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Abstract—Tricuspid valve regurgitation is associated with
significant morbidity and mortality. Its most common
treatment option, tricuspid valve annuloplasty, is not opti-
mally effective in the long-term. Toward identifying the
causes for annuloplasty’s ineffectiveness, we have previously
investigated the technique’s impact on the tricuspid annulus
and the right ventricular epicardium. In our current work, we
are extending our analysis to the anterior tricuspid valve
leaflet. To this end, we adopted our previous strategy of
performing DeVega suture annuloplasty as an experimental
methodology that allows us to externally control the degree
of cinching during annuloplasty. Thus, in ten sheep we
successively cinched the annulus and quantified changes to
leaflet motion, dynamics, and strain in the beating heart by
combining sonomicrometry with our well-established
mechanical framework. We found that successive cinching
of the valve enforced earlier coaptation and thus reduced
leaflet range of motion. Additionally, leaflet angular velocity
during opening and closing decreased. Finally, we found that
leaflet strains were also reduced. Specifically, radial and areal
strains decreased as a function of annular cinching. Our
findings are critical as they suggest that suture annuloplasty
alters the mechanics of the tricuspid valve leaflets which may
disrupt their resident cells’ mechanobiological equilibrium.
Long-term, such disruption may stimulate tissue maladapta-
tion which could contribute to annuloplasty’s sub-optimal
effectiveness. Additionally, our data suggest that the extent
to which annuloplasty alters leaflet mechanics can be
controlled via degree of cinching. Hence, our data may
provide direct surgical guidelines.

Address correspondence to Manuel K. Rausch, Departments of
Acrospace Engineering & Engineering Mechanics, Biomedical
Engineering, University of Texas at Austin, 2617 Wichita Street,
Austin, TX 78712, USA. Electronic mail: manuel.rausch@ utexas.
edu

Published online: 06 August 2020

Keywords—Annulus, Functional regurgitation, Maladapta-
tion, Growth and remodeling, DeVega.

INTRODUCTION

The tricuspid valve regulates blood flow from the
right atrium into the right ventricle. During diastole,
the transvalvular pressure gradient opens the valve and
permits right ventricular filling. By contrast, a reverse
pressure gradient during systole closes the tricuspid
valve, which prevents retrograde blood flow.*>¥->* In
nearly 1.6 million patients in the US, tricuspid valve
coaptation is insufficient, resulting in moderate to
severe tricuspid valve leakage, or tricuspid valve
regurgitation.®® In most of these patients, tricuspid
regurgitation is “functional”” meaning that its origin is
ostensibly extrinsic to the valve itself.'* For example,
in patients with left heart disease, mechanical and
hemodynamic coupling between the ventricles results
in right ventricular remodeling. Subsequently, right
ventricular dilation and papillary muscle displacement
increase the tricuspid valve orifice area and tether its
leaflets, respectively. Similarly, in patients with pul-
monary hypertension, right ventricular remodeling
also results in annular dilation and leaflet tethering. In
both presentations, increased orifice area and tethered
leaflets then inhibit leaflet coaptation and induce
functional tricuspid regurgitation.” Clinically, func-
tional tricuspid regurgitation is addressed by prosthetic
ring annuloplasty or DeVega suture annuloplasty.®”
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During these invasive surgical repairs, the tricuspid
valve annulus is cinched to reduce the valve’s orifice
area and to approximate the leaflets. Together, orifice
area reduction and leaflet approximation improve
valve closure and reduce regurgitation. However, these
procedures are often sub-optimally effective in the long
run with only 22% of patients being free of regurgi-
tation five years post-operatively.*®

The exact causes for the aforementioned repair
failures are currently unknown. However, it is possible
that continued remodeling of the right ventricle further
displaces the papillary muscles and worsens leaflet
tethering despite repair on the annular level.*® Alter-
natively or additionally, it is possible that tricuspid
leaflet maladaptation actively contributes to repair
failure.** On the left side of the heart, patients with
heart failure present with thickened and stiffened mitral
leaflets, which ostensibly contributes to mitral valve
failure in those patients.'*'* Similarly, studies in large
animals with leaflet tethering and/or left ventricular
ischemia have demonstrated mitral valve leaflet mal-
adaptation.'® Interestingly, mitral valve annuloplasty
itself has also been shown to elicit a maladaptive tissue
response. Sielicka et al. have shown that implantation
of mitral valve annuloplasty devices in pigs with is-
chemic mitral regurgitation elevated levels of collagen
expression.” Moreover, mitral valve leaflets from those
animals also exhibited stiffer behavior than those from
control animals. Therefore, in the mitral valve, surgical
repair via annuloplasty may further contribute to the
already present disease-induced leaflet maladaptation
and thus risk repair efficacy. Either way, mitral leaflets
maladapt, at least in part, due to changes in their
mechanical environment during disease or in response
to annuloplasty.®’ While there is currently no evidence
for similar maladaptive mechanisms to disease and re-
pair in the tricuspid valve, given similarities in struc-
ture, function, and resident cell phenotypes between the
mitral and the tricuspid valve, it is likely that tricuspid
valve leaflets show similar maladaptation in response to
disease and/or repair.

The investigation of similar mechanisms in the tri-
cuspid valve must begin with characterising its
anatomy,'®?® microstructure®>>*>’" and structure-
function relationship®**->® and identifying changes in
its in-vivo mechanics. In fact, we have recently shown
that suture annuloplasty in animals with biventricular
heart failure-induced functional tricuspid regurgitation
present with altered right ventricular mechanics and
valvular competence.'® In our current work, we
investigate whether tricuspid annuloplasty alters the
mechanics of the tricuspid valve leaflets. Specifically,
we will investigate the anterior leaflet’s in-vivo
mechanics as a function of degree of annular cinching.
To this end, we use DeVega suture annuloplasty as an
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experimental methodology that allows us to externally
control the degree of cinching. Thus, we will take a
step toward uncovering whether tricuspid valve repair
may inadvertently contribute to tricuspid valve disease
and thus, at least in part, explain the high rate of repair
failure. To this end, we utilize our previously estab-
lished kinematic framework in combination with
sonomicrometry in sheep.

METHODS

Animal Model

We performed all animal and experimental proce-
dures with strict adherence to the Principles of Labo-
ratory Animal Care, formulated by the National
Society for Medical Research, and the Guide for Care
and Use of Laboratory Animals prepared by the Na-
tional Academy of Science and published by the Na-
tional Institutes of Health. This protocol was also
approved by our local Institutional Animal Care and
Use Committee (Spectrum Health IACUC #:18-01).

We have previously provided detailed descriptions
of all surgical procedures.*? In short, we used propofol
to intravenously anesthetize ten male Dorset sheep
(60 £ 3 kg) before intubating and placing the animals
on mechanical ventilation. We then performed a
median sternotomy to expose the heart and prepared
the animals for cardiopulmonary bypass. Upon initi-
ating cardiopulmonary bypass and on the beating
heart, we performed an atriotomy and placed the De-
Vega annuloplasty suture around the tricuspid annu-
lus, as described previously in Ref. 31. We performed
the DeVega procedure with two 2-0 polypropylene
sutures in two layers around the tricuspid valve orifice
and anchored the sutures with pledgets at the antero-
septal commissure and the mid-septal annulus. To
control the degree of cinching, we subsequently exter-
nalized the annuloplasty suture through the antero-
posterior commissure to a tourniquet. We then im-
planted six 2 mm sonomicrometry crystals (Sonomet-
rics Corp, London, Ontario, Canada) around the
tricuspid annulus with one crystal at the antero-septal,
antero-posterior, and posterio-septal commissures and
each of the three mid-commissural points, creating six
annular regions, Fig. la. Next, we sutured four Imm
sonomicrometry crystals in a diamond pattern on the
anterior tricuspid valve leaflet and externalized the
crystal wires for data acquisition through an atri-
otomy, see Fig. la. Additionally, we recorded hemo-
dynamics with pressure transducers (PA4.5-X6;
Konigsberg Instruments, Inc, Pasadena, CA) placed in
the left ventricle, right ventricle, and right atrium.
After weaning the animals off cardiopulmonary by-
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FIGURE 1. (a) Depiction of the tricuspid valve with annular sonomicrometry crystals (1-6, 2 mm diameter) and the approximate
location of the DeVega suture annuloplasty (dashed line). The diamond on the anterior leaflet depicts the area between leaflet
sonomicrometry crystals (1 mm diameter). The grey area denotes the “belly” region, while the red area represents the “free-edge”’
region. (b) Annular geometry based on a cubic spline fit to sonomicrometry crystals 1-6 at Baseline and each DeVega suture
annuloplasty cinching step. With permission reproduced from Ref. 31.

pass, we allowed the animals to recover for 30 minutes
under anesthesia to achieve stable hemodynamics.
Note, during these experiments we collected data on
the tricuspid annulus, which we previously reported,'
as well as for our current work.

Data Acquisition

Once the animals stabilized we recorded sonomi-
crometry data using SonoSoft (Sonometrics Corpora-
tion, London, Ontario, Canada), hemodynamic data,
and echocardiographic data for three consecutive car-
diac cycles to establish a baseline.'” Next, we cinched
the sutures by approximately 2 cm (DeVegal), allowed
the hemodynamics to stabilize again, and recorded
additional data. We repeated this cinching process four
more times (DeVega2-5), thereby reducing annular size
at each stage, see Fig. 1b. After completing the
experiments, we euthanized the animals by adminis-
tering sodium pentothal and potassium chloride. Fi-
nally, we dissected the hearts and verified proper
crystal positioning. Also note, small posterior and
septal leaflets render crystal data less reliable than for
the anterior leaflet. Therefore, we chose to report data
only on the anterior leaflet in our current work.

Annular Reconstruction

To recreate smooth annuli from discrete data points
we used Matlab (MathWorks, Natick, MA) to fit a
cubic spline, in a least-squares sense, to the triangu-

lated positions of the six annular sonomicrometry
crystals. We have previously described this procedure
in detail and refer the reader to our work on both the
mitral***® and the tricuspid annulus.*>*¢

Leaflet Motion

To examine the motion of the anterior tricuspid
valve leaflet we considered a radial line passing
through the leaflet center. To this end, we fit a cubic
spline through the mid-annular segment crystal, the
mid-belly crystal, and the free-edge crystal, as well as a
fourth crystal position, which we created by calculating
the mean position of the two lateral crystals. Addi-
tionally, we fit a least-squares plane to the annular
crystals at each time point. To quantify the opening
and closing angles, we measured the angle between the
cubic spline and this plane throughout the cardiac
cycle with the annular plane representing 0°. Further-
more, we used these data to determine angular veloc-
ities using a finite-difference scheme.

Leaflet Strain Computation

To quantify strains in the anterior tricuspid valve
leaflet during the DeVega suture annuloplasty proce-
dure we used an approach previously described in.***’
To this end, we interpolated the two triangular ele-
ments via linear shape functions in terms of the local
curvilinear coordinates 6%, where o = 1, 2 as in Eq. (2).
Here, we chose end-diastole to be the reference con-
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figuration, whose interpolated coordinates are repre-
sented by X(0',0%), with x(0',0%) being the interpo-
lated coordinates in the spatial configuration which
varied throughout the cardiac cycle and between De-
Vega cinching stages. On the other hand, N;(0', 0°) are
linear shape functions used to interpolate the crystal
coordinates in the reference and spatial configurations,
X; and x; , respectively,

and

We used the partial derivatives of the shape functions
delineated above to compute the covariant basis vec-
tors in the reference and spatial configurations,

G,(0',6%) = ZaN /00X (3)
and
g, (0,0%) = ZaN /00°x;, (4)

while we determined the contravariant counterparts to
the above bases via the covariant surface metric in the
reference configuration, G, = G, - Gg, 1.e,

G* = G"’Gy, where G = G, with o, f = 1,2, (5)

and via the covariant surface metric in the current
configuration g,z = g, - g, 1.€,

g = g"'g;. where ¢ = g, (6)
Furthermore, we calculated the Green—Lagrange strain
tensor as,

1
E = E,;G” ® G*, where E,; = 3 lgup — Gupl.  (7)

We projected the resulting full strain tensor onto the
circumferential and radial directions n. and n,,
respectively, to derive the circumferential strain £, and
the radial strain E, for each triangular element, see
Eq. 8. Detailed descriptions of this procedure are
provided in our previous work.®’

E.=n.-En., and E. = n, - En, (8)
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Temporal Averaging

As heart rates varied between animals we aligned
temporal evolutions of all quantities of interest by first
dividing them into four distinct segments: end-diastole
to end-isovolumic contraction, end-isovolumic con-
traction to end-systole, end-systole to end-isovolumic
relaxation, and end-isovolumic contraction to end-di-
astole of the next cardiac cycle. Next, we normalized
the duration of each segment, linearly interpolated
crystal locations throughout each segment, averaged
those segments between animals, and re-assembled the
average segments into an average temporal curve. We
used this same procedure on vectorial quantities, such
as displacement, in that we treated each coordinate as
an independent scalar.

Statistics

Before comparing differences in opening angle,
angular velocity, and strain, we used the Shapiro-
Wilk’s test to determine whether data were normally
distributed. If normal, we used the paired Student’s ¢
test to compare opening angles and angular velocity
between DeVega steps and DeVega steps and baseline.
If not, we used the Wilcoxon signed-rank test in lieu of
the paired Student’s ¢ test. Similarly, if normal, we used
a one sample Student’s 7 test to compare strains for
each DeVega step against a mean of zero. If not, we
used again the Wilcoxon signed-rank test in lieu of the
Student’s ¢ test. We performed all statistical analyses in
Matlab R2019a. We reported all data as mean =+
standard error unless mentioned otherwise. For all
tests, we considered a p-value less than 0.05 as statis-
tically significant.

RESULTS

All sheep recovered well from surgery and we suc-
cessfully collected sonomicrometry data for all ten
animals, see Table 1 for a summary of hemodynamic
data.

Based on the sonomicrometry analysis and averag-
ing technique described in Sections “Leaflet Strain
Computation” and “Temporal Averaging”, we cap-
tured the closing mechanics of the average anterior
leaflet midline between end-diastole and end-systole
for baseline and each DeVega step (Fig. 2). Although
the end-diastolic position of the leaflet did not signifi-
cantly change with each cinching step, the end-systolic
position of the leaflets appeared to change with
increased cinching (Fig. 2a. Note, in this figure we
shifted the midline crystals of the anterior leaflet to
coincide for baseline and each DeVega step for direct
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TABLE 1. Hemodynamics for baseline (BSL) and each DeVega (DV) cinching step.
BSL DVA1 Dv2 DV3 Dv4 DV5
HR (bpm) Mean 115.0 112.6 112.8 109.7 110.6 111.7
STD 5.1 6.3 6.3 8.4 7.4 7.2
LVPgs (mmHg) Mean 60.91 63.44 59.69 57.72 55.10 53.06
STD 10.42 11.97 16.64 18.55 17.29 15.27
LVPgp (mmHg) Mean 12.61 12.29 10.33 9.55 9.77 10.18
STD 5.06 5.64 6.24 5.20 5.44 4.87
RVPEgs (mmHg) Mean 20.27 22.00 25.74 25.29 23.29 22.88
STD 4.65 3.71 5.96 8.27 5.86 6.89
RVPgp (mmHg) Mean 8.12 8.55 8.88 10.48 11.13 11.80
STD 3.27 2.84 2.12 2.77 3.77 4.01
RAPEgs (mmHg) Mean 13.10 13.13 12.96 13.66 13.95 14.37
STD 3.35 3.01 2.27 2.46 3.02 2.73
RAPgp (mmHg) Mean 4.68 4.83 5.51 5.13 4.37 4.39
STD 2.84 3.25 3.53 2.98 3.51 3.99
TVP (mmHg) Mean 0.98 1.08 1.40 1.70 2.34 3.34
STD 0.36 0.50 0.62 0.84 1.52 1.78

Heart rate (HR), left ventricular pressure (LVP), right ventricular pressure (RVP), right atrial pressure (RAP), echo-derived transvalvular
gradient (TVP), end-diastole (ED), end-systole (ES). Bold faced quantities were significantly different from baseline values, i.e. p < 0.05.
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FIGURE 2. DeVega suture annuloplasty altered the closing mechanics of the anterior leaflet. (a) For direct comparison between
DeVega steps, the annular insertion point of the anterior leaflet midlines were shifted to align between baseline and each DeVega
step. The midlines show that, while the end-diastolic position did not significantly differ, the end-systolic positions were affected
by the DeVega suture annuloplasty. (b) Depiction of the same geometries as in (a), while also accounting for the shift of the annular

crystal during cinching.

comparison). Specifically, with increased cinching the
anterior leaflet increased its end-systolic angle relative
to the annular plane. This change was likely due to the
valve’s septal-lateral reduction and, thus, altered
proximity between the anterior leaflet and its opposing
leaflets. In other words, the leaflets coapted after
traversing a smaller angle with increased cinching. This
septal-lateral reduction of the annular insertion point
of the anterior leaflet following annular cinching is
visualized in Fig. 2b. Note that the free-edge sonomi-
crometry crystal in systole remained in a similar posi-

tion independent of degree of cinching, highlighting a
consistent site of leaflet coaptation despite alterations
in annular size.

Using the same sonomicrometry crystal positions,
we calculated temporal evolutions and peak values of
the opening/closing angle and velocities throughout
the cardiac cycle for baseline and each DeVega step
(Fig. 3). As expected, the anterior leaflet underwent
significant angular changes throughout the cardiac
cycle. Qualitatively, for baseline and all DeVega steps
the leaflet began in an open position at end-diastole
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FIGURE 3. DeVega suture annuloplasty altered leaflet opening/closing angle and velocity. (a, b) Successive annular cinching via
DeVega suture annuloplasty (DV) reduced the leaflet range of motion during the cardiac cycle. Specifically, DeVega suture
annuloplasty increased the maximum opening angle (measured against the annular plane), which, in combination with an
unaffected minimum angle, led to a reduction in annular motion. (c, d) Successive annular cinching steps (DV1-5), reduced the
leaflet opening/closing velocity profile. Specifically, both maximum and minimum angular velocities decreased significantly for all
cinching steps (relative to baseline (BSL)). End-Diastole (ED), End-lsovolumic Contraction (EIVC), End-Systole (ES), End-
Isovolumic Relaxation (EIVR). Significant differences between current step and baseline are indicated by $, and those between
current step and previous step by #. All data shown as mean + standard error.

before an accelerated closing during isovolumic con-
traction, a period of little change during most of sys-
tole, and a rapid opening during isovolumic relaxation.
Quantitatively, we found that all DeVega steps main-
tained similar end-diastolic angles relative to the
annular plane of approximately 70° (Fig. 3a). During
systole, however, DeVega suture annuloplasty greatly
reduced the anterior leaflet range of motion. Specifi-
cally, at end-isovolumic contraction, end-systole and
end-isovolumic relaxation, we observed increasing
angles relative to the annular plane for larger cinching
steps. The maximum and minimum angles for all
groups were achieved near end-diastole and end-sys-
tole, respectively. We also quantified minimum and
maximum angles throughout the cardiac cycle; in
Fig. 3b the minimum and maximum opening angles
are summarized for each group. Consistently, we
found that the maximum angle during diastole re-
mained mostly unchanged with cinching, while the
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minimum angle during systole significantly increased
with each successive cinching step.

Again qualitatively, the angular velocity profiles
looked identical between baseline and all DeVega
steps. For example, the maximum and minimum
angular velocities occurred at the same cardiac time
point for baseline and DeVega steps (approximately
end-isovolumic relaxation and end-isovolumic con-
traction, respectively). Quantitatively, we found that
successive annular cinching reduced the magnitude of
leaflet angular velocity (Fig. 3c). Consistently, we
found significant reductions in the magnitude of
maximum and minimum angular velocities with suc-
cessive annular cinching (Fig. 3d). Overall, DeVega
suture annuloplasty reduced the range of motion and
the angular velocity of the anterior leaflet.

From the belly region sonomicrometry crystals, we
also calculated circumferential, radial, and areal
strains throughout the cardiac cycle (Fig. 4). We found
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FIGURE 4. DeVega suture annuloplasty altered strain
profiles throughout the cardiac cycle. (a) Circumferential
leaflet belly strains, while remaining qualitatively similar to
baseline, were successively reduced through annular
cinching. (b) Similarly, radial leaflet belly strains, while
remaining qualitatively similar to baseline, were altered
through annular cinching (albeit less predictably than
circumferential strains and to a larger degree). (c) Finally,
areal leaflet belly strains were successively and significantly
reduced through annular cinching. End-Diastole (ED), End-
Isovolumic Contraction (EIVC), End-Systole (ES), End-
Isovolumic Relaxation (EIVR). All data shown as mean =
standard error.

that annular cinching resulted in qualitatively similar
temporal evolutions of circumferential strains but with
successively reduced magnitude (Fig. 4a). For radial
strains, we observed less predictable changes following
annular cinching. Initial cinching (i.e., DeVegal)
resulted in similar radial strains to baseline, but each
successive reduction thereafter decreased radial strains
to a large degree (Fig. 4b). Most consistently, we
observed a successive decrease in areal strains with
each cinching step. In initial cinching steps (i.e.,
DeVegal and 2), we observed large changes between
cinching steps, which reduced at late cinching steps
(i.e., DeVega3, 4, and 5, Fig. 4c). To simplify the
observation to only a single time point in the cardiac
cycle, refer to Fig. 5a for the belly circumferential,
radial, and areal strains at end-systole. Relative to
baseline, annular cinching did not result in significantly
altered circumferential strains. However, areal and
radial strains were significantly reduced from baseline
values (which are equal to zero) in DeVega3, 4, and 5
(Fig. 5a). Therefore, it is likely that radial strain
reduction drove the reduction in areal strains during
DeVega suture annuloplasty. We also investigated
anterior leaflet areal belly strain at end-systole as a
function of anterior annulus reduction (acquired from
least-squares cubic spline fits to the annular sonomi-
crometry crystals) (Fig. 5b). Interestingly, we found
that the end-systole areal strain reduction scaled
approximately (and on average) linearly with anterior
annulus reduction. Overall, we found that DeVega
suture annuloplasty altered the belly strain profile
throughout the cardiac cycle, most notably reducing
radial and areal strains for larger cinching steps.
Table 2 summarizes radial, circumferential, and
areal strains for both the belly and free-edge region.
Data on the belly strain is identical to that presented in
Fig. 4a. Note that none of the differences between the
free-edge strains reached statistical significance, possi-
bly implying that DeVega suture annuloplasty pri-
marily altered belly strains but not free-edge strains.

DISCUSSION

Annuloplasty is a common surgical technique that
reduces annular orifice area to mitigate leakage of the
otherwise functional valve. Despite annuloplasty being
a highly mechanical procedure, data on its mechanical
effects on the tricuspid valve are sparse. In our previ-
ous work, we have investigated the effect of annulo-
plasty on annular mechanics in healthy sheep®*' and
in an acute right heart failure model.”> Additionally,
we have reported on the effects of annuloplasty on the
right ventricular epicardium in, again, healthy sheep®’
and sheep with tachycardia-induced biventricular heart
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FIGURE 5. DeVega suture annuloplasty reduced end-systolic areal belly strain as a function of degree of annular cinching. (a)
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plot can be found in the electronic supplement to this article.

failure.'"® No previous reports address the impact of
annuloplasty on the leaflets themselves. Therefore, in
our current study, we investigated how tricuspid valve
annuloplasty alters anterior leaflet mechanics through
the use of sonomicrometry in sheep. To this end, we
implanted sonomicrometry crystals along the tricuspid
annulus and in the belly and free-edge region of the
anterior leaflet of these sheep. Before and after five
consecutive cinching steps via externalized sutures, we
successfully tracked and kinematically analyzed the
positions of these crystals throughout the cardiac cycle.

By reporting on the leaflet position and range of
motion after DeVega suture annuloplasty, we provided
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a quantitative picture of the mechanisms through
which annuloplasty improves valvular function. We
found that annuloplasty shifted the anterior leaflet
position toward the septum at end-systole, while its
end-diastolic position was unaffected. Earlier coapta-
tion with the opposing leaflets during systole resulted
in a smaller range of motion. Thus, in dilated valves
annular cinching would decrease areal demands and
improved the likelihood for coaptation. Interestingly,
with less time to accelerate, peak angular velocities
(during systole and diastole) also dropped.

In a single heartbeat, heart valve leaflets are subject
to a number of deformation modes including bending,
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TABLE 2. Circumferential (Circ.), radial (Rad.), and areal strains in the belly region and the free edge region of the anterior
tricuspid valve leaflet.

DV1 Dv2 DV3 Dv4 DV5
ED ES ED ES ED ES ED ES ED ES

Circ. strain  Belly Mean 2.45 0.37 1.03 1.12 1.86 — 2.68 2.90 — 213 2.77 - 0.71
STD 5.22 4.76 10.32 10.72 8.88 8.28 9.43 11.72 8.97 18.20

Free Mean 736 —219 572 —-0.74 3.54 - 4.25 4.92 —4.32 6.50 6.51

STD 13.06 5.82 12.25 6.67 14.13 8.27 17.22 8.77 18.33 29.34

Rad. strain  Belly Mean —3.73 —124 —0.94 1.99 - 6.61 - 8.49 - 0.24 - 9.80 -211 - 1263
STD 13.14 5.51 10.01 14.68 11.12 9.87 21.56 14.21 22.90 16.30

Free Mean 856 — 191 20.27 19.63 16.43 13.20 21.51 7.64 29.31 1.35

STD 32.32 13.02 42.67 46.12 44.59 59.06 47.96 40.47 67.99 38.92

Areal strain  Bely Mean —-389 -486 -23 —-833 —-815 — 1900 -1029 — 2453 - 11.15 - 30.22
STD 17.37 16.21 20.99 20.54 20.89 21.98 37.47 32.03 28.36 36.12

Free Mean 14.67 —6.27 21.55 11.74 13.67 — 5.95 16.74 —4.27 24.37 - 3.19

STD 43.59 17.67 50.27 32.19 47.00 38.28 56.71 30.67 77.96 38.11

We calculated all strains relative to baseline at end-diastole (ED) and end-systole (ES) for each level of cinching, i.e. DeVega (DV) 1-5.
Therefore, baseline strains are zero at both ED and ES. Bold-faced strains were statistically significant different from zero, i.e. p < 0.05.

tension, compression, and shear.’! In the case of the
tricuspid valve, these modes result from a complex set
of loads due to the transvalvular pressure gradient,
compressive forces due to the dynamically contracting
annulus, chordal tethering forces, and shear stress due
to blood flow.?!?22%333 Interestingly, we found that
annuloplasty reduced anterior leaflet strain. It appears
that the large decreases in areal strain in the belly of
anterior leaflets was driven primarily by reductions in
radial strain rather than changes in circumferential
strain. It is possible that the decrease in radial strain
was due to reduced chordal tethering—that is, with
reduced range of motion, the leaflets coapted in a
position more proximal to the papillary muscles,
reducing the tethering forces and resultant radial
strains. Another factor to consider is that anterior
tricuspid valve leaflets are mechanically anisotropic,
exhibiting stiffer circumferential behavior due to a
mostly circumferential collagen orientation.'=2%2%34:40
Therefore, changes in loading from annuloplasty may
affect the directional strains of the tissue differently.
Changes in the mechanobiological equilibrium of
soft tissues, such as tricuspid valve leaflet tissue, are
known to drive compositional and configurational
changes, e.g. growth and remodeling, to adapt to this
altered environment.>'>'” In fact, multiple studies
have shown that pathological mechanical stimuli in
heart valve leaflets, at least in part, increase valvular
interstitial cell activation and collagen turnover, which
may result in maladaptive leaflet changes.*®!!¢2
Therefore, we must consider that annuloplasty, by
altering the mechanobiological equilibrium of the tis-
sue (as shown in here), may elicit a biological response
from these actively adapting leaflets.>® Given the
sparsity of data on tricuspid valve growth and

remodeling, we can only hypothesize how changes in-
duced via annuloplasty may affect the leaflets. For
instance, it is possible that a decrease in strain may tilt
the balance between synthesis and degradation toward
the latter, resulting in increased enzymatic activity and
decreased collagen synthesis, eventually rendering the
tissue less stiff.> These effects may be directionally
dependent, thus, altering not only the absolute stiff-
ness, but also the tissue’s anisotropy.*’ Therefore, it
may be of interest in future studies to determine whe-
ther the altered leaflet mechanics following annulo-
plasty elicit a biological maladaptive response, and, if
detrimental, to develop medical procedures which
minimize mechanical changes to the native tissue
environments.

It is also interesting to note that the atrioventricular
heart valve annuli contract during systole, thus
reducing annular orifice area as the valve closes. Our
data show that reduction in orifice area reduces leaflet
strain and thus stress. Therefore, our data indicate that
annular contraction may not only increase leaflet area
to orifice area ratio and thus aid valve competence, but
also reduce leaflet strain and thus stress during systole.
In other words, reduction of annular dynamics via ri-
gid angioplasty devices may alter leaflet resident cell’s
mechanobiological equilibrium regardless of their size.
Thus, even true-sized rigid devices may affect leaflet
mechanobiology by altering the natural dynamics of
leaflet.

While we used DeVega suture annuloplasty pri-
marily as an experimental technique that allowed us to
externally control degree of cinching, our data also
reveal new information about the procedure itself.
DeVega suture annuloplasty has been criticized for its
inconsistent efficacy.’” Mixed results were most likely
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due to lack of concrete guidelines for surgeons.>> Our
study is useful clinically as it quantifies the degree to
which DeVega suture annuloplasty alters leaflet posi-
tion, dynamics, and deformation as a function of the
degree of cinching. Additionally, our data is important
for device annuloplasty. Specifically, our data may be
useful as they provide a means to gauge the effect of
cinching on the leaflets and may thus enable better
informed surgical decisions. Furthermore, our study
revealed an approximately linear relationship between
annular reduction and areal strain of the leaflet. These
data could be used to predict changes to the
mechanobiological equilibrium of the leaflets, and
thus, predict potential long-term effects that could af-
fect repair durability.

In the future, tricuspid valve surgery will likely be
replaced, at least in part, by transcatheter technolo-
gies.® While we investigated surgical annuloplasty in
our current study, our findings likely translate well to
transcatheter technologies.”>”*! For example, the
Cardioband system (Edwards Lifesciences, Irvine, CA)
and the Millipede IRIS System (Boston Scientific,
Malborough, MA) are transcatheter technologies that
will likely enter the US market soon. Their funda-
mental working principle does not significantly differ
from DeVega suture annuloplasty. Therefore, the
importance of our findings is not limited to surgical
repair but also has an important implication to the
future of tricuspid valve transcatheter technologies.

Limitations

Our study was naturally subjected to several limi-
tations. Firstly, we performed this study in sheep and
not in human patients. Therefore, extrapolating our
observations to patients must be done with care. Fur-
thermore, the sheep used in this study did not have
tricuspid regurgitation. As such, leaflets from a dis-
eased heart requiring surgical intervention may re-
spond differently to DeVega suture annuloplasty.
Additionally, it is important to note that we only
analyzed the anterior leaflet and further studies would
benefit from comparing the three leaflets of the tri-
cuspid valve, especially because recent studies have
noted microstructural and mechanical differences
among leaflets.** Lastly, our study utilized sonomi-
crometry which is an invasive technology and may
alter the in-vivo mechanics of the valve and its leaflets.
Sonomicrometry crystals have a finite weight which
may also affect the dynamics of the leaflets. Further-
more, we have simplified our analysis to only four
crystals and two regions in the anterior leaflet, which
cannot capture the previously reported heterogeneous
behavior of tricuspid valve leaflets.?*
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CONCLUSION

In our current work, we provided the first evidence
that cinching of the tricuspid valve annulus alters the
mechanics of its anterior leaflet. Specifically, annular
cinching reduced the leaflet’s range of motion, reduced
its opening and closing velocity, and reduced systolic
strains. Especially, the latter finding is important as
changes in tissue strain alter the leaflet’s resident cells’
mechanobiological equilibrium. Subsequently, such
alterations may elicit an undesired maladaptive
response that could contribute to the long-term failure
of tricuspid annuloplasty. Our findings are important
from a basic scientific perspective, but will additionally
inform surgical guidelines on degree of cinching during
annuloplasty.
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