are illustrated in Fig. 4. The 

injectate led to a decrease of the end-diastolic stress in the 10% infarct but not in the 38% 

infarct. The end-diastolic strain was reduced in both the 10% and 38% treated infarcts, by 

20.3% and 25.7%, respectively, compared to the untreated infarct. The decrease in the end-

systolic stress observed in the treated 38% infarct was 34.7% compared to the untreated case 

whereas a smaller decreases of 16.7% was predicted in the treated 10% infarct. However, the 

stress level in the treated 10% infarct dropped nearly to the healthy level whereas in the large 

treated infarct the stress still considerably higher than in the healthy control. The end-systolic 

strain was positive in all infarcts compared to negative strain in the healthy case. The end-

systolic strain decreased by 30.2% from untreated to treated 10% infarct but only by 9.8% in 

the case of the 38% infarct. 
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The maximum fibre stress and strain in the 10% and 28% infarcts when treated with the 50% 

injectate are illustrated in Fig. 5. The end-diastolic stress and strain were predicted to be 

lower in both treated infarcts compared to the untreated infarcts and healthy controls. At end-

systole, the reduction of stress from untreated to treated case was considerably higher in the 

20% infarct (40.3%) compared to the 10% infarct (17.6%). The opposite was observed for 

end-systolic strain: a larger reduction for the 10% infarct (44.4%) than for the 20% infarct 

(18.6%). 

4 DISCUSSION 

The assessment and optimization of the therapeutic effects of biomaterial injections on the 

function and mechanics of an infarcted heart has been a subject of various computational 

studies [14, 15, 33, 34]. However, no study was found that evaluated the relationship of 

injectate volume and infarct size in the context of the therapeutic benefit. The current 

computational study investigated the effect that the variation in volume of biomaterial 

injectates has on improvement of ventricular performance and wall mechanics in an infarcted 

rat heart. We employed a particular formulation of PEG hydrogel used in our in vivo 

preclinical research [8]. The study utilized biventricular finite element models of a healthy 

heart and hearts with an ischemic infarct with the size of 10%, 20% and 38% of the LV 

myocardial volume, respectively. The 10% infarct size was studied as untreated (i.e. without 

injectate) and treated with a PEG hydrogel injectate the volume of which was 25%, 50% and 

75% of the infarct wall volume. This design facilitated a controlled comparison of untreated 

infarcts, treated infarcts and a healthy control case. Additionally, the 25% and 50% hydrogel 

injectate volumes were implemented in 38% and 20% infarct sizes, respectively, and 

compared to the treated 10% infarct counterparts to study the effect of the relative injectate 

volume on variable infarct sizes. As the same passive constitutive properties were used for 
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the early infarct and the healthy tissue, passive diastolic mechanics was the same in infarct 

and healthy cases and the analysis of the injectate benefits focused particularly on end-

systolic stage. 

In contrast to our previous work [16, 17], we represented the hydrogel injectates in a 

homogenized mixture approach. We developed and implemented in Continuity a mixed-term 

constitutive framework (Eq. 7). The framework combined a transversely isotropic strain 

energy function and active tension for myocardium and a Neo-Hookean strain energy 

function for the isotropic hydrogel. The framework allowed to describe healthy contractile 

myocardium, infarcted myocardium, infarcted myocardium with biomaterial injectate and the 

functional border zone by using three parameters that determine ventricular region to be 

described. The ratio of injected material to infarcted tissue, i.e. 55.8% to 44.2%, was 

determined in histological sections of an ischemic infarct with immediately injected PEG 

hydrogel [32]. The parameter values of the Neo-Hookean material model used for the 

injectate were obtained from the experimental characterization of PEG hydrogel that was also 

used in vivo [8]. 

We found an increase of the beneficial effects of the hydrogel injectate, both for ventricular 

function and infarct wall mechanics, with increasing the injection volume from 25% to 50% 

of the infarct wall volume. However, the benefit did not increase further for an injectate 

volume of 75%. The ejection fraction of the 10% infarct increased by 3.3% with the 25% 

hydrogel injectate and by 5.6% with the 50% injectate whereas it slightly dropped to 5.3% for 

the 75% injectate. Also increasing the injectate volume from 50% to 75% did not further 

elevate the ESPVR curve (Fig. 2g) compared with the elevation observed between 25% and 

50%. Similar trends were predicted for infarct strain and stress at end systole (Fig. 3 e and f) 

with the 50% injectate resulting in the largest benefit. The end-systolic maximum fibre strain 
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in the 10% infarct was reduced by 44.4% for the 50% injectate compared to 30.2% and 

21.7% for the 25% and 75% injectate. For the maximum end-systolic fibre stress, differences 

were more moderate: 17.6%, 16.3% and 15.1% reduction for the 50%, 25% and 75% 

injectate. This indicates the existence of an optimal amount of biomaterial to be delivered 

above which the injectate’s benefits may not further increase or may even decrease. This 

finding is supported by results of Wenk et al. [33] in a study utilizing a canine LV model. 

Investigating the optimal pattern of intra-myocardial injectates with total volume of 0.18 mL 

and 5.4 mL, the maximum benefit was reported for an injectate pattern with an intermediate 

number of inclusions when optimizing for myofibre stress and stroke volume. Lee et al. [34] 

predicted in a patient-specific computational model that the magnitude and the heterogeneity 

of the myofibre stress in the area of biomaterial inclusions decreases with decreasing injectate 

volume. This similarly indicates that an increasing injectate volume can have adverse effect 

on therapeutic efficacy. 

Comparing the effects of the same injectate volume (normalized to the infarct volume) on 

end-systolic mechanics for different infarct sizes, we found that the attenuating effect of the 

injectate decreased with infarct size for the end-systolic fibre strain but increased with infarct 

size for the associated fibre stress. The 25% injectate reduced the end-systolic strain by 

30.2% and 9.8% in the 10% and 38% infarct, respectively (Fig. 4 f). Similarly, the 50% 

injectate reduced the maximum fibre strain by 44.4% in the 10% infarct and by 18.6% in the 

20% infarct (Fig. 5 f). However, the 25% injectate decreased the maximum fibre stress by 

16.3% and 34.7% in the 10% and 38% infarct, respectively (Fig. 4 e). The 50% injectate 

reduced the maximum fibre stress by 17.6% and 40.3% in 10% and 20% infarct (Fig. 5 e). 

The opposite effects for attenuation of strain and stress with infarct size can be explained by 

the increase in fibre strain with infarct size in combination with the increase of myocardial 

stiffness with increasing strain based on the exponential stress-strain relationship (Eq. 1). A 
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smaller reduction in strain at higher strain levels in the larger infarcts compared to the small 

infarct can indeed result in a larger decrease in stress in the larger infarcts. The diminution of 

the strain reduction effect of the injectate with increasing infarct size may be based on the 

dissimilar absolute sizes of supported and unsupported infarct regions. These resulting 

difference in endocardial forces on and boundary conditions of the infarct lead to different 

deformation of the infarct in particular when considering that the infarct wall thickness 

remains independent of infarct size.  

A major limitation of the current study is the lack of comprehensive characterization of the 

interaction between the infarct size and injection volume. In the current study we showed 

three injectate volumes with the 10% infarct with two selectively added cases (i.e. I20-G50 

and I38-G25). Although the presented work allowed exploring the effect of excessive 

injectate volume with providing a clue of what the effect of varying the infarct size could be, 

they left unresolved questions with regards to the role the infarct size could play. 

The positively outlying functional data of I20-G50 case is based on a large recovery of ESV 

(ca 21%) and a small recovery of EDV (ca 7%) when compared to the non-treated I20 infarct 

case. Although the reason for this is not fully understood and requires further investigations, 

it may be partially related to inconsistencies between different cases in the change of the LV 

geometry associated with the implementation of the added biomaterial volume. The different 

infarct sizes and injectate volumes lead to varying degrees of epi- and endocardial bulging, 

the latter of which translates into different degrees of reduction of the LV cavity volume.   
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5 CONCLUSIONS 

The results of this study indicate that a threshold may exist for the volume of biomaterial 

injectates for treatment of acute myocardial infarction. For volumes exceeding that threshold, 

the therapeutic efficacy of the treatment does not further increase but may even decrease - 

both in terms of ventricular function and wall mechanics. In addition, the efficacy of 

biomaterial injectates in terms of reducing wall stress in the infarct was shown to increase 

with infarct size.  
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Table 1. Left ventricle functional parameters predicted by different models: the healthy heart 

(H), 10% infarct without injectate (I10) and with 25%, 50% and 75% injectate (I10-G25, I10-

G50, I10-G75), 20% infarct without injectate (I20) and with 50% injectate (I20-G50) and 

38% infarct without injectate (I38) and with 25% injectate (I38-G28). 

Model Emax (kPa/µl) V0 (µl) SV (µl) EF (%) 

H 0.210 48.44 114.57 49.7 

I10 0.203 57.18 103.63 44.9 

I10-G25 0.205 50.45 102.83 46.4 

I10-G50 0.214 47.25 101.49 47.4 

I10-G75 0.217 48.35 101.41 47.3 

I20 0.202 67.60 67.34 29.2 

I20-G50 0.199 57.42 87.46 40.6 

I38 0.157 81.43 59.60 25.8 

I38-G25 0.145 72.40 61.71 26.7 
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Fig. 1. Biventricular model of the rat heart: (a) side view showing the apex and (b) view on 

the base of the heart with the cavities of the left and right ventricles. Antero-apical view of 

the infarct area with infarct sizes of 10% (c), 20% (d) and 38% (e) (Red: healthy tissue. Dark 

blue: infarct area. Light blue, green and yellow: functional border zone). View of the 

hydrogel-treated region in the 10% infarct for injectate sizes of 25% (f), 50% (g) and 75% (h) 

(Displayed on the mid-wall surface. Red: myocardium. Dark blue: injectate treated region). 
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Fig. 2. Left ventricle functional parameters predicted by models of 10%, 20% and 38% 

untreated infarcts (a-e) and 10% infarct treated with 25%, 50% and 75% hydrogel injectate 

volumes (f, g): (a) End-systolic and end-diastolic pressure volume curves. The end-diastolic 

pressure volume curves are identical for all cases. (b) Ejection fraction. (c) Dead volume. (d) 

Stroke volume. (e) End-systolic elastance. (Note: Data for infarct size of 0% represent the 

healthy case.). (f) End-diastolic  pressure volume relationship. The end-diastolic pressure 

volume curves for healthy case and untreated infarct are identical. (g) End-systolic pressure 

volume relationship. (H= healthy; I10, I20 and I38= untreated 10%, 20% and 38% infarct; 

G25, G50 and G75= 10% infarct treated with 25%, 50% and 75% injectate volume).  
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Fig. 3. End-diastolic (ED) and end-systolic (ES) maximum fibre stress and strain in the 

infarct region of the untreated and treated 10% infarct cases with 25%, 50% and 75% 

hydrogel injectates and in the corresponding region for the healthy case: (a) ED stress, (b) ED 

strain, (c) ES stress, (d) ES strain. (H= healthy; I10= untreated 10% infarct; G25, G50 and 

G75= 10% infarct with 25%, 50% and 75% injectate). 
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Fig. 4. End-diastolic (ED) and end-systolic (ES) maximum fibre stress and strain in the 

infarct region of the 10% and 38% untreated infarcts, the treated cases with 25% hydrogel 

injectate and in the corresponding region for the healthy case: (a) ED stress, (b) ED strain, 

(c) ES stress, (d) ES strain. (H= healthy; I10= untreated 10% infarct; I10G= 10% infarct 

treated with 25% injectate; I38= untreated 38% infarct; I38G= 38% infarct treated with 25% 

injectate). 
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Fig. 5. End-diastolic (ED) and end-systolic (ES) maximum fibre stress and strain in the 

infarct region of the 10% and 20% untreated infarcts, the treated cases with 50% hydrogel 

injectate and in the corresponding region for the healthy case: (a) ED stress, (b) ED strain, 

(c) ES stress, (d) ES strain. (H= healthy; I10= untreated 10% infarct; I10G= 10% infarct 

treated with 50% injectate; I20= untreated 20% infarct; I20G= 20% infarct treated with 50% 

injectate). 
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GRAPHICAL ABSTRACT 

The results of this study indicate that a threshold may exist for the volume of biomaterial 

injectates for treatment of acute myocardial infarction. For volumes exceeding that threshold, 

the therapeutic efficacy of the treatment does not further increase but may even decrease - 

both in terms of ventricular function and wall mechanics. In addition, the efficacy of 

biomaterial injectates in terms of reducing wall stress in the infarct was shown to increase 

with infarct size.  
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