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Abstract

Myocardial infarction (MI) results in cardiac myocyte death and the formation of a fibrotic

scar in the left ventricular free wall (L\VFW). Following an acute MI, L\VFW remodeling takes
place consisting of several alterations in the structure and properties of cellular and extracellular
components with a heterogeneous pattern across the LVFW. The normal function of the heart

is strongly influenced by the passive and active biomechanical behavior of the LVFW, and
progressive myocardial structural remodeling can have a detrimental effect on both diastolic and
systolic functions of the LV leading to heart failure. Despite important advances in understanding
LVFW passive remodeling in the setting of MI, heterogeneous remodeling in the LVFW active
properties and its relationship to organ-level LV function remain understudied. To address

these gaps, we developed high-fidelity finite-element (FE) rodent computational cardiac models
(RCCMs) of MI using extensive datasets from MI rat hearts representing the heart remodeling
from one-week (1-wk) to four-week (4-wk) post-MI timepoints. The rat-specific models (7=

2 for each timepoint) integrate detailed imaging data of the heart geometry, myocardial fiber
architecture, and infarct zone determined using late gadolinium enhancement prior to terminal
measurements. The computational models predicted a significantly higher level of active tension
in remote myocardium in early post-MI hearts (1-wk post-MI) followed by a return to near the
control level in late-stage M1 (3- and 4-wk post-MI). The late-stage MI rats showed smaller
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myofiber ranges in the remote region and /n-silico experiments using RCCMs suggested that the
smaller fiber helicity is consistent with lower contractile forces needed to meet the measured
ejection fractions in late-stage MI. In contrast, in-silico experiments predicted that collagen fiber
transmural orientation in the infarct region has little influence on organ-level function. In addition,
our MI RCCMs indicated that reduced and potentially positive circumferential strains in the infarct
region at end-systole can be used to infer information about the time-varying properties of the
infarct region. The detailed description of regional passive and active remodeling patterns can
complement and enhance the traditional measures of LV anatomy and function that often lead

to a gross and limited assessment of cardiac performance. The translation and implementation

of our model in patient-specific organ-level simulations offer to advance the investigation of
individualized prognosis and intervention for M.
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INTRODUCTION

Myocardial infarction (MI) results in cardiomyocyte death and the formation of a fibrotic
scar in the left ventricle (LV). After an acute M, the LV undergoes a cascade of remodeling
events at various length scales in an attempt to cope with the absence of contractility and
increased stiffness in the scar region.36:4347 Infarcted myocardium undergoes a healing
process including four phases: (i) acute ischemia, (ii) necrosis, (iii) fibrosis, and (iv)
remodeling, through which the structure and mechanical properties of the scar region are
expected to be altered.2! In addition to alterations in the scar region, the remaining remote
myocardium may undergo continual changes in contractility and architecture in an attempt
to compensate for the loss of contractile ability of the infarct. Such adaptations that remain
understudied could occur immediately post-MI and continue for several months. Also,
although global metrics of LV pump function are important in inferring post-MI remodeling,
they are limited indications of the state of the remodeling process at the tissue level with
inadequate predictive capability.26:50 Advancing the knowledge of the relationship between
chronic tissue-level remodeling events and LV functional adaptations post-MI will improve
the ability to stratify MI patients based on the risk of future poor outcomes and plan
individualized therapies.

The structure of the myocardium heavily influences the biomechanical behavior of the
LVFW and, thus, determines the contractile patterns of the LV.8:13 Multiple multiscale
remodeling events, triggered at different times during scar maturation and occurring at
different rates, contribute to net changes in tissue stiffness and anisotropic behavior. Soon
after MlI, collagen fibers begin to be deposited in the scar region. At later timepoints,
myofibers may show increased stiffness and undergo changes in orientation. These changes
ultimately drive organ-level anatomical changes, including LV dilation and wall thinning.
While the time-course structural and mechanical changes of the scar region have been
studied previously, identifying and studying the isolated effect of individual passive and
active remodeling mechanisms on tissue biomechanics and LV function post-MI will assist
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with understanding adaptive vs. maladaptive nature of these remodeling events and the
extent to which these events contribute to LV dysfunction post-MI.

Despite strong evidence supporting the importance of myocardial mechanics in remodeling
post-M1,4%:49 the assessment of temporal regional LV contractile forces proves to be
challenging. The majority of /n-vivo Ml studies rely on global metrics of LV function,

such as ejection fraction (EF) and global longitudinal strain (GLS). While these metrics are
useful in characterizing organ-level function, they fall short of capturing regional adaptations
in contractility. Also, although myocardial strains have been successfully explored as a
measure of function and predictor of outcomes in structural heart disease,*® they provide

a confounded picture of contractility as strains are driven by both passive stiffness and
active contraction. In contrast, image-based inverse modeling bridging between tissue-
level properties to organ-level function holds promise to estimate contractile properties,
provide insights into the mechanisms of remodeling, and serve as an early patient-specific
prognostic tool. In acute M, the infarct region loses its contractile ability and begins to
stiffen. Dynamic remodeling events in the healing scar region contribute to heterogeneous
stiffening, and a reduction of circumferential and longitudinal strains as the myocardium
converts from an active state to solely passive behavior. The coupling between the remote
myocardium and infarcted tissue and remodeling of the remote myocardium contribute to
alterations of the contractile pattern of the remaining remote myocardium.” The contractile
adaptation of the remote myocardium may serve as a major determinant of long-term
functional outcomes and is influenced by remodeling in the scar region. We hypothesize that
the characterization of the time-course remodeling of both the infarct and remote regions
post-MI will improve our understanding of the competition between passive and active
remodeling events in the LVFW and their contribution to changes in the LV contractile
function.

In the present study, we developed subject-specific rodent computational cardiac models
(RCCMs) using extensive data sets from rat hearts with anterior MI representing the
remodeling stages from 1- to 4-week post-MI. Our pipeline integrates image-based
characterizations of the heterogeneous remodeling of L\VFW active biomechanics with ex-
vivo mechanical testing data and allowed us to study the isolated effect of remodeling
events on organ-level function as MI proceeds from early-stage-scarring to late-stage
remodeling. We used the model to predict changes in contractile forces post-MI at multiple
timepoints while accounting for changes in the LV anatomy and hemodynamics, LVFW
architecture, and infarct properties in an animal-specific manner. We further used our
RCCMs to investigate relations between changes in regional strains and passive and active
myocardial remodeling post-Ml, and study the effect of architectural remodeling in the
scar on strain distribution and LV function. Findings from our preliminary study improve
our understanding of potential active remodeling in the LVFW post-MI and serve as an
essential step in identifying tissue-level remodeling-based markers, incremental to organ-
level performance metrics. Such markers will facilitate the use of remodeling patterns

to enhance the traditional measures of LV function that often lead to gross and limited
information on cardiac performance. Ultimately, the development and implementation of our
RCCM in patient-specific organ-level simulations will allow for individualized prognosis
and intervention for MI.
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MATERIALS AND METHODS

We developed subject-specific finite-element (FE) RCCMs of MI using extensive datasets,
incorporating ex-vivo and /n-vivo experimental measurements, from normal and post-MI rat
hearts at four timepoints (Fig. 1). The details of the measurements and modeling are given
below.

Rodent Model of Ml

All animals used in this work were treated in accordance with guidelines approved by the
Institutional Animal Care and Use Committee (IACUC) at the Texas Heart Institute, and

all procedures were performed following protocols approved by the Texas Heart Institute’s
IACUC. A total of ten male Wistar-Kyoto (WKY) rats, 8 weeks old at the start of the
experiment, were used in this study. Anteriobasal infarct was induced in eight rats by
ligation of the left anterior descending artery near the base of the heart. Animals were
sacrificed at 1-, 2-, 3-, and 4-week post-MI timepoints (hereafter referred to as 1-, 2-, 3-,
and 4-wk, respectively). Two animals were used as control subjects and were sacrificed one
week after receiving sham surgery. The ten subjects (/7= 2 at each timepoint) were used to
develop subject-specific FE RCCMs.

Hemodynamic Measurements and Heart Preparation

Prior to sacrifice, pressure—volume (P-V) measurements of the LV were collected.
Subjects in the infarct groups were then given gadolinium contrast agent, branded as
Gado-DTPA’mTM (0.5 mmol gadopentetate dimeglumine/mL, BioPAL, Inc.) in the tail
vein at 0.4 41 /g and allowed to circulate for 20 min for magnetic resonance imaging (MRI)
enhancement. Control animals received a similar injection of buffered saline. Next, 0.2 mL
heparin was injected v/athe superior vena cava and allowed to circulate for 3 min. After
sacrifice and excision, blood was flushed out from the heart using phosphate-buffered saline.
Two catheters, inserted into aortic and pulmonary arteries, were used to infuse octreotide
solution to close the mitral and tricuspid valves and maintain the internal geometry of

both ventricles at about the end-diastolic (ED) pressure. Heart tissues were immediately
put in a 10% formalin solution for fixation. Imaging was conducted with the hearts in the
approximate ED configuration.

Geometry and Fiber Architecture Acquisition

High-resolution cardiac MRI scans were performed on the prepared hearts using a Bruker
Biospec 7T (Billerica, MA) scanner. Late-gadolinium enhancement (LGE) scans followed
by diffusion tensor imaging (DTI) were performed at the same configuration for each heart.
Myofiber and sheet orientations were determined after post-processing the local diffusion
tensors obtained from the DTI data. Infarct volume, as a percent of LVFW volume, was
calculated from LGE imaging. All the scans were performed at an isotropic 100 um
resolution (FOV 17.5 x 22.5 x 5 mm, TR =500 ms, and TE = 23 ms) over a period of

12 h. The DTI accuracy was 5°. Further specifics of the scan sequence are provided in Ref.

[4].
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MI Rodent Computational Cardiac Model Development

The development of the rat-specific FE RCCMs consisted of five main steps: (i)
reconstruction and meshing of the biventricular geometry, (ii) determination and assignment
of the remote and infarct regions, (iii) registration of the myofiber orientation to the meshed
geometry, (iv) incorporation of the passive and active constitutive laws, and (v) completion
of an inverse problem to estimate contractile tension. Two heart models were developed at
each timepoint.

Identification of Remote and Infarct Regions

The segmentation and reconstruction of the 3-D full heart geometry from MRI scans were
performed using Mimics (Materialise, Leuven, Belgium). The geometries for both control
and post-MI hearts were truncated below the valve plane and meshed using quadratic
tetrahedral elements (Fig. 2). The remote and infarct regions of the post-MI heart models
were determined in several steps. First, the infarct region was determined by identifying
areas of the LGE MRI that showed increased contrast relative to remote myocardium.3’
The infarct region was also evident in DTI scans as a region with no signal or disturbed
fibers. The geometric dimensions of the infarct regions developed from LGE T1 scans were
consistent with the regions seen in DTI scans. The remaining regions in the reconstructed
heart (including right ventricular and septal regions) were considered to belong to the remote
region.

Regional Fiber Architecture in Remote and Infarct Regions

The myofiber orientation distribution in the remote region, reconstructed from DTI scans
and weighted by principal directions at each voxel, was registered to the corresponding
ventricular mesh from the same rodent heart. As the number of voxels was much higher
than that of elements,*28 a single preferred (fiber) direction for each element centroid

was estimated by taking a weighted average of all the directions contained within a
spherical neighborhood of each element centroid.* The infarct region is characterized by
the loss of myofibers and deposition of collagen fibers. Previous investigations have found
that newly deposited collagen fibers are highly aligned within each transmural layer.22
Additionally, both increased alignment of collagen fibers and maintenance of the organized
counterclockwise rotation from epicardium to endocardium, which could be statistically
represented by average myofiber orientation in the remote LVVFW regions, has been observed
in the infarct scar.254 In this study, we calculated the average fiber direction in three
manually defined transmural regions of the remote LVFW tissue: endocardium, midwall,
and epicardium. The fiber direction of mesh elements in each transmural layer within the
infarct was assigned to be the same as the average directions in the respective depth in the
remote region.

Material Model for the Myocardium

The myocardium was modeled as a transversely isotropic hyperelastic material characterized
by one fiber direction. A constitutive model based on additive stress decomposition for
passive and active behaviors® was used in the form of
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where T is the total Cauchy stress, F is the deformation gradient, Jdenotes the deformation
volumetric changes, and F = J~'°F is the deviatoric part of F. The passive stress was
described using a Fung-type strain energy function? given by

K[J -1
WE,J) =cle E)-1]+ = —In(J)|,
©.9) = @) ~ 1]+ 7|5~ ~ In)| .
Wvol

where 1/4¢v and 0! denote the deviatoric and volumetric components, respectively, and E
is the Green-Lagrange strain tensor. The quadratic form Qs expressed as

Q = BE,, + B(En+ Ey + Ex) + B(E,, + E.y), ®

where E = (F'F — I)/2 and the Cartesian coordinate system {e1, €5, €3} denotes the local
preferred material directions with the fiber direction being along e;. In these equations, cis
a positive stress-like constant, By, By, and Bjs are dimensionless constants characterizing the
local anisotropy in the myocardium, and K'is the bulk modulus.

A constitutive equation for the active stress can be written in terms of the second Piola—
Kirchhoff active stress tensor as

Sacl _ Tu(Ef)

=25+ 1V ON “)

where T4 £y is a stress-like positive function of the strain in the fiber direction N given by
Ef= N - EN. We chose the following form for 7(£p

T(E,) = Tc;.“[l + ﬂ(./ZEf+ 1- 1)], (5)

following the Hunter-McCulloch-TerKeurs model24 for the mechanical behavior of a
contractile myocyte. In this model, the active force T2+, generated for resting myofibers,
increases by a positive factor g when myofibers are extended to the strain £z obeying the
Frank—Starling relationship.1® In addition, we made the simplifying assumption that the
activation spatial pattern is homogeneous within each region of the biventricular model.
Finally, the incompressibility constraint was enforced in the passive part by setting the bulk
modulus K>>cin the penalty term (Eq. 2).

Passive Parameter Estimation

Hearts used for DTI and subject-specific organ-level modeling were not usable for histology
or passive biaxial testing. To estimate the passive parameters, we made use of mean stress—
strain curves obtained from biaxial testing of a similar cohort (six hearts per timepoint; same
rodent strain, sex, and age) taken from a parallel study.4? An inverse problem approach was
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used to estimate the phenomenological-type passive material properties of the remote and
infarct region for each timepoint.

Briefly, thirty hearts (/7= 6 per timepoint) were used for biaxial mechanical testing.
Full-thickness rectangular specimens of the full L\VFW (including both infarct and remote
regions post-MI) were isolated from the hearts, with the slab edges being aligned with the
longitudinal, circumferential, and radial directions of the LV. Specimens were mounted in
a biaxial mechanical testing machine (Cellscale Biotester, CellScale, Waterloo). Mechanical
testing consisted of 10 cycles of preconditioning, followed by an equibiaxial displacement-
controlled loading protocol. The stretching protocol was applied as a cyclic deformation
with a rate of 1% stretch per second to minimize inelastic effects. The LVFW specimens
were partially submerged in phosphate-buffered saline at 20 °C during the tests to

prevent dehydration. Individual stressstrain curves at each timepoint were averaged to
produce a mean curve for each timepoint. Subsequently, specimens were fixed in 10%
formalin to preserve the fibrous architecture for histological studies. The specimens were
sectioned transmurally across the LVFW thickness resulting in a total of ~10 sections per
specimen, each 5 gm thick. Sections were then stained using Picrosirius red to characterize
the transmural myo- and collagen fiber architecture. Two-dimensional images acquired
from stained sections were processed via custom image-processing in-house algorithms

to characterize the myofiber structure and quantify the volume fraction of each fiber
component (Fig. S1).

We defined the total energy function characterizing the passive behavior of the LVFW
specimens as the sum of remote and infarct energies given by:

W = ¢'W +¢'W', riremote, i:infarct, ©)

where ¢ and ¢’ are the mean remote and infarct volume fractions, respectively, over the
entire LVFW calculated from histology, and W/ and W/ describe the Fung-type exponential
energy function (Eq. 2) corresponding to the remote and infarct contributions to the total
strain energy W0l respectively. While the phenomenological material model 2 does not
explicitly separate the contributions of myofibers and collagen fibers to the energy function
(in contrast to structurally based models®), W and W/ portions in Eq. 6 are expected to
primarily represent myofiber and collagen fiber contributions, respectively. Eight material
parameters were estimated, denoted by {¢’, B, B, B} and {¢, Bi, B;, B;}. The constants ¢,
B, B;, and B; for remote myocardium were obtained by assuming no contribution from the
infarct region (setting ¢/ = 0) and performing an analytical fit of the constitutive model (Eq.
6) to biaxial data of the control group (/7= 6). Using the parameter reformulation described
by Xi et al.,52 a bulk stiffness parameter was defined as ¢ x a where

=B +B+B;,s=r,i. %)

The mean passive parameters identified for the remote myocardium were kept constant in
W and used as inputs for the infarct parameter estimation in all the post-MI timepoints,
under the assumption that only the infarct region undergoes (passive) biomechanical
alterations post-MI. The mean passive constants for the infarct timepoints were then
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estimated by fitting the energy function (Eq. 6) with varying constants {¢', B,, B,, B:} in
W to match the results of the individual tissue-level stress-strain biaxial results from the
corresponding timepoint.

In the organ-level RCCM, the estimated control passive parameters {¢, B;, B;, B;} were
applied to the control hearts and to the remote myocardium regions of the infarcted heart
models, under the assumption that the remote myocardium properties are not altered post-
MI. The mean passive parameters estimated for the infarct timepoints {¢, B, B,, B;} were
applied only to the infarct region of the hearts (defined using LGE-MRI) from the same
timepoint.

Active Parameter Estimation

Once passive properties for the remote and infarct regions were estimated from biaxial tests
results, organ-level inverse simulations were used to estimate the active tension T2+ by
reproducing the animal-specific P-V loop measurements using inverse modeling.# Briefly,
an inverse minimization problem was conducted in which a discretized pressure wave
(measured by LV catheterization) was applied to the /n-sifico biventricular model as input,
and a guess for the active parameter T2+ was made. An error was calculated as the

squared difference between the measured ventricular volume and the simulated volume. The
minimization algorithm was iteratively conducted to minimize this error. T2+ was estimated
once error fell below a specified threshold (0.1 zL).

The remaining parameter present in the active model, 8, modulates the fiber length
dependency. While fiber length-dependency coefficient remains constant in all the Ml
models (8 = 1.4), changes in preload are accounted for by (i) using animal-specific geometry
entailing LV eccentric hypertrophy, and (ii) estimating the reference configuration for

each MI heart using the animal-specific ED configuration as input. Once the reference
configuration is estimated, the initial loading from the reference to ED configuration
produces the animal-specific regional preload prior to the activation. The reference
configuration was estimated by unloading the heart models, reconstructed at the ED
configuration, to zero pressure. We considered this unloaded state to be stress-free reference
configuration. The active inverse problem was conducted once both ventricles were
pressurized to their ED pressures. Experimentally-measured pressure (over the entire cardiac
cycle) was applied and T2+ was estimated as previously described.

In-Silico Experiments: Altered Regional Fiber Architecture

The RCCMs of MI developed here were well-suited for /n-silico investigation of
structure-function relationship post-MI1.2% We conducted numerical experiments to study
the independent effect of fiber architecture in the remote and infarct zones on organ-level
LV function. The first set of experiments investigated the effect of remote myocardium
fiber range on LV contractility. Two synthetic fiber architectures with varying fiber ranges
were developed for the 3-wk (Subject 1) and 4-wk (Subject 1) heart models. An inverse
problem to estimate the active force parameter T2+ was conducted with each synthetic
fiber structure. The second set of experiments was intended to investigate the effect of
infarct fiber architecture on organ-level function. In this experiment, the transmurally
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varying infarct fiber structure, used in the animal-specific simulations, was replaced with

a transmurally uniform architecture of a given fixed fiber direction. Forward simulations
were conducted with prescribed fiber direction of 90°, 45°, and 0° in the infarct region at all
post-MI timepoints.

Statistical Analysis

RESULTS

Estimated passive parameters are presented as means + standard deviation. Anatomical,
hemodynamic, and estimated active parameters are presented in tables as single values
and in bar plots as mean =+ standard deviation. Statistical analysis was accomplished

by using one-way ANOVA followed by a Tukey post hoc test. A pvalue of < 0.05

was considered statistically significant. All tests were conducted using Prism 9 software
(GraphPad Software, San Diego, CA).

Anatomical and Hemodynamic Adaptation

Various differences were observed in the LV function from control to post-MI.
Characteristics of the P-V loop measurements for the animals at each timepoint post-MI

are presented in Table 1 and Fig. S2. Mean EDV was increased compared to control at all
timepoints, except 2-wk, with a nearly twofold increase (p ~0.7 for all timepoints). Subjects
at the 2-wk timepoint indicated little change in EDV compared to the control. Stroke volume
(SV) was slightly increased at the 1-wk timepoint compared to the control (p = 0.83), and
was at near normal values in the late-stage post-MI animals (3- and 4-wk). EF was decreased
compared to control at all post-MI timepoints, with the lowest EF observed in the 4-wk
subjects (approximately 44% of the control value, p= 0.35).

End-systolic pressure (ESP) in the LV was higher than control post-MI with a maximum
mean value at the 3-wk timepoint while end-diastole pressure (EDP) remained lower than
that of the control post-MI. A decrease in Tau (relaxation time constant) was observed in
early MI (1-wk, p= 0.52) suggesting impaired relaxation in the LV post-MI corroborated
with corresponding (approximately 50%, p = 0.93) decrease in minimum @P/dtduring
isovolumetric relaxation. At later timepoints, Tau remained nearly at the level of the control
subjects. Arterial elastance (Ea), a measure of arterial afterload, increased throughout the
scar maturation process, peaking in the 4-wk subjects at a value greater than 300% of the
control (p=0.27).

Considerable LV wall thinning and significant infarct expansion were observed in the 3-

and 4-wk timepoints (Fig. S3). The LVFW infarct region thickness decreased by ~ 34%

on average at the 4-wk timepoint compared to the same subject’s healthy thickness (Table
2). The infarct region was significantly larger at later timepoints (Fig. S3); observations
indicated the infarct region made up approximately 10% of the volume of the LV chamber in
the 1-wk subjects and 25% in the 4-wk subjects.
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Passive Behavior Adaptations

Biaxial mechanical testing of full LVFW specimens (Fig. 3a) indicated the long-term post-
MI tissues (4-wk timepoint) have a stiffer response in both circumferential and longitudinal
(apex-to-base) directions (Figs. 3c, 3d), consistent with previous investigations.1:3> A
significantly larger increase in terminal stress from control to 4-wk cases was noted

in the circumferential direction (Fig. S4, p < 0.001). Satisfactory goodness-of-fits were
found for the passive fits to the mean non-linear stress-strain behavior of the control

and infarcted LVFW specimens (estimated passive parameters are reported in Table 3

and a representative fit is displayed in Fig. 3e). The bulk stiffness parameter (¢ X a,

Table 3) was estimated regionally, providing a measure of the increased stiffness in the
infarct region relative to the remote healthy tissue. Increases in the bulk stiffness of the
infarct region indicated a significantly stiffer response at late post-MI timepoints (3- and
4-wk) compared to that of the control (Table 3, Fig. S4). DTI data indicated remarkable
differences in the fiber architecture in the remote myocardium between control and post-MlI
timepoints (Table 2). DTI calculations indicated reduced transmural myofiber orientation
range in the remote myocardium at post-MI timepoints. Fibers in the endocardium were
more closely aligned with the circumferential direction (Table 3). Histology indicated the
collagen fibers in the infarct region closely followed the fiber architecture of the myofibers
(a representative quantification of the transmural LVFW fiber structure is displayed in

Fig. 3b). A circumferential shift in the infarct collagen fibers is consistent with previously
published data.3®

Increased Contractility in Remote Myocardium

The RCCMs were used to estimate the adaptation of the active behavior in the remote
myocardium post-MI using rat-specific P-V measurements (Fig. 4a). Our modeling
framework allowed us to capture the full-cycle subject-specific active contraction parameter,
T2+ at each timepoint (Fig. 4b). The mean peak magnitude of T2+ in the remote region
increased significantly (p < 0.01, Fig. 5), to approximately 370% of the normal value,
immediately post-MI in the 1-wk model (Table 4). T2+ was slightly reduced at 2-wks
compared to the 1-wk timepoint. At the 3- and 4-wk timepoints, contractility decreased
significantly compared to the 1-wk post-MI timepoint (p = 0.01 and p < 0.01, respectively)
to approximately normal values (Table 4, Fig. 5).

Cardiac Strain Adaptations

The magnitude of the predicted peak end-systolic strains (Table 5) for the control RCCMs
were in agreement with previously reported strain measures (0.183 vs. 0.177 and 0.167 vs.
0.164 in the circumferential and longitudinal directions, respectively).1# At early post-MI
timepoints, both circumferential and longitudinal strains in the remote regions were reduced
compared to those from the normal model (Table 5 and Fig. 7). Circumferential strains in the
remote region were at nearly control values in the 2-wk RCCM, but deteriorated further in
the late-stage post-MI models (3- and 4-wk). In the infarct region, both circumferential and
longitudinal strains were reduced in late-stage Ml (3- and 4-wk timepoints) (Fig. 6). Both
strains reached their lowest absolute values at the final timepoint (4-wk), coinciding with the
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timepoint at which biaxial experiments indicated the greatest passive stiffness. It was noted
that the LVFW in 4-wk balloons outward, unlike at any other timepoints (Fig. 7).

Effect of Architecture on Cardiac Strain and Function

Inverse modeling with synthetic fiber architectures in remote myocardium (through which

a new T2+ was estimated) resulted in a decrease in the predicted active tension necessary
to maintain a given EF as fiber range was reduced in both 3- and 4-wk heart models (Table
6). In contrast, only minor differences in LVEF was indicated by the forward simulations

of the RCCM s at any timepoint when altering the fiber structure of the infarct region

(Table 7). Positive circumferential strain in the infarct region increased as fibers move away
from the circumferential direction (0°) towards the longitudinal direction (90°) (Fig. 8).
Circumferential strain in the remote region was hardly affected in the 1-wk model, whereas
positive circumferential strain increased in the remote myocardium of the 4-wk model as the
synthetic fiber structure moved towards the longitudinal direction.

DISCUSSION

We have presented RCCMs that incorporate the passive remodeling events and functional
adaptations that occur after acute Ml to estimate potential active adaptations in the remote
myocardium. To the best of our knowledge, RCCMs presented here are the first to integrate
imaging and mechanical data to estimate the active contractility and contractile patterns

of the LV in a cross-sectional cohort at different timepoints post-MI. The incorporation of
architectural and mechanical adaptations occurring at fiber and tissue levels allowed us to
link remodeling events with LV organ-level function at various stages in the infarct scar
maturation process. Our modeling framework holds promise to predict the outcome of the
complex interplay between various mechanical remodeling events in response to MI and
enable the identification of key mechanisms at the fiber and tissue levels determining the LV
function during the infarct healing process.

Anatomical and Hemodynamic Assessments

Changes in LV chamber geometry and tissue stiffness invariably occur post-M|11.17.36.43
and studies have previously shown that the size and mechanical properties of the healing
infarct are critical determinants of the LV function post-MI.1521 Previous studies regarding
scar formation and remodeling in the LV indicated a sizable variability and heterogeneity
between specimens, suggesting that the LVFW remodeling following MI could be highly
individual.19 Indeed, unique anatomical and hemodynamic adaptive states were observed in
the post-MlI subjects of this study, even between subjects at the same timepoint. However,
our rodent computational cardiac models account for the individual remodeling states
providing a platform that can encapsulate different forms of remodeling, whether, passive,
active, or architectural, within a specific subject at a particular timepoint to study their
interaction with each other and isolate the contribution of each remodeling event on LV
function.

The 1-wk post-MI subjects indicated a slight decrease in the LVFW thickness (Table 2) and
a larger LV cavity volume compared to the control (Table 1) accompanied by decreased
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LVEF (~22%, Table 1), suggesting that LV eccentric remodeling to maintain normal LV
cardiac output may take place as early as 1-wk timepoint. Infarct relative volume measured
by DTI was larger in the 2-wk subjects and they exhibited an average ~ 34% decrease in
LVEF when compared to control subjects, suggesting a link between the infarct size and loss
of function at the 2-wk timepoint. Infarct relative volume and LVEF in 3-wk subjects did not
show noticeable differences compared to those of the 2-wk timepoint on average although
3-wk LVFW specimens were stiffer than 2-wk specimens (Figs. 3c and 3d, S4). These
observations suggest other remodeling mechanisms can compensate for large increases in
infarct stiffness and size and hold off progressive LV decompensation.

Further enlargement and wall thinning of the infarct region was observed in 3- and 4-wk
subjects (Fig. S3). Wall thinning in the 4-wk subjects was accompanied by an impaired
LVEF compared to the control. The anatomical and hemodynamic characteristics noted in
the 4-wk subjects (Table 2) agree with previous studies that chamber dilation and wall
thinning dominates over other remodeling events and depresses function in the remote
myocardium, leading to reduced organ level output.27:41

Predicted Contractile Adaptation of Remote Myocardium

Following an acute M, the infarcted myocardium loses contractile capacity and it remains
unclear whether the remote myocardium undergoes changes in its contractility in order

to partially compensate for the impaired LV function. Active contractile forces generated

by myocytes can be modulated by changes in the ventricular preload (taken into account

in our models through the incorporation of subject-specific geometry and ED pressures)

as well as by intrinsic changes in cellular mechanisms and structure (e.g., changes in
myofilament protein phosphorylation). The capability to measure contractile forces can
provide information as to the adaptive state of the myocardium for improved patient-specific
prognosis and therapy evaluation. However, it is not currently feasible to measure contractile
forces in vivo. Regional cardiac strains are commonly used as alternative measures of
myocardial contractility and have been explored as prognostic biomarkers for long-term
outcomes in MI. However, tissue-level strains are modulated by several other variables
beside myofilament intrinsic contractility including the amount of preload, tissue passive
stiffness, and myocardial hypertrophy, rendering regional strains as a confounded metric for
adaptations in fiber-level intrinsic contractility. Moreover, strains are commonly expressed
and analyzed in anatomical coordinates, commonly known as circumferential, radial, and
longitudinal (C, R, L) axes. Although these strains are accessible with current imaging
technologies and could be appropriate candidates for exploring correlations between global
functional metrics and tissue-level motion, they are still confounded measures of the
myofiber strain (i.e., regional axial strain in the fiber direction). The myofiber strain, which
can better describe microstructural adaptations, can be calculated by transforming strains
from (C,R,L) axes into the local architectural axes if the architecture is known.

Our RCCMs predicted an initial increase in the active tension T2+ post-MI. The increase
was reduced from a nearly fourfold increase in early Ml (1-wk timepoint) to a return to
near normal values in late-stage Ml subjects (3- and 4-wk timepoints). These simulated
predictions can be viewed in light of the measurements of LVFW remote thickness,
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myofiber orientation in the LVFW (Table 2), and LV cavity dilation. Our numerical results
suggested that a thin myocardium in the remote LVFW, a large transmural range of myofiber
orientation, and a large LV cavity volume in 1-wk subjects motivated pronounced increases
in the T2+ in the remote region to preserve a healthy transverse motion. The elevated wall
stress brought on by a larger LV cavity as well as a thinner LVFW (based on the Laplace
law) in the 1-wk subjects are expected to be key contributors to the necessity of increased
contractility to maintain cardiac output. Larger myofiber ranges are considered to impair the
transverse contractile motion of the LV, and both the animal-specific models and /n-silico
experiments suggest that higher contractile forces will be required to maintain the cardiac
output. The 3-wk Ml RCCMs showed a return of T2+ to near normal values. Similarly,
these results can be viewed in light of the transmural myofiber range. The 3-wk specimens
had the largest alignment of fiber orientation towards the circumferential direction which

is expected to assist with the improvement of the transverse motion. The 4-wk MI DTI
data indicated an alignment of myofibers in the circumferential direction similar to the
3-wk specimens and T2+ reduced to a level similar to that of the control subjects. The
late-stage M1 hearts, however, showed the lowest LVEF values. These observations suggest
that decompensated late-stage MI hearts have failed to maintain increased contractility in
spite of LV dilation and LVFW thinning. Although thinning and dilation mechanistically
increase the regional preload, hence improving the contractility up to a threshold based

on the Frank-Starling mechanism, our 4-wk modeling predictions suggest that progressive
thinning might have led to an extreme reduction in transverse contractility compared to

the 1-wk values. In view of these anatomical differences, other remodeling mechanisms,
including potential architectural remodeling, are seen to improve the overall contractility
of the LV. Interestingly, the proposed adaptive circumferential alignment of myofibers is
kinematically driven by seemingly maladaptive anatomical alterations such as LV dilation
and wall thinning at least in part.

Estimation of the passive material parameters indicated increased bulk stiffness of the infarct
region post-MI, except at the 2-wk timepoint. This result is consistent with the trend seen in
the stress-strain curves (Figs. 3c, 3d) and the normalized max stress (Fig. S4). Biaxial data
of the 2-wk timepoint was similar to that of the control and the estimated stiffness was found
to be similar to that of remote healthy myocardium. This can be partly attributed to the fact
that infarct regions were poorly present in some of the 2-wk cohort. While a certain amount
of stiffening in the scar region is necessary post-MI to prevent structural failures such as wall
rupture, our results suggest that excessive stiffening at later stages of Ml, coincident with
reduced LVEF, may contribute to a reduction in active tension. One possible mechanism for
this is a reduction in preload in an excessively stiff LV chamber, reducing the contractile
capacity of the LV through the Frank-Starling mechanism.

Regional Strain: A Composite Index of Contractility in Ml

Myocardium regional composition and architecture in the LVFW are designed in the normal
heart to produce the optimal contractile pattern resulting in efficient ejection fraction

at the organ level upon shortening of individual myofilaments. Remodeling of the fiber
organization and collagen fiber content post-Ml in the LVFW, as well as changes in

the individual myofilament contractility, can independently alter the contractile pattern of
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the LVFW and modulate global metrics such as cardiac output. Strain and strain rate
measurements are useful composite measures of myocardial damage after Ml as they are
sensitive to a variety of mechanisms altering tissue-level contractility, including fibrosis,
myofilament stiffening, and architectural remodeling. Accordingly, the strains have been
used as metrics to evaluate myocardial revascularization efficiency and predict patient
outcomes with heart failure.%1218 Previous studies have found both longitudinal and
circumferential strains post-MI to be independent prognostic indicators of adverse cardiac
events post-M|.23:34:44

Our simulated strain distributions were consistent with previously reported peak normal
strains measured by feature tracking in cardiac magnetic resonance imaging (CMR) and
speckle-tracking in echocardiography.14:31.48:53 Simulated circumferential and longitudinal
strains at end-systole were positive in the infarct region at early-stage Ml in agreement with
ir-vivo strain studies in a porcine model of M1.51 Positive, or close-to-zero circumferential
and longitudinal strains at end-systole are expected simply due to the lack of active
contractility in the infarct zone and increased ventricular pressure during systole inducing
distension in passively behaving tissue. The predicted contractile strains in the remote
regions of the LVFW were influenced by the non-contractile infarct zone restraining the
shortening in the neighboring myocardium. While it may be expected for circumferential
and longitudinal strains in the infarct zone to peak at late-stage MI following LV dilation
and wall thinning (leading to larger passive tension in the LVFW according to the Laplace
law), both strains peaked in the 2-wk timepoint models, likely due to the low infarct stiffness
noted at the 2-wk timepoint (Table 2) when compared to the 3- and 4-wk timepoints. The
magnitude of the peak strains deteriorated at each subsequent timepoint, coincident with
increased infarct stiffness (except at 2-wk), culminating in the lowest contractile strains at
4-wk.

Potential Adaptive Capacity of Fiber Remodeling

The passive biomechanical behavior of the infarct region is dependent on the fiber
architecture of the scar tissue that, in turn, is expected to influence the organ-level LV
function in M1 hearts.8:1342 The normal myofiber distribution is organized in such a way
that shortening of the fibers results in optimal LVEF; however, the effect of the architecture
of the collagen network, which replaces lost myofibers in the infarct region, on the LV
function remains to be understood. Also, potential architectural remodeling of the remote
myocardium in M1 hearts remains understudied. Our subject-specific modeling platform
provided an opportunity to investigate these effects in silico.

Our /n-silico experiments predicted that the fiber range in the remote myocardium has

an important effect on LV contractility. A synthetically-assigned smaller fiber range at
late-stage M1 timepoints was found to require lower contractile forces to meet the same
LVEF. Alignment of myofibers in the circumferential direction, as seen in our late-stage
MI models, was found to partially preserve transverse LVFW motion by reducing the need
for increased contractile tension. In contrast, our /in-silico experiments investigating the
effect of infarct fiber architecture on organ-level function predicted only small changes

in LVVEF, suggesting that the collagen architecture of the infarct region hardly contributes
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to global indices. Altered infarct fiber structure did not produce notable changes to EDV,
ESV, or LVEF in any subject. Our results suggest that the size and stiffening level of the
scar tissue could be more important mechanisms disturbing LV organ-level function that
remain to be evaluated. This interpretation of our results is in agreement with a previous
parametric study® indicating that altered fiber structure, with no change in circumferential-
longitudinal stiffness ratio, produces little change in EDV, ESV, or SV. Nevertheless, the
fiber architecture of the infarct does impact the LV contractile pattern and function and may
influence the end-point of longer-term outcomes.

Multiscale computational models, such as those presented here, are useful tools to offer

an improved understanding of interactions between individual remodeling mechanisms
enabling the prediction of the optimal state of remodeling in a subject-specific manner.
Further studies regarding the impact of infarct fiber structure and properties on long-term LV
function could assist with the current development of Ml therapies attempting to guide the
formation of the infarct architecture by means of mechanical restriction.

The results estimated by computational modeling in this study could be quantitatively
impacted by approximations in our models. We treated the infarct region as fully transmural
and assumed zero contractility, whereas it is possible that the infarct is not fully transmural
and maintains some contractile capability. We excluded the presence of an infarct border
zone, in which partial contractility may be present. Partial contractility in the infarct

and border zone may slightly alter the quantified contractile properties; however, the
predicted trend of contractile adaptation is expected to remain similar. In the absence

of subject-specific information, mean passive properties were used to model passive
myocardial behavior. The estimations of T2+ were indeed influenced by the mean stiffening
observed across timepoints; however, we did not fully explore interactions between passive
stiffness and the estimated active contractility. The estimations of T2+ are expected to

be quantitatively altered by the variability in the passive parameters indicated by the
standard deviations presented in Table 3; however, we expect the overall predicted trend
(i.e., increases in T2+ in early post-MI and decreases to normal ranges in late post-Ml) not
to be affected by the variability in passive stiffening in our data. Remote passive properties
were assumed not to change in post-MI timepoints requiring further investigation as the
majority of existing passive studies of the Ml tissues have focused on the remodeling of

the scar region. We simplified the model by assuming homogeneous contraction in the
remote myocardium and by maintaining the length-dependency parameter, 5, constant at
all timepoints. Although differences in preload were accounted for as described in “Active
Parameter Estimation” section. In the absence of subject-specific infarct architectural data,
a layered fiber distribution for the infarct region was used, in which each transmural

layer (epicardium, midwall, and endocardium) was assigned a uniform fiber angle. We
intend to perform a full comprehensive parametric study on the effect of infarct properties
and architecture on LV function in the near future. We attribute the lack of statistical
significance between the mean values of hemodynamic measurements across timepoints to
the limited cohort of male rats used in this study. Although we have provided evidence of the
contractile adaptation post-MI in this cohort, a larger study, involving both male and female
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animals, is necessary to fully characterize time-course contractile adaptation. To address
these limitations, we are seeking to conduct further studies using a larger cohort of subjects
and incorporate 4D cine CMR data?® to more accurately assess alterations in regional
strain and contractility. Additional limitations and the approximations thereof, including
the incompressibility assumption for the myocardium,®32 the absence of the pericardium38
and viscoelastic effects in the myocardium, 3339 and the assumption of identical passive
properties for healthy left and right ventricular myocardium,39 were previously discussed.

Conclusions, Implications, and Future Directions

In this work, we took an essential step towards modeling the concurrent passive and

active remodeling of the LVFW following MI. We used rat-specific computational cardiac
models of MI to improve our understanding of time-course regional adaptation of the

LV post-MI. Ultimately, the delineation of subject-specific LV remodeling, with a focus

on regional biomechanical changes throughout the LV, has the potential to examine and
complement global functional measures of the LV that provide only limited information on
cardiac performance and MI prognosis. We seek to expand our studies of the regional LV
remodeling induced by MI and be able to link early-stage strain and contractile measures
to long-term outcomes. Results from such studies could improve risk-stratification and
early-stage interventions for MI.
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FIGURE 1.
Our modeling pipeline integrated /n-vivo hemodynamic measurements and ex-vivo

mechanical and imaging data to develop a high-fidelity subject-specific computational
cardiac model. D7/ diffusion tensor imaging, LAD left anterior descending, LVFW left
ventricle free wall, MR/ magnetic resonance imaging, L GE Late-gadolinium enhancement,
M/ myocardial infarction.
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FIGURE 2.
(a) Representative excised hearts and (b) reconstructed biventricular geometries of control

heart and post-MI hearts at 1-week intervals post-MI. The green and red regions represent
remote and infarct regions, respectively. The control heart is shown with tetrahedral mesh
elements visible. RV right ventricle, LVFW left ventricular free wall, Z-wk one-week.
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FIGURE 3.

(a) Biaxial mechanical test apparatus. (b) Representative transmural myofiber (left) and
collagen (right) helix angle distribution from a 2-wk specimen. (c, d) Mean * SD of the
equibiaxial stress-strain results in the (c) circumferential and (d) longitudinal directions. (e)
Representative fit of the mean stress-strain relation from the 1-wk timepoint. Markers and
solid lines correspond to experimental data and model fit, respectively.

Ann Biomed Eng. Author manuscript; available in PMC 2023 April 01.

0.3



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Mendiola et al. Page 23

A B

250+

801 Control & — Control
S e 1-wk Ml 260 — 1-wk MI
:g 601 « 4-wk MI e ! - — 4-wk MI
; ©
\E« e Exp Data : b Q. 150+
o 40- ; 3
-5 — Fit +
" Ne 100+
@ o
g 20' q h
d 50-
G L} T T T 1 c .
0 100 v20|0 SOE 400 500 0.0 05 1.0
olume (L) Normalized Time
FIGURE 4.

(@) LV pressure-volume loops for the control, 1-wk, and 4-wk hearts (all Subject 1). The
markers and lines correspond to experimental data and fitted simulations, respectively. (b)
Estimated values of the active parameter T2+ over one cardiac cycle for the control (Subject
1), 1-wk (Subject 1), and 4-wk hearts (Subject 2).
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FIGURE 5.

Mean + SD of the active tension parameter T+ at all timepoints. The statistical
significance was calculated by performing ordinary one-way ANOVA with Tukey’s multiple
comparison test. *p < 0.05; **p < 0.01. 7= 2 at each timepoint.
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FIGURE 6.
(a) Representative visualization of end-systole strain predictions by FE biventricular model

corresponding to a 4-wk heart (Subject 1). Location of (b) long-axis and (c) short-axis slices
used in Figs. 7 and 8 for strain visualizations. The long-axis cut was made at approximately
the center of the infarct region.
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FIGURE 7.
Short-axis and long-axis cross sections of representative rodent computational cardiac

models at different timepoints showing circumferential, longitudinal, and radial strains
at end-systole. The black outline indicates the geometry of the same cross-section at
end-diastole. The dashed line denotes the infarct region in each heart. Data correspond
to predictions from Subject 1 models.
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FIGURE 8.
Short-axis and long-axis cross sections of representative 1- and 4-wk (Subject 1) rodent

computational cardiac models showing predicted strains resulting from varied fiber
structures in the infarct region.
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TABLE 4.

Active material parameters predicted by the rodent computational cardiac models at each timepoint. T2+ was
taken to be zero in the infarct region in post-MI models.

Peak T2+ (kPa)

Subject1  Subject 2

Control 66.0 61.1
1-wk 222.6 2455
2-wk 180.4 101.7
3-wk 60.8 81.3
4-wk 54.5 34.6

S1 and S2 refer to Subject 1 and Subject 2, respectively.
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Page 32

Magnitude of peak predicted regional circumferential and longitudinal strains at end-systole of representative

rodent computational cardiac models at progressive timepoints.

Control  1-wk 2-wk 3-wk 4-wk
Remote
Circumferential  0.183 0.091 0.154 0.088 0.035
Longitudinal 0.167 0.059 0.145 0.101 0.045
Infarct
Circumferential - 0.092 0.164 0.068 0.026
Longitudinal - 0.072 0.133 0.067 0.039

Remote and infarct values were taken from the entire LVFW remote and infarct regions, respectively. Data correspond to predictions from Subject 1

models.
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Page 33

Remote region fiber range influence on predicted contractility (T,2+) in the 3- and 4-wk cardiac models (both

from Subject 1).

Week 3

Week 4

Fiber range (°) T2+

Fiber range (°) T2+

100° 95.6
60° 737
300% 60.8

75° 78.2
45°* 54.5
15° 403

The rows including (*) represents the original T'¢,2+ from the model using the subject-specific fiber structure obtained from diffusion-tensor

imaging.
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TABLE 7.

Effects of synthetic alterations in infarct fiber architecture on left ventricular ejection fraction (LVEF).

LVEF-synthetic
0° 45°  90°

Measured rat-specific LVEF

1-wk 19.5 194 196 195
2-wk 25.9 26.0 256 26.6
3-wk 29.3 293 288 291
4-wk 8.7 87 87 85

Rat-specific measurements of LVEF and those corresponding to synthetically altered fiber orientations in the infarct region are reported.
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