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ABSTRACT

Objective: Tricuspid annular size reduction with annuloplasty rings represents the
foundation of surgical repair of functional tricuspid regurgitation. However, the
precise effect of annular size reduction on leaflet motion and geometry remains
unknown.

Methods: Ten sheep underwent surgical implantation of a pacemaker with an
epicardial lead and were paced 200-240 beats/min to achieve biventricular dysfunc-
tion and functional tricuspid regurgitation. Subsequently, sonomicrometry crystals
were implanted on the right ventricle, the tricuspid annulus, and on the belly of
anterior, posterior, and septal tricuspid leaflets. Double-layer polypropylene suture
was placed around the tricuspid annulus and externalized to a tourniquet. Simulta-
neous echocardiographic, hemodynamic, and sonomicrometry data were acquired
with functional tricuspid regurgitation and during 5 consecutive annular reduction
steps. Annular area, tenting height, and volume, together with each leaflet strain,
radial length, and angles, were calculated from crystal coordinates.

Results: Rapid pacing reduced both left ventricle and right ventricle function and
induced functional tricuspid regurgitation (0-3+) in all animals (from o £ o to
24 + 07, P = .002), whereas tricuspid annulus diameter increased from
2.6 £ 0.3cmto 33 £ 0.3 cm (P =.007). Tricuspid annular size reduction 1to 5 re-
sulted in 16% =+ 7%, 37% =+ 11%, 55% =+ 1%, 66% =+ 10%, and 76% =+ 8%
tricuspid annulus area reduction, respectively, and successively decreased tricuspid
regurgitation. Tricuspid annular size reduction 2 to 5induced anterior and posterior
leaflet restricted motion and lower diastolic motion velocities. Tricuspid annular
size reduction 5 perturbed septal leaflet range of motion but preserved its angle
velocities. Tricuspid annular size reduction 3-5 generated compressive strains in
all leaflets.

Conclusions: Tricuspid annular area reduction of 55% perturbed anterior and pos-
terior leaflet motion while maintaining normal septal leaflet movement. More
extreme reduction triggered profound changes in anterior and posterior leaflet mo-
tion, suggesting that aggressive undersizing impairs leaflet kinematics. (J Thorac
Cardiovasc Surg 2021;l:1-12)

Experimental set-up with crystals implanted on the
TV.

CENTRAL MESSAGE
Aggressive TAR perturbs ante-

rior and PL dynamics and ge-
ometry in a chronic ovine model
of FTR.

PERSPECTIVE

Annular reduction represents the contemporary
approach to surgical correction of FTR, but it is
unknown how various degrees of annular under-
sizing influence tricuspid leaflet kinematics. Our
experimental data suggest that moderate annular
size reduction, although effective at diminishing
FTR, least perturbs leaflet geometry, whereas
more aggressive annular undersizing severely af-
fects leaflet kinematics.

See Commentary on page XXX.

Tricuspid regurgitation (TR) is a significant predictor of pa-
tient mortality and morbidity," with current clinical guide-
lines advocating a more aggressive surgical approach for
repair of less than severe functional tricuspid regurgitation
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(FTR) associated with a dilated annulus.’ Tricuspid annulo-
plasty with prosthetic rings currently represents the surgical
gold standard for repair of FTR. Optimal prosthesis sizing
still remains a topic of controversy,” but a standardized
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Abbreviations and Acronyms

AL = anterior leaflet

ANOVA = analysis of variance

A-P = anteroposterior

CPB = cardiopulmonary bypass

ED = end-diastole

ES = end-systole

v = intravenously

MR = mitral regurgitation

PL = posterior leaflet

RV = right ventricle

SL = septal leaflet

S-L = septolateral

TAR = tricuspid annular size reduction

TR = tricuspid regurgitation

vV = tricuspid valve
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approach using undersized rings has been shown to effec-
tively provide durable clinical results.”” The data from
studies on the mitral valve have demonstrated that valvular
undersizing not only changes annular geometry but also al-
ters physiologic leaflet kinematics.® Likewise, implantation
of any tricuspid ring invariably changes the geometry,
contraction, and strain pattern of the normal tricuspid
annulus.” We have recently demonstrated that aggressive
annular reduction decreases right ventricular (RV) function
and attenuates the magnitude of RV strain in both healthy
sheep” and animals with FTR,” yet little is known how
annular size reduction affects tricuspid leaflet kinematics
and strain. Filling this knowledge gap may aid the design
of more physiologic reparative procedures to minimize
leaflet stress and promote long-term repair durability. To
this end, we set out to investigate the effect of various de-
grees of tricuspid annular size reduction (TAR) on leaflet
geometry, motion, and strain in ovine hearts with chronic
FTR.

MATERIALS AND METHODS

All animals received humane care in compliance with the Principles of
Laboratory Animal Care formulated by the National Society for Medical
Research and the Guide for Care and Use of Laboratory Animals prepared
by the National Academy of Science and published by the National Insti-
tutes of Health. The study protocol was approved by our local Institutional
Animal Care and Use Committee.

Surgical Preparation

Pacemaker implantation. Twenty adult Dorset male sheep were
used in the study with the surgical protocol previously described in
detail.”'” In brief, animals had an external right jugular intravenous cath-
eter placed under local anesthesia with 1% lidocaine injected subcutane-
ously. Animals were then anesthetized with propofol (2-5 mg/kg
intravenously [IV]), intubated, and mechanically ventilated. General anes-
thesia was maintained with inhalational isoflurane (1%-2.5%). Fentanyl
(5-20 wg/kg/min) was infused as additional maintenance anesthesia. A
4F vascular access sheath was introduced through the left carotid artery
for arterial blood pressure measurements. Through a left lateral minithor-
acotomy (fifth/sixth intercostal space), a monopolar pacing lead was su-
tured onto the lateral LV wall. The lead was exteriorized to a pacemaker
(Medtronic Consulta CRT-P, Minneapolis, Minn) placed in the subcutane-
ous pocket near the spine.

Pacing protocol. After a 5- to 7-day recovery, animals were paced at
200-240 beats/min for 16 £ 4 days to achieve left ventricular ejection frac-
tion less than 30% and at least moderate FTR. Both were monitored with
transthoracic echocardiography every 3 days throughout the pacing proto-
col. When the desired end point was achieved, the animals were taken back
to the operating room for the terminal study.

Terminal study. After sedation (ketamine 2-3 mg/kg IV and fentanyl
100 pg IV) and additional local anesthesia (1% lidocaine subcutaneously),
a tracheotomy was performed and the animal was intubated and mechani-
cally ventilated. General anesthesia was maintained using isoflurane (1%-
2.5%) and fentanyl (5-20 ug/kg/min) with muscle paralysis achieved using
vecuronium (0.1 mg/kg IV).

Animals were fully heparinized, and the right carotid artery and right

internal jugular vein were exposed in preparation for cardiopulmonary
bypass (CPB). The operative procedure was performed through a sternot-
omy, and the heart was exposed in a pericardial cradle. Caval snares
were placed, and the superior and inferior vena cava cannulated with a
multistage venous cannula via the right jugular vein. While on CPB and
with the heart beating, both cava were snared and the right atrium was
opened. Six (2-mm) sonomicrometry crystals (Sonometrics Corp, London,
Ontario, Canada) were implanted around the tricuspid annulus, and 12
(1 mm) were sutured on the anterior (4), posterior (4), and septal (4) leaflets
in a diamond shape as presented in Figure 1. Sonomicrometry crystal wires
were exteriorized through the right atriotomy. Additionally, 13 crystals
were implanted on the RV epicardium along the 3 equatorials of RV free
wall with additional crystal at the RV apex. Two layers of 2-0 polypropylene
sutures were placed around the tricuspid annulus anchored at the anterosep-
tal commissure and mid-septal annulus. The sutures, representing a
modified DeVega-like annuloplasty, were externalized through the antero-
posterior (A-P) annulus to a tourniquet allowing for subsequent stepwise
suture cinching (Figure 1). The animal was weaned from CPB with
epinephrine and milrinone. Pressure transducers (PA4.5-X6; Konigsberg
Instruments, Inc, Pasadena, Calif) were placed in the right and left ventri-
cles through the right and left apexes, respectively, and in the right atrium.
An electrocardiogram electrode connected to the sonomicrometry system
was sutured to the RV free wall. Animals were allowed to stabilize for
30 minutes to achieve steady-state hemodynamics after weaning from
CPB. Every animal received lidocaine I'V drip (0.03 mg/kg/min) to prevent
ventricular ectopy. All animals were studied under open-chest experi-
mental conditions.
Data acquisition. Progressive tricuspid annular area reduction
(TAR) simulating reductive annuloplasty was achieved by 5 consecutive
(8-10 mm) pulls of the annular suture against the hemostat. Simultaneous
hemodynamic, echocardiographic, and sonomicrometry data were ac-
quired before suture cinching (FTR) and with each consecutive tricuspid
annular reduction (TAR1-5).

All sonomicrometry data were acquired using a Sonometrics Digital
Ultrasonic Measurement System DS3 (Sonometrics Corp) as previously
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FIGURE 1. Schematic representation of the experimental setup showing the location of the sonomicrometry crystals implanted on the tricuspid annulus
and valve leaflets (fop) and tricuspid annular reduction used with its effect on the annular shape (bottom). Two layers of DeVega-like 2-0 polypropylene

suture were placed around the tricuspid annulus and cinched gradually at every TAR step of 8-10 mm. The annular models were obtained from least-
squares cubic spline fit to the position of annular crystals at each step. AL, Anterior leaflet; FTR, functional tricuspid regurgitation; PL, posterior leaflet;

SL, septal leaflet; TAR, tricuspid annular reduction.

described.'' Data from 3 consecutive heart cycles acquired at 128 Hz
during sinus rhythm and steady-state hemodynamic conditions were
merged to yield 3-dimensional coordinates of each sonomicrometry
crystal for baseline condition (FTR) and each step of tricuspid annular
reduction (TAR1-5). The time-resolved 3-dimensional crystal coordi-
nates obtained from the SonoSoft software (Sonometrics Corp.) were
analyzed in MATLAB (MathWorks, Natick, Mass) using custom-
written code.

All values were calculated at end-systole (ES) and end-diastole (ED).
ED was defined as the time of the beginning of positive deflection in elec-
trocardiogram voltage (R wave), and ES was determined as the time of
maximum negative dp/dt of left ventricular pressure.

Epicardial echocardiography to evaluate biventricular function,
valvular insufficiency, and tricuspid transvalvular gradient was performed
during the terminal surgery. All images were acquired with Vivid S6 (GE
Healthcare, Chicago, Ill) using a 1.5- to 3.6-Mhz probe. The degree of
valvular insufficiency was assessed using American Society of Echocardi-
ography criteria. The grading included comprehensive evaluation of color
flow and continuous-wave Doppler. Tricuspid and mitral regurgitation
(MR) were graded accordingly and categorized by an experienced cardiol-
ogist as none or trace (0), mild (4-1), moderate (4-2), or severe (+3).

At the conclusion of the experiment, the animals were euthanized by
administering sodium pentothal (100 mg/kg IV) and potassium chloride

bolus (80 mEq IV). The heart was excised, and the proper placement of
crystals was confirmed.

Data Analysis

Tricuspid valve geometry and dynamics. Tricuspid annular
area and perimeter were calculated on the basis of the spline fit of annular
crystals as previously described.'>'? Septolateral (S-L) annular dimension
was calculated as the distance between crystals 2 and 6; A-P annular
dimension was calculated as the distance between crystals 1 and 4
(Figure 1). Annular contraction was calculated as the percent difference be-
tween maximal and minimal annular area  ([Apax—Aminl/
Amin X 100%).71? Regional annular contraction was defined as the per-
centage difference between maximal and minimal regional perimeter.’
RV volume was calculated using convex hull method based on annular
and ventricular crystal coordinates.® Tenting volume was calculated using
convex hull method as the volume enclosed by all annular and leaflet crys-
tals. Tenting height was measured for each leaflet as the perpendicular dis-
tance between the tip of leaflet and the tricuspid annular plane. Tricuspid
valve (TV) tenting height was measured as the perpendicular distance
from annular plane to the centroid of all 3 leaflet tip crystals.

Leaflet kinematics. Tricuspid leaflet lengths were computed on the
basis of radial spline fit of the mid-regional annular crystal, mid-belly
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TABLE 1. Hemodynamics after tricuspid annular size reduction

(n = 10) FTR FTR + TAR1 FTR + TAR2 FTR + TAR3 FTR + TAR4 FTR + TARS P
HR (bpm) 130 £ 15 129 £+ 19 130 £ 20 128 £ 21 127 £ 22 120 £ 33 .350
LVP,,,x (mm Hg) 101 £ 15 96 + 21 94 £ 22 85 £22 80 + 23 75 £ 23% .001
LVPgg (mm Hg) 68 + 12 64 + 17 63 £ 15 57+ 15 54 + 11* 49 + 12* <.001
LVPgp (mm Hg) 13+£3 13+£3 13+£3 12+£3 12+ 4 12+4 204
RVP,,.x (mm Hg) 51+13 49 + 12 48 £13 46 £ 13 43 £ 11 41+ 12 .006
RVPgs (mm Hg) 42 £ 13 40 £ 11 39+ 10 37 £ 10 35+ 11 32 £ 10* .007
RVPgp (mm Hg) 14 £8 14 +7 14+7 15+8 15+9 15+8 279
RAP (mm Hg) 6+3 6+3 7+3 8§+3 9+3 10 & 3% .006
RV EDV (mL) 160 £ 24 156 + 24 155 £ 26 146 + 22* 142 £+ 27* 137 £ 31* <.001
RV FVC (%) 19£5 17 £7 15 £38 13 £ 7* 11 £ 7% 8 £ 5% <.001
Mean TV gradient (mm Hg) 0.7+£03 09+03 12+04 23+1.1 29 £ 1.8* 3.6 £ 1.4* .002

Data shown as mean =+ standard deviation. P value from repeated-measures ANOVA. FTR, Functional tricuspid regurgitation; TAR, tricuspid annular reduction; HR, heart rate;
LVP, left ventricular pressure; ES, end systole; ED, end-diastole; RVP, right ventricular pressure; RAP, right atrial pressure; RV, right ventricle; EDV, end-diastolic volume; FVC,

fractional volume change; TV, tricuspid valve. *P < .05 versus FTR with paired 7 test.

crystal, and free edge crystal. Anterior, posterior, and septal leaflet (SL) an-
gles were calculated as an angle between the annular plane and a vector
leading from the corresponding mid-annular crystal to the free edge crystal.
Leaflet excursion angle was calculated as a difference between maximal
opening and minimal closing angles. Angle velocities were calculated dur-
ing diastole and systole to assess valve opening and closing conditions."*
Leaflet strains. Cardiac strains. Leaflet strains in the beating
heart were calculated on the basis of leaflet crystal coordinates using the
approach previously described.'” In brief, 8 triangles were used to discre-
tize every leaflet based on annular and leaflet crystals. Each triangular
element was interpolated via linear shape functions to characterize surface
deformation. Leaflet “belly” and “free edge” regions (triangles) were
defined by 1-mm leaflet crystals (Figure 1). Green-Lagrange area strains
were calculated for each leaflet. Areal strains combine changes in

circumferential and longitudinal directions and thus represent the direc-
tionally independent total deformation. Average cardiac cycle strains, a
measure of leaflet regional deformation, were calculated for each leaflet
belly and free edge with ED as the reference state.

Interventional strains. Interventional strains, assessing the direct ef-
fect of annular size reduction on each of 3 tricuspid leaflets, were calculated
at ES for all interventions (TARI1-5) with the same time point at FTR
serving as the reference. Negative or “compressive” strains imply that tis-
sue is compressed, whereas positive strains imply that tissue is stretched.

Statistical Analysis

Data are presented as mean £ 1 standard deviation or median with
25th and 75th percentiles when normality assumptions (Shapiro—Wilk
test) were not met. The measured variables were compared with

TABLE 2. Tricuspid valve geometry and dynamics after tricuspid annular size reduction

(n = 10) FTR FTR + TAR1 FTR + TAR2 FTR + TAR3 FTR + TAR4 FTR + TARS P

Annular reduction (%) 0 16 + 7* 37 £ 11% 55 £ 11# 66 + 10* 76 + 8* <.001
TR grade 2.5(2.0-3.0) 2.0(0.375-2.75) 2.0 (0.375-2.0) 1.25 (0.25-2.0)f 0.5 (0-1.5)f 0 (0:1.38)+ <.001
Area (mm?)

Maximal 869 + 143 738 £+ 1557 557 £ 1591 398 £+ 1557 303 £+ 1091 207 £+ 79¢ <.001

Minimal 811 + 131 695 + 143} 533 £+ 1537 381 + 1347 288 £+ 10771 199 + 787 <.001
Annular contraction (%)

Global 6.9 (4.7-8.0) 5.2 (3.8-6.9) 3.4 (3.1-6.0) 3.5 (1.8-5.8)f 4.1 (1.8-7.3) 3.3 (1.8-5.7) .021

Anterior 7+1 532 5+1 6+2 5+2 S5+2 .055

Posterior 4+1 341 441 442 4+1 442 477

Septal 6+2 6+2 6+3 6+2 6+2 5+3 .684
Perimeter (mm)

Maximal 107 £8 99 + 9% 87 £ 11 75 £ 10 66 + 9t 57 + 7t <.001

Minimal 104 + 8 97 £+ 9t 85+ 111 73 £+ 107 65 + 9t 56 + 8t <.001
S-L diametergp (mm) 31.0 + 3.6 28.3 + 3.7 254 + 447 21.8 + 4.0% 19.6 £+ 3.3+ 16.8 £ 3.5t <.001
A-P diametergp (mm) 304 + 3.7 27.3 + 3.87 22.5 + 3.71 18.9 + 3.97 16.3 + 3.6 13.6 + 3.37 <.001
TV tenting volumegs (mL) 3.2 (2.8-4.0) 3.0 (2.3-3.9) 2.4 (1.9-3.4)f 2.1 (1.5-2.6)f 1.9 (1.2-2.1)} 1.3 (1.0-1.8)t <.001
TV tenting heightgs (mm) 98 +1.3 10.1 + 1.4 104 + 1.6 108 £ 1.9 11.0 £ 2.2 11.1 £ 2.6 .050

Data shown as mean =+ standard deviation or median with 25th and 75th percentile when normality assumptions (Shapiro—Wilk test) were not met. P values from repeated-
measures ANOVA/Friedman ANOVA. FTR, Functional tricuspid regurgitation; TAR, tricuspid annular reduction; S-L, septolateral; ED, end-diastole; A-P, anteroposterior;
TV, tricuspid valve; ES, end systole. *P < .05 with Bonferroni test versus the preceding TAR level. P <.05 versus FTR with paired  test or Wilcoxon test.
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within-subject repeated-measures analysis of variance (ANOVA) or
Friedman repeated-measures ANOVA. The latter was used if any time-
point data were deemed non-normally distributed. Greenhouse-Geisser
correction was applied to sphericity assumption. Whenever ANOVA
yielded significance (P < .05), then each intervention (TAR1-5) was
compared with FTR with the paired ¢ test. After significant Friedman’s
ANOVA, Wilcoxon matched-pairs signed rank test was used for multiple
comparisons versus FTR. Bonferroni correction was used to adjust the P
value to account for multiple comparisons. Size of annular reduction in
TARI1-5 was assessed with repeated-measures ANOVA followed by Bon-
ferroni multiple comparison test to evaluate each TAR level with the pre-
ceding state. GraphPad Prism 8.4.3 (GraphPad Software, San Diego,
Calif) was used for all statistical analysis.

RESULTS

Ten sheep (62 + 6 kg) completed the pacing protocol and
terminal procedure with successful acquisition of sonomicr-
ometry, hemodynamic, and echocardiographic data. Two
animals died during the pacing period. Eight sheep were
excluded for the following reasons: pacemaker failure (1),
sonomicrometry crystals failure (2), and inability to wean
from the CPB (5).

Hemodynamics

Hemodynamic characteristics are shown in Table 1.
There was no difference in heart rate but RV fractional
volume change progressively declined with TAR3-5.

Progressive TAR resulted in increased mean pressure
gradient across the TV, although well below a clinical level
for the diagnosis of significant tricuspid stenosis. TAR4 and
5 were associated with decreased LV pressure, and TARS
increased right atrial pressure and caused a decrease in
RV systolic pressure compared with FTR.

Tricuspid Regurgitation, Annular Geometry, and
Annular Dynamics

After pacing, TR (0-3+) increased from 0 to 2.5 (2.0-3.0)
(P =.002). Each step of TAR gradually decreased TR grade
to 2.0 (0.375-2.75), 2.0 (0.375-2.0), 1.25 (0.25-2.0), 0.5 (0-
1.5), and 0 (0-1.38) for TAR1-5, respectively. Only TAR3-5
significantly reduced tricuspid insufficiency relative to FTR
(Table 2).

Tricuspid annular geometry and dynamics with FTR and
each step of TAR are presented in Table 2. The stepwise
annular cinching resulted in gradual, significant at every
step, decrease in tricuspid annular size with TAR1-5 result-
ing in 16%, 37%, 55%, 66%, and 75% annular area reduc-
tion, respectively. A significant decrease in annular
perimeter was also observed. We observed significant
reduction in annular size in both S-L and A-P directions,
but regional annular perimeter contraction remained unal-
tered. TAR2-5 was associated with a significant decrease

TABLE 3. Leaflet geometry and dynamics during tricuspid annular reduction

(n = 10) FTR FTR + TAR1  FTR + TAR2 FTR + TAR3 FTR+TAR4 FTR+TARS P
AL
Leaflet lengthgs (mm) 225428 212 +£2.8 20.4 £ 3.5% 19.1 £3.7* 18.1 £ 4.1* 17.7 + 4.4* .001
Tenting height (mm) 7.4 (6.4-9.2) 7.1 (5.7-9.7) 8.1(7.3-10.3)* 10.0 (7.7-11.6)*  10.1 (8.2-13.0)* 9.8 (7.6-12.8)* <.001
Opening angle,x (°) 64 £ 10 63 £ 10 63 £ 11 65 £ 13 62 £+ 11 60 £ 17 .617
Closing angle,;, (°) 25 (17-28) 24 (21-29) 29 (26-33)* 36 (30-41)* 43 (39-48)* 45 (31-58)* <.001
Excursion angle (°) 38 £13 35+ 11 30+ 11% 25 £ 12* 17 £ 10* 13 £ 8* <.001
Opening velocity (°/ms) 0.68 + 0.20 0.67 + 0.19 0.65 + 0.14 0.49 + 0.23* 0.37 + 0.20* 0.28 £ 0.18* <.001
Closing velocity (°/ms) 0.69 + 0.32 0.67 + 0.24 0.57 £ 0.22 0.50 &+ 0.22 0.30 + 0.13* 0.28 £0.17* <.001
PL
Leaflet lengthgs (mm) 15.9 (14.0-17.3) 15.8 (14.0-17.4) 15.1 (13.4-17.0) 14.5(13.4-17.0) 15.4 (13.5-17.3)  15.1 (12.6-16.8) .259
Tenting height (mm) 85+£28 94 +24 10.0 £2.0 11.1 £ 1.9% 11.6 £+ 2.0* 11.3 £2.2% <.001
Opening angle,x (°) 73 £8 74 £ 8 74 £7 77 £7 77 £ 8 74 £9 443
Closing angle ;s (°) 39 £ 15 43 £ 11* 49 + 8* 56 £ 7* 60 £ 6* 61 £+ 7* <.001
Excursion angle (°) 34+ 15 31 +£13 25 + 9* 21 &+ 8* 16 + 8+ 13 £ 7+ <.001
Opening velocity (°/ms) 0.72 + 0.24 0.68 £ 0.30 0.54 + 0.27 0.48 +0.31 0.36 + 0.17* 027 £0.11* <.001
Closing velocity (°/ms)  0.59 (0.46-0.77) 0.50 (0.42-0.85) 0.42 (0.34-0.73) 0.38 (0.28-0.61)* 0.37 (0.25-0.50)* 0.25 (0.19-0.50)*  .002
SL
Leaflet lengthgg (mm) 14.6 + 3.8 14.1 £ 4.0 13.6 + 3.9 133 +3.9 137 £3.7 129 +33 114
Tenting height (mm) 70+24 72+2.6 7.5£2.6 7.8+24 8.1+22 83+24 .053
Opening angle,x (°) 55+13 59 £ 12* 61 £ 14* 65 £ 16* 64 £ 16* 62 £ 13* <.001
Closing angle,,;, (°) 25+9 26+ 8 32 £+ 9% 36 + 11+ 39 + 10* 42 £ 9% <.001
Excursion angle (°) 30+ 10 32+ 11 30 £ 12 28 + 14 24 +13 20 + 12+ <.001
Opening velocity (°/ms) 0.53 +£0.22 0.57 +£ 0.26 0.53 £ 0.28 0.50 &+ 0.19 0.47 £ 0.35 0.43 £+ 0.30 .370
Closing velocity (°/ms)  0.49 (0.41-0.62) 0.60 (0.42-0.77) 0.53 (0.38-0.75) 0.55 (0.32-0.84)  0.44 (0.23-0.77)  0.35 (0.17-0.57) .052

Data shown as mean =+ standard deviation or median with interquartile range (25th-75th percentiles). P values from repeated-measures ANOVA/Friedman ANOVA. FTR, Func-
tional tricuspid regurgitation; TAR, tricuspid annular reduction; AL, anterior leaflet; ES, end systole; PL, posterior leaflet; SL, septal leaflet. *P <.05 versus FTR with paired ¢ test
or Wilcoxon test. Leaflet length was calculated as the sum of end-systolic distances between the midline leaflet crystals and mid annular crystal (Figure 2).
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in tenting volume compared with FTR, whereas TV tenting
height did not change.

Leaflet Geometry and Dynamics

The successive steps of tricuspid annular reduction re-
sulted in progressive decrease of anterior leaflet (AL)
radial length (TAR2-5) with no effect on posterior or SL
length (Table 3). Tenting height increased with TAR2-5
for AL and TAR3-5 for PL, but there was no change in
tenting height of SL during the entire protocol. Opening

End-Diastole
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@ Sono-Crystals

Anterior

End-Diastole

End-Systole
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End-Diastole End-Systole

Septal

— FTR =—— TAR1 — TAR2

Cc

angle of the anterior and posterior leaflets (PLs) remained
unaltered by all steps of TAR, but SL opening angle
increased starting early with TARI1. TAR3-5 increased
closing angle of all 3 leaflets (Figure 2). The excursion
angle, representing the range of leaflet motion, was dimin-
ished after TAR2-5 in AL and PL and only after TARS in
SL (Figure El). The dynamics of leaflet motion repre-
sented by opening and closing angular velocities were
decreased after aggressive TAR for AL and PL. SL veloc-
ities remained unaffected at any TAR level (Table 3). AL,

.

Annular Plane

Annular Plane

\

°x

Annular Plane

TAR3 = TAR4 — TARS !

FIGURE 2. Kinematics of the radial cross-section centerline for anterior (A), posterior (B), and septal (C) leaflets with FTR and after TAR1-5 at ED (left)
and ES (right). Opening angle of the anterior and PLs remained unaltered by all steps of TAR, but SL opening angle increased. TAR3-5 increased closing

angle of all 3 leaflets. Each radial centerline across the leaflet was computed as the least-squares cubic spline created by connecting appropriate mid annular,
mid belly, and the free edge leaflet crystal as well as a fourth crystal position, which we created by calculating the mean position of the 2 lateral crystals. FTR,

Functional tricuspid regurgitation; TAR, tricuspid annular reduction.
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PL, and SL movement with each step of TAR during car-
diac cycle are shown in Videos 1 to 3.

Leaflet Strains

The effects of annular size reduction on cardiac and inter-
ventional leaflet strains for both leaflet belly and free edge
are presented in Figures 3 and 4, respectively.
Cardiac strains. The most perturbed regional strain by
annular size reduction was the belly of the AL where the
magnitude of strain decreased gradually from
49% =+ 34% (FTR) to 6% =+ 14% with TARS
(P = .009). The free edge strain in the AL remained unaf-
fected. There was no change in strain magnitude in both

regions of the PL. TAR3-5 decreased areal strain in the belly
of the SL, but only TARS affected its free edge (Figure 3).
Interventional strains. TAR3-5 induced compressive
strains in both leaflet regions in anterior and PL and the
belly region of the SL. There was no direct effect of any
TAR on the septal free edge interventional strain (Figure 4).

DISCUSSION

The current study using a chronic ovine model of FTR re-
vealed that TAR of at least 55% was effective in diminish-
ing TR, but this degree of annular size reduction induced
nonphysiologic leaflet dynamics. More aggressive annular
cinching was accompanied by reduced leaflet range of
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FIGURE 3. Tricuspid leaflet mean systolic areal cardiac strains for each leaflet belly and free edge with FTR and during TAR1-5. Anterior (fop), posterior
(middle), and septal (bottom) leaflet. Strains are presented at ES for FTR and each intervention (TAR1-5) with the reference configuration at ED. TAR3-5
resulted in the decrease of leaflet belly areal strain in anterior and SL with no effect on the PL. The upper and lower borders of the box represent the upper and
lower quartile. The middle horizontal line represents the median. The upper and lower whiskers represent the maximum and minimum values. P values from
repeated-measures ANOVA/Friedman ANOVA. *P < .05 versus FTR with paired ¢ test or Wilcoxon test. FTR, Functional tricuspid regurgitation; 7AR,

tricuspid annular reduction.
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FIGURE 4. Tricuspid leaflet average areal interventional strains with FTR and during TAR1-5 for anterior (fop), posterior (middle), and septal (bottom)
leaflet. Strains are presented at ES for each intervention (TAR1-5) with the reference configuration at FTR. The positive values indicate leaflet stretch,
whereas the negative values indicate leaflet compression. TAR3-5 induced compressive strains in both leaflet regions in anterior and PL and the belly region
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tricuspid annular reduction.

motion, altered closure kinematics, and compressive strain
patterns in the leaflet belly (Figure 5). To our best knowl-
edge, this is the first report describing tricuspid leaflet
strains and kinematic after surgical repair of FTR.

The concept of annular undersizing during surgical an-
nuloplasty was introduced for the repair of functional
MR by Bolling and colleagues'® as an “annular solution
to a ventricular problem.” Similar to functional MR, FTR
results from pathological changes at both the ventricular
and the valvular level. RV dilation and dysfunction leading
to tricuspid annular enlargement and leaflet tethering
represent the key components of the vicious cycle in the

8

development and perpetuation of FTR.'” Correspondingly,
the concept of undersized annuloplasty has also been adop-
ted for the TV. Despite promising clinical results using this
approach,”'® there are limited data describing tricuspid
leaflet dynamics and geometry after surgical repair. One
of the few studies that analyzed leaflet geometry before
and after annuloplasty was by Min and colleagues.'’ Com-
parable to our results, these investigators found that tenting
of all 3 leaflets became aggravated after TV repair regard-
less of the annuloplasty technique used. These observa-
tions were associated with increased tenting (closing)
angles of all leaflets. Although the authors did not report
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Tricuspid Leaflet Kinematics after Annualr Size Reduction in Ovine Functional Tricuspid Regurgitation
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Moderate tricuspid annular size reduction (55%), while effective at diminishing FTR, least perturbs leaflet
geometry whereas more aggressive annular undersizing severely affects leaflet kinematics.
These data may guide a more physiological approach to surgical repair of functional

FIGURE 5. Tricuspid leaflet strain and dynamics changes after 5 levels of TAR in ovine model of FTR. The parameters were calculated on the basis of
3-dimensional coordinates of 6 implanted onto the annulus and 12 on 3 tricuspid leaflets sonomicrometry crystals. Moderate annular size reduction (55%),
although effective at diminishing FTR, least perturbs leaflet geometry, whereas more aggressive annular undersizing severely affects leaflet kinematics.
FTR, Functional tricuspid regurgitation; LV, left ventricular; EF, ejection fraction; CPB, cardiopulmonary bypass; EIVC, end of isovolumic contraction;
ES, end-systole; EIVR, end of isovolumic relaxation; ED, end-diastole; TAR, tricuspid annular reduction.

the size of implanted rings, the described 38% decrease of
S-L diameter would correspond to TAR4 annular reduction
of the current study. Experimental studies on the mitral
valve have shown that leaflet mechanics and geometry
are highly unphysiologic after both true size’” and under-
sized’ prosthetic annuloplasty and may lead to pathologic
changes in leaflet structure.® On the other hand, Tibayan
and colleagues”’ demonstrated that suture annuloplasty
did not perturb mitral leaflet excursion angles in acute

Annular Plane

Anterior Leaflet

mmmmm FTR === TAR1 TAR2 msmm= TAR3 s TAR4 == TARS

VIDEO 1. Tricuspid AL movement with various levels of annular cinch-
ing. Video available at: https://www.jtcvs.org/article/S0022-5223(21)
00203-8/fulltext.

ovine ischemic MR, but the annulus was not reduced sub-
stantially in that study. The S-L annular dimension was
decreased by only 4%, whereas in our study TARI
decreased S-L annular dimension by 9% =+ 4%, TAR3
by 30% = 8%, and TARS by 46% =+ 9%. In experimental
animals, Bothe and colleagues”™ reported reduction of
mitral valve opening regardless of annuloplasty ring type
and observed increased closing and opening angle veloc-
ities with saddle-shaped rigid rings. However, these inves-
tigators studied healthy animals and used true-sized rings.

Annular Plane

Posterior Leaflet

mmmmm FTR === TAR1

TAR2 msmm= TAR3 s TAR4 == TARS

VIDEO 2. Tricuspid PL movement with various levels of annular cinch-
ing. Video available at: https://www.jtcvs.org/article/S0022-5223(21)
00203-8/fulltext.
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VIDEO 3. Tricuspid SL movement with various levels of annular cinch-
ing. Video available at: https://www.jtcvs.org/article/S0022-5223(21)
00203-8/fulltext.

The differential dynamics of the 3 tricuspid leaflets in
response to annular undersizing may be related to their
heterogenous mechanobiological properties. We have
recently shown that collagen orientation and valve cell nu-
clear morphology vary between leaflets with the SL being
most stiff,”” potentially contributing to its maintained phys-
iology with all but the most aggressive undersizing. More-
over, dissimilar changes in leaflet dynamics could be related
to different leaflet size and distinct anatomic origin of each
of 3 tricuspid leaflets.”

The shorter length of the AL measured in the current
study after aggressive undersizing suggests folding of the
leaflet, and leaflet length was previously found to be an in-
dependent predictor of residual TR after annuloplasty.”” In
this context, the “decrease” of available coaptation surface
of the AL and the increased tenting height suggest persistent
tethering. Furthermore, the inward displacement of the
annulus (Figure 1) with concomitant changes in closing an-
gles seen in the AL and PL with undersizing are clearly
indicative of subvalvular changes and tethering. Leaflet
tethering associated with restrictive mitral annuloplasty
has been shown to induce biological changes in leaflets,
including increase of collagen synthesis and elevation of
transforming growth factor-8.° These in turn promote
fibrosis, thickening, and calcification and may contribute
to suboptimal long-term clinical results.”” To prevent
chronic, postrepair tethering, subvalvular interventions”®
or AL augmentation”’ may be warranted to achieve failure
free results.

Although tricuspid leaflet strains have been studied in
both computational models”® and in vivo, ' there is a dearth
of knowledge on how they are influenced by reductive annu-
loplasty. Altered mitral valve geometry after annuloplasty
has been shown to perturb normal leaflet strains”’; there-
fore, it is not surprising that perturbations in tricuspid leaflet
strains were observed in our study with annular undersizing.
Significant alterations in strain were observed only in the
leaflet belly of AL and SL with the free edge regions mostly

spared. These regional differences may be related to spatial
variability of tricuspid leaflet mechanical properties. Lau-
rence and colleagues’ reported that the central portion of
the leaflets exhibit greater material anisotropy than free
edge regions. Moreover, extensibility and peak stretch
values were found to be lower in the leaflet edge. Differen-
tial biomechanical behavior has also been described among
the 3 TV leaflets with the greatest extensibility and anisot-
ropy observed in the PL.”' These observations may partially
explain our findings of no alterations in PL cardiac strain
with progressive annular reduction. We can speculate that
the progressive decrease in strain magnitude observed
with TAR3-5 potentially changes leaflet mechanobiological
homeostasis and may result in subsequent tissue remodel-
ing, but this hypothesis requires further studies for
substantiation.

Mitral annuloplasty has been shown to decrease leaflet
stresses as a function of ring size,”” yet it is unknown
whether this holds true for the TV. Because of the known
linear strain-stress relation described in the mitral valve,>®
we can extrapolate that the observed decrease in leaflet
strain in our study may be related to TAR-induced reduction
of leaflet stress. However, the equilibrium between leaflet
stress optimization and possible adverse effects from
aggressive undersizing needs better characterization.
Following the principles for mitral repair, the goal of the
surgical repair of FTR should not be limited to achieve a
competent valve but also to minimize the tissue stress. How-
ever, the extrapolation of mitral valve data to the right side
should be done with caution because there is clear evidence
that the leaflets of these 2 atrioventricular valves differ
substantially in both microstructural and biomechanical
properties.””***> Furthermore, 3-leaflet anatomy and 3
papillary muscles with direct septal insertion make the
TV mechanistically different and more complex than its
left side counterpart.

Study Limitations

Several study limitations should be considered in the
interpretation of the results of the current study. This was
an animal study, and clinical extrapolation of the results
must be done with extreme caution. Sheep is a large animal
model considered to best reflect human cardiac physi-
ology.”® The anatomy of the cardiac valves closely resem-
bles the human, making the ovine model a reliable one to
study valvular pathologies.”” Sheep cardiovascular physi-
ology is comparable to human with similar heart rate and
arterial pressure values. The size of the heart and chest cav-
ity and vascular anatomy also resemble those of the human
and are large enough to allow performance of clinically
pertinent surgical procedures. Our experiment was per-
formed in open-chest, open pericardium sheep under anes-
thesia, and we have previously shown that the anesthesia
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may affect tricuspid annular dynamics but does not alter
geometry.38

Sonomicrometry crystals by themselves may have
affected leaflet kinematics because of their weight and
bending stiffness of their wires, but to minimize this effect
we used small 1-mm leaflet crystals connected to soft wires.
Suture annuloplasty is rarely used clinically and whether
the similar effect on leaflet mechanics holds true for remod-
eling rings requires further studies.

CONCLUSIONS

In a chronic ovine model of tachycardia-induced cardio-
myopathy with FTR, we found that annular area size reduc-
tion of 55% was sufficient to treat FTR but perturbed
anterior and PL dynamics while maintaining normal SL
motion. More extreme annular reduction triggered pro-
found changes in anterior and PL dynamics, suggesting
that very aggressive annular undersizing impairs leaflet ki-
nematics. These data may guide a more physiologic
approach to surgical repair of FTR.
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FIGURE E1. Tricuspid leaflet angles during cardiac cycle in FTR and with various degrees of annular size reduction (TAR1-5). A, AL. B, PL. C,
SL. *P < .05 repeated-measures ANOVA/Friedman ANOVA followed by paired ¢ test or Wilcoxon signed-rank test versus FTR at ES. EIVC, End of
isovolumic contraction; ES, end-systole; EIVR, end of isovolumic relaxation; ED, end-diastole; FTR, functional tricuspid regurgitation; TAR, tricuspid

annular reduction.
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FIGURE El. (continued).
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