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Physics-based Computer Simulation of the Long Term effects of Cardiac Regenerative Therapies

We describe the application of a computational model of left ventricular (LV) electromechanics, growth and remodeling to simulate the long term effects of cardiac regenerative therapies. The model is based on coupling a biophysically detailed model of short term cardiac electrophysiology and mechanics, to a model framework capable of predicting growth and remodeling over a longer time scale. The simulation considers two distinct concurrent and clinically relevant phases, namely, remodeling induced by a myocardial infarction, and the long term response following regenerative therapy to treat the infarct. Model predictions show post-infarct LV enlargement (hypertrophy) that is driven by abnormal strain values surrounding the infarct. Regenerative therapy tends to normalize the myofiber strain values and results in a reduction of LV size. These findings are consistent with experiments and clinical studies.

Introduction

Heart failure (HF) continues to pose a significant burden on our society. Between 2010 to 2030, the real cost of HF is projected to increase by a staggering 200% [START_REF] Heidenreich | Forecasting the future of cardiovascular disease in the United States: A policy statement from the[END_REF] . Among all HF conditions, 70% of them are of systolic origin, with coronary artery diseases (CAD) accounting for approximately two thirds of these cases [START_REF] Szabo | Systolic heart failure[END_REF] . In the event of myocardial infarction in adult mammals, cardiomyocytes, unlike other cells, do not regenerate sufficiently to replace the lost ones and the end result is a permanent loss of contractile function in the infarcted region.

Current standard therapy for treating myocardial infarction (MI) includes pharmacological treatments such as the admininstration of thrombolytic agents to restore coronary blood flow and angiotensin converting enzyme inhibitors to reduce blood pressure [START_REF] Antman | ACC/AHA Guidelines for the Management of Patients With ST-Elevation Myocardial Infarction-Executive Summary: A Report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines (Writing Committee to Revise the[END_REF] . The long-term prognosis of MI remained poor. Although current treatments have improved MI survival dramatically, around 24% of MI survivors progress to develop HF [START_REF] Velagaleti | Long-term trends in the incidence of heart failure after myocardial infarction[END_REF] that has limited treatment options. To address this issue, a myriad of new devices and treatments for MI have been developed in recent years including, for instance, surgical ventricular restoration [START_REF] Athanasuleas | Surgical ventricular restoration in the treatment of congestive heart failure due to post-infarction ventricular dilation[END_REF] , ventricular partitioning device [START_REF] Nikolic | Percutaneous Implantation of an Intraventricular Device for the Treatment of Heart Failure: Experimental Results and Proof of Concept[END_REF] , and cardiac regenerative therapies [START_REF] Garbern | Cardiac stem cell therapy and the promise of heart regeneration[END_REF][START_REF] Xin | Mending broken hearts: cardiac development as a basis for adult heart regeneration and repair[END_REF] .

Among these treatments, cell-based cardiac regenerative therapies have garnered a considerable interest lately and multiple strategies to regenerate diseased hearts are currently under investigation. These strategies include the direct transplantation of stem cells into the infarcted myocardium, and the reprogramming of residing non-myocytes to cardiomyocytes in the diseased heart [START_REF] Garbern | Cardiac stem cell therapy and the promise of heart regeneration[END_REF] . A number of clinical and experimental studies on these regenerative therapies have shown favorable post-treatment outcome in the form of attenuation or reversal of adverse myocardial remodeling [START_REF] Qian | In vivo reprogramming of murine cardiac fibroblasts into induced cardiomyocytes[END_REF][START_REF] Williams | Intramyocardial stem cell injection in patients with ischemic cardiomyopathy: functional recovery and reverse remodeling[END_REF] . The same positive outcome was, however, not found in other studies [START_REF] Marban | Mixed results for bone marrow-derived cell therapy for ischemic heart disease[END_REF] . A better understanding of the effects of cardiac regenerative therapies is, therefore, very much needed before they can be applied optimally to treat MI.

Computational modeling has been used to develop an understanding of heart disease treatments [START_REF] Lee | Patient-specific finite element modeling of the Cardiokinetix Parachute device: Effects on left ventricular wall stress and function[END_REF][START_REF] Lee | Algisyl-LVR with coronary artery bypass grafting reduces left ventricular wall stress and improves function in the failing human heart[END_REF][START_REF] Lee | Analysis of Patientspecific Surgical Ventricular Restoration -Importance of an Ellipsoidal Left Ventricular Geometry for Diastolic and Systolic Function[END_REF][START_REF] Wall | Theoretical impact of the injection of material into the myocardium: A finite element model simulation[END_REF][START_REF] Wenk | A method for automatically optimizing medical devices for treating heart failure: designing polymeric injection patterns[END_REF] and offers a useful and efficient way to understand the effects and mechanisms of treatments [START_REF] Lee | Applications of computational modeling in cardiac surgery[END_REF] . While most computational models of the heart are limited to simulating the immediate acute effects resulting from a treatment, recent advancement in theory and model development have led to an emerging class of computational models that can describe the long term cardiac remodeling process [START_REF] Göktepe | A multiscale model for eccentric and concentric cardiac growth through sarcomerogenesis[END_REF][START_REF] Kerckhoffs | A single strain-based growth law predicts concentric and eccentric cardiac growth during pressure and volume overload[END_REF][START_REF] Lee | A computational model that predicts reverse growth in response to mechanical unloading[END_REF] . Although this branch of modeling is an emerging field and all models are fairly recent, a number of these models have been used to evaluate the long term effects of HF and treatments [START_REF] Kerckhoffs | Mechanical discoordination increases continuously after the onset of left bundle branch block despite constant electrical dyssynchrony in a computational model of cardiac electromechanics and growth[END_REF][START_REF] Klepach | Growth and remodeling of the left ventricle: A case study of myocardial infarction and surgical ventricular restoration[END_REF] .

Here, we utilized a recently developed electromechanics-growth model [START_REF] Lee | An Integrated Electromechanical-Reversible Growth Heart Model for Simulating Cardiac Therapies Biomech[END_REF] to simulate the long-term effects of cardiac regenerative therapies. This growth model was established previously based on the principle that myocytes undergo hypertrophy or atrophy in order to restore strain homeostasis [START_REF] Lee | A computational model that predicts reverse growth in response to mechanical unloading[END_REF] . Simulations using this model has shown that the collective behavior of myocytes in response to global mechanical loading and unloading results in, respectively, the dilation and shrinkage of the left ventricle (LV). This feature was found in hearts that have been implanted with a left ventricular assist device [START_REF] Burkhoff | LVAD-induced reverse remodeling: basic and clinical implications for myocardial recovery[END_REF] . By applying this model to simulate the effects of cardiac regenerative therapies, we seek to test whether the model prediction is consistent with those found in experiments and clinical studies. Doing so will also enable us to understand how the surviving cardiomyocytes in the non-infarcted region respond collectively to the regional restoration of tissue contractile function at the infarct where new myocytes are introduced. Upon calibration with experimental studies and clinical data, this model will enable us to gain a deeper insight into the mechanism of cardiac regenerative therapies.

The paper is organized as follows. In Section 2, we briefly outline the electromechanicsgrowth model and describe details of the simulation setup. Section 3 presents the simulation results while the findings and limitations are discussed in Section 4. Finally, we summarize our findings and present preliminary conclusions in Section 5.

Methods

Electromechanical-growth model

The electromechanics-growth model is described in details in Lee et al. [START_REF] Lee | An Integrated Electromechanical-Reversible Growth Heart Model for Simulating Cardiac Therapies Biomech[END_REF] . Briefly, the model is an integration of a cardiac growth constitutive model [START_REF] Lee | A computational model that predicts reverse growth in response to mechanical unloading[END_REF] with a cardiac electromechanics model [START_REF] Sundnes | Improved discretisation and linearisation of active tension in strongly coupled cardiac electromechanics simulations[END_REF] . Long term cardiac growth was described in the model using the theoretical framework in which the deformation gradient tensor F was multiplicatively decomposed into a growth tensor F g and an elastic deformation tensor F e , i.e., F = F e • F g 34 . A constitutive relationship was prescribed for F g , so that growth and reverse growth occurs only along the cardiomyocyte long axis, and only if the myocyte stretch is outside of a prescribed interval of homeostatic stretch values. No growth occurs if the myocyte stretch stays within the prescribed homeostatic interval. This constitutive relation was formulated based on previous experimental studies showing that (1) volume overload in ischemic cardiomyopathy causes cardiomyocytes to become elongated 9 and (2) this behavior can be reversed upon removal of the overloading conditions [START_REF] Gerdes | Regression of cardiac hypertrophy after closing an aortocaval fistula in rats[END_REF][START_REF] Hutchinson | Temporal pattern of left ventricular structural and functional remodeling following reversal of volume overload heart failure[END_REF] .

On a shorter timescale, cardiac electrophysiology (EP) was described using the standard bidomain equations and a cellular EP model 47 ; and cardiac mechanics was described with a passive material model [START_REF] Guccione | Passive material properties of intact ventricular myocardium determined from a cylindrical model[END_REF] and an active contraction model [START_REF] Rice | Approximate model of cooperative activation and crossbridge cycling in cardiac muscle using ordinary differential equations[END_REF] . The electromechanical behavior of the heart is described by coupling these models [START_REF] Sundnes | Improved discretisation and linearisation of active tension in strongly coupled cardiac electromechanics simulations[END_REF] .

Because the cardiac growth model [START_REF] Lee | A computational model that predicts reverse growth in response to mechanical unloading[END_REF] and the electromechanics model 38 operate at two different timescales, i.e., growth and remodeling becomes appreciable only after a large number of heart beats, a separation of timescale was invoked to integrate the two models. Two assumptions are essential for the separation of time scales. The first assumption is that growth and remodeling occurs too slowly to be detectable on the time scale of a single heart beat. Correspondingly, the growth tensor F g remains constant within a cardiac cycle in our simulation. The second assumption is that the stimuli that drive growth and remodeling can be derived from a representative cardiac cycle. The simulation of a cardiac cycle then becomes equivalent to that of a "growth cycle" within which growth and remodeling is not detectable and does not affect the electromechanics of the heart. By invoking these assumptions, the growth tensor is updated once for every cardiac cycle, which enables us to prescribe the time-average stretch over a cardiac cycle as the stimulant for cardiomyocytes growth [START_REF] Holmes | Candidate mechanical stimuli for hypertrophy during volume overload[END_REF] .

Left ventricular geometry

The electromechanics-growth model was applied to a human left ventricular geometry that was reconstructed from magnetic resonance images [START_REF] Genet | A novel method for quantifying smooth regional variations in myocardial contractility within an infarcted human left ventricle based on delay-enhanced magnetic resonance imaging[END_REF] . Three distinct regions were prescribed in the LV, namely, (i) the infarct, (ii) the borderzone and (iii) the remote (healthy) regions. These regions differ from each other only in terms of the prescribed tissue contractility, a material parameter that is denoted by the "reference tension" in the active contraction model [START_REF] Rice | Approximate model of cooperative activation and crossbridge cycling in cardiac muscle using ordinary differential equations[END_REF] . The infarct was assumed to be devoid of cardiomyocytes and was prescribed to be non-contractile. On the other hand, the borderzone region was prescribed to have one-half the contractility of the remote region as direct active force measurements on cardiomyocytes taken from the borderzone were found to have depressed contractility [START_REF] Shimkunas | Myofilament dysfunction contributes to impaired myocardial contraction in the infarct border zone AJP Hear[END_REF] . The helix angle that defines the cardiomyocytes long-axis was prescribed to vary linearly across the myocardial wall from -60 • (endocardium) to 60 • (epicardium) in the entire LV based on previous histological studies [START_REF] Streeter | Fiber orientation in the canine left ventricle during diastole and systole[END_REF] (Figure 1). The LV model was coupled to a 3-parameter Windkessel model to simulate the ejection phase in a cardiac cycle. The regional homeostatic cardiomyocytes stretch was obtained from the solution for the time-average stretch over a cardiac cycle λe in the same LV model with normal contractile function where the infarct and borderzone have contractilities equal to that in the remote region. Standard finite element method was used to solve the LV computational model. More details and all the parameters associated with the model can be found in Lee et al. [START_REF] Lee | An Integrated Electromechanical-Reversible Growth Heart Model for Simulating Cardiac Therapies Biomech[END_REF] .

Simulation protocol

To simulate the effects of cardiac regenerative therapies via the introduction of new contractile cardiomyocytes into the myocardium, the following two-phase simulation protocol was implemented. First, in the remodeling phase, the model was run for 5 growth cycles with impaired contractility in the infarct and borderzone. Then, the post-treatment phase was simulated by restoring infarct and borderzone contractility back to their normal values and running the model for another 10 growth cycles. Because the focus here is on growth and reverse growth due to cellular hypertrophy and atrophy of the residing cardiomyocytes, respectively, the infarct, which was assumed to be devoid of cardiomyocytes, is prohibited from growing.

Results

Pressure-volume relationship

Our simulation results show a right shift of the pressure-volume (PV) loop during the first 5 cycles when a non-contractile infarct and a borderzone with depressed contractility are present in the LV. Compared to the LV with normal contractile function which has an ejection fraction (EF) of 49%, the infarcted LV shows a substantially smaller PV loop in the first cycle (EF = 32%) that shifts towards the right in the next 4 cycles (EF at cycle 5 = 26%).

Restoration of the infarct and borderzone contractilities back to the normal values in the post-treatment simulation phase led to an expected larger PV loop, with EF = 47%. In subsequent cycles, the PV loop shifts towards the left (Figure 2b) and the EF was maintained in these cycles. 

Geometrical changes

The shifting of PV loops is reflected by a change in the LV geometry. During the remodeling phase, the LV became more dilated and spherical (Figure 3a). The growth magnitude was measured by the determinant of the growth tensor i.e, detF g . Growth of the LV occurs primarily at the borderzone as indicated by the larger values of detF g in that region. This growth results from a lengthening of the cardiomyocytes in the infarct borderzone.

During the post-treatment phase, the growth process was reversed and the LV became Black lines in these views denote the same cross section at the beginning of the two simulation phases. Note: detF g is prescribed to remain constant at 1 in the infarct.

progressively smaller and more ellipsoidal (Figure 3b). Correspondingly, the growth magnitude detF g decreases at the borderzone, reflecting the shortening of cardiomyocytes in its longitudinal axis.

Myofiber stretch

At the beginning of the remodeling phase (cycle 1), the time-averaged elastic myofiber stretch λe is higher at the infarct and borderzone compared to that found in the normal LV (Figure 4). In subsequent cycles during this phase, λe decreases in the borderzone and approaches that found in the normal LV. With growth (cycle 1 -5), however, λe decreases in the borderzone and approaches that in the normal LV. At the infarct, which was prescribed not to grow, the time-averaged elastic myofiber stretch did not decrease but increased slightly during the remodeling phase. We note that the reason why λe is highest at the infarct is because the infarct did not contract and underwent stretching even during systole.

In the post-treatment phase, contractility was restored at the infarct and borderzone and the immediate effect (in cycle 6) was a reduction of λe in these regions. The reduced values are below the corresponding homeostatic values found in the normal LV. In subsequent cycles of the post-treatment phase, the time-averaged elastic myofiber stretch in the borderzone and infarct increased and approached their respective homeostatic values. 

Discussion

Although computational models have been used to simulate the long term effects of heart diseases and therapies [START_REF] Göktepe | A multiscale model for eccentric and concentric cardiac growth through sarcomerogenesis[END_REF][START_REF] Klepach | Growth and remodeling of the left ventricle: A case study of myocardial infarction and surgical ventricular restoration[END_REF][START_REF] Rausch | Computational modeling of growth: Systemic and pulmonary hypertension in the heart[END_REF] , most of these models are only capable of simulating growth based on standard time points in the cardiac cycle (e.g., end-of-diastole or end-of-systole). As such, time-averaged, minima or maxima of local deformation signals, which were found to be likely candidates for driving hypertrophy [START_REF] Holmes | Candidate mechanical stimuli for hypertrophy during volume overload[END_REF] , cannot be applied in these models as growth stimulant. Here, we have used the time-averaged myofiber stretch as the growth stimulant and have, for the first time, applied the electromechanics-growth model to simulate the effects of cardiac regenerative therapies. Our simulation results show features that are generally consistent with experimental and clinical studies, both in the remodeling and reverse remodeling phase.

Remodeling phase

During the remodeling phase, our model predicts that the time-average myofiber stretch becomes higher in the borderzone and infarct than that found in the normal LV (Figure 4). Therefore, growth occurs mostly in the borderzone and the LV becomes dilated and more spherical as a result (Figure 3). Globally, the LV dilation is manifested by a shifting of the PV loop towards the right (Figure 2).

All these features are consistent with experimental and clinical studies both at the cellular and organ level. First, abnormal stretch in the form of a reduced contractile deformation during systole is a widely observed feature in the borderzone after MI [START_REF] Ashikaga | Electromechanical analysis of infarct border zone in chronic myocardial infarction[END_REF][START_REF] Kramer | Regional differences in function within noninfarcted myocardium during left ventricular remodeling[END_REF] . Correspondingly, cardiomyocytes in the borderzone region would, when averaged over a cardiac cycle, undergo higher stretching. Second, cardiomyocytes in the borderzone of animal MI models have displayed appreciable hypertrophy when compared to those at remote region [START_REF] Jackson | Extension of borderzone myocardium in postinfarction dilated cardiomyopathy[END_REF][START_REF] Shimkunas | Myofilament dysfunction contributes to impaired myocardial contraction in the infarct border zone AJP Hear[END_REF] . For example, cardiomyocytes cross sectional area was found to be about 70% higher than that in the remote region 2 weeks after MI in sheep hearts [START_REF] Shimkunas | Myofilament dysfunction contributes to impaired myocardial contraction in the infarct border zone AJP Hear[END_REF] whereas isolated cardiomyocytes from explanted human hearts with ischemic dilated cardiomyopathy were measured to be about 40% longer than those found in normal heart [START_REF] Gerdes | Structural remodeling of cardiac myocytes in patients with ischemic cardiomyopathy[END_REF] . Third, at the organ level, progressive LV dilation, in the form of a parallel increase in both end-diastolic volume and end-systolic volume that results in a right shift of the PV loop is a pathophysiological feature of MI that is found in both humans and animals [START_REF] Mccall | Myocardial infarction and intramyocardial injection models in swine[END_REF][START_REF] Sutton | Clinical Cardiology : New Frontiers Left Ventricular Remodeling After Myocardial Infarction Pathophysiology and[END_REF] .

Post-treatment phase

Restoration of the infarct and borderzone contractility to their normal values in our simulation led to an immediate increase in both stroke volume and EF. The time-average myofiber stretch also decreases immediately and fell below their corresponding homeostatic values in the infarct and borderzone (Figure 4). As a result, cardiomyocytes in the borderzone growth was predicted by our simulation to undergo atrophy and growth was reversed during the post-treatment phase (Figure 3). This reversal is manifested globally by a decrease in the LV size that is associated with the shifting of PV loop towards the left (Figure 2).

Because the effects of cardiac regenerative therapies are still not widely established, and at times, controversial [START_REF] Rosenzweig | Cardiac cell therapy-mixed results from mixed cells[END_REF] , it is difficult to assess, with certainty, that our model predictions agree with the features found in experiments and clinical studies of this class of therapies. Nevertheless, it is worthwhile to discuss our model prediction in the context of some these studies. In general, cardiac regenerative therapies have been found to be effective in improving long term cardiac function [START_REF] Qian | In vivo reprogramming of murine cardiac fibroblasts into induced cardiomyocytes[END_REF][START_REF] Williams | Intramyocardial stem cell injection in patients with ischemic cardiomyopathy: functional recovery and reverse remodeling[END_REF] , although other studies have found the contrary to be true [START_REF] Lunde | Intracoronary injection of mononuclear bone marrow cells in acute myocardial infarction[END_REF] . Studies that found positive effects in this treatment have shown that the introduction of new contractile cardiomyocytes can attenuate [START_REF] Qian | In vivo reprogramming of murine cardiac fibroblasts into induced cardiomyocytes[END_REF] or even reverse [START_REF] Williams | Intramyocardial stem cell injection in patients with ischemic cardiomyopathy: functional recovery and reverse remodeling[END_REF] the remodeling process associated with MI. Specifically, in vivo reprogramming of fibroblasts into contracting cardiomyocytes-like cells in a murine infarct model led to an increase in stroke volume and ejection fraction [START_REF] Qian | In vivo reprogramming of murine cardiac fibroblasts into induced cardiomyocytes[END_REF] . Similarly, intramyocardial injections of bone marrow progenitor cells into the infarct and borderzone of MI patients was found to lead to significant reverse remodeling where both EDV and ESV were decreased by 20% at 1 year follow up [START_REF] Williams | Intramyocardial stem cell injection in patients with ischemic cardiomyopathy: functional recovery and reverse remodeling[END_REF] . These findings are consistent with our model predictions.

Besides functional change at the global level, postmortem analysis in porcine hearts implanted with mesenchymal stem cell (MSC) have also found that the cardiomyocytes in the sub-endocardial rim of the MI are not hypertrophied when compared to those taken from the remote region 1 . It is unclear, however, as to whether these unhypertrophied cardiomyocytes are proliferated endogeneous cardiomyocytes or newly differentiated cardiomyocytes. Irrespective of this result, our model prediction suggesting that hypertrophy will regress in the cardiomyocytes at the infarct and borderzone upon restoration of the tissue contractility is consistent with this finding.

Limitations

There are several limitations associated with this study. First, we did not consider the effects of infarct expansion, which are events that occur early in the course of MI that lead infarct thinning [START_REF] Weisman | Myocardial infarct expansion, infarct extension, and reinfarction: pathophysiologic concepts[END_REF] . Second, we did not take into account that the borderzone can extend itself during the remodeling [START_REF] Jackson | Extension of borderzone myocardium in postinfarction dilated cardiomyopathy[END_REF] . Although the borderzone in our simulation expands in size via cellular hypertrophy, this effect is different from the extension of borderzone width via the recruitment of previously healthy myocardium into this dysfunctional zone. Last, we did not take into account the immediate increase in LV wall volume after injection of new cells or retroviral particles that some of these cardiac therapies were based on. Although the injected volume is small compared to the LV wall volume in some studies (e.g., 2.5 ml injection vs. LV wall volume of ∼ 150 ml [START_REF] Williams | Intramyocardial stem cell injection in patients with ischemic cardiomyopathy: functional recovery and reverse remodeling[END_REF] ), there are other studies in which the injected volume is significant (e.g. 15 ml injection vs. LV wall volume of ∼ 50 ml 1 ). As shown in a number of modeling studies, injection of new non-contractile materials into the LV wall can have an immediate impact on the regional mechanics that would affect the remodeling process [START_REF] Lee | Bioinjection treatment: Effects of post-injection residual stress on left ventricular wall stress[END_REF][START_REF] Wall | Theoretical impact of the injection of material into the myocardium: A finite element model simulation[END_REF] .

Conclusion

In summary, we have applied a recently developed computational model to simulate the long-term effects of cardiac regenerative therapies and have shown that the model is able to predict a number of features found in clinical and experimental studies. For the model to be quantitatively accurate, appropriate refinement and calibration with longitudinal studies involving animal models and patient data is necessary. Our future studies will focus on this aspect.

Figure 1 :

 1 Figure 1: Schematic of the left ventricular infarct model and myofiber orientation color coded with the prescribed myofiber helix angle.
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 2 Figure 2: Pressure-volume loop (a) remodeling phase and (b) post-treatment phase.

Figure 3 :

 3 Figure 3: Geometrical changes of the LV during (a) remodeling and (b) post-treatment phases. Leftmost: LV end-diastolic configuration at (a) cycle 5 (red) superimposed to that at cycle 1 (grey) and (b) cycle 15 (blue) superimposed to that in cycle 6 (red). Middle: Determinant of growth tensor detF g at (a) cycle 5 and (b) cycle 15. Rightmost: corresponding long and short-axis view.Black lines in these views denote the same cross section at the beginning of the two simulation phases. Note: detF g is prescribed to remain constant at 1 in the infarct.

Figure 4 :

 4 Figure 4: Left: time-average myofiber stretch λe at the infarct, borderzone and remote regions in the two simulation phase. Right: myofiber stretch taken at arbitary points from each of these regions. (Same color scheme applied here). Note that: infarct and borderzone were regenerated at the end of cycle 5.
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