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Abstract

Understanding mechanobiology-driven cardiac collagen organization is crucial for devising strategies
to restore tissue structure and function of diseased hearts. Here, we developed a computational frame-
work that couples a mechanics model of the left ventricle with a mechanobiology-informed model of
collagen reorientation to investigate the mechanisms underlying cardiac collagen organization. The
framework could replicate physiological left ventricular collagen orientation only when assuming that
collagen degradation follows a V-shaped relation with strain. Furthermore, contact guidance between
cardiac fibroblasts and collagen fibers emerged as an important mechanism for maintaining colla-
gen orientation and anisotropy. Being aligned with the collagen fibers, cardiac fibroblasts promoted
strong collagen anisotropy through deposition in the main direction of the cell. In contrast, increased
fibroblast contractility resulted in unphysiological orientations of the cells and therefore misaligned
collagen deposition. This suggests that fibroblasts maintain rather than drive the collagen orientation
in the healthy heart. In the infarcted left ventricle, however, the same mechanobiological mecha-
nisms that explain physiological collagen organization lead to reorientation of the collagen fibers and
reduced anisotropy, which is consistent with literature observations. These findings may contribute to
the design of novel targeted therapeutic strategies aimed at restoring myocardial structure-function
relationships in diseased hearts.

Keywords: collagen organization, left ventricular alignment, strain-dependent collagen degradation, cardiac
fibroblasts, multiscale modeling, contact guidance
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1 Introduction

The alignment of collagen fibers in the
myocardium is a crucial determinant of the heart’s
mechanical function. Arranged in opposing helices
across the left ventricular wall, the myocardial col-
lagen network supports passive cardiac mechanics
and force transmission while preventing cardiomy-
ocyte slippage and overstretching (Pope et al.
2008; Spinale 2007; Weber et al. 1994). The inter-
action between this highly organized architecture
and active cardiomyocyte contraction creates a
unique mechanical environment characterized
by cyclic multiaxial deformations. Remarkably,
despite continuous collagen fiber turnover medi-
ated by cardiac fibroblast cells (Weber 1989),
the orientation and anisotropy of the myocardial
collagen network are well maintained throughout
adult life (Humphrey and Rajagopal 2002). How
the orientation and anisotropy of this highly orga-
nized collagen architecture are maintained during
continuous collagen turnover within the demand-
ing mechanical environment of the beating heart
remains incompletely understood.

It is known that mechanobiological mecha-
nisms must play a critical role in maintaining the
physiological cardiac collagen architecture. The
importance of mechanobiological mechanisms is
revealed in pathological conditions, where alter-
ations in myocardial mechanical loading condi-
tions lead to adverse structural remodeling of the
collagen network (Fomovsky et al. 2012; Spinale
2007; Weber 1989). Such remodeling is charac-
terized by an excessive deposition of newly syn-
thesized collagen fibers (fibrosis) and disturbances
in collagen fiber alignment, leading to altered
(an)isotropic tissue properties. While the regula-
tion of myocardial collagen amount in health and
disease is increasingly well understood (Braidotti
et al. 2024; Brilla et al. 1995; Weber and Brilla
1991; Younesi et al. 2024), substantially less is
known about the mechanobiological mechanisms
that regulate cardiac collagen fiber orientation and
tissue anisotropy. Identifying these mechanisms
and their interplay may reveal opportunities to
prevent, halt, or therapeutically reverse structural
disorganization in cardiac disease.

Numerous in vitro studies have identified
mechanobiological mechanisms underlying the
regulation of collagen fiber orientation in soft

tissues. One mechanism by which collagen ori-
entation can be controlled is strain-dependent
collagen degradation. Mechanical strain can influ-
ence the targeted binding of degradative enzymes
to collagen fibers, resulting in direction-dependent
degradation and changes in tissue anisotropy
(Ghazanfari et al. 2016; Huang and Yannas 1977;
Wyatt et al. 2009; Yeganegi et al. 2023). Besides
strain-dependent degradation, collagen-producing
stromal cells, such as cardiac fibroblasts, can
influence collagen orientation through directional
collagen synthesis (Bai et al. 2014; Bishop 1998;
Nguyen et al. 2009) and fiber prestretch (Atluri
et al. 2020; Meshel et al. 2005). Consequently,
understanding cardiac collagen orientation also
requires consideration of the mechanisms govern-
ing fibroblast orientation. Fibroblasts have been
shown to reorient in response to local mechanical
and structural cues, including substrate stiffness
(Saez et al. 2007), cyclic strain (strain avoidance)
(Foolen et al. 2012; Gould et al. 2012; Mostert
et al. 2022; Wang and Grood 2000), and extra-
cellular matrix architecture (contact guidance)
(Guido and Tranquillo 1993; de Jonge et al. 2013;
Wang and Grood 2000), which together determine
the direction and magnitude of cellular traction
forces on their surroundings.

The complex interplay between in vivo tis-
sue mechanics and experimentally established
mechanobiological mechanisms determining colla-
gen organization is best studied using in silico

modeling. For example, in paediatric heart valves,
a continuum mechanics model revealed that cel-
lular forces and (re)orientation in response to
mechanical stimuli are critical for the emergence
of functional collagen orientation, while cellu-
lar contact guidance from the surrounding col-
lagen is required to maintain this organization
(Ristori et al. 2018a). Furthermore, agent-based
models incorporating fibroblast-mediated colla-
gen (re)orientation mechanisms successfully repro-
duced collagen alignment and anisotropy in heal-
ing tendons (Richardson et al. 2018) and infarcted
myocardium (Fomovsky et al. 2012; Rouillard and
Holmes 2014; Zhuan et al. 2019), while identifying
local strain anisotropy as an important regulator
of collagen organization.

In the beating left ventricle, in silico model-
ing has been applied to demonstrate the strong
influence of local mechanical stimuli on physiolog-
ical and pathological myocardial tissue orientation
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(Arts et al. 1994; Kroon et al. 2009; Mehri and
Wenk 2026; Mehri et al. 2024, 2025; Washio et al.
2016, 2020). Across a range of proposed driving
stimuli, including active stress and shear along
cardiomyocyte fiber bundles, these models con-
sistently predict fiber reorientation toward archi-
tectures associated with improved left ventricu-
lar function and homogenized loading conditions
along the fiber direction. However, the biological
mechanisms through which such mechanical cues
drive myocardial structural reorientation were not
the focus of these studies. The experimental and
in silico studies in other soft tissues suggest that
mechanobiological regulation of collagen organiza-
tion may provide a biological link between local
mechanical stimuli and myocardial tissue orienta-
tion. Whether these mechanisms also contribute to
the establishment and maintenance of myocardial
architecture in the beating left ventricle remains
largely unexplored.

Therefore, the aim of the present study is to
investigate whether, and if so to what extent,
the previously described mechanobiological mech-
anisms are crucial for regulating physiological
collagen organization in the ever-beating, com-
plex mechanical environment of the left ven-
tricle. To address this, we developed a com-
putational framework that couples an estab-
lished finite element model for calculating local
left ventricular deformations (Janssens et al.
2023) to a mechanobiology-motivated collagen
(re)orientation model (Ristori et al. 2018a). Addi-
tionally, we applied the framework to simulate an
infarcted left ventricle with the aim of determin-
ing whether the same mechanobiological mech-
anisms that maintain physiological cardiac col-
lagen architecture also explain the structural
(dis)organization in a pathological case.

2 Methods

2.1 Finite element model of the left
ventricle

A previously developed finite element (FE) model
was used to obtain spatiotemporal deforma-
tion profiles throughout the left ventricular wall
(Bovendeerd et al. 2009; Janssens et al. 2023).
The model implementation and parameter values
were adopted from these studies without modifica-
tion, and only a brief description is provided here.

A generalized, truncated ellipsoidal geometry was
modeled to represent a human-like left ventricle
(Figure 1a). The Cauchy stress tensor in the left
ventricle was decomposed into passive and active
material behavior

σLV = fpasσpas + factσact (1),

where fpas and fact are multiplication scalars that
allow for spatial variations in material properties
in the left ventricle. For the healthy left ventricle,
both these parameters were set to 1. Passive mate-
rial stress, σpas, was described via a Fung-type
hyperelastic material model accounting for non-
linearly elastic, transversely isotropic and nearly
incompressible material behavior. The material
model for sarcomere active contraction, σact,
accounted for the time-, length-, and velocity-
dependent relations. A rule-based myofiber archi-
tecture was used to define the anisotropic material
behavior of both σpas and σact. Fiber orientations
varied transmurally from a right-handed endo-
cardial orientation (helix angle αref

h ≈ +70◦),
through a more circumferential midwall orienta-
tion (αref

h ≈ 20◦), to a left-handed epicardial
orientation (αref

h ≈ −50◦). A detailed description
of the fiber field parametrization is provided in
Supplementary A.1.

Boundary conditions were applied at the base
and endocardial surface. At the base, longitudi-
nal displacements were fixed and the remaining
rigid-body translations and rotations were sup-
pressed. The endocardial surface was subjected
to a uniform cavity pressure, determined from
mechanical equilibrium during the isovolumetric
phases and from coupling to a 0D closed-loop cir-
culatory model during filling and ejection. A heart
rate of 75 beats per minute was prescribed, cor-
responding to a cardiac cycle period of T = 0.8
[s].

The diseased left ventricle model featured a
transmural, tear-shaped infarct region spanning
from the equator to the apex, representative of
an occlusion of the left anterior descending (LAD)
artery (Janssens et al. 2023). Infarct properties
differed from physiological myocardium proper-
ties by neglecting any active contraction in the
infarct (fact = 0) and by stiffening of the passive
material properties (fpas = 10) representative of
chronic infarction. Lastly, a 5 mm wide region sur-
rounding the infarct was modeled as the border

3
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Fig. 1 Schematic representation of the computational framework. a) FE model of the left ventricle, indicating the locations
from which cyclic spatiotemporal deformation profiles were extracted. b), c) Overview of the mechano-mediated collagen
reorientation methodology. b) A single, linearly interpolated hexahedral element was subjected to the deformation profiles
extracted from the FE simulation, thereby reproducing the local mechanical environment of the left ventricular wall. c)
Collagen reorientation in the circumferential-longitudinal plane is illustrated. Starting from an isotropic organization, col-
lagen reorientation over time resulted in an aligned equilibrium organization. Two strain-mediated collagen degradation
hypotheses were evaluated: V-shaped and monotonic. Dmax and Dmin are the maximum and minimum normalized degra-
dation rates, respectively. D40 is the normalized degradation rate at εe = 0.40 [-]. c) was created with BioRender.com
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zone, with fpas and fact linearly varying between
the physiological and infarcted values. Simulations
were performed using the FEniCS open-source
computing platform (Baratta et al. 2023).

2.2 Mechano-mediated fibroblast &
collagen (re)orientation

A previously developed mechano-mediated
model describing fibroblast-driven collagen fiber
(re)orientation in heart valves and engineered
in vitro tissues was applied to study collagen
organization in the left ventricular mechanical
environment (Loerakker et al. 2014; Obbink-
Huizer et al. 2014; Ristori et al. 2018a,b).
The material stress of the non-cardiomyocyte
components in the myocardium was defined by

σtissue = σm + σsf + σcf (2),

with σm the Cauchy stress of the non-fibrous
matrix constituents, σsf the stress of actin stress
fibers in the cardiac fibroblasts and σcf the col-
lagen fiber stress. Both stress fibers and col-
lagen fibers were distributed by N = 30 dis-
crete, independent fiber orientations spanning the
circumferential-longitudinal plane with a resolu-
tion between each fiber direction of 6◦. Each ith
fiber direction in the reference configuration was
described by eif0 = cos(γi)ec + sin(γi)el, with ec
and el the circumferential and longitudinal unit
vector and γi the angle of eif0 with respect to ec.

2.2.1 Actin stress fibers in cardiac

fibroblasts

The anisotropic stress contribution of actin stress
fibers was modeled as

σsf =
1

N

N
∑

i=1

ϕi,p
sf σ

i,p
sf eife

i
f (3),

with eif representing the unit vector eif0 in the
current configuration, such that λi

fe
i
f = F · eif0.

Here, F = ∂x
∂x0

is the deformation gradient tensor
where x and x0 are material point coordinates in
the deformed and undeformed reference configu-
rations, respectively. From this, λi

f , which is the
global stretch along direction i, can be determined
via

λi
f =

√

eif0 · F
T · F · eif0 (4).

Furthermore, ϕi,p
sf is the polymerized actin stress

fiber volume fraction in direction i with corre-
sponding stress magnitude σi,p

sf . For readability
purposes, we will neglect the p superscript in the
remainder of the equations. The total amount
of actin ϕtot

sf remained constant and consisted of
monomeric (ϕm

sf ) and polymerized actin

ϕtot
sf = ϕm

sf +
1

N

N
∑

i=1

ϕi
sf (5),

with starting conditions ϕtot
sf = ϕm

sf . The stress
magnitude was defined as

σi
sf = σmaxfε(ε

i)fε̇(ε̇
i) (6),

with σmax the maximum stress fiber contraction
and εi = 0.5((λi

f)
2 − 1) the strain in fiber direc-

tion i as derived from the Green-Lagrange strain
tensor. The dependence of stress fiber passive
and active contraction stress on strain, fε(ε

i),
and strain rate, fε̇(ε̇

i), are described elsewhere
(Obbink-Huizer et al. 2014) (Suppl. A.2).

The mechanoregulated (re)orientation of poly-
merized stress fibers depended on strain, strain-
rate, and structural contact-guidance provided by
adjacent collagen fibers.

dϕi
sf

dt
= (kf0 + kf1σmaxfε,a(ε

i)fε̇(ε̇
i)

+ fcg(ϕ
i
cf))ϕ

m
sf − kdϕ

i
sf

(7),

where kf0 and kd quantify basal stress fiber for-
mation and degradation while kf1 scales with
mechano-mediated stress fiber formation. The
effect of contact guidance was modeled with a
sigmoid function that scaled the contact guid-
ance effect with the directional volume fraction of
collagen fibers ϕi

cf (Ristori et al. 2018b)

fcg(ϕ
i
cf) = gcg

(

1−
kcg1

ek
cg
2 ϕi

cf + kcg1 − 1

)

(8),

where gcg is a constant describing the maximum
contact guidance effect and kcg1 and kcg2 curve fit-
ting parameters determining the transition point
and slope of the sigmoid curve.
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2.2.2 Collagen fibers

Collagen fiber stress was similarly defined as a
summation of anisotropic stress components

σcf =

N
∑

i=1

ϕi
cfσ

i
cfe

i
fe

i
f (9).

The total collagen volume fraction remained con-
stant such that

ϕtot
cf =

N
∑

i=1

ϕi
cf (10),

with a uniform collagen distribution in-plane

(ϕi
cf =

ϕtot
cf

N
) as starting condition to prevent any

directional bias in our results. The collagen fiber
stress magnitude σi

cf exhibited a non-linear strain
hardening response to tension only

σi
cf =

{

0 if λi
e < 1

k1(λ
i
e)

2(ek2((λ
i
e)

2−1) − 1) if λi
e ≥ 1

(11),
with k1 and k2 material parameters describing
the strain hardening response and λi

e the elastic
collagen fiber stretch. λi

e can be different from
the global stretch λi

f due to the inclusion of
collagen prestretch by the fibroblast. Following
previous studies (Loerakker et al. 2014; Ristori
et al. 2018a), the global stretch was decomposed
into an elastic (λi

e) and inelastic (λi
g) component

λi
f = λi

eλ
i
g (12),

where λi
g was restricted to ≤ 1 as we only consider

collagen crimp. A target value for the inelastic
component λ̂i

g, leading to collagen prestretch, was
determined by assuming a mechanical equilibrium
between the stress fiber (6) and collagen stress
(11) in series (Suppl. A.3). It was assumed that

the inelastic component λi
g tends to λ̂i

g with a rate
characterized by a time constant τλ via

dλi
g

dt
=

1

τλ
(λ̂i

g − λi
g) (13).

Collagen (re)orientation was modeled as a
redistribution of collagen volume fractions in fiber
directions i through direction-dependent degra-
dation and production. Consequently, changes in

collagen orientation emerge from preferential col-
lagen turnover rather than from physical rotation
of existing collagen fibers. Collagen (re)orientation
was modeled as the result of degradation and
production in directions i

dϕi
cf

dt
= fprod(ε

i
e, ϕ

i
cf)−

ϕi
cf

τcf
fdeg(ε

i
e) (14),

with τcf the (re)orientation rate for collagen
and εie = 0.5((λi

e)
2 − 1) the directional elastic

strain. As discussed by Loerakker et al. (2014),
several hypotheses have been proposed regard-
ing mechano-mediated collagen production and
degradation mechanisms. We therefore evaluated
different scenarios for collagen production and
degradation in the cardiac simulations. For the
baseline model, we assumed cell-mediated produc-
tion such that new collagen was produced along
the current fibroblast orientation

fprod(ε
i
e, ϕ

i
sf , ϕ

i
cf)

=
ϕi
sf

∑N
j=1 ϕ

j
sf

N
∑

j=1

ϕj
cf

τcf
fdeg(ε

j
e)

(15).

Alternatively, we studied the effect of isotropic
collagen production on the (re)orientation of the
fibers via

fprod(ε
i
e, ϕ

i
cf) =

1

N

N
∑

j=1

ϕj
cf

τcf
fdeg(ε

j
e) (16).

Similarly, two alternative observed patterns for
strain-mediated collagen degradation fdeg(ε

i
e)

were included. The baseline model assumed a
V-shaped strain-mediated directional degradation
curve with minimized collagen degradation at a
transition strain εtrans (Gaul et al. 2018; Ghazan-
fari et al. 2016; Huang and Yannas 1977) (Figure
1c; Suppl. A.4). Alternatively, a monotonically
declining curve was assumed, favoring less degra-
dation and thus collagen (re)orientation toward
higher strains (Wyatt et al. 2009) (Figure 1c;
Suppl. A.4).

2.2.3 Non-fibrous matrix

The stress contribution of the remaining non-
fibrous matrix, σm, was modeled with an isotropic,

6
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compressible Neo-Hookean hyperelastic material
model

σm = ϕm

(

κ
ln(J)

J
I +

G

J

(

B − J
2
3 I
)

)

(17),

where ϕm is the volume fraction of the non-fibrous
matrix components, while κ and G are the bulk
and shear modulus, respectively. Given the shear
modulus G, the bulk modulus was estimated via
the following relationship

κ =
2G(1 + ν)

3(1− 2ν)
(18),

with ν the material’s Poisson’s ratio. Furthermore,
J = det(F ) in (17) is the volume ratio, B = F ·

FT the left Cauchy-Green strain tensor and I the
identity tensor.

2.2.4 Material properties

Material properties of the mechano-mediated tis-
sue (re)orientation model were based on experi-
mental data and previous computational studies
(Table 1). The collagen fiber material properties
were fitted such that the passive material stress
in the tissue (re)orientation model (σtissue in (2))
corresponded to the passive stress extracted from
the healthy left ventricle FE model (σpas in (1)).
Infarct stiffening was represented by an increase in
ϕtot
cf . Additionally, the most sensitive parameters

causing collagen (re)orientation were calibrated
within experimentally constrained ranges using an
optimization algorithm to reproduce the physi-
ological transmural collagen organization at the
equator.

2.3 Coupling of left ventricular
mechanics with collagen
(re)orientation model

Spatiotemporal deformations throughout the car-
diac cycle were extracted from the left ventricle
FE model as components of the deformation gra-
dient tensor F (Figure 1b). The deformation
gradient components were determined in a local,
right-handed cardiac coordinate system (ec, el,
et) corresponding to the circumferential, longi-
tudinal, and transmural directions. Subsequently,

these local deformations were imposed as displace-
ment boundary conditions in a linear hexahe-
dral element with reduced integration (C3D8R)
in Abaqus Standard (Dassault Systèmes Simulia
Corp. 2024) via

u = (F − I)x0 (19).

The mechano-mediated collagen (re)orientation
model described previously was coded for this
single element model via a user-defined mate-
rial subroutine (UMAT). Collagen (re)orientation
was modeled in the (ec, el)-plane, with the result-
ing distribution characterized by a helix angle αh

(see (23) and Figure 1c). Using this approach,
we implicitly incorporated cardiomyocyte contrac-
tion from the left ventricle model as a stimulus
for mechano-mediated reorientation of the non-
cardiomyocyte components of the left ventricle
(Mostert et al. 2022; Simpson et al. 1994).

2.4 Numerical approximation

Solving the ordinary differential equations (ODEs)
in (7), (13), and (14) through direct time integra-
tion is computationally infeasible due to the large
separation in timescales between cardiac strains
calculated by the FE model, which vary over sec-
onds, and mechano-mediated (re)orientation of
the collagen fibers, which occurs over weeks. For
this reason, we adopted a previously established
approximation algorithm to efficiently solve these
ODEs (Ristori et al. 2016). Briefly, it was found
that the periodic solutions of these ODEs with
dynamic strain input converge to an almost con-
stant asymptotic solution for t → ∞. These
asymptotic solutions, hereafter referred to as pre-
ferred solutions following Ristori et al. (2016), are

denoted by (ϕi
sf,P, ϕi

cf,P and λ̂i
g,P). They were

obtained by numerically integrating the evolution
laws. For more details on the numerical integra-
tion procedure, we refer to Ristori et al. (2016) and
Supplementary A.5. The temporal evolution of
ϕi
sf , ϕ

i
cf and λi

g toward their preferred steady-state
solutions was modeled using a first-order linear
rate equation solved with implicit Euler numerical
integration

dϕi
sf

dt
=

1

τsf
(ϕi

sf,P − ϕi
sf) (20),

7
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Table 1 Parameters of the mechano-mediated collagen (re)orientation model

Constituent Model Parameter Value References

Stress
Fibers

σmax [kPa] 1.5 (Deshpande et al. 2006; Hermans 2024; Yang et al.
2021)

ε0 [-] 0.11 (McEvoy et al. 2019; Obbink-Huizer et al. 2014;
Vernerey and Farsad 2011)

ε1 [-] 0.28 (McEvoy et al. 2019; Obbink-Huizer et al. 2014;
Vernerey and Farsad 2011; Vigliotti et al. 2016)

kv [s] 50 (Obbink-Huizer et al. 2014)
ϕtot
sf [-] 0.05 (Obbink-Huizer et al. 2014)

kf0 [s-1] 1.7× 10−6 (Obbink-Huizer et al. 2014)
kf1 [s-1 · MPa-1] 0.37 (Obbink-Huizer et al. 2014; Vernerey and Farsad

2011)
kd [s-1] 1.3× 10−3 (Obbink-Huizer et al. 2014)
gcg [s-1] 2.8 (Ristori et al. 2018b)
kcg1 [-] 142 (Ristori et al. 2018b)
kcg2 [-] 214 (Ristori et al. 2018b)
τsf [s] 230 (van Vlimmeren et al. 2012)

Collagen k1 [kPa] 0.94 fitted (Bovendeerd et al. 2009)
k2 [-] 4.0 fitted (Bovendeerd et al. 2009)
ϕtot
cf Healthy [-] 0.33 (Greiner et al. 2018; Pope et al. 2008)

ϕtot
cf Infarct [-] 0.7 (Greiner et al. 2018; Guan et al. 2025; Pope et al.

2008)
Dmax [-] 1.0 (Loerakker et al. 2013)
Dmin [-] 0.059 (Ghazanfari et al. 2016; Yeganegi et al. 2023)
D40 [-] 0.52 (Ghazanfari et al. 2016)
εtrans [-] 0.18 (Ghazanfari et al. 2016; Yeganegi et al. 2023)
τλ [h] 1 (Visser et al. 2025)
τcf [h] 12 (Visser et al. 2025)

Matrix G Healthy [MPa] 0.03 fitted (Bovendeerd et al. 2009)
G Infarct [MPa] 0.10 fitted (Janssens et al. 2023)
Poisson’s ratio ν [-] 0.47 (Bovendeerd et al. 2009)

dϕi
cf

dt
=

1

τcf
(ϕi

cf,P − ϕi
cf) (21),

dλi
g

dt
=

1

τλ
(λ̂i

g,P − λi
g) (22).

2.5 Postprocessing

The main outcome of our study is a vec-
tor of in-plane collagen volume fractions
ϕ̃cf = [ϕ1

cf , ϕ
2
cf , . . . , ϕ

N
cf ]

T. These results
were subsequently normalized such that
ϕ̄i
cf = ϕi

cf/max(ϕ̃cf), and circular statistics were
applied. In particular, the mean collagen fiber

orientation (helix angle αh) was calculated by

αh =
90

π
atan2

(

N
∑

i=1

ϕ̄i
cf sin(2γ

i),

N
∑

i=1

ϕ̄i
cf cos(2γ

i)

)
(23),

where doubling the angle (2γi) accommodates
the axial symmetry of the fibers. Additionally,
an anisotropy index S was calculated based on
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circular statistics

S =

√

(

∑N
i=1 ϕ̄

i
cf cos(2γ

i)
)2

+
(

∑N
i=1 ϕ̄

i
cf sin(2γ

i)
)2

∑N
i=1 ϕ̄

i
cf

(24),

where S = 0 describes an isotropic distribu-
tion of collagen fibers, and S = 1 a completely
anisotropic distribution. Postprocessing was per-
formed in MATLAB R2023a (The MathWorks
Inc. 2023) using the Abaqus2Matlab toolbox
(Papazafeiropoulos et al. 2017).

3 Results

3.1 Mechanobiological mechanisms
of collagen organization can
replicate physiological left
ventricular alignment

We first investigated collagen (re)orientation at
the equator for four transmural locations (20%,
40%, 60% and 80% along the endo- to epi-
cardium wall trajectory; Figure 2a) using our
mechanobiology-informed computational frame-
work. An optimization algorithm was used to
identify parameter values for stress fiber con-
traction (σmax), minimized strain-mediated col-
lagen degradation (εtrans), and contact guidance
(kcg1 , kcg2 , gcg) that produced physiological colla-
gen orientations, with all parameters constrained
to ranges reported in the literature during the
optimization. The resulting steady-state collagen
orientations were characterized by a transmural
transition from right-handed helical fibers near the
endocardium (+αh) to left-handed helical fibers
near the epicardium (−αh) (Figure 2b). Moreover,
collagen volume fractions revealed a strong uni-
directional alignment at all transmural locations
(Figure 2c; average anisotropy index S = 0.97 [-]).
Notably, this mechanobiology-driven transmural
transition in helix angle largely corresponds to
the reference alignment used in the finite element
model (R2 = 0.73) (Figure 2b). Repeating the
same analysis at two additional locations along the
base-to-apex trajectory resulted in similar trans-
mural collagen fiber orientations (Figure 2b, e,
g). This consistency in base-to-apex transmural
trajectories is in agreement with in vivo measure-
ments (Walker et al. 2005) (Suppl. Figure 7).

3.2 Left ventricular collagen
orientation corresponds to strain
with minimized degradation

The local dynamic strain environment, in combi-
nation with the inclusion of a V-shaped, strain-
mediated collagen degradation law in the model,
provides an explanation for the collagen fiber
orientations in Figure 2b. Since local strain pro-
files are similar transmurally for the different
base-to-apex locations (Figure 2d, f, h), we focus
on explaining strain-mediated collagen orientation
patterns along the endo- to epicardial direction.
During the peak-diastolic phase, circumferential
strains near the endocardium (20% wall distance;
εcc ≈ 0.39 [-]) are well above the transition strain
εtrans = 0.18 [-] of the V-shaped curve, associated
with relatively high degradation rates in the cir-
cumferential direction. In contrast, peak-diastolic
longitudinal strains near the endocardium (εll ≈
0.19 [-]) are closer to the optimum εtrans, coin-
ciding with relatively low degradation rates. As
a result, collagen fibers near the endocardium
align toward the longitudinal direction. Moving
away from the endocardium, both peak-diastolic
circumferential and longitudinal strains gradually
decrease to equal values near the epicardium (80%
wall distance; εcc ≈ 0.14 [-] and εll ≈ 0.13 [-]).
The transmural decrease in circumferential strain,
approaching the optimum value εtrans, reduces
the degradation rate in that direction. In con-
trast, decreasing longitudinal strains lead to an
increasing degradation rate. Together, these local,
strain-dependent collagen degradation dynamics
initiate the transmural transition in fiber orienta-
tion, with fibers becoming increasingly circumfer-
entially aligned toward the epicardium.

While we previously demonstrated that nom-
inal strains dictate the primary endocardium to
epicardium transition from more longitudinal to
more circumferential collagen fiber orientations,
shear strains are crucial for establishing the char-
acteristic transmural helix-angle profile. Although
modest in magnitude during the cardiac cycle
(peak value of εcl ≈ −0.05 [-]; Figure 2d, f, h),
shear strain can, in combination with the nominal
loading, adjust the direction that satisfies the opti-
mized strain εtrans associated with the minimum
collagen degradation. For instance, near the endo-
cardium (20%) and at mid-wall (40% and 60% wall
distance), circumferential strain components that
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Fig. 2 Computational results for mechano-mediated collagen fiber (re)orientation in the healthy left ventricle. a) Left ven-
tricular FE model, displaying the double-helical structure in the circumferential-longitudinal plane (ec, el-plane). Extracted
locations for tissue remodeling are located at the equator and 35% and 65% below the equator. b) Resulting mean collagen
fiber helix angle along the transmural trajectory from the (re)orientation model compared with the FE model reference. c),
e), g) Transmural collagen volume fraction distributions in-plane, and d), f), h) Green-Lagrange strains for the simulated
locations. Numbers indicate the start of the (1) diastolic, (2) isovolumetric contraction, (3) systolic, and (4) isovolumetric
relaxation phases
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initially exceeded εtrans are reduced toward εtrans
along right-handed helical fiber directions (+αh)
because the opposing negative shear strain par-
tially counteracts the circumferential strain. This
strain adjustment amplifies the transition from
longitudinal to circumferential collagen alignment
which is already driven by the nominal strains.
Strikingly, near the epicardium (80% wall dis-
tance), shear strain becomes the dominant factor
in maintaining a left-handed collagen orientation
(−αh). In this location, equal nominal strains
below the optimum εtrans provide no preferred
direction that would minimize collagen degra-
dation. Under these conditions, the presence of
negative shear strain increases the strain of colla-
gen fibers aligned with the shear direction toward
εtrans, thereby promoting a left-handed helical
alignment. Overall, the physiological transmural
transition from right-handed fibers near the endo-
cardium to left-handed fibers near the epicardium
can only be reproduced when shear strain is
included alongside the circumferential and longi-
tudinal strain.

3.3 Variations in strain-dependent
collagen degradation result in
non-physiological cardiac
collagen organization

To investigate the role of strain-mediated col-
lagen degradation in cardiac collagen organiza-
tion, we altered strain-mediated collagen degra-
dation characteristics. We found that decreasing
(0.5x) or increasing (1.5x) the optimum strain
value εtrans in the V-shaped degradation curve
failed to reproduce the characteristic transition in
helical alignment, resulting in either a transmu-
rally uniform right-handed or left-handed helical
organization instead (Figure 3a). Furthermore, a
monotonic relation of collagen degradation with
strain failed to capture a transmural transition in
helical alignment for equal or increased values of
εtrans (Figure 3b). Although a monotonic degrada-
tion curve with a lower εtrans appears to result in
a qualitatively similar endo- to epicardium tran-
sition in collagen orientations, inspection of the
20% wall location together with additional simu-
lations revealed deviations from the physiological
transmural helix-angle profile (Suppl. Figure 11).

Specifically, the monotonic degradation curve con-
sistently predicted more left-handed, epicardial-
like collagen orientations in the subendocardial
region. These findings suggest that physiological
collagen organization in the left ventricle requires
a directionally regulated strain-dependent degra-
dation mechanism in which degradation increases
at both low and high strain magnitudes and is
minimized at an intermediate strain.

3.4 Left ventricular collagen
orientation requires
fibroblast-collagen interplay

To assess whether mechanisms other than strain-
mediated collagen degradation contribute to phys-
iological cardiac collagen organization, we varied
model components describing fibroblast-mediated
effects on collagen reorientation. We examined the
importance of directional collagen deposition by
the fibroblasts on cardiac collagen organization
by exploring two mechanistic variations: loss of
contact guidance with the collagen while main-
taining collagen synthesis along the cytoskeletal
axis, and the use of isotropic collagen synthe-
sis while maintaining contact guidance. The first
case resulted in unphysiological, transmurally uni-
form right-handed collagen orientations (Figure
4a). In the absence of contact guidance, fibrob-
lasts orient along the direction of minimal strain
(strain avoidance), resulting in misaligned colla-
gen deposition in transmural locations close to the
epicardium. In the alternative case of isotropic col-
lagen production, native-like collagen alignment
was preserved but accompanied by a substantial
loss in tissue anisotropy, to the extent that no clear
dominant collagen orientation remained (Figure
4b). Together, these findings suggest that physio-
logical unidirectional collagen alignment in the left
ventricle requires both contact guidance and direc-
tional fibroblast-mediated collagen synthesis as
losing either mechanism leads to unphysiological
collagen alignment, reduced anisotropy, or both.

We next varied the magnitude of maximum
fibroblast contraction σmax, based on earlier work
demonstrating the critical role of this parameter
in the prediction of collagen orientation in paedi-
atric heart valves (Ristori et al. 2018a). Increasing
σmax resulted in predominantly right-handed heli-
cal fibers, whereas decreasing σmax maintained
native-like collagen orientations (Figure 5). These
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Fig. 3 Effect of variations in the strain-mediated collagen degradation curve on predicted mean collagen helix angles at the
equator. a) 50% left (Vlow) and right (Vhigh) shift of the transition strain in the V-shaped curve. A value of εtrans = 0.18
is used for the baseline model (Vbase). Results are compared with the FE model reference. b) Monotonic degradation curve
applied with either the same εtrans as in the optimized V-shaped curve (Mbase) or 50% left (Mlow) and right (Mhigh) shift
in εtrans. The symmetry axes in both plots are included to account for axial symmetry in collagen fiber orientations

results indicate that fibroblast-mediated collagen
reorientation is limited under physiological con-
ditions in the left ventricle. Elevated fibroblast
contractility may promote cell reorientation inde-
pendent from the collagen orientation through
strain avoidance, leading to collagen deposition
that is misaligned with the existing collagen net-
work. In addition, increased collagen prestretch
may alter the strain-mediated degradation cues
that determine the collagen orientation as shown
previously. These simulations therefore suggest
that both mechanisms are constrained under phys-
iological conditions.

3.5 Altered tissue strains in
infarction drive
strain-dependent collagen
reorientation

Lastly, we applied our computational frame-
work to simulate an infarcted heart and assessed
whether pathological collagen fiber orientation can
be explained by the same mechanobiological mech-
anisms that lead to physiological collagen orienta-
tion. Here, we observed that the altered mechan-
ical environment within the infarcted region
resulted in a predominantly circumferential colla-
gen fiber organization for most transmural loca-
tions (Figure 6). This organization deviates from
the transmurally varying fiber orientation imple-
mented in the finite element model, yet is con-
sistent with structural observations from ex vivo

large animal LAD infarction models reporting cir-
cumferentially biased fiber orientations within the
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Fig. 4 Resulting collagen volume fractions on the equator after a) exclusion of the contact guidance cue and b) imposing
isotropic collagen synthesis by fibroblasts. The colored arrows show the mean collagen orientation while the dash-dotted
line is the FE model reference orientation. Additionally, the anisotropy index S [0 - isotropic, 1 - fully anisotropic] is given
for each simulation

Fig. 5 Variations in fibroblast contractility (σmax) on
transmural collagen orientation in the left ventricle. σmax

was respectively decreased to a value of 0.15 [kPa] or
increased to 15.0 [kPa]

infarcted myocardium (Gupta et al. 1994; Hervas
et al. 2016; Wu et al. 2006).

Furthermore, in contrast to highly aligned col-
lagen fibers in the healthy myocardium, a larger
dispersion in collagen fiber orientations and there-
fore lower structural anisotropy is observed for
the infarcted region (Figure 6b). Quantitatively,
this corresponds to an average decrease of 43%

in anisotropy index S compared to simulations
in healthy myocardium, which is similar to the
decrease in fractional anisotropy (FA) measured
in ex vivo porcine models of LAD infarction (Wu
et al. 2006). In the computational model, this
loss in anisotropy can be attributed to the higher
collagen content in the infarct (ϕtot

cf = 0.7 [-])
which reduces the directional sensitivity of the
contact-guidance cue due to saturation at higher
directional collagen volume fractions. As a result,
the predicted anisotropy becomes weaker. Remov-
ing the contact guidance cue entirely, however,
yields an increased transmural longitudinal colla-
gen fiber alignment that is not observed experi-
mentally (Figure 6d). These results therefore indi-
cate that the collagen fiber organization observed
in the infarcted region may arise through (some
degree of) structural guidance of fibroblasts com-
bined with collagen synthesis along the fibroblast’s
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Fig. 6 Collagen (re)orientation in a model of LAD occlusion myocardial infarction. a) FE model of the LAD infarct
representing the infarcted (gray) and border zone (light-gray) regions. b) Transmural collagen volume fractions in the infarct
core. The arrows depict the main collagen fiber orientation. Additionally, the anisotropy index S [0-1] is given for each
simulation. c) Green-Lagrange strains for the transmural wall locations in the infarct core. d) Resulting collagen volume
fractions in the infarct core with and without inclusion of the contact guidance cue
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cytoskeletal axis, analogous to the situation in the
healthy myocardium.

4 Discussion

The mechanobiological mechanisms regulating
collagen fiber orientation in the left ventricle
remain incompletely understood despite their
importance in maintaining cardiac structural
homeostasis. A deeper understanding of these
mechanisms could inform novel targeted strate-
gies to control or even reverse adverse structural
remodeling in cardiac pathologies. To investigate
the mechanobiological determinants of cardiac col-
lagen orientation, we developed a multiscale com-
putational framework that couples left ventricular
strains to experimentally informed mechanisms
of collagen reorientation. The resulting simula-
tions reproduced the physiological collagen fiber
organization of the healthy adult left ventricle
(Figure 2), suggesting that currently known mech-
anisms of mechano-mediated collagen reorienta-
tion may contribute substantially to the regulation
of cardiac collagen architecture. Furthermore, the
framework provides a platform to examine the rel-
ative roles of the individual mechanisms involved
in this process.

Our results specifically indicate that a non-
monotonic, V-shaped relation between strain and
directionally dependent collagen degradation is
necessary to preserve the physiological left ven-
tricular collagen organization (Figure 3a,b). This
suggests that, if strain-dependent collagen degra-
dation contributes to left ventricular structural
homeostasis, it is unlikely to be governed by a
purely strain-stabilizing monotonic response. It is
well established that myocardial collagen fibers
are not aligned with the maximum principal strain
direction, but are instead organized to promote a
homogeneous distribution of fiber strain across the
left ventricular wall (Carruth et al. 2016; Mehri
et al. 2024; Moulin et al. 2021; Wang et al. 2016).
This observation is difficult to interpret with
a monotonic strain-degradation relation, which
would favor collagen orientation in the dominant
strain direction. Instead, it is consistent with selec-
tive degradation of both unloaded and excessively
strained fibers, as represented by the V-shaped
curve. Combined with recent observations of sim-
ilar V-shaped degradation patterns in other col-
lagenous tissue types (Barbour and Huang 2020;

Deng et al. 2024; Gaul et al. 2018; Jenkins et al.
2026; Richardson et al. 2018; Yi et al. 2016), our
results provide a testable hypothesis for future
experimental studies on strain-dependent collagen
degradation in myocardial tissue.

Our simulations further indicate that cardiac
fibroblasts embedded within the physiological left
ventricular collagen matrix primarily contribute
to the maintenance of established collagen align-
ment rather than driving the network’s orienta-
tion. We showed that the physiological collagen
organization strongly depends on a synergistic
interaction between fibroblast-mediated collagen
deposition along the cellular axis and contact
guidance cues that maintain fibroblast alignment
with the collagen fibers (Figure 4). By compar-
ison, model variations that increased the abil-
ity of fibroblasts to dictate collagen orientation
produced non-physiological collagen architectures
(Figure 5). These findings are consistent with
experimental observations that cardiac fibroblasts
adopt a quiescent phenotype in aligned environ-
ments with physiological cardiac stiffness (Atance
et al. 2004; Pereira-Sousa et al. 2026; Pesce et al.
2023; Shinde et al. 2017). Our simulations pro-
vide a potential mechanistic link between this
quiescent fibroblast phenotype and physiological
collagen alignment in the left ventricle, suggest-
ing that elevation of fibroblast contractility alone
may be sufficient to compromise this collagen
architecture, even in the absence of altered strain
fields.

Another notable finding is that, in an infarcted
left ventricle, the same mechanobiological mech-
anisms that maintain physiological collagen orga-
nization no longer favor the native double-helical
architecture, but instead give rise to collagen
fiber orientations and disarray consistent with
experimental observations in infarcts (Figure 6)
(Gupta et al. 1994; Hervas et al. 2016; Wu et al.
2006). Although similar mechanobiological mech-
anisms have previously been shown to contribute
to infarct collagen restructuring (Fomovsky et al.
2012; Richardson and Holmes 2016), the present
work suggests that infarct collagen reorientation
and maintenance of physiological cardiac collagen
organization may be governed by the same under-
lying mechanisms. This raises the possibility that
pathological collagen reorientation may be under-
stood, at least in part, as the response of phys-
iological maintenance mechanisms to an altered
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mechanical environment, providing a mechanistic
basis for future studies aimed at evaluating how
therapeutic alterations of the mechanical environ-
ment of the heart may influence cardiac tissue
organization.

One limitation in our study is that the mate-
rial model of the left ventricle was not updated
based on the predicted collagen orientations.
Changes in structural alignment can alter ven-
tricular deformation patterns (Barbarotta and
Bovendeerd 2021), which may in turn influence the
mechano-mediated collagen (re)orientation. Con-
sequently, the present model should be interpreted
as a method to understand the mechanobiologi-
cal mechanisms responsible for the maintenance of
collagen organization in physiological and patho-
logical conditions rather than a model of temporal
cardiac remodeling. Future studies could address
this limitation through a two-way coupled frame-
work in which collagen (re)orientation and left
ventricular mechanics are both updated over time.

A second limitation is that we implemented the
role of cardiomyocytes only via their direct effect
on the mechanical environment in the left ventri-
cle, without allowing them to actively participate
in mechano-mediated (re)orientation. This choice
is supported by the literature (Mostert et al.
2022; Simpson et al. 1994). Nevertheless, other
work proposes that the cardiomyocytes themselves
can reorient in response to mechanical stimuli
by reorganization of their sarcomeric structure
(Arts et al. 1994; Williams et al. 2025). While the
present study focuses on matrix- and fibroblast-
mediated mechanisms of collagen (re)orientation,
we acknowledge the possibility that cardiomy-
ocytes, especially in a less mature phenotype, may
also contribute to the maintenance of the car-
diac collagen network and overall left ventricular
structural organization (Mostert et al. 2026).

To conclude, we used computational modeling
to reveal that V-shaped strain-mediated direc-
tional collagen degradation is a potentially cru-
cial mechanobiological mechanism for the main-
tenance of left ventricular collagen organization,
while embedded cardiac fibroblasts primarily serve
a stabilizing rather than a restructuring role.
Interestingly, the same mechanobiological mecha-
nisms that maintain physiological collagen orga-
nization can promote collagen reorientation under
infarct loading conditions, linking physiological

structural maintenance to pathological tissue reor-
ganization. These identified mechanisms may help
guide future efforts to understand and direct
cardiac collagen organization in both regenera-
tive therapies and tissue-engineered cardiac con-
structs, thereby promoting structurally favorable
remodeling following myocardial injury (Kluge
et al. 2010; Mostert et al. 2025; Uiterwijk et al.
2020; Weinberger et al. 2016).
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Supplementary A Methodology

A.1 Fiber orientation field in left
ventricle FE model

The anisotropic material behavior of the left
ventricular FE model was governed by a rule-
based myofiber architecture adopted from Boven-
deerd et al. (2009). The local orientation of
the myofibers was described by a helix angle
(αref

h ) and a transverse angle (αref
t ). The helix

angle αref
h defines the orientation of the myofibers

within the circumferential-longitudinal plane and
is measured relative to the local circumferential
direction. Positive and negative values correspond
to right-handed and left-handed helical orien-
tations, respectively. The transverse angle αref

t

describes the deviation of the myofibers out of
the circumferential-longitudinal plane toward the
transmural direction.

The rule-based method used normalized local
coordinates (u, v) to describe the spatial distribu-
tions of αref

h and αref
t . The normalized longitudinal

coordinate (u) describes the location along the
base-to-apex trajectory. Its value varies from u =
+0.5 at the base, u = 0 at the equator and
u = −1 at the apex. The transmural normalized
coordinate v varies linearly along the endo- to epi-
cardium trajectory, specifically from v = −1 at
the endocardial surface to v = +1 at the epicardial
surface. The fiber angles are described by

αref
h (u, v) =
(

h10L0(v) + h11L1(v) + h12L2(v)

+ h13L3(v) + h14L4(v)
)

·
(

1 + h22L2(u) + h24L4(u)
)

(A1),

αref
t (u, v) =
(

1− v2
)

(1 + t11L1(v) + t12L2(v))

· (t21L1(u) + t23L3(u) + t25L5(u))

(A2),

where Lk(u) and Lk(v) are normalized Legendre
polynomials of the kth order. The values for the
coefficients are summarized in Table 2.

Table 2 Coefficients
describing fiber field in FE
model

Coefficient Value

h10 0.362 [rad]
h11 −1.16 [rad]
h12 −0.124 [rad]
h13 0.129 [rad]
h14 −0.0614 [rad]
h22 0.0984 [-]
h24 −0.0501 [-]
t11 −0.626 [-]
t12 0.502 [-]
t21 0.626 [rad]
t23 0.211 [rad]
t25 0.038 [rad]

A.2 Strain and strain-rate
dependent relation to stress
fiber stress in cardiac
fibroblasts

We modeled the cardiac fibroblast stress contribu-
tion as a combination of passive and active con-
tractile stresses. The strain dependent response
was subsequently separated into a nonlinear pas-
sive strain hardening response (fε,p) and a length-
tension relationship for actin-myosin sliding lead-
ing to active contraction (fε,a)

fε = fε,p + fε,a (A3),

fε,p(ε
i) =

⎧

⎨

⎩

0 if εi < 0,
(

εi

ε1

)2

if εi ≥ 0.
(A4),

fε,a(ε
i) = e

−( εi

ε0
)2

(A5),

where ε0 describes the decrease of σi
sf for non-

zero values of εi, while ε1 characterizes the rate of
increase of σi

sf due to stress fiber extension. The
strain rate dependency (fε̇), or velocity-tension
relationship of actin-myosin sliding, was described
by

fε̇(ε̇
i) =

1

1 + 2√
5

(

1 +
kvε̇

i + 2
√

(kvε̇i + 2)2 + 1

)

(A6),

with kv a constant. We refer to Obbink-Huizer
et al. (2014) for an extended elaboration on the
motivation for these equations.
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A.3 Elaboration on determining
preferred collagen prestretch

The collagen prestretch algorithm in (12) is deter-
mined based on the assumption of equilibrium
between the directional stress fiber stress and
collagen fiber stress

σ̂i
cf(λ̂

i
e) = σi

sf(λ
i
f) (A7),

where σ̂i
cf is the target collagen stress calculated

with the target elastic collagen fiber stretch λ̂i
e

after inclusion of the prestretch effect. By apply-

ing the substitution λ̂i
e =

λi
f

λ̂i
g

in the left hand side

of (A7), a target inelastic component λ̂i
g in the

growth formulation could be derived.

A.4 Mathematical equations for
strain-mediated collagen
degradation

To model the strain-mediated collagen degrada-
tion effect in our model, fdeg(ε

i
e), we followed

the continuous functions described by Gaul et al.
(2018). Specifically, for the baseline V-shaped
strain-mediated collagen degradation curve, the
function domain was separated into 3 parts (A8),
where εie is the elastic collagen strain that fol-
lows from the elastic collagen stretch λi

e by εie =
1
2 ((λ

i
e)

2 − 1). Furthermore, Dmax is the baseline
degradation rate,Dl andDh the degradation mod-
uli of the low strain and high strain regions, ε1,D
the strain where the low strain region switches to
the transition region of the curve and ε2,D where
the curve switches to the high strain region. T1,D,
T2,D and T3,D are parameters ensuring the con-
tinuity between the three strain regions and are
defined as

T1,D = (Dl −Dh)/(2(ε1,D − ε2,D))

T2,D = Dl − ε1,D(Dl −Dh)/(ε1,D − ε2,D) (A9).

T3,D = ε1,DDl − ε21,DT1,D − ε1,DT2,D

The parameters Dl, Dh, ε1,D and ε2,D were effec-
tively fitted to ensure that (1) minimum degra-
dation occurs at the specified transition strain
εtrans =

−T2,D

2T1,D
and (2) the slope in the high strain

regime of the curve passes through a normalized
degradation rate of D40 for εie = 0.40 [-] based on
the experimental data provided (Ghazanfari et al.

Table 3 Variations in strain-mediated collagen
degradation curve parameters

Parameter εtrans = 0.09 εtrans = 0.18 εtrans = 0.27

ε1,D [-] 0.083 0.174 0.261
ε2,D [-] 0.095 0.186 0.273
Dmax [-] 1.0 1.0 1.0
Dmin [-] 0.059 0.059 0.059
D40 [-] 0.52 0.52 0.52
Dl [-] −10.57 −5.23 −3.52
Dh [-] 1.48 2.10 3.47

2016). For the mechanobiological variation simu-
lations, a monotonic curve was assumed (Wyatt
et al. 2009) where equation (A8) was modified
to (A10). In Table 3, the fitted parameter values
are reported for different transition strains εtrans,
while keeping Dmax, Dmin and D40 constant.

A.5 Extended Description
Numerical Approximation

The approximation algorithm applied in this
study requires the determination of the preferred
solution states ϕi

sf,P, ϕ
i
cf,P and λ̂i

g,P, correspond-
ing to the asymptotic response of the ODE
equations under periodic mechanical loading εi(t)
(for brevity, this time dependency was omitted in
the main text). This section describes the numeri-
cal procedure used to obtain these preferred states
in more detail. A rigorous mathematical proof of
these procedures is extensively described in the
source material (Ristori et al. 2016) and only
applied in the context of cardiac biomechanics
here. It was specifically explained by Ristori et al.
(2016) that the periodic solution of the system
would approximate an almost constant asymp-
totic solution for t → ∞. For the evolution of
stress fiber volume fractions described in (7), the
solution would evolve to a preferred state

lim
t→+∞

ϕi
sf ≈

1

T

∫ T

0

ϕ̃i
sf dt

≈
āi

∑
N
j=1 āj

N
+ kd

ϕtot
sf := ϕi

sf,P

(A11),

with ϕ̃i
sf indicating the periodicity of the asymp-

totic solution and āi an auxiliary constant cap-
turing the stress fiber reorientation characteristics
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fdeg(ε
i
e) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

Dmax + εieDl for εie < ε1,D

Dmax + (εie)
2T1,D + εieT2,D + T3,D for ε1,D ≤ εie ≤ ε2,D

Dmax + (εie − ε2,D)Dh + ε22,DT1,D + ε2,DT2,D + T3,D for εie > ε2,D

(A8)

fdeg(ε
i
e) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

Dmax + εieDl for εie < ε1,D

Dmax + (εie)
2T1,D + εieT2,D + T3,D for ε1,D ≤ εie ≤ εtrans

Dmin for εie > εtrans

(A10)

averaged over the cardiac cycle period T

āi =
1

T

∫ T

0

ai
(

εi(t), ε̇i(t)
)

dt

=
1

T

∫ T

0

(kf0 + kf1σmaxfε,a(ε
i)fε̇(ε̇

i)

+ fcg(ϕ
i
cf)) dt

(A12).

A forward Riemann’s integration scheme was used
to numerically determine this integral over the
complex periodic signal of cardiac deformations

āi ≈
1

M

M−1
∑

k=0

ai
(

εi(tk), ε̇
i(tk)

)

(A13),

where M is the number of discrete steps in the
Riemann procedure such that each discrete time
step ∆t = T

M
and tk = k∆t. A value of M =

100 was iteratively established to result in con-
vergence of the numerical integration outcomes.
Extending on previous implementations (Ristori
et al. 2018a,b), the present study applied the
approximation algorithm to accurately compute
the preferred solution states for collagen volume
fraction, ϕi

cf,P, and fibroblast-induced prestretch,

λ̂i
g,P. For the equation describing evolution of

collagen fiber volume fractions while assuming
directional fibroblast-mediated production (14),

this resulted in a preferred solution

lim
t→+∞

ϕi
cf ≈

1

T

∫ T

0

ϕ̃i
cf dt

=
ϕtot
cf

b̄i
Āi

∑N
j=1

Āj

b̄j

:= ϕi
cf,P

(A14),

where Āi is a term including the effect of direc-
tional fibroblast-mediated production

Āi =
1
T

∫ T

0
ϕ̃i
sf dt

∑N
j=1

1
T

∫ T

0
ϕ̃j
sf dt

(A15),

and, b̄i the auxiliary integral describing collagen
degradation

b̄i =
1

T

∫ T

0

bi
(

εie(t)
)

dt

=
1

T

∫ T

0

fdeg
(

εie(t)
)

dt

(A16).

When assuming isotropic fibroblast-mediated col-
lagen production, expression (A14) can be simpli-
fied since Āi = 1 to

lim
t→+∞

ϕi
cf ≈

1

T

∫ T

0

ϕ̃i
cf dt

=
ϕtot
cf

b̄i
∑N

j=1
1
b̄j

:= ϕi
cf,P

(A17).

Again using Riemann integration, b̄i and subse-
quently the solution in (A14) and (A17) were
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derived with

b̄i ≈
1

M

M−1
∑

k=0

bi
(

εie(tk)
)

(A18).

For the prestretch, the preferred solution simply
resembled the temporal average over the periodic
input

lim
t→+∞

λ̂i
g ≈

1

T

∫ T

0

˜̂
λi
g dt =

¯̂
λi
g := λ̂i

g,P (A19),

which was also approximated via numerical inte-
gration through

¯̂
λi
g ≈

1

M

M−1
∑

k=0

λ̂i
g(tk) (A20).

Due to the bidirectional feedback between the
solutions for stress fiber volume fractions in (A11)
and collagen volume fractions in (A14) and (A17),
integral calculations had to be updated over time.
An update of the integral every 2400 [s] of simula-
tion time was found to be sufficient to accurately
capture this bidirectionality in our system of
ODEs.

Supplementary B Results

B.1 Comparison helix angle
trajectory with experimental
data

In addition to the comparison to the reference
alignment of the FE model in Figure 2, we com-
pared the prediction of our numerical framework
to in vivo measurements in sheep (Walker et al.
2005). The transmural trajectory of collagen fiber
helix angles, αh, from the simulations was in
agreement with the experimental measurements,
αexp
h , showing a clear transmural transition from

right-handed endocardial to left-handed epicardial
fibers. Furthermore, in both the simulations and
the experimental data, differences between helix
trajectories at different longitudinal locations are
minimal. Some deviations were observed near the
endocardial and epicardial surfaces, where the
simulations predicted slightly stronger longitudi-
nal fiber orientation than measured experimen-
tally.

Fig. 7 Resulting collagen helix angles αh from simulations
in comparison to experimental measured helix angles α

exp

h
in sheep

B.2 Elastic collagen fiber strains in
physiological simulations

Here, the fiber strains εi shown in Figure 2 are
visualized as the corresponding elastic strains,
εie, following the prestretch modification. Because
εie is defined only for the one-dimensional fiber
strain measures, no corresponding elastic fiber
strain quantity exists for the circumferential-
longitudinal shear strain.

B.3 Supplementary data to
variations in strain-dependent
degradation

This section provides supplementary data to the
results shown in Figure 3. The collagen distribu-
tion plots for the variations in V-shaped (Figure
9) and monotonic (Figure 10) strain-mediated
degradation are visualized here.

From these distribution plots, it was acknowl-
edged that the results for the V-shaped and mono-
tonic curve for strain-dependent collagen degrada-
tion with a lower transition strain εtrans = 0.09 [-]
are more similar to the baseline outcome than the
mean collagen fiber angle would suggest (Figure
9a and Figure 10a). Therefore, we performed addi-
tional simulations on locations from 5% to 95% on
the endo- to epicardium trajectory for these two
variations in mechanobiological input parameters
and the baseline simulation (Figure 11). Here it is
shown how the deviations from the baseline simu-
lations resulted either in unphysiological collagen
orientations close to endocardium or close to epi-
cardium for the monotonic curve and V-shaped
curve with lower εtrans respectively, supporting the
results in the main text.

20



1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071

Fig. 8 Elastic collagen strains corrected for fibroblast-mediated prestretch at a) the equator, b) the sub-equator and c)
the pre-apex transmural locations
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Fig. 9 Collagen volume fractions for variations in V-shaped strain-mediated degradation curve

B.4 Supplementary data to
variations in stress fiber
contractility σmax

This section provides supplementary data to the
results shown in Figure 5. The collagen distribu-
tion plots for the variations in maximum stress
fiber contractility σmax are visualized here (Figure
12).
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