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Surface Strains of Porcine
Tricuspid Valve Septal Leaflets
Measured in Ex Vivo Beating
Hearts
Quantification of the tricuspid valve (TV) leaflets mechanical strain is important in order
to understand valve pathophysiology and to develop effective treatment strategies. Many
of the traditional methods used to dynamically open and close the cardiac valves in vitro
via flow simulators require valve dissection. Recent studies, however, have shown that
restriction of the atrioventricular valve annuli could significantly change their in vivo
deformation. For the first time, the porcine valve leaflets deformation was measured in a
passive ex vivo beating heart without isolating and remounting the valve annuli. In par-
ticular, the right ventricular apexes of porcine hearts (n¼ 8) were connected to a pulse-
duplicator pump that maintained a pulsatile flow from and to a reservoir connected to the
right atrium and the pulmonary arteries. This pump provided a right ventricular pressure
(RVP) waveform that closely matched physiological values, leading to opening and clo-
sure of the tricuspid and pulmonary valves (PVs). At the midsection of the valve leaflets,
the peak areal strain was 9.8 6 2.0% (mean6standard error). The peak strain was
5.6 6 1.1% and 4.3 6 1.0% in the circumferential and radial directions, respectively.
Although the right ventricle was beating passively, the leaflet peak areal strains closely
matched the values measured in other atrioventricular valves (i.e., the mitral valve (MV))
in vivo. This technique can be used to measure leaflet strains with and without the pres-
ence of valve lesions to help develop/evaluate treatment strategies to restore normal
valve deformation. [DOI: 10.1115/1.4034621]

Introduction

As a one-way valve, the tricuspid valve (TV) guides the blood
from the right atrium to the right ventricle during the atrial systole
and prevents its backflow during the ventricular systole [1]. Dur-
ing the process of valve closure, its leaflets undergo complicated
dynamic deformation and loadings. Quantification of such
dynamic deformations is important because the development of
treatment strategies for TV dysfunctions relies on a comprehen-
sive understanding of its normal biomechanical environment.
Among TV dysfunctions, TV regurgitation is one of the most
common ones, which in most cases requires TV repair or total
valve replacement [2,3]. The pathophysiology of TV regurgitation
is closely related to the dynamic deformation of the valve annulus
and leaflet coaptation [4]. Accurate quantification of normal bio-
mechanical behavior of the TV leaflets during the cardiac cycle is
essential for the development and evaluation of successful/
efficient repair strategies and/or prosthetic valves that aim to
mimic native valves.

A large group of researchers have studied the biomechanical
behavior and dynamic deformations of the mitral valve (MV)
[5–12], the atrioventricular valve analogous to the TV on the left

heart. There are also a few studies that focus on TV geometry and
annulus deformation [13–15]. While these studies are extremely
important, they provide no information about the dynamic
mechanical strains of the TV leaflets. In terms of experimental
techniques, the previous valvular studies can be categorized into
two main groups: in vivo studies [5–7,9–11,13–15] and in vitro
studies [12,16,17]. in vivo ovine and porcine studies are fre-
quently used as excellent models prior to clinical studies [6,7,9].
Such studies, however, require surgical operating rooms and ani-
mal care facilities, which are often costly and should be used only
prior to clinical approaches. in vitro studies, while less costly,
were previously only conducted on excised valves [12,16]. In
these studies, the excised valves are generally mounted on a pros-
thetic rigid annulus and subjected to pulsatile pressure in a flow
simulator. The outcome of such studies is limited since it has been
shown that the cardiac valve annulus is dynamically deforming
during the cardiac cycle [9] and, thus, valve annulus restriction
could significantly alter the leaflet strains [6].

Recently, an ex vivo approach using the entire porcine heart
(instead of using isolated valves) has been developed to image
valve motion and to study hemodynamics in the left chambers of
the heart [18]. In the present study, we have used a modified ex
vivo apparatus to open and close cardiac valves in the right side of
the heart passively. In particular, for the first time, we have been
able to visualize the dynamic deformations of the TV and measure
the mechanical strains on the septal leaflet. Our method has
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enabled us to study the intact TVs without mounting them on a
rigid annulus. Since porcine tissues are available within a few
minutes after the animals are slaughtered at a local slaughter-
house, no surgical rooms and animal facilities were required for
our experiments.

In the present study, we measured the deformation of porcine
TV septal leaflets using small positional markers while the heart
was passively beating in our ex vivo apparatus. The measured
deformation data were then used to quantify the in-plane ex vivo
mechanical strains of TV septal leaflet.

Methods

Ex Vivo Apparatus. A schematic of the ex vivo apparatus and
the circulation loop and an image of the setup are shown in Fig. 1.

The outlet of a reservoir was connected to the superior vena cava,
and the pulmonary artery was connected to the inlet of the reser-
voir. A positive displacement pump (SuperPump AR Series, Vivi-
tro Labs, Inc., Victoria, BC, Canada) was connected to the apex of
the right ventricle after an incision was carefully made at this
location (as described in more detail below). This pump is widely
used for valve testing [19–23]. The pump setup included a con-
troller unit, which enabled us to control the waveform, the stroke
volume, and the frequency of the beating. The continuous pulsa-
tile flow in the right side of the heart was initiated as follows:

� When the pump piston moved back (toward the left direction
in Fig. 1(a)), it pulled the fluid from the reservoir into the
heart; thus, the TV opened and the pulmonary valve closed.

� When the pump piston moved forward (toward the right
direction in Fig. 1(b)), due to an increase in the right ventric-
ular pressure (RVP), the TV closed; after sufficient pressure
had built up, the pulmonary valve opened, guiding the fluid
back to the reservoir through the pulmonary artery and the
connected tubes.

Flow rate was measured using a transonic flowmeter (T108,
Transonic Systems, Inc., Ithaca, NY) at the inflow tube proximal
to the heart. Catheter type pressure probes (SPR-524 and PCU-
2000, ADInstruments, Colorado Springs, CO) were used to record
transient right atrium, right ventricle, and pulmonary artery pres-
sures (PAPs). To control the back-pressure over the pulmonary
valve, a mechanical valve was placed in the circuit after the pul-
monary artery.

Aluminum profiles (80/20, Inc., Columbia City, IN and Flexa-
frame

TM

, Fisher Scientific
TM

, Waltham, MA) and rods were used as
the framework for the ex vivo apparatus (Fig. 1(b)). All other
parts, including a 15-liter reservoir, were assembled over this
framework. The reservoir was connected to the superior vena cava
using flexible tubes. To connect the right ventricle to the pump, a
hole was created at the right apex using scalpels and scissors
where a straight barbed hose fitting was inserted. The hole was
made with extreme caution to avoid any damage to the papillary
muscles and chordae tendineae such to minimize the effect on
valve function. The pulmonary artery was connected back to the
reservoir to complete the hydraulic circuit. To measure the pres-
sure as close to the right ventricle as possible without disturbing
the circulation, a T-shaped pipe-fitting was placed just after the

Fig. 2 The T-shaped pipefitting connected to the right atrium
through a straight barbed hose fitting (1). The Luer Lok assem-
bly was connected to the other side of the T-shaped pipe fitting
to support the pressure sensor. The other straight barbed hose
fitting (2) connected the right ventricle to the pump. Crystal
wires came out through the inferior vena cava. The umbilical
clamp was used to prevent leakage from the inferior vena cava.

Fig. 3 Umbilical clamps, cable ties, and worm-drive clamps
were used for sealing

Fig. 1 (a) The schematic circulation loop and (b) the ex vivo
apparatus
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straight barbed hose fitting connected to the right ventricle. A
modified Luer Lok connector with a long tail was used to provide
a safe passage for the pressure probe through the T-shaped pipe
fitting as it was inserted into the ventricular chamber (Fig. 2). To
allow one to visualize the leaflet motion, a backup seal followed
by a dome valve was assembled inside the T-shaped pipe fitting
before the Luer Lok assembly. As such, at any point during the
experiment, we were able to remove the Luer Lok assembly and
insert an endoscopic camera without causing any leaks. The same
assembly was used to connect the pressure transducer to the supe-
rior vena cava and pulmonary artery as well. The inferior vena
cava and other critical vessels were sealed using umbilical clamps
to prevent leaks (Fig. 3). Cable ties or worm-drive clamps were
used at the other connections to prevent leaks. Flexible 3=4-in.
PVC tubes were used for all the tubing, and the connections and
fittings were selected accordingly.

Sample Preparation. Fresh porcine hearts were obtained from
a local slaughterhouse (3-D Meats, Dalton, OH) and were trans-
ported to our laboratory (in approximately 40 min) while sub-
merged in isotonic phosphate buffered saline (PBS) and covered
with ice immediately after the animals were slaughtered. The
hearts were flushed using PBS to remove blood clots. In order to
measure positional data, a total of 16 sonocrystals (Sonometrics
Co., London, ON, Canada) were sutured to the valve annulus, sep-
tal leaflets, and myocardium (Fig. 4). To prevent any damage to
the hearts, the sonocrystal wires were passed into the ventricle

through the inferior vena cava and the suturing process was con-
ducted via the superior vena cava. As shown in Fig. 4, two crystals
(1 mm) were sutured close to the edge, three (1 mm) at the mid-
section, and three (2 mm) close to the annulus on the septal leaf-
let. Five more crystals (2 mm) were sutured around the annulus.
In addition, three crystals (3 mm) were connected outside of the
heart close to the apex in order to define the reference frame for
positional measurements. All crystal wires were passed through
the inferior vena cava. PBS with pH of 7:4 was used as the circu-
lation fluid to help prevent the myocardium, especially the endo-
cardium, from degenerating rapidly. During preparation and data
collection, samples were submerged in PBS and/or PBS was
sprayed on the surfaces exposed to the air to prevent drying. The
sonocrystals were connected to the sonomicrometer device (TRX
Series 16, Sonometrics Co., London, ON, Canada) to acquire the
positional data. The pressure and flow signals were sent to the
sonomicrometer as well as a data acquisition card (6036E,
National Instruments, Austin, TX) directly connected to the com-
puter. The pump controller provided a standard 70 bpm waveform
which was used in the experiment. This waveform complied with
the requirements of the International Standard Organization (ISO
5840) and U.S. Food and Drug Administration guidelines for heart
valve testing [24]. After stabilization of the flow rate and periodic
pressure signals, the sonomicrometer potentiometers were
adjusted to maximize signal-to-noise ratio. Finally, an endoscopic
camera (SSVR-710 Snakescope) was inserted into the heart to vis-
ualize the leaflet motion and ensure that the leaflets were coapting
properly. The data acquisition was then initiated with a rate of
100 Hz (according to ISO 5840 requirements) and for a period of
20 s (2000 data points). Eight hearts were tested using the afore-
mentioned procedure.

Strain Calculation. SonoSOFT (Sonometrics Co., London,
ON, Canada) software was used to modify the recorded displace-
ment and pressure signals. SonoXYZ (Sonometrics Co., London,
ON, Canada) software was used to calculate the positional coordi-
nates of the crystals during each cardiac cycle with respect to a
defined coordinate system. These positional data were used to cal-
culate the strain tensor based on a previously used method
[6,25,26]. The triangulation was done manually according to pat-
tern shown in Fig. 4. Since only eight crystals were sutured on the
septal leaflet (the remaining eight crystals were sutured on the
annulus and outside of the heart, as stated previously), their posi-
tioning was the same for all eight hearts and no automated trian-
gulation was necessary.

After calculating the crystal positional data from the recorded
raw data, the positional data were averaged over the 22 recorded
beats for all crystals in each heart. The average positional data
were then used to calculate the strains and stretches using the
method explained in the Appendix section.

Pressures Data Analysis. The sonomicrometer data acquisi-
tion system was used to obtain both pressure and displacement
signals. No synchronization process was necessary as the data
were already synchronized for each node and heart. During all of
the experiments, the signals of the right atrial pressure (RAP),
RVP, and pulmonary artery pressure (PAP) were monitored and
recorded. Before using such data, however, a few pressure correc-
tions were conducted in the signals from each heart. The first cor-
rection was made to adjust the zero level. In particular, for each
heart, there was a height difference between the free surface of
the fluid in the reservoir and the right atrium. To remove the
hydrostatic pressure magnitude in the measurement, the height
was measured for each heart and the equivalent hydrostatic pres-
sure was subtracted from the pressure signals. As a result, the min-
imum of the RVP and RAP shifted to a level close to zero. In
addition, as the hearts were assembled vertically, there was a
height difference between the bottom of the ventricle and the pul-
monary artery where the pressure sensors were positioned to

Fig. 4 Crystals are numbered on the leaflet. The straight lines
connecting the numbered crystals show the triangular ele-
ments used for strain calculation. The radial direction was
defined by a vector connecting crystal 4 to crystal 7.

Fig. 5 Right heart pressure during the cardiac cycle averaged
over all of the hearts. The bars are standard errors (n 5 8). The
vertical lines show the opening and closure of the pulmonary
valve (PV) and tricuspid valve (TV): TV closed at 0.2 s and
opened at 0.54 s; the pulmonary valve opened at 0.29 s and
closed at 0.44 s.
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measure RVP and PAP, respectively. This height difference was
also measured for each heart, and the equivalent hydrostatic pres-
sure was subtracted from the PAP. Although these heights and
their equivalent hydrostatic pressures were small, this correction
process was necessary to obtain a consistent and comparable car-
diac pressure graph for all experiments. In all eight experiments,
the recorded pressures and positional data were averaged over all
the 22 recorded beats.

Results

Pressure. As shown in Fig. 5, although the porcine hearts were
passively beating, the recorded pressure compared well with

in vivo human cardiac pressures [27]. The small standard errors
show that despite the variability among the porcine samples, the
pressures for each heart do not deviate much from the average
value for the eight hearts. The measured RVP ranged from values
close to zero up to approximately 30 mm Hg, similar to the
reported porcine values (2 – 33 mm Hg [28–31]). The measured
PAP ranged from approximately 6 to 30 mm Hg. The RAP
remained relatively close to zero during diastole. We were not

Fig. 6 Average peak areal, maximum principal (Max Princ), cir-
cumferential (Circ), and radial strains at the leaflet midpoint
measured with respect to reference 1 (Ref1, minimum RAP) and
reference 2 (Ref2, end diastole). The error bars are standard
error (n 5 8).

Fig. 7 The temporal strain variations during the cardiac cycle. (a) The areal, (b) maximum principal, (c) circumferential, and
(d) radial strains at the leaflet midpoint averaged over all of the hearts. The shaded area shows the standard error (n 5 8). Ver-
tical lines show the time points for TV closing, PV opening, maximum RVP, PV closing, and TV opening, respectively, from
left to right.

Fig. 8 The areal, maximum principal, circumferential, and
radial strains at maximum RVP. The strains are averaged over
all the hearts (n 5 8) and are presented on a typical septal leaf-
let. Minimum RAP is used as the reference for strain calcula-
tion. The arrows are showing the direction of the strains at the
center of each triangular surface.
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able to find reliable PAP and RAP values for porcine hearts in the
literature, but the measured values for these two signals (Fig. 5)
were comparable to those of a human [27]. The RVP average sig-
nal also shows a small drop right at the beginning of the diastole.
A closer examination of the RVP signal in Fig. 5 shows that the
TV closes at approximately 0:2 s, where the RVP intersects with
the RAP; the pulmonary artery valve (PV) opens at 0:29 s, where
the RVP meets the PAP; the PV closes approximately at 0:44 s,
where the RVP separates from the PAP; and finally, the TV opens
approximately at 0:54 s, where the RVP crosses the RAP once
more. The average flow rate for all the hearts was
2:6360:13 l=min.

Deformation. The position of the fiducial markers at the mini-
mum left ventricular pressure has been previously used as the ref-
erential configuration for calculating the strains and stretches in
the left heart [5,7]. As such, it was a reasonable assumption to use
the minimum RVP as the referential (undeformed) configuration
in our study as well. However, as discussed above, there existed a
small drop in the measured RVP signal. Since in a normal cardiac
cycle, RVP and RAP approximately overlap during the diastole
[27], their minimum should occur at the same place in this part of
the cardiac cycle. Therefore, one of the reference configurations
was chosen to reflect the nodal positions at the minimum RAP.
The other reference configuration was chosen to represent the
positional data at the end-diastole, which has also been used in
similar studies [5]. Figure 6 shows the calculated peak areal strain,
maximum principal strain, circumferential strain, and radial strain
at the center point of the leaflet (point number 4) averaged for all
eight hearts using the two aforementioned references. Figure 6
also shows the strain standard errors for the eight hearts. There
was no significant difference between the strains measured using
two different reference configurations (p > 0:14 in all cases,
paired student t-test). The same observation has been reported for
the mitral valve anterior leaflet [5]. As shown in Fig. 6, the peak
areal strain (9:8%) and the peak maximum principal strain
(11:2%) were significantly different (p < 0:008 in all cases, paired
student t-test) from the peak circumferential strain (5:6%) and the
peak radial strain (4:3%). However, there was no significant dif-
ference (p � 0:24, paired student t-test) between the peak

circumferential and the peak radial strains (the numbers quantified
using minimum RAP as the undeformed reference (Ref1 in
Fig. 6)).

Figure 7 shows the temporal strain variations over a cardiac
cycle. The strain values were averaged at the leaflet midpoint for
the eight hearts at each time point. The leaflets experienced posi-
tive strain for the majority of the time points during the cardiac
cycle. Comparing the strain graphs with the pressure graph shows
that immediately after the TV closed (t ¼ 0:2 s), all the quantified
strains rose rapidly and reached their peaks’ values at the maxi-
mum RVP (t � 0:4 s). The strains subsequently dropped, reach-
ing their minimum values at t � 0:65 s, with the exception of the
radial strain, which reached the minimum value at t � 0:5 s.
Overall, the strain values were extremely small during diastole
and increased during systole. Note that the peak of the means
(Fig. 6) is always less than (or ideally equal to) the mean of the
peaks (Fig. 7), since the maximum values of the signals for each
heart do not necessarily happen exactly at the same time.

Figure 8 shows the spatial distribution of the strains over the
leaflet at the maximum RVP. At this pressure level, the strains
were averaged over all eight hearts. The averaged data are illus-
trated for a typical septal leaflet. As shown in Fig. 8, the maxi-
mum principal strain is distributed uniformly over the leaflet at
maximum RVP, while the areal strain is not as uniform. There is
much heterogeneity in the spatial distribution of the circumferen-
tial strain and radial strain over the septal leaflet. While higher
values for circumferential strain were observed toward the poste-
rior of the leaflet, the radial strains reached higher values in areas
near the anterior.

Figure 9 shows the distribution of the maximum principal
strains across the leaflet over the entire cardiac cycle. The maxi-
mum principal strains were averaged for the eight hearts. Similar
to Fig. 8, the averaged data in Fig. 9 are also illustrated over a typ-
ical septal leaflet; in this figure, the strain data are presented over
different time points of the cardiac cycle. The maximum principal
strain was uniformly distributed over the leaflet for nearly the
entire cardiac cycle. The distribution of the areal, maximum prin-
cipal, circumferential, and radial strains across the leaflet over the
entire cardiac cycle is provided in the Supplementary Material,
which are available under the “Supplemental Materials” tab for
this paper on the ASME Digital Collection.

Fig. 9 Distribution of the maximum principal strain over the leaflet during the septal entire cardiac
cycle. Maximum principal strain is averaged over all of the hearts (n 5 8) and showed over a typical
septal leaflet during the cardiac cycle.
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Discussion

Our novel ex vivo beating heart apparatus was able to produce
repeatable data with high temporal resolution. Using our passive
beating heart, we were able to reproduce ventricular pressure
waves that matched the physiological values of an active heart
[27]. Porcine hearts are excellent models for valve studies and
pressure values at the pulmonary side are similar in human and
porcine hearts. In particular, human RVP ranges approximately
from 0 to 30 mm Hg [27,32] and porcine RVP ranges roughly
from 0 up to around 33 mm Hg [28–31]. Such a similarity also
exists in the left side of the heart [1,33].

To the best of our knowledge, the in vivo strains in porcine tri-
cuspid valve leaflets have not yet been quantified. Thus, it is not
possible to compare our deformation results with in vivo TV
deformation values. The average values of the maximum principal
strains and the areal strains quantified at maximum RVP in our ex
vivo apparatus were 11:2% and 9:8%, respectively. These values
compared well with those calculated in the ovine mitral valve
(MV) anterior leaflet (12:3% and 12:7% for the areal strain and
the maximum principal strain, respectively [5]). Such a similarity
in the strain values is of particular interest, as it shows that while
the two leaflets are subjected to different levels of ventricular
pressures, they deform in a relatively similar manner.

As stated in the results section, the RAP was slightly greater
than the expected values during systole (in comparison to human
RAP profiles). Aside from potential differences in human and por-
cine hearts, such a discrepancy could be due to slight TV regurgita-
tions during systole, causing the pressure in the ventricle to go
higher than the normal values. The probable reason for this regur-
gitation could be the weight of the crystals (�2–3 mg per each
1-mm crystal and �15–20 mg per each 2-mm crystal) on the septal
leaflet. In addition, the crystal wires could have resisted the neces-
sary bending deformation and prevented the full closure of the
valve. Although a slight leak from the TV during the experiments
was possible, the endoscopic monitoring did not show any gap
between the leaflets, and the leaflet coaptation was visually con-
firmed in all cases (see the videos which are available under the
“Supplemental Materials” tab for this paper on the ASME Digital
Collection). We also observed a small drop in the RVP average
signal at the beginning of the diastole. When the pump finished the
systolic step, the fluid was immediately sucked into the heart
chambers, causing a drop in the pressure at the bottom of the ven-
tricle where the pressure sensor was placed. Finally, a small bump
in PAP can be seen at approximately 0.1 s, indicating a slight back
flow after the pulmonary valve closed. In our setup, after connect-
ing the straight barbed hose fitting to the heart, approximately 3 cm
of the pulmonary artery was free to expand and a degree of physio-
logical damping was present. However, a large portion of the pul-
monary artery was used to obtain a sealed connection to the
hydraulic circuit, and the compliance was not enough to dampen
the changes in the pressure. A well-tuned compliance chamber
might be useful for eliminating this inertial effect in the PAP sig-
nal. It should be noted that fluid height in the backflow tube going
into the reservoir was monitored, and a valve positioned between
the pulmonary artery and the reservoir was used to adjust the pres-
sure; however, complete damping of the inertial effect would have
required the addition of a compliance chamber. In this study, we
did not choose to use a well-tuned compliance chamber as we
made a compromise to ensure the tissue was as fresh as possible,
saving time by not adding any additional components.

Unlike the MV leaflets, in which significant differences exist
between the maximum strain in the circumferential and radial
directions [5,6,16], no significant difference existed between cir-
cumferential and radial strains in the TV septal leaflet at the maxi-
mum RVP. A potential explanation is that the TV septal leaflet
has a more isotropic extracellular matrix microstructural architec-
ture in comparison to the MV anterior and posterior leaflets. The
anisotropic nature of the MV anterior leaflet has been demon-
strated previously [34]. Biaxial mechanical testing and

measurement of tissue microstructural architecture (e.g., via small
angle light scattering) could identify the degree of anisotropy in
TV septal leaflets. Due to the fact that the number of channels
available for sonomicrometry crystals was limited to 16, we were
not able to measure the deformation of the TV anterior and poste-
rior leaflets to make such a comparison among the ex vivo strain
values. Further research is required to quantify strain values in the
TV anterior and posterior leaflets in the future [35,36].

There are many advantages in using porcine hearts in our
experiment, as fresh tissues can be obtained and the biomechani-
cal behavior of the valves is less affected by the activity of degen-
erative enzymes in the extracellular matrix. In addition, in
comparison to human cadaverous tissues, younger porcine sam-
ples with less variability are available [34]. However, one should
always be cautious in drawing conclusions regarding human tissue
responses based solely on animal studies [37]. The advantage of
our ex vivo apparatus is that, if necessary, human cadaverous tis-
sues can be used in conducting similar experiments without any
additional complications.

Sonomicrometry crystals may affect the measured deformations
in different ways. The process of attaching the crystals to the leaf-
let may cause some localized and permanent changes to the leaflet
structural properties. Although these changes were not measurable
in our setup, much caution was used to prevent damage to the tis-
sue during the suturing process. It is noteworthy that these
changes were presumably restricted to the immediate vicinity of
the crystal. As per potential of error due to buoyancy and/or iner-
tia, the piezocrystals had same density as that of water or tissue.
In addition, the crystals were extremely small compared to the
size of their surrounding tissues. Therefore, their interference with
natural leaflet motion was minimal. Crystals, of course, were con-
nected to the sonomicrometer instrument via wires. One may con-
sider the tethering effects of these connecting wires as a potential
source for leaflet motion restriction. The crystals were connected
to sonomicrometer using 38 -gauge copper wires, which were
flexible. In order for the crystal wires to alter the natural motion
of the leaflets in any way, the wires should have been tethered
close to the leaflet surface, with little or no out-of-plane slack. As
such, we made sure that the wires had enough slack and the natu-
ral motion of the leaflets was not restricted. Despite its few limita-
tions, sonomicrometry have been used extensively in the valve
studies [6,7,9,14,38–40].

A major limitation of our experiment is the passive nature of
the beating heart. The contraction of papillary muscles and the
activation of ventricular and atrial muscles potentially change the
loading condition on the leaflet annulus and chordae tendineae.
Although the ex vivo passive beating heart is not identical to the
in vivo active hearts, unlike the in vitro studies of the excised car-
diac valves [12,16,17], the TV annulus is not restricted in the ex
vivo apparatus. in vivo studies of the TV motion have shown that
TV annulus size dynamically changes during the normal cardiac
cycle [14]. The ex vivo beating heart at least maintains the passive
component of such deformation in the TV annulus. In short, even
though the ex vivo beating heart experiment is not identical to the
in vivo heart, it is more realistic than the isolated valve experi-
ments when it comes to the valve annulus deformation.

There exists a major advantage in using a passive beating heart
in the verification of combined valve and ventricle computational
models [41]. In particular, because the cardiac muscles are not
active and the ventricular pressure is the only load applied to the
cardiac tissues, one could use the ex vivo beating heart to validate
combined valve and ventricle models absent the active stress com-
ponents of the cardiac tissues. In addition to detailed pressure and
strain measurements, the entire heart can be imaged and seg-
mented following the experiment to provide a subject-specific
computational model.

Although our study was conducted using PBS, there is no limi-
tation in using other nonclear fluids in our apparatus, as our strain
measurement does not rely on visual access to the valves. Such a
capability is of great importance because recent studies have
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shown that the flow properties (particularly the transition to turbu-
lence) could be significantly different in blood in comparison to
optically clear viscosity-matched blood substitutes [42]. Since the
transition to turbulence could happen in the proximity of the car-
diac valves, measurements of valve deformation using blood
should be conducted in the future.

In summary, we developed an experimental setup to measure
the dynamic deformation of the porcine TV septal leaflets. We
observed that the leaflet strain values are similar to those meas-
ured in vivo in leaflets of the other atrioventricular valve (i.e., the
mitral valve). In future studies, our experimental model can be
used to evaluate mechanical strains on different TV leaflets. In
addition, our experimental setup can be beneficial in studying pri-
mary valve lesions such as chordae rupture, secondary valve
lesions such as pulmonary hypertension, and valve repair proce-
dures such as ring annuloplasty and/or leaflet resection.
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Nomenclature

e ¼ Eulerian strain tensor
eareal ¼ areal change

ecir ¼ circumferential strain
ei ¼ orthogonal unit vectors

eij ¼ components of the Eulerian strain tensor
emax ¼ max principal strain
erad ¼ radial strain

g ¼ square value of the scaling factor in the current
(deformed) configuration

gi ¼ covariant base vectors in the current (deformed)
configuration

gij ¼ components of the deformed metric tensor
Gi ¼ covariant base vectors in the referential (undeformed)

configuration
Gij ¼ components of the undeformed metric tensor
gi ¼ contravariant base vectors in the current (deformed)

configuration
i; j ¼ dummy indices

p ¼ p-value of paired student t-test
p ¼ position vector in the current (deformed) configuration
P ¼ position vector in the referential (undeformed)

configurationbp ¼ position vector of a node in the current (deformed)
configurationbP ¼ position vector of a node in the referential (undeformed)
configuration

t ¼ time
Vcir ¼ circumferential direction vector in the triangular element

plane
Vmax ¼ direction of the maximum principal strain
Vrad ¼ radial direction vector in the triangular element plane

xi ¼ current (spatial) coordinates
Xi ¼ reference (material) coordinates

;a ¼ derivative with respect to Xa (@=@Xa)
a; b ¼ dummy indices (taking values 1 and 2)

g ¼ computational domain coordinate
n ¼ computational domain coordinate
x ¼ bilinear basis function

Abbreviations

MV ¼ mitral valve

PAP ¼ pulmonary artery pressure
PBS ¼ phosphate buffered saline

PV ¼ pulmonary valve
RAP ¼ right atrial pressure
RVP ¼ right ventricular pressure

TV ¼ tricuspid valve

Appendix

The initial and current positions of the crystals, which will be
referred to as nodes from this point forward, are represented by bP
and bp, respectively. The position vector of each point on the sur-
face of each triangular element is defined by the bilinear interpola-
tion of the nodal elements of the triangle

P ¼
X3

i¼1

xiðn; gÞbPi (A1)

p ¼
X3

i¼1

xiðn; gÞbpi (A2)

where xiðn; gÞ are the bilinear basis functions and n (2 ½0 1�) and
g (2 ½0 1�) are the computational domain coordinates.

During the deformation, Xi represented the reference (material)
coordinates and xi represented the current (spatial) coordinates.
The deformed coordinate was defined as a function of the refer-
ence coordinate xi ¼ xiðXiÞ, where i ¼ 1, 2, and 3; assuming that
X3 ¼ X3ðX1;X2Þ, xi was rewritten as xi ¼ xiðX1;X2Þ [26]. There-
fore, the position vector of a point at the reference configuration
and that of the current configuration is written as

P ¼ Xaea þ X3ðX1;X2Þe3 (A3)

p ¼ xaðX1;X2Þea þ x3ðX1;X2Þe3 (A4)

where a takes values of 1 and 2 and the summation convention on
repeated indices is implied; ei represents an orthogonal coordinate
system. The covariant base vectors in undeformed and deformed
configurations are

Ga ¼ P;a ¼ ea þ X3
;ae3 (A5)

ga ¼ p;a ¼ xb
;aeb þ x3

;ae3 (A6)

where a and b take values of 1 and 2 and the summation conven-
tion on repeated indices is implied; ;a denotes derivative with
respect to Xa (@=@Xa). The third covariant base vectors G3 and g3

were calculated as described previously [25]

G3 ¼
G1 �G2

kG1 �G2k
(A7)

g3 ¼
g1 � g2

kg1 � g2k
(A8)

The components of the undeformed metric tensors Gij and the
deformed metric tensor gij were calculated using the covariant
base vectors in the referential and current configurations. The ele-
ments of the metric tensors are

Gij ¼ Gi �Gj (A9)

gij ¼ gi � gj (A10)

Consistent with other valve studies, we chose the Eulerian strain
as the main measure of deformation in our calculation [5,7]. The
components of Eulerian strain were calculated using
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eij ¼
gij � Gij

2
(A11)

where the Eulerian strain tensor is e ¼ eijg
igj and the contravar-

iant base vectors in the deformed configuration are defined by

g1 ¼ g2 � g3ffiffiffi
g
p (A12)

g2 ¼ g3 � g1ffiffiffi
g
p (A13)

g3 ¼ g1 � g2ffiffiffi
g
p (A14)

where ffiffiffi
g
p ¼ g1 � ðg2 � g3Þ (A15)

The maximum strain emax and its direction Vmax were calculated
by solving the eigenvalue problem for the Eulerian strain tensor.
As shown in Fig. 4, the vector from crystal 4 to crystal 7 was cho-
sen as the global radial direction. To calculate the radial and cir-
cumferential directions for each triangular element, the normal
vector to the element was calculated using the cross product of
two side vectors of the element. The cross product of the normal
vector with the global radial direction vector provided the circum-
ferential direction vector Vcir in the triangular element plane; the
cross product of the normal vector with the local circumferential
direction vector provided the local radial direction vector Vrad in
the triangular element plan. The circumferential and radial strains
were then calculated

ecir ¼ Vcir � e � Vcir (A16)

erad ¼ Vrad � e � Vrad (A17)

where ecir and erad were circumferential and radial strains,
respectively.

Finally, using the Eulerian strain definition, the areal strain was
calculated as

eareal ¼ 1� 1

kareal

(A18)

where kareal, the areal change, was given by

kareal ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
det gijð Þ
det Gijð Þ

s
(A19)
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