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Abstract—Annulus tension (AT) is defined as leaflet tension
per unit length of the annulus circumference. AT was
investigated to understand tricuspid valve (TV) annulus
mechanics. Ten porcine TVs were mounted on a right
ventricle rig with an annulus plate to simulate TV closure.
The TVs were mounted on the annulus plate in a normal and
dilated TV annulus sizes, and closed under transvalvular
pressure of 40 mmHg with the annulus held peripherally by
wires. Anterior papillary muscle (PM) and septal PM were
displaced in the dilated annulus. Wire forces were measured,
and ATs (N/m) were calculated. Clover repair was performed
in the dilated TV state subsequently, and AT was calculated
again. A one-way ANOVA and Tukey’s HSD test were used
to test significances between the different TV states along
each annulus segment with p < 0.05. Average ATs for the
normal annulus, dilated annulus, and clover repair were
10.75 + 1.87, 28.81 £ 10.51, and 26.93 £+ 11.44 N/m,
respectively. Septal annulus segments had the highest ATs
when compared to the other segments. For the clover repair,
there were no significant changes in AT values. ATs and
leaflet forces increased roughly 3-4 times with annulus
dilation. AT decelerates annulus dilation as previously shown
in the mitral valve. Clover repair does not prevent further
annulus dilation by AT change and should be accompanied
by annuloplasty. AT improves annulus contraction during a
cardiac cycle and should be considered when designing
annuloplasty in the future.
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INTRODUCTION

The annulus of the tricuspid valve (TV) is an intri-
cate structure that is bounded by three main leaflets:
septal, posterior, and anterior leaflets.'"'®?! The nor-
mal annulus has always been shown to be a ““saddle-
shape” form.'”?® Under systole, transvalvular pressure
induces leaflet tension that is transferred to the annulus
and chords on the TV."* The chords pull the TV
leaflets apically which prevent prolapsing and transfers
the force to the papillary muscles.'* The leaflet tension
(N) at the annulus is called annulus tension (AT). AT
is defined as leaflet tension per unit length of the cir-
cumference of the annulus (N/m).""* AT is located in
the annulus plane and pulls the annulus structure to-
wards the center of the valve orifice during TV closure.
AT may be displaced from the annulus plane when the
TV is tethered by the displaced papillary muscles
(PMs) or prolapsed, depending on the leaflet posi-
tion."®? AT in the annulus plane contributes to
annulus contraction and restricts annulus size, thereby
preventing expansion of the myocardium around the
annulus." Annulus geometry is determined by the
interaction between the leaflets and the myocardium
around the annulus, especially in ventricular develop-
ment or remodeling." AT directly interacts with the
myocardial force per unit length of the annulus cir-
cumference. This force per unit length is present
around the annulus on the myocardium as an equal
and opposite force."®° Imbalance of the AT and
myocardial forces per unit length of the annulus due to
right ventricular remodeling causes annulus dilation
and subsequent tricuspid regurgitation, which is a
common pathological disorder affecting the TV.®

When the right ventricle is enlarged, it is difficult for
the leaflets of the TV to touch due to leaflet tethering
and annulus dilation.”>*® The clover repair is used to
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suture central leaflet edges together to facilitate coap-
tation.*>'>!* Clover repair has been shown to abate
tricuspid regurgitation with the addition of an annu-
loplasty ring.> The MitraClip device on the mitral
valve reduces mitral regurgitation, but still causes
residual mitral regurgitation due to uncorrected or
further annulus dilation.”>*® A similar device on the
TV can be developed and is estimated to reduce tri-
cuspid regurgitation. However, further annulus dila-
tion abates efficacy of clover repair. It is unknown
whether this clover repair without annuloplasty can
prevent further annulus dilation. Therefore, AT was
measured to predict whether this repair without
annuloplasty can prevent further annulus dilation in
terms of annulus mechanics. The objective of this study
was to quantify AT in the TV annulus in order to
understand TV annulus mechanics.

MATERIALS AND METHODS

TV Preparation and Right Ventricle Rig

Pig hearts were obtained 4 h from a slaughterhouse
hours after their death. Immediately, TVs with an
annulus size of approximately 9.9 cm” were obtained
and extracted and placed in saline solution overnight in
a refrigerator. Second morning, the TV was positioned
on a right ventricle rig which consisted of an annulus
plate, ventricular chamber, atrium reservoir, and PM
holders as shown in Figs. la—1d. The TV was mounted
on the right ventricle rig with the annulus plate.
Stainless steel hooks were placed in the surrounding
myocardium peripherally at a distance of 3 mm away
from the annulus. Each stainless steel hook had a mass
of approximately 0.15 g as shown in Fig. 2. The tri-
cuspid annulus touched the annulus support ring in the
annulus plate under transvalvular pressure. The
annulus freely slipped because there was no restrictive
connection between it and the support ring. Each hook
was connected to a force transducer (LBB200/
FSH00887, FUTEK Advanced Sensor Technology,
Inc. Irvine, CA) via a wire. After the right ventricle rig
was organized, the ventricular and atrial chambers
were filled with saline (weight salt concentration of
0.9%) to close the TV. The TV was immersed in the
top ventricular reservoir. A PVC pipe was attached to
the bottom atrial reservoir to build transvalvular
pressure of 40 mmHg."?® This pressure limit is set
based on common pathological conditions in a dilated
right heart.”>?*-%

Adjustments were made to support the in vitro setup
of the TV annulus. Under transvalvular pressure, the
TV closed and the annulus was positioned on the
annulus plate."® The wire lengths and anchor posi-

tions on the right ventricle rig were adjusted until all
the wires were approximately perpendicular to the
annulus. This reassured that the TV annulus coincided
with the annulus support ring in the annulus plate. The
PMs were adjusted apically and laterally via PM
holders in rods as shown in Figs. 1b and 1d to simulate
the normal and displaced PM positions that coincide
with the normal and dilated right ventricle, respec-
tively.>* 2’

TV Annulus Plate

The annulus plate had the supporting ring made of
Plexiglas, matching a normal TV annulus shape and
size with an area of approximately 9.9 cm?, annulus
circumference of approximately 12 cm, and septal
length of 3.4-4 cm.'%!'>1%2 Figures 3a—3d shows two
annulus plates used for this study. The normal annulus
plate was saddle-shaped based on 3-dimensional
echocardiographic studies of the normal TV as shown
in Figs. 3a and 3b.'%!113:15717.28] The other plate was
made for the dilated annulus with an area of approx-
imately 16.8 cm”? and an annulus circumference of
approximately 15 cm, as shown in Figs. 3¢ and 3d.'%*
This dilated annulus was planar to mimic the patho-
logical dilated annulus state.”''*® The septal annulus
segment on the normal and dilated plates was a
straight line of approximately 4 cm.”'>1%?® When the
TV closed, the native annulus touched the supporting
ring of the annulus plate.

A position in the annulus was normalized by
dividing the distance starting from the septoanterior
commissure by the whole annulus perimeter. The
normalized annulus position starts and ends at the
septoanterior commissure (0 and 100%). The entire
annulus hook layout is shown in Fig. 4. The 1st, 5th,
and 7th hooks were in the three commissures. For the
septoanterior commissure, there were two adjacent
hooks applied 2 mm apart on the septal and anterior
annulus segments since the septoanterior region is
sharply curved.®?! The septoposterior and anteropos-
terior commissure positions were 32 and 61%,
respectively, in the normal annulus, and 27.5 and 59%,
respectively, in the dilated annulus. For the clover re-
pair, the septoposterior and anteroposterior commis-
sure positions were 28 and 60%, respectively.

Tissue-Ring Friction

When the TV closed, the transvalvular pressure
pushed the TV annulus onto the annulus plate. The
friction exists between the native TV annulus and the
supporting ring. AT in the loading and unloading
processes were averaged to find the AT without
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Ten force transducers are labeled as 1-10.

P, - P, = 40 mmHg

(d) Papillary muscle
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FIGURE 1. (a) Setup with right ventricle chamber consisting of the atrium chamber and reservoir, (PVC pipe from the atrium to
ventricle). (b) Picture of the RV rig consisting of atrium chamber, TV, transducers, PM holder, and annulus plate. (c) Top cross-
section view of the right ventricle rig. (d) Schematic of ventricle and atrium chamber along with right ventricle rig. The transvalvular

pressure P; — P, = 40 mmHg.

FIGURE 2. Stainless steel annulus hook (10 were used) used
to pull the TV annulus during valve closure. The average mass
of the hooks was 0.15 g.

involving friction." The loading process increased
transvalvular pressure from 30 to 40 mmHg and
unloading pressure decreased transvalvular pressure
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from 50 to 40 mmHg. The native TV annulus was
allowed to slide slightly on the support ring during the
loading and unloading process. The wire forces were
recorded twice at the transvalvular pressure of
40 mmHg at the end of the processes and averaged to
eliminate friction."’

Experimental Procedure and Clover Repair

Force transducers were connected to a LabView
module (NI SC-2345 & NI SCC-SG24, National
Instruments Corporation, Austin, TX) which was
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AP commissure

FIGURE 3. (a) Front layout of the normal plate with the 4 cm septal annulus segment length. (b) Lateral septal view of the normal
plate indicating the saddle shape and the height difference from the septoanterior commissure (dashed line). The height difference
is around 3 mm. (c) Front layout of the dilated plate with the 4 cm septal annulus segment. (d) Lateral view of the dilated plate. All
commissures are along the same plane in the dilated plate. (SA: septoanterior, SP: septoposterior, AP: anteroposterior).
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7
posterior anterior annulus
annulus 6 9
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Sp 5 4 ) ! SA commissure
commissure 3

septal annulus

FIGURE 4. Annulus hook layout on the TV annulus. (SA:
septoanterior, SP: septoposterior, AP: anteroposterior).

connected to a computer to measure wire forces on the
annulus. Transducers were calibrated before the
experiment. The wire forces were measured during
loading and then unloading when the saline level in the
reservoir was changed as shown in Fig. 1d." Subse-
quently, AT was obtained (N/m) using the equations
as shown in Fig. 5. Normal PM position was set up in
the commissural positions to maintain the leaflets
coapting approximately on the annulus plane. After
the test of the normal TV was completed, the dilated
annulus plate was switched onto the right ventricle rig.
The anterior PM and septal PM were displaced 15 mm
apically and laterally to represent a dilated ventri-
cle.>*?>?7 Figure 6 explains the displacement of the
PMs in the dilated ventricle.

Li-O,S Li Li+0.5 Li+l Li+l 5

i Ti+1

T;
ATl' = 1
j(Li—uz + Liv12) + Ly

FIGURE 5. Length definition in the AT formula which was
used to calculate AT (N/m) for all ten wires.

After AT in the dilated case was measured, the
clover repair technique was applied on the same por-
cine TV approximately 3 mm from the free edge of the
leaflets.*>'>1* A 4.0 polypropylene suture was used.
This procedure created the TV clover shape as shown
in Fig. 7. AT was measured with the same procedure.
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FIGURE 6. PMs and the directions of displacement to rep-
resent the dilated case for the TV in the right ventricle rig.

FIGURE 7. 4.0 Polypropylene suture applied to the TV to
make the clover shape.

Leaflet Force and Average AT for Annulus Segments

The leaflet forces of the septal, posterior, and
anterior annulus segments were calculated by resolving
the wire forces in the x and y components, which were
summed to obtain the resultant force for each segment.
The resultant force values were averaged to obtain a
final resultant leaflet force for each segment. The wire
force in the commissure was assumed to be shared
between two adjacent segments. Average AT for each
segment was calculated by dividing the leaflet force by
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the average circumference of each annulus segment.
The average and standard deviation of AT of each
segment were calculated based on 10 valves.

Statistical Analysis

Statistical analyzes were performed using SPSS (v.
23, Chicago, IL). Since the AT data along each TV
segment were not normally distributed initially, a
natural log transformation was performed in order to
stabilize the variances in the data which were analyzed
using one-way ANOVA.?* Post hoc mean comparisons
were made to test differences between the normal
annulus, dilated annulus, and clover repair for each
annulus segment using Tukey’s HSD test.'®* Statis-
tical significance was set at p < 0.05.

RESULTS

Figure 8 shows the average AT distribution on the
normal annulus, dilated annulus and clover repair,
respectively. A “U-shape” pattern was observed for
the AT distribution. The greatest AT value was on the
septoanterior commissure. ATs in the other annulus
segments did not adjust much. The average ATs in the
normal annulus, dilated annulus, and clover repair
were 10.75 &+ 1.87, 28.81 £ 10.51, and
26.93 + 11.44 N/m, respectively (mean =+ standard
deviation). The dilated annulus and clover repair
showed a comparable AT. Figures 9a and 9b are a bar
chart summary of the average AT values and average
leaflet forces values for each segment and TV state. For
each annulus segment, the AT in the dilated annulus
was greater than the normal AT (all p < 0.005). When
comparing the dilated annulus to the clover repair,
there was no statistical difference between the AT
values for each annulus segment. The TV state com-
parisons along each segment are summarized in
Table 1.

Figure 10 shows the direction of the average resul-
tant leaflet force from the annulus segments. Accord-
ing to Fig. 10, the average leaflet force pulled the
annulus towards the TV orifice center in systole. This
force ranged approximately from 0.32 to 0.51 N in the
normal annulus, in which the septal and anterior forces
were approximately the same. The posterior force was
the lowest force average for all three states. The dilated
annulus and clover repair showed a similar leaflet force
average which was roughly 3-4 times that of each
segment in the normal annulus. The average septal
leaflet forces in the dilated annulus and clover repair
were 1.94 £ 0.64 and 1.77 £ 0.70 N (mean + stan-
dard deviation), respectively, making them the greatest
among the three segments.
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Average AT along TV annulus at 40 mmHg pressure
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FIGURE 8. AT distribution for the TV annulus. The 0/100% perimeter represents the beginning of the AT curve. For the septo-
posterior (32/27.5/28%) and anteroposterior (61/59/60%) commissures, the perimeter percentage represents the normal annulus,
dilated annulus, and clover repair points in the perimeter (normal/dilated/clover). (SA: septoanterior, SP: septoposterior, AP:

anteroposterior).
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FIGURE 9. Bar charts summarizing the (a) average AT values
and (b) average leaflet force values for each segment and TV
state (*p <0.05).

DISCUSSION

This is the first study on TV annulus mechanics with
a focus on the leaflet force on the annulus to elucidate
the interaction of the TV leaflets with the myocardium.
The results highlight that overall AT was 10.75 N/m in
the normal state and was highest at the septoanterior
commissure. The septal annulus segment had the

TABLE 1. Summary of post hoc mean comparisons using
Tukey’s HSD test (p<0.05).

TV annulus segment TV state comparisons p value
Septal Normal vs. dilated <0.001
Septal Dilated vs. clover 0.696
Posterior Normal vs. dilated 0.001
Posterior Dilated vs. clover 0.999
Anterior Normal vs. dilated <0.001
Anterior Dilated vs. clover 0.475

greatest AT in comparison to other annulus segments.
AT in the dilated annulus was roughly 3—4 times that
of the normal annulus and was comparable to that in
the clover repair. The large AT increase from the
normal to dilated annulus/clover repair decelerated the
annulus dilation process.

Annulus Mechanics

We propose that the annulus tension plays an
essential role in the overall biomechanical response of
the annulus. We define that an annulus is a border line
separating TV leaflets and the myocardium from which
the leaflets originate. According to this definition, there
is no tissue volume in the annulus. Further, we define
myocardial tissue surrounding the annulus (with a
width of 10-20 mm) as the annulus tissue which is
adjacent to the annulus. We focus on annulus
mechanics which is interaction between the annulus
tissue and leaflets.

Annulus dynamics in the clinical study demon-
strates a larger annulus in diastole and a smaller
annulus in systole, which is called annulus contrac-
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FIGURE 10. Leaflet forces of the TV annulus on the annulus
plane when viewed from the right ventricle. The solid line/
arrow and dashed line/arrow represent the normal and dilated
states, respectively. The dotted arrow represents the clover
repair force direction. (SA: septoanterior, SP: septoposterior,
AP: anteroposterior).

tion.”!'” Since AT is built when the leaflets undergo
coaptation via transvalvular pressure, no leaflet tension
exists when the TV is open during diastole. Myo-
cardium is relaxed during diastole. Therefore, the
annulus tissue is assumed to be a stress-free state in
diastole. During systole, one could postulate that three
forces are in development during systole: (1) leaflet
stress (N/m?) at the annulus; (2) annulus tissue stress
due to passive deformation (compression) of the
annulus tissue; (3) annulus tissue contraction stress due
to active contraction of the circumferential muscle fi-
bers. Three resultant forces from the three stresses are
leaflet tension towards the TV orifice center, the
annulus tissue compressive force (TCF (N)) directed
away from the TV orifice center, and the annulus tissue
myocardial contraction force (MCF (N)) towards the
TV orifice center. Figure 11 shows these forces in the
annulus. Leaflet tension and MCF are the inward
forces and TCF is the outward force. MCF and TCF
are both in the annulus tissue; combined, they are
called myocardial force. Stable annulus size indicated
balanced annulus mechanics: TCF = Leaflet ten-
sion + MCF or leaflet tension = TCF — MCF. This
equilibrium is a “‘tug-of-war” between the leaflet and
the myocardium around the annulus. This force bal-
ance maintains a stable normal annulus geometry in
the annulus plane during systole.>” We proposed a
new mechanism of annulus dilation: annulus dilation is
a consequence of the imbalance between the myocar-
dial force and leaflet tension in the annulus plane.'®
Imbalanced annulus mechanics can explain reduced
MCF due to ventricular remodeling and/or reduced
leaflet tension due to TV prolapse. TV prolapse is rare
and is not investigated in the current study. TV
annulus dilation is mainly accompanied by right ven-
tricular dilation due to ischemic disease, for which re-
duced myocardial contraction is the probable
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cause.'"'® Reduced MCF causes the annulus to move
away from the orifice center which increases AT or
leaflet tension to reach new annulus equilibrium in the
dilated annulus state. AT increased up to 3—4 times
when the annulus is dilated by 70% as shown in our
experiment. According to our annulus mechanics the-
ory, if MCF is reduced to zero in an extreme condition
which means no myocardial contraction, TCF would
be 3—4 times the normal leaflet tension. Leaflet tension
change can be used to indicate MCF change. MCF is
hard to measure whereas leaflet tension is measurable
and therefore provides an advantage to investigate
MCF. Once annulus dilation is initiated, it does not
stop. Leaflet tension is the only force that counteracts
annulus dilation from ventricular remodeling. Increase
in leaflet tension decelerates the annulus dilation pro-
cess. Annuloplasty or annulus cinch suture are tech-
niques that exert an extra inward force on the annulus
to restrict annulus dilation. Their interaction with the
annulus has been investigated on the mitral valve.*'*>°

Clover Repair on the TV

The clover repair is a surgical technique that sutures
the TV at the mid-point of the free edges of the leaflets
to form a “clover shape” for the TV.*!? This technique
forces leaflet coaptation and counteracts the effects of
leaflet tethering.>'* It was initially hypothesized that
AT would increase and overcome the effects of annulus
dilation with the addition of the clover repair. How-
ever, our results indicated that the slight decrease or no
change in AT did not hold the annulus firmly and is
not able to prevent further annulus dilation. The slight
decrease in AT might be due to alteration of the TV
leaflet geometry. Previous studies showed that the
clover repair affected leaflet coaptation and stresses on
the leaflets.'* However, it was not the case in our study.
The forced leaflet coaptation from clover repair did not
increase AT or leaflet tension which will restrict further
annulus dilation. Therefore, clover repair will probably
exacerbate regurgitation. Residual mitral regurgitation
after MitraClip repair, which is similar to clover repair,
suggests little or no effect on improving the annulus
mechanics of the mitral valve.>*® Our analysis on
annulus mechanics of the clover repair highlights a
long-term repair efficacy of a similar device on the TV.
An annuloplasty ring in addition to the clover repair
technique may be required.

Mitral Valve AT

Some of the results obtained in this study are similar
to the prior work done on the mitral valve."®? When
comparing the results of the mitral valve studies, in-
crease in TV orifice area was directly correlated to



Tricuspid Valve Annulus Tension 277

(a) Dilated heart (b)

Diastolic %
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annulus position [

rd0*(AT)+ (Z*MCF*sin (dz—e)) = (2*TCF*sin( %9))
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FIGURE 11. (a) Top view of the three forces in the annulus tissue. (b) Leaflet tension direction and free body diagram force
analysis on a small annulus tissue segment. The angle df can be approximated as a small angle. (c) Cross-section view of the
myocardium-TV leaflet showing the forces in the free body diagram on the annulus plane. TCF: tissue compressive force, MCF:
myocardial contraction force, r: radius from the annulus to its center.

increase in AT. Leaflet tension differed among TV
leaflets. The underlying reason was that the leaflet
force was proportional to the area of the leaflets cov-
ering the TV orifice. AT was also influenced by leaflet
tethering or displacement of PMs shifting away from
the orifice due to right ventricle remodeling.>* >’ The
PM displacements were in the apical and lateral
direction in the right ventricle and were similar to those
in the left ventricle with the exception of the posterior
PM. 892427 Qubsequently, the displaced PMs con-
tributed to the increase in AT and leaflet forces as
shown in the mitral valve.* For the PM displace-
ments, the mitral valve had three different PM posi-
tions: slack, normal, and taut. The slack PM was used
to simulate mitral valve prolapse. For the TV, prolapse
is rare from most of the recent clinical studies.!' Hence,
the slack PM was not used in this study.

When the leaflets touch each other at the center of
the orifice, a length is shared from all leaflets called the
coaptation redundancy length. This length was re-
duced when the leaflets were tethered in a dilated
annulus via the annulus or PM displacement.'">>2¢
Leaflet redundancy is helpful in annulus dilation to
prevent regurgitation to some extent.® Like the mitral
valve, the TV can overcome some of the effects of
dilation with leaflet redundancy length. With increases
in AT in dilation, leaflet forces are increased along the
annulus plane like the mitral valve.

If AT magnitude would have been compared
between the mitral valve and TV, AT decrease mainly
would have been caused by low transvalvular pressure.
ATs on the mitral valve in the normal PM position
were 54 and 36 N/m for the anterior and posterior
segments in the normal state with a trans-mitral pres-

sure of 122 mmHg.®* TV AT was 10 N/m at 40 mmHg
in the normal annulus, which is lower than one-third of
the AT on the mitral valve. Hence, the AT magnitude
was close to that of the TV, allowing for change in
valve orifice area. These results are consistent when
considering the differences in PM and annulus shape
settings between the mitral valve and TV. Note that the
TV annulus area was larger than that of the mitral
valve. The value of the annulus tension is based on
higher than normal transvalvular pressure which is
lower than 40 mmHg. Actual AT of the normal heart
can also be interpolated by transvalvular pressure be-
cause AT is directly proportional to transvalvular
pressure according to prior study.®

Limitations

There are some limitations in this study. The
annulus size and geometry could be different and might
cause some minor differences in AT. The annuli of the
pig TVs were triangular, whereas the typical human
TV annulus is elliptical, according to most clinical
studies.'®*® There are chordal forces in the out-of-an-
nulus plane which can potentially influence the AT in
the annulus plane. This effect should be minor because
they are in different planes.

Other AT differences can come from the experi-
mental procedure. With the displacement of the PMs
to represent dilation, displacement of the posterior PM
has also been shown to be correlated with annulus
dilation.>*’ If the posterior PM was displaced, there
might be minor changes to the ATs (septal, posterior,
and anterior) for the dilated annulus. The clover repair
in the current study might be different from that in
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many surgical procedures based on the surgeon’s
professional opinion. This difference affects AT on the
TV. For this study, a static experiment was performed
which measured the peak AT in an entire cardiac cycle.
For a dynamic heart, there will be differences in AT
values.'*13

CONCLUSION

This study is a comprehensive analysis of the
mechanics of the TV annulus using the definition of
AT. The average AT is 10.75 &+ 1.87, 28.81 &+ 10.51,
and 26.93 + 11.44 N/m at transvalvular pressure of
40 mmHg for the normal annulus, dilated annulus,
and subsequent clover repair, respectively. AT
increases approximately 3—4 times with annulus dila-
tion and decelerates annulus dilation as the counter-
acting force like that in the mitral valve. Overall, the
clover repair does not affect AT, and therefore does
not prevent further annulus dilation. This study of
leaflet force and TV AT elucidates annulus mechanics,
which can improve the annuloplasty technique and
potentially mitigate tissue tear-off.
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