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The hemodynamic functionality of heart valves strongly depends on the distribution of collagen fibers,
which are their main load-bearing constituents. It is known that collagen networks remodel in response
to mechanical stimuli. Yet, the complex interplay between external load and collagen remodeling is
poorly understood. In this study, we adopted a computational approach to simulate collagen remodeling
occurring in native fetal and pediatric heart valves. The computational model accounted for several bio-
logical phenomena: cellular (re)orientation in response to both mechanical stimuli and topographical
cues provided by collagen fibers; collagen deposition and traction forces along the main cellular direc-
tion; collagen degradation decreasing with stretch; and cell-mediated collagen prestretch. Importantly,
the computational results were well in agreement with previous experimental data for all simulated
heart valves. Simulations performed by varying some of the computational parameters suggest that cel-
lular forces and (re)orientation in response to mechanical stimuli may be fundamental mechanisms for
the emergence of the circumferential collagen alignment usually observed in native heart valves. On
the other hand, the tendency of cells to coalign with collagen fibers is essential to maintain and reinforce
that circumferential alignment during development.

Statement of Significance

The hemodynamic functionality of heart valves is strongly influenced by the alignment of load-bearing
collagen fibers. Currently, the mechanisms that are responsible for the development of the circumferen-
tial collagen alignment in native heart valves are not fully understood. In the present study, cell-mediated
remodeling of native human heart valves during early development was computationally simulated to
understand the impact of individual mechanisms on collagen alignment. Our simulations successfully
predicted the degree of collagen alignment observed in native fetal and pediatric semilunar valves. The
computational results suggest that the circumferential collagen alignment arises from cell traction and
cellular (re)orientation in response to mechanical stimuli, and with increasing age is reinforced by the
tendency of cells to co-align with pre-existing collagen fibers.

� 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The functionality of semilunar heart valves strongly depends on
the orientation of collagen fibers, the main load-bearing con-
stituents of these tissues. Collagen fibers in native semilunar heart
valve leaflets are mainly circumferentially aligned [1–3]. This dis-
tribution causes the circumferential direction of heart valve leaflets
to be stiffer than the radial one [1,3]. In fact, due to this mechanical
anisotropy, leaflets can restrict circumferential deformations while
simultaneously enlarging in the radial direction, thereby favoring a
proper heart valve closure [4,5]. Identifying the cues and processes
determining the alignment of collagen fibers is therefore desired.
This is particularly relevant for the field of heart valve tissue engi-
neering, that aims at the development of functional living heart
valve replacements with the potential to grow and remodel with
patients. Although tissue-engineered heart valves with a proper
functionality for up to one year can be developed with current
techniques [6–9], further studies are needed to ensure that these

http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2018.08.040&domain=pdf
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tissues are provided with the correct stimuli for a physiological
collagen remodeling, as this is necessary for a correct long-term
functionality.

The evolution of collagen orientation in heart valves over a
long-term period can be analyzed by investigating native heart
valves. Concretely, it has been observed that the collagen fiber ani-
sotropy increases with age in native aortic valves, in line with the
magnitude of blood pressure [2,3]. The increase in alignment is
smaller in pulmonary valves, which correlates with the lower
blood pressure [3]. Yet, the complex interplay between external
load and collagen remodeling is poorly understood.

In this context, due to their versatility and predictive potential,
computational models can be employed to simulate collagen
remodeling and test hypotheses. Early computational models have
confirmed the importance of mechanical stimuli for the collagen
remodeling occurring in heart valves [10,11]. However, the
assumptions at the basis of these early computational models were
mainly phenomenological. More recently, we have proposed a
computational approach, based on biophysical concepts, to study
the short-term heart valve tissue remodeling [12]. Motivated by
previous experimental studies, the computational model that
was adopted took into account several biological phenomena: the
reorientation of cells in response to mechanical stimuli [13–15];
the collagen deposition [16] and traction forces [17] exerted by
cells in their main direction; the cell-mediated collagen prestretch
[18]; and the degradation of collagen decreasing with stretch [19].
With those main computational features, the short-term tissue
remodeling occurring in tissue-engineered heart valves was simu-
lated in that study. However, this previous computational
approach did not account for the effects that collagen fibers have
on the (re)orientation of cells.

Cells reorient not only in response to mechanical, but also topo-
graphical stimuli, such as the ones provided by collagen fibers.
Both in two- and three-dimensional environments, it has been
observed that cells tend to coalign with collagen fibers [20,21], a
phenomenon that has often been referred to as contact guidance.
In a previous study, we have proposed a computational model to
predict the (re)orientation of cells in response to both mechanical
stimuli and contact guidance [22]. This was achieved by extending
the computational model that was previously proposed by Obbink-
Huizer et al. [23] for the prediction of cellular (re)orientation in
response to mechanical stimuli. In the present study, we adopt a
similar approach to extend the computational framework pre-
sented in Loerakker et al. [12], with the aim of accounting for the
effects that contact guidance has on the (re)orientation of cells in
heart valves. The extended computational method is used to sim-
ulate and understand the early collagen fiber remodeling in native
heart valves. In particular, native fetal and pediatric heart valves
were simulated, and the computational results were compared
with experimental data from the literature [3]. Finally, the relative
importance of the (re)orientation of cells in response to mechanical
stimuli and contact guidance was tested by varying the parameters
associated with these two biological phenomena.
2. Methods

In this study, a computational framework for the simulation of
short-term tissue remodeling [12] was extended to understand
long-term collagen remodeling of native heart valves. This adapta-
tion was realized by including the effects of topographical stimuli
on cellular (re)orientation, similar to Ristori et al. [22]. In addition,
changes with respect to the valve geometry, loading profile, mate-
rial properties of the collagen fiber network, and cellular density
and contractility were necessary to account for the differences
between aortic and pulmonary valves, and the changes of these
parameters with age. These changes were motivated by previous
experimental studies [2,3]. In what follows, we briefly describe
the previous computational approach and highlight the changes
proposed to simulate tissue remodeling in native heart valves.
For a complete discussion and motivation of the several features
of the modeling framework, we refer the reader to previous studies
[24,23,12,25,22].

2.1. Modeling of tissue remodeling

Similar to other previous studies on cardiac material [26], we
assumed that the heart valve components contribute in parallel
to the stress. In particular, as in previous studies [24,12], the col-
lagenous tissue of heart valves was modeled as a mixture of cells,
collagen fibers, and other isotropic matrix constituents where the
total Cauchy stress r equals

r ¼ rsf þ rcf þ rmc; ð1Þ
with rsf the active cellular stress exerted via stress fibers, rcf repre-
sents the collagen fiber stress, and rmc considers the remaining iso-
tropic matrix components. Collagen and stress fibers were assumed
to be distributed only within the plane of the tissue. The fiber dis-
tributions were approximated by considering a finite number of
directions N 2 N, with a resolution of 6�. In particular, given two
orthogonal vectors v!1 and v!2, the i-th direction in the original con-
figuration was characterized by the unit vector

e!i
f0 ¼ cos ci

� �
v!1 þ sin ci

� �
v!2; ð2Þ

with ci the angle between this vector and v!1. v!1 was chosen to cor-
respond to the circumferential directions in heart valves. v!2 was
then determined as the unit vector orthogonal to both v!1 and the
vector n!, describing the normal of the surface of the tissue to
model.

2.1.1. Stress fiber stress and remodeling
The total stress fiber stress was modeled as

rsf ¼ 1
N

XN
i¼1

ui
sfr

i
sf e
!i

f e
!i

f ; ð3Þ

where e!i
f represents the unit vector e!i

f0 in the current configura-

tion, such that e!i
f ¼ F � e!i

f0 with F indicating the deformation gra-

dient tensor, and kif is the global stretch along direction i. kif was

computed as kif ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e!i

f0 � FT � F � e!i
f0

q
. ui

sf and ri
sf are, respectively,

the stress fiber volume fraction and exerted stress in the direction
i. This latter term was assumed to depend on the strain ei and strain
rate _ei experienced by stress fibers in the i-th direction, such that

ri
sf ¼ rmaxf e ei

� �
f _e _ei
� �

; ð4Þ
where rmax quantifies the maximum cell traction. In agreement
with the Green–Lagrange strain definition, the strain was calculated

from the global stretch as ei ¼ 0:5 kif

� �2
� 1

� �
. The functions f e ei

� �
and f _e _ei

� �
were derived from previous studies [27,28,23] and con-

sider the effects of strain and strain rate on the stress fiber stress.
In particular,

f _e _ei
� � ¼ 1

1þ 2=
ffiffiffi
5

p 1þ kv _ei þ 2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kv _ei þ 2ð Þ2 þ 1

q
0
B@

1
CA; ð5Þ
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where kv characterizes the decrease of ri
sf due to stress fiber short-

ening. The function f e ei
� �

is represented as a summation of active
and passive components:

f e ei
� � ¼ f e;a ei

� �þ f e;p ei
� �

; ð6Þ
where

f e;a ei
� � ¼ exp � ei=e0

� �2� �
; ð7Þ

and

f e;p ei
� � ¼ 0; if ei < 0;

ei=e1
� �2

; if ei P 0:

(
ð8Þ

Here, e0 describes the decrease of ri
sf for non-zero values of ei, while

e1 characterizes the rate of increase of ri
sf due to stress fiber

extension.
In the previous computational approach [12], the remodeling of

stress fibers solely depended on the strain and strain rate experi-
enced by stress fibers. In Ristori et al. [22] we extended the evolu-
tion law for stress fiber remodeling by taking the phenomenon of
contact guidance into account. In the present study we adopt a
similar approach, by describing the evolution of the stress fiber
volume fraction ui

sf in direction i as

dui
sf

dt
¼ kf

0 þ k f
1rmaxf e;a ei

� �
f _e _ei
� �þ f cg ui

cf

� �� �
um � kdui

sf : ð9Þ

Here, k f
0 and kd quantify, respectively, the basal stress fiber forma-

tion and dissociation. The effects that mechanical stimuli have on
stress fiber remodeling, which are modeled with the functions f e;a
and f _e introduced with Eqs. (5) and (7), scale with the maximum

cell traction rmax and the parameter k f
1. The term um represents

the monomeric actin volume fraction, which is related to the stress
fiber volume fractions ui

sf and the total actin volume fraction /a via
a conservation law for actin monomers:

/a ¼ um þ 1
N

XN
i¼1

ui
sf : ð10Þ

Finally, fcg ui
cf

� �
is a monotonically increasing function that

describes the effects that the volume fraction of collagen fibers
along direction i has on cellular (re)orientation. This termwas intro-
duced in Ristori et al. [22] to model contact guidance. In that study,
the shape of the function f cg was motivated by one of our previous
studies [29], where we simulated cells on microgrooved substrates
undergoing cyclic strain with a model coupling stress fiber and focal
adhesion dynamics. The computational simulations predicted a
switch-like correlation between the size of microgrooves/ridges
and the cellular response: cells mainly responded to mechanical
stimuli for microgrooves smaller than a threshold size, and to topo-
graphical stimuli for sizes larger than such threshold. Due to this
finding, in Ristori et al. [22], we modeled the influence that contact
guidance has on stress fibers with a quite steep sigmoid function.
However, such function requires three parameters, which makes
their identification quite challenging. To overcome such limitation
and facilitate the interpretation of the effects of contact guidance,
here we chose a linear function (with a single parameter, easier to
identify with a single set of simulations). Despite its simplicity, such
function can provide us with information on how topographical
stimuli contribute to cellular alignment in heart valves. In particu-
lar, we modeled contact guidance as linearly increasing with ui

cf ,
with a proportionality constant gcg:
f cg ui
cf

� �
¼ gcgui

cf : ð11Þ
2.1.2. Collagen fiber stress and remodeling
The total collagen fiber stress rcf was defined as

rcf ¼
XN
i¼1

ui
cfr

i
cf e
!i

f e
!i

f ; ð12Þ

where ri
cf is the collagen fiber stress and ui

cf is the collagen volume
fraction in direction i. This latter quantity is related to the total col-
lagen volume fraction /cf by the conservation law

/cf ¼
XN
i¼1

ui
cf : ð13Þ

The magnitude of collagen fiber stress was assumed to depend on
the elastic stretch experienced by collagen fibers, according to the
exponential law introduced by Driessen et al. [30]:

ri
cf ¼

0; if kie < 1;

k1 kie

� �2
exp k2 kie

� �2
� 1

� �
� 1

� �
; if kie � 1:

�
8><
>: ð14Þ

In this equation, k1 and k2 are material parameters that describe the
increase of collagen fiber stress in response to extension. Note that
the magnitude of collagen fiber stress is not directly dependent on
the global stretch kif , but it depends on the elastic part of the global

stretch, indicated with kie, which is obtained from

kif ¼ kiek
i
g : ð15Þ

This partition of the global stretch kif into an elastic part kie and a

growth part kig is necessary because heart valves are complex mul-
tiscale materials where cells act at the micro-level, by remodeling
their surrounding material and pulling collagen fibers in a hand-
by-hand fashion [18]. This causes uncrimping of collagen fibers
and relative collagen fiber prestretch. This collagen prestretch can
still be observed after decellularization, which implies that this
cell-mediated process cannot be considered by just including the
contribution of stress fibers to the total stress [31]. Instead, since
it induces a negative growth-like contraction of collagenous tissues,
we modeled it with an analogous approach as for positive growth
[32–34], in agreement with previous studies [35,24]. The magni-
tude of kig was identified by assuming that cells contract collagen
fibers to a preferred degree, providing mechanical equilibrium
between collagen and stress fiber stress, such that

ri
cf ;p ¼ ri

sf ; ð16Þ

where ri
cf ;p is the preferred collagen fiber stress. From this preferred

stress, a corresponding elastic stretch kie;p can be calculated via Eq.

(14). In turn, given the global stretch kif , the value of kie;p leads to a

preferred magnitude of kig via

kig;p ¼ kif =k
i
e;p: ð17Þ

Only collagen crimp was considered, such that kig;p 6 1. Finally, it

was assumed that cells contract collagen fibers such that kig tends

to the preferred kig;p with a rate characterized by a time constant sk:

dkig
dt

¼ 1
sk

kig;p � kig

� �
: ð18Þ
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Similar to stress fibers, also the remodeling of collagen fibers was
described with a first-order ordinary differential equation:

dui
cf

dt
¼ ui

sf

/a �um

XN
j¼1

f deg eie;u
j
cf

� �h i
� f deg eie;u

i
cf

� �
; ð19Þ

where the first term in the right-hand side models the deposition of
collagen performed by cells in the stress fiber directions, motivated
by experimental studies [16]. The second term describes the colla-
gen fiber degradation, which decreases with increasing elastic
strain according to a monotonic decreasing sigmoid function
[19,36]:

f deg eie;u
i
cf

� �
¼ Dmin þ Dmax � Dmin

1þ 102:5 eie=etrans�1ð Þ

 !
ui

cf

scf
: ð20Þ

Here, Dmin and Dmax are the minimum and maximum collagen fiber
degradation fraction, respectively. Similar to the strain ei, the elastic

strain eie is defined as eie ¼ 0:5 kie

� �2
� 1

� �
, while scf is a time con-

stant characterizing the rate of collagen remodeling. Finally, the
term etrans is the transition strain, which corresponds to the inflec-

tion point that the function f deg eie;ui
cf

� �
has with respect to eie.
Fig. 1. Identification of the parameter etrans , taking the fetal and 2-year-old aortic valves a
transition strain etrans was assumed to correspond to the transition stretch between the

Table 1
Parameters varying across the fetal (F), aortic (A), and pulmonary (P) valves. Only the percen
rmax and gcg , corresponding to their 100% value, were identified with the results of the sim

Valve F 19w A 2y P

Radius (mm) 1.5 5.5 6
Thickness (mm) 0.21 0.68 0
Pressure (kPa) 1.6 5.6 1
Heart rate (bpm) 155 113 1
G (kPa) 11.1 11.4 5
k1 (kPa) 8.9 0.1 0
k2 (–) 0.92 8.93 4
etrans (–) 0.2 0.32 0
/a (–) 0.050 0.033 0
rmax (kPa) 100% 42% 2
gcg (s�1) 0 100% 1
Wyatt et al. [19] reported that the transition strain at which the
collagen strain-degradation curve changes curvature (the value
etrans, in the current study) roughly corresponds to the transition
point from the toe-region to the linear region of the stress-
stretch curve of collagen fibers. In the present study, therefore,
the transitions strains etrans of the different heart valves were deter-
mined by assuming that they correspond to the level of stretch at
which there is the transition between the first and second curve of
the bilinear fit of the stress-stretch curve of collagen fibers
(Eq. (14)), as depicted in Fig. 1. The values of the transition strain
for the different native heart valves simulated in this study are
reported in Table 1.
2.1.3. Stress of isotropic tissue components
The contribution to the stress by the isotropic tissue compo-

nents, such as proteoglycans and cellular passive constituents,
was captured with a compressible Neo-Hookean material law:

rmc ¼ /mc j
ln Jð Þ
J

I þ G
J

B� J2=3I
� �� �

; ð21Þ

where /mc is the volume fraction of these isotropic components,
while j and G are the compression and shear moduli, respectively.
s examples. The collagen stress-stretch curve was fitted with a bilinear function. The
two linear functions.

tage of the default values of rmax and gcg are reported because the maximum values of
ulations of fetal and pediatric heart valves, respectively.

2y A 5y P 5y Refs.

.5 7.0 9.0 [3]

.52 0.68 0.60 [3]

.1 7.1 1.1 [3]
13 98 98 [3,37–39]
.0 53.4 12.8 [3]
.55 0.1 0.48 [3]
.82 8.77 3.52 [3]
.27 0.32 0.25 –
.033 0.023 0.023 [2]
2% 22% 22% [2]
00% 100% 100% [2]
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Given the shear modulus G, the compression modulus was approx-
imated as

j ¼ 2G 1þ mð Þ
3 1� 2mð Þ ; ð22Þ

where m is the Poisson’s ratio. Finally, J ¼ det Fð Þ and B ¼ F � FT . The
viscous mechanical properties of proteoglycans [40] were neglected
in the current study because mechanical tests [41] have shown that
the passive mechanical properties of heart valves do not depend on
strain rate. In addition, we observe that the contribution to the total
stress of viscous terms, if present, would be anyway small com-
pared to the stresses carried by collagen fibers.

2.2. Numerical implementation

2.2.1. Valve geometry
The valve geometry was defined as in Loerakker et al. [12], with

changes of radius and thickness to take experimentally observed
geometries into account [3]. The valve geometry was derived from
three spheres and a circle having the same radius of the valve to
model. The spheres touch in a single point, corresponding to the
center of the circle, while the sphere centers lie on the circle and,
thus, on a single plane. Three planes are then constructed, corre-
sponding to the ones identified by the intersections between pairs
of spheres. The parts of the spheres which are inside one of the
other spheres, or outside the cylinder identified by the circle, were
removed. The valve surface is then extracted by unifying the sur-
faces of the planes and spheres that are below the plane identified
by the circle. The surface of each leaflet of the valve corresponds to
the surface extracted from one sphere and two planes. Each leaflet
can then be obtained by extruding this surface, taking the thick-
ness of the valve to model into account. In contrast to our previous
study where valve radius and thickness were assigned considering
typical values for tissue-engineered heart valves, here we incorpo-
rated the values measured by Oomen et al. [3] for native heart
valves (Table 1).

2.2.2. Boundary conditions
Due to symmetry, only one half of one leaflet was modeled. The

half leaflet was discretized into 79 quadratic brick elements with
full integration (C3D20 elements). Doubling the number of ele-
ments in the longitudinal plane of the valve did not have effects
on the computational results. In the belly region of heart valve leaf-
lets, the stretching modes are more significant than the bending
modes; therefore, only one through-thickness element was used.
Doubling the number of through-thickness elements had some
effect on the deformations computed by the computational simu-
lations for fetal heart valves with relatively high cell traction, but
these changes were not pronounced when looking at the collagen
distributions predicted in the belly region of the leaflets, and the
conclusions of this study were unchanged. Using 4 through-
thickness elements did not have significant effects compared to
the simulations with 2 through-thickness elements.

The nodes at the outer edge of the valve were fixed, assuming
the deformations of the aortic wall to be negligible. Due to symme-
try, the normal displacements of the nodes at the symmetry edge
were assumed to be zero. Pressure was then applied on the arterial
side of the valve, by assuming the pressure difference over the
valve to be zero during systolic phase, maximal during diastolic
phase, and to vary linearly in between. The magnitude of the
hemodynamic pressure and heart rate were chosen based on pre-
vious studies [3,37–39], and are reported in Table 1.

Directly applying all load cycles would lead to excessive compu-
tational costs to simulate years of tissue remodeling. Therefore, as
in our previous computational approach [12], approximations
were considered. First of all, for the major part of the simulation,
the maximum pressure was applied on the valve to follow the evo-
lution of the strains in the configuration corresponding to the dias-
tolic phase. Only a finite number of unloading cycles were
considered to update the strains present in the systolic phase.
The influence that the dynamic nature of the loading cycles have
on the tissue remodeling were then considered using the following
numerical approximations.

The time-courses of the simulations were respectively 19 weeks
for fetal heart valves, 2 years for 2-year-old valves, and 3 years for
5-year-old valves. A maximum time-step of 500 s was adopted for
the loading steps of the simulations. The computational results did
not change for lower values of maximum time-step.
2.2.3. Numerical approximations
Stress fiber remodeling, as modeled in 2.1.1, depends on both

the strain and strain rate experienced by stress fibers. Considering
the dynamic nature of the loading conditions of heart valves is
therefore essential to predict a correct stress fiber distribution. This
was achieved via the computational approach that we previously
introduced in Ristori et al. [25]. In particular, motivated by an ana-
lytical approximation of the solution of Eq. (9), we assumed that
each stress fiber volume fraction ui

sf tends to a preferred value

ui
sf ;p ¼

�aiPN
j¼1

�aj=N þ kd
/a; ð23Þ

where

�ai ¼ 1
T

Z T

0
k f
0 þ kf

1rmaxf e;a ei tð Þ� �
f _e _ei tð Þ� �þ f cg ui

cg

� �h i
dt; ð24Þ

with T the period of the heart beat. The integrand in Eq. (24) was
determined by assuming that ei t ¼ 0ð Þ and ei t ¼ Tð Þ are both equal
to the value of ei computed during the systolic phase, ei t ¼ T=2ð Þ
is equal to the value of ei computed during the diastolic phase,
and by assuming that the values in between can be found by linear
interpolation. Finally, it was assumed that the stress fiber volume
fractionui

sf tends towards the preferred value ui
sf ;p with a rate char-

acterized by a time constant ssf :

dui
sf

dt
¼ 1
ssf

ui
sf ;p �ui

sf

� �
: ð25Þ

For more details, we refer the reader to previous studies [12,25].
To understand the impact of the approximation of the strain

profile, we ran additional simulations by adopting a strain profile
similar to the one observed in vivo for dog heart valves [42]. Specif-
ically, the systolic value of strain was maintained for 3T=8; after
that, a linear transition period lasting T=16 was considered, for
which the strain passed from the systolic to the diastolic value;
the strain was kept constant for a subsequent period lasting T=2;
finally, the strain passed from the diastolic to the systolic value
again. This modification of the strain profile did not lead to signif-
icant modifications of the computational results. Therefore, only
the results with the first strain profile were shown here.

For the collagen fiber prestretch, a similar approach was
adopted: the preferred value of growth stretch kig;p, defined in Eq.
(17), was calculated as the average between the preferred growth
stretch calculated for the strains present at the systolic phase and
at the diastolic phase.

Finally, the effects of elastic strains on collagen remodeling,
which are present in Eq. (20), were taken into account by assuming
that collagen degradation depends on the average between the
elastic strains present during the systolic and diastolic phases.
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2.2.4. Initial conditions
To initiate the simulations, initial conditions must be set for the

collagen fiber volume fractions ui
cf , the stress fiber volume frac-

tions ui
sf and the growth stretches kig . Such as in Obbink-Huizer

et al. [23], stress fibers were assumed to be initially depolymerized
in each heart valve, such that ui

sf ¼ 0 for all i ¼ 1; . . . ;N and
um ¼ /a. Moreover, the collagen fiber prestretch was assumed to

be initially absent kig ¼ 1
� �

.

Due to the inclusion of the effects of contact guidance, the final
collagen fiber distribution significantly depended on the initial
one. Similar to previous studies [24,12], the initial distribution
for the simulation of the fetal heart valve was chosen isotropic,
such that ui

cf ¼ /cf =N for all i ¼ 1; . . . ;N. For the simulation of the
remaining heart valves, the initial collagen distribution was
assumed to be equal to the final distribution predicted for the
younger heart valve of the same type.

2.2.5. Material parameters
The majority of the material parameters were taken from Loer-

akker et al. [12]. Some changes were made based on previous
experimental studies on native heart valves [2,3]. First, the shear
modulus G and the material parameters associated with the colla-
gen fiber stress (k1 and k2) were taken from the measurements of
Oomen et al. [3]. The values of gcg , /a, and rmax were chosen specif-
ically for each valve, with each change motivated by the study of
Aikawa et al. [2]. In that study, on the one hand, it was observed
that the cell density and contractility decrease with age; therefore,
the values of /a and rmax were scaled accordingly (Table 1). On the
other hand, it was seen that the collagen fiber thickness increases
from early fetal valves (younger than 19 weeks of age) to late fetal
valves (between 20 and 39 weeks of age), and then stabilizes dur-
ing the pediatric phase. Therefore, by hypothesizing that the effects
of contact guidance depend on the collagen fiber thickness, we
assumed this phenomenon to be negligible for early fetal valves
and, conversely, significant for pediatric valves. This assumption
was motivated also by previous computational and experimental
studies demonstrating that cells cultured on grooved substrates
undergoing cyclic strain respond to mechanical stimuli in case of
relatively thin topographical patterns, while they respond to con-
tact guidance for relatively large patterns [43]. Given these obser-
vations, for fetal valves we chose /a ¼ 0:05 and gcg ¼ 0, while rmax

was fitted by comparing the experimental and predicted collagen
fiber distributions. Once approximating the value of rmax for fetal
valves, for the 2-year-old aortic valve we scaled /a and rmax
Table 2
Parameter set for computational simulations, from Loerakker et al. [12].

Model component Parameter Value

SFs e0 0.12 (–)
e1 0.17 (–)
kv 50 s

k f
0 1:5 � 10�6 s�1

k f
1 7:0 � 10�7 s�1 Pa�1

kd 1:0 � 10�3 s�1

CFs /cf 0.5 (–)
k3 100 (–)
Dmin 0.1 (–)
Dmax 1.0 (–)

Remodeling rates ssf 5 min
sk 1 h
scf 12 h

Isotropic component /mc 1� /cf � /a

m 0.3 (–)
(according to Aikawa et al. [2], Table 1), and we fitted the value
of gcg with the experimental data. For the remaining heart valves,
the value of gcg that was determined with the simulation of 2-
year-old aortic valve was kept unchanged, while again /a and
rmax were scaled according to Aikawa et al. [2] (see Table 1). The
values of the parameters that do not change across the heart valves
are reported in Table 2.
2.3. Comparison between simulations and previous experimental data

Via confocal microscopy, Oomen et al. [3] obtained the collagen
distribution present in the belly region of native heart valves,
defined as a manually selected rectangular area sufficiently far
away from the edges and centered in the center of the symmetry
edge of heart valve leaflets. In our study, these data were visually
and quantitatively compared with the collagen distribution that
the computational model predicted in the element located at the
center of the belly region. This element was taken as a representa-
tive for the belly region because an approximately homogeneous
distribution was predicted by the computational simulations in
this area. The quantitative comparison was done using a
goodness-of-fit approach. In particular, a coefficient of determina-
tion was defined as:

R ¼ 1�
P360

k¼1 uk
exp �uk

cf

� �2
P360

k¼1 uk
exp � �uexp

� �2 ; ð26Þ

where uk
exp and uk

cf are the percentage of collagen fibers from the
experimental data and computational simulations, respectively,
which are aligned between an angle 0:5 k� 1ð Þ � 90ð Þ� and an angle
0:5k� 90ð Þ� with respect to the circumferential direction. The value
ofuk

cf was determined by scaling and interpolating the collagen vol-

ume fractions ui
cf derived from the computational simulations. The

term �uexp indicates the average of the experimental data:
�uexp ¼

P360
k¼1uk

exp=360. In this case, the coefficient of determination
R defined in Eq. (26) quantifies the agreement of the predictions
of the computational model with the experimental data, compared
with assuming an isotropic configuration for the collagen fibers in
the heart valves. The closer the computational model predicts the
experimental data, the closer R is to þ1. The value of R is zero when
the prediction error resulting from the computational model is the
same as the one resulting from an isotropic collagen fiber configu-
ration. Finally, R has negative values when an isotropic collagen
fiber configuration more closely matches the experimental data
compared to the predictions of the computational model.
3. Results

3.1. Collagen remodeling of fetal heart valves

First, the computational approach was applied to predict the
collagen architecture in native fetal heart valves. As contact guid-
ance is expected to have a negligible role, gcg was set to zero and
these simulations could be used to estimate the value of maximum
cell traction rmax for native fetal heart valves and understand its
influence on collagen remodeling.

The computational results show that cell traction is necessary
to obtain the circumferential collagen orientation observed in
Oomen et al. [3] (Fig. 2). When cell traction was set to zero, the
resulting collagen fiber architecture was approximately isotropic
(Fig. 2A, results with rmax ¼ 0 kPa). Conversely, non-zero values
of rmax resulted in an anisotropic collagen fiber organization that



Fig. 2. Cell traction is necessary for the emergence of a circumferential collagen fiber alignment in fetal heart valves. A: Comparison between the probability mass function of
the collagen fiber distribution in the belly region of fetal heart valves quantified in a previous study [3] and the one predicted by the computational model with different
values of maximum cell traction rmax (reported in the legend). The direction v1 corresponds to the circumferential direction in the heart valve leaflet. If rmax ¼ 0, the
simulation predicted an isotropic collagen fiber distribution. Increasing values of maximum cell traction correspond to increasing circumferential alignment of collagen fibers.
B: Histogram of the performance of the computational model with different values of maximum cell traction rmax , quantified with the coefficient of determination defined in
Eq. (26). The maximum performance is obtained for rmax ¼ 50 kPa, with R ¼ 0:75. C: Radial strain distribution in the final loaded configuration of the fetal heart valve, as
predicted by the computational model. The opening of the heart valve in the loaded configuration increases for increasing values of rmax .
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was mainly circumferentially aligned, with this alignment increas-
ing with rmax (Fig. 2A).

The quantitative comparison of the experimental and computa-
tional results demonstrated that the best predictions, in the sense
of goodness-of-fit, were obtained with rmax ¼ 50 kPa (Fig. 2B). We
observe that the simulations with rmax ¼ 50 kPa also predicted a
fairly good closure of the fetal heart valve, and that this closure
decreased for higher values of rmax (Fig. 2C). Considering these
results, the maximum cell traction for fetal heart valves was esti-
mated to be rmax ¼ 50 kPa.

3.2. Collagen remodeling of 2-year-old aortic valves

Simulations of 2-year-old aortic valves were then performed
considering previous experimental studies [2,3] for the choice of
the heart valve geometry, collagen fiber material properties, total
actin volume fraction, and maximum cell traction (Table 4.1).
The circumferential distribution predicted for fetal heart valves
with rmax ¼ 50 kPa was chosen as initial condition for the remod-
eling of these 2-year-old valves. Despite that, if contact guidance
was not considered, the simulations predicted an isotropic collagen
distribution at 2 years of age (Fig. 3A, gcg ¼ 0 s�1). This is in dis-
agreement with Oomen et al. [3], who reported collagen fibers to
be aligned circumferentially (Fig. 3A). Conversely, with the inclu-
sion of the effects of contact guidance, a circumferential collagen
orientation was obtained in agreement with experimental data.
The degree of alignment predicted by the simulations increased
with gcg (Fig. 3A), together with the agreement with the experi-
mental results (Fig. 3B), until a plateau was reached for values of
gcg around 500 s�1.

These results suggest that the phenomenon of contact guid-
ance is necessary to maintain and reinforce the circumferential
collagen alignment that was present at the fetal age. In particu-
lar, contact guidance can induce a positive feedback on the col-
lagen and cell distribution: on the one hand, circumferential
collagen fibers induce cells to orient circumferentially; on the
other hand, these aligned cells deposit more collagen in this cir-
cumferential direction, thereby increasing the effects of contact
guidance.

Interestingly, varying gcg did not have significant effects on the
closure of 2-year-old aortic valves, which were predicted to effi-
ciently close in every case (Fig. 3C). It can be observed, anyway,
that increasing values of gcg led to a slight increase of radial strains,
which favor valve closure. Given that a reasonable agreement
between experimental and computational results was obtained
for gcg ¼ 500 s�1 and that a further increase of gcg did not entail a
significant improvement (Fig. 3C), we chose this value as a refer-
ence for the effects of contact guidance.

3.3. Collagen remodeling of other pediatric heart valves

The computational model with contact guidance was further
applied to simulating three other native heart valves: a 2-year-
old pulmonary valve, and 5-year-old aortic and pulmonary valves.
The parameter gcg identified with the simulations of 2-year-old
aortic valve was unchanged, while the maximum cell traction
rmax was scaled in agreement with previous experimental studies
(Table 1). The results of the computational simulations with these
parameters are shown in Fig. 4, together with the results for the
fetal and 2-year-old aortic valves obtained with the chosen
parameters.

The computational simulations predicted collagen distributions
qualitatively in agreement with the experimental results for all
heart valves. In particular, all heart valves present a circumferen-
tial alignment with different degrees of anisotropy. In case of aortic
valves, this anisotropy increases with age, going from fetal (Fig. 4A)
to 5-year-old aortic valves (Fig. 4C). In contrast, in case of pul-
monary valves, the alignment only increases from fetal to 2-year-
old valves (Fig. 4D), and it remains stable until 5-year-old valves
(Fig. 4E).

Strikingly, the computational predictions were reasonably in
agreement with the experiments also from a quantitative point



Fig. 3. Contact guidance is a necessary mechanism to maintain and reinforce the circumferential collagen fiber alignment during development towards 2-year-old aortic
valves. A: Comparison between the probability mass function of the collagen fiber distribution in the belly region of 2-year-old aortic valves observed in a previous study [3]
and the one predicted by the computational model with different values of gcg (reported in the legend), proportional to the effects of contact guidance. If gcg ¼ 0 s�1, the
simulation predicted an almost isotropic collagen fiber distribution. Increasing values of gcg correspond to increasing circumferential alignment of collagen fibers. B:
Histogram of the performance of the computational model with different values of gcg . The agreement between experimental and computational results increases for
increasing values of gcg . A plateau is reached at approximately gcg ¼ 500 s�1. C: Radial strain distribution in the final loaded configuration of the 2-year-old aortic valve, as
predicted by the computational model. The computational model predicted good valve closure for every value of gcg .

Fig. 4. The computational model can successfully predict the collagen fiber distribution in fetal and pediatric (2- and 5-year-old) aortic and pulmonary heart valves. In each
panel, the comparison between experimental and computational results is shown with a graph, for fetal (A) and pediatric (B–E) heart valves. Furthermore, in these panels, the
values of the coefficient of determination R are indicated (all above 0.75), and spider-plots representing the collagen fiber distribution predicted by the computational
simulations are shown. In particular, for these spider-plots, the length of the lines is proportional to the amount of collagen fibers along that particular direction, as predicted
by the computational model, where the horizontal and vertical directions correspond, respectively, to the circumferential and radial directions in the heart valve leaflet.
Below each panel, the final loaded configuration as predicted by the computational simulations is reported.
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of view, as represented by the values of R reported in each graph
(Fig. 4). This is especially significant because these results were
obtained with minimal changes of parameters, that were necessary
to consider the differences between aortic and pulmonary valves,
and the changes of these parameters with age, as observed in
experimental studies [2,3].
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3.4. The importance of cell traction and contact guidance

Further simulations were performed to evaluate the relative
importance of cell traction and cellular (re)orientation in response
to both mechanical and topographical stimuli for the final collagen
distribution. To this aim, we first simulated 5-year-old heart valves
by changing the parameters associated with these phenomena. In
particular, the simulations without contact guidance were per-
formed by assuming gcg ¼ 0 s�1. The simulations without cell trac-
tion were performed by setting rmax ¼ 0 kPa. Simulations with cell
traction, but without a reorientation response of cells due to
mechanical stimuli, were obtained by: setting rmax to its original
value (11 kPa in case of 5-year-old valves); increasing the value

of the basal actin stress fiber production from the original k f
0 to

k f
0 þ kf

1rmax; and, later, set the parameter associated to cellular

reorientation in response to strain to k f
1 ¼ 0 s�1Pa�1. The simula-

tions were performed with several variations of the parameters,
as shown in the table in Fig. 5.

From the results of these simulations, it can be seen that contact
guidance is again fundamental to maintain the circumferential
alignment of collagen fibers. In particular, the simulation of
5-year-old heart valves performedwith gcg ¼ 0 s�1 predicted an iso-
tropic (or slightly radial) organization of collagen fibers for both the
aortic and pulmonary valve (Fig. 5A and B), in strong disagreement
with experimental data (Fig. 5C). Considering contact guidance
without cell traction was also not sufficient to correctly predict
collagen remodeling. In fact, simulations with gcg ¼ 500 s�1 and
rmax ¼ 0 kPa also had computational results in disagreement with
experiments. This was particularly evident for 5-year-old pul-
monaryvalveswhich, in that case, presentedanexcessive circumfer-
ential alignment (Fig. 5B). On the other hand, the (re)orientation of
cells in response to mechanical stimuli does not seem significantly
important in this case, since a good level of agreement between
Fig. 5. Simulation of 5-year-old heart valves with variation of computational param
experimental data and the collagen fiber distribution predicted by the computational sim
table on the right. In the table, the overbars indicate the reference parameters, adopted
agreement between experimental and computational results is obtained only when rma
computational and experimental data was achieved by setting to

zero the parameter kf
1 associated with the reorientation potential

of cells in response tomechanical stimuli, andby increasing thebasal
stress fiber formation accordingly (Fig. 5, parameter set V).

Given the results for 5-year-old heart valves, we simulated 2-
year-old heart valves with changes of parameters to investigate
whether a physiological collagen remodeling can be obtained in
these heart valves without the reorientation of cells in response
to mechanical stimuli. Again, the computational simulations
showed that contact guidance is fundamental to obtain the circum-
ferential collagen alignment (Fig. 6). Most importantly, these com-
putational results show that considering cellular realignment in
response to mechanical stimuli is fundamental to predict the high
degree of alignment observed in 2-year-old heart valves. In fact, a
decrease of the agreement between computational and experimen-
tal results was observed when the reorientation of cells in response
to mechanical stimuli was not taken into account.
4. Discussion

The distribution of collagen fibers strongly influences the
biomechanics and functionality of heart valves. Therefore, predict-
ing and understanding the remodeling of collagen fibers is desired.
The aim of this study was to understand the collagen remodeling in
human native heart valves during early development. To this aim,
we adopted a computational approach to simulate tissue remodel-
ing in fetal (19-weeks-old) and pediatric (2- and 5-year-old) heart
valves.
4.1. Agreement between computational results and experimental data

Importantly, the collagen distributions predicted by the compu-
tational simulations exhibited a good level of qualitative and
eters. A-B: Comparison, for aortic (A) and pulmonary (B) valves, between the
ulation with varying values of the parameters gcg ;rmax ; k

f
0 , and k f

1 , as reported in the
to obtain the results in Fig. 4. C: Performance of the computational model. A good
x and gcg are not equal to zero.



Fig. 6. Simulation of 2-year-old heart valves with variation of computational parameters. A-B: Comparison, for aortic (A) and pulmonary (B) valves, between the
experimental data and the collagen fiber distribution predicted by the computational simulation with varying values of the parameters gcg , rmax , k

f
0 , and k f

1, as reported in the
tables on the right. C: Performance of the computational model. Choosing kf

1 ¼ 0 s�1 Pa�1 leads to computational results less closely matching the experimental data.
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quantitative agreement with the experimental data reported in a
previous study [3], for all heart valves that were simulated
(Fig. 4). This is especially notable if we consider that these predic-
tions were obtained by varying the computational parameters only
when required to consider the variations between aortic and pul-
monary valves, and between valves of different age groups [2,3].
Further parameter variations could lead to improvement of the
model performance, as observed by performing a sensitivity anal-
ysis of the computational results obtained for fetal and 2-year-
old aortic valves (Figs. S1 and S2 in the Supplementary Material).
In the present study, it was chosen to vary the parameters only
when clearly motivated by experiments. The computational
parameters were fitted only by using the fetal heart valve and
the 2-year-old aortic valve, while the collagen distribution of the
2-year-old pulmonary valve and the 5-year-old pulmonary and
aortic valves were subsequently predicted by the model without
any parameter fitting procedure. Therefore, we had a training set
(the fetal and 2-year-old aortic valves) to fit 2 parameters, and a
testing set (the 2-year-old pulmonary valve and 5-year-old valves).
With this approach, we showed that our model could not only
describe the emergence of the circumferential collagen alignment
via parameter fitting, but also predict the collagen organization
in valves of different type and age.

The quantitative agreement between experiments and simula-
tions could further improve by considering that the scaling of the
maximum cell traction for the simulation of the distinct heart
valves was based on the study of Aikawa et al. [2], while the exper-
imental collagen distributions were taken from Oomen et al. [3].
Considered this discrepancy and the biological variation between
individuals, the agreement between computational and experi-
mental data is remarkably good.
4.2. Cell traction and (re)orientation in response to mechanical stimuli
are fundamental for initiation of circumferential alignment

Given the good level of agreement between computational and
experimental data, we can derive information about the impor-
tance of the different mechanisms driving collagen remodeling
during development. For example, from the simulation of fetal
heart valves with different values of maximum cell traction
(Fig. 2), we can understand that cell traction is fundamental for
the circumferential collagen fiber orientation to arise. In fact, the
computational simulations of fetal heart valves predicted a circum-
ferential collagen fiber alignment only if a non-zero value of cell
traction was chosen; an approximately isotropic distribution was
predicted otherwise. We observe that the maximum cell traction
is also correlated with the reorientation of cells in response to
mechanical stimuli (Eq. (9)). Consequently, when rmax is set to
zero, this reorientation response is neglected. It thus appears that
both cell traction and reorientation in response to mechanical
stimuli are necessary for the collagen organization to arise in the
very early development.

The importance of these two phenomena for a physiological col-
lagen remodeling was also confirmed at a later stage of develop-
ment, when simulating 2- and 5-year-old valves. In fact, excessive
alignment was predicted for 5-year-old pulmonary valves with no
cell traction (Fig. 5B), while a lower level of anisotropy was pre-
dicted for 2-year-old heart valves if the cellular reorientation
response due to the experienced strain and strain rate was not con-
sidered (Fig. 6). Overall, these results suggest that cell traction and
reorientation in response to mechanical stimuli are fundamental
mechanismsdriving the physiological collagen remodeling in native
heart valves, especially in the relatively early stage of development.
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4.3. Contact guidance is essential to maintain and reinforce collagen
alignment

The computational simulations further indicate that the ten-
dency of cells to coalign with collagen fibers is fundamental for
the maintenance and reinforcement of the circumferential collagen
alignment obtained during the early stage of development. Compu-
tational simulations of 2- and 5-year-old heart valves performed
without considering such phenomenon had results strongly in dis-
agreement with experimental data (Figs. 3, 5 and 6).

In pediatric native heart valves, the importance of contact guid-
ance for the remodeling of collagen is particularly evident because,
as reported by Aikawa et al. [2], the maximum cell traction of cells
in these valves is low compared to the fetal stage and, conse-
quently, also their reorientation potential in response to mechani-
cal stimuli is diminished (Eq. (9)).

4.4. The parameter values for cell traction and contact guidance

The computational results shown in the present study were
obtained by fitting only two parameters, while the remaining
parameters were derived or motivated by previous experimental
and computational studies. In particular, the maximum cell trac-
tion rmax for cells in heart valves was fitted by simulating the
remodeling of fetal heart valves, while the parameter associated
with contact guidance gcg was fitted by simulating the remodeling
of 2-year-old aortic valves. Among the values tested, rmax ¼ 50 kPa
and gcg ¼ 500 s�1 resulted the best in terms of agreement between
the experimental and computational results related to the collagen
fiber distribution in heart valves. The identified value for cell trac-
tion is of the same order of magnitude as the one inferred for a rel-
atively dense monolayer of human myofibroblasts [44], by means
of experimental and computational techniques. Valvular intersti-
tial cells have myofibroblastic features when in an activated state
[45], such as during disease or during fetal age [2]. For this reason,
we estimate that the value that was found fairly well correspond to
the maximum cell traction of a dense population of activated
valvular interstitial cells, as it is the case for fetal heart valves.

In the computational model adopted in this study, the parame-
ter rmax influences not only the active cell traction (Eq. (4)) and the
cell-mediated collagen prestretch (Eq. (16)), but it is also propor-
tional to the tendency of cells to (re)orient in response to mechan-
ical stimuli (Eq. (9)). For pediatric heart valves, cells (re)orient also
in response to the contact guidance cues provided by collagen
fibers, a tendency which is quantified by the parameter gcg in our
model. The stress fiber distribution predicted for pediatric semilu-
nar valves was equivalent to the corresponding collagen fiber dis-
tribution. That means that the identified parameter gcg is such that
cells (re)orient mainly because of contact guidance, with little
effects of mechanical stimuli, as occurs for example for cells on
cyclically strained substrates with relatively large microgrooves
[46,43,29].

4.5. Influence of the other model parameters and assumptions

Due to the high complexity of the computational model and its
highly nonlinear formulation, it is possible that different sets of
model parameters could replicate almost identical strain fields.
For example, as also mentioned in Oomen et al. [3] where the
mechanical parameters of heart valves were computed, very differ-
ent values of G, k1, and k2 might lead to the same heart valve
mechanical properties. Nevertheless, the choice of a different set
of parameters (among the ones mimicking mechanical properties
of the simulated heart valve) would anyway lead to the same strain
fields experienced by cells and collagen fibers, and therefore to the
same conclusions of our study connecting strain fields to cell-
mediated collagen remodeling.

To ensure robustness of the conclusions of the present study,
we performed a sensitivity analysis of the parameters for fetal
heart valves and 2-year-old aortic valves, to investigate whether
phenomena other than cell traction and contact guidance might
have a large effect on the emergence and reinforcement of the cir-
cumferential collagen distribution (Figs. S1 and S2 in the Supple-
mentary Material). This sensitivity analysis showed that the
collagen fiber distribution resulting from the computational simu-
lations is fairly insensitive to (even large) variations of many of the
model parameters. In general, the model parameters which mostly
affect the computational results for fetal and 2-year-old aortic
valves are the material parameters of the collagen fiber network
(G, k1, and k2), and the transition strain etrans. On the one hand, this
confirms the strong link between cell-mediated collagen remodel-
ing and the deformations experienced by cells and collagen. On the
other hand, it highlights the necessity of verifying the validity of
the assumptions related to the strain-dependent collagen degrada-
tion. The parameter etrans was assumed to be corresponding to the
transition point between the toe-region to the linear region of the
stress-stretch curve of collagen fibers, motivated by the experi-
mental study of Wyatt et al. [19]. Future studies in this field should
aim at confirming this assumption for collagen fibers in human
heart valves during early development.

In the current study, a monotonic decreasing function was
adopted for the strain-dependent collagen degradation profile,
similar to other computational studies [24,47,48], and motivated
by the experimental study of Wyatt et al. [19]. In other experimen-
tal studies [49,50], it has been observed that collagen degradation
first decreases for relatively small strains and then increases with
strain after a transition value. Repeating the simulations by adopt-
ing this different strain-dependent degradation profile did not
change the computational results.

The concept of Poisson’s Ratio was here used to approximate a
value for the compression modulus of the heart valve isotropic
components via Eq.(22), which is valid for small deformations of
isotropic materials. Importantly, the sensitivity analysis showed
that even large variations of the Poisson’s Ratio and the compres-
sion modulus do not correspond to significant variations of the
computational results (Figs. S1 and S2), thereby reassuring that
such approximation does not affect our conclusions.

2- and 5-year-old heart valves were assumed to have, as initial
condition, the collagen fiber distribution present in heart valves of
the same specific type (aortic or pulmonary), but at a younger age.
This was judged as the best guess for their initial condition. Never-
theless, even with different initial conditions, one could get the
same conclusions from the simulations: without accounting for
contact guidance, the circumferential collagen fiber alignment that
emerges during fetal development would not be preserved and
reinforced while aging. Therefore, such assumption does not influ-
ence the conclusions of our study.

Finally, the influence that shear stress has on cells present in
heart valves was not considered in this study. Compared to
endothelial cells, shear stress has little effects on valve interstitial
cells, which behavior was the main focus of our computational
model because they are often considered the main mediator of col-
lagen remodeling in heart valves. We observe anyway that these
two cell types exhibit a similar orientation in heart valves. Deck
et al. [51]observed circumferential alignment of endothelial cells
residing in aortic valves, and a general co-alignment with collagen
fibers. Similarly, interstitial cells are commonly observed as having
a similar orientation as the collagen fibers, which are mainly cir-
cumferentially oriented.
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4.6. The heart valve tri-layered structure

Semilunar heart valves are composed of three layers; namely,
the ventricularis, the spongiosa, and the fibrosa. In our study, we
modeled the leaflets as a single layer corresponding to the fibrosa
to conform to the previous study of Oomen et al. [3], where the
imaging was performed on this side and the mechanical tests were
performed without dividing the leaflets into different layers. This
approximation is expected to have little effect on the simulation
results because the fibrosa layer is the one containing most of
the collagen fibers and therefore determining the mechanical prop-
erties of the heart valve. Sacks et al. [52] observed that the collagen
fiber dispersion in porcine aortic valves is higher in the ventricu-
laris than in the fibrosa. It might be possible that this also holds
for human aortic valves. Our computational model could hold a
clue of the differences of collagen fiber dispersity observed in the
ventricularis and fibrosa layers. The amount of collagen in the
fibrosa layer is much more than in the ventricularis [53], which
is mainly composed of elastin. Therefore, the effects of contact
guidance in the ventricularis layer might be much less pronounced
than in the fibrosa layer, thereby leading to a less pronounced cir-
cumferential alignment of cells and collagen.

4.7. Main limitations

One of the main limitations of this study is the fact that the
change of the material parameters performed when passing from
fetal to 2-year-old valves, and further to 5-year-old valves, was
assumed to occur instantaneously, together with the change of
heart valve radius, thickness, and blood pressure. This assumption
was necessary because no extensive information on the evolution
over time of such parameters is present in the literature. With fur-
ther information, computational models predicting the heart valve
growth over time in response to the in vivo biomechanical stimuli
experienced by heart valves could be developed, with an approach
similar to computational models for the growth of other native tis-
sues [54]. Such models could then be implemented in the compu-
tational framework proposed in this study, together with evolution
laws for the material parameters.

The heart valve geometry adopted in this study is an idealized
one. Human heart valves in vivo might not have the perfect sym-
metry adopted in this study, and it might be possible that their
in vivo geometry is not obtainable from a perfect spherical surface.
This might have some effects on the computational results. For
example, mild asymmetries present in heart valve leaflets might
explain the slight deviation from the circumferential direction of
the peaks of collagen fibers observed for 2- and 5-year-old aortic
valves. To overcome this limitation, in vivo imaging techniques
might be employed to characterize the heart valve geometries bet-
ter and to run the simulations with a higher accuracy, as done for
example by using computed tomography scans [55,56].

4.8. Future directions and applications

To test the conclusion that cell traction and cell (re)orientation
in response to mechanical stimuli are fundamental for the emer-
gence of the circumferential collagen alignment, initially isotropic
tissue-engineered heart valves could be cultured in a bioreactor
with Rho- or ROCK-inhibitor, to disrupt stress fibers, and dynami-
cally loaded with a pressure comparable with the one experienced
at fetal age. The absence or emergence of a circumferential colla-
gen fiber distribution would support or confute our conclusion,
respectively. On the other hand, the hypothesis that contact guid-
ance induced by a relatively dense collagen fiber network can
ensure the maintenance of an already established collagen fiber
distribution, irrespective of mechanical stimuli, is supported by
previous in vitro studies showing that cyclic strain does not influ-
ence the collagen fiber orientation in the tissue core of engineered
tissues, once a clear collagen orientation has been attained [57].

Although improvements are possible, the computational frame-
work proposed in this study presents a large number of potential
applications. For example, a similar approach could be adopted
to investigate the tissue remodeling of adolescent and adult native
heart valves [3], the long-term remodeling of tissue-engineered
heart valves, the evolution of native pulmonary heart valves under-
going the Ross procedure [58] or other cardiovascular tissues, such
as arteries. Furthermore, while in this study we mainly focused on
analyzing the importance that cellular (re)orientation in response
to contact guidance and mechanical stimuli has on collagen
remodeling, future studies could also address other mechanisms
that are assumed to determine the collagen fiber distribution.

5. Conclusion

In this study, we adopted a computational approach to under-
stand collagen remodeling in human native heart valves during
early development. Importantly, the computational simulations
were able to successfully predict the collagen fiber distribution in
native fetal (19-week-old) and pediatric (2- and 5-year-old) aortic
and pulmonary valves with little adjustment of parameters. Addi-
tional simulations performed by varying computational parame-
ters suggested that the reorientation of cells in response to
mechanical cues is fundamental for the circumferential alignment
of collagen fibers to arise during heart valve development, while
the tendency of cells to coalign with collagen fibers is necessary
to maintain and enhance such alignment.
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