
Vol.:(0123456789)1 3

Biomechanics and Modeling in Mechanobiology (2023) 22:1815–1828 
https://doi.org/10.1007/s10237-023-01734-1

ORIGINAL PAPER

Post‑infarct evolution of ventricular and myocardial function

K. L. P. M. Janssens1 · M. Kraamer1 · L. Barbarotta1 · P. H. M. Bovendeerd1

Received: 20 January 2023 / Accepted: 4 June 2023 / Published online: 5 July 2023 
© The Author(s) 2023

Abstract
Adverse ventricular remodeling following acute myocardial infarction (MI) may induce ventricular dilation, fibrosis, and loss 
of global contractile function, possibly resulting in heart failure (HF). Understanding the relation between the time-dependent 
changes in material properties of the myocardium and the contractile function of the heart may further our understanding of 
the development of HF post-MI and guide the development of novel therapies. A finite element model of cardiac mechan-
ics was used to model MI in a thick-walled truncated ellipsoidal geometry. Infarct core and border zone comprised 9.6 and 
8.1% of the LV wall volume, respectively. Acute MI was modeled by inhibiting active stress generation. Chronic MI was 
modeled by the additional effect of infarct material stiffening, wall thinning and fiber reorientation. In acute MI, stroke work 
decreased by 25%. In the infarct core, fiber stress was reduced but fiber strain was increased, depending on the degree of 
infarct stiffening. Fiber work density was equal to zero. Healthy tissue adjacent to the infarct showed decreased work density 
depending on the degree of infarct stiffness and the orientation of the myofibers with respect to the infarct region. Thinning 
of the wall partially restored this loss in work density while the effects of fiber reorientation were minimal. We found that 
the relative loss in pump function in the infarcted heart exceeds the relative loss in healthy myocardial tissue due to impaired 
mechanical function in healthy tissue adjacent to the infarct. Infarct stiffening, wall thinning and fiber reorientation did not 
affect pump function but did affect the distribution of work density in tissue adjacent to the infarct.

Keywords  Computational modeling · Myocardial infarction · Ventricular remodeling · Cardiac patch · Infarct mechanics · 
Cardiac function

1  Introduction

Myocardial infarction (MI) is the irreversible death of car-
diac muscle cells in part of the myocardium due to a pro-
longed lack of blood supply. Annually, an estimated 805.000 
individuals are affected in the US alone with a mortality 
rate of 14% (Tsao et al. 2022). In patients that survive the 
acute phase of MI, deceased cardiomyocytes are replaced 
by fibrotic scar tissue over the course of several weeks. This 
tightly cross-linked, collagenous tissue has significant tensile 
strength to prevent rupture of the myocardial wall (Gupta 
et al. 1994; McGarvey et al. 2015; Fomovsky and Holmes 
2010). However, pathological fibrosis and excessive deposi-
tion of collagen fibers within the scar tissue are important 

contributors to left ventricular (LV) dysfunction and play an 
important role in LV remodeling (Xie et al. 2013). Abnormal 
mechanical loading of the myocardium is thought to drive 
the remodeling process and promote infarct expansion and 
wall thinning. Overall, long-term adverse ventricular remod-
eling post-MI can induce LV dilation, diastolic dysfunction, 
ventricular tachycardia, and eventually lead to heart failure 
(HF) (French and Kramer 2007; Frantz et al. 2022).

Left ventricular assist devices (LVADs) are increasingly 
used in end-stage HF patients not eligible for transplanta-
tion. However, LVAD implantation as destination therapy 
does not constitute a lasting solution. Patients are often re-
hospitalized in the first year post-implantation with high 
mortality and complication rates (Dunlay et al. 2016). These 
observations have sparked the development of alternatives 
to LVAD implantation. Cardiac patches, fixed to the epicar-
dium, may provide appropriate mechanical support to the 
heart and stimulate remodeling pathways through cellular or 
molecular delivery. Some groups even aim to add functional 
support by incorporating active contractile tissue through 
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tissue engineering techniques like the BRAVƎ project 
(https://​proje​ctbra​ve.​eu/). Some devices have already been 
claimed to reduce infarct area, reverse ventricular remod-
eling and enhance ejection fraction and cardiac function (Li 
et al. 2022). Reverse remodeling is thought to be driven by 
the mechanical loading of the myocardium. So it is impor-
tant to understand this local load, and its dependence on the 
mechanical properties of the patch and its interaction with 
the native cardiac tissue. In addition, it is important to under-
stand the deficit in cardiac function caused by the infarction 
that should (partially) be restored by the cardiac patch. How-
ever, due to scar tissue maturation and LV remodeling both 
cardiac function and mechanical loading in tissue adjacent to 
the infarction vary over time, which may have implications 
for the mechanical support to be delivered by a cardiac patch 
(Richardson et al. 2015).

In this study, we aim to quantify the effect of the evolu-
tion of an acutely infarcted LV into a chronically remodeled 
state on global cardiac pump function and local myofiber 
mechanics. During this evolution, the LV is subject to a 
number of changes including infarct stiffening, wall thin-
ning, reorientation of fibers, border zone expansion and LV 
dilation. This study places emphasis on the increase in tissue 
stiffness in the infarct region, but also considers local wall 
thinning and fiber reorientation, albeit to a lesser extent. 
We employ a finite element model of cardiac mechanics to 
assess global function by means of LV hemodynamics and 
local tissue function by analyzing stress and strain patterns.

2 � Methods

2.1 � Model of cardiac mechanics

The finite element model of healthy cardiac mechanics from 
Bovendeerd et al. (2009) was used as a basis for this study. A 

brief description of this model is provided here. Section 2.2 
explains modification to model acute and chronic MI. In its 
unstressed state, the geometry of the LV is approximated by 
a truncated thick-walled ellipsoid. Cavity and wall volumes 
were set to 44 and 136 ml, respectively (see Fig. 1a). The 
myocardium was modeled as a non-linearly elastic, trans-
versely isotropic, nearly incompressible material with an 
active stress component that acts parallel to the direction of 
the myofibers (Eq. 1). The Cauchy stress tensor � is given 
by:

Here e⃗f  represents the unit vector in the fiber direction and 
�pas and �act represent the passive and active components 
of the total stress tensor, respectively. Both the active and 
passive stress models, including the parameters used, are 
identical to those presented in the 2009 study. Active stress 
was assumed to act along the fiber direction only. Multiplica-
tion factors fpas and fact were introduced to this equation to 
allow variation of material properties over the myocardium. 
They were set to a value of 1 to model the healthy LV (simu-
lation REF), but could spatially deviate from 1 to model 
the infarction. A rule-based method was used to define the 
fiber orientation (see Fig. 1b) in terms of a helix-angle �h 
and transverse angle �t . These angles represent the angle 
between the circumferential direction and the projection 
of the fiber vector on the circumferential-longitudinal and 
circumferential-transmural plane, respectively. Normalized 
Legendre polynomials were used to describe the nonlinear 
endo-to-epicardial and base-to-apex variation of �h and �t 
with parameter values according to simulation FIB in the 
2009 study. The helix angle ranged from +70 degrees at 
the endocardial surface, through +20 degrees at the mid-
wall until −50 degrees at the epicardial surface. The trans-
verse angle was set to zero at the endocardial and epicardial 

(1)� = fpas�pas + fact𝜎acte⃗f e⃗f

Fig. 1   LV geometry with infarct region and border zone a, fiber ori-
entation b and LV mesh c without (left) and with (right) wall thin-
ning. For clarity, the contours of the transmural infarct are depicted 
on the endocardial surface only. Anterior sites are located in the 

infarct. Posterior (P), anterior-medial (AM) and anterior-lateral (AL) 
sites are located in the healthy tissue outside the border zone in both 
subepicardial and subendocardial layers. In (b), the helix angle �

h
 is 

plotted in colour
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surfaces. It varied approximately parabolically variation 
from the endocardial to the epicardial surface, with maxima 
of about −40 degrees and +10 degrees near the apex and 
base, respectively.

In the model, the equations for conservation of momen-
tum were solved:

Rigid body motion was suppressed using Dirichlet bound-
ary conditions. For all nodes in the basal plane, out-of-plane 
displacement was suppressed and in-plane displacement was 
confined by restricting the solution of this subset of nodes to 
its nullspace. Neumann boundary conditions were used to 
subject the endocardial surface to a uniform LV pressure plv . 
During the isovolumetric phases, plv is determined by the 
mechanical equilibrium with the myocardial tissue at con-
stant end-diastolic or end-systolic volume. During the fill-
ing and ejection phase, plv is governed by a 0D closed-loop 
lumped parameter model of the systemic circulatory system. 
In this model, the aortic and mitral valves are modeled as 
ideal diodes. Arteries, veins and peripherals are represented 
through constant resistances and capacitances. A complete 
description of the 0D model, including used parameter val-
ues, can be found in Bovendeerd et al. (2009).

2.2 � Modelling myocardial infarction

A prolate ellipsoidal coordinate system was used to define 
the LV geometry. This coordinate system relates to the Car-
tesian system, with coordinates (x, y, z), according to:

where � , � and � represent the radial, longitudinal and 
circumferential coordinate, respectively. In ellipsoidal 

(2)∇⃗ ⋅ � = 0⃗

(3)

x = C sinh(�) sin(�) cos(�)

y = C sinh(�) sin(�) sin(�)

z = C cosh(�) cos(�)

coordinates the LV geometry is described by �endo ≤ � ≤ �epi , 
�base ≤ � ≤ � and 0 ≤ � ≤ 2� where �endo = 0.37 , �epi = 0.68 
and �base = �(zbase = 24 mm).

The region of infarcted tissue was modeled to be rep-
resentative of an occlusion of the left anterior descending 
(LAD) artery. Its shape was based on experimental observa-
tions (Bovendeerd et al. 1996) and modeled as a triangular 
area within the longitudinal-circumferential plane, spanned 
by coordinates ( � , � ): ( �

2
 , 0), ( � , 0.6 ⋅ � ) and ( � , −0.6 ⋅ � ). 

This yields a droplet-shaped area spanning from equator to 
apex, roughly 4 cm wide at its widest point on the epicar-
dium (see Fig. 1a). The transition from healthy to infarct 
tissue was modeled through a border zone with a width of 
5 mm (Lee et al. 1981; Sakai et al. 1985). Within this border 
zone, factors fpas and fact varied linearly from healthy to 
infarct settings. The overall size of the infarct region, in- and 
excluding the border zone, comprises 17.7 and 9.6% of the 
total LV wall volume, respectively.

The effect of a change in material properties was investi-
gated in the following models (see Table 1). Acute myocar-
dial infarction is simulated in AMI where active stress gener-
ation was eliminated by setting fact to 0 within the infarcted 
area while leaving passive tissue stiffness unchanged by 
setting fpas to 1. Subsequently, infarct stiffening in chronic 
MI was simulated by increasing fpas 2-fold (CMI2), 5-fold 
(CMI5), 10-fold (CMI10), 20-fold (CMI20) and 100-fold 
(CMI100) within the infarct.

The effect of fiber orientation in the infarct region was 
investigated in simulation CMI5cf, in which CMI5 was 
extended by reorienting fibers in the infarct core in the cir-
cumferential direction, following observations from Clarke 
et al. (2016), Zhuan et al. (2019). In the border zone, the 
fiber direction was linearly interpolated from the healthy to 
infarct value based on the distance to the core infarct region.

Finally, we investigated the effect of wall thinning in sim-
ulation CMI5wt, in which simulation CMI5 was extended 
by reducing the wall thickness of the infarct region to 50% 

Table 1   Summary of the 
definition of infarct properties 
through fact and fpas , and 
hemodynamic results including 
end-diastolic volume (EDV), 
end-systolic volume (ESV), 
stroke volume (SV), ejection 
fraction (EF), cardiac output 
(CO), maximum systolic 
pressure ( plv,max ) and stroke 
work (SW)

Simulation Infarct proper-
ties

Hemodynamic function

fact

[−]
fpas

[−]
EDV
[ml]

ESV
[ml]

SV
[ml]

EF
[%]

CO
[l/min]

plv, max

[mmHg]
SW
[J]

REF 1 1 112 44.9 67.0 59.8 5.02 125 0.98
AMI 0 1 112 55.3 57.2 50.9 4.27 112 0.74
CMI2 0 2 110 53 56.8 51.8 4.28 112 0.74
CMI5 0 5 106 49.3 56.5 53.4 4.24 112 0.73
CMI10 0 10 103 46.6 56.5 54.8 4.24 112 0.73
CMI20 0 20 101 44.4 56.7 56.1 4.25 112 0.74
CMI100 0 100 97.4 41.4 56.0 57.5 4.21 112 0.72
CMI5wt 0 5 120 63.1 56.5 47.3 4.24 111 0.73
CMI5cf 0 5 105 49.3 56.1 53.2 4.21 112 0.72
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of its original value, based on the experimental data pre-
sented in McGarvey et al. (2015) (Fig. 1c). To this end, the 
epicardial surface was kept unchanged, but the endocardial 
surface was moved outward. Wall thickness varied linearly 
over the border zone from its infarct value to its normal 
value. Unloaded cavity volume and wall volume changed to 
50.8 ml and 129.2 ml, respectively.

2.3 � Simulations and postprocessing

The model was implemented in the FEniCS open-source 
computing platform and benchmarked against the preced-
ing SEPRAN implementation, used in Bovendeerd (2009) 
(chapter  2 of Barbarotta (2020)). The mesh contained 
109608 degrees of freedom and 24202 quadratic tetrahedral 
elements yielding an average element size of 5.75 mm3 . Ele-
ments were assigned to either healthy myocardium, border 
zone or infarct tissue based on the position of their midpoint. 
A timestep of 2 ms was used. The model was solved using a 
2.6 GHz 16-core Intel processor.

A total of 9 simulations were performed (see Table 1). 
For every simulation, 5 cardiac cycles were computed with 
a heart rate of 75 bpm such that a hemodynamic steady-state 
was achieved with a change in stroke volume of less than 1% 
between subsequent cycles. Data from only the last cardiac 
cycle was considered for analysis. Global cardiac function 
was assessed using the pressure-volume loops and stroke 
work, computed according to Eq. 4.

Work density per unit of tissue volume was computed using 
Eq. 5.

where ls and ls,0 represent the actual and reference sarcomere 
length, respectively.

Furthermore, we performed a more detailed analysis of 
fiber stress and strain at eight sites in the cardiac wall. Four 
were placed underneath the epicardial surface at 8% of the 
total epi- to endocardial distance, with an identical longitudi-
nal coordinate of � = 0.6� . Sites were located in the remote 
(P, � = � ), infarct (A, � = 0 ), apical-medial (AM, � = −

�

4
 ) 

and apical-lateral (AL, � =
�

4
 ) regions of the ventricle. The 

other four sites were placed at the same longitudinal and 
circumferential position near the endocardium, at 8% endo- 
to epicardial distance (see Fig. 1a). The helix angle �h at 
this subepicardial and subendocardial level equals -45 and 
64 degrees, respectively. Both fiber stress and strain over 
time were analysed as well as quantified into work density, 

(4)W = ∫ pdV

(5)w = ∫ �actd� where � = ln

(

ls

ls,0

)

maximum systolic stress and end-diastolic and end-systolic 
fiber strain.

3 � Results

3.1 � LV hemodynamics

Figure 2 shows the LV pressure-volume loops for simula-
tions REF, AMI, CMI5, CMI100,CMI5wt and CMI5cf. 
As compared to REF, infarct cases are characterized by 
a reduction of maximum LV pressure and stroke volume. 
With increasing infarct stiffness, the PV-loops shift to the 
left, but maximum LV pressure and stroke volume remain 
about constant. A quantitative hemodynamic summary for 
all 9 simulations is given in Table 1. The results found in 
REF are representative of the average adult with a maxi-
mum systolic pressure (plv, max ) of 125 mmHg, cardiac output 
(CO) of 5.02 L/min and ejection fraction of 60%. Compared 
to REF, end-diastolic volume in AMI is preserved but the 
acute infarction leads to a 23% increase in end-systolic vol-
ume (ESV) corresponding to an approximate 15% reduction 
in stroke volume (SV), ejection fraction (EF) and cardiac 
output (CO). Combined with a lower p lv,max , stroke work 
decreases by 24.5% in total. With increasing infarct stiff-
ness, both ESV and EDV decrease by equal amounts with a 
maximum decrease of 14 ml in CMI100 when compared to 
simulation AMI. Hence, SV and CO remain relatively well-
preserved and EF increases up to 57.5% in CMI100. Upon 
extending CMI5 with wall thinning in the infarct region 
(CMI5wt), both EDV and ESV increase by 14 ml compared 
to CMI5 which reduces EF to a value of 47.3%. Adding a 

Fig. 2   Pressure over volume plot of simulation REF (red), AMI 
(blue) and CMI5 (green), CMI100 (yellow), CMI5wt (orange) and 
CMI5cf (purple)
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change in fiber orientation to the circumferential direction in 
the infarct region (CMI5cf) induces no significant changes 
with respect to CMI5. Stroke work is similar in all simula-
tions of MI.

3.2 � Local mechanics

Figure 3 shows work density in the anterior view of the LV 
as generated by myofibers over the entire cardiac cycle for 
simulations REF, AMI, CMI5 and CMI100. In REF, the spa-
tial distribution is rotationally symmetric, with an average 
value of 7.3 ± 1.8 kPa. Towards the basal plane and apex, 
work density decreases, approaching a value of 0. To evalu-
ate changes in work density for AMI, CMI5 and CMI100, 
the right 3 panels in figure 3 show work density w̄ , normal-
ized to that in REF. In all cases of MI, w̄ equals 0 within 
the infarct region and about 1 in the remote region. The 
border zone and healthy tissue adjacent to the border zone 
show large differences between simulations. In acute MI, w̄ 
is reduced to 50% near site AM but increased to 110% near 
AL. When infarct stiffness increases 5-fold in CMI5, the 
amount of generated work near site AM recovers to 65% 
but drops to 70% near AL. This trend continues with fur-
ther stiffening of the infarct in CMI100 where w̄ decreases 
towards 30% in AL and increases up to 100% near AM. In 

AMI, CMI5 and CMI100 values of work density near the 
base are close to zero, just as in REF. The near-zero basal 
values of work density in REF cause normalized values w̄ 
near the base to fluctuate strongly. Therefore, basal values 
have been set to 1.0 to improve visibility.

Figure 4 shows the effect when CMI5 is extended with 
wall thinning (CMI5wt). Normalized work density w̄ 
increases from 65 to 80% at site AM, and from 70 to 80% at 
site AL. With a circumferential orientation of fibers in the 
infarct region (CMI5cf), w̄ decreases from 65 to 53% at site 
AM, and increases from 70 to 72% at site AL.

A more detailed view of local tissue mechanics is pre-
sented in Fig. 5 for simulations REF, AMI, CMI5, CMI100 
and in Fig. 6 for simulations REF, CMI5, CMI5wt and 
CMI5cf. A more detailed view of local tissue mechanics 
for simulations REF, AMI, CMI5 and CMI100 is found in 
Fig. 5. Here, fiber stress and strain are shown as a function 
of time and fiber stress is plotted vs. fiber strain in the four 
subepicardial points indicated in Fig. 1a. Work density, max-
imum fiber stress, end-diastolic fiber strain and end-systolic 
fiber strain are quantified in Fig. 7 for all simulations.

We first consider the subepicardial level (Figs. 5a and 
7a). In the healthy heart (REF), local tissue mechanics are 
identical in all four sites due to rotational symmetry (Fig. 5). 
Fiber stress and strain reach a plateau at end-diastole of 1.6 

Fig. 3   Work generated by fibers 
over the cardiac cycle, accord-
ing to equation 5, for simulation 
REF. The figures for simula-
tions AMI, CMI5 and CMI100 
show normalized work with 
respect to the healthy simulation

Fig. 4   Work generated by 
fibers over the cardiac cycle, 
according to equation 5, for 
simulation REF. The figures 
for simulations CMI5, CMI5wt 
and CMI5cf show normalized 
work with respect to the healthy 
simulation



1820	 K. L. P. M. Janssens et al.

1 3

kPa and 0.135, respectively. During isovolumic contraction 
and early ejection, fiber stress increases towards 61 kPa 
and fiber strain increases slightly by 0.02. During the ejec-
tion and isovolumic relaxation phase, both fiber stress and 
fiber strain gradually drop to 0.8 kPa and 0.01, respectively. 
Work density, which corresponds to the area enclosed by the 
stress–strain loop, equals 7.3 kPa.

At the posterior site P, all simulations of MI show behav-
iour similar to that in REF. Maximum stress decreases 
by about 10% in AMI. It decreases further with increas-
ing infarct stiffness, by about 20% in CMI100. The slight 
increase in fiber strain during isovolumic contraction disap-
pears though end-diastolic and end-systolic strain remains 
relatively constant irrespective of the degree of MI. Work 

Fig. 5   Local myofiber mechanics (rows) in 4 subepicardial (a) and 
subendocardial (b) points (columns). From the top to bottom row, 
Cauchy stress in fiber direction and logarithmic strain as a function 
of time and stress–strain loops for a healthy heart, AMI, CMI5 and 

CMI100. The dotted lines mark the diastolic, isovolumic contraction, 
systolic and isovolumic relaxation phase, respectively. End-diastole 
and end-systole are marked with a ◦ and ◊ respectively



1821Post‑infarct evolution of ventricular and myocardial function﻿	

1 3

density decreases by about 15% in AMI though infarct stiff-
ening restores up to 5% of this loss in CMI20 (Fig. 7).

Within the infarcted tissue (site A), peak fiber stress 
decreases by roughly 45% in all cases of MI. This stress is 
passive since fact = 0. In AMI, fiber strain over the course 
of diastole is identical to that in REF. Subsequently, fib-
ers stretch further during isovolumic contraction com-
pared to REF to a strain of about 0.35. This elevated strain 

is sustained through the ejection and part of the isovolu-
mic contraction phase. The surface area enclosed by the 
stress–strain loops disappears completely and 0 kPa in work 
density is found. With increasing stiffness of the infarct, end-
diastolic fiber strain decreases towards its unloaded refer-
ence of 0 in CMI100. Compared to AMI, the maximum 
fiber strain that is reached during contraction decreases with 
higher infarct stiffness. In CMI5 and CMI100 a value of 0.26 

Fig. 6   Local myofiber mechanics (rows) in 4 subepicardial (a) and 
subendocardial (b) points (columns). From the top to bottom row, 
Cauchy stress in fiber direction and logarithmic strain as a function of 
time and stress–strain loops for a healthy heart, CMI5, CMI5wt and 

CMI5cf. The dotted lines mark the diastolic, isovolumic contraction, 
systolic and isovolumic relaxation phase, respectively. End-diastole 
and end-systole are marked with a ◦ and ◊ respectively
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and 0.05 is reached, respectively. The stress–strain loops 
steepen with increasing infarct stiffness and remain closed.

Site AM shows a decrease in peak fiber stress of over 24 
kPa in AMI, as compared to REF. End-diastolic fiber strain 
remains unchanged but fibers are found to shorten early 
during isovolumic contraction. Furthermore, fiber strain is 
reduced by about 0.1 during the entire ejection phase. Due 
to these changes, the stress–strain loop skews to the left and 
work density is reduced by 3.1 kPa compared to REF. Peak 
fiber stress increases with infarct stiffness and up to 7.1 kPa 
can be restored in CMI100 as compared to AMI. End-dias-
tolic fiber strain remains relatively unaffected though a slight 
increase of 0.02 is found in CMI2 and CMI5. Any further 
stiffening results in a reduction of this length. Early fiber 
shortening decreases with higher infarct stiffness and causes 
stress–strain loops to become less skewed. Consequently, 
work density increases and converges to a value of 5.4 kPa 
in CMI100.

Site AL shows increased peak fiber stress of 70 kPa in 
AMI as compared to REF. Fiber strain is similar to that in 
REF over the duration of the entire cardiac cycle. Only the 
amount of shortening decreases by 0.03 and consequently, 
end-systolic sarcomere length is higher. Compared to REF, 
the stress–strain loop in AMI is higher and narrower and 
only a minor reduction in work density of 0.4 kPa is found. 
Higher infarct stiffness leads to a reduction in peak fiber 
stress when compared to AMI, with values of 61 and 48 kPa 
in CMI5 and CMI100, respectively. End-diastolic fiber strain 
drops with infarct stiffness to 0.05 in CMI100 while end-
systolic fiber strain is similar to that in REF. Stress–strain 
loops shift to the left and decrease in size depending on the 
degree of infarct stiffening. A third of work density is lost 
in CMI10 and over 50% in CMI100 (Fig. 7a).

Additionally, local tissue mechanics were analysed at sub-
endocardial level and are shown in Figs. 5b and 7b. Some 
of the trends found subepicardially are also observed here. 
In the remote region P, the effect of infarction is minor and 
comparable to that at the subepicardium. Also in the core of 
the infarct (site A), the effect of infarct stiffening is similar 
at the subendocardium and subepicardium. In contrast to 
the behaviour observed epicardially, stress–strain loops are 
not closed and traversed in a clockwise direction. While this 
suggests that energy is dissipated here, this is not the case, 
as will be explained in the discussion. The results obtained 
at the subendocardial AM site do not resemble those at the 
subepicardial AM site. Instead, they are similar to those at 
the subepicardial AL site. This symmetry is not found when 

comparing the subendocardial AL site with the subepicardial 
AM site. In fact, the effect of acute and chronic infarction 
at this site is more comparable to that in the remote suben-
docardial P site.

Figure  6 shows the local mechanics for simulations 
REF, CMI5, CMI5wt and CMI5cf. Again we first consider 
the subepicardial level (Figs. 6a and 7a). When CMI5 is 
extended with wall thinning (CMI5wt), small changes occur 
in both peak fiber stress and end-systolic fiber strain near site 
P which lead to a small decrease in work density of 0.3 kPa. 
Within the infarct site (A), thinning of the ventricular wall 
leads to increased end-diastolic fiber stress and strain from 
1.6 and 0.04 to 2.8 kPa and 0.07, respectively. The elevated 
stress is maintained throughout the ejection phase though 
fiber strain follows an almost identical course to CMI5. In 
site AM, CMI5wt shows an increase in peak fiber stress 
from 37 kPa to 45 kPa compared to CMI5. End-diastolic 
and end-systolic fiber strain are also elevated by 0.05 and 
0.04, respectively, which leads to an increase in work den-
sity of 1.4 kPa. In site AL, peak fiber stress increases from 
61 to 70 kPa and end-diastolic and end-systolic fiber strain 
increase by 0.03 compared to CMI5 causing work density 
to increase to 6.8 kPa. With a change of fiber orientation in 
the circumferential direction in the infarct region (CMI5cf), 
only small changes are observed near the remote site P. Site 
A shows reduced end-diastolic fiber stress and strain from 
1.6 and 0.04 to 1 kPa and 0.1, respectively. Peak fiber stress 
is reduced by 6 kPa though fiber strain largely follows the 
same course as in CMI5. In site AM, only a small decrease 
in fiber strain is found and the stress–strain loop is skewed 
slightly further compared to CMI5. In site AL, an increase 
in peak fiber stress is found while fiber strain remains almost 
identical to CMI5 throughout the cardiac cycle. Work den-
sity increases slightly by 0.2 kPa.

In the subendocardial region of the ventricle (Figs. 6b and 
7b), little changes are found in the posterior site P. When 
extending CMI5 with wall thinning, fiber stress and strain 
increase in the infarct site (A). In sites AM and AL end-
diastolic fiber strain and peak fiber stress is increased com-
pared to CMI5. Subsequently, work density also increases 
from 5.9 and 5.0 kPa to 8.0 and 6.3 kPa for AM and AL, 
respectively. With a circumferential orientation of fibers in 
the infarct region, the only notable differences are found 
in the infarct region (A). Here, end-diastolic fiber strain is 
increased whilst both fiber stress and strain during the ejec-
tion phase are decreased.

4 � Discussion

In this study, we assessed the effects of infarct stiffening on 
global cardiac function and local myofiber mechanics during 
the transition from an acutely infarcted towards a chronically 

Fig. 7   Overview of local metrics as measured subepicardially (a) 
and subendocardially (b) for the healthy heart, AMI, CMI2, CMI5, 
CMI10, CMI20 and CMI100. From top to bottom: work density, 
maximal Cauchy stress, end-diastolic sarcomere length and end-sys-
tolic sarcomere length

◂
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infarcted state. In addition, we investigated the effect of thin-
ning and fiber reorientation in the infarct region.

4.1 � Cardiac pump function in MI

An acute infarct with a core and boundary region comprising 
9.6 and 8.1% of the LV wall, respectively, was found to cause 
a 24–26% loss of pump function (Fig. 2, Table 1). Stiffening 
of the infarct causes a leftward shift of the pressure-volume 
loop, whilst stroke volume remains constant. This dispropor-
tional loss in pump function can be attributed to a loss in tis-
sue function that extends outside the infarct and border zone 
into the area with normal passive and contractile properties 
(see Fig. 3). The extent of this loss depends on the location 
in the LV wall and the degree of infarct stiffening.

Overall, pump function decreases by 26% after AMI but 
is hardly affected by subsequent stiffening of the infarct 
region. Our results show that this stiffening does affect local 
tissue function, with a partial recovery in fibers arranged 
in series with the infarct and a further decline in function 
in fibers arranged in parallel to the infarct. These effects 
seem to offset each other evenly as pump function varies no 
more than 2% between simulations of MI. Thinning of the 
ventricular wall or circumferential orientation of collagen 
fibers in the infarct region induced minor changes in pump 
function. The pressure-volume loop shifted rightward with 
reduced wall thickness but stroke volume and work are iden-
tical to CMI5. This rightward shift is partially caused by the 
increase in cavity volume that arises from the fact that we 
modeled infarct thinning by an outward displacement of the 
endocardial surface.

4.2 � Myofiber function in MI

When the infarct is modeled exclusively through a change 
in material properties, only minor differences are observed 
in healthy tissue distant from the infarct when comparing 
healthy and infarct cases (Figs. 5 and 7, column P). The 
main effect is a slight decrease in fiber stress, related to the 
slight decrease in LV pressure. The remote region is situated 
at such a distance that any mechanical changes induced at 
the infarct site have faded. Within the infarct tissue (site A), 
the lack of any contractile ability leaves tissue that solely 
relies on its passive material properties. The stress needed 
to achieve mechanical equilibrium and counteract active 
stress from the healthy tissue and LV cavity pressure can 
only be achieved by stretching of the tissue. This stress is 
lower than the stress in the healthy case, but similar is iden-
tical for all three infarct cases. The fiber strain to achieve 
this stress reduces as infarct stiffness increases. This reduc-
tion of fiber strain causes a reduction of diastolic filling and 
leads to a lower end-diastolic volume as observed in CMI5 

and CMI100 (see Fig. 2). It also leads to a reduction of the 
outward bulging of the tissue during ejection.

In the healthy tissue adjacent to the infarct myofiber func-
tion depends on location. In the medial subepicardial region 
(site AM) work density decreases by about 45% in AMI (see 
Figs. 5a and 7a). This functional deterioration can be related 
to the local arrangement of fibers with respect to the infarc-
tion. The subepicardial helix angle of -45 degrees places tis-
sue near AM in a series arrangement with the infarct. Thus, 
in acute MI, stress generated by these fibers is exerted onto 
relatively compliant infarct tissue, leading to early shorten-
ing, less stress generation and decreased work density over 
a cardiac cycle. Infarct stiffening counteracts this effect so 
that part of the lost work density is recovered. In the lateral 
subepicardial region (site AL) fibers are placed in a more 
or less parallel arrangement with the infarct. In AMI, these 
lateral fibers shorten less during ejection as they are tethered 
to the stretching infarct region. Being longer, they can also 
generate more active stress via the Frank-Starling mecha-
nism. As the infarct stiffens, stretching of the infarct during 
diastole is reduced. Consequently, stretching of the AL fibers 
and stress generation is reduced as well. Shortening of these 
fibers during ejection is also hampered by the presence of 
a stiff infarct. This leads to an increasing reduction in work 
density as the infarct stiffens (Fig. 7a).

The mechanisms by which fiber function may be impaired 
are not limited to the subepicardium alone. At the subendo-
cardial level, similar trends are observed when taking into 
account the local fiber orientation. Due to the change in the 
sign of the helix angle, regions arranged in series and paral-
lel with the infarct are switched. Consequently, epicardial 
behaviour observed lateral to the infarct, where fibers are in 
parallel to the infarct region, is found medially in endocar-
dial tissue. However, the effect of serial arrangement of the 
fibers, which was clearly visible at the epicardial AM site, 
is not obvious at the endocardial AL site, suggesting that 
more effects play a role here. In general, changes in stress 
and strain time courses result from complex 3D interactions 
with the surrounding tissue, in which the serial and parallel 
effects act together to a different degree.

To further evaluate the role of fiber orientation with 
respect to the infarct region, we analyzed local mechanics 
at the four sites at a transmural distance of 60% from endo- 
to epicardium (see Fig. 8). At this position, the helix angle 
equals 0 and fibers are oriented circumferentially, in series 
arrangement with the infarct region. Indeed, at this transmu-
ral level the stress–strain loops at sites AM, AL and P are 
similar and resemble those in serial subepicardial site AM 
and subendocardial site AL (see Fig. 5).

Thinning of the infarct site (CMI5wt) leads to more bulg-
ing of the infarcted tissue that is reflected in an increase 
of fiber end diastolic and end systolic fiber strain, both in 
the infarct (site A) and in sites adjacent to the border zone 
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(AM and AL), see Fig. 6. Via the Frank-Starling effect, this 
elevated strain leads to an increase in active stress and work 
density at sites AL and AM. Thus wall thinning seems to 
mitigate the primary detrimental effect of the infarct in the 
neighbouring healthy tissue, as resulting from a change in 
material properties.

The effect of adding a circumferential fiber orientation 
on top of the 5-fold infarct stiffening (CMI5cf vs CMI5) 
on mechanics in sites AL and AM is similar to the effect 
of reducing the infarct stiffness (CMI2 vs CMI5). This can 
be explained from the fact that fibers at sites AM and AL 
are not in parallel to the direction of largest stiffness in the 
infarct anymore. Overall, the differences with respect to 
CMI5 are relatively small and it appears that the change in 
passive tissue stiffness plays a more prominent role.

In all infarct cases, the area enclosed in the stress–strain 
loops in the infarct at the subendocardial site A is non-zero 
despite the absence of contractility. Closer inspection reveals 
higher stress during the first half of the cardiac cycle com-
pared to the second, as denoted by the ◊ and ◦ respectively. 
This suggests that energy is dissipated here, even though the 
tissue is modeled to behave elastically. However, it must be 
noted that the loading state of the tissue is not purely uniax-
ial: to fully evaluate work density, the double dot product of 
the full 3D stress and strain tensor must be evaluated. Such 
evaluation shows that no energy is created or dissipated here.

4.3 � Study limitations

In the design of this study we have chosen to model the 
infarct through an absence of active stress development 
and an increase in passive tissue stiffness. We assumed 
a simple model for the border zone, with a linear varia-
tion of active and passive tissue properties (through fact 
and fpas ) over a region with constant width. Thus we did 
not account for the finding that the actual variation of tis-
sue properties over the border zone may be non-linear, 
and that the width of the border zone may change in time 
(Shimkunas et al. 2014; Jackson et al. 2002). We also con-
sidered a reduction in wall thickness and a change in fiber 
orientation within the infarct region. The changes in pas-
sive tissue stiffness and wall thickness cover the ranges 
reported in literature (Gupta et al. 1994; McGarvey et al. 
2015; Fomovsky and Holmes 2010; Hiesinger et al. 2012; 

Richardson et al. 2015) and a more circumferential orien-
tation of collagen fibers in infarct tissue has been previ-
ously reported (Clarke et al. 2016; Zhuan et al. 2019). 
However, ventricular growth and remodelling can also 
induce geometric changes to the ventricle that have not 
been taken into account in this study. LV-dilation post-MI 
may increase left ventricular volume, shifting the pressure-
volume loop to the right. Infarct expansion may increase 
infarct size and lead to a further decrease in cardiac pump 
function. Such changes can be readily implemented in our 
model, but we choose to limit the number of variations in 
the current study to keep the analysis tractable.

A rotationally symmetric, ellipsoidal geometry and fiber 
field were used in our model. As compared to using a more 
realistic patient-specific geometry, this approach allows for a 
better evaluation of the effect of an infarct on fiber mechan-
ics: since sites P, A, AM and AL show identical mechan-
ics in the healthy state, differences between sites in infarct 
conditions can be exclusively attributed to the presence of 
the infarct.

We also assumed simultaneous activation of myofibers 
and did not take the right ventricle into account. It has been 
suggested that electrophysiological factors play a minor role 
in changes in mechanical function upon infarction (Leong 
et al. 2017). While there are no fundamental difficulties in 
including a realistic biventricular geometry and asynchro-
nous activation in our model, the interpretation of the results 
of such a model will become increasingly difficult. Despite 
these simplifications, we expect the mechanism of series 
and parallel coupling to remain an important determinant 
of local tissue mechanics.

Finally, we did not account for regulatory mechanisms 
that occur in response to an infarct and might increase both 
peripheral resistance and the amount of blood in the circu-
latory system Richardson et al. (2015). This allows for the 
comparison of simulations purely based on the effect of MI 
but also complicates a direct comparison to patient data. 
Capturing all mechanisms that affect LV hemodynamics 
post-MI within the model may be technically feasible but 
was considered outside the scope of this study. Furthermore, 
whilst regulatory mechanisms might restore cardiac pump 
function in terms of cardiac output and mean arterial pres-
sure they would not change the spatial inhomogeneities in 
tissue function, observed in our study.

Fig. 8   Stress–strain loops in 4 
points at 60% of the total endo 
to epicardial distance. At this 
transmural level, the helix angle 
equals 0
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4.4 � Literature comparison

Several numerical studies have investigated the effect of 
an infarct on global cardiac function and local myofiber 
mechanics. Janz and Waldron (1978) developed a finite ele-
ment model of the infarcted heart at diastole, assuming iso-
tropic material properties. From their results, they hypoth-
esized that muscle fibers in close proximity to a chronic 
infarct are restrained in end-diastolic length resulting in a 
less optimal position on the Frank-Starling curve. Bogen 
et al. (1980) presented an isotropic membrane model of the 
infarcted LV during diastole and systole. They concluded 
that the mechanical disadvantage of the infarct includes 
mechanically induced contraction derangement in the non-
infarcted myocardium. To our knowledge, these models 
showed the earliest evidence for mechanical tethering of 
healthy to infarct tissue even though they assumed highly 
simplified cardiac mechanics. Furthermore, both Janz and 
Bogen found that increased infarct stiffness reduces bulg-
ing of the infarction and improves systolic function at the 
expense of diastolic compliance of the ventricle, in agree-
ment with our study.

Bovendeerd et al. (1996) presented a model of the LV 
with an acute infarct, assuming anisotropic passive and 
active material properties. They introduced the concept of 
the serial and parallel border zone to explain their results. 
In this paper, we extend their analysis by investigating the 
effect of long-term stiffening of the infarct. In addition, we 
replaced their open-loop circulatory model by a closed-loop 
model to be able to better capture hemodynamic effects such 
as changes in end-diastolic filling pressure and ejection pres-
sure. We also increased the mesh resolution allowing us to 
define the outline of the infarcted region and border zone 
more precisely and solve the model more accurately.

Mazhari et  al. (2000) used an anatomically realistic 
finite element model of the dog heart to assess differences 
in epicardial end-systolic strain between a control case and 
acute LAD and LCx infarcts. A functional border zone was 
defined as the region with higher end-systolic remodeling 
strain when compared to control. A wider functional border 
zone was found in the cross-fiber direction compared to the 
fiber direction, caused by increased wall stress arising from 
mechanical interaction between ischemic and non-ischemic 
myocardium (Mazhari et al. 2000). We did not focus on 
the size of dysfunctional tissue but Fig.  5a does show 
higher end-systolic fiber strain in parallel regions while it 
is decreased in serial regions which agrees with behaviour 
found in the cross-fiber and fiber direction, respectively.

Guccione et al. (2001) modeled the diastolic and iso-
volumic contraction phase in the sheep heart with a 10% 
infarct region and 14% border zone, 10 weeks after infarct 
induction. Their findings on midwall fiber strain in both the 
acute and chronic infarct are similar to our study. Moreover, 

only small differences in midwall fiber strain were observed 
between posterior and anterior regions of the border zone 
and these differences decreased with higher stiffness of the 
infarct. However, the significant amount of fiber shorten-
ing during isovolumic contraction observed by Guccione 
in the remote region of the ventricle is not in agreement 
with our study. Since the series and parallel effects outlined 
in this paper are sensitive to geometric effects, these dif-
ferences may be explained by the use of a patient-specific 
geometry and the specific location where stress and strain 
are evaluated.

Walker et al. (2005) performed a similar analysis of the 
sheep heart with a 25% infarcted region at 22 weeks after 
infarct induction. They found a 24% increase in midwall 
end-systolic fiber stress in the border zone as compared to 
remote regions. Our study suggests that changes in stress 
vary as a function of location in the border zone and the 
corresponding orientation of fibers.

Remme and Smiseth (2007) simulated a reduced rate and 
magnitude of active fiber stress development in the border 
zone of an infarcted LV. The remote region was found to 
stretch the border zone during early systole to maintain 
mechanical equilibrium. Our results indicate that this behav-
iour may only be found in fibers that are arranged in series 
with the infarction but is less apparent in parallel fibers.

Fomovsky et al. (2011) found that isotropic stiffening of 
the infarct reduced end-diastolic (EDV) and end-systolic vol-
ume (ESV) volume but had little effect on stroke volume. 
End-diastolic strain in the healthy heart and acute MI was 
identical and uniform systolic contraction was converted to 
passive stretching of the infarct during ischemia. Isotropic 
stiffening reduced both end-diastolic and end-systolic 
stretching of the infarct, which is in agreement with our 
study. However, they found large variations in end-systolic 
stress within the infarct after acute and chronic MI whereas 
these remained relatively constant in our study.

Leong et al. (2017) used a rotationally symmetric ellip-
soidal finite element model of cardiac mechanics to assess 
the effect of infarct transmurality on local fiber mechanics. 
With a full transmural infarct, 14.3% in size with a 3-fold 
increase in passive stiffness, the drop in SV and plv, max was 
similar to those found in our simulations CMI2 and CMI5, 
in agreement with our result that cardiac function decreased 
disproportionally to infarct size as well. Furthermore, end-
systolic fiber stress in the border and adjacent remote zones 
was higher when fibers were oriented tangential to the infarct 
boundary while it was suppressed in a perpendicular config-
uration. This trend corresponds with the parallel and series 
effects found in our results. However, they found fiber stress 
to be highest at end ejection, whereas our study suggests that 
it is highest at begin ejection. Consequently, the shape of the 
stress–strain loops is different as well. In addition, infarct-
induced changes in maximum stress were much larger than 
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those in our study. Similar discrepancies are observed when 
comparing our results with those of a more recent study by 
this group, that employs patient-specific geometries (Leong 
et al. 2021). Possibly these discrepancies are related to the 
choice of the fiber orientation field.

4.5 � Clinical implications

The present study shows how unfavourable mechanical 
loading conditions in the border zone and adjacent healthy 
myocardium lead to a relative loss of global cardiac function 
that exceeds the relative loss in healthy tissue. This patho-
logical aspect of local fiber mechanics may be important 
in understanding the progression of MI into HF and the 
development of treatment to prevent adverse remodeling. 
Changes in mechanical load have been suggested to trigger 
a maladaptive growth and remodeling (G &R) response that 
may eventually lead to HF (Boulet and Mandeep 2021; Sut-
ton and Sharpe 2000; Tsuda 2021; Schwinger et al. 1994; 
Weber et al. 1987; Ferrari et al. 2016). Our finding that the 
change in mechanical load varies in character and location as 
the infarct stiffens, might be important to better understand 
the G &R response in this region.

Cardiac patches may be used to limit the loss of pump 
function and the progression into HF. Passive patches can 
limit the change in mechanical load in this healthy tissue, 
either by direct mechanical interaction with this tissue or by 
indirect interaction through reduction of systolic bulging of 
the acutely infarcted tissue (Yao et al. 2022). To understand 
these interactions, the concept of serial and parallel mus-
cle fibers might be helpful. Active, contractile patches have 
the potential to further restore cardiac function. To fully 
restore cardiac function, and compensate for the dispropor-
tional loss caused by the infarct, our study suggests that the 
amount of tissue within the patch should exceed the amount 
of native tissue lost. Furthermore, the mechanical interac-
tion between the cardiac patch, infarct tissue and healthy 
myocardium may be important to ensure functionality of the 
patch. Dedicated research is required to outline an optimal 
design and point-out key design parameters that are impor-
tant determinants of patch efficiency.

5 � Conclusion

This study shows that the relative loss in pump function 
in the infarcted heart exceeds the relative loss in healthy 
myocardial tissue. This disproportional loss in pump func-
tion is attributed to the impairment of mechanical function 
of fibers in healthy tissue adjacent to the infarct, because 
of an unfavourable mechanical interaction with the infarct 
tissue. As passive tissue stiffness in the infarct evolves from 
an acute state to a chronic state, the spatial distribution of 

the impaired tissue varies, but the overall effect on pump 
function remains about the same. Contractile function in 
the healthy tissue adjacent to the infarct was increased as a 
consequence of thinning of the infarct region. It was affected 
by the reorientation of fibers in the infarct region to a much 
lesser extent. These findings may be important for a better 
understanding of post-infarct growth and remodeling and 
guide the design of biological ventricular assist devices.
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