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Abstract
Alteration of the native mitral valve (MV) shape has been hypothesized to have a profound effect
on the local tissue stress distribution, and is potentially linked to limitations in repair durability.
The present study was undertaken to elucidate the relation between MV annular shape and central
mitral valve anterior leaflet (MVAL) strain history, using flat annuloplasty in an ovine model. In
addition, we report for the first time the presence of residual in-vivo leaflet strains. In-vivo leaflet
deformations were measured using sonocrystal transducers sutured to the MVAL (n=10), with the
3D positions acquired over the full cardiac cycle. In six animals a flat ring was sutured to the
annulus and the transducer positions recorded, while in the remaining four the MV was excised
from the exsanguinated heart and the stress-free transducer positions obtained. In the central
region of the MVAL the peak stretch values, referenced to the minimum left ventricular pressure
(LVP), were 1.10 ± 0.01 and 1.31 ± 0.03 (mean ± standard error) in the circumferential and radial
directions, respectively. Following flat ring annuloplasty, the central MVAL contracted 28%
circumferentially and elongated 16% radially at minimum LVP, and the circumferential direction
was under a negative strain state during the entire cardiac cycle. After valve excision from the
exsanguinated heart, the MVAL contracted significantly (18% and 30% in the circumferential and
radial directions, respectively), indicating the presence of substantial in-vivo residual strains.
While the physiological function of the residual strains (and their associated stresses) are at
present unknown, accounting for their presence is clearly necessary for accurate computational
simulations of MV function. Moreover, we demonstrated that changes in annular geometry
dramatically alter valvular functional strains in-vivo. As levels of homeostatic strains are related to
tissue remodeling and homeostasis, our results suggest that surgically-introduced alterations in
MV shape could lead to the long term MV mechanobiological and microstructural alterations that
could ultimately affect MV repair durability.
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INTRODUCTION
Mitral valve (MV) repair procedures are commonly used to treat valvular dysfunctions such
as regurgitation or stenosis (1,46). Whenever possible, repair procedures are preferred to
valve replacements as they maintain better ventricular mechanics and lead to fewer
postsurgical complications such as endocarditis, thromboembolism, and anticoagulant-
related hemorrhage (5,22,23,69). A comparative study (49) conducted on 100 patients over 7
years, has shown that MV repair was associated with fewer overall valve-related deaths,
procedure-related morbidity and mortality, and reoperation when compared with valve
replacement with either mechanical or bioprosthetic devices.

Despite the benefits of repair recent data have indicated the durability of such procedures to
be significantly less than previously thought. For example, 10%–16% of patients undergoing
mitral valve repair for myxomatous disease required reoperation for severe regurgitation
within 10 years (5,12,13,21,22). Repair failure rates for patients with ischemic mitral
regurgitation are even more sobering with a 30% recurrence rate of significant MR at 6
months after surgery and a 3 to 5 year rate approaching 60%. For both diseases, repair
failures are associated with disruption of both leaflet and annular suture lines (21). Such
failure mechanisms suggest the repair-induced changes in the mechanical loading of the
valvular tissue as an etiological factor.

Ring annuloplasty is a technical main-stay of all MV repair procedures, the purpose of
which is to restore normal annular size and shape, and consequently to facilitate more
natural leaflet motion and coaptation (7). The pre-operative MV annulus is generally larger
than normal functioning annulus and in-vitro studies have shown that the shape of
annuloplasty ring affect the leaflet deformations (29,47). In particular, a saddle shape
annuloplasty ring reduces the systolic strain both in the MV anterior and MV posterior
leaflets (29,47). In addition, in-vivo studies have shown that annuloplasty ring shape
influences both leaflet geometry and function (3,4,42,43,54). Such dramatic anatomical
changes may lead to changes in the valvular functioning strains and stresses.

In biomechanics, the presence of normal tissue stresses has long been considered closely
related to tissue homeostasis (10,11,19). Moreover, it has been shown that
pathophysiological alteration in mechanical loading can lead to stress changes and
subsequent tissue adaptation (20,41). In the MV, numerous pathological factors such as
tachycardiainduced cardiomyopathy (63), mitral regurgitation (37,51), and abnormal
ventricular wall motion (37,51) as well as surgically- introduced anatomical changes (62)
have been shown to change the microstructural components. Collectively, our knowledge of
disease and repair-induced alternations in MV geometry suggests that they lead to altered
tissue stresses, which ultimately affects the durability of the repaired valve. For example,
altering valvular mechanical loading could lead to concomitant changes in collagen
biosynthesis, the main load-bearing structural component of the MV extracellular matrix
(ECM) (45). As shown by Stephens et al. (62) changing the MV tissue mechanical loading
simply by making a surgical hole into the mitral valve leaflet altered MV ECM collagen
content. In addition, recent studies have suggested that decreasing the amount of mechanical
strain would lead to an increased rate of collagen degradation (6,70). In short, changes in the
tissue deformations from those normally experienced in-vivo, induced by surgical repair
procedures, may lead to cellular responses and tissue remodeling that would ultimately
dictate the extent of long-term durability.

For quantifying mechanical in-vivo strains, an unloaded referential strain is required. While
not definitely proven, the minimum left ventricular pressure (LVP) has been generally
considered as the preferred referential configuration (15). Recent studies (52) have shown
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that other stages of cardiac cycle used as the referential configuration, notably end-diastole
or leaflet separation stages, would also produce strains values similar to those obtained from
minimum LVP referential configuration. However, while residual strains are known to exist
within the aortic valve layers (61,66,67), it is not known whether residual strain exists in
valvular tissues in their in-vivo state. As noted by Fung et al. (18), accounting for residual
strains is critical for both constitutive model development and subsequent computational
simulations; both highly dependent on precise knowledge of the referential configuration
(68). Moreover, critical linkages to the underlying valve interstitial cell mechanobiological
responses (55) require a detailed knowledge of the relation between tissue and cellular
deformation, which is only possible when the in-vivo strain state is known. Finally, the MV
strains have been quantified via in-vitro (27,47,58) and in-vivo (28,32,35,52) measurements.
In fact, we recently showed how MV posterior leaflet strain and annulus geometry are
related in vitro (47). However, the effects of annular geometry alteration on the anterior
leaflet strain have not yet been studied in in vivo. Thus, in the present study we quantified
the in vivo strain histories of ovine mitral valve anterior leaflet (MVAL) before and after
alteration of the annular geometry, accomplished via the use of a flat ring annuloplasty. In
addition, for the first time we determined the actual stress-free referential configuration of
the MVAL by performing measurements of leaflet deformation in the exsanguinated heart
and completely dissected (stress-free) states.

METHODS
Transducer implantation and data collection

The 3D positional data collection methodology has been previously presented (15,56,57).
Briefly, 10 adult (30–40 kg) Dorsett sheep that have been raised for laboratory work by
commercial vendors were used. The animal experiments were conducted in compliance with
guidelines for humane care (NIH Publication No. 85- 23, revised 1985). To prepare for
transducer implantation, the animals were induced with sodium thiopental (10–15 mg/kg
IV), intubated, anesthetized, and ventilated with iso-fluorane (1.5–2%) and oxygen. The
surface ECG and arterial blood pressure were continuously monitored. A sterile left lateral
thoracotomy was then performed and a total of nine 2-mm hemispherical piezoelectric
transducers (Sonometrics, London, Ontario) were sutured on the MVAL. Five of the nine
transducers were sutured around the annulus (marked as 1–5 in Fig. 1) and the other four on
the midsection of the anterior leaflet (marked as 6–9 in Fig. 1). The transducer wires were
brought out through the atriotomy incision. The sonocrystal transducer wires were then
connected to a Sonometrics Series 5001 Digital Sonomicrometer (Sonometrics Corp.,
London, Ontario). Sonomicrometry array localization (SAL) was used to determine the
three-dimensional coordinates of each transducer every 5 ms throughout the entire cardiac
cycle with spatial resolutions of ~0.025 mm for each crystal (24). Sonomicrometry
positional data were then taken following neosynephrine infusion titrated to achieve systolic
blood pressures of 150 mmHg.

To explore the effects of changes in annular geometry on dynamic leaflet strain in-vivo,
after data collection was completed for the normal valve (n=6), the annulus crystals were
removed and a flat physio ring was sutured on the annulus. Three-dimensional
sonomicrometry positional data of the anterior leaflet crystals (marked as 6–9 in Fig. 1) were
obtained for fifteen cardiac cycles for each data set. In both normal and post annuloplasty
valve the cycle-to-cycle variations were extremely small, so in each case we chose the last
cycle as the representative. To obtain stress-free referential configuration of the MV, in four
normal valves after data collection (without removing the crystals) the animals were
euthanized by an intracoronary infusion of potassium chloride (1mEq/kg). Cardiac arrest
was confirmed on ECG. The heart was then dissected, sonomicrometry positional data
obtained as above, the MV dissected from the heart, and the stress-free three-dimensional
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sonomicrometry positional data collected. After resection, the anterior leaflet was gently
positioned as flat as possible without imposing any external stress and suspended free-
floating in the 0.9% normal saline solution. All stress-free positional data was measured in
this state.

Strain Calculation in the normal and post-ring-annuloplasty rings
The method by which the in-vivo strain at the MVAL midsection (area defined by crystals
6–9 in Fig. 1) was calculated from the three-dimensional sonocrystal displacement as
described previously (48,58). Briefly, the minimum LVP configuration was chosen as the
referential frame of strain calculation. Three-dimensional positions of the four crystals on
the midsection of the anterior leaflet (crystals 6–9, Fig. 1) were fitted to a computational
domain using a single bi-linear surface finite element. Note that we did not use the
sonocrystals as nodes but rather fitted each component of the displacement field to a single
element. In particular, 3D postion data were rotated and translated to keep the undeformed
position approximately parallel to the XY plane. Therefore, the new X -axis was inside a
plane that bisected the two lines made from markers 7 to 9 and from markers 6 to 8
(approximately parallel to the line made by markers 7 and 6), and the new Y-axis was
tangent to the surface and inside the other plane that bisected the two lines made from
markers 7 to 9 and from markers 6 to 8 (approximately parallel to the markers 9 and 6). In
the X and Y directions, the nodal positions of the bilinear element were obtained from the
maximum and minimum values of the sonocrystal positional data:

(1)

,

(2)

, where X̂ and Ŷ were the nodal postions of the bilinear element and ξ, η∈{−1,1}. We then
found the Ẑ nodal position of the bilinear finite element by minimizing εfit, the error
between the values of sonocrystal data and fitted plane:

(3)

, with m being the total number of sonocrystals (m = 4), Zi being the Z-coordinate of i-th -
crystal obtained from sonomicrometry positional data, Ẑj being the Z-coordinate of the j-th
finite element node (fitting parameter), ξ-η being the computational domain, and ϕj(ξi, ηi)
being the j-th bilinear basis function calculated for the i-th sonocrystal. An in-plane
curvilinear coordinate system was then defined using the fitted surface. In particular, e1 was
tangent to the surface and parallel to the x-axis, e2 was tangent to the surface and parallel to

the y-axis, and  . Note that e1 and e2 are necessarily not orthogonal. In the
deformed configuration, the positional data was related to the undeformed values by
minimizing the fitting error εfit:

(4)

,
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(5)

,

(6)

.

For the deformed configuration, an in-plane non-orthogonal convective coordinate system

was defined. In this coordinate system,  of the new curvilinear coordinate system was

tangent to the deformed surface and parallel to the X-axis,  was tangent to the surface and

parallel to the Y-axis, and . Similarly,  are not necessarily orthogonal.
Since we are utilizing a convective coordinate system, all the information about strain is
contained in the change of the metric tensor as the frame of reference is distorted from the
original to the deformed configurations. Thus, we can define the strain tensor γαβ from the
metric tensor in the current (gαβ (t)) and referential (Gαβ) configurations using

(7)

.

The resulting principle values and principle directions of the strain tensor were obtained
from solving the eigenvalue problem for the Euler–Almansi strain tensor e(t) expressed in
the mixed notation:

(8)

.

The eigenvalues e(n1) and e(n2) and their corresponding eigen vectors n1 and n2 were
calculated, from which the principal stretch values λ(ni) were obtained using e(ni):

(9)

.

The physical components of the Euler–Almansi strain tensor êαβ (t) were obtained from

(10)

, where g(αα) ’s are the diagonal components of the metric tensor (i.e. g11 and g22 in the 2-D
case). As shown in Fig. 1, at the center of the leaflet midsection, the circumferential
direction was defined parallel to e1 (i.e. ec = e1) and the radial direction was defined by

. Using er and ec, we calculated the radial and circumferential strains:
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(11)

,

(12)

.

To quantify local areal changes D(t) at the center of the leaflet mid-section, we used

(13)

.

We also calculated the shear angle, Δθ(t), defined as the difference between θ0, angle
between in-plane unit vectors e1, e2 in the reference configuration, and θ(t) the angle
between their deformed the counterparts:

(14)

, where

(15)

,

(16)

.

Local vs. regional strain fields
One question we had was how representative the mid-section strains were in comparison to
the region silhouetted in Fig. 1 (most of the MVAL excluding the coaptation region). Using
all available crystals (leaflet and annulus) we obtained an approximation of the dynamic
strain over this larger region in the normal MVAL. The equations for strain calculations
were identical to those of the four-crystal case. The position of all nine crystals was used to
construct a single biquadratic finite element. Unlike the bi-linear case, however, the bi-
quadratic nodal positions were not the same as the crystal positions. The bi-quadratic nodal
positions were obtained using finite element interpolation methods described in our previous
works extensively (48,60). The fitted surface was smoothened by adding Sobolev norm
penalty terms, as described previously (26). Briefly, the fitting error εfit was defined by:

(17)

, with m being the total number of sonocrystals (m = 9), zi being the z-coordinate of i-th -
crystal obtained from sonomicrometry positional data, ẑj being the z-coordinate of the j-th
finite element node (fitting parameter), ξ-η being the computational domain, ψj(ξi, ηi)
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being the j-th biquadratic basis function calculated for the i -th sonocrystal, and S[z(ξ, η)]
being the Sobolev norm integrand defined by

(18)

.

To calibrate the penalty terms A and B, we minimized the error between fitted surface using
nine-crystal-method and experimentally measured high spatial density description of a
typical MVAL using ultrasound imagining. In particular, we obtained 3D anatomically
accurate ultrasound positional data of the atrial surface of a typical ovine MVAL (shown in
Fig. 2a in a light color). The image was obtained when the leaflets achieved coaptation. We
subsequently selected nine points (Shown in Fig. 2a by dark solid spheres) from the
ultrasound data to create a fitted surface using the method explained above (shown in Fig. 2a
in a dark color). The positions of these nine representative ultrasound data points were
chosen in such way to approximately match the position of nine sonocrystals used in a
typical in-vivo experimental measurements. To find the best fitted surface, we explored a
range of 10−1–10−5 for A and B. For each value of A and B, we calculated εUS, the shortest
distance between the fitted surface and anatomically accurate ultrasound positional data.
Using εUS, we calculated the mean square root of error MSREUS:

(19)

, where p was the total number of the points available from the anatomically accurate
ultrasound positional data. The values of A and B that minimized MSREUS were chosen as
the appropriate calibrated penalty term values for the in-vivo data analysis. The ultrasound
images for this part were obtained using real-time three-dimensional echocardiographic
(rt-3DE) data sets via a Phillips iE33 platform in conjunction with either an x4 external
probe or an X7-2t TEE probe. Gated images were acquired over four cardiac cycles at a
sampling rate of 25 Hz. Rt-3DE data sets and were exported to a dedicated EchoView
(Tomtec Imaging Systems) software workstation. All image manipulation was performed in
the EchoView environment.

RESULTS
Surface fitting and regional strain in normal functioning MV

The fitting error was minimized when the values of penalty terms A and B were in the order
of ~10−3 (Fig 2b). The atrial surface of the MV is known to be smoother than the ventricular
side (14) but the atomically accurate surface obtained from 3D ultrasound positional data
still contained few regions with sharp curvatures. Both natural anatomy of the MV atrial
surface and the low density of data points obtained from ultrasound imaging could have
contributed to this slight lack of smoothness. Although the smoothened surface obtained
from nine-crystal-fitting method did not capture the sharp curvature of these regions, the
overall fitting error was acceptable (MSREUS < 0.57 mm and εUS < 1.2 mm). The strain
calculated via the extended anterior leaflet (using all nine crystals) demonstrated a small
variability over the midsection of the anterior leaflet. In particular, both maximum and
minimum principal stretches varied only about 10% within the midsection region of the
anterior leaflet at maximum LVP in this typical example (Fig. 3). The relative areal change
also altered only by 7% within the midsection region bounded by markers 6–9.
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Although not identical to the extended leaflet region, the maximum and minimum stretches
within the midsection region were uniform for the four midsection crystals used to calculate
the strain at maximum LVP (Figs. 4a,b). The maximum and minimum principal stretches
were within the ranges of ~1.02–1.04 and ~0.95–0.96, respectively. The directions of the
maximum and minimum principal values were also uniform within this region of the MVAL
leaflet. Areal changes demonstrated a small variation when four crystals were used for strain
calculation. The areal changes were within the range of ~0.96–1.01 at maximum LVP in this
typical example (Fig. 4c). Collectively, it was observed that in both methods (i.e. either
using the extended leaflet or only midsection crystals), the kinematical measurements were
rather uniform in the midsection region of the valve. Therefore, from hereon we only report
the stretch values at the geometric center of midsection region (marked with a solid circle as
the origin of the coordinate system shown in Fig. 1). In addition, at the geometric center of
midsection region the maximum value of the shear angle (calculated using 4 bisectional
crystals) over the entire cardiac cycle was 10.7 ± 1.83 degrees (mean ± standard error, n =
6).

Effects of alteration in annular geometry
The circumferential and radial stretches changed dramatically following complete
geometrical/physical restriction of the annulus (Fig. 5). In the normal valve both,
circumferential and radial (Fig. 5) stretches increased as LVP reached its maximum value
(“I” in Fig. 5). Restricting the annulus by suturing an annuloplasty ring on the valve caused
dramatic changes in the values of stretches. The minimum LVP stretch dropped to 0.74 and
increased to 1.15 in the circumferential and radial directions, respectively (“II” in Fig. 5).
The dramatic changes in the minimum LVP stretches indicated that following annular
restriction the leaflet was contracted in the circumferential direction and stretched in the
radial direction.

The p-values of the student t-test performed for the stretch values of the normal and post-
ring annuloplasty valves are presented in Table 1. In the normal valves, the anterior leaflet
stretch at the maximum LVP was significantly larger than 1.0 (the minimum LVP referential
value). The maximum LVP stretch was larger in the radial direction (1.31 ± 0.03 (mean ±
standard error)) than the circumferential direction (1.10 ± 0.01). Restricting the annulus by
suturing flat annuloplasty rings to the valves caused a significant change in the stretch at the
minimum LVP. As shown in Fig. 6, the circumferential stretch dropped to 0.72 ± 0.03
whereas the radial stretch increased to 1.16 ± 0.01.

Following annulus restriction, the stretch at maximum LVP was still less than 1.0 (0.89 ±
0.04) in the circumferential direction. Therefore, the valve was under negative strain in the
circumferential direction during the entire cardiac cycle. Had the stretches at the restricted-
annulus maximum LVP been calculated in reference to the restricted-annulus minimum LVP
configuration of the four crystals, the predicted values of the stretch would have been
incorrect. In particular, a smaller value of elongation would have been predicted in the radial
direction (shown with a solid bar in Fig. 6). In the circumferential direction, we would have
incorrectly concluded that the tissue had been under extension (shown with a solid bar in
Fig. 6). Following annulus restriction, the maximum shear angle slightly dropped to 8.4 ±
2.4 degrees. The annulus-restriction-induced changes in the shear angle were not statistically
significant (p value = 0.5).

Changes in referential configuration
In both circumferential and radial directions, the stretch values were larger when referenced
to stress-free state (Fig. 7). In comparison to stress-free state, a normal functioning valve at
the minimum LVP is stretched 21% and 41% in the circumferential and radial directions,
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respectively. Using the stress-free state as the reference, the calculated stretches at the
maximum LVP were 1.22 ± 0.07 and 1.65 ± 0.08 in the circumferential and radial
directions, respectively. These values were significantly different from those referenced to
the minimum LVP discussed above (1.10 ± 0.01 in the circumferential direction and 1.31 ±
0.03 in the radial direction). Therefore, the choice of referential frame has a profound effect
on the calculated in-vivo strains. This effect reported for the first time in this study,
demonstrates that the normal functional valve is under residual strain/stress.

DISCUSSION
Overall, geometrical changes in the MV annulus could alter MV functional stresses and thus
are an etiological factor in modulating long-term durability. In the present study, we
demonstrated that a single unit tissue element at the center of the anterior leaflet midsection
at minimum LVP underwent dramatic changes during a normal cardiac cycle, after
geometrical/physical restriction of the annulus, upon exsanguination, and further upon valve
excision (Fig. 8). The magnitude of the residual strains observed in mitral valve is
comparable to those observed in the porcine aortic valves following layer separation (61). In
particular, following layer separation, the fibrosa underwent 28.2% and 4.8% extension in
the circumferential and radial directions, respectively. The ventricularis, contracted 10.9%
and 8.2% in circumferential and radial directions, respectively. Although in the current study
we did not separate the different layers of MVAL, following MV resection, we observed
10.7% and 29.0% contraction in the circumferential and radial directions, respectively.

An important finding of this study was the dramatic changes in the leaflet in vivo strains
observed following annular flattening. It has been shown that mitral annuli are saddle
shaped (24,30,31,39), and thus suturing a flat ring on the annulus of a normal valve would
alter its normal physiological shape. For example, in-vivo measurements have shown that
both septal-lateral and commissure-to-commissure dimensions change following annular
restriction via flat ring annuloplasty (4). Echocardiographical studies have also shown that
both in human (42,43) and ovine (54) subjects, the geometry of the annulus changes
following ring annuloplasty. Therefore, ring annuloplasty was chosen in this study as an
example of surgically induced geometric/physical restriction in the MV annulus. Yet, neither
of these studies has addressed the in-vivo effects. A recent study (3) conducted on ovine
valves following annuloplasty with numerous types of rings has shown that the range
functional strain changes post annuloplasty. However, since minimum LVP of the normal
valve was used for strain calculation of the normal valve and minimum LVP of the post-
annuloplasty valve was used for its strain calculation, the direct comparison of the two cases
was rendered impossible. Using our in-vivo sonomicrometry positional data we
demonstrated that the MVAL leaflet underwent completely different functional strains
following annular restriction. In our strain calculations, we used the same referential
configuration for strain calculation in both normal and post-annuloplasty ring and
consequently we were able to observe the direct effect of annular restriction on the
functioning valvular strains.

Previously, using in-vitro models (29,47), we demonstrated that both in the anterior and
posterior leaflets, the systolic strains in the midsection region were larger when a flat
annulus apparatus was used in comparison to a saddle-shaped annulus. Although there exist
a qualitative similarity between the in-vitro and in-vivo measurement, the exact strain values
are not similar. Using two different subject species (ovine versus porcine) could have
contributed to the lack of quantitative similarities. Another important reason for the lack of
similarity is the different choices of referential frames in the in-vivo and in-vitro studies. In
the current in-vivo study, we chose the minimum LVP of the normal valve as the referential
configuration for the both normal and annulus restricted valves. In the in vitro study,

Amini et al. Page 9

Ann Biomed Eng. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



however, the minimum LVP of each case was used as its own strain referential frame.
Therefore, the differences between the peak strains were reported relative to multiple
referential frames. Finally, in the in-vitro study, the valve was excised first and then
mounted on the experimental apparatus. Therefore the leaflet configuration could have
changed due to excision and mounting manipulation. Consequently, the in-vitro minimum
LVP referential configuration was not necessarily similar to either in-vivo minimum LVP or
ex-vivo stress-free referential configurations. Therefore, the qualitative comparison between
the in-vivo and in-vitro studies is rendered impossible. In our previous studies (56), we
showed that in the midsection of normal ovine MV anterior leaflets, at maximum LVP of
150 mmHg, the in-vivo circumferential and radial strains were ~2.5% and ~22%,
respectively. In our current work, we showed that the circumferential and radial stretches
were 1.10 ± 0.01 and 1.31 ± 0.03, respectively. Therefore the strains were ~8% and ~21% in
the circumferential and radial directions, respectively.

Importance of strain calculation referential frame and the existence of residual stresses
In this study, for the first time, we showed that mitral valve tissues are under residual strains
in vivo. As a result, even at minimum LVP, when the functioning valvular stretch is
minimized, a normal valve is under residual functioning stresses. One may postulate that,
similar to the aortic valve (61), the highly oriented elastin networks in the MV atrialis and
ventricularis layers may contribute to residual function stresses and modulate the valve
deformation under low pressures. The functioning state of stress is closely related to tissue
homeostasis and maintaining of the extracellular integrity (6,70). Accounting for the residual
stresses are important as they produce a more efficient load-bearing structure in the presence
of functioning stress gradients in the biological tissues (9,11). Further, different levels of
homeostatic residual stresses have been considered closely related to tissues growth and
remodeling (53,64,65).

Quantification of the strains in reference to stress-free state is also critical to calculate
functional in-vivo stresses either via experimental methods or from computational models
(16,17,50). In particular, the mechanical properties of the MV are generally obtained from
conventional mechanical testing protocols such biaxial (25,40,44) and uniaxial (2,50) tests,
in which the stress-free state is generally used for the strain calculation. It is important to be
consistent in utilizing the same stress-free reference frame for both mechanical tests and in-
vivo stress calculation; otherwise the stress prediction would be incorrect. In the porcine
mitral valves, it has been shown that the annular length of an intact valve is shorter than that
of an excised valve suggesting a circumferential elongation following resection (36). In the
anterior leaflet midsection, however, we observed circumferential and radial contraction
following resection. The difference between the annular and belly regions is noteworthy
specially in generating finite element models of the MV.

Study limitations
Due to anatomical space limitations, we were able to suture only four sonocrystals on the
midsection of the MVAL. Although we stated that the principal values and directions of the
stretches were relatively uniform in the midsection region, one should note that using only
four position markers limited us to a bi-linear strain variation within the element region (38).
We have shown previously (56) using nine position markers located at the same area
produced reasonably homogenous strain results over most of the area. Rausch et al. (52)
have also confirmed this observation using larger number of position makers. Note too that
the use of a 2×2 array greatly simplifies the experimental procedures.

One may also suspect that the MVAL may fold following ring annuloplasty and the bilinear
element utilized in this study may falsely calculate a negative strain as the curvature
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increases. To address this issue, we performed a follow-up study wherein a single crystal
was added at the geometric center of the four nodes on the midsection region (i.e. at the
origin of the coordinate system in Fig. 1). We calculated the distance from this additional
crystal to a plane passing through crystals 6–9. In the normal valve, at minimum LVP
pressure, the distance was ~0.95 mm. After performing ring-annuloplasty, at minimum LVP
pressure, the distance decreased to ~0.50 mm. Following annuloplasty, had the curvature
increased without any planar strain, we would have observed a substantial increase in the
distance of the additional crystal from the plane that passes through crystals 6–9. Based on
the results of this pilot study, we concluded that the changes in the curvature due to the
application of ring annuloplasty were small over the region delimited by the sonocrystals 6–
9, and that we are reporting true tissue strains.

Following annular restriction, the strains change over the entire leaflet and not just the
midsection. In a normal MV, for example, the annulus dilates and twists over the full cardiac
cycle (15). The annulus is, however, completely restricted from dilation or torsion as it is
directly connected to the flat ring. The focus of this study was the MVAL midsection region
and we did not measure the strain changes at the proximity of the MV annulus following the
annulus restriction. In interpreting our results, one should also note that that while our
specific results were obtained using an ovine model, general trends are likely to be similar in
humans.

Long-term implications on MV function
Increasing or decreasing the tissue strain due to annulus restriction changes the underlying
extracellular matrix architecture under valvular functional loading. As discussed in the
introduction section, altered (and potentially deleterious) loading may induce structural
changes that could affect long-term valve durability. Currently, the most important objective
sought in using annuloplasty rings is regaining the valvular normal hemodynamical
functions (7). Although an annuloplasty ring chosen by an experienced surgeons with the
right size, may well regain the normal coaptation and, at least in the short time, treat mitral
valve regurgitation (7), it may dramatically deviate the leaflet from its normal physiological
loading. Such changes may affect the tissue homeostasis and lead to remodeling of the ECM
(45) that could limit the longterm durability. An ongoing effort has been dedicated to the
design of repair procedures that, in addition to regaining the valvular normal
hemodynamical functions, could also mimic the physiological shape of the annulus (8).
Preliminary estimations have shown that the non-planar shape of the annulus could be
advantageous in reducing the valvular stress as well (59). Further investigation is necessary
to explore in more details how profound the effect of annular restriction is on the in-vivo
stresses and how the stress changes would lead to leaflet remodeling and/or degeneration.

Summary
In this study we demonstrated for the first time that in-vivo functional strains of the MVAL
are profoundly following changes in annular geometry induced by a flat annuloplasty ring,
including substantial compression in the circumferential direction. We also demonstrated
that the MVAL functions under physiological residual strains/stresses. Such dramatic
alteration of the in-vivo functional strains may lead to significant changes in the functional
stresses, which in-turn affect the constituent MV interstitial cellular population and collagen/
elastin fiber stresses. We suggest that MV stress alteration, induced by geometrically
restricting the annulus, may lead to cellular and/or microstructural responses that would
affect the long-term valvular durability.
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Figure 1.
Arrangement of sonocrystal on the ovine anterior leaflet. Following the ring annuloplasty,
crystals 1–5 were removed. The arrows show the circumferential (Circ.) and radial (Rad.)
directions used in strain calculation at the midsection of the anterior leaflet. The midsection
region surrounded by crystals 6–9 was used in bi-linear finite elements surface fitting and
the region surrounded by crystals 1–7 and silhouetted was used in bi-quadratic finite element
surface fitting.
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Figure 2.
(a) A single biquadratic finite element surface fitted to the nine crystals (darker surface) in
comparison to the surface obtained from ultrasound data (lighter surface). (b) Fitting error
defined as the shortest distance between the ultrasound surface and the fitted surface at each
point on the surface.
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Figure 3.
A typical example showing that both the values and directions of maximum and minimum
principal strains over the anterior leaf were fairly homogeneous (variation in the order of
~0.1). The principal strains were calculated using the nine crystal biquadratic element fit.
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Figure 4.
A typical example showing that both the values and directions of (a) maximum and (b)
minimum principal strains over the anterior leaf midsection were fairly homogeneous
(variation in the order of ~0.01). The principal strains were calculated using the four crystal
bilinear element fit. (c) The variability in the areal changes calculated from four crystal data
was also minimal.
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Figure 5.
A typical example showing the dynamic changes in the circumferential and radial stretches
in the normal and annulus-restricted valves. The changes highlighted by roman numbers are
further specified with null hypotheses for the collective data in Table 1.
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Figure 6.
Stretches in the circumferential and radial directions in the normal and annulus-restricted
valves at the minimum and maximum functioning left ventricular pressures (LVP). Error
bars are standard errors (n = 6).
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Figure 7.
Stretches in the circumferential and radial directions in the normal valve referenced to
stress-free (excised valve) crystal configurations. Error bars are standard errors (n = 4).
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Figure 8.
Schematic of a single unit square element at the anterior leaflet midsection at minimum LVP
undergoing average values of stretches shown in Fig. 6 and 7.
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Table 1

Statistical analysis of in-vivo stretch data in the normal and post ring annuloplasty cases. The null hypotheses
correspond to differences highlighted by roman numbers in a typical experiment shown in Fig. 5. p values
were obtained from double-sided paired student t-test (n = 6).

p value

Null hypothesis Radial
direction

Circumferential
direction

I. In the normal valves, the stretch at max LVP is the same as the stretch at minimum LVP < 0.05 < 0.05

II. Restricting the annulus does not change the minimum LVP stretch. <0.05 <0.05

III. Restricting the annulus does not change the maximum LVP stretch. 0.67 <0.05

IV. The stretch at max LVP is the same as the stretch at minimum LVP when the annulus is geometrically
restricted

<0.05 0.06
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