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a b s t r a c t

In order to create tissue-engineered heart valves with long-term functionality, it is essential to fully
understand collagen remodeling during neo-tissue formation. Collagen remodeling is thought to main-
tain mechanical tissue homeostasis. Yet, the driving factor of collagen remodeling remains unidentified.
In this study, we determined the collagen architecture and the geometric and mechanical properties of
human native semilunar heart valves of fetal to adult age using confocal microscopy, micro-
indentation and inverse finite element analysis. The outcomes were used to predict age-dependent
changes in stress and stretch in the heart valves via finite element modeling. The results indicated that
the circumferential stresses are different between the aortic and pulmonary valve, and, moreover, that
the stress increases considerably over time in the aortic valve. Strikingly, relatively small differences were
found in stretch with time and between the aortic and pulmonary valve, particularly in the circumferen-
tial direction, which is the main determinant of the collagen fiber stretch. Therefore, we suggest that col-
lagen remodeling in the human heart valve maintains a stretch-driven homeostasis. Next to these novel
insights, the unique human data set created in this study provides valuable input for the development of
numerical models of collagen remodeling and optimization of tissue engineering.

Statement of significance

Annually, over 280,000 heart valve replacements are performed worldwide. Tissue engineering has the
potential to provide valvular disease patients with living valve substitutes that can last a lifetime.
Valve functionality is mainly determined by the collagen architecture. Hence, understanding collagen
remodeling is crucial for creating tissue-engineered valves with long-term functionality. In this study,
we determined the structural and material properties of human native heart valves of fetal to adult
age to gain insight into the mechanical stimuli responsible for collagen remodeling. The age-
dependent evolutionary changes in mechanical state of the native valve suggest that collagen remodeling
in heart valves is a stretch-driven process.

� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction extracellular matrix in response to changes in mechanical loading
It has been known for many years that the form and function of
many biological tissues are strongly influenced by mechanical
stimuli [1–3]. Numerous cell types remodel their surrounding
[4–7], which has been hypothesized to occur to maintain a certain
mechanical homeostasis [1,3]. Yet, there is no consensus as to
which mechanical quantity is the driving factor behind the remod-
eling process. Collagen fibers are one of the key players in the
remodeling process, since these proteins are the main load-
bearing component of many soft tissues. In particular, collagen
fiber orientation and bundle formation through cross-linking
[8,9] play a significant role in valvular tissue mechanics. As a
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consequence, the architecture of the collagen network has a major
influence on the mechanical functionality of soft tissues, as well as
on mechanically induced growth and remodeling processes. There-
fore, a deeper knowledge of collagen remodeling will greatly ben-
efit our understanding of healthy tissue development as well as
pathological adaptations such as seen during fibrosis, aneurysm
formation [10] and wound healing [11,12]. Moreover, it is of great
interest to the rapidly growing field of tissue engineering, which
aims to provide patients with living autologous tissue replace-
ments that have the potential to grow and remodel in response
to changes in functional demand [13].

One of the endeavors of this field is the development of tissue-
engineered heart valves (TEHVs). Despite promising early results,
short-term remodeling often leads to tissue crimp that causes leaf-
let shortening and, ultimately, valve malfunctioning [14–17]. In
order to ensure long-term functionality of TEHVs, understanding
and subsequently controlling the collagen remodeling process is
of the greatest importance. However, this is impeded by the lack
of long-term data due to the early failure of TEHVs.

We aim to identify the driving factor of collagen remodeling in
heart valves and have investigated age-dependent changes in
human semilunar heart valves. During their lifetime, the geometry
and collagen architecture of heart valves change [18–21], which is
likely due to temporal changes in hemodynamical conditions
[22,19,1]. Still, it remains unknown how these temporal changes
are related to valve mechanics, including tissue stress and strain.

Knowledge of the evolutionary changes with age in stress and
strain status of human heart valves might explain which of these
factors, if any, determines mechanical homeostasis. Therefore, we
determined the collagen architecture as well as the geometric
and mechanical properties of human semilunar heart valves of
fetal to adult age using confocal microscopy, micro-indentation
and inverse finite element analysis. The collagen architecture and
geometrical and mechanical properties were used to predict age-
dependent changes in stress and stretch in the heart valves via
finite element modeling.
2. Materials and methods

2.1. Tissue preparation

Sixteen sets of paired cryopreserved healthy human aortic and
pulmonary valves of different ages were obtained from Dutch post-
mortem donors, given permission for research according to
national ethical and regulatory guidelines with written informed
consent. These valves were assessed to be unfit for implantation
and provided by the Heart Valve Bank Rotterdam (Erasmus Univer-
sity Medical Center, Rotterdam), with ages ranging from 2 months
to 53 years old. Of these valves, thirteen pairs were previously
studied by Van Geemen [23] and three pairs (2 months, 2 years
and 49 (for microscopy only) years old) were analyzed for the first
time in this study. The valves were deemed unfit for implantation
due to findings that contra-indicated implantation, consisting
amongst others of positive bacteriological sampling, serological
findings in the donor and other procedural non-conformities that
caused rejection of the donor (e.g. sexual risk behavior and/or risks
in drug abuse). Additionally, one cryopreserved fetal heart
(19 weeks old) was obtained from the department of Molecular
Cell Biology, Leiden University Medical Center, Leiden, after
approval by the medical ethical committee of the Leiden University
Medical Center and written informed consent.

All valves were structurally and mechanically unaffected and
the cause of death was not related to valvular disease or conditions
known to precede valvular disease. The cryopreserved valves were
stored at �80 �C and thawed and prepared just prior to testing, as
described previously [23]. Previous studies showed that the
applied cryopreservation protocol did not affect structural integ-
rity [24] and mechanical properties [25]. The valves were stained
overnight with CNA35 [26] to enable collagen visualization.

2.2. Collagen architecture visualization and quantification

The collagen architecture of a single leaflet of the fetal valve and
2-month, 2-year and 43-year-old valve pairs was visualized using a
confocal laser scanning microscope (TCS SP5X, Leica Microsystems,
Wetzlar, Germany) with complimentary software (Leica Applica-
tion Suite Advanced Fluorescence, Leica Microsystems, Wetzlar,
Germany). The valves were placed on the microscope such that
the fibrosa faced the camera. A tile scan (magnification 10x, excita-
tion 520 nm, emission 488 nm) was made to capture the collagen
architecture of the entire leaflet in one single image. Collagen fiber
orientation and dispersity were determined by analyzing the indi-
vidual images of each tile scan, using a custom Mathematica (Wol-
fram, Champaign, IL, USA) script, based on the work of Frangi et al.
[27], which has been used previously to measure collagen orienta-
tion [28,29]. In brief, the orientation of collagen fibers was deter-
mined via a multi-scale approach in which the principle
curvature directions were calculated from the eigenvalues and
the eigenvectors of the Hessian matrix of the image (second order
derivative). For each tile scan, a histogram containing the fiber
fraction per angle was obtained, from which the fiber main orien-
tation and dispersity could be derived using a least-squares fitting
method.

2.3. Mechanical testing

One leaflet of each valve was used for mechanical testing using
micro-indentation, as described previously [30,31]. A spherical
sapphire indenter with a diameter of 2 mm was used. The whole
setup was mounted on an Axiovert 200M confocal laser scanning
microscope (Carl Zeiss, Oberkochen, Germany) with iXon + camera
and complimentary Andor IQ software (Andor, Belfast, Northern
Ireland). This setup enabled tracking of the deformation in the bot-
tom plane of the samples during deformation by making images of
the collagen fibers (magnification 10x, excitation 520 nm, emission
488 nm) during indentation. Each leaflet was indented at �7 loca-
tions across the belly region, with 3 indentation cycles performed
at each location. During each cycle, the leaflet was indented up to
50% of the local leaflet thickness with a constant indentation speed
of 0.01 mm/s. The vertical indentation force, planar valve deforma-
tion, and thickness were obtained for each cycle, which were aver-
aged to one single data set per leaflet for further analysis. The first
cycle was used as pre-conditioning cycle and excluded from fur-
ther analysis. Mechanical testing of a 11-year-old pediatric pul-
monary valve failed due to hardware failure.

2.4. Digital image correlation

A global digital image correlation (GDIC) algorithm was used to
quantify deformation in the confocal microscopy images made
during indentation. This algorithm was adapted from Neggers
et al. in MATLAB (MathWorks, Natick, MA, USA) [32,33]. In brief,
the algorithm considers each image as a scalar function of spatial
coordinates that gives the gray level at each pixel. The displace-
ment field relating two subsequent images was decomposed onto
a basis of continuous functions. The parametrized displacement
field was found by incrementally minimizing the squared differ-
ence between the two images using a multi-scale approach. For a
full scope on the GDIC algorithm and implementation, please be
referred to Neggers et al. [33].
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2.5. Inverse finite element analysis

With force and strain data available, the material parameters
for the constitutive model described in the next section were com-
puted by inverse finite element analysis. Since the indenter was
centered directly above the indentation site, quarter-symmetry
could be assumed. Therefore, a small block of tissue surrounding
the indenter was modeled in the commercial finite element pack-
age Abaqus (Dassault Systèmes Simulia Corp., Providence, RI),
using �100 quadratic brick elements with reduced integration
(C3D20R). Mesh dimensions were sample-dependent due to differ-
ences in sample thickness. Material parameters were estimated by
minimizing the difference between the experimental and numeri-
cal data, using a quadratic objective function to define the good-
ness of fit, as described previously [34]. The resulting parameters
were used for numerical simulations and are displayed in Table 1.

2.6. Constitutive model

The finite element model is based on the work of Driessen et al.
and Loerakker et al. [35,36]. The model was implemented in Aba-
qus using the user-defined subroutine UMAT. The heart valve leaf-
let is modeled as a fiber-reinforced composite material, consisting
of an anisotropic fiber part (f) with volume fraction (/f ) and an iso-
tropic matrix part (m) with volume fraction (1� /f ). The fiber vol-
ume fraction /f was set to 0.5, similar to [35]. The total Cauchy
stress hence consists of two components:

r ¼ rm þ rf ð1Þ
Table 1
Geometrical, hemodynamic and material parameter values used in all simulations.

Age group Age Site Radius (mm) Thickness (mm

Fetal 19w Pulmonary 1.5 0.21 � 0.10

Pediatric 2 m Aortic 4.0 0.32 � 0.05
2 m Pulmonary 5.0 0.29 � 0.04
8 m Aortic 5.0 0.50 � 0.16
8 m Pulmonary 5.5 0.28 � 0.09
2y Aortic 5.5 0.68 � 0.02
2y Pulmonary 6.5 0.52 � 0.04
5y Aortic 7.0 0.68 � 0.11
5y Pulmonary 9.0 0.60 � 0.17
11y Aortic 8.5 0.82 � 0.27
11yd Pulmonary 8.5 –

Adolescent 18yb Aortic 10.5 1.0 � 0.44
18yb Pulmonary 11.0 0.32 � 0.09
18yc Aortic 9.5 0.73 � 0.24
18yc Pulmonary 13.0 0.28 � 0.15
20y Aortic 10.0 0.93 � 0.16
20y Pulmonary 10.0 0.48 � 0.13
22y Aortic 9.5 0.80 � 0.25
22y Pulmonary 9.5 0.34 � 0.13

Adult 38y Aortic 10.5 0.48 � 0.38
38y Pulmonary 10.5 0.27 � 0.14
40y Aortic 11.0 0.64 � 0.20
40y Pulmonary 12.5 0.25 � 0.02
47y Aortic 13.0 0.54 � 0.17
48y Aortic 11.0 0.69 � 0.14
48y Pulmonary 13.5 0.27 � 0.07
51ye Aortic 11.0 0.67 � 0.31
51y Pulmonary 11.0 0.36 � 0.16
53ye Aortic 11.5 0.68 � 0.32
53y Pulmonary 13.0 0.38 � 0.18

b,cPaired 18-year-old valves.
a References for diastolic pressure magnitudes: fetal [38], pediatric aortic [39], adoles
d Hardware failure occurred during mechanical testing.
e No convergence was reached in the inverse analysis.
The isotropic part, describing the contribution of the cells and
all extracellular matrix components except collagen, is modeled
as a Neo-Hookean material:

rm ¼ ð1� /f Þ j
lnðJÞ
J

I þ G
J
ðB� J2=3IÞ

� �
ð2Þ

with F the deformation gradient tensor, J ¼ detðFÞ;B ¼ F � FT , and G
and j the shear and compression modulus, respectively. The aniso-
tropic fiber part is modeled using an angular distribution with a dis-
crete number of fiber directions. The fiber directions e i

f0 in the
undeformed configuration are positioned within a plane spanned
by two orthogonal vectors in the circumferential (v1) and radial
(v2) direction at angles ci with respect to v1:

e i
f ;0 ¼ cosðciÞv1 þ sinðciÞv2 ð3Þ

The fiber volume fraction in each direction was described using a
periodic version of the normal probability distribution function
[37,35]:

ui
f ¼ A exp

cos½2ðci � aÞ� þ 1
b

� �
ð4Þ

where a is the main fiber angle with respect to ~v1 and b the disper-
sity of the fiber distribution. The scaling factor A is defined such that
the total fiber content equals /f . An angular resolution of 3� was
used to model the collagen distribution. The total collagen fiber
stress depends on the orientation of the collagen fibers in the cur-
rent configuration (eif ) and the collagen stress and volume fraction

ui
f in each direction:
Material parameters

) Pressurea (kPa) G (kPa) k1 (kPa) k2 (-) b (-)

1.6 11.1 8.9 0.92 0.58

4.9 5.2 0.30 6.16 0.37
1.1 6.3 0.14 6.92 0.41
4.9 6.8 0.28 7.54 0.56
1.1 5.0 0.43 5.70 0.73
5.6 11.4 0.10 8.93 0.35
1.1 5.0 0.55 4.82 0.43
7.1 53.4 0.10 8.77 0.25
1.1 12.8 0.48 3.52 0.53
8.1 24.1 0.26 5.22 0.46
1.1 – – – –

8.4 13.7 0.28 4.75 0.50
1.1 5.0 0.10 7.20 1.67
8.4 10.2 0.21 6.70 0.60
1.1 5.0 1.50 2.02 1.26
8.7 9.4 0.66 5.10 0.51
1.1 5.0 0.43 4.85 1.02
8.7 10.7 2.01 3.36 0.66
1.1 5.0 8.92 1.32 1.07

10.6 15.1 0.10 11.3 0.26
1.1 5.0 0.91 5.51 0.45
10.6 11.1 0.10 12.6 0.28
1.1 5.0 1.69 4.58 0.68
10.6 35.8 0.20 10.8 0.31
10.6 9.7 1.64 5.93 0.50
1.1 5.0 1.63 4.23 0.46
10.6 – – – 0.27
1.1 6.1 0.25 9.36 0.34
10.6 – – – 0.22
1.1 5.0 0.18 7.47 0.36

cent aortic [40], adult aortic [41] and pulmonary [41].
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rf ¼
XN
i¼1

ui
fr

i
f e

i
f e

i
f ð5Þ

with ri
f the magnitude of the fiber stress depending on the fiber

stretch kf . An exponential stress-stretch law with stiffness parame-
ters k1 and k2 was used for the fiber stress when the collagen fibers
are extended (kif P 1) [35]. It is assumed that collagen fibers can
only bear stress in extension, with a small compressive stress when
kif < 1 to prevent numerical convergence issues due to discontinu-
ities in fiber stress derivatives:

ri
f ¼

k1ðkif Þ
2

ek2ððk
i
f Þ

2�1Þ � 1
� �

; kif P 1

k1k2
k3

ek3ððk
i
f Þ

2�1Þ � 1
� �

; kif < 1

8>>>><
>>>>:

ð6Þ

where kif ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e i
f0 � FT � F � e i

f0

q
is the stretch in fiber direction ei.
2.7. Finite element meshes

Each valve was shaped by creating spherical leaflets using age-
related geometrical properties (Table 1). Only half of one leaflet
was modeled due to symmetry and divided into �500 quadratic
brick elements with reduced integration (C3D20R). Mesh refine-
ment was applied such that the mesh density was higher in the
belly region. For every element, the radial direction was defined
as the vector perpendicular to the outer normal of the element n
and a unit vector in x-direction ex : v2 ¼ ðex � nÞ= jj ex � n jj . Sub-
sequently, the circumferential direction was calculated as
v1 ¼ n� v2 [36].
2.8. Analyses

Simulations were performed using the age-related geometrical,
hemodynamic and material properties measured in fetal, pediatric,
adolescent and adult valves (Table 1). The age-related diastolic
Fig. 1. Collagen fiber architectures of human native heart valve leaflets’ fibrosa side
pulmonary (C), 2-year-old aortic (D) and pulmonary (E) and 49-year-old aortic (F) and pu
and appear to arise with age, with individual fibers depicted in the insets (H-N). A main
blood pressure was gradually applied. Circumferential and radial
stretch and Cauchy stress were computed in the belly region.
3. Results

3.1. Collagen architecture evolution is a multi-scale process

High-resolution confocal microscopy images were obtained
from the fibrosa side of one pulmonary fetal leaflet and paired aor-
tic and pulmonary leaflets aged 2 months, 2 years and 49 years
(Fig. 1). At the microscopic scale, quantification of the individual
collagen fiber orientation revealed a circumferential main orienta-
tion in all valves, including the fetal valve. Across all ages, the fiber
dispersity of the aortic valves was lower than their complementing
pulmonary valves (Fig. 2). However, due to relatively large inter-
patient variation in dispersity, particularly for the pulmonary
valve, no temporal trends in fiber dispersity could be observed in
both valve types.

On the macroscopic level, the postnatal architecture of the
fibrosa of both the aortic and pulmonary leaflets was characterized
by bundles of densely packed circumferentially oriented collagen
fibers. No fiber bundles were visible in the fetal valve; bundles of
limited size were observed in the 2-month-old and 2-year-old
valves and larger bundles were present in the adult heart valve,
in particular in the aortic valve. These observations suggest that
the fiber bundles develop with time.
3.2. Valve stiffness increases as a function of age

The mechanical properties of the valvular tissue were quanti-
fied using a combination of, micro-indentation[31], digital image
correlation [33] and inverse finite element analysis [34]. The
resulting parameters for each individual valve can be found in
(Table 1). Unfortunately, the parameter estimation algorithm did
not converge for three adult aortic valves.

One should be careful in directly comparing the material
parameters from different valves, as different combinations of
parameters could give a similar result. To compare the mechanical
of a fetal pulmonary valve (A) and three valve pairs: 2-month-old aortic (B) and
lmonary valves (G). Bundles of densely packed collagen fibers are visible postnatally
ly circumferentially oriented collagen architecture was found in all valves.
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properties of the different valves, it is better to focus on the stress-
stretch curves for each valve simulation. These curves (Fig. 3) show
that the aortic valves were stiffer than the pulmonary valves in the
circumferential direction. Moreover, a temporal increase of cir-
cumferential stiffness was observed in both valves, whereas no
such trend could be observed for the radial direction.

3.3. Age-related simulations point to stretch homeostasis and not
stress homeostasis

The mechanical state of the different valves was simulated
using finite element modeling [35,36] incorporating the experi-
mentally obtained data (Table 1). The diastolic pressure corre-
sponding with each age and location (Fig. 2) was applied to the
arterial side of the valve and the stretch ratio and Cauchy stress
were computed in the circumferential and radial direction. Unfor-
tunately, no convergence was reached for five valves (three aortic,
two pulmonary), which were excluded from further analysis. Sig-
nificant changes in leaflet stretch were predicted in the belly
region at young age (<4 years), followed by a stretch homeostasis
in both the aortic and pulmonary valve (Fig. 4A and C). Strikingly,
this circumferential stretch homeostasis was similar for the aortic
and pulmonary valves. On the other hand, the radial stretch in the
aortic valves was higher than in their pulmonary counterparts,
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Fig. 5. Circumferential stretch (kv1 ) distributions estimated by the numerical models of four selected valve pairs (fetal, 2-year-old, 22-year old and 48-year-old) after full
coaptation. The stretches were similar between the aortic and pulmonary valves across all ages. In this figure, the scaled to the same size to enable comparison between
valves of different ages.
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which can be explained by the higher aortic blood pressure in com-
bination with the limited amount of radially oriented collagen
fibers.
The circumferential stretch field is shown for selected valves of
different ages in Fig. 5. Slight differences can be observed between
valves of different donors, for example a higher stretch in the



Fig. 6. Circumferential stress (rv1 ) distributions estimated by the numerical models of four selected valve pairs (fetal, 2-year-old, 22-year old and 48-year-old) after full
coaptation. The circumferential stress in the aortic valves increased with age, whereas in the pulmonary valve no significant changes were observed. In this figure, the scaled
to the same size to enable comparison between valves of different ages.
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22-year-old valves compared to valves from other donors. Yet, aor-
tic and pulmonary valves of the same donor feature a similar
stretch field.

In contrast to the circumferential leaflet stretch, no homeostasis
was predicted for the circumferential Cauchy stress in the aortic
valve, with stress continuously increasing with age (Fig. 4B). The
values and changes in stress in the pulmonary valve were rela-
tively small compared to the aortic valve, which may be due to
the low pulmonary blood pressure that hardly changes with age.
The circumferential stress field is shown for selected valves of dif-
ferent ages in Fig. 6. The radial stress in both valve types was smal-
ler than the circumferential stress (Fig. 4D), which can be
explained by the circumferential alignment of the collagen fibers.

Due to the circumferential alignment of the collagen fibers,
these results suggest that collagen remodeling ensures that the
stretches in the collagen fibers are similar in the aortic and pul-
monary valve across all ages. In contrast, the circumferential stress
is different between the two valves and increases with time in the
aortic valve. Therefore, these data suggest that collagen remodel-
ing aims to maintain a constant collagen stretch.

4. Discussion

For the first time, human heart valves of different ages were
used to reveal age-related changes in valve stress and stretch sta-
tus, as well as geometry and collagen architecture. The data sug-
gests that these changes may be related to collagen remodeling
in response to changes in hemodynamics, in order to maintain a
stretch-driven mechanical homeostasis.

4.1. Collagen remodeling is a stretch-driven phenomenon

Age-dependent finite element simulations predicted small dif-
ferences in stretch with age and between the aortic and pulmonary
valve leaflets, especially in the circumferential direction (Fig. 4A
and C). As the collagen fibers are mainly oriented in this direction,
this would suggest that collagen remodeling aligns collagen fibers
to prevent excessive tissue stretch that occurs due to the increas-
ing diastolic blood pressure (Fig. 2B).
In contrast, no stress homeostasis was found in the circumfer-
ential direction, with the stress continuously increasing with age
(Fig. 2B). This increase in circumferential stress as a consequence
of rising blood pressure was apparently not counteracted by
growth and remodeling. A stress homeostasis could for instance
have been maintained by tissue thickening. However, the increase
in thickness in the aortic valve with time and in comparison with
the pulmonary valve appears to be insufficient to prevent the
increase in stress with age, thus making it less likely that collagen
remodeling is stress-driven.

In the present study, we studied collagen remodeling at the tis-
sue level. In order to fully unravel the underlying mechanisms of
collagen remodeling, it needs to be included how the cells sense
and respond to mechanical changes in their environment [3].
Recently, computational models were proposed that describe the
interaction between cellular traction forces and collagen remodel-
ing which may shed light on these mechanisms [42,43]. The find-
ings of the present study can be valuable for developing these
kind of models, in order to eventually develop a full understanding
of the collagen remodeling mechanism.

4.2. Collagen remodeling can be attributed to changes in
hemodynamics

The high spatial resolution of the confocal images in this study
allowed for fiber architecture analysis and quantification on multi-
ple scales: from dense fiber bundles on the macroscopic level, up to
individual fiber distributions on the microscale (Fig. 1). All valves
that were measured featured a main circumferential fiber orienta-
tion, which is consistent with previous findings [44–47]. Most
interestingly, the temporal evolution of the collagen architecture
appears to feature different phenomena across the scales. This evo-
lution can be related to temporal changes in hemodynamics, as
well as differences in blood pressure between the aortic and pul-
monary circulation.

At the microscale, the collagen alignment was higher in the aor-
tic valve than in the pulmonary valve, which can be explained by
remodeling in response to changes in hemodynamics. The postna-
tal rise in aortic blood pressure primarily leads to an increase in
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circumferential stretch in case of isotropic collagen networks
[48,36]. Consequently, tissue remodeling in the aortic valve leads
to a stronger alignment of the collagen network in the circumfer-
ential direction in order to decrease the circumferential stretch
and maintain the stretch homeostasis.

Hemodynamics can also explain the large inter-patient variabil-
ity in fiber dispersity that was observed in the pulmonary valve.
Due to the highly nonlinear stress-stretch behavior of collagen
fibers, the fibers will not be fully stretched at a low pressure. This
implies that the collagen alignment is less crucial to maintain the
stretch homeostasis in the pulmonary valve, as the blood pressure
is much lower than in the aortic valve. Therefore, the collagen fiber
dispersity in the pulmonary valves can be higher and more diverse
than in the aortic valves.

In contrast to the microscopic scale, the collagen architecture at
the macroscopic scale evolves with time. Bundles of densely
packed collagen fibers are visible in postnatal valves and become
more pronounced in the older valves, which concurs with previous
findings [19]. Since these bundles were found in both the aortic
and pulmonary valve, their formation does not only appear to be
induced by changes in leaflet stretch but may also be an effect of
ageing.

4.3. Valve stiffness is adapted by collagen remodeling to prevent
excessive stretching

Several studies have characterized the mechanical behavior of
heart valves [49–54]. Yet, to the best of the authors’ knowledge,
this is the first time that the mechanical properties of human
semilunar heart valves of life-spanning age groups were quanti-
fied. The micro-indentation technique combined with inverse
finite element analysis that was employed in this study has previ-
ously been used for characterizing anisotropic biological tissues
[34,31,55]. The main advantage of micro-indentation compared
to for example biaxial tensile testing is that it can measure even
the smallest samples, thus enabling mechanical characterization
of the fetal and pediatric valves included in this study.

As collagen is the main load-bearing component of heart valves,
changes in valve stiffness can be related to changes of the collagen
architecture with age and between the aortic and pulmonary valve.
The higher stiffness in the aortic compared to the pulmonary valve
(Fig. 3) can be explained by the lower fiber dispersity in the aortic
valve. On the other hand, the fiber dispersity remains constant
with time and the total collagen content is known to remain
unchanged after childhood [19]. Therefore, the temporal increase
in circumferential stiffness and nonlinearity can only be due to
fiber bundle formation. Hence, fiber bundle formation influences
valve mechanics by providing additional tissue stiffness, even
though it may not be merely modulated by changes in mechanical
loading.

4.4. Limitations

The use of unique human data to gain novel insights in valve tis-
sue remodeling yields two main limitations. First, due to the lim-
ited availability, the sample number was low. This can for
example explain the stretch variations between valves from differ-
ent donors (Fig. 5) and the spread in fiber dispersity (Fig. 2). These
variations can amongst others be caused by deviating hemody-
namics. For example, the high stretch that was predicted in the
22-year-old valve (Figs. 4A, C and 5) could be due to the donor
being hypotensive, leading to a lower stiffness due to decreased
mechanical demand and hence a higher stretch when normoten-
sive conditions are assumed in the model.

Second, the stresses and stretches that were found in this study
(Figs. 4–6) may be underestimated due to in vivo pre-stretches and
residual stresses that are present in many biological tissues [56–
59]. In aortic and pulmonary heart valve leaflets they can be attrib-
uted to the cell tension in the leaflets themselves and pre-stretch
and residual stresses in the aortic root. After dissection of the leaf-
lets from the aortic root and cell death, these residual stresses were
eliminated. Hence, mechanical characterization took place in a
stress-free state. Yet, in our numerical simulations, the unloaded
reference state was regarded as stress-free because the in vivo
residual stresses could not be measured.

4.5. Implications for tissue engineering

In order to ensure long-term functionality of TEHVs, under-
standing and controlling the collagen remodeling process is of
the greatest importance. However, long-term data is currently
unavailable. In the current study, we aimed to identify the driving
force of collagen remodeling by studying the evolution of stress
and strain status in the human semilunar heart valves. By using
heart valves of wide-ranging ages, different time points were
obtained in the evolution of the human heart valve, which pro-
vided insight in the remodeling process. Additionally, the unique
human data set created in this study is a valuable tool for develop-
ing future numerical collagen remodeling models that can predict
the temporal changes observed in the present study.

Our results indicated that the circumferential stresses are dif-
ferent between the aortic and pulmonary valve, and, moreover,
that the stress increases considerably over time in the aortic valve.
In contrast, we found relatively small differences in valvular
stretch with age and between the aortic and pulmonary valve, par-
ticularly in the circumferential direction, which is the main deter-
minant of the stretch experienced by the collagen fibers. Therefore,
we suggest that collagen remodeling in the human heart valve
maintains a stretch-driven homeostasis.

Tissue engineers can take these findings into account in the
design of TEHVs, for instance by adapting scaffold material, geom-
etry and fiber alignment [36] to ensure that a developing tissue
will be continuously exposed to a homeostatic stretch. This can
direct the cells into functional regeneration of heart valve tissue
while simultaneously preventing leaflet fibrosis. Once the collagen
remodeling process can be predicted and controlled, long-term
functionality of tissue-engineered heart valves can be ensured,
thus providing patients with a heart valve that will last for a
lifetime.
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