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Abstract. Myocardial infarction is an increasing health problem worldwide. Due to an under-
supply of blood, the cardiomyocytes in the affected region permanently lose their ability to con-
tract. This in turn gradually weakens the overall heart function. A new therapeutic approach
based on the injection of a gel into the infarcted area aims to support the healing and to inhibit
adverse re-modelling that can lead to heart failure. A computational model is the basis for
obtaining a better understanding of the heart mechanics, in particular, how myocardial infarc-
tion and gel injections affect its pumping performance. A strain invariant based stored energy
function is proposed to account for the passive mechanical behaviour. The active contraction
is represented by the Guccione model [1]. To incorporate injections an additive homogeniza-
tion approach is introduced. The injectate has been characterized mechanically by indentation
tests. As a numerical framework we are using the in-house code SESKA which is based on the
Element-Free Galerkin method. The main focus of this contribution is to principally investigate
how gel injections influence the mechanics and performance of the left ventricle during a full
heart beat, i.e. in the diastolic filling and the systolic contraction phase. This investigation
shows, that gel injections are able to reduce maximal fibre stresses caused by an infarct. This
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effect is dependent on the gel stiffness, whereas the highgel stiffness the more the diastolic

filling is hampered, which is expected to influence pumping function as a side effect. A reduction
of maximal fibre stresses is of importance with respect to prevent fatal rupture, which typically
occurs during the necrotic phase. This might happen with preference in the highly stressed area,
which based on the presented results can be found at the interface between infarct and healthy
remote. The presence of stress peaks in that area is explained by the change of stiffness and
contraction behaviour (contracting, non-contracting).
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1 INTRODUCTION

Myocardial infarction, which constitutes a serious health problem, is a consequence of block-
age of a coronary artery. Due to the resulting under-supply of oxygen, myocytes in the nearby
region die. This in turn reduces the amount of contractile tissue and gradually weakens the over-
all heart function. Computational methods can be used to obtain a better understanding of how
myocardial infarction affects cardiac function, and are therefore potentially useful in the design
of suitable therapeutic treatments. A new therapeutic approach, which involves the injection of
a gel into the infarcted heart, is the subject of this study.

Computational studies of the influence of injections into an infarcted heart were first carried
out fairly recently. The usual approach to these problems has been the finite element method.
WALL et al. [16] considered an infarcted ovine left ventricle (LV) and represented injections by
modifying the material stiffness with regard to the healthy tissueNwet al. [18] primarily
investigated the influence of polymeric injection patterns in a dog LV. EnWet al. [17]

an infarcted LV of a sheep and calcium hydroxiapatide-based injections were considered. K
RTSMIT et al. [9] investigated the influence of polyethylene glycol-based hydrogel injections
into an infarcted canine heart.

To reduce the complexity of the computational model most of the studies mentioned considered
the left ventricle only. In VENK et al. [18] and NEDERER et al. [11] the LV was idealized

using an ellipsoidal geometry. Compared to the healthy remote, the infarcted tissue has to be
described with different material properties. These change throughout the healing process (see
for example @WPTA et al. [5], HOLMES et al. [7]). Research aimed at developing and opti-
mizing injectable gels suitable to improve cardiac function has been initiated only recently (see
NELSON et al. [10] for a good overview). A great variety of gels have been investigated: these
range from biological to synthetic gels.

The present work focuses on the question of the potential of injection therapy and its effects in
broad terms. Thus, instead of considering a realistic geometry of the left ventricle, a simplified
ellipsoidal geometry which allows the fibre directions to be described in terms of prolated el-
lipsoidal coordinates is used (see alseNV¥ et al. [18], NEDERERet al. [11]).

The structure of the present contribution is as follows: In section 2 the constitutive models
relevant to cardiac mechanics in this work are discussed. In section 3 the numerical model is
described, benchmarked, and subsequently used to investigate healthy, infarcted and injected
left ventricles. The results are presented in section 4 for diastolic filling and systolic isovolu-
metric contraction. Finally, section 5 concludes the work by briefly evaluating the applicability
of the present model, the innovative aspects, and the findings. The section closes with com-
ments on potential future investigations.

2 Constitutive modelling
2.1 Passive stress model

Passive behaviour in the left ventricle wall is modelled as as a nonlinear, orthotropic and
nearly incompressible hyperelastic material, with strain energy function

W = A(e? —1)/2 + Acompr {det[U] In(det[U]) — det[U] + 1)} . (1)
Here,@ given by

Q = bi B}y + by B3, + by B2y + bio( B + E3) + bis (B + E3)) + bog(E%; + E2,) (2)
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(see WYk et al. [15]). The componentéij of the Greenstrain E are relative to a local
orthonormal basi¥; with fibre axisV, sheet axiV,, and sheet-normal axi;:

E = EFnVi@V,i+FEnVe®@Vy+ EyVi® Vs + E(Vi @V, + V@ V)

+ Ep(Vi®@Vs+ Vi@ V) + Ey(Va@ Vi + Vi@ Vy) ©
The right stretch tensor is denoted By Then() may be expressed in the form
Q = w(te(M'E)) + ay(tr(M?E))? + ay(tr(M°E))? "
+  astr(MYE?) + astr(M2E?) + agtr(MPE?) |
with the structural tensoilsI’ defined by
M'=V,®V, , M*=V,®V, , M*=V;0V; . (5)

Now the orthotropic constitutive model is used to represent transversely isotropic behaviour of
the heart wall. Following ®ENS et al. [12] and NEDERER et al. [11] for the rat LV we
use the set of material coefficients given in Tab. 1. A comparison of eq. 2 and eq. 4 yields

bir | bag | b3z | b1z | big | b
921201]20|3737|1.0

Table 1: Material coefficients used in the strain energy fionatg. 1, eq. 2

the parameters for the strain invariant formulation in Tab. 2. The coeffici¢rasd A,

a1 a2 a3 aq Qs Qg

28110]10(641.0|1.0

Table 2: Material coefficients used in the strain invariaptesentation eq. 1, eq. 4

are determined by calibrating the numerical model of the left ventricle of the rat, as will be
described later.

2.2 Active stress model

In the active stress formulation the sum of a passive sBes®presenting the passive me-
chanical response of tissue to loads and an active contractile Syyetfines the total stress

S=Sp+S, . (6)

The passive stress is obtained from the passive mechanical constitutive law, so that when there
is no active stressS(; = 0), the myocardium simply behaves passively. The active stress acts
in the direction of the fibrd/; that is,

Sa=TaVi®V; . (7)

The variabl€l’, represents the active tension developed in the myocyte and is derived from a
cellular model of tension development in myocytes. For the purpose of studying the tissue-
level mechanics of the heart the model ob&IONE et al. [4] is adopted. This model was
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derived from biophysical considerations of calcium dynaaod crossbridge formation. The
parameters used in the model were calibrated to fit experimental tension test data of a dog, while
the magnitude of the active tension was modified to represent that of a rat. The Guccione model
predicts the tension according to

C2
Ty=T %o

" Cad + ECal, (1) GY) ®

whereC} represents the time transient, a function of time and sarcomere |engi?, repre-
sents the calcium concentration at 50% tens©, is the peak intracellular calcium concen-
tration, [ is the sarcomere length, afig,.. is the maximum tension developed. The functions
C; andECasq are given by

Cy = f(1—cosw(l,t)) ©)
G forl > ly

ECas (1) = exp[B(I—lo)]—1 10)
0 forl <ly ,

wheret, is the time at maximum tensio is a constant ang) is the sarcomere length below
which there is no active tension developed. The sarcomere length is a function of the stretch
with respect to the reference configuration in the fibre direction so that

I =1p/2tr((Vi® V)E) +1=I2Fg + 1 (11)

wherely is the sarcomere rest length in the undeformed reference configuratiofRzatice
direct component ofGreenstrain in the fibre direction. The time-dependence of the active
tension is described by

71'% forO0 <t <ty |,
w(lt) = w[%ﬂ] forty <t <ty+t, |, (12)
0 fort >ty +t, |,

which also takes into account the influence of the current sarcomere length on the duration of
active contraction, that is, the length-dependence of the calcium sensitivy of proteins that cause
tension development. The constanis the time to peak tension arngdis the duration of the
relaxation period described as a function of the sarcomere length

t,=m-l+b (13)

with constantsn andb. The parameters used in the Guccione model are given in Tab. 3.

Tnax [kPa] | Cag [pM] | Cag™ [uM] | B[] | lo [pm)] | to [ms] | m 2] | b[ms]

pm

pm
56.7 4.35 4.35 4.75 1.58 250 1.0489 | —1429

Table 3: Parameters used in Guccione model.
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2.3 Homogenization approach

The infarcted and injected myocardial tissue is modelled as an homogenized, that is, aver-
aged, material response. Similar approaches can be found for the case of elastiggsim R
et al. [13] or for elasto-plasticity in KINKEL et al. [8]. Considering hyperelastic material
behaviour, we introduce a stored energy function of the form

Y= Z ny vy (E) (14)
=1

wherem denotes the number of superimposed material phasesand = 1, m the corre-
sponding volume fractions associated with the stored energy funatignsach representing

the material behaviour of a specific constituent. The weighted nature of the overall response is
achieved by imposing the constrajn},” ; n; = 1. The different material phases are linked by

the kinematic constraint that the deformation gradient applies to all of them. Consequently, the
averaged secordiola-Kirchhoffstress tensor is given by

W &~ oYy
S = 8_E_;m@—E . (15)

In particular, the healthy myocardium consists of one single active anisotropic phase, and the
injected infarct region consists of two passive phases, an anisotropic and an isotropic one, the
latter for the injected biogel. In this sense, at each point the stress response of the mixture as
well as of each individual component can be obtained. The latter is useful, as the influence of
the biogel, in terms of amount of injectate and stiffness, on the fibre stress experienced in the
infarct area is of special interest.

3 Numerical model

In this section the numerical model for the healthy LV is first described and benchmarked
by comparison with data from the literature. Secondly, the model is used to study the effect of
the new therapeutic method on the idealized infarcted ventricle. More specifically, an infarcted
left ventricle of a rat during diastolic filling and systolic isovolumetric contraction is consid-
ered. Fatal wall rupture commonly occurs in the necrotic phase, as stresses are elevated due
to a increase in stiffness of the infarct tissue as well as wall thinning due to removal of dead
tissue at that stage. Earlier infarct stages are commonly reserved for medicamentous or surgical
treatment to dissolve or bypass the blockade. Later healing stages and remodelling are strongly
influenced by boundary conditions which are set in the necrotic healing stage, e.g1seedH
et al. [7]. Thus, this contribution focuses on the impact of gel injections into the infarcted area
during the necrotic healing phase.

An overlapping of the injectate into the border zone between infarct and healthy remote is con-
sidered. For the infarct stage it is assumed that the remaining healthy tissue within the border
zone maintains its contractile properties. It is assumed further that the removed volume of dead
tissue for both the infarct area and the border zone is in balance with the injectate volume. As
the constitutive behaviour of the border zone for the different healing stages is still under sci-
entific discussion, such an assumption does not represent reality. Nevertheless, it allows the
phenomenology of the border zone and the essential aspects of injections to be captured in
a general sense, in line with the purpose of this investigation. The area between the healthy
remote and infarct (injection) region is referred to as the overlap zone.

Y|



S. Skatulla, D. Legner, R.R. Rama, J. Mbewu, B.D. Reddy, Ni&sand T. Franz

healthy zone infarct zone| overlap zone
healthy (a) 100 % 0% 0%
infarcted (b)| 84.2% 15.8% 0%
injected (c) 71.0% 15.8% 13.2%

Table 4: Volume fractions with respect to the total wall vokifar (a) healthy, (b) infarcted, (c) injected case

3.1 Truncated ellipsoidal model of the rat left ventricle

The geometry of the left ventricle is assumed to be described by a truncated ellipsoid. This
may conveniently be described in terms of prolate spheroidal coordir@tes/Y which are
related to the Cartesian ones {, z) by

x = C-sinh() - sin(n) - cos()
= (' -sinh(§) - sin(n) - sin(0) (16)
z = (C-cosh(§) - cos(n)

In accordance with NEDERER et al. [11] the endocardial and epicardial radii at the widest
point are2.4 mm and5.1 mm, respectively. The distance from the apex to the baé.ismm

for the endocardium (endo) and.2 mm for the epicardium (epi). This correspondgtg;, =

0.31, &, = 0.60 and the focal length§',,4, = 7.61mm, C,,; = 8.01mm. It follows that

Vit = 155.57 ul and V"t = 641.96 4l for the initial cavity volume and the initial myocardial

wall volume, respectively. The varying fibre directions throughout the wall are adopted from
RIJCKEN et al. [14]. With respect to the geometric boundary conditions the natural deformation

of the LV during a heartbeat shows that almost the whole LV undergoes vertical, horizontal and
transversal movements simultaneously. Only the movement of the base is restricted. Hence, the
endocardial ring is fixed at the base and the surface displacement of the base is restrained in the

vertical direction.

3.2 Model calibration

The numerical model of the healthy left ventricle is calibrated by using pressure-volume
relations given in the literature. In combination with the parameters given in Tab. 2 the coef-
ficientsA = 1.00kPa and A.,,,,,» = 300.00kPa are chosen (see eq. 1), to adjust the passive
stress model as discussed in section 2.1. With this choice the relation between cavity volume
and increasing cavity pressure applied to the endocardial wall of the present numerical model
agrees well with results reported in the recent literature: see Fig. 1. Furthermore, for the cav-
ity pressurep.,, = 30.0mmHg the calculated myocardial wall volunig,,,, = 639.98 pl is
still very close to the initial ond’"" = 641.96 11, hence the myocardial wall behaves nearly
isochorically.

3.3 Case study

We distinguish three cases: (a) a healthy LV; (b) an infarcted LV; and (c) infarcted and in-
jected LV (see Fig. 2). The relevant volume fractions for these three cases can be found in Tab.
4, where with respect to the grading given ireMK et al. [19] an infarct of grade X(20%) is
considered here. A fatal rupture of the infarct tissue generally occurs during the necrotic phase.
This motivates the consideration of an infarct at that healing stage, and the investigation of the
influence of a hydrogel injection directly into the infarct zone (red). To represent the fact that
the hydrogel injection stops abrubtly at the infarct border, we consider a so-called overlap zone
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Figure 1: Pressure-volume relation for the left ventriclingsthe present model compared with data from
NIEDERERet al. [11], GNGOLANI et al. [3], OMENS et al. [12], HERRMANN et al. [6]

(grey) into the healthy remote (blue). In order to model a smooth transition the overlap zone
has a reduced gel volume fraction compared to the gel volume fraction of the infarct area. The
infarct zone and overlap zone are incorporated by intersecting the truncated ellipsoid with two
spheres of different radii. To represent the stiffening of the infarct tissue during the necrotic

LA A
UUV

Figure 2: Front view (top row) and vertical cut (bottom row)tbé (a) healthy, (b) infarcted, (c) injected LV with
healthy remote (blue), infarct (red) and overlap zone (grey)

stage of healing considered here (see for example1a et al. [5], HOLMES et al. [7]), the

infarct stiffness is set at twice that of the healthy remote. That is, the weighting factor in the
passive stress model is = 2.00 kPa , see eq. 1. Based on unpublished experiments and char-
acterization procedures, the hydrogel compound is approximated by a Neo-Hookean material
model with the material parametes= 24.6 Pa and A\ = 983.6 Pa, which are from now on
referred to collectively using the notation kgel. We subdivide the injection case (c) into four
cases (cl), (c2), (c3), (c4), referring respectively to 0.25kgel, 0.50kgel, 0.75kgel, 1.0kgel.
Hereby, (c4) represents the actual hydrogel, whereas (c1) - (c3) are hypothetical injectates with
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reduced stiffness. That jg and A\ of (c4) given above are multiplied by the factag5, 0.50
and0.75, respectively. To account for the wall-thinning effect, in case (b) the infarct volume
contains 90% infarct material and 10% of a dummy material with negligible stiffness, repre-
senting the dead material transported away at the micro-structural level. The hydrogel-treated
infarct region, case (c), is made up of a homogenized mixture of infarct and hydrogel material.
Basically, the volume of the injectate in that case replaces the dummy material of case (b). The
overlap zone is modelled with 95% healthy tissue and 5% hydrogel. This mixture ratio reflects
the assumption that the injectate enters the healthy tissue surrounding the infarct within a lim-
ited radius, referred to as the overlap zone. The mixing of materials is achieved by employing
the homogenization approach discussed in section 2.3.

4 Numerical results

The results for the healthy (a), infarcted (b) and injected (cl1) - (c4) cases are how shown
separately for diastolic filling and systolic isochoric contraction. During diastolic filling the
cavity pressure.., is increased up tp"°" = 7.5 mmHg, marking the end of the diastolic filling
phase. At the outset of the systolic isovolumetric contraction phase the active stress model of
section 2.2 is initiated and the cavity pressure is increased up to ap@ite= 37.5 mmHg
while the cavity volume is enforced to be constant. The pressure valiisand pE5I¢ for
the rat left ventricle are adopted from®NhDERER et al. [11]. The computational model is
developed using the element-free Galerkin method (see for exangpherBCHKO et al. [1]),
implemented in the in-house co8&SKAThe numerical model of the left ventricle consists of
1700 patrticles. It was found that further refinements did not lead to any significant change in

the results.

4.1 Diastolic filling

Comparing the healthy case (a) with the infarct case (b) in Fig. 3, an overall reduction
in cavity volume is observed during diastolic filling, which indicates that the overall infarct
stiffness is increased in the necrotic healing stage. This is reasonable and is also reported in the
literature, for example by BGEN et al. [2], HOLMES et al. [7], as the resulting infarct stiffness
takes into account two kinds of effects: (i) a slight reduction in stiffness as a portion of dead
myocytes has been transported away leading to a lower material density on micro-structural
level and thus, a reduced effective wall thickness; (ii) a significant increase of stiffness of the
remaining infarcted myocardiumu®TA et al. [5]. The homogenized, i.e. averaged, stiffness
in the infarct zone is consequently higher than in the healthy remote, explaining the reduction
in LV compliance. For all injectates (c1) - (c4), the end-diastolic cavity volume is predicted to
be smaller than in case (a) and (b), see Fig. 3, which indicates that the injectate (c4) is fairly
stiff. Even the hypothetically considered injectates (c1) - (c3) with reduced stiffness hamper
diastolic filling considerably.

This finding is confirmed by the deformation results obtained at the end of diastolic filling
pEPYshown in terms of a representative vertical cut in Fig. 4 for all cases considered. A
gualitative comparison with the undeformed configuration, see Fig. 2, reveals that the infarct
and injectate stiffnesses are inversely related to the wall thickness reduction in the respective
regions for cases (b) - (c). The deformation behaviour in the healthy remote is similar for all the
cases (a) - (c). We consider next the myocardial fibre stress and effective strain, and compare
gualitatively the mechanical response for the cases considered.

Fig. 5 shows no significant increase in end-diastolic tissue fibre stress for the infarcted case (b).
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Figure 3: Pressure-volume relations during diastolic fillof healthy (a), infarcted (b), injected (c1) - (c4) left
ventricle

Figure 4: Deformation of the left ventricle at the end of didistfilling - top row: (a) healthy (left), (b) infarcted
(right); bottom row: injected (c1), (c2), (c3), (c4) from left to right

However, it can be seen that the stiffer the injectate in cases (c1) - (c4), the greater the reduction
in the tissue fibre stresses compared to healthy case (a) and infarcted case (b), respectively.
This is explained by the fact that a stiffer injectate has a reinforcing effect and thus reduces the
myocardial fibre stress.

Fig. 6 shows that the effective strains are clearly reduced due to the higher stiffness of the
infarct case (b), and are even further reduced when hydrogel is injected, as in cases (c1) - (c4).
This observation is confirmed by studying the pressure-volume relation Fig. 3 and the deformed
cross-sections Fig. 4, which indicates a decrease in filling compliance.

4.2 Systolic isovolumetric contraction

In contrast to the diastolic filling phase, the left ventricle during the systolic isovolumetric
phase is subjected to active contraction at constant cavity volume, causing an increase in cavity
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Figure 5: Fibre stress distribution at the end of diastollmél - top row: (a) healthy (left), (b) infarcted (right);
bottom row: injected (c1), (c2), (c3), (c4) from left to right
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Figure 6: Distribution of strain in fibre direction at the enfddiastolic filling - top row: (a) healthy (left), (b)
infarcted (right); bottom row: injected (c1), (c2), (c3), (c4) from left to right

pressure. Qualitatively, the resulting deformation at the end of systolic isovolumetric contrac-
tion depicted in Fig. 7 shows a slight vertical elongation accompanied by a wall-thickness
reduction as compared with the configuration at end-diastolic filling in Fig. 4. This feature of
the deformation correlates with the constant cavity volume during isovolumetric contraction and
the almost incompressible constitutive modeling of the LV wall. In accordance WwithiNRER

et al. [11] longitudinal shortening and an increase in wall thickness is only to be expected for
systolic ejection, which is not considered in the framework of this contribution. Compared to
the diastolic phase the deformation in cases (b) and (c) occurs in a less symmetric way than for
the diastolic phase. Fig. 8 illustrates on the one hand drastically reduced fibre stresses within
the infarcted region for the untreated infarct case (b) and the injected infarct cases (c1) - (c4)
compared to the healthy case (a). On the other hand it can be observed that at the interface
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between the healthy and infarcted area in case (b) the mafionalstresses are greater than

for the healthy case (a). Studying the injected cases (c1) - (c4), it can be seen that the injection
relieves this highly stressed zone of case (b) even below healthy levels, whereas the stiffness
of the injectate is without major influence. Due to the loss of active contraction the infarcted
region is almost completely subjected to stretch, see Fig. 9. This feature can also be observed

VUVV

Figure 7. Deformation of the left ventricle at the end of islowoetric systolic contraction - top row: (a) healthy
(left), (b) infarcted (right); bottom row: injected (c1), (c2), (c3), (c4) from left to right

fibre stress 1
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Figure 8: Fibre stress distribution at the end of isovolumalystolic contraction - top row: (a) healthy (left), (b)
infarcted (right); bottom row: injected (c1), (c2), (c3), (c4) from left to right
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Figure 9: Distribution of strain in fibre direction at the enfdisovolumetric systolic contraction - top row: (a)
healthy (left), (b) infarcted (right); bottom row: injected (c1), (c2), (c3), (c4) from left to right

5 Conclusion
5.1 The applicability of the model

The objective of the present investigation is not to provide definitive, quantitative results for
a realistic LV. Instead, the focus of the contribution has been to study qualitatively the influence
of hydrogel injections into an infarcted left ventricle, modelled by a geometry that is simple yet
able to capture key features. Of particular interest are representative values for the pressure,
volume, deformation, and stress and strain quantities. In this regard, for the sake of simplicity
a rotational symmetric geometry is used and an overlap zone representing a more realistic gel
distribution is considered. Further, the active contraction is simultaneously initiated throughout
the LV. Attention is restricted to the necrotic healing phase by considering a grade 1 infarct,
with the assumption that the amount of injectate is equal to the amount of removed tissue for
both the infarct and the overlap zone.

5.2 Novel aspects of this contribution

A meshless method is used as the basis for the numerical model and simulations. A strain
invariant-based stored energy function is introduced, allowing frame-invariant and more com-
pact expressions for the stress tensors and material tensors. A homogenization approach is
introduced to account for representative material behaviour of an arbitrary mix of different ma-
terials and volume fractions. Four different injection types are investigated and compared with
the healthy and infarcted case, where one of them is a realistic gel which is being used in current
experiments.

5.3 Findings

This investigation shows that gel injections are able to reduce maximal fibre stresses caused
by an infarct. The higher the gel stiffness the more the diastolic filling is hampered, which is
expected to influence pumping function as a side effect. A reduction of maximal fibre stresses
is of importance with respect to the prevention of fatal rupture, which typically occurs during
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the necrotic phase. This could be more likely in the highlgsted area, which on the basis of

the results presented can be found at the interface between the infarct and healthy remote. The
presence of stress peaks in that area is explained by the discontinuity of stiffness and contraction
behaviour (contracting, non-contracting).

5.4 Recommendations / Outlook

It would be of interest to investigate he effects of injections only at the interface zone, thus
providing a smoother transition of mechanical properties. As such a strategy would also re-
duce the amount of injectate, and the net reduction of overall pumping function might be less
pronounced, which could be confirmed, for example, in terms of monitoring typical cardiac
parameters like stroke volume, ejection fraction, etc. Nevertheless, with respect to later heal-
ing stages the injection modalities that account, for example, for weaker infarct stiffness causing
thinning of the infarct zone itself, followed by negative remodeling of the LV might be different.
Thus, the timing of the injections and the chosen injectate degradabilities are other important
aspects for future investigations, within a dynamic context, to contribute to a more complete
understanding and assessment of the therapeutic suitability of the gel.
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