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ABSTRACT

Background: Surgical repair of functional tricuspid regurgitation is centered on
annular reduction with artificial rings; however, the precise effect of prosthesis
implantation on annular geometry, dynamics, and strain is unknown.

Methods: Forty healthy sheep had sonomicrometry crystals implanted around the
tricuspid annulus and onto right ventricle free wall. Ten animals underwent
tricuspid annuloplasty with a flexible Duran AnCore ring (Medtronic, Minneap-
olis, Minn) (28 � 1 mm), 10 with Contour 3D rigid ring (Medtronic)
(29 � 1 mm), 10 with hybrid Tri-Ad Adams band (Medtronic) (28 � 1 mm),
and 10 had no prosthesis (control group). Pressure sensors were inserted in the
left ventricle, right ventricle, and right atrium. Data were acquired with open chest
after weaning off cardiopulmonary bypass and hemodynamic stabilization.
Annular area, global and regional contraction, height, and strain were calculated
based on cubic spline fits to crystal locations.

Results: Tricuspid annular area contraction during the cardiac cycle was
11% � 3% in the control group. The Contour 3D ring significantly impaired
annular contraction (2% � 1%) whereas the Duran AnCore ring and Tri-Ad
Adams band (9% � 3% and 8% � 4%, respectively) permitted dynamic area
change. Global perimeter reduction was 6% � 1% in the control group and
decreased in the Duran AnCore (3% � 1%), Contour 3D (0.4% � 0.2%), and
Tri-AdAdams (3%� 1%) groups (all P values<.001 vs control). Annular height
was 6.2 � 2.0 mm in the control group, unchanged in the Contour 3D
(4.9 � 1.1 mm) but reduced in the Duran AnCore (3.1 � 1.3 mm) and Tri-Ad
Adams (3.1 � 1.0 mm) groups (P<.001 Duran AnCore and Tri-Ad Adams vs
control). Rings perturbed systolic global annular strain (control, 5.3% � 1.8%;
Duran AnCore, 2.3% � 1.0%; Contour 3D, 0.6% � 0.2%; and Tri-Ad Adams,
–2.6% � 0.7%) with Contour 3D inducing the biggest change (P<.05 vs other
groups).

Conclusions: In healthy ovine hearts, flexible and hybrid rings better preserved
annular dynamics and strain, whereas the rigid ring maintained 3-dimensional ge-
ometry. These data may aid the design of optimal tricuspid annular prostheses and
improve durability of valve repair. (J Thorac Cardiovasc Surg 2021;161:e191-
207)
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Central Message

Tricuspid annuloplasty rings differentially

impact the tricuspid annulus with rigid prosthe-

ses perturbing annular dynamics and flexible

altering annular geometry. All rings affected

annular strains.
Perspective

Currently available tricuspid annuloplasty

rings differ vastly in their design and material

properties that may affect durability of

tricuspid valve repair. Detailed analysis of the

influence of prosthetic reduction on tricuspid

annular dynamics, geometry, and strain may

drive optimal device design to promote long-

term repair durability.
See Commentaries on pages e209 and
e211.
Meeting of The American Association for Thoracic Sur-

Canada, May 4-7, 2019.

ay 1, 2019; revisions received Sept 6, 2019; accepted for

; available ahead of print Sept 28, 2019.

asz A. Timek, MD, PhD, Division of Cardiothoracic Sur-

Vascular Institute at Spectrum Health, 100 Michigan

MI 49503 (E-mail: Tomasz.Timek@spectrumhealth.org).

American Association for Thoracic Surgery

cvs.2019.09.060

ery c Volume 161, Number 2 e191

mailto:Tomasz.Timek@spectrumhealth.org
https://doi.org/10.1016/j.jtcvs.2019.09.060
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtcvs.2019.09.060&domain=pdf


Abbreviations and Acronyms
3D ¼ 3 dimensional
AHCWR ¼ annular height to commissural ratio
ANOVA ¼ analysis of variance
A-P ¼ anteroposterior
CPB ¼ cardiopulmonary bypass
ECG ¼ echocardiogram
ED ¼ end-diastole
S-L ¼ septolateral
TR ¼ tricuspid regurgitation
TV ¼ tricuspid valve
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Video clip is available online.
More than 1.6 million Americans experience functional
tricuspid regurgitation (TR),1 which is a poor prognostic
factor in patients with any concomitant heart disease.2

Tricuspid valve (TV) annuloplasty with artificial rings
currently represents the gold standard in the surgical treat-
ment of functional TR, but despite advancements in surgical
techniques and prosthesis design, a significant number of
patients still present with recurrent TR after annuloplasty
repair.3 Several tricuspid annuloplasty prostheses are avail-
able and can be categorized based on their 3-dimensional
(3D) shape (planar or nonplanar) and material properties
(rigid, partially rigid, semi-rigid, or flexible). Decades of
laboratory and clinical research on the mitral valve have
demonstrated the importance of annuloplasty shape4,5 and
appropriate flexibility6 in achieving good long-term results.
Rigid rings are believed to provide desired annular shape re-
modeling but sacrifice annular contractile function, whereas
flexible prostheses, at least partially, may better preserve
physiologic annular dynamic parameters. Numerous studies
have reported clinical outcomes of functional TR repair
with various tricuspid prostheses,7,8 yet little is known
how the shape and material properties of an annuloplasty
device influences the tricuspid annulus. Filling this knowl-
edge gap may improve surgical results and prevent the still
high recurrence rate of the tricuspid insufficiency after
repair.3

Our goal was to assess the effect of flexible (Duran An-
Core), rigid (Contour 3D), and hybrid (ie, flexible, semi-
rigid) (Tri-Ad Adams) (Medtronic, Minneapolis, Minn)
e192 The Journal of Thoracic and Cardiovascular Sur
tricuspid annuloplasty rings on annular geometry, dynamic
parameters, and strains in healthy ovine hearts.
METHODS
Surgical Preparation

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. The study

protocol was approved by our local institutional animal care and use com-

mittee (protocol No. 2017-05)

Forty healthy adult Dorset castratedmale sheep (59� 7 kg) had external

right jugular intravenous catheter placed under local anesthesia with 1%

lidocaine injected subcutaneously. Animals were then anesthetized with

propofol (2-5 mg/kg administered intravenously), intubated, and mechan-

ically ventilated. General anesthesia was maintained with inhalational iso-

flurane (1%-2.5%). Fentanyl (5-20 mg/kg/min) was infused as additional

maintenance anesthesia. A 4-Fr vascular access sheath was introduced

through left carotid artery for arterial blood pressure measurements. Ani-

mals 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 sternotomy

and the heart was exposed in a pericardial cradle. Caval snares were placed

and the superior and inferior vena cava cannulatedwith a multistage venous

cannula via the right jugular vein.While on CPB andwith the heart beating,

both cava were snared, the right atrium opened, and 6 2-mm sonomicrom-

etry crystals (Sonometrics Corp, London, Ontario, Canada) implanted with

5–0 polypropylene suture around the tricuspid annulus. One crystal was

implanted at each commissure and an additional crystal equidistant be-

tween the commissures defining 3 annular regions (anterior, posterior,

and septal) (Figure 1, A).

Duran AnCore (n ¼ 10), Contour 3D (n ¼ 10) and TriAd Adams

(n ¼ 10) tricuspid annuloplasty prostheses were implanted in 3 different

groups of sheep around the tricuspid annulus following manufacturer’s rec-

ommendations using 2–0 Ethibond sutures (J&J Medical Devices, Irvine,

Calif) (Figure 1, B). Ten animals had no ring implanted and served as con-

trol. All annuloplasty rings were true-sized based on the intercommissural

distance from anteroseptal to posteroseptal commissures and area of the

anterior leaflet. Four additional crystals were implanted on the right ven-

tricular epicardium along the midright ventricular free wall with a fifth

crystal at the right ventricular apex. An echocardiogram (ECG) electrode

connected to the sonomicrometry system was sutured to the right ventric-

ular free wall. Pressure transducers (PA4.5-X6; Konigsberg Instruments

Inc, Pasadena, Calif) were placed in the left ventricle and right ventricle

through the apex with an additional pressure transducer placed in the right

atrium. After completion of crystal implantation, the atriotomy was closed

and the animal weaned from CPB. Animals were allowed to stabilize for

30 minutes to achieve steady state hemodynamic parameters after weaning

from CPB. Every animal received 300 mg amiodarone intravenously and

was maintained on lidocaine intravenous drip (0.03 mg/kg/min) to prevent

ventricular ectopy. All animals were studied under open-chest experi-

mental conditions, and simultaneous hemodynamic and sonomicrometry

data were acquired.

At the conclusion of the experiment, the animals were put to death by

intravenously administering sodium pentothal (100 mg/kg) and potassium

chloride intravenous bolus (80 mEq). The heart was excised and the proper

placement of crystals was confirmed.

Data Acquisition
All sonomicrometry data were acquired using a Sonometrics Digital Ul-

trasonic Measurement System DS3 (Sonometrics Corp) as previously

described.9 Data were acquired at 128 Hz with simultaneous left ventricu-

lar pressure, right ventricular pressure, central venous pressure, and ECG

recordings. Data from 3 consecutive cardiac cycles during normal sinus
gery c February 2021



FIGURE 1. A, The location of the sonomicrometry crystals implanted on the tricuspid annulus (green) and right ventricle (yellow). B, The relation of

annuloplasty rings to the implanted annular crystals. The sonomicrometry crystals were sutured to the native tricuspid and covered by prosthetic rings im-

planted. PL, Posterior leaflet; SL, septal leaflet; AL, anterior leaflet.
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rhythm were averaged for each animal. All sonomicrometry recordings

were analyzed with custom MATLAB code (MathWorks, Natick, Mass).

All values were calculated at end-systole, end-diastole (ED), and during

maximal and minimal area time. ED was defined as the time of the begin-

ning of positive deflection in ECG voltage (R wave), whereas end-systole

was determined as the time of maximum negative dp/dt of left ventricular

pressure.

Data Analysis
Tricuspid annular geometry and dynamics. Tricuspid

annular area and perimeter were calculated based on spline fit of annular

crystals as previously described.10,11 Briefly, piecewise cubic Hermitian

splines that minimize the distance to the crystals and meet a minimum

mathematical smoothness requirement were obtained. The spline is a
TABLE 1. Group characteristics,* hemodynamic parameters, and right v

Control (n ¼ 10) Duran AnCore (n ¼ 10

Animal weight (kg) 53 � 5 63 � 4z,x
Ring size – 29 (27-29)

CPB time (min) 79 � 6 107 � 11z,x
HR (min�1) 84 � 13 91 � 11

LVP max (mm Hg) 89 (81-91) 100 (94-104)y
LVP EDP (mm Hg) 9 � 3 10 � 6

RVP max (mm Hg) 24 (19-28) 22 (19-27)

RV EDP (mm Hg) 7 � 2 5 � 2

RV EDVind (mL) 77 � 13 55 � 13y
RV FVC (%) 21 � 4 26 � 5

RAP (mm Hg) 11 � 5 11 � 3

Values are presented as mean � standard deviation or median (interquartile range [25th-7

pressure; EDP, end diastolic pressure; RVP, right ventriular pressure; RV, right ventricle; E

pressure. *Duran AnCore, Contour 3D, and TriAd Adams (Medtronic, Minneapoilis, Minn

control group. xP<.05 versus TriAd Adams group from post hoc pairwise multiple comp

The Journal of Thoracic and Car
function of the arc-length parameter and time. Septolateral (S-L) annular

dimension was calculated as the distance between crystals 2 and 6;

anteroposterior (A-P) annular dimension as the distance between crystals

1 and 4. Intercommissural distances were calculated as the respective

individual distances between crystals 1, 3, and 5 (Figure 1).

Annular 3D geometry was represented by annular height defined as the

plane-normal distance between the 2 maximally displaced annular crystals

above and below the best-fit annular plane. Annular height to commissural

width ratio (AHCWR) was calculated as the ratio of maximal (diastolic)

and minimal (systolic) displacement of annular crystals from annular plane

(height) to its appropriate A-P diameter.

Annular area contraction was characterized as the percentage difference

between maximal and minimal annular area during the cardiac cycle

([Amax – Amin]/Amin 3 100%). Regional annular contraction was defined
entricular function

)

Contour 3D

(n ¼ 10) TriAd Adams (n ¼ 10) P valuey
66 � 5z,x 56 � 4 <.001

30 (28-30)x 28 (26-28.5) .017

118 � 20z,x 87 � 11 <.001

89 � 10 81 � 7 .199

100 (95-110)y 95 (82-98) .005

11 � 3 13 � 5 .348

21 (19-24) 24 (21-28) .639

5 � 3 4 � 2 .054

71 � 9 58 � 15y .003

27 � 5 26 � 4 .081

12 � 4 7 � 4 .059

5th percentile]). CPB, Cardioplumonary bypass; HR, heart rate; LVP, left ventricular

DVind, indexed end diastolic volume; FVC, fractonal volume change; RAP, right atrial

). yP values from analysis of variance or analysis of variance on ranks. zP<.05 versus

arisons. All multiple comparisons results are shown in Table E1.

diovascular Surgery c Volume 161, Number 2 e193
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FIGURE 2. Tricuspid annula. A, Area. B, Perimeter. C, Height change

throughout the cardiac cycle end-diastole to end-diastole (ED-ED) in all

study groups. The parameters were calculated based on spline fit of annular

crystals. Annular height was calculated as the distance between the 2 maxi-

mally displaced annular crystals above and below the annular plane. Data are

presented as mean (solid line)� standard error (shaded area) for the control

group and after the implantation of each studied ring. EIVC, End of isovolu-

mic contraction; ES, end-systole; EIVR, end of isovolumic relaxation.
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as the percentage difference between maximal and minimal regional

perimeter. Right ventricle volumewas calculated using convex hull method

based on crystals coordinates.

Annular strains. Tricuspid annular strains were calculated as previ-

ously described.11,12 The strain, calculated as a relative measure of

displacement and thus annular deformation, was calculated relative to a

reference configuration. For the within the group global strain analysis,

maximal valve area time was chosen as the reference configuration

assuming it is a state of minimal annular stress. In the regional analysis,

ED was chosen as the reference configuration to uniform the representation

of strain change during the cardiac cycle. Between group analysis included

averaged control group ED, end of isovolumic contraction, end-systole,

end of isovolumic relaxation, and maximal and minimal valve area times

as the reference for respective time points in the ring groups. Therefore,

cardiac strain (within group) reflects the deformation of the annulus

throughout the cardiac cycle in each group and ring strain (between groups)

reflects the deformation of the annulus induced by ring implantation. Spe-

cifically, Green-Lagrange strain was calculated along the entire annulus for

each animal and later displayed on a spline representation of the population

averaged annulus for each group. Global and regional average tricuspid

annular strains were calculated for the entire annulus and the anterior, pos-

terior, and septal annulus by averaging them along the respective regions.

Negative or compressive strains imply that tissue is compressed, whereas

positive or tensile strains imply that tissue is stretched

Statistical Analysis
Sample size calculation. Data were planned to be analyzed using

analysis of variance (ANOVA) with a type I error level of 5%. Similar pre-

vious studies on the mitral valve revealed that the implantation of annulo-

plasty rings results in the decrease in annular contractility from 17%� 6%

to 3% � 1% and from 20% � 7% to 6% � 3% with rigid and flexible

rings, respectively.13,14 Proving previously that tricuspid annulus is simi-

larly active structure, we showed its normal contractility of

12% � 5%.12 We expected to observe at least 60% annular contractility

reduction with a mean difference of 8.5% with supposedly similar as

observed earlier standard deviation of 5%. To detect such a difference

with the 80% power we needed 9 animals. The final sample size was deter-

mined adjusting the size for possible animal attrition (1 animal per group).

That led us to the final sample size of 10 sheep per group.

Values are presented as mean � 1 when normally distributed or as

median with 25th and 75th percentiles when normality assumptions

(Shapiro-Wilk test) were not met. Because of the difference in animal

weight between the groups (Table 1) all geometric distances presented

were indexed to individual animal body weight and normalized to the

mean weight of studied population. The measured variables were

compared between the groups using 1- way ANOVA or nonparametric

Kruskal-Wallis ANOVA on ranks. If P value from ANOVA was

significant (P<.05) then pairwise multiple comparisons were performed

with Holm-Sidak or Dunn post hoc test, respectively. Each P value from

post hoc analysis was adjusted appropriately to account for multiple

comparisons with the familywise significance and confidence level

a ¼ 0.05. The strain results were analyzed similarly. SigmaPlot 12.5

(SYSTAT, San Jose, Calif) was used for normality testing and sample

size calculation; GraphPad Prism 8.2.0 (GraphPad Software, San Diego,

Calif) was used for the ANOVA.
RESULTS
Hemodynamic Characteristics

Operative and hemodynamic characteristics for each an-
imal group are presented in Tables 1 and E1. There was no
difference in heart rate and right ventricular function be-
tween the groups, but right ventricular indexed volume
gery c February 2021



TABLE 2. Tricuspid annular diameters by group*

Control (n ¼ 10)

Duran AnCore

(n ¼ 10)

Contour 3D

(n ¼ 10)

TriAd Adams

(n ¼ 10) P valuey
S-L diameter (mm)

Maximal 33.6 (32.0-35.4) 19.8 (18.5-23.4)z 19.0 (18.2-21.2)z 20.6 (18.8-21.7)z <.001

Minimal 31.0 � 2.0 19.7 � 3.0z 19.4 � 2.4z 20.1 � 3.2z <.001

Shortening (%) 5.3 (4.4-13.7)x 5.9 (4.8-6.9)x 1.0 (0.5-1.3)z 3.9 (3.2-5.4)x <.001

A-P diameter (mm)

Maximal 36.7 � 2.6 22.7 � 2.3z 24.6 � 1.7z 27.8 � 3.3z,x <.001

Minimal 33.8 � 3.7 22.3 � 2.4z 24.5 � 1.7z 26.6 � 3.5z <.001

Shortening (%) 10.1 (3.0-12.9) 2.6 (2.0-3.4) 0.4 (0.2-0.8)z 4.4 (2.0-6.1)x <.001

C-C 1-3 (mm)

Maximal 29.5 � 2.8 16.4 � 2.2z,x 21.5 � 1.6z 21.3 � 2.3z <.001

Minimal 26.7 � 2.3 16.2 � 2.2z,x 21.3 � 1.6z 19.7 � 2.2z <.001

Shortening (%) 8.8 (5.9-13.9) 1.5 (0.7-2.3)z 0.6 (0.4-0.8)z 6.3 (4.3-11.9)x <.001

C-C 3-5 (mm)

Maximal 32.4 (22.3-41.8) 17.9 (16.3-19.9)z 13.6 (12.3-18.8)z 20.4 (16.6-22.7) <.001

Minimal 30.8 (21.5-40.7) 17.7 (16.2-19.7)z 13.5 (12.2-16.7)z 20.1 (16.2-22.5) <.001

Shortening (%) 3.7 � 1.1 1.7 � 1.0z,x 0.6 � 0.4z 1.2 � 0.7z <.001

C-C 5-1 (mm)

Maximal 40.8 � 5.4 26.8 � 2.4z,x 23.1 � 2.3z 27.9 � 2.6z,x <.001

Minimal 37.5 � 5.3 25.9 � 2.5z 22.9 � 2.3z 26.9 � 2.7z,x <.001

Shortening (%) 7.3 (5.3-11.9) 2.9 (2.3-3.5)x 0.6 (0.4-1.1)z 3.0 (2.0-4.9)x <.001

Values are presented as mean � standard deviation or median (interquartile range [25th-75th percentile]). Crystal numbers as depicted in Figure 1: Crystal #1, anteroseptal com-

misure; crystal #3, anteroposterior commisure; crystal # 5, posteroseptal comissure. S-L, Septo-lateral; A-P, antero-posterior; C-C, intercommisural distances. *Duran AnCore,

Contour 3D, and TriAd Adams (Medtronic, Minneapoilis, Minn). yP values from analysis of variance or analysis of variance on ranks. zP<.05 versus control group. xP<.05

versus contour 3D group from post hoc pairwise multiple comparison. All multiple comparisons results are shown in Table E3.
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was significantly smaller in Duran AnCore and TriAd
Adams groups than in the control group. Maximal left ven-
tricular pressure was higher in Duran AnCore and Contour
3D group animals than in control group animals.

Tricuspid Annular Geometry and Dynamic
Parameters

The maximal tricuspid annular area in the diastole was
967 � 142 mm2 in the control group and decreased to
441� 61 mm2, 408� 46 mm2, and 476� 83 mm2 in Duran
AnCore, Contour 3D, and TriAd Adams groups,
respectively (P<.001 all groups vs control group). Minimal
annular area during systole was 880 � 146 mm2 in the
control group and 403 � 55 mm2, 401 � 46 mm2, and
434 � 89 mm2 in Duran AnCore, Contour 3D, and TriAd
Adams rings, respectively (all P values< .001 vs control
group). Tricuspid annular area change during the cardiac
cycle was median 10% (IQR, 9%-12%) in the control
group, was maintained with Duran AnCore (median, 8%;
IQR, 7%-11%) and TriAd Adams (median, 7%; IQR,
6%-12%), but was severely impaired with the Contour
3D ring (median, 2%; IQR, 1%-2%) (P< .001 Contour
3D vs control, Duran AnCore, and TriAd Adams) (Table
E2). The change of annular area and perimeter throughout
the cardiac cycle in each animal group is shown in
The Journal of Thoracic and Car
Figure 2. The maximal and minimal S-L, A-P, and inter-
commissural annular distances are illustrated in Table 2
and all detailed comparisons are shown in Table E3. The
rigid Contour 3D ring abolished both S-L and A-P annular
reduction during cardiac cycle, whereas the flexible Duran
AnCore band and the TriAd Adams prosthesis maintained
S-L and A-P annular shortening.
Implantation of any annular prosthesis perturbed regional

annular dynamics: The rigid ring completely abolished
contraction in all annular regions (ie, anterior, posterior,
and septal). Both in flexible Duran AnCore and hybrid
TriAd Adams rings, the annular segments not covered by
the prosthetic material (septal crystals 5 and 6 in Duran
AnCore, anterior crystals 1 and 2 in TriAd Adams, and
septal segment 6-1 in both) maintained their physiologic
contractility comparable to control group contractility
(Figure 3 and Table E4).
Normal 3D geometry of the native tricuspid annulus was

perturbed by device implantation. The saddle-like shape
with high points near anteroseptal commissure and mid-
posterior annulus observed in the control group was altered
by flexible and hybrid semirigid rings. Maximal annular
height was 6.2� 2.0 mm in the control group and remained
unaltered with the Contour 3D ring (4.9 � 1.1 mm) but
decreased with both Duran AnCore (3.1 � 1.3 mm) and
diovascular Surgery c Volume 161, Number 2 e195
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FIGURE 3. Regional tricuspid annular contraction in the control and after the implantation of each studied ring. Contraction was calculated as the percent

difference between maximal and minimal regional perimeter. Crystal numbers (#1-6) as depicted in Figure 1. A, Anterior annulus (crystals #1, #2, #3). B,
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comparisons.
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TriAd Adams prostheses (3.1 � 1.0 mm) (P<.001 Duran
AnCore and TriAd Adams vs control). Annular height
changed dynamically during the heart cycle (Figure 2) in
control (23% � 16%), Duran AnCore (21% � 13%),
and TriAd Adams (22% � 14%) but significantly less so
with the Contour 3D ring (7%� 3%; P¼ .037 vs control).
e196 The Journal of Thoracic and Cardiovascular Sur
AHCWR during diastole at maximal valve area time was
17% � 6% in control and 19% � 4% in Contour 3D
(P ¼ .759 vs control) but was reduced to 11% � 6% and
10% � 4% for Duran AnCore and TriAd Adams, respec-
tively (P<.03 vs control and Contour 3D). During systole
AHCWR at minimal valve area time in the control group
gery c February 2021
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was 16% � 7% and 20% � 4% in the Contour 3D group
(P ¼ .160 vs control). It was smaller with Duran AnCore
(11% � 5%) and TriAd Adams (10% � 3%) when
comparing to the rigid ring (P < .002 vs Contour 3D)
(Table E2).

Tricuspid Annular Strains
The global averaged systolic annular strain was

–5.3%� 1.8% in the control group and was most perturbed
by the Contour 3D ring (–0.6% � 0.2%; P<.001 vs con-
trol). Duran AnCore (–2.3% � 1.0%) and TriAd Adams
(–2.6% � 0.7%) prostheses diminished the magnitude of
global strain to similar degree (P<.005 vs control and Con-
tour 3D) (Table E2). Detailed analysis of regional cardiac
strain pattern confirmed severely attenuated magnitude of
strain by the rigid nonplanar Contour 3D ring in all regions.
The TriAd Adams ring did not alter anterior annular strain
but significantly diminished posterior annular strain. The
Duran AnCore band decreased magnitude of both anterior
and posterior annular strain (Figure 4).
An interesting finding was the systolic annular stretch

observed in the septal region of control animals. This
pattern was slightly decreased by the TriAd Adams ring,
abolished by the Contour 3D device, and reversed to sys-
tolic contraction by the Duran AnCore prosthesis
(Figure 4, C). Cardiac annular strain with implanted rings
in 3 consecutive heart cycles is shown in Video 1 (Duran
AnCore), Video 2 (Contour 3D), and Video 3 (TriAd
Adams). The implantation of any ring caused significant
annular compression in relation to the normal native
annulus (Figure 5). Least compression was observed in
the region not covered by the ring in the Duran AnCore
group, whereas the largest compression was present in the
unsupported region of the rigid ring. The TriAd Adams
ring induced significant annular compression along the
anterior and posterior annulus.

DISCUSSION
The results of our study revealed differential effects of 3

distinct annuloplasty devices (Duran AnCore, Contour 3D,
and TriAd Adams) on tricuspid annular geometry and dy-
namic parameters. The rigid, nonplanar Contour 3D ring
diminished global and regional physiologic annular
contraction but best preserved normal annular geometry.
The flexible Duran AnCore and the hybrid semirigid TriAd
Adams rings spared annular area contraction and dynamic
parameters of the septal annulus but decreased annular non-
planarity. All rings perturbed global annular strains and
similarly decreased all annular dimensions. The tricuspid
annulus, similar to the mitral annulus, is a 3D, saddle-like
structure with its high points near anteroseptal commissure
and midposterior annulus.10 Its nonplanar shape has been
confirmed in both experimental animals and humans
diovascular Surgery c Volume 161, Number 2 e197



VIDEO 1. Tricuspid annular strain after the implantation of Duran An-

Core band (Medtronic, Minneapolis, Minn). Video available at: https://

www.jtcvs.org/article/S0022-5223(19)32061-6/fulltext.

VIDEO 3. Tricuspid annular strain after the implantation of TriAd Adams

ring (Medtronic, Minneapolis, Minn). Video available at: https://www.

jtcvs.org/article/S0022-5223(19)32061-6/fulltext.
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utilizing detailed sonomicrometry measurements and
various clinical imagining modalities, including 3D ECG
and magnetic resonance imaging.9,10,15,16 The complex
3D geometry of the tricuspid annulus may play a role in
reducing leaflet stress, as has been postulated for the
saddle-like shape of the mitral annulus.4 This putative influ-
ence of annular geometry may be more important on the
right side because we recently reported ovine tricuspid
leaflet strains in vivo that were much higher than those
observed in the mitral valve.17 As such, alterations of
annular geometry through prosthetic reduction may have
a more pronounced effect on valvular stresses. Functional
VIDEO 2. Tricuspid annular strain after the implantation of Contour 3D

ring (Medtronic, Minneapolis, Minn). Video available at: https://www.

jtcvs.org/article/S0022-5223(19)32061-6/fulltext.

e198 The Journal of Thoracic and Cardiovascular Sur
TR similar to the mitral valve has been found to be associ-
ated with flattening of the annulus and clinical studies sug-
gest that restoration of bimodal annular shape and not
annular reduction alone is critical to effective TR repair.18

This was first demonstrated in the mitral valve where the
shape reconstruction was found to be benefitial.4,19 Thus,
the implantation of nonplanar rings to maintain annular
height (as seen with the Contour 3D ring in our study) seems
to be a reasonable approach to restore normal annular
shape, especially because preservation of annular height
was also shown to provide better leaflet coaptation.19 More-
over, planar prostheses (both flexible and rigid) were found
to aggravate TV leaflet tenting,20 a known predictive
parameter of residual TR after surgery.21 The reduction of
leaflet tethering is beneficial and improves the durability
of TV repair.22,23 In our study, only the Contour 3D ring pre-
served normal annular height, perhaps promoting better
coaptation, yet in vitro studies demonstrate no difference
in leaflet stretch regardless of annular shape (flat vs saddle)
thus questioning this hypothesis.24 To better understand the
effect of ring implantation on annular geometry we
analyzed the AHCWR, which we found to be unchanged
with the Contour 3D ring and decreased with both Duran
AnCore and TriAd Adams rings in diastole but with no
change for the latter rings in systole. Preservation of normal
AHCWR is believed to optimize leaflet stress4 with ideal
values between 15% and 30% and exponential stress in-
crease with ratio reduction as demonstrated for the mitral
valve.5 If one were to extrapolate these mitral data to the
tricuspid valve, use of the Contour 3D ring with its 19%
to 20% AHCWR would again be favored. AHCWR in
the Duran AnCore group in diastole was reduced due to
both A-P diameter decrease and the annular flattening,
gery c February 2021
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FIGURE 5. Average tricuspid annular strains with the implanted rings. The metric is shown on the average annular spline. The strain maps are presented in

the reference to the control group at the same time point. The positive strain values indicate annular stretch, and the negative annular compression Crystals 1,

3, and 5 represent anteroseptal, anteroposterior, and posteroseptal commissures, respectively. ED, End-diastole; EIVC, end of isovolumic contraction; ES,

end-systole; EIVR, end of isovolumic relaxation; MAX, maximal valve area time; MIN, minimal valve area time.
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which is in contrast to the mitral valve where the Duran An-
Core prosthesis was found to better preserve annular saddle
shape.25 This discrepancy may be attributable to the
different compliance of the left and right ventricles and
the use of a partial versus complete prosthesis for tricuspid
and mitral annuloplasty, respectively.

The tricuspid annulus is a dynamic structure with area
change during the cardiac cycle ranging from 10% to
39%10,15,26,27 in animal and clinical studies. In our study,
tricuspid annular area change during the cardiac cycle for
normal sheep was 10% (IQR, 9%-12%). This dynamic
behavior was essentially abolished with Contour 3D im-
plantation corroborating the clinical findings of Nishi and
colleagues27 utilizing 3D ECG. The Duran AnCore ring
better preserved annular dynamic parameterss, yet Dagum
and colleagues28 found that flexible annular prostheses
virtually eliminated mitral annular area change during the
cardiac cycle regardless of whether a partial or full pros-
thesis was implanted. These differences may be due to the
dynamic motion of the septal region of the tricuspid annulus
versus the static fibrous anterior mitral annulus. The TriAd
Adams ring was recently introduced with the idea of
combining the concept of ‘‘annular remodeling with rigid
rings, while preserving the annular motion of the flexible
The Journal of Thoracic and Car
bands.’’29 In fact, we found that this hybrid semi-rigid de-
vice preserved annular area contraction similar to the flex-
ible band. The differential effect on anterior annular
dynamics of Duran AnCore and TriAd Adams rings may
be due to variance of material properties and different im-
plantation techniques (Figure 1, B).
The influence of prosthetic annular reduction on the ge-

ometry and function of the right ventricle must also be
considered. In the acute setting, all studied rings were pre-
viously shown to reduce right ventricle free wall stress,30

but in the long term one may expect rigid rings to result
in more complete right ventricular reverse remodeling, as
reported by Gatti and colleagues.31 However, rigid
nonplanar rings have been associated with higher risk of
prosthesis dehiscence.8 Influence of the Contour 3D ring
on annular strains seen in our study corroborates these clin-
ical observations.
Cardiac cycle strains for the native ovine annulus pre-

sented in this study are in agreement with previous re-
ports.11 To our best knowledge, our study is the first to
describe the effect of annuloplasty rings on tricuspid
annular strains. Based on prior experimental reports of
mitral annular strains after ring annuloplasty,32 significant
alterations of tricuspid annular strain after prosthetic
diovascular Surgery c Volume 161, Number 2 e199
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FIGURE 6. Tricuspid annular geometry, dynamics, and strain changes after the implantation of flexible (Duran AnCore), rigid (Contour 3D) and hybrid

(TriAd Adams) tricuspid annuloplasty rings (Medtronic, Minneapolis, Minn). The parameters were calculated based on the 3-dimensional coordinates of 6

implanted onto the native annulus sonomicrometry crystals. All studied annuloplasty devices perturbed tricuspid annular geometry, dynamics, and global

and regional strain. The Contour 3D rigid nonplanar ring maintained 3-dimensional geometry of the native annulus while abolishing annular dynamic pa-

rameters and decreasing the magnitude of cardiac strains. The Duran AnCore and TriAd Adams rings allowed for physiologic annular area contraction but

resulted in annular flattening and perturbed regional annular strain. AL, Anterior leaflet; PL, posterior leaflet; SL, septal leaflet; EIVC, end of isovolumic

contraction; ES, end-systole; EIVR, end of isovolumic relaxation; ED, end-diastole.
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reduction were expected. As with the mitral valve, the
largest shifts were observed with rigid rings.14,32 The stiff
posterior portion of the TriAd Adams prosthesis displayed
similar influence. Although the TriAd Adams and Duran
AnCore rings were designed to preserve annular dynamic
parameters, global and regional strain perturbations sug-
gest that these dynamics are not fully physiological.
Reversal of midsystolic septal annular elongation seen af-
ter Duran AnCore band implantation was an interesting
finding. This physiologic phenomenon, also seen in the
anterior mitral annulus14 may be explained by aortic root
expansion during systole. The abnormal septal and ante-
rior tricuspid annular strain induced by the flexible band
may play a role in the inferior performance and higher
rates of TR recurrence after flexible band annuloplasty.33

These changes are probably related to the incomplete
annular fixation by the flexible material but still strong
enough to influence the compliant right ventricular
myocardium. But further detailed analysis of annular-
e200 The Journal of Thoracic and Cardiovascular Sur
ventricular coupling is necessary to precisely describe
the origin of this phenomenon.

Study Limitations
The results of the current studymust be interpreted in light

of several limitations. This was an acute animal study, and
clinical extrapolation of the results must be done with
extreme caution. Our experiment was performed in open-
chest healthy sheep under anesthesia, but we have previously
shown that the anesthesia may affect tricuspid annular dy-
namics but does not alter annular geometry.34 The surgeries
were performed on animals with normal hearts and annular
size, whereas clinical annuloplasty is usually performed in
hearts with right ventricle dysfunction and with a dilated
tricuspid annulus. However, use of healthy animals permitted
assessment of the direct effect of rings on annular dynamics
and strain without potentially confounding factors related to
valvular insufficiency or myocardial disease. The ultimate
goal of durable valve repair is the restoration of leaflet
gery c February 2021
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coaptation, but our study did not analyze the effect of pros-
thetic annular reduction on the subvalvular apparatus.

Because of multiple comparisons performed during sta-
tistical data analysis there is a risk of type I error that the au-
thors acknowledge.
L
T

CONCLUSIONS
In healthy adult sheep, all studied annuloplasty devices

perturbed tricuspid annular geometry, dynamics, and strain.
The Contour 3D rigid nonplanar ring maintained 3D geom-
etry of the native annulus while abolishing annular dy-
namics and decreasing the magnitude of cardiac strains.
The Duran AnCore and TriAd Adams rings allowed for
physiologic annular area contraction but resulted in annular
flattening and perturbed regional annular strain (all changes
observed are presented in Figure 6). These data may guide
more rational design of future annular protheses to improve
durability of surgical annuloplasty.
A
D
U

Webcast
You can watch a Webcast of this AATS meeting presenta-
tion by going to: https://aats.blob.core.windows.net/
media/19%20AM/Sunday_May5/206BD/206BD/May5-
206AB-0905-0915-Malinowski.mp4.
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Discussion
Dr Song Wan (Hong Kong, China).
Congratulations, Dr Malinowski, for
this excellent presentation, and I think
this elegantly designed and carefully
conducted study definitely will
enhance our understanding about
tricuspid valve geometry and dy-
namics.

My first question to you: Because your studies were all
e202 The Jou
performed in healthy normal animals, one may assume the
normal saddle shape of the tricuspid valve is well maintained
before surgery. So it’s a little bit surprising to see after flex-
ible band annuloplasty basically it has completely flattened
the tricuspid valve. And this is actually in contrast to our pre-
vious many experimental and clinical observations on the
mitral valve, where the flexible band can maintain the saddle
shape. So can you enlighten us a little bit on this aspect?

Dr Marcin Malinowski (Grand
Rapids, Mich). Thank you so much
for the question. Let me first address
your first comment. Of course, this
kind of a study had a certain limitation.
It was done on healthy animals without
previous annular dilation or previous
functional tricuspid regurgitation. So

bearing it in mind, of course, we have to have limited

extrapolation to the clinic. But, of course, as you correctly
pointed out, that’s what we saw, that implantation of that
flexible band flattened the annulus. And we were surprised
by that based on the decades of previous experiments on the
mitral valve when, as you mentioned, the flexible rings
rnal of Thoracic and Cardiovascular Sur
maintained the saddle shape.
I think that there may be a 2-fold explanation for this.

First of all, we are on the right side, so we have completely
different compliance of the right ventricle in comparison to
the left side. And second, usually with this kind of study
done previously on animals on the mitral side, we usually
implanted the ring—the full ring—and here on the tricuspid
side we used a band. So that may be another possible expla-
nation.

But of course this is a very interesting finding and we
would like to explore it more in the future.

Dr Wan. Okay. My second question—and, really, I
appreciate you sharing your manuscript a few days early
so that I can look into many details—you said youmeasured
annular height to commissural width ratio at the maximal
valve area time. If I understand correctly, that’s the end-dia-
stolic phase.

Dr Malinowski. That’s around end-diastolic, because it
differs animal to animal and not precisely at that time.
But it was within the boundaries of the end-diastolic, that’s
correct.

DrWan. But the point is what we are really interested in
is the end-systolic phase. We want to know the annular
height to commissural width ratio at the end-systolic phase.
That actually, again based on the mitral research, really
matters.

Dr Malinowski. We have the data, so we will be glad to
provide the data on any time point, basically.

Dr Wan. Excellent. Finally, a very short question. Any
animal after weaning from cardiopulmonary bypass needed
pacing, especially in the Contour 3D (Medtronic, Minneap-
olis, Minn) group?

Dr Malinowski. I think among 10 of them, 2 required
pacing because of the way they are implanted, so that
they cover most part of the septal leaflet, and in fact 2
required pacing, that’s correct.

Dr Wan. I am not familiar with the animal conduction
system anatomy, but based on our clinical experience, the
TriAd Adams ring (Medtronic) can significantly avoid
injury to the conduction system.

Dr Malinowski. The construction of the TriAd Adams
ring is completely different. It’s wide open, so that was
the idea behind this design, to make it open to avoid
this kind of conflict with the conduction system. And
that’s correct; we didn’t see any conduction system inter-
ference with the other groups in contrast to the Contour
3D ring.

DrWan.Thank you, and once again, thanks for the honor
of discussing this.
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TABLE E1. Multiple comparisons for group characteristics*

Control (n ¼ 10) Duran AnCore (n ¼ 10) Contour 3D (n ¼ 10) TriAd Adams (n ¼ 10) P valuey
Animal weight (kg) 53 � 5 63 � 4 66 � 5 56 � 4 <.001

P value from multiple comparisons

Control – .001 <.001 .262

Duran AnCore – – .262 .018

Contour 3D – – – <.001

Ring size (mm) – 29 (2-29) 30 (28-30) 28 (26-28.5) .017

P value from multiple comparisons

Control – – – –

Duran AnCore – – .083 >.999

Contour 3D – – – .022

CPB time (min) 79 � 6 107 � 11 118 � 20 87 � 11 <.001

P value from multiple comparisons

Control – <.001 <.001 .160

Duran AnCore – – .078 .003

Contour 3D – – – <.001

LVP max (mm Hg) 89 (81-91) 100 (94-104) 100 (95-110) 95 (82-98) .005

P value from multiple comparisons

Control – .023 .016 >.999

Duran AnCore – – >.999 .415

Contour 3D – – – .320

RV EDVind (mL) 77 � 13 55 � 13 71 � 9 58 � 15 .003

P value from multiple comparisons

Control – .008 .641 .024

Duran AnCore – – .061 .641

Contour 3D – – – .130

Values are presented as mean� standard deviation or median (interquartile range [25th-75th percentile]). CPB, Cardioplumonary bypass; LVP, left ventricular pressure; RV, right

ventricle; EDVind, indexed end diastolic volume. *Duran AnCore, Contour 3D, and TriAd Adams (Medtronic, Mi, Minn). yP values from analysis of variance or analysis of vari-

ance on ranks. Each P value from post hoc analysis was adjusted for multiple comparisons.
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TABLE E2. Multiple comparisons for tricuspid annular geometry, global dynamics, and strain, by ring type*

Variable

Control

(n ¼ 10)

Duran AnCore

(n ¼ 10)

Contour3D

(n ¼ 10)

TriAd Adams

(n ¼ 10) P valuey
Maximal annular area (mm2) 967 � 142 441 � 61 408 � 46 476 � 83 <.001

P value from multiple comparisons

Control – <.001 <.001 <.001

Duran AnCore – – .630 .630

Contour 3D – – – .271

Minimal annular area (mm2) 880 � 146 403 � 55 401 � 46 434 � 89 <.001

P value from multiple comparisons

Control – <.001 <.001 <.001

Duran AnCore – – .952 .753

Contour 3D – – – .753

Annular contraction (%) 10 (9-12) 8 (7-11) 2 (1-2) 7 (6-12) <.001

P value from multiple comparisons

Control – >.999 <.001 .841

Duran AnCore – – .002 >.999

Contour 3D – – – .007

Maximal annular height (mm) 6.2 � 2.0 3.1 � 1.3 4.9 � 1.1 3.1 � 1.0 <.001

P value from multiple comparisons

Control – <.001 .130 <.001

Duran AnCore – – .024 .994

Contour 3D – – – .024

Annular height change (%) 23 � 16 21 � 13 7 � 3 22 � 14 .021

P value from multiple comparisons

Control – .962 .037 .968

Duran AnCore – – .072 .968

Contour 3D – – – .052

AHCWR diastole (%) 17 � 6 11 � 6 19 � 4 10 � 4 <.001

P value from multiple comparisons

Control – .028 .759 .011

Duran AnCore – – .008 .759

Contour 3D – – – .002

AHCWR systole (%) 16 � 7 11 � 5 20 � 4 10 � 3 <.001

P value from multiple comparisons

Control – .115 .160 .076

Duran AnCore – – .002 .755

Contour 3D – – – <.001

Global annular strain (%) –5.3 � 1.8 –2.3 � 1.0 –0.6 � 0.2 –2.6 � 0.7 <.001

P value from multiple comparisons

Control – <.001 <.001 <.001

Duran AnCore – – .003 .442

Contour 3D – – – <.001

Values are presented as mean� standard deviation or median (interquartile range [25th-75th percentiles]). AHCWR, Annular to commisural width ratio. *Duran AnCore, Contour

3D, and TriAd Adams (Medtronic, Minneapolis, Minn). yP values from analysis of variance or analysis of variance on ranks. Each P value from post hoc analysis was adjusted for

multiple comparisons.
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TABLE E3. Multiple comparisons for tricuspid annular diameters, based on ring tested*

Control (n ¼ 10) Duran AnCore (n ¼ 10) Contour 3D (n ¼ 10) TriAd Adams (n ¼ 10) P valuey
S-L diameter

Maximal (mm) 33.6 (32.0-35.4) 19.8 (18.5-23.4) 19.0 (18.2-21.2) 20.6 (18.8-21.7) <.001

P value from multiple comparisons

Control – .002 <.001 .003

Duran AnCore – – >.999 >.999

Contour 3D – – – >.999

Minimal (mm) 31.0 � 2.0 19.7 � 3.0 19.4 � 2.4 20.1 � 3.2 <.001

P value from multiple comparisons

Control – <.001 <.001 <.001

Duran AnCore – – .934 .934

Contour 3D – – – .908

Shortening (%) 5.3 (4.4-13.7) 5.9 (4.8-6.9) 1.0 (0.5-1.3) 3.9 (3.2-5.4) <.001

P value from multiple comparisons

Control – >.999 <.001 .785

Duran AnCore – – <.001 >.999

Contour 3D – – – .023

A-P diameter

Maximal (mm) 36.7 � 2.6 22.7 � 2.3 24.6 � 1.7 27.8 � 3.3 <.001

P value from multiple comparisons

Control – <.001 <.001 <.001

Duran AnCore – – .189 <.001

Contour 3D – – – .016

Minimal (mm) 33.8 � 3.7 22.3 � 2.4 24.5 � 1.7 26.6 � 3.5 <.001

P value from multiple comparisons

Control – <.001 <.001 <.001

Duran AnCore – – .223 .009

Contour 3D – – – .223

Shortening (%) 10.1 (3.0-12.9) 2.6 (2.0-3.4) 0.4 (0.2-0.8) 4.4 (2.0-6.1) <.001

P value from multiple comparisons

Control – .193 <.001 >.999

Duran – – .030 >.999

Contour – – – .001

C-C 1-3

Maximal (mm) 29.5 � 2.8 16.4 � 2.2 21.5 � 1.6 21.3 � 2.3 <.001

P value from multiple comparisons

Control – <.001 <.001 <.001

Duran AnCore – – <.001 <.001

Contour 3D – – – .904

Minimal (mm) 26.7 � 2.3 16.2 � 2.2 21.3 � 1.6 19.7 � 2.2 <.001

P value from multiple comparisons

Control – <.001 <.001 <.001

Duran AnCore – – <.001 <.001

Contour 3D – – – .089

Shortening (%) 8.8 (5.9-13.9) 1.5 (0.7-2.3) 0.6 (0.4-0.8) 6.3 (4.3-11.9) <.001

P value from multiple comparisons

Control – .003 <.001 >.999

Duran AnCore – – >.999 .021

Contour 3D – – – <.001

(Continued)
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TABLE E3. Continued

Control (n ¼ 10) Duran AnCore (n ¼ 10) Contour 3D (n ¼ 10) TriAd Adams (n ¼ 10) P valuey
C-C 3-5

Maximal (mm) 32.4 (22.3-41.8) 17.9 (16.3-19.9) 13.6 (12.3-18.8) 20.4 (16.6-22.7) <.001

P value from multiple comparisons

Control – .018 <.001 .101

Duran AnCore – – .268 >.999

Contour 3D – – – .059

Minimal (mm) 30.8 (21.5-40.7) 17.7 (16.2-19.7) 13.5 (12.2-16.7) 20.1 (16.2-22.5) <.001

P value from multiple comparisons

Control – .016 <.001 .118

Duran AnCore – – .335 >.999

Contour 3D – – – .059

Shortening (%) 3.7 � 1.1 1.7 � 1.0 0.6 � 0.4 1.2 � 0.7 <.001

P value from multiple comparisons

Control – <.001 <.001 <.001

Duran AnCore – – .026 .294

Contour 3D – – – .184

C-C 5-1

Maximal (mm) 40.8 � 5.4 26.8 � 2.4 23.1 � 2.3 27.9 � 2.6 <.001

P value from multiple comparisons

Control – <.001 <.001 <.001

Duran AnCore – – .046 .485

Contour 3D – – – .012

Minimal (mm) 37.5 � 5.3 25.9 � 2.5 22.9 � 2.3 26.9 � 2.7 <.001

P value from multiple comparisons

Control – <.001 <.001 <.001

Duran AnCore – – .119 .525

Contour 3D – – – .043

Shortening (%) 7.3 (5.3-11.9) 2.9 (2.3-3.5) 0.6 (0.4-1.1) 3.0 (2.0-4.9) <.001

P value from multiple comparisons

Control – .452 <.001 .532

Duran AnCore – – .016 >.999

Contour 3D – – – .012

Values are presented as mean � standard deviation or median (interquartile range [25th-75th percentile]). Crystal numbers for C-C distances as depicted in Figure 1: Crystal #1,

anteroseptal commisure; crystal #3, anteroposterior commisure; crystal #5, posteroseptal comissure. S-L, Septo-lateral; A-P, antero-posterior; C-C, intercommisural distances.

*Duran AnCore, Contour 3D, and TriAdAdams (Medtronic, Minneapolis, Minn). yP values from analysis of variance or analysis of variance on ranks. Each P value from post hoc

analysis was adjusted for multiple comparisons.
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TABLE E4. Multiple comparisons for regional tricuspid annular dynamic parameters of rings tested*

Parameter Ring

Control

(n ¼ 10)

Duran AnCore

(n ¼ 10)

Contour 3D

(n ¼ 10)

TriAd Adams

(n ¼ 10) P valuey
Anterior contraction (%) Overall 6.6 (4.4-10.9) 1.1 (0.6-1.9) 0.98 (0.6-1.1) 6.4 (5.4-8.5) <.001

P value from multiple comparisons

Control – .002 <.001 >.999

Duran AnCore – – >.999 .005

Contour 3D – – – <.001

1-2 (%) 11.8 (5.3-16.1) 2.0 (1.4-2.5) 1.2 (0.7-1.6) 13.8 (10.1-16.0) <.001

P value from multiple comparisons

Control – .049 <.001 >.999

Duran AnCore – – >.999 .006

Contour 3D – – – <.001

2-3 (%) 12.0 (5.9-14.2) 2.2 (1.6-3.4) 1.4 (1.1-2.2) 1.8 (1.4-2.4) <.001

Control – .015 <.001 .013

Duran AnCore – – .112 >.999

Contour 3D – – – .817

Posterior contraction (%) Overall 5.0 (3.5-7.9) 1.9 (1.1-2.6) 0.9 (0.6-0.9) 1.4 (0.9-2.1) <.001

P value from multiple comparisons

Control – .05 <.001 .007

Duran AnCore – – .082 >.999

Contour 3D – – – .381

3-4 (%) 5.8 (4.1-7.9) 3.0 (2.4-3.5) 1.2 (0.9-1.6) 1.8 (1.4-2.4) <.001

P value from multiple comparisons

Control – .124 <.001 .003

Duran AnCore – – .033 >.999

Contour 3D – – – .624

4-5 (%) 9.4 (3.9-13.2) 2.3 (2.0-3.4) 2.0 (1.8-2.2) 2.9 (2.2-4.3) <.001

P value from multiple comparisons

Control – .015 <.001 .101

Duran AnCore – – .880 >.999

Contour 3D – – – .215

Septal contraction (%) Overall 11.9 � 5.4 10.2 � 3.9 1.7 � 0.6 7.7 � 2.8 <.001

P value from multiple comparisons

Control – .291 <.001 .043

Duran AnCore – – <.001 .248

Contour 3D – – – .002

5-6 (%) 11.0 (8.7-17.2) 12.9 (6.4-18.7) 2.0 (1.8-2.2) 8.9 (6.8-12.1) <.001

P value from multiple comparisons

Control – >.999 <.001 >.999

Duran AnCore – – <. 001 >.999

Contour 3D – – – .012

6-1 (%) 4.8 (2.3-9.3) 6.4 (4.1-8.3) 1.6 (1.1-2.1) 5.8 (3.9-7.7) .002

P value from multiple comparisons

Control – >.999 .015 >.999

Duran AnCore – – .005 >.999

Contour 3D – – – .011

Values are presented as mean � standard deviation or median (interquartile range [25th-75th percentiles]). Regional annular contraction was calculated based on regional annular

length change throughtout the cardiac cycle. Crystal numbers as depicted in Figure 1. Anterior annulus crystals #1, 2, 3; posterior annulus crystals #3, 4, 5; septal annulus crystals #5,

6, 1; crystal #1, anteroseptal commisure; crystal #3, anteroposterior commisure; crystal #5, posteroseptal comissure. *Duran AnCore, Contour 3D, and TriAd Adams (Medtronic,

Minneapolis, Minn). yP values from analysis of variance or analysis of variance on ranks. Each P value from post hoc analysis was adjusted for multiple comparisons.
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