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Abstract—Current protocols for mechanical preconditioning
of tissue engineeredheart valves have focusedonapplicationof
pressure, flexure and fluid flow to stimulate collagen produc-
tion, ECM remodeling and improving mechanical perfor-
mance. The aim of this study was to determine if mechanical
preconditioning with cyclic stretch could promote an intact
endothelium that resembled the viability and morphology of a
native valve. Confocal laser scanning microscopy was used to
image endothelial cells on aortic valve strips subjected to static
incubation or physiological strain regimens. An automated
image analysis program was designed and implemented to
detect and analyze live and dead cells in images captured of a
live aortic valve endothelium. The images were preprocessed,
segmented, and quantitatively analyzed for live/dead cell ratio,
minimum neighbor distance and circularity. Significant dif-
ferences in live/dead cellular ratio and the minimum distance
between cells were observed between static and strained
endothelia, indicating that cyclic strain is an important
stimulus for maintaining a healthy endothelium. In conclu-
sion, in vitro application of physiological levels of cyclic strain
to tissue engineered heart valves seeded with autologous
endothelial cells would be advantageous.

Keywords—Image analysis, Endothelium morphology, Aor-

tic valve, Tissue engineering.

INTRODUCTION

Heart valve disease affects 2.5% of the US population
and approximately 10% of the population ‡ 65 years
old.2 Two thirds of valve disorders occur in the aortic
position with � 50% resulting in Total Aortic Valve
Replacement (TAVR) surgery.1 These numbers are ex-
pected to increase over the coming decades and simula-

tions project the global incidence of aortic stenosis could
double or even triple in the next 30–40 years.8,21 Aortic
valve calcification is the primary indication for TAVR
surgery in Europe and the United States6 and is the sec-
ond most common cardiovascular surgery performed.29

The current options for valve replacement include
mechanical valves, xenogenic bioprosthetic valves or
biological valves such as homografts.31 Mechanical
valves require patients to be on continuous anti-coagu-
lation therapy to prevent the formation of thrombi,
making them unsuitable for elderly patients.9,13 Bio-
prosthetic valves do not require patients to be on anti-
coagulation therapy;however, as theyare xenogenic, they
must be treated with aldehyde-based fixatives to prevent
an immunological host response. Chemical fixation
makes valves susceptible to inflammation, calcification
and deterioration viamechanical fatigue18 or incomplete
fixative detoxification.11,26 Therefore, there is a critical
need for a tissue engineered heart valve that has excellent
hemodynamics, a capacity for tissue remodeling and an
ability to grow with the patient.

Tissue engineered heart valves (TEHV) are com-
prised of a porous scaffold, usually made from
biodegradable synthetic polymers or decellularized
tissue,3 and a cell population that mimics the native
population of valve interstitial cells (VIC) and
endothelial cells (EC). A number of cell sources have
been investigated for TEHVs, including stem cells,
VICs, ECs, myofibroblasts, endothelial progenitor
cells, and smooth muscle cells.28 A number of studies
have demonstrated that mechanical pre-conditioning
of the seeded scaffold is necessary before implantation.
For a comprehensive review of TEHV recellularization
and pre-conditioning, see the review by VeDepo et al.31

Studies have largely focused on the application of
pressure and/or flow. Research on native valve tissue
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has shown that physiological mechanical conditions
maintain the biological characteristics of aortic heart
valves14 and the application of pressure can stimulate
collagen and glycosaminoglycan synthesis.20,34,35 To
date, few studies have investigated the advantages of
using cyclic strain for the mechanical pre-conditioning
of TEHV. Cyclic strain has been shown to protect
valves from pro-inflammation gene and protein
expression17,27 and it could also provide other benefits
in TEHV pre-conditioning.

The purpose of this study was to determine how
cyclic strain affects aortic valve EC morphology, via-
bility and confluence. A cyclic strain device was devel-
oped to exert physiological strain on aortic valve tissue
and a custom MatLab code was written to perform
quantitative analysis of live en face microscopy images
of leaflet surfaces. Results from the study will improve
our understanding of the relationship between aortic
valve ECs and their mechanical environment as well as
provide information applicable to the development of
TEHV using mechanical preconditioning techniques.

METHODS

Tissue Preparation

Porcine hearts were obtained from female York-
shire/Hampshire pigs before 6 months of age with a
post-slaughter weight of 120 lbs. Aortic valve leaflets
were excised within 30 min of slaughter (Sansing Meat
Service, Maben, MS) and transported to the lab in
sterile phosphate buffered saline (D-PBS, Sigma) on
ice. The leaflets were excised aseptically with a razor
blade as previously described.33 Care was taken to not
disrupt the endothelial layer. Leaflet strips were ran-
domly separated into three treatment groups: fresh,
static, and stretched. Fresh tissue samples were stained
immediately as described below. Static samples were
placed in a six-well plate and incubated with 3 mL of
culture medium (Dulbecco’s modified eagles medium
(DMEM, Sigma) supplemented with 10% fetal bovine
serum (FBS, Atlanta Biological)) and incubated at
37 �C in 5% CO2 for 72 h. Stretched samples were
attached to a custom uniaxial cyclic stretcher filled
with culture medium and underwent 15% cyclic stretch
at 1 Hz for 72 h. The stretch device was placed in an
incubator to maintain temperature at 37 �C. Following
stretching or static incubation, samples were stained
and imaged identically to fresh samples.

Live Cell En face Imaging

The ventricularis and fibrosa endothelia were
imaged en face as previously described.16 Briefly, leaf-

lets were stained with calcein-AM (5 lM), ethidium
homodimer (5 lM) and Hoechst 33342 (1 lM, Invit-
rogen) for 15 min. Leaflet strips were rinsed twice in
PBS and placed on a 1 mm thick glass slide. A
22 9 22 mm 1 oz glass coverslip was gently placed on
the tissue and held on by capillary action. The cover-
slip aided in providing a more planar cellular surface
where a large enough region of interest could be ana-
lyzed while maintaining a relatively uniform focal
plane. The Zeiss LSM 510 confocal microscope was
used in the plane-scanning mode to acquire each image
at a single focal z-plane. 3D image stacks were not
created due to the additional processing required. The
objective used was an EC Plan-Neofluar 10X, with a
numerical aperture (NA) of 0.30. Beam splitters split
the laser lines at 405, 488, and 543 nm for the red,
green, and blue channels, respectively. Filters for flu-
orescent detection were a band pass 420–480 (blue),
band pass 505–530 (green) and a long pass 615 for the
red channel.

Image Analysis

The preprocessing step was composed of back-
ground subtraction, channel image subtraction, and
transformation to a binary image. Background sub-
traction involved first constructing the background
image using block processing and subtracting the result
from the channel image. Channel image subtraction
was performed to subtract nuclei information from
each channel image. Due to the fact that nuclei are
present in all cells, and the fluorescent stain is highly
permeable, precise determination of the origin of nuclei
fluorescence was unattainable. Therefore, the nuclei
components were subtracted and ignored for live and
dead cell statistical analysis. Channel image subtrac-
tion was carried out by subtracting the blue channel,
including nuclei information, from the red or green
channel image using Eq. (1).

Ichannel ¼ Ichannel � k � Iblue; ð1Þ

where I is the weighting factor, 0 < k £ 1, depending
on the channel. A thresholding technique was used to
change the image into a binary image. To determine
the individual thresholds, Otsu’s method was
employed.22 Figure 1 shows the sequence of image
processing for live cells (Figs. 1a, 1b, 1c, and 1d) and
predominantly dead cells (Figs. 1e, 1f, 1g, and 1h).

Information was extracted from processed images
using a custom Matlab program. Number of live cells,
dead cells, area, perimeter, circularity, aspect ratio,
orientation, and the minimum neighbor distance were
calculated. This information was used to calculate live/
dead cell ratio, which is defined in Eq. (2).
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Cell Ratio ¼ Xv

Xv þ Xd
; ð2Þ

where Xv is the number of viable cells and Xd is the
number of dead cells. Cell circularity wasmeasured using
Eq. (3).

Circularity ¼ 4p �Area

Perimeter2
ð3Þ

Stretched tissue was compared with fresh tissue (i.e.,
immediately following slaughter) and tissue incubated
under static conditions for the same duration as the
stretch experiments.

Statistical Analysis

Four images were taken for each sample condition.
Results for aspect ratio, circularity and minimum
neighbor distance are reported as mean ± 95% confi-
dence interval. One-way analysis of variance (ANO-
VA) was performed using SAS analysis software to
determine significant differences (p value £ 0.05).

RESULTS

Cell Viability

En face imaging of the aortic valve surface was
performed using confocal laser scanning microscopy.

Figures 2a and 2d show fresh leaflets exhibited a nearly
confluent endothelium, as seen by the presence of green
cells and comparably few red cells. There were no
distinct differences between the fibrosa and ventricu-
laris layers. Static control leaflets showed that, in the
absence of mechanical stimulation, the aortic valve
endothelium experienced significant cell death (see
Figs. 2b and 2e). There was a clear loss of live green
cells, while the number of dead cells increased drasti-
cally when compared to the fresh leaflet strips. Aortic
valve leaflets that were cyclically stretched displayed a
highly side-dependent endothelium strain response (see
Figs. 2c and 2f). Leaflets showed a near confluent
endothelium on the fibrosa; however, leaflets showed a
decrease in live cells on the ventricularis.

Quantification of the endothelium confirmed the
qualitative observations. Figure 3a shows the total cell
count obtained collectively from the four independent
leaflet samples. These values were used to calculate the
percentage of live cells in each of the sample groups. As
seen in Fig. 3b, fresh leaflet tissue had 98 and 97%
viable cells on the fibrosa and ventricularis, respec-
tively. The percentage of viable cells decreased signifi-
cantly after 72 h of static incubation, with 34 and 22%
viability on the fibrosa and ventricularis, respectively.
Cyclic stretch was able to maintain viability over 72 h,
especially in the fibrosa where the percentage of live
cells was calculated as 96%. Endothelial cell viability
on the ventricularis was reduced to 68%, which was

FIGURE 1. Image post-processing using custom code for Digital Image Processing Toolbox in Matlab. A representative particle
analysis workflow is shown for live (a–d) and dead (e–h) cells. Raw images (a, e) are thresholded using Otsu’s method (b, f),
segmented (c, g), and labeled (d, h) for morphological analysis.
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significantly lower than the fibrosa but was three times
greater than viability in static cultures.

Cell Morphology

Morphology of viable cells was assessed by measur-
ing the circularity, as shown in Fig. 4. The circularity of
endothelial cells on the fibrosa in fresh tissue samples
was calculated as 0.58. When incubated under static
conditions for 72 h, circularity decreased to 0.54. When
stretched for 72 h, circularity was decreased further to
0.48. Endothelial cells on the ventricularis of fresh tissue
had a circularity of 0.48. This increased to 0.50 under
static conditions but statistical analysis showed that this
increasewas not statistically significant.When cells were
exposed to cyclic stretch, the circularity of endothelial
cells on the ventricularis decreased to 0.465, which was
considered statistically significant compared to static
tissue but not when compared to fresh tissue.

The circularity of endothelial cells on the fibrosa
was statistically significantly higher on the fibrosa than
the ventricularis in fresh tissue and statically incubated
tissue. However, when tissue was stretched for 72 h,
there was no significant difference in circularity
between cells on either side of the tissue (Fig. 4).

Cell Confluence

Confluence was determined by measuring the min-
imum neighbor distance (MND), with lower values
between viable cells indicating greater confluency.
Fresh tissue had an MND of 6.39 ± 0.184 lm on the
fibrosa and 6.42 ± 0.176 lm on the ventricularis.
Following static incubation, confluency decreased as
MND increased to 12.61 ± 0.851 lm on the fibrosa
and 13.97 ± 1.117 lm on the ventricularis. Tissue ex-
posed to cyclic stretch also saw a decrease in cell
confluency but to a lesser extent compared to statically
incubated tissue. The MND for stretched tissue was
7.55 ± 0.276 lm on the fibrosa and 7.27 ± 0.323 lm
on the ventricularis. Under each condition, there was
no significant difference in the MND between the fi-
brosa and ventricularis as shown in Fig. 5.

DISCUSSION

During the cardiac cycle, the aortic valve endothe-
lium experiences anisotropic biaxial strain. Strain is the
result of the pressure difference between the aorta and
left ventricle, which during diastole is 80 mmHg. The
tensile strain has been estimated to be 11% in the

(a) (b) (c)

(d) (e) (f)

FIGURE 2. Representative images of porcine aortic valve leaflet strips from fresh tissue (a, d) tissue incubated under static
conditions for 72 h (b, e) and tissue incubated with cyclic stretch for 72 h (c, f). Live EC staining positive for Calcein-AM are seen in
green on the fibrosa (a–c) and ventricularis (d–f), while dead EC staining positively for Eth-1D are visualized in red, as well as nuclei
seen in blue depicting fluorescent Hoechst 33342.
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circumferential direction and 13–25% in the radial
direction.36 The current study showed that application
of cyclic strain at normal physiological levels was able
to maintain endothelium viability at levels similar to
fresh valve tissue, whereas static conditions caused a
significant reduction in EC viability. These data are
consistent with previous studies that used real-time,
live en face imaging of aortic valve leaflets in an ex vivo

stretch device to show endothelial viability and in-
tegrity are maintained under normal, physiological
conditions where the tissue is stretched 10% in the
circumferential direction and 35% in the radial direc-
tion.16 Live cell MND showed a significant increase in
distance when valve leaflets were exposed to static
culture as compared to fresh or stretched tissue. This
indicates that live tissue under static conditions was
losing monolayer integrity.

Mechanical Preconditioning

Mechanical preconditioning and stimulation of
engineered cardiovascular tissue substitutes is a well-
known technique for enhancing tissue formation and
organization.19,24 During the initial stages of TEHV
maturation, pulsatile flow enhances cell seeding and
alignment within the scaffold.12 Following seeding,
mesenchymal stem cells (MSCs) and fibroblasts in-
crease production of collagen by up to 75% when
compared to static cultures.10,24 This improves
mechanical properties of the TEHV with significant
increases in ultimate tensile stress and Young’s mod-
ulus.10,30 Although collagen synthesis is desirable for
in vitro maturation of the TEHV, it can lead to
mechanically induced valve fibrosis in vivo, which can
be exacerbated by an inflammatory response that oc-
curs with implantation of a foreign material.23

Prevention of inflammation can be achieved by the
presence of an intact endothelial layer that prevents
exposure of the scaffold.25 The current study examined
the response of native heart valve tissue to mechanical
preconditioning to understand how autologous ECs
would react if seeded onto a TEHV scaffold. The data
show that cyclic stretch would be beneficial for main-
taining cell viability and preserving endothelial in-
tegrity.

(a)

(b)

FIGURE 3. Total number of cells captured from four tissue
samples and used for analysis (a) and the ratio of live cells to
total cells (b) under each condition.

FIGURE 4. Live cell circularity of cells on the fibrosa and
ventricularis surfaces of aortic heart valves. * denotes a
significant difference with fresh leaflet samples, # denotes
significant difference with static leaflet samples, p < 0.05.
Error bars represent 95% confidence interval.

FIGURE 5. Minimum neighbor distance between live cells on
the fibrosa and ventricularis surfaces of aortic heart valves.
*denotes a significant difference with fresh leaflet samples,
#denotes significant difference with static leaflet samples,
p < 0.05. Error bars represent 95% confidence interval.
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Endothelial Integrity

Measurement of the MND showed that leaflets
incubated under static conditions started to lose
endothelial integrity. Endothelial integrity is related to
expression of cell–cell and cell–matrix adhesion pro-
teins, such as VE-cadherin, vinculin and b1-integrin.
VE-Caderin is responsible for cell/cell adhesions and
cell motility. More importantly it is responsible for
control of intercellular junctions and their integrity
and is required to maintain a restrictive endothelial
barrier.32 The state of VE-Cadherin outside the cell is
directly proportional to the permeability of the
endothelium. Vinculin is a crucial accessory molecule
involved in force transduction and mediating cellular
response. Vinculin binds integrins to the F-actin net-
work at the intracellular face of the plasma membrane,
and subsequently mediates cytoskeletal mechanics.7

For valvular studies, b1-integrin behavior is often
investigated due to its predominant interaction with
collagen.

Previous studies have demonstrated that ventricular
ECs increase expression of VE-cadherin and vinculin
in response to cyclic strain, whereas fibrosa ECs in-
crease expression of b1-integrin under elevated strain.15

Hence, under static conditions there could be a de-
crease in vinculin and VE-cadherin expression in the
ventricularis, which would lead to an increase in the
MND and would increase permeability of the
endothelial layer.

Study Limitations

This study examined the morphology and viability
of ECs on native heart valve tissue in response to cyclic
stretch. The experimental system did not incorporate
pressure or fluid flow, which are utilized in many
current protocols for TEHV in vitro maturation. Fluid
flow, in particular, is known to influence EC mor-
phology4,5 and future studies should determine if a
synergistic effect exists between cyclic stretch and fluid
flow. Other studies that combine mechanical forces
have shown favorable results.10

CONCLUSION

In conclusion, physiological levels of cyclic stretch
maintain endothelial cell viability and integrity when
cultured in vitro for up to 72 h. These data provide a
rationale for incorporating cyclic stretch into the
mechanical preconditioning protocols for TEHVs. The
presence of an intact endothelium will abate a host
inflammatory response that is associated with
implantation of a foreign material.
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