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Abstract and key terms 

Myocardial infarction, or heart attack, is the leading cause of mortality globally. Although the 

treatment of myocardial infarct has improved significantly, scar tissue that persists can often 

lead to increased stress and adverse remodeling of surrounding tissue, and ultimately to heart 

failure. Intra-myocardial injection of biomaterials represents a potential treatment to 

attenuate remodeling, mitigate degeneration and reverse the disease process in the tissue. In 

vivo experiments on animal models have shown that this therapeutic strategy results in 

functional benefits. However, poor understanding of the mechanism, the optimal injection 

pattern, volume and material has acted as barriers to its widespread clinical adoption. In this 

study, we developed two quasi-static finite element simulations of the left ventricle to 

investigate the mechanical effect of intra-myocardial injection. The first model employed 

idealized left ventricle geometry with rule-based cardiomyocyte orientation. The second 

model employed subject-specific left ventricle geometry with cardiomyocyte orientation from 

diffusion tensor magnetic resonance imaging. Both models predicted cardiac parameters 

including ejection fraction, systolic wall thickening, and ventricular twist that matched 

experimentally reported values. All injection simulations showed cardiomyocyte stress 

attenuation, offering an explanation for the mechanical reinforcement benefit associated with 

injection. The study also enabled a comparison of injection location, and corresponding effect 

on cardiac performance at different stages of the cardiac cycle. While the idealized model has 

lower fidelity, it predicts cardiac function and differentiates the effects of injection location. 

Both models represent versatile in silico tools to guide optimal strategy in terms of injection 

number, volume, site, and material properties.  

Key terms: Finite Element Method, Intra-myocardial Injection, Cardiac Modeling, Diffusion 

Tensor Imaging, Diffusion Tensor Magnetic Resonance Imaging. 
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Introduction 

Coronary artery disease (CAD) is the number one cause of adult mortality worldwide resulting 

more than 8 million deaths in 2015 according to the World Health Organization (WHO)[1]. 

Myocardial infarction (MI), also known as heart attack, is a common result of CAD. After an 

MI, revascularization with stents or angioplasty balloons is a primary interventional treatment 

that has been successful in recent years. However, post-MI scar tissue in the heart can result 

in a cascade of adverse remodeling, ultimately leading to heart failure. Therapies, both 

medical[2] and mechanical[3,4], are currently employed to maintain cardiac function and 

reduce mortality associated with post-MI heart failure. Recently, the use of biomaterials 

injected directly into the heart muscle (myocardium) to prevent or attenuate adverse post-MI 

remodeling has become a viable therapy, and an area of growing research focus. Minimally 

invasive devices have been developed for delivering biomaterials through the endocardium[5] 

or the epicardium[6] and studies have used a range of hydrogels in pre-clinical and clinical 

experiments, demonstrating an ability to decrease stress in the myocardial wall by modifying 

the mechanical properties and increasing wall thickness. These studies indicate that the 

mechanical reinforcement provided by the injected biomaterial can prevent MI progression 

[7–10]. 

Although intra-myocardial injection of biomaterials has been successful in pre-clinical models, 

the mechanism behind these effects has not been fully elucidated. To further understand and 

guide this therapeutic strategy, computational models have been employed to simulate 

cardiac mechanics and remodeling post-injection. Largely, these simulations can be divided 

into static and dynamic models. Static models predict a specific stage of a cardiac cycle: end-

systole (ES), the end of the contracting phase; or end-diastole (ED), the end of the relaxation 

phase. They are simpler and less computationally intensive than dynamic models that 

simulate the entire cardiac cycle.  

Reported models also vary in relation to the assumptions made for mechanical properties of 

tissue. Cardiac tissue is generally modelled as a hyper-elastic material, with multiple 

constitutive models reported in the literature[11,12]. Static simulations only model the 

passive myocardial behavior, or the response to pressure changes, and can show the effect of 

intra-myocardial injection at one point in the cycle, usually at ED[12–14]. For example, the 

Fung model[15], a strain-based function, is a widely used constitutive model for the passive 

material properties of myocardium in cardiac mechanical simulations[12,14,16]. This 

transversely isotropic hyper-elastic model represents the anisotropic behavior of the cardiac 

tissue, in which the cardiomyocyte direction is much stiffer than the sheetlet direction or 

sheetlet-normal direction (also referred to as the cross-cardiomyocyte direction). An 

alternative material model is invariant-based[17] and can incorporate non-orthogonal 

cardiomyocyte orientation. For dynamic models, the general approach is to add a time-

dependent active tension[18–20] or active strain[21–24] to the hyper-elastic constitutive 

model to simulate active contraction during systole. 
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For simplification, a truncated ellipsoid geometry is generally used to represent the geometry 

of the left ventricle (LV). It is usually mapped with transmurally varying helicoid cardiomyocyte 

orientation, where the ventricular cardiomyocytes orient in opposing helices at the 

endocardium (inner surface) and epicardium (outer surface), with circumferential orientation 

in the middle layer. This specific cardiomyocyte orientation lends itself to the twisting motion 

of the heart and ensures the ejection of blood upward out of the ventricle. In one of the 

earliest computational models of intra-myocardial injection, Wenk et al [25] developed a 

dynamic model that demonstrates cardiomyocyte stress reduction of the LV at both ED and 

ES on injection of polymeric materials into the myocardial wall. The polymeric injections were 

modelled as inclusions in the myocardium with isotropic material properties using the 

Mooney–Rivlin model. Subsequently, the injection simulation created by Kortsmit et al [26] 

included the microstructure of the biomaterial. A realistic representation of biomaterial 

distribution in the myocardium was included in their DTI-based LV geometry that successfully 

showed both biomechanical and functional improvements after post-MI injection. 

Here, we develop two computational models of the LV: (i) an idealized model with a rule-

based helicoid cardiomyocyte arrangement and (ii) a diffusion tensor magnetic resonance 

imaging (DT-MRI or DTI) model with actual cardiomyocyte orientation data. We use a thermal 

analogy to simulate active contraction, enabling implementation of anisotropic strain. In both 

models, we simulate (i) a healthy baseline, (ii) a myocardial infarct, and (iii) two different 

injection strategies, one pattern where a hydrogel material is injected directly into the infarct 

and the other where the material is injected into the border zone between the infarcted and 

healthy tissue. Within each model, we compare cardiomyocyte stress (also referred to as fiber 

stress) in the infarct and border zone for each injection pattern. Next, we compare the two 

models to each other and to reported experimental ranges of functional parameters such as 

ejection fraction (EF) and LV twist.  

Materials and Methods 

Idealized LV Model 

For the idealized LV model (Fig. 1a), we used the truncated ellipsoid geometry adopted from 

Kichula et al.[12] with transmurally varying helical cardiomyocyte orientation, which was 

verified in previous cardiac DTI studies [27,28]. It was discretized with 15768 hexahedral 

elements (C3D8) in Abaqus (Dassault Systèmes, Providence, RI, USA)[29]. The cardiomyocyte 

arrangement was based on the Holzapfel & Ogden[17] model, in which cardiomyocyte angle 

varies from an angle of 60° at the endocardium to an angle of -60° at the epicardium relative 

to the basal plane. The sheetlet-normal direction (n) and the sheetlet direction (s), which were 

on the cross-cardiomyocyte plane, were defined to be orthogonal to the cardiomyocyte 

direction (Fig. 1b-d). This empirical helicoid cardiomyocyte orientation was generated on the 

ellipsoid LV by assigning discrete local orientations, layer by layer. 
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Figure 1. The idealized left ventricle model. (a) Cardiomyocyte helix angle across the 

ventricular wall (adapted with permission from [28]). (b) Demonstration of cardiomyocyte 

orientation and sheetlet orientation in the LV (adapted with permission from [27]) .(c) Long-

axis cut-view of the truncated ellipsoid LV model. The geometry is partitioned to 3 layers in 

order to create a structure mesh which can be assigned with transmurally varying local 

orientation. (d) rule-based cardiomyocyte orientation, with cardiomyocytes transmurally 

varying from -60° at the epicardium (outer surface of the ventricle) to 60° at the 

endocardium (inner surface of the ventricle). Angles are relative to the basal (top) plane of 

the ellipsoid. Cardiomyocyte (c), sheetlet (s), and sheetlet-normal (n) directions are shown 

in a single element.  
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Figure 2. Idealized Model Injection Overview. Transverse plane views (a) of the LV show 

post-MI wall thinning and post-injection localized wall thickening. Longitudinal cross-

section views (b) of LV illustrate infarct size and injection patterns. The dashed lines indicate 

the locations of the transverse planes. BZ=border zone, MI=myocardial infarct. 

Using the idealized geometry, an MI model and two injection models were constructed by 

changing the material properties and geometry around the infarcted region, shown in Fig. 

2a,b. All infarcts were modeled as transmural infarcts. The wall thickness was reduced by 50% 

in the infarcted region, similar to a 2-week infarcted heart observed by Quinn et al[30], and 

the wall thickness gradually increased at the border zone (BZ), which was defined as the tissue 

up to 2 mm away from the infarct margin. Two injection models, Idealized Injection 1 and 

Idealized Injection 2, were created, with 9 injections in the infarct region or BZ, respectively. 

The total injection volumes in both cases were approximately 4 mm3. Localized wall thickening 

was performed in order to compensate for the additional volume created by the injections. 

For Injection 1, the infarct wall thickness was increased back to 80% of the normal thickness 

as reported[10]. For Injection 2, it was only increased back to 60% since the injections were 

in the BZ. As reported in Table S3, the volume ratio of remote, border zone and infarct tissue 

were maintained for all simulations. The details of modifications for each diseased model are 

summarized in Table 1.  

 

DTI-based LV Model 

For the subject-specific model, we used an anatomically accurate rat geometry with 

cardiomyocyte orientation obtained from DT-MRI imaging as described in a previous study by 
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our co-authors[28]. The LV geometry was segmented and reconstructed using Mimics and 3-

Matics Software (Materialise, Leuven Belgium) and discretized in Abaqus with 21384 C3D8 

elements, shown in Fig. 3a-c. As described in the Supplementary Methods, the primary 

eigenvectors derived from DTI data were mapped onto the FE mesh as local element 

orientations. The resulting cardiomyocyte arrangement is consistent with the widely accepted 

helical structure of myocardial tissue[31]. The geometry modification and segmentation for 

the diseased models in the DTI case were the same as in the Idealized case. Infarct size and 

injection locations are shown in Fig. 4a,b. 

  

Figure 3. The DT-MRI data. (a) Reconstructed MRI of a whole rat heart (green) with LV 

(purple) segmented; (b) DTI data; (c) DTI data mapped on the FE model. 
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Figure 4. DTI-based Model Injection Overview. The changes of wall thickness are shown in 

transverse plane views (a) and the injection patterns are shown in longitudinal cross-section 

views (b). The dashed lines indicate the locations of the transverse planes. 

Simulation Approach 

The same material models, boundary conditions and simulation configuration were applied 

to the Idealized and DTI-based FE models. The passive behavior of the myocardium was 

modeled as a transversely isotropic hyper-elastic model with the Fung strain energy density 

function, which has the form[29]: 

 𝜓(𝑬) =
𝐶0

2
(𝑒𝑄(𝑬) − 1) +

1

𝐷
(
(𝐽𝑒𝑙)

2
−1

2
− ln(𝐽𝑒𝑙))  (1) 

where 𝐶0 is an elastic constant, Q is an exponent as, which is a function of Green-Lagrange 

strain tensor 𝑬, D is equal to 
2

𝐾
 (K is bulk modulus) and 𝐽𝑒𝑙 is the elastic volume ratio. 

Since the myocardium has low compressibility, it has a high value of bulk modulus that causes 

D to be close to zero. The transversely isotropic form of the exponential term proposed by 

Guccione et al[32] was employed as follows: 

 𝑄(𝑬) = 𝑏𝑓𝐸𝑓𝑓
2 + 𝑏𝑡(𝐸𝑠𝑠

2 + 𝐸𝑛𝑛
2 + 𝐸𝑠𝑛

2 + 𝐸𝑛𝑠
2) + 𝑏𝑓𝑡(𝐸𝑓𝑠

2 + 𝐸𝑠𝑓
2 + 𝐸𝑓𝑛

2 + 𝐸𝑛𝑓
2) (2) 

where the subscript c, s, and n indicate the cardiomyocyte, sheetlet, and sheetlet-normal 
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directions; and 𝑏𝑓 , 𝑏𝑡 , and 𝑏𝑓𝑡  are the dimensionless transversely isotropic material 

constants associated with the strain tensor. 

The coefficients for Equation (2) were replicated from Kichula et al[12], where 𝐶0 was 0.679 

kPa and bf, bt, and bft were 20.97, 3.346, and 12, respectively. 

An active strain term, implemented via the thermal strain tensor in Abaqus, was introduced 

to mimic the active contraction. The thermal strain tensor can be simply expressed as: 

 𝜺𝒕𝒉 = 𝜶∆𝑇  (3) 

where 𝜶 is the thermal expansion coefficient tensor, and ∆𝑇 is the temperature difference, 

which was set to be 1 in all simulations. The thermal expansion coefficient in the 

cardiomyocyte direction was set to 𝛼𝑓𝑓 = -0.32, or a contraction of 32%, which is comparable 

with the fractional shortening of a healthy rat heart [33]. To maintain the near-

incompressibility of myocardial tissue, the expansion coefficients in the sheetlet and sheetlet-

normal direction were set to 𝛼𝑠𝑠 = 𝛼𝑛𝑛 = 0.21. All other terms in 𝜶 are set to zero. This 

analogy enabled implementation of an orthotropic strain where the cardiac tissue contracted 

by 32% in the cardiomyocyte direction and expanded by 21% in the two orthogonal directions. 

The active strain method[21–24] is used to represent contractility. In order to couple the 

active and passive (elastic) components, the total deformation gradient ( 𝑭 ) is the 

multiplication of the elastic (𝑭𝒆) and thermal (𝑭𝒕𝒉) deformation gradients (Equation (4)). 𝑭𝒆 

is used to determine the Green-Lagrange tensor 𝑬 as described in Equation (5) and 𝑬 is 

used in Equation (2). 𝑭𝒕𝒉 is determined from the thermal strain 𝜺𝒕𝒉, which is interpreted by 

Abaqus as a nominal strain. 

 𝑭 = 𝑭𝒆𝑭𝒕𝒉  (4) 

 𝑬 =
1

2
(𝑭𝒆

𝑇𝑭𝒆 − 𝑰)  (5) 

The Fung model was also used for the infarct, with stiffness (𝐶0) increased to 50 times that of 

the normal myocardium, as described in Wenk et al.[16] and the contractility was removed by 

setting the thermal strain expansion coefficient to zero. The BZ myocardium was set to have 

normal passive properties with 50% less contractility since it is the transition region between 

healthy and infarcted tissues. The material parameters for different types of myocardium are 

summarized in Table S1. The injection material was assumed to be the hydroxyphenyl 

derivative of hyaluronic acid derivative (HA-PH-RGD) hydrogel, which was used in a study by 

Dolan et al [34]. Compression data was fitted with the Neo-Hookean model to give a Young’s 

modulus of 70 kPa, slightly higher than the value used for the normal myocardium. 

The simulation contained two steps, diastole and systole, with ED pressure (10 mmHg) and ES 

pressure (120 mmHg), respectively, being applied to the endocardial surface. These pressures 

represented well-established values for diastolic and systolic pressures, respectively. Dirichlet 



10 
 

boundary conditions are applied on the base of the LV using a cylindrical coordinate. All basal 

nodes are fixed in the longitudinal direction and the endocardial ring is also fixed in the 

angular direction. All models were run using the Abaqus/Explicit solver. Mass scaling was used 

to provide feasible computation times and the kinetic energy of the system was monitored to 

ensure that the response was quasi-static, (i.e. kinetic energy was less than 5% of the internal 

energy). As the incompressible constraint cannot be enforced by Abaqus in an explicit solution 

scheme[29], the myocardium was modelled using the so-called slightly compressible 

approach, which has recently been shown to be more accurate to represent the 

myocardium[35]. The run-time of each simulation was approximately 8 hours on a CentOS 

cluster with three nodes, each consisting of a Xeon E5-2650 processor. 

 

Experimental Verification 

Baseline data of LV function was collected from Sprague Dawley rats (200-225g) in accordance 

with the Institute for Animal Care and Use Committee, Harvard University/Brigham and 

Women’s Hospital. Details are described in the Supplementary Materials. Intraventricular 

pressure-volume measurements were taken for EF (SPR-838, AD instruments) and 

echocardiographic data was used for systolic wall thickness measurements (Vevo 2100, Visual 

Sonics). 

 

Results 

The idealized and DTI-based models can both recreate reasonable physiological features of a 

healthy LV as shown in Figs. 5a,b. Both models predicted slightly lower EF but systolic wall 

thickening (SWT) predictions were within the experimental range. The idealized model 

showed clockwise rotation at the base and counter-clockwise rotation at the apex when 

viewing from the apex (Fig. 5c), consistent with clinical measurements[36]. However, the DTI-

based model demonstrated clockwise rotation at both the base and the apex (Fig. 5d) which 

is inconsistent with clinical reports. 
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  Figure 5. Comparison of cardiac functions predicted by the idealized model, DTI-based 

model and the published normal ranges. (a, b) The ranges of ejection fraction and systolic 

wall thickening were measured from rat hearts by pressure-volume catheter and ultrasound, 

respectively. (c, d) Basal plane (blue) and apical plane (green) twist of the idealized and DTI-

based models, showing initial (transparent) and deformed (solid) respectively viewed from 

the apex. 

 

Idealized Model Stresses 

In the idealized case (Fig. 6), the MI induced stress around the border of the infarct at end-

diastole (ED) in the range of 4 kPa to more than 8 kPa, near the endocardium. At end-systole 

(ES), the MI induced high stresses radiated to the BZ and the remote region especially near 

the epicardium. With injections in the infarct (Injection 1), the predicted ED stresses were 

globally reduced in both the infarct and BZ. Some high stress areas around the endocardial 

infarct border remained. At ES, the majority of the high endocardial stresses in the infarct 

were reduced with small regions of stress concentration (along the cardiomyocyte orientation) 

visible around the injections. Injection 1 also reduced the ES epicardial stresses around the 

infarct and BZ but not the remote region. Similarly, injections in the BZ (Injection 2) reduced 
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both the infarct and BZ stresses at both ED and ES although not as much as Injection 1 notably 

near the endocardium. Stress concentration was also noted around the injections.  

The volume-averaged cardiomyocyte stress, an average stress normalized by the total 

volume of elements in a certain region, was calculated to quantify the mechanical effect of 

the MI and the injection treatments. At ED, the stresses in the infarct and the BZ were 

predicted to increase by 46.9% and 9.5%, respectively due to the MI. At ES, the stresses were 

increased by 40.2% and 44.5% in the corresponding regions. After Injection 1, ED stresses 

were predicted to reduce by 27.9% and 14.9% in the infarct and BZ, respectively. Less 

significant effects were predicted with Injection 2, where infarct and BZ stresses were reduced 

by 5.9% and 3.8% at ED, respectively. Similarly, the infarct stresses were reduced by 41.1% 

after Injection 1 and 7.9% after Injection 2 at ES. The BZ stresses at ES were reduced by 19.3% 

after Injection 1 while increased by 0.9% after Injection 2. 

We defined a critical stress threshold at 8 kPa at ED and 60 kPa at ES, and show critical 

stresses over these thresholds in red in the contour plots. The critical stress volume (CSV), or 

the volume of elements above the critical stress threshold, was calculated at both ED and ES. 

For the MI model, the CSV was 7.6 mm3 and 7.7 mm3 at ED and ES, respectively. After Injection 

1, the relative values were reduced to 6.6 mm3 and 3.6 mm3, showing the benefits of injections. 

After Injection 2, the CSV was also reduced to 7.4 mm3 and 5.1 mm3 at ED and ES, respectively. 

As shown in the contour plots, the mechanical effects of injections were most notable in 

the endocardium especially in ES. The tissue in the BZ is a critical region of viable tissue that 

can potentially be salvaged. Therefore, we further evaluated the injection effects around the 

BZ, shown in Fig. 7. Fig. 7a shows the critical volume ratio which is the ratio between the CSV 

and the associated BZ volume in each model. After Injection 1, the volume ratio was reduced 

at both ED and ES while Injection 2 only reduced the ratio at ED. Volume-averaged stresses in 

this subregion were isolated and plotted in Fig. 7b. Both injection strategies were able to 

reduce the average stress but neither reduced them to baseline. The stress distribution 

histograms (Fig. 7c,d) showed that all three diseased models had larger high stress regions 

than the baseline healthy model. The number of high stress regions was slightly lower after 

Injection 1 but not substantially reduced with Injection 2. Additional details of the regional 

stress histograms are shown in Fig. S1. 
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Figure 6. Simulation results of the idealized model. Cardiomyocyte stress contour plots near 

the endocardium and epicardium are both shown at the end-diastolic (a) and the end-

systolic (b) stages. The average cardiomyocyte stresses in the infarct region and the BZ in 

the healthy and diseased LVs are compared at the end-diastolic (c) and end-systolic (d) 
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stages. MI = myocardial infarct, BZ = border zone, Inj1 = Injection strategy 1, Inj2 = Injection 

strategy 2. 

 

Figure 7. Cardiomyocyte stress around the endocardial border zone predicted by the 

Idealized model. (a) Critical volume in the endocardial BZ in each model was compared at 

ED and ES. (b) Volume-averaged stress (VAS) of the endocardial BZ normalized by the 

healthy baseline values. Endocardial stress histograms were plotted at ED (c) and ES (d). (e, 

f) Corresponding distribution lines to the histograms.   

 

DTI-based Model Stresses 

In the stress contour plots of the DTI-based model at ED (Fig. 8a), MI was found to induce 

endocardial stresses due to the reduced wall thickness and increased stiffness in the infarct 

region. The high stress regions were localized around the infarct border towards the base or 

the apex. Both injection patterns 1 and 2 attenuated the stresses in these regions. Injection 

pattern 1 had more pronounced effects. Epicardial stresses were mostly small or compressive 

so the injections did not show much effect in this region. At ES (Fig. 8b), the stress profile was 
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highly heterogeneous even in the healthy model. The effect of MI can still be seen in the sub-

endocardium contour plots where high stresses were induced in the infarct and BZ, radiating 

out to the apex. The mechanical benefits of injections were also shown in this region where 

Injection 1 attenuated most of the stresses in the infarct while Injection 2 had superior stress 

reduction in the BZ.  

The average cardiomyocyte stress in the infarct and BZ is compared in Fig. 8c,d. At ED, the MI 

caused cardiomyocyte stresses to increase by 62.3% in the infarct region and 29.9% in the BZ. 

With Injection 1, stress in the infarct region and the BZ was reduced by 5.6% and 7.1%, 

respectively. Less mechanical benefits at ED were shown in Injection 2 that cardiomyocyte 

stress was reduced by 2% in the infarct while increased by 5.4% in the BZ. At ES, infarct stress 

in the diseased models was lower than in the healthy model. However, the injection benefits 

were shown in the BZ where the 25.4% MI induced cardiomyocyte stress were attenuated by 

9.5% and 17.4% after Injection 1 and Injection 2, respectively. 

Using the same critical stress threshold values as in the Idealized case, the CSV at ED in the MI 

model was initially 8.9 mm3, reduced to 7.8 mm3 after Injection 2 but increased to 9.6 mm3 

after Injection 1. At ES, the CSV increased to 14.0 mm3. Surprisingly, the CSV in the MI model 

was predicted to be smaller at 11.2 mm3, but as expected, it was further reduced after 

Injection 1 (9.5 mm3) and Injection 2 (8.2mm3). 

Isolating the cardiomyocyte stress around the endocardial BZ (Fig. 9), the critical volume ratio 

was reduced by both injection methods at ES but was increased at ED. The normalized VAS 

plot shows a similar trend. The stress distribution histograms (Fig. 9c,d) of all diseased models 

showed a higher stress range than the healthy model but less difference was predicted 

between the MI model and two injection models. The stress histograms of other regions are 

shown in Fig. S2.  



16 
 

   

Figure 8. Simulation results of the DTI-based model. Cardiomyocyte stress contour plots 

near the endocardium and epicardium are both shown at the end-diastolic (a) and the end-

systolic (b) stages. The average cardiomyocyte stresses in the infarct region and the BZ in 
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the healthy and diseased LVs are compared at the end-diastolic (c) and end-systolic (d) 

stages. MI = myocardial infarct, BZ = border zone, Inj1 = Injection strategy 1, Inj2 = Injection 

strategy 2. 

 

Figure 9. Cardiomyocyte stress around the endocardial border zone predicted by the DTI-

based model. (a) Critical volume in endocardial BZ in each model were compared at both 

ED and ES. (b) Volume-averaged stress (VAS) of the endocardial BZ normalized by the 

healthy baseline values. Endocardial stress histograms were plotted at ED (c) and ES (d). (e, 

f) Corresponding distribution lines to the histograms. 

 

Discussion 

In this study, we present two quasi-static finite element simulations to model cardiac 

mechanics and intra-myocardial injection strategies. The models correspond to an idealized 
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and a DTI-based geometry and incorporate rule-based and image-based muscle 

cardiomyocyte orientations, respectively. Since we describe a quasi-static model of the ED and 

ES stages, we simplify the active myocardial model by using a thermal analogy to implement 

anisotropic strain. In a comparison of each model with reported baseline clinical values, both 

models predict clinical ranges for EF and SWT during contraction. The idealized model also 

captures the twisting motion of the heart, unlike the DTI-based. The current ‘gold standard’ 

to validate the model is to compare its strain prediction with in vivo measurement either from 

tagged magnetic resonance imaging [37] or from echocardiography [20]. The cardiomyocyte 

stresses predicted by our models are within the range of stresses predicted by validated 

models. Specifically, volume-averaged stress predictions in both the idealized model (2.84 kPa 

in ED and 23.4 kPa in ES) and the DTI model (2.53 kPa in ED and 36.08 kPa in ES) are within 

the ranges of stresses predicted by reported computational models (2.1±4.2 kPa in ED and 

23.2±19.8 kPa in ES) that were validated by comparing predicted strains to echocardiographic 

measurements. [20]. 

We simulate a myocardial infarct in both models by changing the thickness and stiffness of a 

section of the LV wall and subsequently simulate two different injection strategies for each in 

the infarct and the border zone respectively. We use cardiomyocyte stresses to predict 

therapy efficacy. This is a reasonable indicator of efficacy as wall tension is associated with 

cardiomyocyte contraction, and is the primary contributor to myocardial oxygen 

consumption[38]. A reduction in cardiomyocyte stress can therefore reduce the overall 

myocardial oxygen consumption and work done by the heart tissue. Both the simple model 

and DTI-based model show a level of stress reduction after intra-myocardial injection.  

The quantitative analyses (volume-averaged stress and critical stress volume) in the Idealized 

models predict that injection in the infarct (Injection 1) has a greater stress attenuation effect 

than injection in the BZ (Injection 2) at both ED and ES. For the DTI-based model, Injection 1 

is also predicted to have better performance than Injection 2 except for in the BZ during 

systole. However, when the evaluation is focused on the endocardial BZ, the results are much 

less consistent: Injection 2 is superior to Injection 1 at ES but vice-versa at ED. Moreover, both 

the CSV and VAS indexes are higher after injections. This issue may result from the 

heterogeneity of obtained cardiomyocyte orientation which can cause aberrant stress 

concentrations. According to the contour plot of the healthy model, both the endocardium 

and epicardium contain these heterogeneous regions. Wall-thinning (MI) and wall-thickening 

(Inj1, Inj2) modifications might exclude or re-include some of these regions. 

Both the direct infarct injection [8–10] and BZ injection[39–41] have shown functional 

benefits experimentally. To our knowledge, an experimental comparison of these two 

injection strategies has not been reported. The discrepancy of our Idealized and DTI-based 

model at ES could be due to the strong dependence of ES stress on active contractile force 

generated by cardiomyocytes. Therefore, the passive mechanical reinforcement imparted by 

the injections has a substantial impact on diastole but much less on systole. The ED 

simulations for both cases predict that the direct infarct injection strategy is superior to the 
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border zone injection strategy for the goal of BZ stress reduction. This is clinically important, 

as the BZ tissue is viable tissue, and can be salvaged by effective therapy. However, BZ injection 

strategies are being explored especially in regenerative therapies [39,41]. Further direct 

comparisons between these strategies, or combinations, are warranted in computational and 

experimental settings to fully elucidate the optimal injection locations for maximum clinical 

benefit. 

The DTI-based model has higher fidelity in terms of anatomical structure compared to the 

simple geometry model. However, the current model has inherent limitations. The 

discrepancies in results may stem from the simulated mechanics as follows: sheetlet 

structures are known to be highly discontinuous, with V-shaped and herring-bone 

arrangements[28], which was not accounted for in our model. Additionally, the ex vivo DTI 

data was taken to represent ED. However, we observed that the LV elongated unnaturally in 

systole in the model, leading to abnormal deformation at ES. This may explain why EF values 

(Table S4) in the DTI-based models are lower than in the idealized models. For simulation 

purposes, the papillary muscles were removed to ensure the endocardial surface remained 

smooth for meshing and applying pressure, but this truncation causes some inherent 

discontinuity. The myocardium was modeled as transversely isotropic, implying that it is 

isotropic in the cross-cardiomyocyte plane, which is a simplification. The sheetlet and the 

sheetlet-normal directions were assigned the same stiffness and expansion coefficient. A 

recent study with cardiac DTI has shown that the myocardium is entirely anisotropic and that 

sheetlet shear is a dominant source of wall thickening[27]. Therefore, the myocardium 

constitutive model should include anisotropy in the cross-cardiomyocyte plane. To simulate 

wall thickening, we used global fractional shortening values, which may be higher than those 

reported for individual cardiomyocytes [42].  

 

We intend to further improve our mechanical modelling enhanced in the future to incorporate 

anatomies and motion trajectories of increasing complexity [43,44]. For higher fidelity 

mapping in our future studies, conducting DT-MRI scanning on a heart in vivo, and 

subsequently conducting high-resolution DT-MRI on the same heart ex vivo will allow us to 

employ reverse finite element analysis to map end systolic cardiomyocyte orientation to in 

vivo DT-MRI data. Further, the geometries of the injections may not truly recreate wall 

thickening in different regions based on injection patterns. Currently, post-injection wall 

thickening is described in various in vivo studies[7–10]. These studies reported very different 

levels of wall thickening (ranging from 14% to 80%) which would have a major effect on stress 

attenuation based on the LaPlace’s law. Moreover, the injections might also change the 

cardiomyocyte orientation of the surrounding tissue leading to a different stress distribution. 

Therefore, DTI data for healthy, infarcted and injected hearts should be obtained, allowing 

faithful reconstruction of the diseased and treated model in the future.  

 

Although the effect of stress attenuation is shown, the increase of EF observed in various in 

vivo studies with intra-myocardial injection was not adequately simulated. The changes in EF 
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between healthy, MI, and treated LVs are very small and similar in the idealized and DTI-based 

models. Observed changes in EF are likely due to the changes of wall thickness. Our 

simulations did not take long-term LV remodeling into account, which is responsible for the 

decrease in EF between healthy and MI models. Regarding the active myocardium model, 

although active strain approach that we used in our study is more mathematically robust, the 

active stress approach is known to be more physiologically correct [21]. Future in silico studies 

will implement one of the time-dependent active stress models (for example the calcium 

concentration-based model [32]) so that the simulation will become dynamic. It will not only 

predict more accurate physiological features but will also allow for implementation of cardiac 

growth models to simulate the post-MI remodeling process. In addition, we only focus on rat 

hearts in this study. It is reported that the ventricular geometry, the fiber-like cardiomyocyte 

orientation, and the cardiac physiological functions are different in different species (for 

example rat, sheep and human)[45]. Therefore, further in silico studies should also take 

interspecies variation into consideration and simulate the intra-myocardial injection on hearts 

in different species. 

While this study considers one model biomaterial, further work could include accurately 

simulating a panel of biomaterials that have been employed for intra-myocardial injection. For 

example, natural biomaterials such as alginate, fibrin and collagen, have high biocompatibility 

and accessibility and have been used previously in many early stage myocardial injection 

experiments[9,10,46,47]. Synthetic biomaterials, although more likely to cause inflammatory 

and foreign body reactions, have controllable mechanical properties such as stiffness, 

degradability and diffusivity, and thus have been used in recent studies to gain insights into 

the mechanisms of action of this therapy[8,14,48–50]. Researchers have also varied 

parameters such as post-MI injection timing[9] and duration of clinical benefit[8,50], and 

optimization of these parameters may benefit from clinically relevant models. Future studies 

will incorporate more accurate injection material models for different types of biomaterial 

and a direct comparison with an in vivo study to fully validate the simulation framework. 

Overall, we have developed a framework to simulate the mechanical effects of intra-

myocardial injection combined with DTI-based geometry and realistic fiber-like cardiomyocyte 

orientation. Both the simple and DTI-based models demonstrate that biomaterial injection 

can reduce MI-induced stresses. The four main contributions of this work can be distilled as 

follows;  

• We have developed idealized and DTI-based finite element left-ventricular models that 

can capture reported cardiac functional parameters for both healthy and diseased hearts.  

• The idealized model, while is less anatomically accurate than the DTI-based model, is less 

computationally-intensive and can capture reported experimental ranges for clinical 

parameters, such as LV twist more realistically. 

• Both models show that intra-myocardial injections can reduce cardiomyocyte stress after 

MI. 

• According to the Idealized model, injections into the infarct are predicted to be superior 
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in reducing border zone cardiomyocyte stress than injections in the BZ. However, the BZ 

injections are predicted to attenuate stress at ES in the DTI model. Additional subject-

specific models with carefully controlled injection patterns should be simulated in future 

works to confirm this. 

In summary, a computational LV model may be employed as a tool for guiding optimal intra-

myocardial injection strategies and biomaterial properties. Furthermore, this model has 

potential to aid fundamental understanding and reveal insights into intra-myocardial injection 

therapy, and to aid with its clinical translation for the prevention or treatment of post-MI heart 

failure. 
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Table 1. A summary of all left ventricle models, the infarct wall thickness, their stiffness 

value, relative contractility and injection location. 

 

 


