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Chapter 1

An introduction to cardiac growth

It is well known that a vital ingredient of success is not knowing
that what you’re attempting can’t be done.

SIR T.D.J. PRATCHETT - EQUAL RIGHTS



An introduction to cardiac growth

1.1 General Introduction

The heart is the mechanical pump through which blood and oxygen are distributed
to all the organs and tissues of the body. It operates thanks to a highly complex
interaction between cells and constituents of the extracellular matrix (ECM), which
provides structural support. The heart, as many other tissues [55, 69, 86], has the
capability of adapting its size and structure to changes in the surrounding environ-
ment, in order to satisfy metabolic demands of the body. It reacts to alterations
in the electrical activity [79, 81] and changes in mechanical loading [58, 72]. The
adaptation process, which involves multiple molecular signaling pathways [11, 54],
is referred to as growth and remodeling. As defined in Humphrey and Rajagopal
(2002) [39], growth is a change in mass that is locally achieved by adapting the
number or size of cells while remodeling is a change in structure which is obtained
by adapting existing constituents or by synthesizing new ones. Cardiac growth is a
complex mechanism involving many sub-processes which occur at different scales,
from tissue level (cellular hypertrophy, apoptosis, proliferation, extracellular matrix
remodeling) [83] to organ level (shape and dimensions) [14, 74]. Among all the
myocardial cells, the most involved in cardiac growth are the myocytes and the
fibroblasts.
The myocytes are about one third of all myocardial cells, however they account
for 75% of the total myocardial volume [42]. A healthy myocyte, which consists of
approximately 50 sarcomere units in series, has a cylindrical shape, with a diameter
between 10 µm and 25 µm, and a length of ∼100 µm [71]. Its length-to-width ratio
is approximately 7:1 in a healthy myocardium [29], however several mechanical
stimuli can increase the ratio to 11:1 [30] or lower it to 3:1 [57, 73]. Sarcomeres are
the fundamental contractile units of a myocyte, which are bounded by the so-called
Z-disc. Myocytes do not multiply by cell division, their number does not significantly
change in a lifetime [53], and their turnover is slow, approximately 1% per year [47].
However, myocytes can growth in size thanks to sarcomerogenesis, which is the
creation and deposition of new sarcomeres [1, 49]. When sarcomeres develop, focal
adhesion is formed between cells and the ECM.
The fibroblasts are the predominating cells in the myocardium in terms of numbers,
making up over 75% of all myocardial cells. They synthesize and regulate the
degradation of the ECM [60]. Their arrangement is highly hierarchical, running
parallel to muscle fibers and hence being able to maintain the structural integrity of
the myocardium [26]. In addition, fibroblasts communicate with myocytes through
mechano-electric and electrophysiological signals, allowing them to respond to
changes in the mechanical loading [80]. In the beginning, fibroblasts do not contain
stress fibers [80]. As a response to a mechanical stimulus, they can change their
phenotype to myofibroblasts, which have stress fibers, making it possible to transmit
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An introduction to cardiac growth

the perceived stimulus [80].
It has been proven that the focal adhesion complex and the Z-disc can detect
mechanical changes in the cell environment, which in turn will generate a com-
plex intracellular signaling cascade [16, 70] leading to fibroblast proliferation and
sarcomere addition [46, 84]. Additionally to this mechanical trigger, mechanically
induced release of peptides from neighboring cells serves as hormonal stimuli [46].
Although the process of sarcomere formation is well understood, it remains un-
known how the new sarcomere addition takes place. Moreover, it is not fully
understood yet how sarcomeres are added in parallel and in series [70].
In literature, it has been shown how the growth and remodeling process acts to
maintain a preferred mechanical state [27, 37, 38, 40], regardless of changes at tissue
and organ level. This state is often called homeostatic state.
In general, growth and remodeling is a positive process which is crucial for the
development of a healthy heart [23], however it can turn into a maladaptive process
if the growth stimulus persists, for instance due to a severe pathology [49].

1.2 Maladaptive growth

At the organ level, two mechanical alterations have been identified as main promot-
ers for cardiac growth, volume-overload and pressure-overload [13, 33], which are
translated into changes in strain and stress at tissue level [62, 78]. Every variation
from the homeostatic state generates a local mechanical stimulus, which eventually
has repercussions in growth at the organ level. Since the heart adapts according to
what is locally sensed, cardiac growth might be characterized by spatial variations.
It has been demonstrated how inhomogeneous changes in the electrical activity
of the heart result in a spatially inhomogeneous growth. In particular, myocardial
infarction is characterized by a thinning of the non-contractile region, while the
remaining tissue might increase in thickness [20, 51, 79]. Nevertheless, a more
homogeneous growth has also been observed, which is usually classified into
eccentric or concentric growth (Fig. 1.1).
A chronic volume-overload, i.e. caused by a regurgitant aortic valve, implies an
increase of filling volume, which causes an increase in diastolic wall strains. My-
ocytes are known to react by adding sarcomeres in series, which will result in a
relative increase in the myocyte length but not in the cross sectional area [30, 76].
With the increased cell length, at organ level the heart would accommodate more
blood in the ventricles, thus increasing the stroke volume which can compensate the
volume-overload. This type of growth, which is associated with ventricular dilation,
is referred to as eccentric growth. Eventually, if volume-overload is sustained, the
heart might not be able to cope with the increased cavity volume which might lead
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An introduction to cardiac growth

to heart failure.
Pressure-overload, i.e. caused by aortic valve stenosis, is characterized by a high
pressure gradient during the ejection phase of the cardiac cycle. Myocytes are
known to react by adding the sarcomeres in parallel, which will result in a relative
increase in myocyte cross sectional area, without a significant change in length
[57, 73]. This type of growth, which is associated with wall thickening, is referred to
as concentric growth. While a thicker heart would certainly help to overcome the
increased pressure gradient, if pressure-overload is sustained, the constant increase
in wall thickness might lead to a stiffer heart and eventually to heart failure.
In Figure 1.1 a normal ventricle (left) is compared with a heart affected by eccentric
growth (middle) and concentric growth (right) [21, 22]. The Figure clearly shows
how serious the impact of a maladaptive cardiac growth could be.

Normal Eccentric Concentric

Figure 1.1: Examples of a normal (left), eccentric (middle) and concentric (right)
hearts. The pictures are taken and adapted from [21, 22].
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An introduction to cardiac growth

1.3 Clinical challenge

Dealing with maladaptive cardiac growth is not a trivial task. The technological
advancement of clinical devices offer the physicians several treatment strategies to
deal with cardiac growth, and ideally reverse this process. Examples of medical
treatments include the use of a left ventricular assist device [12], mitral valve
repairs [24] and bioinjection treatment using calcium-sodium-alginate hydrogel
[52]. Besides choosing the best clinical procedure, physicians have the burden of
choosing the time of intervention. For instance, for frail or elderly patients, the
risks of intervention might be postponed until the first symptoms of life-threatening
conditions, like heart failure, manifest. However, if surgery is carried out too late the
heart might have grown into a state, where the potential benefit of the intervention
is reduced [25, 56, 66, 87] and, in some cases, it might even promote a maladaptive
remodeling [6]. Therefore, defining the time of intervention is as crucial as choosing
the type of intervention. Although clinical guidelines to manage heart diseases are
constantly updated [7, 61], the optimal time of intervention is still controversial
[19, 31, 64, 68, 75, 88]. Moreover, according to Niestrawska et al. (2020) [60], up
until now there are no reliable criteria from which the time of intervention could be
unequivocally defined, reducing the risks of "watchful waiting" and surgery.

1.4 Models of cardiac growth

Investing resources on models of growth and remodeling represents a valuable
strategy to understand the underlying mechanism of growth [51], with the final
goal of sustaining clinical decision making. Several reviews on numerical models
have been published [2, 5, 9, 17, 59, 60, 76, 82, 85]. These computational models
usually combine a growth evolution model with a model of cardiac mechanics.
Essentially, they differ in terms of geometry, material properties, growth stimulus,
and the criterion to limit the allowed volume growth.
Cardiac growth has been studied with an idealized geometry for the left ventricle
only [20, 43, 48], and for both left and right ventricles [32, 67]. Patient specific models
have been discussed [45, 51, 65], and in some cases also realistic geometries have
been considered [28]. Regarding the material properties, some researchers have
opted for an orthotropic material law [43, 45, 48, 51], while others for a transversely
isotropic [20, 28, 65, 67] or isotropic material [32].
Besides these differences, the major debate is on the growth stimulus, the stimulus -
effect relation and the growth limits, for which a consensus has not being reached
yet. Some researchers considered only one stimulus, based on changes in tissue
strain [48] or stress [3]. In most of these cases, the new tissue is assumed to grow
equally in all directions. In other studies, combinations of stress-based and strain-
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An introduction to cardiac growth

based stimuli are considered to control growth in multiple directions. While in some
studies both stimuli simultaneously influence the change in volume [43, 77], in
others the chosen stimulus is pre-selected. For instance, a stress-based stimulus
might be selected to describe concentric growth, while for eccentric growth a strain-
based stimulus might be considered [32]. In all of these cases the stimuli might
derive from multiple directions in the tissue, such as along-fiber and cross-fiber
direction, as well as different instants during the cardiac cycle, like begin or end
ejection. Moreover, the direction in which growth will take place, cross-fiber or
along-fiber, is often defined a priori [32]. On the nature of the stimulus, researchers
have based the growth law on sarcomere stress [32, 43, 48], strain [8, 20, 32, 45, 67],
stretch [28, 51, 65] or a combination of both stress and strain measures [77].
A further major point of debate is whether or not to constrain maximum growth.
In literature both unconstrained growth laws [10, 48, 77] and constrained laws are
proposed, the latter being motivated from experimental observations on myocyte
properties [32, 43, 67] as well as availability of nutrients [8].
While a considerate number of theoretical models have been proposed for cardiac
growth, there are only a few theoretical models which describe the reverse process.
Based on a previous work [32], Lee et al. (2015) [50] considered the elastic myofiber
stretch as growth stimulus, moreover they introduced a higher and a lower reference
set-point for cardiac growth. The myofiber stretch range identify the "lazy" zone, in
which no growth is observed. If the elastic myofiber stretch falls above the higher
set-point, concentric growth takes place, otherwise, if the elastic myofiber stretch
falls below the lower set-point, eccentric growth takes place. The described model
has been able to reproduce clinical observations for myocardial infarction [51] and
mechanical dyssynchrony of the heart [4], however the choice of the reference set-
points is crucial for the results. In this regard, Yoshida et al. (2019) [89] suggested
the use of an evolving reference set-point for the growth model. Although the
model was only only tested with pressure overload, the authors demonstrated how
phenomenological growth laws might have difficulties in matching both observed
hemodynamics and growth regression upon relief of overload, while a better predic-
tion can be obtained with an evolving growth set-point.

1.5 Outline of this thesis

As discussed in this chapter, growth and remodeling is a natural mechanism through
which the heart can cope with changes in the metabolic demands of the body.
However it can turn into a maladaptive process in presence of a cardiovascular
disease. Clinically, a maladaptive type of growth represents a challenge in terms of
type and time of intervention. In the last two decades several numerical models have
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been proposed, with the aim of understanding the underlying process of cardiac
growth and eventually assisting clinical decisions. However, several questions
remain still unanswered. How does the hemodynamic loading change with growth?
Which stimulus describes best clinical observations on maladaptive growth? Can
growth be described with only one stimulus, or are more stimuli needed to match
patient data? How does the growth law behave at the normal healthy state? How
does volumetric growth evolve without any growth limit? Can an unconstrained
model achieve clinically relevant results? The scope of the thesis is to address these
questions.

While for the majority of the growth models the amount and direction of volume
change are strictly enforced, in Chapter 2 an alternative growth law is proposed.
Based on the work of Kroon et al. (2009) [48], the volumetric growth depends on the
interaction with the neighboring tissue elements, without being strictly imposed nor
limited in the maximum allowed volumetric change. The isotropic growth law, based
on a single stimulus, is tested on its capability to reproduce the homeostatic state
for the healthy left ventricle only, approximated as truncated ellipsoid. Although
the model does not reach a stable state, promising results are obtained encouraging
further investigation.
In order to better understand the reasons behind divergence, aspects related to
geometry and spatial variability are removed from the analysis, to verify the underly-
ing concepts of growth. Hence, in Chapter 3 the growth law is tested in a simpler
multi-scale model. In a recent review, Witzenburg and Holmes [85] conclude that a
growth law based solely on one stimulus, like what has been chosen in Chapter 2, is
not enough to reproduce clinical observations. For this reason, the proposed law
is adapted such that volumetric growth is driven by two stimuli. Different growth
stimuli are tested in the presence of three isolated diseases, aortic stenosis, aortic
regurgitation, or mitral regurgitation. A stable ending state is obtained with all the
proposed stimuli combinations, although the results are affected by a significant
decrease in the left ventricular hemodynamic output.
Several studies have demonstrated how the body can rely on different strategies to
deal with a sudden or a prolonged decrease in the hemodynamic output [18, 36, 44].
Such mechanism is known as hemodynamic feedback. Based on literature evidence,
in Chapter 4 vasculature resistance and blood volume are adapted to regulate the
mean arterial pressure [15, 34, 63] and cardiac output [35, 41], which are chosen
as indicators of the hemodynamic output. The multi-scale model proposed in
the previous chapter is extended with a model of hemodynamic feedback and
more stimuli combinations are considered. The best results are obtained with a
combination of stress and strain stimuli, for which a good match with clinical data
is obtained along with a restored hemodynamic output.
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In summary, an alternative model for left ventricular growth is introduced in Chap-
ter 2. Since the model fails in reaching a stable state, in Chapter 3 and Chapter 4
a simpler description of the left ventricle is considered. From these studies, new
insights on the stimulus-effect relation are collected, in particular the importance of
an hemodynamic feedback and having two uncorrelated growth stimuli.
Finally, in Chapter 5 spatial variability is reconsidered, with the knowledge gained
from the previous chapters. The growth model introduced in Chapter 2 is adapted
to accommodate two growth stimuli, moreover the influence of the growth reference
point, also known as the homeostatic load, is investigated. In particular, the results
obtained with a spatially averaged homeostatic load are compared with a localized
homeostatic load. Benefits and drawbacks of both methods are discussed along
with a potential application for the case of aortic stenosis.
This thesis concludes with a general discussion in Chapter 6 in which the main
findings of this work are put into perspective for future work.
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Chapter 2

An alternative approach for
cardiac growth

If failure had no penalty success would not be a prize.
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Abstract

In the last two decades several models of cardiac growth have been proposed,
with the common goal of assisting clinical decision making for long-term disease
prognosis and intervention outcomes. The majority of the designed growth laws
have as common ground a strictly enforced amount and direction of volume change.
Moreover, the amount growth allowed is often limited to prevent runaway growth.
In this chapter, an alternative approach is considered in which the actual volume
change of every tissue element depends on the desired volumetric growth of that
element and the degree to which such change is resisted by the surrounding tissue
elements. The model is evaluated on its ability to reproduce a healthy state, under
normal hemodynamic loading conditions, and without any limitation an the allowed
volumetric growth. A homeostatic stable state could not be reached which might
be due to limitations in the mechanics model or in the underlying concepts of the
growth model.
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2.1 Introduction

Cardiac growth is one of the mechanisms through which the heart reacts to changes
in flow demand from the organs. In general, it is considered as an adaptive feedback,
as response to intensive exercise [29] or during the first stages of a cardiovascular
disease [25], however it can turn into a maladaptive process with a sustained severe
disease [25]. Maladaptive cardiac growth is classified as concentric or eccentric
growth. The type of growth is often measured with the relative wall thickness
(RWT), which is the ratio of ventricular wall thickness over cavity radius. Concentric
growth is mostly promoted by pressure overload, which causes an increase of wall
thickness and a reduction of cavity volume, and as consequence high RWT values
are observed [8, 25]. Eccentric growth is usually triggered by volume overload, which
causes an increase in cavity volume with a reduced or unchanged wall thickness,
resulting in lower RWT values [8, 25]. Being able to correctly predict the evolution of
cardiac growth would assist clinicians in the debate of "watchful waiting" against
surgical intervention [9, 12, 26, 33, 36, 41]. With a numerical model of growth and
remodeling, the outcome of a surgery could be simulated and the perfect time of
intervention could be scheduled. With such instrument the surgical risk factors
could be potentially decreased.
Growth models generally combine models of cardiac mechanics with models of
growth mechanics. Healthy conditions are often identified with the homeostatic
state, in which the metabolic demand is satisfied and there is no need of any
adaptation. From a simulation of normal cardiac mechanics the homeostatic state
is defined, in which no growth occurs. From the homeostatic state a tissue load
(e.g. stress or strain) is chosen to control growth. With a following simulation, the
current load is compared with the correspondent homeostatic value, identifying
what is often called the growth stimulus. Any deviation from the homeostatic
load, which might be caused by spatial variations of the stimulus or due to an
imposed perturbation, is converted into a volume change. Essentially, the growth
law determines the amount and type of growth (concentric or eccentric) as function
of the growth stimulus. Although several models have been published, a global
consensus on the growth law and stimulus has not been reached yet [5, 24, 40].
Growth is often modeled according to Rodriguez et al. (1994) [31] and Skalak et el.
(1996) [34], in which changes in shape and size of an unloaded body are described
by an inelastic growth deformation gradient Fg . The imposed gradient deforms
the unloaded body to a fictitious intermediate state, in which volume elements are
locally modified. To ensure that the grown parts form an intact tissue, an elastic
deformation gradient Fe is needed. The process of assembling the volume elements,
into a new unloaded body, generates internal residual stresses.
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Figure 2.1: Deformations through means of an inelastic growth deformation gradient
Fg and an elastic deformation gradient Fe . a) The stress-free reference configuration
(Step 0) remains fixed and internal stresses accumulates on the final growth step 2.
b) The stress-free reference configuration (Step 0) is updated after every growth step.
Internal stresses depends only on the last deformation (Fe,2).

Overall, the total deformation gradient from the starting unloaded body to the
unloaded, internally stressed, grown body is expressed as F=Fe ·Fg . While promising
results have been published [3, 11, 13, 21, 22, 28, 37, 38], the proposed growth models
suffer from major limitations. First, growth deformation is obtained by strictly
enforcing Fg , without taking into account the interaction with the surrounding
tissue. As a consequence, the direction of growth is often predefined [13]. Second,
the deformation dictated by Fg has to be accommodated by Fe in order to maintain
an intact, continuous tissue. As mentioned before, the elastic deformation depends
on the starting stress-free state and it is assumed to be the cause of residual growth
tissue stress. However it is more plausible that the stress-free configuration evolves
in time with new deposited tissue, and the residual stress is related to the new grown
configuration [17]. Third, the allowed volumetric change is restricted to a certain
amount of growth [11].
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In this chapter an alternative approach, suggested by Kroon et al. (2009) [22], is
considered. While for several growth models the starting stress-free state remains
fixed, and internally stressed, Kroon et al. (2009) [22] hypothesized that due to tissue
turnover the growth-induced internal stresses are reduced. According to Humphrey
and Rajagopal [17] "in contrast to the concept of Skalak and others [34] that residual
stress results from locally incompatible growth in stress-free configurations, we suggest
that residual stress relates more to differences between the deposition-stress and the
stress in pre-existing material at the time of deposition, which is tantamount to
saying differences in natural configurations". This behavior is described by updating
the unloaded configuration at every growth step with the unloaded, and internally
unstressed, grown configuration. As consequence, the internal stress depends
only on the last grown step. In the presented model the direction of growth is
not directly imposed, in particular the realized volume change depends on the
desired volumetric growth of each element and how such change is resisted by the
surrounding tissue.
While in literature cardiac growth models are evaluated on their ability to reproduce
concentric or eccentric growth [13], in this chapter the focus is first on the healthy
state. The existence of a homeostatic state has been proven by several studies
[10, 14, 16, 18]. In this work it is hypothesized that a global homeostatic load, which
serves as reference set-point for growth, is valid for the whole ventricle. It follows that
all the tissue elements are expected to produce the same amount of work, regardless
of their location in the ventricle. Any deviation from the set-point, will generate a
growth stimulus followed by a volumetric change. Hence, the first validation step of
a growth model should be the ability to maintain the homeostatic set-point. The
scope of this study is to verify if the growth law requirements can be satisfied at the
homeostatic state and a stable left ventricular geometry can be achieved.

2.2 Methods

The proposed method consists in solving a mechanics model coupled with a growth
model (Fig. 2.2). From the mechanics model a mechanical load is extracted, which
is converted into a growth stimulus to obtain a new stress-free configuration. The
mechanics model is solved with the new configuration, which provides a stimulus
for the next growth step.

2.2.1 Model of cardiac mechanics

The finite element (FE) model of cardiac mechanics is based on Bovendeerd et al.
(2009) [7]. The left ventricular (LV) geometry is defined by a thick-walled truncated
ellipsoid in which the myofiber orientation e f is described by an helix angle, which
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Figure 2.2: 1) Cardiac mechanics are first computed with the starting unloaded mesh
(Ω0, σ= 0). 2) A mechanical load (wa) is chosen, from which the global homeostatic
load is computed (wa,hom). 3) wa is compared node-wise with wa,hom , resulting into
a growth stimulus. 4) From the growth stimulus, the desired volumetric growth Jd ,g is
obtained, and the volumetric strain energy density function Wv,g is updated. 5) The
actual growth Fg and relative volume change Jg are computed. 6) From Fg the new
unloaded, and internally unstressed, mesh is obtained (Ωg , σg ≈ 0). 7) New cardiac
mechanics are evaluated and the process is repeated from 3). Arterial, venous and
peripheral resistance (RA,RV,RP) are kept constant, as well as arterial and venous
capacitance (CA, CV).
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identifies the base-to-apex component, and a transverse angle, which identifies the
endocardium-to-epicardium direction [30] (see Appendix). The myocardial tissue
Cauchy stress σ is characterized by a passive component σp and an active compo-
nent σa :

σ = σp + σae f e f (2.1)

Active stress σa is modeled as function of time, sarcomere length and sarcomere
shortening velocity (see Appendix). The passive material properties are defined to
be nonlinearly elastic, transversely isotropic and nearly incompressible. Passive
stress σp is related to a strain energy density function W, the deformation gradient
F and the Green-Lagrange strain tensor E as follows:

σp = 1

det(F)
F · ∂W

∂E
· FT with E = 1

2

(
FT · F − I

)
(2.2)

The symbol I represents the identity tensor. The strain energy density function W is
composed by a shape change term Ws and a volumetric change term Wv :

W = Ws + Wv (2.3)

The shape term Ws is formulated as a function of the Green-Lagrange strain tensor E
with respect to the material-bound coordinate system {e f ,es ,en}, on fibers e f , sheet
es , and sheet-normal en direction:

Ws = a0
[
exp(Q) − 1

]
(2.4a)

Q = a1(E 2
f f + E 2

ss + E 2
nn) + a3E 2

f f (2.4b)

+ 1

2
a2(E 2

f s + E 2
s f + E 2

f n + E 2
n f + E 2

sn + E 2
ns)

The volumetric term Wv is defined as follows:

Wv = a4
[
det(FT · F) − 1

]2
(2.5)

Cardiac deformation is computed by solving the equations of conservation of the
momentum:

∇∇∇ · σ = 0 (2.6)

Essential boundary conditions are considered to suppress rigid body motion. In
particular, the movement of the basal plane is suppressed along axial direction as
well as the rotation of the endocardial basal ring. The epicardial surface is traction
free and the endocardial surface is subjected to a uniform left ventricular pressure,
which is the result of the synergy between the mechanics model and the lumped
parameter model of the systemic circulation.
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2.2.2 Model of systemic circulation

The systemic circulation is described by a lumped parameter model in which
the aortic and mitral valves are modeled as ideal diodes. Arteries and veins are
represented by a combination of a resistance R and a capacitance C, which pressure
drop across each of these components (∆pR and ∆pC ) is given by:

∆pC = V − V0

C
(2.7a)

∆pR = Rq (2.7b)

In the equations above V and V0 are the stressed and the unstressed volumes which
a vessel can accommodate, while q is the flux through the vessel. The sum of the
blood volumes in the left ventricular cavity, arteries and venous capacitance is equal
to the total blood volume (Vtot ).

2.2.3 Model of growth mechanics

The homeostatic state is defined once the mechanics and the systemic models have
reached equilibrium. From this state, a mechanical load is chosen as reference for
cardiac growth. In this chapter the active work density wa of a complete cardiac
cycle is considered:

wa =
∮

Tc yc

σa dε f with ε f = ln

(
ls

ls,0

)
(2.8)

in which Tc yc is the length of the cardiac cycle and ε f is the logarithmic fiber strain,
expressed in terms of the actual sarcomere length ls and the zero-pressure sarcomere
length ls,0. From Eq. 2.8 the spatially averaged work density wa,hom is considered as
the global reference homeostatic load of the growth law:

s = wa − wa,hom

wa,hom
with wa,hom = 1

Vwall

∫
wa dV (2.9)

where Vwall is the total wall volume. Equation 2.9 gives rise to a growth stimulus
s, which is evaluated for every node of the mesh, with the same homeostatic load
wa,hom . The stimulus is then converted in desired volumetric growth Jg ,d :

∂Jd ,g

∂t
= s

τg
(2.10)

in which τg is the characteristic time scale for growth. The Euler forward scheme
is applied to Eq. 2.10 for time discretization. For a time step of ∆t , the desired

22



An alternative approach for cardiac growth

volumetric growth Jd ,g can be written as:

Jd ,g = ∆t

τg r w
s + 1 (2.11)

in which the starting value of Jd ,g is assumed to be equal to 1. The desired growth
modifies the volumetric strain energy density function of Eq. 2.5 as follows:

Wv,g = a4,g

[
det(FT

g · Fg ) − J 2
d ,g

]2
(2.12)

The conservation of the momentum (Eq. 2.6) is solved again with W = Ws +Wv,g

and with same boundary conditions, except for a traction free endocardial surface.
It follows that the volumetric growth of every element, rather than being strictly
imposed, is given by the interaction with the neighboring elements. The solution to
Eq. 2.6 is the realized growth deformation tensor Fg , which determinant identifies
the actual volumetric growth Jg = det(Fg ). Since growth is not strictly enforced, Jg

might differ from Jd ,g . A high value for the bulk parameter a4,g ensures that Jg is
reasonably close to Jd ,g . Eventually, the grown meshΩg is used as the new unloaded
mesh for the next mechanics computation.
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2.2.4 Simulations performed

The FE code for cardiac mechanics is taken from the work of Barbarotta and Boven-
deerd [4]. It is based on the FEniCS library and all linear systems are solved with
direct methods using the MUMPS library [2]. The thick-wall truncated ellipsoid is
meshed with linear thetrahedra and the solution is discretised with linear Lagrangian
polynomials. The spatial discretisation resulted in 5472 elements and 1127 nodes.
Tissue and organ parameters setting are listed in Table 2.1. With the chosen values,
which are slightly adapted from Bovendeerd et al. (2009) [7], a healthy human heart
is described.
As illustrated in Figure 2.2, the first step consists in obtaining the global homeostatic
load wa,hom (Eq. 2.9) as reference for the growth law. Next, the correspondent
mechanical load wa is compared node by node with the global wa,hom , obtaining
the growth stimulus s. The Euler forward scheme is used to evaluate the desired
volumetric growth over a time step ∆t , and with ∆t/τg r w set to 0.05. By solving
the equation of the conservation of the momentum (Eq. 2.6), the actual growth
deformation is calculated. Finally, the grown mesh Ωg is used to solve the next
ventricular mechanics. This process is repeated ideally until the growth stimulus is
zero in every node of the mesh.
Eventually, to better understand the obtained results, two tests are considered. First,
the dependence of the results on spatial discretization is analyzed with a finer mesh,
having 13608 elements and 2696 nodes. Second, the minimum dihedral angle
distribution is used to investigate the mesh quality before and after growth.

Table 2.1: List of parameters (Par.) used in the model. The chosen values are adapted
from Bovendeerd et al. (2009) [7]. The bulk parameter a4 has the same value for the
ventricular mechanics and growth mechanics a4,g .

Tissue Organ

Par. Value Unit Par. Value Unit Par. Value Unit

a0 0.4 kPa CA 25 ml·kPa VA,0 500 ml

a1 3 - CV 600 ml·kPa Vcav,0 42 ml

a2 6 - RA 10 kPa·ms/ml Vtot 5000 ml

a3 3 - RP 120 kPa·ms/ml VV,0 3000 ml

a4 100 kPa RV 5 kPa·ms/ml Vwall 131 ml

ls,0 1.89 µm Tcyc 800 ms ∆t/τg 0.05 -
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2.3 Results

Before Growth. The starting state is identified at growth step 0 and it is characterized
by a stroke volume of approximately 67 ml, with end-diastolic and end-systolic
volumes of about 105 ml and 38 ml respectively. Cardiac output (CO) is about 5.0
l/min, while mean arterial pressure is about 11.5 kPa. The myofiber stress-strain
loops are shown in Figure 2.3 for 12 nodes distributed from endocardium (endo)
to epicardium (epi) and from base to apex. The figure shows how the myofibers
generate different stress-strain loops throughout the whole domain. High stress
values, close to 77 kPa, are generally located near the base, while the lowest values, of
about 40 kPa, are located near the apex. The endocarium is characterized by higher
strain amplitudes in respect with the epicardium. While the endocardium has values
around 0.21 at the base and near 0.30 at the apex, the epicardium ranges from 0.18
at the base to 0.14 at the apex. From the stress-strain loops, the active work density
wa (Eq. 2.8) is extracted. Figure 2.4 shows that before growth, wa is characterized
by a broad range of values, spanning from almost 0 kPa at the apex to 14 kPa at the
endocardial and epicardial surfaces as well as at the basal ring. The homeostatic
set point wa,hom , which corresponds to the spatial averaged wa , it is equal to 7.5 kPa.

During Growth. Once cardiac growth is initiated, the code runs for 87 growth
steps before reaching an unstable configuration in which the Newton solver does
not converge. With the last computed growth step, the left ventricle is characterized
by an increased stroke volume of about 73 ml, with end-diastolic and end-systolic
volumes of about 184 ml and 111 ml. Moreover, MAP and CO are 11.5 kPa and 5.5
l/min. Figure 2.3 shows that after 44 growth steps the majority of the nodes are
characterized by a reduction in sarcomere strain amplitudes, with almost unchanged
systolic stress levels. The sarcomere excursion is reduced between -10% and -30% at
the endocardium, and between -5% and -14% at the epicardium. The only exception
are the apical nodes located between endocardium and epicardium. These are
characterized by an increase of about +62%. After 87 growth steps the stress-strain
loops assume a more rectangular shape for the majority of the nodes, with the
exception of the apex. At the base, the maximum stress levels are around 75 kPa,
which corresponds to an increase of +12% for the endocardial nodes and a decrease
of -4% for the epicardial nodes. The apex is characterized by values ranging from
54 kPa (+2%) at the endocardium to 80 kPa (+98%) at the epicardium. For all the
remaining nodes an increase of about 10 kPa is observed for the nodes close to the
endocardium. Regarding the strain excursion, cardiac growth generally causes a
global decrease for the majority of the nodes, with final values between 0.09 (-49%)
and 0.14 (-38%). The only exception are the central nodes at the apex, which value
is increased to 0.16 (+123%).
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Figure 2.4 shows the shape evolution along with the change of the active work
density wa . Cardiac growth causes an increase of the basal ring thickness and inner
radius of about +15% and +57% respectively, while the apex thickness is reduced
to almost -76%. Moreover, the ventricle becomes more spherical, reducing the
base-to-apex length of about -11%. Regarding wa , Figure 2.4 shows how cardiac
growth reduces the range of values between 4 kPa and 7 kPa for the majority of the
nodes, while the lowest and the highest values are located in the apical region. With
Figure 2.5 a global analysis over all growth steps is shown. The top panel shows how
for the first 50 growth steps both cavity and wall volume increase by about +74% and
+28% respectively. Thereafter, cavity volume continues to increase till +114%, while
wall volume decreases to +20%. The bottom panel shows the change of the spatial
averaged growth stimulus (Eq. 2.9). Starting from growth step 0, the stimulus is equal
to 0 ± 0.42, with the positive values mostly located at the endocardial and epicardial
surfaces as well as the basal ring, while the negative values are located in the apical
region. Such distribution of the stimulus causes an increase of the averaged growth
stimulus to 0.06 in the first 30 steps while the standard deviation is decreased to
0.27. Afterward, at growth step 87, wa decreases to a value of -0.07±0.20.
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Figure 2.5: Top: cavity and wall volume changes during growth. Results are expressed
as change in percentage from the starting state (growth step 0). Bottom: growth
stimulus during growth, expressed as mean and standard deviation.
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Analysis of model setup. The proposed model failed in achieving stability for the
healthy state. In this section, the finite element implementation is questioned, while
in Chapter 3 the underlying concepts of the growth model are discussed.
The first analysis is on the dependence of the solution on spatial discretization.
With Figure 2.6 the previously discussed results are compared with a finer mesh.
The cardiac growth obtained with a finer mesh (Fig. 2.6) does not show significant
different results when compared with a coarse mesh (Fig. 2.4). While with a coarse
mesh the homeostatic load wa,hom is 7.5 kPa, with a finer mesh wa,hom is equal to
7.3 kPa. The growth stimulus starts with a spatially average value equal to 0 ± 0.42
for the coarse mesh and 0 ± 0.45 for the finer mesh. While growth with the coarse
mesh lasts for 87 steps, with a final stimulus of -0.07±0.20, growth with a finer mesh
lasts for 91 steps with a final stimulus of 0± 0.30. As for the coarse mesh simulation,
also for the finer mesh the Newton solver fails to converge. Although more growth
steps could not be computed, it is clear from Figure 2.6 how also the finer mesh
is characterized by the same instabilities of the coarse mesh. The thickness of the
apex and the base-to-apex distance are both reduced to -76% and -11% for the
coarse mesh, while they are reduced of about -67% and -12% for the finer mesh.
Moreover, the basal ring thickness and the inner radius increases to +15% and +57%
for the coarse mesh, and +7% and +60% for the fine mesh. Eventually at the final
computed growth step, cavity and wall volume are both increased to +67% and +20%
respectively for the coarse mesh, while they increased to +91% and +12% for the fine
mesh.
Eventually, to check the coarse mesh quality, the minimum dihedral angle among
adjacent surfaces of an element is considered. In particular, Figure 2.7 is referred
to the element-by-element angle ratio of the mesh at step 87 in respect with step 0.
Extreme values indicates a bad mesh quality which might lead to a computational
failure, especially when the ratio is close to zero. The left panel of Fig. 2.7 illustrates
how a significant amount of elements are characterized by a value below one,
which indicates a decrease in the dihedral angle, hence a decrease in the elements
thickness. The right side of the figure shows how such decrease is more pronounced
at the apex (red), where the majority of the elements have a ratio below one. In
particular, almost 55% of the apex is characterized by a reduction of the angle
between -90% and -60%. A similar decrease is observed for 10% of the remaining
mesh elements (blue), while 55% have a decrease between -60% and -10% and about
35% of the elements have an angle equal or higher than the starting value.
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Figure 2.7: Minimum dihedral angle ratio of the mesh at step 87 in respect with step
0. A value lower than one indicates a decrease in the dihedral angle at step 87, on the
other hand, a value higher than one indicates an increase of the dihedral angle. The
results on the left panel are referred to the complete mesh, while on the right panel
the element at the apex (red) are separated from the remaining elements (blue). The
results are obtained with a coarse mesh.
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2.4 Discussion

In this chapter an alternative approach to cardiac growth is discussed. While, for
the majority of the growth models in literature [3, 11, 13, 21, 22, 28, 37, 38], the de-
formation growth tensor Fg is strictly enforced, in the presented model the realized
volume change Jg is given by the desired volumetric growth Jd ,g of each element
and how such change is resisted by the neighboring elements. As consequence, the
realized Jg can differ from the desired Jd ,g . In this regard the differences between Jg

and Jd ,g are always below 0.5% for the considered simulations. Moreover, instead
of considering a fixed stress-free configuration [1, 23, 27, 32], which implies that
internal stresses in the grown configuration depend on the initial state, an updated
configuration is used [22]. With this approach, it is hypothesized that, due to tissue
turnover, the residual stress depends on the new deposited tissue rather than the
starting state [17]. However, the effect of the turnover has not being modeled in
details, but it is implicitly included in updating the reference state. In a future work,
remodeling effects, such as changes in local tissue properties, should be included.
Although the obtained results show how the model evolves toward a homeostatic
state (Fig. 2.3), a stable state is not obtained. In all the considered simulations
the Newton solver does not converge. In this regard, a smaller time step has been
considered, however a stable state could not be reached. In this study, all the linear
systems are solved with direct methods. Other methods, like the line search, could
be considered as alternative solution. However, the continuous thinning of the apex
would eventually lead to a similar unstable state. There are several potential causes
of divergence. As shown in Figs. 2.4 and 2.7, divergence is mainly caused by the
apical region. It is important to specify that the minimum dihedral angle, used
in Fig. 2.7 as mesh quality check, does not show a symmetric distribution due to
the chosen anisotropic mesh. Nevertheless, it shows how the mesh quality at the
apex is clearly compromised, reaching values close to zero degrees. A re-meshing
algorithm might allow the computation of more growth steps, however it is doubtful
whether such solution could solve instabilities. The high gradients in the fiber field,
which cannot be captured in our coarse mesh, cause the mechanical model to be
less accurate, especially at the apical region. Since the apex is a small fraction of the
total wall volume, such inaccuracy does not cause any unphysiological result in the
mechanics model [6, 20], however for the growth model it gives rise to an extremely
low growth stimulus (Fig. 2.4), resulting into a non-realistic growth. Growth has
also been investigated with a passive apex, along with a no-growth region in the
same region. However, the same type of instability was observed. This problem
might be partially solved by setting local homeostatic set-points for every node, as
proposed in Kerckhoffs et al. (2012) [21], instead of a global value (Eq. 2.9). Having
a node-by-node set-point implies a different tissue behavior, which depends on
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its spatial location. Several studies [15, 35, 39] have demonstrated how the left
ventricle is characterized by different levels of stress and strain, from endocardium
to epicardium, indicating that a local set-point might be reasonable.
The proposed growth law uses only tissue work density as stimulus. Since in
literature growth has been modeled to detect changes in stress or strain levels, the
work density has been chosen as global measure of both stress and strain. Although
tissue work has been proven to be plausible for a paced heart [19], in a recent work,
Witzenburg and Holmes [40] suggested that at least two uncorrelated stimuli should
be used to reproduce a physiological growth. This option is investigated in the
following chapters.
With Figures 2.4 and 2.6 cardiac growth obtained with a coarse mesh, having 5472
elements and 1126 nodes, is compared with growth obtained with a finer mesh,
having 13608 elements and 2696 nodes. Although the results collected with a finer
mesh differ slightly from the coarse mesh, the observed growth does not show a
significantly different pattern, demonstrating not only how a finer mesh does not
solve the discussed instabilities, but also that the coarse mesh can be sufficient for a
preliminary study.
In literature several growth constrictions are used to limit run-away type of growth
[3, 11, 13, 21, 22, 28]. With pathologies, growth might be unbounded; but in our
healthy case, limits to growth, even if they do exist, are not expected to be reached.

Conclusion

In this chapter an alternative approach to cardiac growth is introduced, in which the
actual volume change is determined by the desired volume change and the degree
to which such change is resisted by the surrounding tissue. The performance of
the model is evaluated on its ability to reproduce the homeostatic state, instead
of concentric and eccentric growth. Even though a stable state is not reached, the
model could be a valuable alternative to current growth models, which volumetric
growth is strictly imposed and runaway growth is forbid by the presence of growth
limits.
In the following chapter the proposed growth law is investigated in a one-dimensional,
multiscale model of the left ventricle. By removing the spatial variability from the
problem, several aspects and limits of the growth law are investigated.
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2.5 Appendix

Myofiber orientation

As described in the Methods section, the left ventricular wall is approximated two el-
lipsoids truncated at the same height, in which myofiber orientation e f is described
by a combination of two angles. The helix angle αh , which identifies the base-to-
apex component, and the transverse angle αt , which identifies the endocardium-
to-epicardium direction. Their spatial distribution is expressed in terms of the
normalized local coordinates (u,v) [30]. The normalized longitudinal coordinate
u varies linearly from the base (u=0.5) to apex (u=-1). The normalized transmural
coordinate v varies linearly from the endocardium (v=-1) to the epicardium ( v=1).
The fiber angles are described according to:

αh(u, v) = [h10L0(v) + h11L1(v) + h12L2(v) + h13L3(v) + h14L4(v)] (2.13a)

[1 + h22L2(u) + h24L4(u)]

αt (u, v) = [1 + t11L1(v) + t12L2(v)] (1 − v2) (2.13b)

[t21L1(u) + t23L3(u) + t25L5(u)]

where h22, h24, t11 and t12 are dimensionless parameters and h10, h11, h12, h13, h14,
t21, t23 and t25 are expressed in radians. The polynomials Li (u) and Li (v) are the
Legendre polynomials of order i. Values of the fiber angle parameters are shown in
Table 2.2, while the transmural values of the angles are shown in Figure 2.8.

Active stress

As expressed in Eq. 2.1, the myocardial tissue Cauchy stress σ is divided into a
passive (σp ) and an active (σa) component, with the latter defined along fiber
direction e f . The active stress is a function of the elapsed time since activation (ta),
sarcomere length (ls) and contractile length (lc ) [20]:

σa = ls

ls,0
fi so(lc ) ft wi (ta , ls) Ea (ls − lc ) (2.14)

where ls,0 is the sarcomere length at zero pressure and Ea is the stiffness of the
myofiber. The length dependence is modeled as:

fi so =
{

T0 tanh2 [al (lc − lc,0)] lc ≥ lc,0

0 lc < lc,0
(2.15)
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Figure 2.8: Transmural course of the helix angle αh and the transverse angle αt from
endocardium (endo) to epicardium (epi).

where T0 is a reference active stress level, al controls the steepness of the curve
and lc,0 is the contractile length below which the active stress is zero. The time
dependence is modeled as:

ft wi =


0 0 > ta

tanh2
(

ta
τr

)
tanh2

(
tmax − ta

τd

)
0 ≤ ta ≤ tmax

0 ta < tmax

(2.16a)

tmax = b (ls − ld ) (2.16b)

where τr and τd govern the rise and decay time of the twitch, tmax is twitch duration,
b describes the increase of twitch duration with sarcomere length and ld is the
sarcomere length at which the twitch duration is zero. Eventually the time course of
lc is describes by:

dlc

dt
= [Ea (ls − lc )] v0 (2.17)

where v0 is the unloaded shortening velocity. The material parameters are listed in
Table 2.2.
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Table 2.2: List of parameters used in the model. The chosen values are adapted from
Bovendeerd et al. (2009) [7].

Myofibers Active stress

Parameter Value Unit Parameter Value Unit

h10 0.362 rad al 2 µm−1

h11 -1.16 rad b 160 ms/µm

h12 -0.124 rad Ea 20 µm−1

h13 0.129 rad lc,0 1.5 µm

h14 -0.0614 rad ld -0.5 µm

h22 0.0984 - ls,0 1.89 µm

h24 -0.0701 - T0 160 kPa

t11 -0.626 - v0 0.0075 µm/ms

t12 0.502 - τd 150 ms

t21 0.626 rad τr 75 ms

t23 0.211 rad

t25 0.03 rad
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Abstract

Cardiac growth is the natural capability of the heart to change size in response to
changes in blood flow demand of the growing body. Cardiac diseases can trigger
the same process leading to an abnormal type of growth. Prediction of cardiac
growth would be clinically valuable, but so far published models on cardiac growth
differ with respect to the stimulus-effect relation and constraints used for maximum
growth. In this chapter a one-dimensional, multiscale model of the left ventricle
is used to evaluate cardiac growth in response to three valve diseases, aortic and
mitral regurgitation along with aortic stenosis. Different combinations of stress and
strain based stimuli are investigated, along with their influence on growth in terms
of cavity volume and wall volume and hemodynamic performance. All simulations
are able to reach a converged state without any growth constraint, with the most
promising results obtained while considering at least one stress based stimulus.
This chapter demonstrates how a simple model of left ventricular mechanics can be
used to have a first evaluation on a designed growth law.
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3.1 Introduction

Cardiac growth is a natural process through which the heart adapts to deal with a
change in blood flow demand of the body, which can be related either to changes
in physical exercise [26] or cardiovascular diseases. It has been demonstrated how
pressure overload promotes thickening of the cardiac wall, defined as concentric
type of growth, while volume overload generates a dilated heart with a thinning
of the wall, defined as eccentric growth [8]. Abnormal growth can alter also fetal
hearts as has been discussed in Dewan et al. (2017) [12] for the hypoplastic left heart
syndrome.
Cardiac growth is a complex mechanism involving many sub-processes which occur
at different scales, from tissue level (cellular hypertrophy, apoptosis, proliferation,
extracellular matrix remodeling) [34] to organ level (shape and dimensions) [10, 29].
So far several models [4, 36] have been published describing cardiac growth at both
levels, however the related driving force, namely the growth stimulus, is still under
debate. While some studies used only one stimulus [2, 20], others distinguished
between multiple stimuli, derived from multiple directions in the tissue or from
different instants during the cardiac cycle, working simultaneously [18, 30] or being
pre-selected depending on the type of simulation [14]. A second point of debate
is whether or not to constrain maximum growth. In literature both unconstrained
growth laws [5, 20, 30] and constrained laws can be founded, the latter being
motivated from experimental observations on myocyte properties [14, 18, 25] as
well as availability of nutrients [3].
The aim of this study is to evaluate the capability of several combinations of growth
stimuli, based on myocardial tissue stress and strain, to reproduce a clinically
realistic and stable changes of Left Ventricular (LV) geometry, i.e. LV cavity volume
and wall volume, in response to changes in LV hemodynamic load.
One single law is used in which maximum growth is not constrained nor the type of
growth is prescribed, concentric or eccentric. The growth law is combined with a
lumped parameter model of cardiovascular mechanics, and the changes induced by
valve diseases are then analyzed. Specifically the chosen valve diseases are aortic
stenosis (AS), in which the increase of valve resistance leads to concentric growth
[7, 15, 22], along with aortic regurgitation (AR) and mitral regurgitation (MR), which
lead to an eccentric growth due to an increase of blood flow into the ventricular
cavity [13, 19, 22, 23, 35, 39]. Although MR and AR are characterized by volume
overload, the latter is described by a higher systolic pressure [21, 28, 35, 38]. For this
reason both diseases are considered.
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3.2 Methods

The model of cardiac growth is based on the interaction between a model coupling
the LV mechanics at the tissue level and the organ level, with a model for the
hemodynamics in the systemic circulation, and a growth model in which LV wall
(Vwall) and cavity (Vcav) volumes respond to deviations of actual tissue load from the
corresponding homeostatic value.

3.2.1 LV Mechanics Model

The one-fiber model of cardiac function [1, 5] is used to relate mechanics at the
organ level, expressed in terms of left ventricular pressure pcav and volume Vcav,
to mechanics at the tissue level, expressed with myofiber stress σf and sarcomere
length ls. The main equations for LV mechanics are:

pcav = 1

3
(σf) ln

(
1 + Vwall

Vcav

)
(3.1a)

λf =
ls

ls,0
=

(
Vcav + 1

3 Vwall

Vcav,0 + 1
3 Vwall

) 1
3

(3.1b)

Here Vcav,0 is the cavity volume in the unloaded state and λf is the fiber stretch
ratio. Myofiber stress σf is composed of an active component σa and two passive
components, generated by the collagen matrix along-fiber direction σm,f and radial
direction σm,r. As consequence σf is defined as follows:

σf = σa(ls, ta, vs) + σm,f(λf) − 2σm,r(λr) (3.2)

where vs is the sarcomere shortening velocity, ta is the time elapsed since activation
and λr is the resulting tissue stretch in radial direction under the assumption of
incompressibility. The functional form for σm,f and σm,r is taken from Bovendeerd
et al. (2006) [5], whileσa is adopted from van der Hout et al. (2012) [31]. More details
on these constitutive laws can be found in the Appendix.

3.2.2 Systemic Circulation Model

At the organ level, pcav and Vcav are determined from the interaction between the LV
and the systemic circulation (Fig. 3.1). Arteries (A), veins (V) and peripheral vessels
(P) are modeled by capacitance C and resistances R, with a resulting pressure drop
over the capacitance ∆pC and the resistance ∆pR defined as follows:

∆pR = RqR ; ∆pC = VC −VC,0

C
(3.3)
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Here qR is the flow through the resistance, VC is the volume in the capacitance
and VC,0 is the same volume at zero pressure. The flow through aortic valve (qA)
and mitral valve (qV) is determined by the corresponding R, combined with a
dimensionless resistance parameter k, which is set to kf for forward flow and kb for
backward flow:

q(A;V) = ∆p(A;V)

kR(A;V)
with

{
k = kf for ∆p(A;V) > 0

k = kb for ∆p(A;V) ≤ 0
(3.4)

A healthy valve is represented by kf equal to 1 and kb equal to 106.
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Figure 3.1: Lumped parameter model of the circulation. With mitral valve (MV),
aortic valve (AV), venous and arterial resistance (RV and RA) and capacitance (CV

and CA), peripheral resistance (RP) and venous, arterial and peripheral flows (qV, qA,
qP). This model is coupled with the one-fiber model of LV mechanics.

3.2.3 Growth Model

To control cardiac growth, stress or strain related measures are applied. As the stress
related measure Lσ the mean of the fiber stress σf (Eq. 3.2) over a complete cardiac
cycle of length Tcyc is considered:

Lσ = 1

Tcyc

∫ Tcyc

0
σf(t ) dt (3.5)

As the strain related measure Lε the sarcomere strain amplitude during the same
cycle is used:

Lε = max(ε f ) − min(ε f ) with ε f = ln(λf) (3.6)
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Consequently, the stress-based Sσ and the strain-based Sε stimuli for growth are
defined as follows:

Sσ = Lσ − Lσ,hom

Lσ,hom
; Sε = Lε − Lε,hom

Lε,hom
(3.7)

in which Lσ,hom and Lε,hom represent the homeostatic tissue load for Lσ and Lε
respectively. At the tissue level, growth can be either in the direction of the myofibers
or perpendicular to their orientation. Considering the organization of the myofibers
in the cardiac wall, along-fiber and cross-fiber growth at the tissue level correspond
to an increase of Vcav,0 and Vwall at the organ level respectively. In view of the
governing equations for the one-fiber model (Eq. 3.1) the response to a stress-based
stimulus is modeled as:

1

Vwall

dVwall

dt
= + Sσ

τgrw
(3.8a)

1

Vcav,0

dVcav,0

dt
= − Sσ

τgrw
(3.8b)

Similarly, the response to a strain-based stimulus is modeled as:

1

Vwall

dVwall

dt
= + Sε

τgrw
(3.9a)

1

Vcav,0

dVcav,0

dt
= + Sε

τgrw
(3.9b)

For both Eqs. 3.8 and 3.9 the growth rate constant is defined by τgrw.

3.2.4 Simulations Performed

Initial simulations are performed with parameter settings adopted from van der
Hout et al. (2012) [31], with some settings adapted slightly to achieve realistic
function for a healthy human (Table 3.1). This healthy state is considered the
normal homeostatic state (Hom), from which the values for Lσ,hom and Lε,hom are
collected. Second, three types of valve disease are simulated. For AS a threefold
increase of kf is considered, based on experimental data [27]. To simulate AR and
MR kb is lowered to 6 and 30, respectively, in order to obtain a regurgitant fraction,
defined as the ratio between backward and forward volume, close to 0.6 for both MR
[19, 23] and AR [35]. These pathological cases are labeled AS-0, AR-0 and MR-0. Each
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perturbation altered pressure and volume at the organ level, causing tissue stress
and strain to deviate from their homeostatic values (Fig. 3.2) and consequently
leading to non zero stimuli Sσ and Sε. Third, these stimuli are used as input to
simulate LV growth, resulting in changes of Vcav,0 and Vwall according to Eqs. 3.8
and 3.9. All possible combinations of these equations are considered, although it
might be more realistic for the myocytes to compensate both internal stress and
strain instead of having one preferred loading measure. The simulations are labeled
with σ for a stress based (Eq. 3.8) and ε for a strain based stimulus (Eq. 3.9). In the
resulting label the first letter indicates the growth stimulus used for Vwall, while the
second refers to Vcav,0 stimulus. In specific εε is given by Eqs. 3.9a and 3.9b; εσ by
Eqs. 3.9a and 3.8b; σε by Eqs. 3.8a and 3.9b and finallyσσ by Eqs. 3.8a and 3.8b. The
diseased grown state is identified with AS-G for AS, AR-G for AR and MR-G for MR.
The constant τgrw from Eqs. 3.8 and 3.9 is set to a value of Tcyc/25 while considering
a time step ∆t of 1 ms and a Tcyc of 800 ms.
The Relative Wall Thickness (RWT) is used to characterize the obtained grown state,
and it is defined as follows:

RWT = 2Hwall

Dcav
(3.10)

where Dcav is the LV cavity diameter at the end diastole while Hwall is the LV wall
thickness. From Seldrum et al. (2018) [28], the healthy RWT is identified with 0.31 ±
0.06. As a consequence a higher RWT identifies a concentric type of growth while a
lower value indicates an eccentric type of growth. In order to define Dcav and Hwall

the LV shape is approximated as a thick-walled sphere.
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Table 3.1: List of parameters used in the model. The chosen values are adapted from
van der Hout et al. (2012) [31]. Valve parameters kf and kb are modified for every
valve disease. For aortic stenosis kf is increased to 3, for aortic regurgitation kb is
decreased to 6 while for mitral regurgitation kb is decreased to 30.

Tissue Organ

Parameter Value Unit Parameter Value Unit

ad 400 ms/µm CA 20 ml·kPa

ar 100 ms/µm CV 600 ml·kPa

ca 1.2 µm−1 RA 10 kPa·ms/ml

cf 11.7 - RP 120 kPa·ms/ml

cr 9 - RV 1 kPa·ms/ml

lsa,0 1.5 µm Tcyc 800 ms

lsa,1 2 µm VA,0 500 ml

σa,0 150 kPa Vtot 5000 ml

σf,0 0.9 kPa Vcav,0 67 ml

σr,0 0.2 kPa VV,0 3000 ml

τd,1 250 ms Vwall 200 ml

τr,1 150 ms kf 1 -

v0 0.01 ms/µm kb 106 -
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Figure 3.2: Pressure-volume (left) loop and sarcomere stress-strain (right) loop for
the normal heart(Hom) and hearts with aortic stenosis (AS-0), Aortic Regurgitation
(AR-0) and Mitral Regurgitation (MR-0) without growth.

3.3 Results

The healthy LV has a Stroke Volume (SV) of approximately 67 ml, with highest volume
V max

cav of 154 ml and lowest volume V min
cav of about 87 ml (Fig. 3.2). Cardiac Output

(CO) is about 5 l/min, maximum systolic pressure (pmax
cav ) is 18 kPa, mean arterial

(MAP) and venous (MVP) pressure are 12 kPa and 1.9 kPa respectively. From this
healthy heart simulation, the homeostatic tissue load is derived for Lσ,hom (18 kPa)
and Lε,hom (0.12). Figure 3.2 also shows the effects of valve pathologies on pump
and tissue function. For AS-0, AR-0 and MR-0, pmax

cav changes by +16%, -7% and -24%,
respectively, while SV range changes by -20%, +48% and +58%. Characteristic tissue
stress Lσ changes by +23% and -34% for AS-0 and MR-0, but remains unchanged
for AR-0. Characteristic tissue strain Lε changes by +44%, +78%, and -24% for AR-0,
MR-0 and AS-0. According to the growth model, the deviation of Lε and Lσ from their
homeostatic values results in changes in cavity and wall volume. Figure 3.3 shows
the evolution of Sε, Sσ, Vcav,0 and Vwall during growth. A stable ending state is found
for all combinations of stimuli. Controlling both Sε and Sσ, in simulations εσ andσε,
leads to the same ending state independently by their application on Vcav,0 or Vwall.
However, the temporal evolution of stimuli and volumes towards this ending state is
different. Simulations εε andσσ are able to restore either Sε or Sσ, respectively, since
their growth stimulus depends only on Lε or Lσ. In general, trajectories of the stimuli
and the volumes are straight in simulations εε and σσ, but curved in simulations
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εσ and σε. Aortic valve stenosis, AS-0, causes a change of the growth stimuli Sε ≈
-0.2 and Sσ ≈ +0.2. The final grown state AS-G is characterized by a decrease in both
Vcav,0 and Vwall in simulations εε, εσ and σε. In simulation σσ, Vcav,0 also decreases
but Vwall increases. Aortic valve regurgitation, AR-0, causes stimuli Sε ≈ +0.5 and a
Sσ ≈ 0. In simulation εε, Vcav,0 and Vwall both increase by about 70%. In simulations
εσ and σε, the change in Vwall is about twice as high. Volumes do not change in
simulationσσ, because Sσ is zero. Mitral valve regurgitation, MR-0, yields the largest
stimuli of the three cases, with Sε ≈ 0.8 and Sσ ≈ -0.3. For MR-G simulation εε results
in an increase of cavity and wall volume by about 200%. In simulations εσ and σε,
cavity volume increases by about the same amount, but wall volume increase is
about 100%. In simulation σσ, changes are much smaller, with an increase of cavity
volume by about 30% and a decrease of wall volume of about 75%.

AS-G

AR-G

MR-G

Figure 3.3: Evolution of stress based Sσ and strain based Sε stimuli (left) along with
the ratio of wall volume Vwall and cavity volume at zero pressure Vcav,0 in respect with
their starting values at the homeostatic state, V hom

wall and V hom
cav,0 respectively (right).

Results are related to aortic stenosis (AS-G), aortic regurgitation (AR-G) and mitral
regurgitation (MR-G) for strain (ε) and stress (σ) based stimuli acting on Vwall (first
index) and Vcav,0 (second index). The starting point after inducing the valve pathology
but before growth is identified by a dot.

Figure 3.4 shows organ function and tissue function after growth has been com-
pleted. AS-G is characterized by a decrease of the cavity volume followed by a
decrease in SV of about 20% and an increase in pmax

cav for all stimuli. At the tissue
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level, stress-strain loops after growth are similar to the healthy state, irrespective of
the used stimulus combination. For AR-G simulations εσ and σε have the highest
increase in SV and pressure (+110% and +23% respectively). Simulation εε and σσ
follow the same trend for SV (+80% and +50% respectively) while having a pmax

cav close
to the homeostatic value (+7% for εε and -7% for σσ). Moreover εσ, σε and εε are all
characterized by a similar increase of cavity volume. At the tissue level only εσ and
σε show a stress-strain loop similar to the healthy state. In MR-G, at the organ level,
simulations εσ, σε and εε follow a similar trend with an increase of cavity volumes
and SV, which is higher than in AR-G, along with a smaller increase in pmax

cav . Only
simulation σσ is characterized by a decrease of pressure of about 30%. At the tissue
level εσ and σε have a stress-strain loop close to the homeostatic state while σσ has
the highest excursion in sarcomere strain.

AS-G

AR-G

MR-G

Figure 3.4: Cavity pressure-volume loops and the sarcomere stress-strain loops
after growth during aortic stenosis (AS-G), aortic regurgitation (AR-G) and mitral
regurgitation (MR-G) for strain (ε) and stress (σ) based stimuli acting on wall volume
(first index) and cavity volume (second index). All the simulations with εε and σε as
stimuli have overlapped loops.

With Figure 3.5 the model results are compared with patient data for AS [9, 15] and
AR and MR [17, 28, 33]. With the model parameters shown in Table 3.1, the obtained
homeostatic RWT is 0.32, which is in line with Seldrum et el. [28]. For AS-G all the
stimuli combinations have an ending state in accordance with the clinical trend.
More specifically, the volumes for εε, εσ and σε are in the observed range, while
only σσ is able to predict a pmax

cav and RWT in accordance to patient data. With AR-G
only σσ is characterized by lower volumes than patient data, however all the stimuli
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predict a correct pmax
cav . The change in RWT indicates a concentric growth for εσ

and σε but a slight eccentric growth for εε and σσ. Only the last two are in line
with clinical findings. Eventually with MR-G all the volumes have the same trend
of patient data but only σσ is in the observed range. By evaluating pmax

cav and RWT,
simulations εσ andσε yield results in the clinical range, while results for simulations
σσ and εε are at the border of clinical data, with the latter being characterized by an
opposite trend.

AS-G AR-G MR-G AS-G AR-G MR-G

Figure 3.5: Maximum and minimum LV cavity volume (V max
cav and V min

cav ) along with
maximum systolic pressure (pmax

cav ) and Relative Wall Thickness (RWT) after growth
for aortic stenosis (AS-G), aortic regurgitation (AR-G) and mitral regurgitation (MR-
G). The simulations are labeled according to their stimuli combinations: εε has the
strain stimulus on Vwall and Vcav,0; σσ has the stress stimulus on Vcav,0 and Vwall;
σε has the stress stimulus on Vwall and strain stimulus on Vcav,0; εσ has the strain
stimulus on Vwall and stress stimulus on Vcav,0. The model results are compared with
patient data (grey boxes) [9, 15, 17, 28, 33]. The dashed lines identify the homeostatic
level of the model.

Figure 3.6 shows the evolution of hemodynamics with respect to the Hom simulation.
For AS-G all the stimuli combinations lead to an ending state characterized by an
increase of MVP of about +5% along with a decrease of MAP between -26% and -9%.
CO is reduced in proportion to the decrease in the difference MAP-MVP. For AR-G
an opposite change in MVP is found, except for simulation σσ, but again decreases
in MAP and CO. For MR-G, MVP, MAP and CO decrease in all simulations, with the
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only exception of εε which has a MAP and CO close to the homeostatic state.

Figure 3.6: Hemodynamic change in terms of mean venous pressure (MVP), mean
arterial pressure (MAP) and cardiac output (CO) in respect with the homeostatic state.
Results are shown for aortic stenosis (AS-G), aortic regurgitation (AR-G) and mitral
regurgitation (MR-G) for strain (ε) and stress (σ) based stimuli acting on wall volume
(first index) and cavity volume (second index).
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3.4 Discussion

Cardiac growth is one of the mechanisms through which the heart can respond to
long-term changes of the body. Although the main characteristics of this process
have been already defined in literature, a numerical model capable of predicting
a reliable and unconstrained disease progress is currently under debate. A clear
relation between the growth driving force, defined as the stimulus, and the effect
on tissue and organ level is still missing. Solving this challenge represents a crucial
improvement in supporting clinical decision making.
The aim of this chapter is to evaluate the capability of several combinations of growth
stimuli to reproduce a clinically realistic and stable changes of Left Ventricular
(LV) geometry in response to changes in LV hemodynamic load. To achieve this
goal several combinations of stress based and strain based stimuli are tested in
a simplified model of the LV mechanics [5]. Growth in response to aortic valve
stenosis (AS) is simulated, along with aortic valve regurgitation (AR) and mitral valve
regurgitation (MR). Cardiac growth is described with a single global law, appropriate
for concentric and eccentric growth, unlike models which use different laws [14].
Moreover an a priori stopping criterion is not defined, in contrast to [3, 14, 18, 25],
under the assumption that in the real heart minor changes in cardiac load would
lead to a stable new configuration, well within any possible limits for final growth.
Thus the ability to reach such a stable situation would be an important criterion
to evaluate a growth law. The one fiber model is used to represent LV mechanics
which provides a natural description of LV mechanics with a clear contribution of
LV size and myocardial material properties. Consequently, changes in cavity and
wall volume, as induced by growth, result in a change in LV function without a need
to change tissue properties. This is an advantage in comparison to an even simpler
LV mechanics model, the time-varying elastance model, in which a change in size
has to be converted into a change in elastance, as demonstrated in a similar growth
study by Witzenburg and Holmes (2018) [37]. In addition, the one-fiber model offers
the possibility to use tissue level load, i.e. fiber stress and strain, as an input for
growth. The valve diseases are approximated by changing only a resistance for
forward or backward flow.
Cardiac growth is introduced with Eqs. 3.8 and 3.9, which sign is chosen to achieve
stability. When running the model in Figure 3.1, it can be observed how the mean
stress (Eq. 3.5) decreased with the increase of Vwall and decrease of Vcav,0. For
this reason a stress higher than the homeostatic level, resulting in a positive stress
stimulus, is counteracted by an increase in Vwall (positive sign in Eq. 3.8a ) and a
decrease in Vcav,0 (negative sign in Eq. 3.8b). The same analysis shows how the
sarcomere strain amplitude (Eq. 3.9) decreases with the increase of Vcav,0 as well
as with an increase of Vwall. Thus, a positive strain stimulus is counteracted by an
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increase in Vwall (positive sign in Eq. 3.9a) and Vcav,0 (positive sign in Eq. 3.9b).
Growth is evaluated in terms of the relative wall thickness RWT. Simulation εε is
always characterized by a RWT close to the homeostatic value. This is a consequence
of the stimulus-effect relation in Eq. 3.9, according to which a strain based stimulus
has a similar effect on cavity and wall volume. For σσ, RWT deviates strongly from
the homeostatic value. Indeed, according to stimulus-effect relation of Eq. 3.8, a
stress based stimulus has an opposite effect on cavity and wall volume. Finally, εσ
and σε are defined by opposite type of stimuli which follow different paths during
cardiac growth (Fig. 3.3). Initially the volumes change oppositely for all the diseases.
However, eventually the same ending state is achieved, indicating that there is only
one configuration of Vcav,0 and Vwall such that both stimuli are restored to their
homeostatic values. Hence the choice of applying Sσ and Sε on Vcav,0 or Vwall does
not influence the final result of the model. As a consequence, identical organ and
tissue function loops are observed in Figure 3.4.
The growth stimuli are based on mean fiber stress and sarcomere strain amplitude
during a cardiac cycle, see Eq. 3.5 and 3.6. A further investigation on the influence
of a different stress measure, the peak systolic stress, and a different strain measure,
the maximum strain, has also been considered.
Out of the twelve new combinations of stress and strain stimuli, nine combinations
were found to lead to stable growth in all three pathologies (Figure 3.7). The type
of hypertrophy however was hardly affected in these cases. The remaining three
combinations (mean stress for Vwall with maximum strain for Vcav,0, identified with ×
symbol forσε; peak systolic stress for Vwall with maximum strain for Vcav,0, identified
with 5 symbol for σε; maximum strain for Vwall with peak systolic stress for Vcav,0,
identified with 5 symbol for εσ) yielded stable growth for the two regurgitation
cases, but not for aortic stenosis. Eventually, also the active myofiber work density
(Eq. 2.8) has been considered for this study. However the results obtained are not
discussed due to a divergent evolution of growth. A more extensive evaluation of
other stimuli was considered outside the scope of this study. The sensitivity of
the model on the settings of the homeostatic load parameters is also investigated.
Changes of 20% were found to lead to a new converged state characterized by a
similar change in Vwall and Vcav,0 with a growth stimulus back to zero. Although it
seems there are two growth processes for Vwall and Vcav,0, they are actually closely
linked at the tissue level. For this reason only one τg r w is used for both volumes.
The importance of this parameter is investigated with a series of simulations, which
show that the final ending state is not influenced by a change of τg r w . Finally, upon
removal of the pathology, cavity and wall volume evolve back to the values in the
original homeostatic state.
In this chapter loading measures along myofiber direction are converted into growth
perpendicular to the fiber direction, changing Vwall, and along the fiber direction,
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AS-G AR-G MR-G

Figure 3.7: Relative Wall Thickness (RWT) after growth for aortic stenosis (AS-
G), aortic regurgitation (AR-G) and mitral regurgitation (MR-G). The dashed line
identifies the homeostatic level of the model. Each symbol ( ©, ×, 4 and 5 ) refers to a
different growth stimulus. Mean stress is combined with sarcomere strain amplitude
(©) and maximum strain (×), peak systolic stress is combined with sarcomere strain
amplitude (4) and maximum strain (5). All the stimuli combinations on Vwall and
Vcav,0 are labeled as follows : εε has the strain stimulus on Vwall and Vcav,0; σσ has
the stress stimulus on Vcav,0 and Vwall; σε has the stress stimulus on Vwall and strain
stimulus on Vcav,0; εσ has the strain stimulus on Vwall and stress stimulus on Vcav,0.
Three combinations did not reach a stable ending state for AS-G, hence are not present
in the picture. The combinations are εσ for 5, σε for × and 5.

changing Vcav,0. As result a stable ending state has always been obtained. This
observation is in line with the finding of Witzenburg and Holmes (2017) [36]. The
authors gave a global view on the state of the art for growth models, demonstrating
how only growth applied in multiple directions could recover the homeostatic states.
Moreover this chapter shows how using only a stress based, or only a strain based
stimulus can still describe the generic trend of pressure and volume overload with
a converged state. This finding however does not correspond with Witzenburg
and Holmes (2017) [36], where it was concluded that at least two measures, poorly
coupled during acute phase, were needed to achieve best results.
The model results are compared with clinical data taken from literature. For AS
volumes and RWT are taken from Guzzetti et al. (2019) [15], which was based
on a population of 93 patients, while for pressure values the work of Carroll et
al. (1992) [9] is used, based on a population of 40 patients. For AR and MR the
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clinical data is taken from Seldrum et al. (2018) [28] for both volumes and RWT.
The number of patients having AR was 29 while for MR 59 patients were observed.
Eventually two different studies are used to get LV systolic pressure values. For
AR [33], with 30 patients, and [17], having 46 patients. The collected data refers
to patients having different degrees of severity of valve stenosis and regurgitation.
Moreover, patients rarely suffers of an isolated valve pathology. However, in this
study only one valve disease a time is investigated with only one degree of severity.
Consequently, comparison between model results and literature data can only be
done qualitatively. In a similar study, Witzenburg and Holmes (2018) [37] show how
a better match between clinical and numerical data can be obtained by considering
a customization of the hemodynamic parameters for each case. They not only tuned
the valve pathology, but also adapted the systemic resistance and the stressed blood
volume. Tuning our model to the individual patient as well, would allow for a more
strict test of the model. In particular, it would be interesting to see whether it could
be possible to still use one homeostatic set point, derived from a generic healthy
state, or whether the homeostatic set point should be set differently for different
types of disease, as done by Witzenburg and Holmes (2018) [37].
The proposed model, in its simplicity, lacks the spatial variability which can be

offered by a finite elements (FE) approach. With a 3D FE model, both cross-fiber
and along-fiber changes in stress and strain can be used as growth stimuli and
growth might be defined locally along-fiber and cross-fiber, replacing our organ-
level approach of growth of cavity and wall volume. In a FE model, it would also be
possible to evaluate growth in response to spatially distributed changes in stimuli,
as induced for example by localized infarctions or electrical conduction disorders.
As a drawback, stability of model outcome would not only depend on the growth
law, but also on the choice of boundary conditions and possible deterioration of
element quality during growth [32].
AS, AR and MR are taken as the testing ground for our model, however every possible
change in the preload and afterload of the LV can be considered as a valuable growth
trigger. It is important to highlight the fact that the changes in valve properties
are considered as consequence of an isolated, constant disease. In reality a valve
pathology might also be related to a second disease, or the new grown state might
trigger a remodeling process which can change tissue properties and the contractility
of the myocardium, eventually leading toward heart failure. While more complex
models can be used to better describe the disease, they are not crucial for the scope
of this study.Cardiac growth is described only on the phenomenological level. Thus
stress and strain are assumed to be sensed by the myocytes, but the underling
process at the cellular level [3] is neglected. Moreover the long term compensation
mechanisms, which might arise in response to the decrease in the hemodynamic
function (Fig. 3.6), are also neglected.
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Nevertheless the results show how a simple left ventricular mechanics model is
capable of describing in an elegant way the overall growth response to changes
in global loading, taking into account the effect of growth on hemodynamics in a
closed loop circulation.

Conclusion

Cardiac growth is investigated with a model coupling the LV mechanics at the tissue
and organ level, with which hemodynamics perturbations are related to a myofiber
response, in terms of stress and strain. All four possible combinations of stress and
strain stimuli with cavity and wall volume growth resulted into stable growth, albeit
with different final cavity and wall volumes. Even if it is difficult to select the most
appropriate stimulus-effect relation, most promising results were given by using at
least one stress based stimulus.

3.5 Appendix

As described in the Methods section, σa depends on sarcomere length ls, shortening
velocity vs and the time elapsed from activation ta. The constitutive law is written
as [6]:

σa (ls, ta, vs) = f (ls) g (ta, ls) h (vs) (3.11)

The dependence on ls is expressed as follows:

f (ls) =
{

0 ls ≤ lsa,0

σa,0 tanh2 (
ca

(
ls − lsa,0

))
ls > lsa,0

(3.12)

where σa,0 is a constant active stress level, lsa,0 identifies the length below which
σa is zero and ca defines the curvature behavior. The time dependence is modeled
according to van der Hout et al. (2012) [31]

g (ta, ls) =


0 ta < 0

sin2
(
π
2

ta
τr

)
0 ≤ ta ≤ τr

1− sin2
(
π
2

(ta−τr)
τd

)
τr ≤ ta ≤ τr +τd

0 ta > τr +τd

τr = τr,1 +ar
(
ls − lsa,1

)
τd = τd,1 +ad

(
ls − lsa,1

)
(3.13)
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Here the rise and decay time of the twitch are described by τr and τd. For ls = lsa,1 the
time constants are equal to τr,1 and τd,1 respectively. The evolution of τr and τd with
sarcomere length is governed by parameters ar and ad. Eventually the dependence
on vs is modeled linearly:

h (vs) = 1− (vs/v0) (3.14)

where v0 is the unloaded shortening velocity. All the parameter values of σa (Table
3.1) are based on experimental data [11, 16]. The passive sarcomere stress is
considered as the wall stress generated by the collagen matrix along fiber direction
σm,f and radial direction σm,r [5]. The first is defined as:

σm,f(λf) =
{
σf,0

[
exp(cf (λf − 1)) − 1

]
λf ≥ 1

0 λf < 1
(3.15)

in which σf,0 is the constant passive stress level, while the along fiber stretch λf

identifies the length below which σm,f is zero. Eventually cf defines the curvature of
the exponential behavior.
The passive transverse stress is modeled similarly:

σm,r(λr) =
{
σr,0

[
exp(cr (λr − 1)) − 1

]
λr ≥ 1

0 λr < 1
(3.16)

In this case the radial stretch λr is taken in consideration. All the parameters shown
forσm,f andσm,r (Table 3.1) are based on the pressure-volume relation of the passive
LV taken from experimental data [24].
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Chapter 4

Stimulus-effect relations for left
ventricular growth obtained with a
simple multi-scale model: the
influence of hemodynamic
feedback

The trouble is you can shut your eyes
but you can’t shut your mind.
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Abstract

Cardiac growth is an important mechanism for the human body to respond to
changes in blood flow demand. Being able to predict the development of chronic
growth is clinically relevant, but so far models to predict growth have not reached
consensus on the stimulus-effect relation. In the previous chapter, cardiac and
hemodynamic function are modeled through a lumped parameter approach.
Cardiac growth is evaluated in response to valve diseases using various stimulus-
effect relations resulting into an unphysiological decline pump function. In this
chapter such model is extended with a model of hemodynamic feedback that main-
tains mean arterial pressure and cardiac output through adaptation of peripheral
resistance and circulatory unstressed volume. With the combined model, stable
growth and restoration of pump function are obtained for most growth laws. This
work demonstrates that a mixed combination of stress and strain stimuli is most
promising since (1) it reproduces clinical observations on cardiac growth well,
(2) requires only a small, clinically realistic adaptation of the properties of the
circulatory system and (3) is robust in the sense that results are fairly insensitive
to the exact choice of the chosen mechanics loading measure. This finding may
be used to guide the choice of growth laws in more complex finite element models
of cardiac growth, suitable for predicting the response to spatially varying changes
in tissue load. Eventually, the current model may form a basis for a tool to predict
patient-specific growth in response to spatially homogeneous changes in tissue
load, since it is computationally inexpensive.
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4.1 Introduction

The capability of the human body to maintain an adequate level of oxygen delivery
to the organs is fundamental for survival. The body can rely on several complex
mechanisms to achieve this goal. Cardiac growth is the main mechanism of response
to chronic changes in blood flow demand, induced for example in the growing body.
An in depth review of the cardiovascular adaptations from fetus to adolescence can
be found in Dallaire et al. (2018) [12]. Cardiac growth, although essential, can evolve
into a maladaptive process if the growth stimulus is severe or brusquely applied,
leading to a pathological type of growth [24]. A disease capable of altering either the
preload or afterload of the cardiovascular system, like for instance any valve disease,
can promote an abnormal type of growth. Left ventricular hypertrophy has been
related to an adverse prognosis during long term follow ups, increasing the chance
of mortality [22, 48, 51, 61, 62, 65]. Moreover, although cardiac growth phenotypes
are well characterized [14, 18, 54], the relation between the growth stimulus and the
long term effects on the cardiovascular system is still not completely clear. Being
able to predict changes in left ventricular size and shape not only will increase the
knowledge on cardiac growth, but it might also help patient prognosis, and guide
the treatment of choice.
So far several models of cardiac growth [3, 19, 34, 39, 42, 44, 64] have been proposed,
along with reviews on the state of the art [8, 70], however the nature of the growth
stimulus is still under debate. In the previous chapter [56] growth of the left ventricle
(LV) is studied using a simple multiscale model. The designed growth law is capable
of coupling changes in tissue mechanical load, identified as growth stimuli, into a
volumetric change, expressed by LV wall and cavity volume. Several choices and
combinations of growth stimuli are explored, both stress based and strain based,
with the aim to investigate the stimulus-effect relation. Growth is investigated in
response to three cases of valve disease, aortic stenosis (AS), aortic regurgitation
(AR) and mitral regurgitation (MR). Although stable end growth states are achieved,
most cases are characterized by a drastic decrease in cardiac output (CO) and mean
arterial pressure (MAP) between 20% and 40%. Even though valve pathologies might
decrease cardiac function [20, 37], there is evidence that mean arterial pressure and
cardiac output can be maintained at a normal level [11, 27, 36, 46]. If as healthy
cardiac index a value of about 2.9 l/min/m2 [18, 33, 68] is accepted, along with a
MAP of 100 mmHg [53, 57], these values are often within the reported ranges for
patients having AS [45, 52], AR [23, 58] or MR [36]. However, some studies report a
clear decrease in the hemodynamic function [20, 37, 47, 68]. This might be caused
by an incomplete hemodynamic feedback or by the incapability of the body to cope
the disease severity.
In this study the model of cardiac growth is extended with a hemodynamic feedback
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mechanism which acts upon the circulatory system in order to restore homeostatic
levels of pressure and flow. Such mechanisms are known to act on the short term
and the long term [13, 31]. Short term regulation includes feedback processes which
can be triggered rapidly, with baroreceptors [40], chemoreceptors [25] and humoral
responses [21, 32]. The baroreflex feedback is an important short term mechanism,
through which cardiac properties (contractility, heart rate) and vascular properties
(peripheral resistance, venous tone) are adapted to maintain mean arterial pressure
[15, 28, 59]. Fluid exchange between the vascular and interstitial space, driven by
hemodynamic and osmotic pressure, in combination with neurohumoral control of
renal function is known to control vascular volume on the time scale of hours to days.
On an even longer time scale, cardiac adaptation in terms of contractility is taken
over by growth, while heart rate remains normal [1, 18, 60]. Vascular adaptation is
realized through persistent changes in stressed blood volume and systemic vascular
resistance [11, 28, 35, 59].
In line with the approach of the previous chapter [56], the aim of this study is to
have a phenomenological description of the cardiovascular system adaptations on
the long term. This work is based on several studies which suggest how vasculature
resistance and blood volume can be adapted to regulate the mean arterial pressure
(MAP) [11, 28, 50] and cardiac output (CO) [29, 35]. CO is an important determinant
of the amount of oxygen supplied to the vital organs, while the MAP is the driving
force behind CO. This model aims to recover the CO by updating the afterload of the
system, represented by the systemic resistance, while MAP is restored with a change
in the preload, described by the stressed blood volume.
The scope of this study is to reevaluate the relation between a growth stimulus and
its effects at organ and tissue levels in the presence of the hemodynamic feedback.
As in the previous chapter, the model is tested in case of three valve diseases: AS,
AR and MR. The obtained growth is evaluated in terms of the left ventricular end
diastolic volume index (EDVI), left ventricular mass index (MI) and relative wall
thickness (RWT).
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4.2 Methods

In this work the approach proposed in Chapter 3 is extended. More specifically,
the three submodels for left ventricular (LV) mechanics, systemic circulation and
cardiac growth are extended with a fourth submodel for hemodynamic feedback.

4.2.1 Left Ventricular Mechanics Model

To describe left ventricular mechanics, the one-fiber model [2, 9] is used which
couples the mechanics at the organ level, identified by left ventricular cavity pressure
pcav and cavity volume Vcav, with the mechanics at tissue level, described with
myofiber stress σf and sarcomere length ls.

pcav = 1

3
σf ln

(
1 + Vwall

Vcav

)
(4.1a)

λf =
ls

ls,0
=

(
Vcav + 1

3 Vwall

Vcav,0 + 1
3 Vwall

) 1
3

(4.1b)

Here ls,0 is the sarcomere length at zero pressure, Vcav,0 represents the unstressed
cavity volume, Vwall represents the wall volume and λf is the fiber stretch ratio.
Myofiber stress σf consists of an active component, which depends on ls and the
time elapsed after activation, and a passive component, which depends on λf. A full
description of the model can be found in Bovendeerd et al. (2006) [9] and Rondanina
and Bovendeerd (2020) [56].

4.2.2 Systemic Circulation Model

The systemic circulation is described by a lumped parameter model (Fig. 4.1) which
interacts with the LV mechanics model. The arteries (A) and the veins (V) are
modeled by a resistance R, a capacitor C and an inertance L in series while the
peripheral vessels are approximated by only one resistance. The pressure drop ∆p
over each resistance, capacitor and inertance is defined as follows:

∆pR = RqR (4.2a)

∆pC = VC −VC ,0

C
(4.2b)

∆pL = L
dqL

dt
(4.2c)
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where q is the flow through each segment (R, and L) while VC and VC ,0 are the
stressed and unstressed volumes that a vessel can accommodate. According to Eqs.
4.2a and 4.2c the arterial flow qA is expressed as:

pLV − pA = kAV RA qA + LA
dqA

dt
(4.3)

and the venous flow qV as:

pV − pLV = kMV RV qV + LV
dqV

dt
(4.4)

where pLV is the LV cavity pressure, pA and pV are the arterial and venous pressure,
RA and RV are the arterial and venous resistance, and LA and LV are the arterial
and venous inertance, respectively. The aortic valve (AV) and mitral valve (MV) are
approximated as a diode which function is regulated by the parameters kAV and kMV.
For an healthy AV, kAV is equal to 1 when pLV is higher than pA, otherwise it has a
value of 106. Similarly for an healthy MV, kMV is equal to 1 when pV is higher than
pLV, otherwise it has a value of 106. The peripheral flow qP is described with Eq. 4.2a
as follows:

qP = pA −pV

RP
(4.5)

where RP represents the resistance generated by all the peripheral vessels. Moreover
the cardiac output (CO) is computed as the average of qP over a complete cardiac
cycle.
Pressure levels in the model are dependent on the total stressed blood volume Vsb ,
that identifies the amount of blood volume exceeding the sum of all unstressed
blood volumes:

Vsb =Vtot −
∑
n

Vn,0 (4.6)

where the summation of n includes the zero pressure volumes of arteries (VA,0), veins
(VV,0) and ventricle (Vcav,0). Moreover Vsb is also related to the mean circulatory
filling pressure pmc :

pmc ≈ Vsb

CA +CV
(4.7)
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where the compliance of the LV is neglected. In turn, pmc is an important determi-
nant of LV filling pressure, and hence the LV filling volume. An increase of the filling
volume will cause an increase in the sarcomere stretch which in turn will increase
the sarcomere active stress. With a higher active stress the ventricle will develop a
higher systolic pressure which will eventually increase the MAP and CO.
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Figure 4.1: Lumped parameter model of the circulation. With mitral valve (MV),
aortic valve (AV), venous and arterial resistance (RV and RA), compliance (CV and
CA) and inertance (LV and LA) , peripheral resistance (RP) and venous, arterial and
peripheral flows (qV, qA, qP). This model is coupled with the one-fiber model of left
ventricular (LV) mechanics from which myofiber stress (σf) and sarcomere length (ls)
are obtained.

4.2.3 Growth Model

As in the previous chapter [56], the growth stimulus is defined to measure a differ-
ence in the sarcomere mechanics between the current state and the homeostatic
state (hom). A generic growth stimulus S(σ;ε) is designed to be a function of a stress
loading measure L(σ) or a strain loading measure L(ε).

S(σ;ε) = L(σ;ε) − L(σ;ε),hom

L(σ;ε),hom
(4.8)

Two types of stress stimuli based on the mean (Eq. 4.9a) and maximum stress (Eq.
4.9b) are investigated:

Lav g
σ = 1

Tcyc

∫ Tcyc

0
σf(t ) dt (4.9a)

Lmax
σ = max[σf(t )] (4.9b)
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where Tcyc is the cardiac cycle length. As strain stimuli the sarcomere strain ampli-
tude (Eq. 4.10a) and the maximum strain (Eq. 4.10b) are considered:

Lamp
ε = max[ln(λf)] − min[ln(λf)] (4.10a)

Lmax
ε = max[ln(λf)] (4.10b)

The growth stimulus is then converted into growth of the wall volume Vwall and
the unstressed cavity volume Vcav,0 according to the following law for stress-based
stimuli:

1

Vwall

dVwall

dt
= + Sσ

τgrw
(4.11a)

1

Vcav,0

dVcav,0

dt
= − Sσ

τgrw
(4.11b)

and for strain-based stimuli:

1

Vwall

dVwall

dt
= + Sε

τgrw
(4.12a)

1

Vcav,0

dVcav,0

dt
= + Sε

τgrw
(4.12b)

where τg r w is the growth time constant. The sign in Equations 4.11 and 4.12 is
related to the chosen L(σ;ε) and it is defined such that any divergence from the
homeostatic state of Eq. 4.8 is correctly balanced by a change in Vwall and Vcav,0. The
reader might refer to Chapter 3 for an in depth discussion on this model.
The combination of four growth stimuli (Eqs. 4.9-4.10) and two growth laws (Eq.
4.11a and 4.12a for Vwall, Eq. 4.11b and 4.12b for Vcav,0) results in sixteen possible
combinations that can be evaluated, see Table 4.1. The four cases in which a
strain stimulus drives both cavity and wall growth are labeled as ’strain-only’ cases.
Similarly, four ’stress-only’ cases are identified. The remaining eight cases involve
both stress and strain stimuli and are labeled as ’mixed’ cases. As concluded in the
previous chapter [56], switching the stimuli for cavity and wall growth did not affect
the final grown state. Hence only four cases are evaluated.
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4.2.4 Hemodynamic Feedback Model

The hemodynamic feedback is designed in order to maintain mean arterial pressure
(MAP) and cardiac output (CO) at the homeostatic level. To achieve this goal,
the peripheral resistance (RP) and the stressed blood volume (Vsb) are updated
according to the following differential equations:

1

RP

dRP

dt
= SCO

τhem
, with SCO = CO−COhom

COhom
(4.13a)

1

Vsb

dVsb

dt
= − SM AP

τhem
, with SM AP = MAP−MAPhom

MAPhom
(4.13b)

where τhem is the feedback time constant. The first equation simply expresses that,
given a constant MAP, a drop in CO may be compensated for by a drop in RP (Eq.
4.5). The second equation is based on the Frank-Starling law: an increase in Vsb will
increase pmc (Eq. 4.7) and eventually it will increase the MAP and CO.

Table 4.1: Overview of stimulus-effect relations along with the corresponding label
used in Figures 4.2-4.7. The asterisks in the upper right corner refer to simulations that
are not presented since they show identical end states of growth as the corresponding
simulations in the lower left corner, characterized by a switch of stimuli for wall and
cavity growth.
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Lamp
ε Lmax

ε Lav g
σ Lmax

σ

Lamp
ε 1-1 1-2 * *

Lmax
ε 2-1 2-2 * *

Lav g
σ 3-1 3-2 3-3 3-4

Lmax
σ 4-1 4-2 4-3 4-4
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4.2.5 Parameter settings and simulations performed

Homeostatic state. Settings of the model parameters are based on the previous
Chapter 3, and are listed in Table 4.2. As first step a normal cardiac cycle is simulated,
from which the homeostatic settings are extracted for the growth stimuli Lσ,hom and
Lε,hom (Eq. 4.8) and the hemodynamic feedback control COhom and MAPhom (Eq.
4.13). For all simulations the cardiac cycle Tcyc is considered to last 800 ms.
Acute state. Second, three types of valve disease are introduced as model perturba-
tion. AS is simulated with a three fold increase of kAV during forward flow (pLV > pA)
(Eq. 4.3) [55]. AR and MR are simulated by a decrease of kAV from 106 to 6, when
pLV < pA (Eq. 4.3) and a decrease of kMV from 106 to 30, when pLV < pV (Eq. 4.4), to
obtain a regurgitant fraction close to 0.6 [41, 49, 68].
Growth and hemodynamic feedback. The valve diseases lead the model in a new
mechanical loading state in which the growth stimuli of Eq. 4.8 and hemodynamic
stimuli of Eq. 4.13 are no longer equal to zero. As result the cardiac volumes will
change according to Eqs. 4.11 and 4.12 to restore the myocardial tissue load Lσ
and/or Lε according to the considered growth stimulus (Table 4.1). In presence of
hemodynamic feedback, the circulatory parameters RP and Vsb will also change to
recover the hemodynamic function, represented by COhom and MAPhom , according
to Eq. 4.13. The results are analyzed for the case of growth only, indicated by G, and
the combination of growth and hemodynamic feedback, indicated by GH.
Cardiac growth, since it requires a volumetric structural change, is assumed to be
a slower process compared with the hemodynamic feedback. For this reason the
constant τgrw is set to 32 ms and τhem 16 ms, making the hemodynamic feedback
twice as fast as the cardiac growth.
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4.2.6 Model evaluation

Cardiac growth is quantified with the LV end diastolic volume index (EDVI), the LV
mass index (MI) and the relative wall thickness (RWT). The EDVI and MI are defined
as the end diastolic volume (V max

cav ) and LV mass divided by the body surface area,
which is set to 2 m2 [43], while RWT is computed as ratio between wall thickness
and cavity radius both at end diastole. Following the classification proposed by
Gaasch et al. (2011) [17] the dilated configurations are identified with EDVI higher
than 79 ml/m2, and hypertrophic cases with MI higher than 105 g/m2. Moreover
the geometry is identified as eccentric if RWT is lower than 0.32, normal if RWT is
between 0.32 and 0.42, and concentric if RWT is higher than 0.42.
To evaluate the models, simulations results are compared with clinical data. Data
obtained from [30, 60, 68] are presented by the mean and standard deviation of the
cardiac indexes EDVI, MI and RWT, as shown in the left panels of Figures 4.3, 4.5
and 4.7. Data from [5, 6] are presented in terms of clinical occurrence, see the right
panels of the same figures.

Table 4.2: List of parameters used in the model. The chosen values are adapted from
van der Hout et al. (2012) [66].

Organ

Parameter Value Unit Parameter Value Unit

CA 20 ml/kPa Tcyc 800 ms

CV 600 ml/kPa VA,0 500 ml

LA 60 kPa·ms2/ml Vtot 5000 ml

LV 60 kPa·ms2/ml Vcav,0 67 ml

RA 10 kPa·ms/ml VV,0 3000 ml

RP 120 kPa·ms/ml Vwall 200 ml

RV 1 kPa·ms/ml
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4.3 Results

Since the parameter settings for the healthy state are adopted from Chapter 3, the
homeostatic state identified by the same cardiac output (COhom), of about 5.2
l/min, and mean arterial pressure (MAPhom), of about 12.2 kPa. Maximum and
minimum cavity volume (V max

cav and V min
cav ) are 154 ml and 87 ml, respectively, and a

maximum LV pressure (pmax
cav ) is 18.2 kPa. These values lead to a homeostatic state

characterized by local tissue loads of Lav g
σ,hom of 19.2 kPa, Lmax

σ,hom of 59.3 kPa, Lamp
ε,hom

of 0.12 and Lmax
ε,hom of 0.17.

4.3.1 Aortic Stenosis

Acute state. In the acute state AS leads to a decrease in MAP and CO around -20%
as shown in Figure (4.2). Despite the decrease in MAP, pmax

cav is increased to 21.3
kPa, due to the increased pressure drop over the stenotic valve. At tissue level, this
increase is reflected in a positive value of both stress stimuli. V max

cav remains about
the same at 163 ml, but V min

cav increases to 108 ml, causing Lmax
ε to remain close to

zero, but Lamp
ε to decrease.

Figure 4.2 (following page) : Aortic stenosis (AS) case for the acute state (Acute), the
growth only cases (G) and the cases with growth and hemodynamic feedback (GH).
Results are grouped by a Strain stimulus only, a Stress stimulus only, and a Mixed
stimulus of both stress and strain. For ease of notation, on the horizontal axis the four
stimuli are denoted by: (1) sarcomere strain amplitude Samp

ε , (2) maximum strain
Smax
ε , (3) average sarcomere stress Sav g

σ and (4) maximum stress Smax
σ , see also Tab.

(4.1). Panel a) shows changes in wall volume (∆Vwall) and unstressed cavity volume
(∆Vcav,0), along with the final values of the four stimuli. Panel b) shows changes in
peripheral resistance (RP) and total stressed blood volume (Vsb), along with the final
values of the hemodynamic stimuli related to mean arterial pressure (SM AP ) and
cardiac output (SCO). All the results are shown in respect with the homeostatic state.
Eventually cases 1-2 and 4-3 are unstable for both G and GH simulations.
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Aortic Stenosis

Acute Growth only (G) Growth and hemodynamic feedback (GH)

a)

b)
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Growth only cases. With growth only and no hemodynamic feedback, indicated by
G in Figure (4.2), the strain-only case 1-2, with Lamp

ε driving wall growth and Lmax
ε

driving cavity growth (see Table 4.1), displays a decrease of Vwall towards zero and
an unbounded increase of Vcav,0. For these volumes the model of hemodynamics
could not be solved. The other cases show stable growth, where the controlled strain
measure is fully restored and the remaining stress and strain stimuli are decreased
with respect to their values in the acute case. In the stress-only cases, model 4-3,
with Lmax

σ driving wall growth and Lav g
σ driving cavity growth, did not yield stable

growth, mostly due to an unbounded increase of Vcav,0. The other cases show stable
growth, where the controlled stress measure is fully restored and the remaining
stress and strain stimuli are small. In the mixed cases, the controlled Lε and Lσ
are restored to their homeostatic levels, while the other stimuli tend to be reduced
as well. LV wall volume decreases in most of the 10 stable cases, while the cavity
volume decreases, except for the strain-only case with case 2-2.

Figure 4.3 (following page) : Aortic stenosis (AS) case for the acute state (Acute), the
growth only cases (G) and the cases with growth and hemodynamic feedback (GH).
Results are grouped by a Strain stimulus only, a Stress stimulus only, and a Mixed
stimulus of both stress and strain. For ease of notation, on the horizontal axis the four
stimuli are denoted by: (1) sarcomere strain amplitude Samp

ε , (2) maximum strain
Smax
ε , (3) average sarcomere stress Sav g

σ and (4) maximum stress Smax
σ , see also Tab.

(4.1). The figure shows the left ventricular end diastolic volume index (EDVI), mass
index (MI) and relative wall thickness (RWT). On the three panels patient data is
presented as mean with standard deviation [30], while on the right side patient data
is represented as clinical occurrence in percentage [5]. The left ventricle is considered
dilated if EDVI > 79 ml/m2, hypertrophic if MI > 105 g/m2, and with an eccentric
geometry, with RWT < 0.32, normal geometry, with 0.32 ≤ RWT ≤ 0.42, and concentric
geometry, with RWT > 0.42 [17]. The dashed lines identify the homeostatic level.

76



Influence of hemodynamic feedback on left ventricular growth mechanics

Aortic Stenosis

Acute Growth only (G) Growth and hemodynamic feedback (GH)

Dilated 

(42.6%)

Non dilated 

(57.4%)

Hypertrophic 

(83.1%)

Non Hypetrophic

(16.9%)

Concentric 

(73.8%)

Eccentric 

(3.2%)

Normal

(23.0%)

Clinical

Occurrence (%)
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Growth and hemodynamic feedback. While local tissue load is restored in the
other growth only cases, according to the controlled stimulus, LV hemodynamic
function is not. Adding hemodynamic feedback, as indicated by GH in Figure
(4.2), leads to restoration of hemodynamic function in all 10 stable cases, identified
by SCO = SM AP = 0 (Fig. 4.2, right panel). The hemodynamic feedback does not
solve the instabilities in the growth only models 1-2 and 4-3. For case 1-2 the
influence of the hemodynamic feedback is not significant. For case 4-3 the change
in hemodynamic parameters (peripheral resistance RP and stressed blood volume
Vsb) allows to simulate more growth steps, but both cavity and wall volume display
unbounded growth eventually. In the strain-only case 1-1, this is achieved by large
changes (more than 50%) in hemodynamic parameters. For all the remaining cases,
the changes are within 20%. Regarding the cardiac volumetric change (Vwall and
Vcav,0), the strain-only case with case 2-2 converges at an increase of 300% for
both volumes. For all the remaining cases, cavity volume decreases while wall
volume increases, with changes being below 50%. Eventually adding hemodynamic
feedback tends to increase the non-controlled stress and strain stimuli in strain-
driven growth. For the stress-driven and mixed cases, non-controlled stimuli remain
fairly constant.

Comparison with clinical data. In figure 4.3 the model output is compared with
clinical data. The left panels show how clinical data are characterized by a decrease
in end diastolic volume index EDVI and an increase in relative wall thickness RWT,
while left ventricular mass index MI shows no significant change [30]. EDVI and MI
are predicted fairly well in all simulations, except for the strain-based model 2-2.
RWT is generally underestimated without hemodynamic feedback, but improves
when adding it. Strain-based models 1-1 and 2-2 do not yield realistic results for
RWT. The right side of Figure 4.3 shows clinical data on EDVI, MI and RWT in terms
of prevalence in the patient population [5]. It shows that growth upon AS is most
clearly apparent in MI and RWT, while not reflected at all in EDVI. Again observations
on RWT are captured best by the stress-only and mixed models along with the strain
only model for case 2-1, especially with the addition of hemodynamic feedback.

4.3.2 Aortic Regurgitation

Acute State. In the acute case AR leads toward a decrease in MAP and CO around
20% (Fig. 4.4,right). The regurgitant valve causes an increase of V max

cav to 180 ml,
while V min

cav decreases to 83 ml causing both strain stimuli to increase. The minor
drop in pmax

cav to 17 kPa causes both stress stimuli to remain close to zero (Fig. 4.4,
left panel).
Growth only cases. With strain-only feedback, the case 1-2 does not converge
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due to a decrease of Vwall toward zero and an unbounded increase of Vcav,0. In
the cases driven by one stimulus only (1-1 and 2-2), the non-controlled stimuli
tend to increase. Case 2-1 causes all stimuli to approach zero. In the stress-only
feedback, the case 4-3 does not converge due to a decrease of LV volumes toward
zero. The remaining cases show stable growth, with the controlled stress measure
fully recovered while the strain stimuli remain almost unchanged compared with
the acute state. In the mixed cases the controlled stimuli return to zero, while
the others are close to zero. Strain-only and mixed cases have an increase in Vwall

and Vcav,0 while with the stress-only cases significant changes are not obtained,
except with case 3-4 which is also characterized by an increased Vwall and Vcav,0. In
Figure (4.4,right panel) it can be observed how strain-only case 2-1 and the mixed
cases have a recovered hemodynamic function. In the other models hemodynamic
function is still decreased.
Growth and hemodynamic feedback. Hemodynamic function is restored in all
stable growth cases upon adding hemodynamic feedback. The hemodynamic
feedback however does not solve the instabilities in the growth only models 1-2
and 4-3, which are characterized by a similar divergence as observed for the growth
only cases. In the cases where hemodynamic function was restored already in the
growth-only cases, changes in circulatory parameters RP and Vsb are about zero.
Cases 2-2 and 3-4, that already showed improvement in hemodynamic function in
the growth-only situation, require small changes in RP and Vsb . The remaining cases
1-1, 3-3 and 4-4 require changes inRP and Vsb of 15-30%. Regarding LV volumetric
growth an increase in Vwall and Vcav,0 is observed for all 10 stable cases, except for a
decrease in Vcav,0 obtained with the stress-only stimuli for cases 3-3 and 4-4.
Comparison with clinical data. The left panel of Figure 4.5 shows that clinical
data are characterized by an increase in end diastolic volume index EDVI and left
ventricular mass index MI, with a decrease of the relative wall thickness RWT [60, 68].
In the strain-only models, these observations are best captured in case 1-1. In the
stress only models adding hemodynamic feedback improves the results for MI but
worsen those for RWT, while the EDVI remains almost unchanged. The mixed
models show good agreement for EDVI, but overestimate MI and fail to predict the
decrease in RWT. The right side of Figure 4.5 shows clinical data on EDVI, MI and
RWT in terms of prevalence in the patient population [6]. It shows that result of all
growth models agree with the clinical observations that EDVI and MI are increased,
indicating dilated hypertrophic hearts. As RWT shows no significant clinical pattern,
it cannot be used to judge the quality of the growth models.
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Aortic Regurgitation

Acute Growth only (G) Growth and hemodynamic feedback (GH)

a)

b)

Figure 4.4: Results for the aortic regurgitation (AR) case, presented according to the
format in Figure 4.2. Cases 1-2 and 4-3 are unstable for both G and GH simulations.
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Aortic Regurgitation

Acute Growth only (G) Growth and hemodynamic feedback (GH)

Dilated 

(61.6%)

Non dilated 

(38.4%)

Hypertrophic 

(85.4%)

Non Hypetrophic

(14.6%)

Concentric 

(25.7%)

Eccentric 

(14.6%)

Normal

(59.7%)

Clinical

Occurrence (%)

Figure 4.5: Results for the aortic regurgitation (AR) case, presented according to the
format in Figure 4.3. On the three panels, patient data is identified as mean with
standard deviation, with data collected from [68] for end diastolic volume EDVI and
mass index MI while [60] is used for relative wall thickness RWT. On the right side,
patient data is represented as clinical occurrence in percentage [6].
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4.3.3 Mitral Regurgitation

Acute state. In the acute state MR leads to a decrease in MAP and CO of about 20%,
as shown in Figure 4.6. The backflow through the mitral valve causes a decrease
in pmax

cav at 15 kPa and V min
cav at 56 ml, causing negative stress stimuli and a positive

Lamp
ε . Since V max

cav remains approximately the same, Lmax
ε is about zero.

Growth only cases. The strain-only case 1-2 does not converge because of a steep
increase of Vwall. The other strain-only cases show stable growth, with the controlled
strain measure fully recovered. The remaining strain and stress stimuli are close
to the homeostatic level for cases 1-1 and 2-1, but remain unchanged for case 2-2.
In the stress-only cases, model 4-3 did not yield stable growth due to a decrease
of both volumes towards zero. The remaining cases show stable growth, with the
controlled stress measure fully recovered and the remaining stress stimulus close
to homeostatic level, while all remaining strain stimuli are positive. Regarding the
mixed cases the controlled stimuli are fully recovered with the remaining stimuli
close to the homeostatic state. With the stress-only models a general decrease of
Vwall and an increase of Vcav,0 is observed, while for the strain-only and mixed cases
both volumes are increased.
Growth and hemodynamic feedback. The hemodynamic feedback however does
not solve the instabilities in the growth only models 1-2 and 4-3, as these simulations
are characterized by a similar change in volume as in the growth only cases.
Restoration of MAP and CO through hemodynamic feedback (GH) requires changes
in RP and Vsb below 3% for the strain-only and mixed cases, and more pronounced
changes in the stress-only case, reaching up to almost 50% for case 3-3 and 4-4.
Adding hemodynamic feedback causes an increase of Vwall in most converged cases,
except for case 1-1. Vcav,0 increases with case 2-2 and 3-4, decreases with 3-3 and
4-4 while it remains almost unchanged for the remaining cases.
Comparison with clinical data. Clinical data in the left panels of Figure 4.7 show an
increase in end diastolic volume index EDVI and mass index MI, while the relative
wall thickness RWT tends to decrease [60]. The observations on EDVI are captured
by all the 10 converged simulations. For MI the addition of hemodynamic feedback
helps only the stress models 3-3 and 3-4, while it causes an over-estimation for
the strain-only and mixed models. The right side of Figure 4.7 shows clinical data
on EDVI, MI and RWT in terms of prevalence in the patient population [5, 6]. It
shows that growth upon MR is most clearly apparent in MI and EDVI. For these
cases adding the hemodynamic feedback improves the results.
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Mitral Regurgitation

Acute Growth only (G) Growth and hemodynamic feedback (GH)

a)

b)

Figure 4.6: Results for the mitral regurgitation (MR) case, presented according to the
format in Figure 4.2. Cases 1-2 and 4-3 are unstable for both G and GH simulations.
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Mitral Regurgitation

Acute Growth only (G) Growth and hemodynamic feedback (GH)

Dilated 

(59.1%)

Non dilated 

(40.9%)

Hypertrophic 

(86.0%)

Non Hypetrophic

(14.0%)

Concentric 

(47.3%)

Eccentric 

(10.8%)

Normal

(41.9%)

Clinical

Occurrence (%)

Figure 4.7: Results for the mitral regurgitation (MR) case, presented according to the
format in Figure 4.3. On the three panels, patient data is identified as mean with
standard deviation, with data collected from [68] for end diastolic volume EDVI and
mass index MI while [60] is used for relative wall thickness RWT. On the right side,
patient data is represented as clinical occurrence in percentage [5, 6].
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4.4 Discussion

Cardiac growth is one of the adaptation for the heart to respond mechanisms to
changes in preload and afterload. In Chapter 3, growth is simulated in response to
valve disease for several combinations of stress and strain based stimuli. In most
cases a decrease in hemodynamic function is observed, which is expressed in terms
of mean arterial pressure (MAP) and cardiac output (CO), between 20% and 40%. In
the current study, the hypothesis that such a decrease is counteracted by an adaptive
response of the circulatory system is evaluated.

Considerations on the methods

Hemodynamic regulation is a complex process which involves short and long
term mechanisms to maintain blood supply and consequently oxygen delivery
at an adequate level. It involves hormone synthesis along with the activity of the
sympathetic nervous system [11, 13, 26, 31]. There is evidence in literature that both
MAP and CO are regulated by an adaptation of vasculature resistance RP and blood
volume Vsb [11, 27, 28, 35].
In the hemodynamic regulation model, MAP and CO are indeed controlled, through
changes in RP and Vsb , but a detailed description of the influence of the nervous
system was considered outside the scope of this study.
Regarding the speed of growth and hemodynamic feedback (Eqs. 4.11 and 4.13), it
has been reasoned that the body shall react first to a change in hemodynamic load
with the hormonal and neural response causing vasodilation or vasoconstriction
of the peripheral arteries, and hence RP, or changes in renal function, affecting Vsb .
Cardiac growth would occur at a longer time scale in case of a persisting change
in load. For this reason the hemodynamic feedback constant τhem is smaller than
the growth constant τgrw. The actual values are chosen in order to limit simulation
times. Obviously, the real time scale would be much longer, presumably on the
order of months. As shown in Chapter 3, these constants might affect the time
course of changes in circulatory and cardiac parameters, but they do not interfere
with the final ending state of the model. This has been verified by varying the ratio
τg r w /τhem over a range 1/16 ≤ τg r w /τhem ≤ 16.
A phenomenological growth law is employed, which is common in many growth
models [70]. Such models assume that fiber stress or strain (or both) can be sensed
by cardiomyocytes, and that these cells respond by growth along or perpendicular
to the fiber direction. They do not address the actual processes at (sub-)cellular
level. The simplification at this level makes it computationally feasible to evaluate
the effect of growth at organ level, and to even include adaptation of the circulatory
system. In comparison to finite element (FE) models, this model lacks the ability
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to describe spatially varying growth in response to spatially varying changes in
myocardial load, as induced for example by myocardial infarction or conduction
disorders. As an advantage, the numerical problems that may arise in FE models
are avoided, which typically are related to distortion of elements during growth or
uncertainty on boundary conditions [67]. Thus, the intrinsic stability of a potential
growth law are tested better. In addition, the computational load of this model is
orders of magnitude less than that of FE models, allowing a quick evaluation of
different types of growth laws, and offering more potential for eventual use in the
clinic. It has not been established yet what is the most representative stimulus for
cardiac growth. In literature several models have been proposed with a growth law
based on a single stimulus [42] or on multiple stimuli [3, 4, 39, 64]. In general, these
stimuli are either stress-based or strain-based [8, 70], although a mixed stress-strain
stimulus has been used as well [63]. Often growth is driven by a stress stimulus upon
pressure overload and a strain stimulus during volume overload [19]. Moreover,
with this model a mixed stress-strain stimulus is investigated. We note that stress
and strain are linked through constitutive equations, but that the equation for active
stress is time dependent. Hence, a full recovery of stress or strain to the homeostatic
state does not necessarily imply a recovery of the counterpart strain or stress. As
consequence a complete recovery of the strain level does not necessarily mean a
recovery of the stress level.

Considerations on the results

The growth only cases in general cause a decrease in hemodynamic function iden-
tical to the one found in Chapter 3. The addition of the hemodynamic feedback
caused hemodynamic function to be restored to its homeostatic level in all 10 stable
stimuli combinations out of the 12 combinations tested. To assess whether the
changes in RP and Vsb are realistic, clinical observations are addressed first. The
reported range of RP for control cases is between 134.6 ± 29.9 kPa·ms/ml and 169.5
± 34.5 kPa·ms/ml [18, 33, 53]. For AS it is between 118.2 ± 14.3 kPa·ms/ml and 194.2
± 60.3 [16, 45, 52]. For AR it is between 126.4 ± 11.2 kPa·ms/ml and 169.5 ± 29.8
kPa·ms/ml. Finally for MR it is between 147.0 ± 31.0 kPa·ms/ml and 159.0 ± 34.0
kPa·ms/ml. These data suggest that RP stays within the normal range for the various
valve pathologies. As indicator of Vsb the mean circulatory pressure pmc (Eq. 4.7)
can be used, that has a normal value of 2.93 ± 1.07 kPa [46]. In this case, a general
increase of pmc for AS [10, 45, 47] and MR [36] is observed, with values from 2.93 ±
0.93 kPa to 5.33 ± 1.33 kPa, but not for AR [23, 46], which values span from 2.53 ±
0.53 kPa to 2.93 ± 0.67 kPa.
With respect to the change in cardiac indexes EDVI, MI and RWT, the clinical data
considered for figures 4.3, 4.5 and 4.7 are in general agreement. Differences occur
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with respect to EDVI and MI for AS, as well as the RWT for the MR and AR. These
differences might be caused by the presence of simultaneous moderate diseases
in [5, 6] which led to secondary effects. Due to a lack of clinical occurrence data
for a severe MR, in Fig. 4.7 both [5] and [6] are considered. The resulting clinical
occurrence refers to moderate MR cases in presence of a severe AS or AR.
With the strain-based growth laws, case 2-1 performed best. In line with experimen-
tal observations, changes in RP and Vsb are small. Cardiac indexes EDVI, MI and
RWT are predicted well, except for an overestimation of MI in MR. Case 2-2 yields
small changes in RP and Vsb as well, but EDVI and MI are overestimated in both AS
and AR. Case 1-1 requires unrealistically large changes in RP and Vsb in AS and AR,
whereas MI is severely overestimated in MR. Finally, case 1-2 did not converge at all.
For the stress-based growth laws, case 3-4 performed best. Changes in RP and Vsb

are small and cardiac indexes are predicted well, except for a large RWT in AR. Cases
3-3 and 4-4 show unrealistic changes in RP and Vsb during AR and MR. Finally, case
4-3 did not converge at all.
For the mixed stress-strain cases, the final state for the LV and the circulation is
independent of the way the growth stimuli are applied, as was also observed in
Chapter 3. The results of all mixed simulations are similar. Changes in RP and Vsb

are small, in line with experimental observations. Also changes in cardiac indexes
match experimental observations, except for an overestimation of RWT and MI
in AR, and an overestimation of MI in MR. In this respect, adding hemodynamic
feedback improved prediction of RWT in AS, but worsened prediction of MI in MR.
Still, the overall affect of adding hemodynamic feedback in the mixed models is
positive, as it restores hemodynamic function to normal, physiologically realistic
levels, in particular in the AS and MR scenarios.
Since the mixed models are less dependent on the precise nature of the stimulus and
because the true nature of the growth stimulus is not known yet, we think that these
models are most promising for future research. However, the comparison of model
results with clinical data is not trivial. The amount of change in cardiac indexes
and hemodynamic parameters obviously depends on the severity of the disease.
The AS is modeled through a three fold increase of aortic resistance while AR and
MR are characterized by a regurgitant fraction close to 0.6. It has been verified that
a different level of severity did not affect the type of hypertrophy, even though it
leads toward a different ending state. While the isolated perturbation in the model
facilitates the analysis, at the same time it might not be representative for real clinical
cases, where the valve disease might progress and secondary pathologies might play
a role.
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Comparison with other models

In literature the majority of the studies on modeling growth focus on LV geometry
but pay less attention to the circulation. Arts et al. (2005) [3] proposed a model of
hemodynamic control in which the blood volume and the peripheral pulmonary
resistance were adapted to simulate pressure control. Moreover the geometry of
the vessels was also changed to sustain changes in blood flow. Later, Kerckhoffs et
al. (2012) [38] adopted this model to simulate a left bundle branch block, in which
also the cardiac output was regulated by peripheral resistance. Along with these
parameters, other candidates for the hemodynamic feedback are the arterial and
venous compliance (C A and CV ), the LV elastance and the heart rate [7, 69]. Regard-
ing the heart rate, this parameter is maintained constant, under the assumption
that a change of heart rate might be interpreted as an incomplete hemodynamic
adaptation rather than a direct consequence of the studied disease. Moreover, in
literature a significant correlation between heart rate and valve disease could not be
found [1, 60]. Eventually updates in C A and CV affect cardiac function in a similar
manner as an update in Vsb : they change the mean circulatory filling pressure (Eq.
4.7), and affect cardiac function through the Frank-Starling effect.
The proposed analysis is similar to the one proposed by Witzenburg and Holmes
(2018) [71] for AS and MR. These authors also combined lumped parameters models
of left ventricular and circulatory mechanics with a phenomenologic growth law.
They fitted circulatory and growth law parameters to match results from hemo-
dynamic overload studies in dogs, and tested to what extent the resulting model
predicted growth in independent studies of hemodynamic overload. They describe
LV mechanics with a time-varying elastance model, that does not allow for an easy
relation between constitutive properties at organ level (describing pressure-volume
relations through compartmental parameters "A", "B", "E" and "V0") and tissue level
(describing stress-strain relations through material parameters "a", "b" and "e").
This relation occurs more naturally in the one-fiber model which has been used
in this study, as shown in Equation 4.1a. Consequently growth-induced changes
in cavity and wall volume are also reflected in the LV pressure-volume behaviour
more naturally. This model also enables computation of local tissue load, with
the limitation that fiber stress and strain should be considered as representative
spatially averaged values. Hence it is possible to establish a natural stimulus-effect
relation, from tissue load to change in cardiac size.
Considering the circulatory system, Witzenburg and Holmes (2018) [71] match
acute hemodynamic data from the experiments and prescribe the evolution of
resistance RP and the degree of mitral valve regurgitation. In this approach a
constant valve pathology is prescribed and RP and Vsb are adapted according to
the hemodynamic feedback model. Interestingly, Witzenburg and Holmes (2018)
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[71] find that matching acute changes in hemodynamics is more important than
matching the subsequent evolution, suggesting that this evolution involves minor
changes as compared to the acute changes. This observation matches with clinical
data and supports the proposed selection of the most promising models on the basis
of minor changes in RP and Vsb .
Considering the growth law, Witzenburg and Holmes (2018) [71] investigate one
option, considered most promising in an earlier study [70]. In this model, an increase
in maximum circumferential strain results in an increase in cavity volume and an
increase in maximum radial strain results in an increase in wall volume. In this
model, the maximum radial strain, or the minimum fiber strain, are not considered.
The option resembling the one in Witzenburg and Holmes (2018) [71] best would
be the strain-based model 2-1 with maximum fiber strain driving wall growth and
strain amplitude driving cavity growth. Indeed, it has been found that this model
performs well in the case of AS and MR, investigated by Witzenburg and Holmes
(2018) [71]. However, the models with a mixed stimulus perform equally well. This
confirms the more general conclusion of Witzenburg and Holmes (2017) [70], that
the most promising growth laws employ multiple inputs.

Limitations and outlook

An important limitation of this study is that only two strain stimuli and two stress
stimuli have been considered. It would be interesting to extend the analysis to more
stimuli. For example minimum sarcomere length could be used as an alternative
strain stimulus, to enable better comparison with the study of Witzenburg and
Holmes (2018) [71]. This analysis could also be extended to other cardiac conditions,
for example the growth of the athlete’s heart where presumably cardiac growth
occurs homogeneously throughout the wall. As addressed above, to assess growth
in conditions that involve spatially varying changes in tissue load, the step towards
a finite element model should be made. The findings of this study might be used
to guide the choice of the growth model in the finite element model. Finally,
the current model may already form a basis for a tool to predict patient-specific
growth in response to spatially homogeneous changes in tissue load, since it is
computationally inexpensive. As a first step towards this goal, the model should be
tested on its ability to predict growth in individual rather than generic cases, similar
to the approach followed by Witzenburg and Holmes (2019) [69].
Finally, the focus has been only on growth models that resulted in a stable ending
state. While a stable state may be expected to exist clinically for minor valve
pathologies, it is unclear whether it would exist for the degree of valve dysfunction
used in the considered simulations. Such data are unavailable since, in the clinical
case, potential unbound growth would probably be prevented by valve replacement.
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Despite these considerations we think the proposed analysis still offers valuable
points of reflection.

Conclusion

Cardiac growth and circulatory adaptation have been investigated in response to
three valve diseases (aortic stenosis, aortic regurgitation and mitral regurgitation).
A lumped multi-scale model of LV mechanics and a lumped model of circulatory
hemodynamics have been integrated with a model for tissue growth and hemo-
dynamic feedback. This study shows the importance of coupling growth with
hemodynamic feedback. With this model, the homeostatic state is restored at
circulatory level, characterized by pressure and flow, and at tissue level, expressed
with various combinations of stress and strain. The results obtained by using a
combination of stress and strain stimuli to drive cardiac growth (1) matched clinical
observations on cardiac growth well (2) required only a small, clinically realistic
adaptation of the properties of the circulatory system and (3) were fairly insensitive
to the exact choice of the chosen mechanics loading measure. Thus, this study
suggests to model cardiac growth using a mixed stress-strain stimulus as input, to
maintain homoeostatic tissue load, in combination with a model of hemodynamic
feedback to maintain cardiac pump function.
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Chapter 5

Influence of the homeostatic
reference load for an anisotropic
growth law

Coming back to where you started
is not the same as never leaving.

SIR T.D.J. PRATCHETT - A HAT FULL OF SKY



Abstract

In this thesis, left ventricular growth is first investigated with an alternative nu-
merical model. The key concepts of the method are related to the unconstrained
growth law, and the volumetric change which depends on the interactions between
tissue elements with their surrounding. The model was evaluated on its ability to
reproduce a stable healthy state, however a homeostatic equilibrium could not
be reached. Instabilities related to the growth law are investigated in Chapter
3 and Chapter 4, in which a simple one-dimensional model of left ventricular
mechanics is used. From these chapters, it has been concluded that the growth law
is capable of reaching a stable grown state, although the results are affected by a
significant decrease in the left ventricular hemodynamic functions, expressed by a
decrease in mean arterial pressure and cardiac output. In Chapter 4, the use of a
hemodynamic feedback model, along with a model of growth mechanics, has been
demonstrated. Clinically relevant results are obtained while considering a mixed
formulation of stress-based and strain-based growth stimuli. Finally, these new
insights are taken in consideration for this chapter. The previously isotropic growth
law, is substituted with an anisotropic law, distinguishing changes in cross-fiber and
along-fiber direction. This is achieved by considering two growth stimuli, related
to stress-based and strain-based tissue loads. The amount of volumetric change
depends on the difference between these tissue loads and their correspondent value
at the homeostatic healthy state. In this chapter, the results obtained with a spatially
homogeneous homeostatic load are compared with a spatially inhomogeneous
homeostatic load. The models are evaluated on their ability to reproduce the
homeostatic state and, if stability is achieved in such state, the models are tested
also with aortic valve stenosis.
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5.1 Introduction

In Chapter 2 of the thesis a new three-dimensional model for cardiac growth has
been proposed. Differently from the most common models [4, 20, 29], growth is
not subjected to any constraint [9], nor the direction nor the amount of growth
are defined a priori [10]. Instead, the growth stimulus, derived from a local tis-
sue load, is translated into a desired volumetric growth [18]. The actual realized
volumetric growth is obtained by considering the mechanical interaction with
the surrounding tissue elements. The capability of the model to maintain the
homeostatic state, in which no adaptation is required [8, 11, 13, 14], was tested under
normal hemodynamic loading conditions. Since a stable ending state could not be
reached, growth was then tested on a simpler multi-scale model of LV mechanics
[24]. Spatial variability was removed and the LV mechanics were described by a
single continuous fiber running through the whole domain [2, 5]. In Chapter 3 it
was proven that a stable state can be reached with a simple LV domain, and that the
results obtained are reasonably close to clinical data. In Chapter 4 it was suggested
how the growth model can be coupled with a hemodynamic feedback model to avoid
an unrealistic decrease in the LV hemodynamic function. From these studies, an
important conclusion was that cardiac growth is better described with two unrelated
mechanical loads, as it has been also discussed in Witzenburg and Holmes (2017)
[29].
In this chapter the finite element model for left ventricular growth from Chapter 2
is improved by including the knowledge gained in Chapters 3 and 4. The isotropic
growth law is modified into an anisotropic law, distinguishing the along-fiber
direction from the cross-fiber direction. Although isotropic growth laws are most
common in literature [17–19, 22], along with a selective law for concentric or
eccentric growth [7, 9, 10], an anisotropic law offers a more realistic description of
cardiac growth [16, 29, 30].
Based on the knowledge of Chapter 4, the two growth stimuli are based on stress
and strain mechanical loads. In this chapter two types of homeostatic load, which
are used as healthy reference for growth, are investigated. Along with a spatially
homogeneous homeostatic load, valid for every node of the domain, a spatially
inhomogeneous homeostatic load, which varies over the domain, is assigned node -
by - node.
The models will be tested under normal hemodynamic conditions, to verify their
capability of maintaining the homeostatic state, as well as in case of aortic stenosis.
This chapter represents a preliminary study, hence several modeling alternatives,
such as the use of the hemodynamic feedback model, are not considered.
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5.2 Methods

The interaction between the models of cardiac mechanics and cardiac growth
is illustrated in Figure 5.1. As first step, the homeostatic state is defined from
the mechanics model, along with the reference values for the growth stimuli. By
comparing the growth stimulus with the homeostatic load at every growth step, a
new stress-free configuration is obtained for the following mechanics computations.
This process is repeated ideally until convergence.

5.2.1 Model of cardiac mechanics

The model for cardiac mechanics, which is based on Bovendeerd et al. (2009) [6], has
already been presented in Chapter 2, here only the main equations will be discussed.
The left ventricle (LV) is approximated by a thick-walled truncated ellipsoid and the
myofiber direction is identified by e f . The Cauchy stress σ is decomposed into a
passive component σp and an along-fiber active component σa :

σ = σp + σa e f e f (5.1)

The active stressσa is modeled as function of time, sarcomere length and sarcomere
shortening velocity. The passive material is considered as non-linearly elastic,
transversely isotropic and nearly incompressible and it is described through a strain
energy density function W, which is composed of a shape part Ws and a volumetric
part Wv :

W = Ws + Wv (5.2)

The shape part Ws is defined as an exponential function of the components of the
Green-Lagrange strain tensor E, while the volumetric term Wv is defined as:

Wv = a4
[
det(FT · F) − 1

]2
(5.3)

where the bulk modulus a4 is set to 100 kPa. Cardiac deformation is computed by
solving the balance of momentum, with essential boundary conditions to suppress
rigid body motion. In particular the basal plane is prevented from moving in
axial direction, while the rotation of the endocardial basal ring is suppressed. The
epicardial surface is traction free while the endocardial surface is subjected to a
uniform left ventricular pressure.
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Figure 5.1: 1) Cardiac mechanics are first computed with the starting unloaded mesh
(Ω0, σ= 0). 2) Two mechanical loads (Lav g

σ and Lamp
ε ) are chosen, from which the

homeostatic loads (homogeneous and inhomogeneous) are computed (Lav g
σ,hom and

Lamp
ε,hom). 3) The growth stimulus is obtained by comparing the current Lav g

σ and Lamp
ε

with Lav g
σ,hom and Lamp

ε,hom. 4) From the growth stimulus, the desired cross-fiber Jd ,c f and
along-fiber Jd , f f volumetric growth are obtained, and the volumetric strain energy
density function Wv,g is updated. 5) The actual total growth Fg and relative volume
change Jg are computed. 6) From Fg the new unloaded, and internally unstressed,
mesh is obtained (Ωg , σg ≈ 0). 7) New cardiac mechanics are evaluated and the
process is repeated from 3). Arterial, venous and peripheral resistance (RA,RV,RP) are
kept constant, as well as arterial and venous capacitance (CA, CV).
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5.2.2 Model of growth mechanics

Growth of the tissue is driven by two local tissue loads, a stress based Lav g
σ and

a strain based Lamp
ε load. For the stress load, the active stress averaged over a

complete cardiac cycle, of length Tcyc, is chosen:

Lav g
σ = 1

Tcyc

∫ Tcyc

0
σa(t ) dt (5.4)

For the strain load, the along-fiber stretch amplitude over one cycle is chosen:

Lamp
ε = max(λ f ) − min(λ f ) with λ f =

√
2 e f ·E ·e f + 1 (5.5)

where E the Green-Lagrange strain tensor. The stress-based load is used to define
the cross-fiber stimulus Sc f , while strain-based load defines the along-fiber stimulus
S f f :

Sc f =
Lav g
σ − Lav g

σ,hom

Lav g
σ,hom

; S f f =
Lamp
ε − Lamp

ε,hom

Lamp
ε,hom

(5.6)

in which Lav g
σ,hom and Lamp

ε,hom represents the homeostatic load.
The growth stimuli of Eq. 5.6 are then converted into the correspondent cross-fiber
desired growth Jd ,c f and the along-fiber desired growth Jd , f f :

∂Jd ,c f

∂t
= Sc f

τgrw
;

∂Jd , f f

∂t
= S f f

τgrw
(5.7)

For both expressions, τg is the characteristic time scale for growth. During growth
the strain energy density function W (Eq. 5.2) is adapted as follows:

W = Ws + Wv,g + W f ,g (5.8)

While the shape part remains unchanged in respect with Eq.5.2, the volumetric part
is substituted with:

Wv,g = a4

[
det(Cg ) − (

Jd ,v
)2

]2
with Jd ,v = (

Jd ,c f
)2/3 · (Jd , f f

)1/3 (5.9)

In this equation, Cg is the realized growth right Cauchy-Green deformation tensor,
which corresponds to F T

g ·Fg , while Jd ,v is the desired volumetric growth. Moreover,
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the growth in the two directions perpendicular to the fiber (Jd ,c f ) is assumed to be
equal. Eventually a new along-fiber term W f ,g is added to the strain energy density
function:

W f ,g = a4

[
e f · Cg · e f −

((
Jd , f f

)1/3
)2

]2

(5.10)

For both Eqs. 5.9 and 5.10 the bulk modulus is kept at 100 kPa.
The equation of conservation of the momentum is solved again with the new strain
energy density function, Eq. 5.8, and with same boundary conditions, except for
a traction free endocardial surface. The solution is characterized by the growth
deformation tensor Fg , which defines the actual relative growth Jg = det(Fg ) = Jg ,v ,
where Jg ,v is the realized volumetric growth. The grown meshΩg is used as the new
unloaded mesh for the following mechanics computation.

Organ

Parameter Value Unit Parameter Value Unit

CA 25 ml·kPa VA,0 500 ml

CV 600 ml·kPa Vcav,0 42 ml

RA 10 kPa·ms/ml Vtot 5000 ml

RP 120 kPa·ms/ml VV,0 3000 ml

RV 5 kPa·ms/ml Vwall 131 ml

Tcyc 800 ms ∆t/τgrw 0.05 -

Table 5.1: List of parameters used in the model. The chosen values are adapted from
Bovendeerd et al. [6].

103



Influence of the homeostatic reference load for an anisotropic growth law

5.2.3 Simulations performed

The finite element code for cardiac mechanics is taken from the work of Barbarotta
and Bovendeerd [3]. It is based on the FEniCS library and all linear systems are
solved with direct methods using the MUMPS library [1]. The thick-wall truncated
ellipsoid is obtained with linear tetrahedron and the solution is discretized with
linear Lagrangian polynomials. The spatial discretization resulted in 5472 elements
and 1127 nodes. The organ parameters are listed in Table 5.1, which values are
adopted from Bovendeerd et al. (2009) [6].
As illustrated in Figure 2.2, the first step consists in obtaining the homeostatic
parameters Lav g

σ,hom and Lamp
ε,hom (Eq. 5.6). Once the homeostatic loads are determined,

the growth stimulus is evaluated for every node. The growth stimuli are converted
into a grown meshΩg , which is used to evaluate the next cardiac cycle. This process
is repeated ideally until the growth stimulus is zero in every node of the mesh.
In this chapter two types of homeostatic loads are compared, homogeneous and
inhomogeneous, with same starting parameters and domain. For the homogeneous
homeostatic load, the spatial average over the domain is considered, while for the
inhomogeneous homeostatic load Lav g

σ,hom and Lamp
ε,hom are defined node-by-node.

Eventually, aortic stenosis, obtained with a three fold increase of aortic resistance
[23], is considered to test the model performance with the spatially inhomogeneous
homeostatic load.
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5.3 Results

Before Growth. The starting parameter settings are the same as in Chapter 2, hence
the homeostatic state, identified with step 0, is characterized by the same values.
The stroke volume is about 67 ml, with end-diastolic and end-systolic volumes
of about 105 ml and 30 ml. Cardiac output (CO) is 5.0 l/min, while mean arterial
pressure is 11.5 kPa. The myofiber stress-strain loops are shown in Figure 5.2 for
12 nodes distributed from endocardium (endo) to epicardium (epi) and from base
to apex. The high stress values, close to 77 kPa, are generally located near the base,
while the lowest values, of about 40 kPa, are located near the apex. The endocardium
is characterized by higher strain excursions in respect with the epicardium. While
the endocardium has values around 0.30, the epicardium has values between 0.15
and 0.18. From the stress-strain loops, the homeostatic loads Lav g

σ,hom and Lamp
ε,hom (Eq.

5.6) are obtained.
Figure 5.3 shows that before growth, at step 0, the cycle-averaged active stress Lav g

σ

and the fiber stretch amplitude Lamp
ε are characterized by a broad range of values.

The highest values of Lav g
σ , close to 19 kPa, are located at the epicardium and part

of the basal ring, while the surrounding areas have values between 12 kPa and
15 kPa. A different distribution is observed at the apex. The highest values are
located in the central region, while the endocardium has values close to 10 kPa and
the epicardium close to 0 kPa. Lamp

ε is mainly characterized by a gradient from
endocardium to epicardium, with a range from 0.15 to 0.25. The basal ring and the
apex have a different distribution. For the basal ring the highest values are founded
in the central region, while the surrounding areas have values between 0.15 and 0.2.
For the apex, Lamp

ε decreases from the endocardium, which has values close to 0.39,
to values close to zero at mid-wall, and rises again at the epicardium, with values
close to 0.21.
The homogeneous homeostatic set points, which are obtained by spatially averaging
the mechanical loads, correspond to 12 kPa for Lav g

σ,hom and 0.19 for Lamp
ε,hom.

For the inhomogeneous homeostatic set points, the value of the mechanical loads
in every node is taken in consideration as reference for growth.
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Growth with spatially homogeneous homeostatic load. Once cardiac growth is ini-
tiated, the code runs for 90 growth steps before reaching an unstable configuration.
With the last computed growth step, the left ventricle is characterized by a stroke
volume of about 46 ml, with end-diastolic and end-systolic volumes of about 72 ml
and 26 ml. Moreover MAP and CO are 10.6 kPa and 3.4 l/min.
Figure 5.2 shows changes in the stress-strain loops for growth step 44, which is
characterized by the lowest cavity over wall volume ratio, and for growth step 90. The
figure demonstrates how the loop area is gradually reduced with growth, especially
for the regions close to the apex. At the base, only small changes are registered
between step 44 and step 90. In general the systolic stress is reduced to about 50 kPa,
while the strain amplitude is increased between 0.18 and 0.35. For the remaining
nodes, both stress and strain amplitude decrease from growth step 44 to 90. In
particular, the higher is the distance from the base the higher is the decrease in
systolic stress and strain excursion. The apical region near the endocardium is
characterized by the lowest values of stress, of about 30 kPa, and strain excursion, of
about 0.17.
Figure 5.3 shows the change of the averaged active stress Lav g

σ and the fiber stretch
amplitude Lamp

ε . At growth step 44, both tissue loads are characterized by values
close to their correspondent homeostatic set points (12 kPa and 0.19). For the
remaining elements, Lav g

σ is characterized by a gradient from endocardium to
epicardium, with values ranging from 6 kPa to 14 kPa. While an opposite gradient
is observed for Lamp

ε , with high values at the endocardium, close to 0.22, and low
values at the epicardium, with values near 0.15. Eventually the apical mid-wall is
interested by values lower than 0.10. After 90 growth steps Lav g

σ has values between
10 kPa and 12 kPa for the majority of the nodes, while the whole endocardium is
characterized by values close to 7 kPa. Regarding Lamp

ε , the highest values, close
to 0.22, can be founded at the endocardium, while the majority of the nodes have
values between 0.16 and 0.20. The lowest values, of about 0.05, are located at the
apex.
The changes in tissue load, described in Figure 5.3, are translated into the cross-fiber
Jd ,c f and along-fiber Jd , f f desired growth (Eq. 5.7). Figure 5.4 shows how before
growth (step 0), with a spatially homogeneous homeostatic load, the majority of the
nodes are characterized by a Jd ,c f higher than 1. The only exceptions are the nodes
at the base, close to the endocardium, and the apex. While in both regions values
below 1 can be found, only the apical mid-wall is characterized by values close to
1.04. On the other hand, a gradient from endocardium to epicardium is observed
for Jd , f f , with values between 1.015 and 0.98. At the apex the highest values, close
to 1.05, are located at the endocardium, while the lowest, close to 0.95, are near the
mid-wall. Once growth is initiated, Jd ,c f gradually decreases at the endocardium,
and endocardium, reaching values between 0.96 and 0.98 at growth step 90. On the
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other hand, the nodes at mid-wall are characterized by values close to 1. Regarding
Jd , f f , the nodes at the endocardium progressively increase to 1.02, while values
near 1 can be found near the base. Eventually, the region interested by a Jd , f f near
0.95 increases with growth. In particular, it expands toward the nodes at the base.
The described changes in Jd ,c f and Jd , f f cause a significant change in the domain.
After 90 growth steps, the basal ring thickness and the distance of the basal plane to
the apex are increased of about 10% and 12% respectively, while inner radius and
apex thickness are reduced by 18% and 40% respectively.
Figure 5.5 shows the evolution of the spatially averaged growth stimuli (Eq. 5.6).
Both stimuli start with a mean value of 0 with a standard deviation of ± 0.24 for the
stress stimulus Sc f and ± 0.30 for the strain stimulus S f f . Once cardiac growth is
started, the stimuli decrease constantly till growth step 90 in which Sc f has a value
of -0.20 ± 0.18, while S f f has a value of -0.13 ± 0.24.
With Figure 5.6 the evolution of the LV volumes is considered. The left panel shows
how for the first 21 growth steps the cavity volume is characterized by a decrease of
about -7% while the wall volume increases by +4%. After growth step 21, the wall
volume starts to decrease until a value of -21%, reached at the end of the simulation,
while the cavity volume keeps decreasing almost linearly, till a value of -25%. The
right panel of Figure 5.6 shows that the ratio of cavity volume over wall volume
decreases monotonically to 0.27 in the first 44 steps, meaning that the decrease of
cavity volume is higher than the decrease of wall volume. After step 41, the ratio
increases monotonically, indicating that the decrease of wall volume is higher than
the decrease of the cavity volume. Eventually, the simulation stops with a volume
ratio of 0.29.
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Figure 5.5: Top: Spatially averaged, stress based growth stimulus Sc f (Eq. 5.6) along
with its standard deviation. Bottom: Spatially averaged, strain based growth stimulus
S f f (Eq. 5.6) along with its standard deviation. The results are obtained with a
spatially homogeneous homeostatic load.
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Figure 5.6: Left: Evolution of cavity and wall volume during growth. Right: Ratio
of cavity over wall volume during growth. The results are obtained with a spatially
homogeneous homeostatic load.

Growth with spatially inhomogeneous homeostatic load. For this simulation the
homeostatic parameters Lav g

σ,hom and Lamp
ε,hom are defined locally, hence every node is

characterized by its own reference value. The inhomogeneous homeostatic load
corresponds to what is shown in Figure 5.5 at step 0. With a spatially inhomogeneous
homeostatic load, no change in the growth stimuli is registered and, as consequence,
there is no change in the domain. The model has been tested for 72 growth steps, in
which the stress and strain based growth stimuli remain equal to 1, hence no change
in cavity and wall volume is observed.

Aortic stenosis with spatially inhomogeneous homeostatic load. Since, from pre-
vious results, the homeostatic state could be maintained only with a spatially
inhomogeneous homeostatic load, aortic stenosis is tested with an inhomogeneous
homeostatic load.
For this simulation, step 0 represents the starting homeostatic state, while step 1
represents the acute state after which the the aortic resistance is increased three
fold.
Compared with the starting state, the acute state is characterized by a decrease
in stroke volume of 17%, with approximately same end-diastolic volume and an
increased end-systolic volume by about 66%. Eventually, MAP and CO are both
decreased by 4% and 16%. Aortic valve stenosis causes a global increase in the active
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stress, to a maximum of 97 kPa at the base, and a decrease in the strain excursion,
with values between -3% and -5% (Fig. 5.7, step 1). These changes are translated into
a desired cross-fiber growth Jd ,c f close to 1.03 and an along-fiber desired growth
Jd , f f of 0.99 (Fig. 5.8, step 1).
After 44 growth steps the stroke volume is decreased by 59%, with a decrease in
end-diastolic and end-systolic volumes of about 66%. Eventually, MAP and CO
decreases by 15% and 59% respectively. Cardiac growth causes an increase of the
basal ring thickness of about +3%, while the inner radius, apex thickness and the
distance of the basal plane to the apex are reduced of about -29%, -17% and -13%
respectively.
Figure 5.7 shows that after 9 growth steps the stress levels are close to the home-
ostatic state, hence the correspondent Jd ,c f is close to 1, as shown in Figure 5.8.
Although the end-systolic strain is recovered, the end-diastolic strain is decreased,
lowering the strain amplitude. As consequence Jd , f f is decreased to 0.98. Eventually,
at growth step 44 both stress and strain are lower than the homeostatic state. The
maximum stress values are around 45 kPa, while for strain amplitude the apical
nodes are characterized by a significant decrease, with values below 0.2.
From Figure 5.8, the grown domain can also be evaluated. At growth step 44 the
basal ring thickness is increased by 3%, while the inner radius, apex thickness
and the distance of the basal plane to the apex are reduced by 29%, 17% and 13%
respectively.
Eventually, with Figure 5.9 the evolution of the LV volumes is considered. The left
panel shows how for the first 9 growth steps the cavity volume is decreased by 22%
while the wall volume is increased by 4%. After growth step 9 the wall volume starts
to decrease until a value of -26%, while the cavity volume keeps decreasing almost
linearly to -62%. The right panel of Figure 5.9 shows the ratio of cavity volume over
wall volume. The figure shows how the ratio decreases monotonically, indicating
that the decrease of wall volume is lower than the decrease of the cavity volume.
Eventually the simulation stops with a volume ratio of 0.16.
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Figure 5.9: Left: Evolution of cavity and wall volume during growth. Right: Ratio
of cavity over wall volume, in respect with the starting state, during growth. The
results are obtained with a three fold increase of aortic resistance and with a spatially
inhomogeneous homeostatic load.

5.4 Discussion

In Chapter 2 a new method for left ventricular growth has been proposed. Although
a stable state could not be reached, the underlying concepts could be an interesting
alternative to the most common growth models. In Chapter 3 and Chapter 4, the
growth law has been tested with a simple representation of the left ventricle. Among
the main conclusions, it has been demonstrated how a growth law based on a single
mechanical load might not be sufficient to describe growth mechanisms [24, 29]. In
this chapter the growth model, presented in Chapter 2, has been reconsidered and
adapted with the new insights.
The major update on the growth model consists in modifying the growth stimulus,
such that a cross-fiber and along-fiber components can be distinguished. The
volumetric growth, identified by Equation 5.9, is obtained under the assumption that
growth in the two directions perpendicular to the fiber direction is equal, resulting
into a transversely isotropic growth. A similar solution has been already proposed
by Kerckhoffs et al. (2012) [16]. In literature, the most common approach involves
an isotropic law [17–19, 22] or a selective law designed with a predefined direction
of growth, describing a concentric or eccentric behavior [7, 9, 10]. The use of an
anisotropic law has the advantage of separating changes in cross-fiber direction

116



Influence of the homeostatic reference load for an anisotropic growth law

from changes along-fiber direction. With this strategy more volumetric variations
could be described, for instance an increase in thickness with no significant change
along-fiber direction [15].
The implementation of the anisotropic growth model has been verified with a series
of testing simulations, which for the sake of brevity, are not shown in this thesis. In
these tests, the desired growth (Eq. 5.7) was imposed a priori. In particular, changes
in only one direction, cross-fiber (Jd ,c f ) or along-fiber (Jd , f f ), as well as changes
in both directions were tested. For example, increasing only the desired cross-
fiber growth (Jd ,c f ) produced a significant increase of thickness with a reduction of
cavity volume, an increase only in the desired along-fiber growth (Jd , f f ) resulted
into a larger but thinner heart. Eventually, increasing both Jd ,c f and Jd , f f by the
same quantity produced a bigger heart but with same ratio between cavity and
wall volume. As it has been discussed in Chapter 2, the desired volumetric growth
Jd ,v (see Eq. 5.9) might differ from the realized volumetric growth growth Jg ,v due
to the interactions of every element with the surrounding tissue. In this regard,
the highest difference registered between Jd ,v and Jg ,v is about 0.7% for all the
considered simulations. An analysis over mesh resolution has been considered for
the growth model with a homogeneous homeostatic state, using a mesh having
13608 linear elements and 2696 nodes. As concluded in Chapter 2, although a
slightly different starting homeostatic state is obtained with a finer mesh, both the
average sarcomere stress (Lav g

σ ) and stretch amplitude (Lamp
ε ) are characterized by

a substantial gradient over the domain, similar to what is shown in Figure 5.3 at step
0. After 83 growth cycles the ventricle is characterized by the same tapered shape
obtained with a coarse mesh, as shown in Figure 5.3 at step 90. Hence, also for this
study, a finer mesh has only a small impact on growth mechanics.
In Chapter 3 it has been concluded that the most convincing and stable results can
be obtained by considering at least a stress stimulus, while in Chapter 4 it has been
demonstrated how the most realistic results are obtained with a mixed stimulus of
stress and strain. Following these conclusions, and given the time constraints on
the project, this chapter is focused only on the average sarcomere stress (Lav g

σ ) and
stretch amplitude (Lamp

ε ) as growth stimuli. Nevertheless, a thorough investigation
on growth stimuli, similar to what has been proposed in the previous chapters,
might reveal valuable insights on the growth model.
Similar to what has been discussed in Chapter 2, the starting homeostatic state is
characterized by a large spectrum of values in the chosen mechanical loads Lav g

σ

and Lamp
ε , with higher excursions located at the base and apex. While the base is

characterized by a reduction in the element thickness, especially at the endocardium,
the region which is affected the most is the apex. The extreme reduction in the apical
thickness, of about -40%, prohibits the model to compute further growth steps. This
behavior is explained by studying step 0 of Figure 5.3. While Lav g

σ,hom is equal to 12
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kPa and Lamp
ε,hom is equal to 0.19, the corresponding values for Lav g

σ and Lamp
ε at the

apex can be twice as high or twice as small, causing the changes shown in step 90. It
is in the believe of the author that to overcome such problem one should reconsider
the mechanics at the apex. A further solution might be questioning the use of a
spatially homogeneous homeostatic load.
As proposed in Kerckhoffs et al. (2012) [16], a spatially inhomogeneous homeostatic
load is tested with the same starting parameters. Since Lav g

σ,hom and Lamp
ε,hom are defined

for every node, it is not surprising that Eqs. 5.6 are characterized by stimuli equal to
zero at the healthy state (see Fig. 5.8 at step 0), hence no change in the LV volumes
is registered. Although the homeostatic state is maintained, it could be argued if a
spatially inhomogeneous homeostatic load could be found in vivo. Several studies
[12, 26, 27] have demonstrated how the left ventricle is characterized by different
strain levels from endocardium to epicardium. A similar conclusion has been
reached also for stress levels, although the results relied on numerical models. This
indicates that an inhomogeneous homeostatic load might be reasonable, although
the conclusions reached for the stress might not be fully reliable. Nevertheless,
the large gradients shown in Figure 5.3 at step 0 do not correspond to what has
been shown in literature. A major drawback in adopting a spatially inhomogeneous
homeostatic load consists in taking as ground truth what is obtained from the
simulation of normal LV mechanics, hence the stress and strain gradients at the
apex (see Fig. 5.3 at step 0) will be considered as part of the normal LV mechanical
behavior.
Since no volume change is registered at the homeostatic state, the growth model,
with a spatially inhomogeneous homeostatic load, is tested for aortic stenosis.
As in the previous chapters, aortic stenosis is approximated with a three fold increase
of aortic resistance [23]. The results obtained during the acute phase (step 1),
characterized by an increase of systolic stress and end-systolic strain (Fig. 5.7),
resemble what has been calculated for wall stress and strain from patient data
[25, 28, 31]. With the first 9 growth steps cardiac growth has almost recovered
the homeostatic state, with a cross-fiber desired growth Jd ,c f close to 1 (Fig. 5.8),
however a further adaptation is required due to the negative values registered by
the along-fiber desired growth Jd , f f . Instabilities arise after 45 growth steps at the
apical region, with large values of Jd ,c f and Jd , f f . Even if the simulation does not
reach a stable ending state, the reduced base to apex distance and the low cavity
over wall volume ratio are known LV adaptations to aortic stenosis [21]. A further
aortic stenosis simulation has been performed, in which aortic resistance has been
increased of 10%. Although this simulations is more stable when compared to the
three fold increase in resistance, instabilities rising from the apex compromised the
convergence of the model. Eventually, the main conclusions do not change.
Although in this chapter the parameter settings are not tuned to closely reproduce
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the results obtained in Chapter 3, a qualitative comparison can still be considered.
From the simple multi-scale model, the average sarcomere active stress was 18
kPa, while the difference between maximum and minimum sarcomere stretch was
0.14. These values are reasonably close to what is obtained by spatially averaging
the same quantities in the three-dimensional model. In this chapter is has been
discussed how the spatial average of active stress and stretch amplitude are equal to
12 kPa and 0.19 respectively. These differences might be caused by a high standard
deviation in the tissue loads (see Fig. 5.5) as well as the chosen parameter settings
(Table 5.1). For the acute state of aortic stenosis, both simulations report an increase
in the stress-based stimulus and a decrease in the strain-based stimulus, as well as
an increase in systolic stress and end-systolic sarcomere strain.

Figure 5.10: Evolution of cavity and wall volume during growth with a three fold
increase of aortic stenosis. The results are obtained with the simple multi-scale model
(1-D), discussed in Chapter 3, and a finite element model (3-D) of left ventricular
mechanics.

By comparing the volume change obtained with the two models, one-dimensional
(Fig. 5.10) and three-dimensional (Fig. 5.9), few similarities can be noticed. In
both cases, aortic stenosis is first characterized by an increase in wall volume
and a decrease in cavity volume. However, while the one-dimensional model
converges to lower values, for the three-dimensional model the decrease in volumes
continues until the desired volumetric growth could not be achieved anymore. This
comparison demonstrates how the convergence is related to the spatial distribution
of the stimuli. While in Chapter 3 convergence could be easily reached, with the LV
mechanics approximated by one sarcomere, convergence in a three-dimensional
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domain is more challenging.
Eventually in this chapter the hemodynamic feedback was not considered. An
analysis on cardiac output (CO) and mean arterial pressure (MAP) shows how the
results of this chapter are also characterized by a decrease in the hemodynamic
function. In particular, MAP and CO decreased by 21% and 15% respectively
with aortic stenosis. Such decrease is in accordance with the results discussed
in Chapter 3 (Figure 3.6 for AS). Moreover, a decrease around 10% can also be
observed while simulating the healthy state with a spatially homogeneous load.
Although interesting, adding the hemodynamic feedback to the growth model with
a spatially homogeneous homeostatic load would hardy improve the discussed
volumetric change, due to the high standard deviation in the stimuli at step 0 (Fig.
5.5). However for the aortic stenosis case, with an inhomogeneous homeostatic load,
the hemodynamic feedback might improve the final results. In Chapter 4 it has been
demonstrated how the decrease in the hemodynamic functions is often balanced
with a decrease in peripheral resistance and an increase in stressed blood volume.
Changes in the hemodynamics, concomitant with growth mechanics, might reduce
the required volumetric change, allowing the computation of more growth steps
and perhaps reaching convergence.

Conclusion

In conclusion, the growth model proposed in Chapter 2 has been improved with the
knowledge gained in Chapter 3 and 4. Two different stimuli, stress-based and strain-
based, have been considered for cross-fiber and along-fiber growth. A stable ending
state could not be reached for a spatially homogeneous homeostatic load, due to a
high stimulus gradient at the homeostatic state. This problem could be solved by
reconsidering the mechanics at the apex. In this chapter, a spatially inhomogeneous
homeostatic load is considered as alternative. Although the model is capable of
maintaining the homeostatic state and the results obtained with aortic stenosis are
plausible, the question on the existence of a spatially inhomogeneous homeostatic
load still remains.
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General discussion

It’s still magic even if you know how it’s done.
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General discussion

6.1 Summary of contribution

This thesis aims to explore new solutions in modeling left ventricular cardiac growth.
Both three-dimensional and one-dimensional models of the left ventricle are used
to achieve these goals. The model is evaluated in its capability to maintain the
homeostatic state, for the three-dimensional models, and to reproduce clinical
observations in case of valve diseases, for the one-dimensional versions. In the
following paragraphs, the main contributions of the thesis are discussed, along with
limitations and future perspectives.

In Chapter 2, three of the most accepted assumptions in growth modeling are
questioned: the use of predefined growth limits, the strictly enforced direction and
amount of growth and the existence of a fixed stress-free reference state [3, 32, 54].
Hence, a new model is introduced, in which the volumetric change is not con-
strained and neither the amount nor the direction of growth are defined a priori.
Eventually, we adopt the hypothesis that the stress-free configuration evolves in
time as new tissue is deposited [21]. We propose a model of cardiac growth, in
which local volumetric change is driven by one stimulus only, and combine it with a
validated model of left ventricular mechanics [2, 5]. Although the results obtained
show how the model evolves toward an homeostatic state, a stable state is not
obtained. We reasoned that the instability might be related to the chosen growth law,
to the assumption of a constant homeostatic set point for the tissue load throughout
the whole spatial domain, and to the deterioration of mesh quality during growth.

In Chapter 3 we focus on the choice of the growth law. We replace the three -
dimensional finite element model with the so-called one-fiber model, in which
tissue mechanics are approximated by one fiber [1, 4] and the complication of
spatial variability is removed. We abandon the use of only one growth stimulus
and consider the use of a second stimulus. The growth model is by definition at
equilibrium at the homeostatic state, hence the performance is evaluated with a
valve disease. In specific, three valve diseases are taken in consideration, aortic
stenosis, aortic regurgitation and mitral regurgitation. For all three cases, clinically
plausible results can be obtained. However, all the grown states are characterized by
a significant decrease in the pumping function of the heart, identified with cardiac
output and mean arterial pressure.

Several studies suggest that vasculature resistance and blood volume can be adapted
to regulate the mean arterial pressure [8, 17, 33] and cardiac output [18, 23]. Based
these evidences, in Chapter 4 a model of hemodynamic feedback is introduced to
maintain an adequate level of blood flow. Moreover, the analysis on growth stimuli is
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extended with new combinations. This chapter demonstrates how a hemodynamic
feedback model can be successfully coupled with a model of growth mechanics
to describe left ventricular growth. Eventually, the clinical observations are best
matched by a combination of stress-based and strain-based growth stimuli. This
finding is in line with Witzenburg and Holmes (2017) [54], where it is stated that two
uncorrelated stimuli should be used to reproduce a physiological growth.
In both Chapter 3 and Chapter 4, the use and the advantage of a growth model,
lacking spatial variability, is discussed. It is also proven how a growth law can reach
a stable state in presence of a valve disease.

The findings of Chapter 3 and Chapter 4 are taken in consideration in Chapter 5,
in which we return to the three-dimensional finite element model. The growth law
from Chapter 2 is adapted in order to accommodate two growth stimuli. Moreover,
both a spatially homogeneous and spatially inhomogeneous homeostatic loads
are considered. With a spatially homogeneous homeostatic load the model fails
maintaining the homeostatic state, suggesting that the spatial variability of the
stimulus cannot be handled by the model, while with a spatially inhomogeneous
homeostatic load the model succeeds in maintaining the homeostatic state. The
results obtained with aortic stenosis are compatible with clinical observation, but a
stable grown state was not obtained.

6.2 Study limitations

Cardiovascular diseases are known to trigger a significant and complex remodeling
process at cellular level [50–52], which involves cell proliferation and apoptosis.
Such maladaptive process can lead to an increase in stiffness [47], and also nega-
tively influence the electrical behavior of the myocardium [53]. As in most studies
[10, 14, 16, 24, 25, 30, 40, 54], also in this work cardiac growth is described only on
the phenomenological level. All pathological changes are exclusively attributed to
morphological changes, neglecting the effects of extracellular matrix remodeling
[19, 27, 28]. Although remodeling, defined as a change in local tissue behavior (e.g.
orientation, stiffness, pre-stretch, etc.) [21], it is studied mostly for vessels growth
[11, 20, 45, 49, 56], it would be interesting to include this knowledge in models for left
ventricular growth mechanics. In this regard, a first attempt has been proposed by
Pluijmert et al. (2017) [36], in which the myofiber orientation depends on changes
in the forces generated during contraction[26].

Since the growth models discussed in Chapter 2 and Chapter 5 are still in a prelimi-
nary stage, they lack of a validation with clinical data. In this work, the discussion has
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been more on the convergence of the models rather than their validation. However,
from the process of verification and validation, two significant aspects might rise,
the size of the mesh and the element type. Although in Chapter 2 and Chapter
5 it has been demonstrated that a finer mesh does not have a significant impact
on growth, a more thoroughly analysis of the implementation is still necessary
before considering a clinical application. The adequacy of the chosen mesh has
been evaluated solely on the differences observed during growth. Moreover, the
results presented in this work were obtained only with linear elements. Although the
solution obtained with quadratic elements will be more accurate, a good balance
of mesh size and element type should be found to avoid an unnecessary increase
of computational time. In this regard, it would be insightful to quantify whether a
growth model based on linear elements could still reasonably reproduce clinical
observations.

6.3 Future perspectives and outlook

This thesis demonstrates the value of numerical models for cardiac growth, however
several aspects could not be treated. In this final section, general remarks on the
proposed methods are discussed, along with future perspectives of the work.

6.3.1 The importance of a universal unconstrained growth law

Differently from the majority of the growth models [3, 32, 54], this work is based on
an unconstrained law.
Although experimental observations on myocyte properties have demonstrated the
existence of a limit in tissue growth, the use of a stopping criterion should be treated
carefully. In case of a constrained law, if growth reaches the imposed limit it might
be argued if such state is indeed the final converged solution or a temporary state
of a divergent solution. Moreover, if the considered state does not correspond to a
converged solution, it might also be argued if such state represents the true solution
of the system. Being able to understand how and why a growth model diverges
might give vital information to clinicians. For instance, if the numerical model is
characterized by a run-away type of growth, it might suggest a clinical intervention
before a life threatening condition is reached.
In this work we also demonstrate the use of an universal law, capable of working for
concentric and eccentric growth at the same time, in contrast with models in which
such choice is taken a priori [16]. With an universal law, more complex cases can
be studied, for example the paced heart, which is characterized by an asymmetric
hypertrophy, showing both a concentric and eccentric behavior [46, 48].
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6.3.2 The importance of the homeostatic load

With the proposed model of cardiac growth, an interesting discussion rises on the
nature of the homeostatic load while studying the three-dimensional model. In
particular, whether the homeostatic load should be considered as spatially homoge-
neous or inhomogeneous. In this regard, it would be interesting to understand if the
hypothesis of a spatially inhomogeneous homeostatic load can be accepted, and if
clinical observations can be reproduced with this solution.
Regarding the obtained results, convergence could be achieved only at the healthy
state with a spatially inhomogeneous homeostatic load. If the model is perturbed,
for instance by introducing aortic stenosis, the results are affected by similar in-
stabilities obtained in the healthy case with a homogeneous homeostatic load. In
particular, the apical region shows extreme values of growth, which compromise
the mesh quality of the region and eventually lead to instabilities. In a future work
the mechanics at the apex might be reconsidered to have a better understanding of
growth instabilities.

6.3.3 Simplicity versus complexity

In this thesis the left ventricle is approximated by a thick-walled truncated ellipsoid
in three dimensions, and with a thick walled sphere in one dimension.
The proposed simpler one-dimensional model has the advantage of not requiring
a long computational time and it does not need expensive hardware to be used.
For instance every simulations shown in Chapter 3 require between one and five
minutes on an Intel Core I7 having a CPU of 2.5 GHz x 8 and RAM of 7.7 GiB. Besides
the computational time, an important advantage of a simple model resides on the
measurements required to consider a patient specific simulation. Some parameters,
like sarcomere length, could be reasonably taken from experimental data, while
others, like the diameter and thickness of the ventricle, can be easily obtained
from echocardiography. The influence of geometrical changes cannot be assessed
with one-dimensional models, for this reason these models are more suited to
evaluate spatially homogeneous disturbances of tissue load, like valve pathologies.
Diseases which involve asymmetric hypertrophy, such as myocardial infarction, are
represented best with a three-dimensional model.
The main advantage of a three-dimensional model is the possibility to study how
cardiac growth reacts when a space-varying perturbation is considered. Myocardial
infarction [24, 30] or conduction disorders [10] can be evaluated only with a three -
dimensional model. An interesting application is to understand how the myofiber
orientation, paired with a myofiber reorientation model [35, 37], can influence
cardiac growth. A further advantage of this method is the possibility of implementing
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a patient specific geometry. Realistic geometries can be obtained from MRI or CT
data and the proposed growth model can be extended to a bi-ventricular domain
[16] or even with a complete four-chamber model of the heart [14]. This will
give the opportunity to verify whether the atria can be neglected for ventricular
growth, allowing a smaller computational time. The simulations on Chapter 2
might require from three to five days on a Intel Core I7 having a CPU of 2.5 GHz
x 8 and RAM of 7.7 GiB. Moreover, the numerical implementation is more prone
to instabilities, as shown in Chapter 2 and Chapter 5, in respect with a simpler
one-dimensional model. In this regard, different solutions can be explored. For
instance, it can be verified whether a myofiber reorientation model, along with a
spatially inhomogeneous active stress, can improve the model stability.
Eventually, both methods have their benefits and drawbacks. A solution has been
suggested by Caruel et al. (2014) [7], in which a multi-level modeling strategy can be
adopted for parameters fitting and to reduce computational time.

6.3.4 Clinical validation

An important aspect which has not been discussed in Chapter 2 and Chapter 5 is a
solid clinical validation for the finite elements models. Although the left ventricular
mechanics were verified with previous studies [2, 5, 44], the results obtained by the
growth model still need to be validated. The first validation step of a growth model,
as suggested in Chapter 2, should consider achieving stability at the healthy state.
Once stability is granted, the performance of the model can be evaluated in presence
of a pathology. A valuable approach might consist in reproducing the experimental
observations obtained, for instance, with an isolated valve disease. In this regard, an
interesting aspect would be the estimation of the parameter for growth speed τg .
Similarly to what has been proposed by Witzenburg and Holmes (2018) [55], several
time frames of an experimental growth study could be used to tune the parameter
τg and eventually to convert the growth steps into growth days.

6.3.5 Clinical applications

Several clinical applications can be considered for the proposed models.
The first application would be to assist clinicians in the debate of "watchful wait-
ing" against surgical intervention [9, 15, 34, 41, 42, 57]. Although opting for an
intervention might seem the obvious solution, choosing the type and the optimal
time of intervention is not a trivial task. For instance, it has been proven that
if the intervention is carried out too late, the heart might have remodeled to a
degree where any benefit coming from surgery is reduced [12, 31, 39]. On the other
hand, early intervention has often been associated with a lower heart failure risk
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and a higher survival rate [42]. However, not all the patients require intervention,
resulting in an increase of the health-care costs and, in some cases, post-surgery
complications [13]. A numerical model of ventricular mechanics and cardiac growth
can be used to have a better estimation of the progression of the disease and to define
the optimal time of intervention. Introducing a numerical model in the health-care
system can also increase the patient value, defined as the medical outcome divided
by the cost of health-care. A patient specific model can improve the personalized
medicine, by simulating which treatments might work best for the individual patient
at hand. This in turn can reduce post-surgery adverse effects [38].
An interesting clinical field of application is the induced reverse remodeling. While
a complete recovery might be improbable, a partial reversion of structural changes
has been reported, for instance with aortic valve replacement [43]. Although a
considerable number of models have been tested for ventricular growth, the reverse
remodeling remains still relatively unexplored [29].
Eventually, the considered model of ventricular mechanics can be extended to a
bi-ventricular model, taking in consideration also the right ventricle [16]. This
extension allows to understand how the two ventricles relate during growth. More-
over, it will be interesting to understand the influence of the right ventricle on
the remodeling process taking place with device-based-therapies, as it has been
reported for left ventricular assistance devices [6, 22].

6.4 General conclusion

In the introductory chapter several research questions where asked:

How does the hemodynamic loading change with growth?
This work demonstrates how the growth model can introduce unrealistic changes
in the hemodynamic loading. A model for the hemodynamic feedback can be
considered to restore an adequate blood flow.

Which stimulus describes best clinical observations on maladaptive growth? Can
growth be described with only one stimulus, or more stimuli are needed to match
patient data?
In Chapter 3, it has been proven how best results can be obtained while considering
at least a stress stimulus. Moreover, when the growth model is coupled with the
hemodynamic feedback model, as in Chapter 4, clinical observations are described
best by a mix of stress and strain stimuli.

How does the growth law behave at the normal healthy state?
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For three-dimensional growth models, the importance of reproducing the normal
healthy condition has been discussed in Chapters 2 and 5. Stability might not be
granted and the choice of the homeostatic load is crucial for convergence.

How does volumetric growth evolve without any growth limit? Can an unconstrained
model achieve clinically relevant results?
The importance of an unconstrained law has been stressed throughout the whole
thesis. In Chapters 3 and 4, it has been demonstrated how the growth model evolves
through temporary extreme states, before reaching a less extreme converged state.
Moreover, a comparison with patient data has shown how clinically relevant results
can be achieved with an unconstrained law.

In conclusion, in this thesis several strategies to model cardiac growth are discussed,
with their advantages and drawbacks, but most importantly the utility of a simple
multi-scale model has been demonstrated.
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Cardiac growth is the natural adaptive capacity of the heart to respond to changes
in blood flow demand of the growing body. Cardiac diseases can trigger the same
process but may lead to an abnormal type of growth. Being able to predict the
development of chronic growth is clinically relevant, especially to assist decision
making by accounting for the long-term effect of interventions.
So far a global consensus in cardiac growth modeling has not being reached; pub-
lished models differ on the stimulus-effect relation. In addition, the local direction
of growth, along the myofiber direction or perpendicular to it, is often prescribed
and maximum growth is constrained. Eventually, the adaptation of the circulatory
system is often neglected.
In this research, new models are proposed and tested in which the restrictions of a
predefined growth direction and a constrained law are alleviated and an analysis
of the adaptation of the circulatory system after growth is taken in consideration.
The models are tested with zero-dimensional and three-dimensional models of left
ventricular mechanics.
In Chapter 2, the most accepted assumptions in growth modeling are questioned:
the use of predefined growth limits, the strictly enforced direction and amount of
growth and the existence of a fixed stress-free reference state. Hence, a new model
is introduced, in which the volumetric change is not constrained and neither the
amount nor the direction of growth are defined a priori. Eventually, we adopt
the hypothesis that the stress-free configuration evolves in time as new tissue
is deposited. We propose a model of cardiac growth, in which local volumetric
change is driven by one stimulus only, and combine it with a validated model of
left ventricular mechanics. Although the results obtained show how the model
evolves toward an homeostatic state, a stable state is not obtained. We reasoned
that the instability might be related to the chosen growth law, to the assumption of
a constant homeostatic set point for the tissue load throughout the whole spatial
domain, and to the deterioration of mesh quality during growth.
In Chapter 3 we focus on the choice of the growth law. We replace the 3-D finite
element model with the so-called one-fiber model, in which tissue mechanics are
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approximated by one fiber and the complication of spatial variability is removed.
We abandon the use of only one growth stimulus and consider the use of a second
stimulus. The growth model is by definition at equilibrium at the homeostatic
state, hence the performance is evaluated in presence of aortic stenosis, aortic
regurgitation and mitral regurgitation. For all three cases, clinically plausible results
can be obtained. However, all the grown states are characterized by a significant
decrease in the pumping function of the heart, identified with cardiac output and
mean arterial pressure.
Based on several studies, in Chapter 4 a model of hemodynamic feedback is in-
troduced to maintain mean arterial pressure and cardiac output. As suggested in
literature, this goal is achieved by adapting vasculature resistance and blood volume.
Moreover, the analysis on growth stimuli is extended with new combinations. This
chapter demonstrates how a hemodynamic feedback model can be successfully
coupled with a model of growth mechanics to describe left ventricular growth.
Eventually, the clinical observations are best matched by a combination of stress-
based and strain-based growth stimuli.
The findings of Chapter 3 and Chapter 4 are taken in consideration in Chapter 5,
in which we return to the three-dimensional finite element model. The growth law
from Chapter 2 is adapted in order to accommodate two growth stimuli. Moreover,
both a spatially homogeneous and spatially inhomogeneous homeostatic loads
are considered. With a spatially homogeneous homeostatic load the model fails
maintaining the homeostatic state, suggesting that the spatial variability of the
stimulus cannot be handled by the model, while with a spatially inhomogeneous
homeostatic load the model succeeds in maintaining the homeostatic state. The
results obtained with aortic stenosis are compatible with clinical observation, but a
stable grown state was not obtained.
In conclusion, in this thesis several strategies to model cardiac growth are discussed,
with their advantages and drawbacks, but most importantly the utility of a simple
multi-scale model has been demonstrated.
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