





Chapter 11

in these 3 studies. Subgroup analysis of the observational studies did not lead to a change in
significance in any of the outcomes. Subgroup analyses of studies published before and after

year 2000 did not lead in changes in significance in any of the outcomes.

Publication Bias and Sensitivity Analysis

Early and late outcomes did not show publication bias according to Egger’s test. Funnel plots
are presented in Supplemental Figures 2A to 2D for early outcomes and Supplemental Figures
3A to 3C for late outcomes. Leave-one-out sensitivity analysis did not change the significance

of all outcomes.

Figure 2. Forest plots of (A) early mortality, (B) moderate-to-severe tricuspid regurgitation (TR), (C) moderate-to-severe mitral
regurgitation (MR), and (D) permanent pacemaker (PM) implantation. Cl, confidence interval.
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Cc Early moderate-to-severe mitral regurgitation
Model Study name Statistics for each study MR / Total Odds ratio and 95% CI

Odds Lower Upper
ratio limit limit Z-Value p-Value Biatrial Bicaval

Grande AM, 2000 1.294 0521 3.215 0.556 0.578 17/71 9/46 —.—
Solomon NA, 2004 0.316 0.012 8.009 -0698 0485 0/38 1/37
Koch A, 2005 2307 0993 5358 1.944 0.05217/139 9/158 ——
Sun JP, 2007 1922 0865 4267 1605 0.108 17/293 10/322 - -
Karal, 2012 5750 1.902 17.379 3.100 0.002 20/28 10/33
Rivinius R, 2017 2159 0.087 53470 0470 0638 1/161 0/115

Random 2129 1.312 3455 3.060 0.002 <>

0.01 0.1 1 10 100
Favors biatrial Favors bicaval

I-squared: 59.7%, Q-value: 14.889, df(Q): 6, P-value: 0.021

D Early permanent pacemaker implantation

Model Study name Statistics for each study PM/ Total Odds ratio and 95% CI

Odds Lower Upper
ratio limit limit Z-Value p-Value Biatrial Bicaval

Sarsam MAI, 1993 1.000 0.127 7.893 0.000 1.000 2/20 2/20
Blanche C, 1994 19.286 1.109 335.503 2.031 0.042 12/64 0/40
Laske A, 1995 4333 1.150 16.323 2.167 0.030 13/20 6/20 —l—t
Brandt M, 1997 7.875 1.958 31.675 2906 0.004 14/30 3/30 —_—lr—
Parry G, 1998 9.824 0.592 163.019 1.594 0.11132/359 0/49
Bainbridge AD, 1999 1.000 0.060 16.791 0.000 1.000 1/29 1/29
Grande AM, 2000 7.692 0.415 142501 1370 0.171 5/71 0/46
Wang SS, 2000 0727 0.180 2946 -0.446 0655 6/39 4/20 ——
Solomon NA, 2004 2364 0.854 6.541 1657 0.098 15/38 8/37 +——
Kara |, 2012 5556 1.348 22901 2373 0.018 10/28 3/33 —_—la
Markowicz-Pawlus E, 2012 3.857 0.771 19.293 1644 0.100 12/40 2/20 T—8—
Sattiraju S, 2012 1183 0651 2151 0.551 0.582 37 /15522 /105 E
Huenges K, 2016 2381 0.291 19.462 0.810 0.41811/108 1/22
Ferretto S, 2017 0.225 0.012 4.395 -0.983 0.326 0/150 3/240

Random 2487 1.464 4226 3.370 0.001 <>

0.01 0.1 1 10 100
Favors biatrial Favors bicaval

I-squared: 41.0%, Q-value: 22.035, df(Q): 13, P-value: 0.055

Figure 2. (continued).

COMMENT

This systematic review and meta-analysis shows that the bicaval technique is associated with
superior early and late survival, less early and late tricuspid regurgitation, less early mitral
regurgitation, and reduced early need of permanent pacemaker implantation.

Although bicaval OHT can be considered the preferable technique to perform an OHT, there
are still many centers worldwide where the biatrial approach is preferred.” More than a decade
ago, Schnoor and colleagues® performed a meta-analysis and concluded that early outcomes in
the bicaval technique have beneficial effects in comparison with the biatrial technique. More

recent overviews of the literature have presented similar conclusions.'®"’

However, little is
known about the difference between these 2 techniques with regard to late outcomes.® Our

meta-analysis confirms the association of the bicaval technique with better outcomes in the
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short term. Moreover, this meta-analysis, with novel contemporary statistics, shows clinically

relevant beneficial effects of the bicaval technique in the long term as well.
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Figure 3. Pooled Kaplan-Meier curve of patient survival after bicaval (red) or biatrial (green) heart transplantation.

Ischemia Time

There was a significant difference in the ischemia time between the 2 transplanted groups.
Although statistically different, the absolute time difference was only 10 minutes. Cardiopul-
monary bypass time and aortic cross-clamp time did not differ significantly. The prolonged
ischemia time could be explained by the duration of transport or waiting time before or dur-
ing the operation. In a retrospective study, Russo and colleagues' reviewed ischemia time in
33,640 OHT recipients in the United Network for Organ Sharing (UNOS) database performed
between 1987 and 2004 and found no difference in long-term survival (10 years) between
prolonged ischemia time (3.50-5.49 hours) and limited ischemia time (0.00-3.49 hours). Taking
these observations into account, it seems implausible that a 10-minute difference would lead
to major changes in postoperative outcomes. Nevertheless, as in some selected cases, such as
in reoperative heart transplantation or abnormal caval veins, a biatrial approach may still be

preferred.

Mortality

A significant difference was found in both early mortality and late survival between the 2
transplanted groups in favor of the bicaval group. Davies and colleagues™ reviewed the UNOS
database data between 1997 and 2007 and reported a higher survival rate in the bicaval vs

biatrial group after 10 years (57.4% vs 51.1%). The survival rate in the present meta-analysis is
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higher when compared with Davies and colleagues (71.2% vs 60.1%)." This could be due to the
fact that Davies and colleagues'® used the UNOS database, whereas the individual studies in
this meta-analysis mostly reviewed their own patients. Thereby, a strong improvement of the
posttransplant care has been seen in the last decade, which has resulted in increased long-term
survival.”” However, both our meta-analysis and the registry study provide a higher survival rate

in the bicaval group after 10 years of follow-up.

Tricuspid Regurgitation

This study shows a significant difference in early and late tricuspid regurgitation in favor of the
bicaval group. Moderate-to-severe tricuspid regurgitation is usually caused by donor-recipient
size mismatch, right ventricular failure due to pretransplant pulmonary hypertension, and
right ventricular dysfunction due to donor heart rejections.” The cause of donor-recipient size
mismatch is mainly a problem of the atria, and the biatrial technique may induce tricuspid
regurgitation due to changes in atrial geometry. The bicaval technique only uses the left atrium
and both caval veins to perform the anastomosis and, therefore, the technique may prevent
tricuspid regurgitation.® Moreover, moderate-to-severe tricuspid regurgitation after OHT could
also been caused by torn leaflets and ruptured chordae due to surveillance endomyocardial

2223 |t has been shown that patients with no or mild

biopsies in the years after transplantation.
tricuspid regurgitation have better survival than do those with moderate or severe tricuspid
regurgitation.” Moderate-to-severe tricuspid regurgitation was, as confirmed byour analysis,
reportedmore often in the biatrial group and therefore could have contributed to a higher

27 However, the optimal treatment of posttransplant severe tri-

mortality rate in this group.
cuspid regurgitation is very cumbersome and still not well defined. Generally, because severe
tricuspid regurgitation remains asymptomatic for a long time, it is not unusual that conservative
treatment is preferred to surgical treatment, probably missing the optimal timing of tricuspid
surgery.”® Therefore, reduction of occurrence of tricuspid regurgitation by bicaval OHT might be

a suitable approach for this post-OHT problem.

Mitral Regurgitation
Mitral regurgitation post OHT is still not well studied. Mitral regurgitation could be caused by
a mismatch in size between the donor heart and native heart, early allograft rejection, left

29311 our study, early mitral regurgita-

ventricular failure after OHT, and a dilated left atrium.
tion occurred more frequently in the biatrial transplant group (Figure 2D). However, in late
outcomes, no mitral regurgitation was observed. The treatment of mitral regurgitation depends
on the severity and symptoms of the patients. Symptomatic severe mitral regurgitation is as-

32,33

sociated with excess mortality and frequent heart failure. Despite these poor outcomes,

only a minority of the affected patients undergo some kind of treatment.*
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Permanent Pacemaker Implantation

Early after OHT, sinus node dysfunction and atrioventricular conduction abnormalities are
frequently encountered, with some cases in need of permanent pacemaker implantation.*
Increased ischemic time, a higher donor age, frequent episodes of rejection, and the anatomy
of the blood supply to the sinoatrial node are denoted as causes of sinus node and atrioven-
tricular conduction abnormalities after OHT.** However, the most commonly stated cause is
surgical trauma at time of transplantation.”® Our systematic review and meta-analysis confirms
this hypothesis, showing a significant decrease in requirement of early permanent pacemaker
implantation in the bicaval group. This is in line with the retrospective study of Davies and col-
leagues™ that showed a higher early pacemaker implantation risk in patients who underwent
the biatrial OHT vs bicaval OHT after discharge from the hospital (5.1%vs. 1.9%). Although
Davies and colleagues® also found a higher rate of late pacemaker implantation in the biatrial
group, this could not be confirmed in the present study. This may be explained by the fact that
only a few studies reported late permanent pacemaker implantation, resulting in insufficient
power to show a difference. Another explanation could be that the differences in pacemaker
implantation are only presented in the early postoperative period and become comparable
with a longer follow-up period. This was also observed by Herre and colleagues,* who noted

comparable findings to this meta-analysis.

Strengths and Limitations

The majority of studies were retrospective in nature, which made them prone to selection
bias.*" This was confirmed by the fact that most studies scored 6 points on the Newcastle—Ot-
tawa Scale and no points on comparability. Publication bias may have led to an underestima-
tion of the pooled estimates when studies with relatively poor outcomes are not published.
However, funnel plots and the Egger’s test found no indication for the presence of publication
bias. Notwithstanding, some publication bias may be present based on visual inspection of
the funnel plots. There was moderate-to-substantial heterogeneity between studies in most
outcomes, which may potentially have led to inaccurate results. Another limitation was caused
by the limited availability of posttransplant clinical data about the number and severity of
rejections and cardiac transplant vasculopathy in the 2 groups, as these factors are known to
influence the long-term prognosis. Furthermore, studies over a large time span were included
in the meta-analysis. Nevertheless, subgroup analyses yielded comparable outcomes of both

older and contemporary studies.

Conclusion

This systematic review with meta-analysis provides ample evidence that bicaval OHT is associ-
ated with better early and late clinical outcomes, including early and late survival, prevention

of tricuspid regurgitation, and need of permanent pacing.
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Supplementary Text 1, Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) check-
list:

TITLE

Title 1 Identify the report as a systematic review, meta-analysis, or both. 1

ABSTRACT

Structured summary 2 Provide a structured summary including, as applicable: background; 2
objectives; data sources; study eligibility criteria, participants, and
interventions; study appraisal and synthesis methods; results; limitations;
conclusions and implications of key findings; systematic review
registration number.

INTRODUCTION

Rationale 3 Describe the rationale for the review in the context of what is already 3
known.

Objectives 4 Provide an explicit statement of questions being addressed with 3
reference to participants, interventions, comparisons, outcomes, and
study design (PICOS).

METHODS

Protocol and 5 Indicate if a review protocol exists, if and where it can be accessed (e.g., X

registration Web address), and, if available, provide registration information including
registration number.

Eligibility criteria 6 Specify study characteristics (e.g., PICOS, length of follow-up) and report 4

characteristics (e.g., years considered, language, publication status) used
as criteria for eligibility, giving rationale.

Information sources 7 Describe all information sources (e.g., databases with dates of coverage, 4
contact with study authors to identify additional studies) in the search
and date last searched.

Search 8 Present full electronic search strategy for at least one database, including 21/22
any limits used, such that it could be repeated.

Study selection 9 State the process for selecting studies (i.e., screening, eligibility, included 4
in systematic review, and, if applicable, included in the meta-analysis).

Data collection 10 Describe method of data extraction from reports (e.g., piloted forms, 4
process independently, in duplicate) and any processes for obtaining and
confirming data from investigators.

Data items 11 List and define all variables for which data were sought (e.g., PICOS, 4
funding sources) and any assumptions and simplifications made.
Risk of bias in 12 Describe methods used for assessing risk of bias of individual studies 5
individual studies (including specification of whether this was done at the study or
outcome level), and how this information is to be used in any data
synthesis.
Summary measures 13 State the principal summary measures (e.g., risk ratio, difference in 5
means).

Synthesis of results 14 Describe the methods of handling data and combining results of studies, 5
if done, including measures of consistency (e.g., I?) for each meta-

analysis.
Risk of bias across 15 Specify any assessment of risk of bias that may affect the cumulative 5
studies evidence (e.g., publication bias, selective reporting within studies).
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Supplementary Text 1, Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) check-

list: (continued)

Additional analyses 16 Describe methods of additional analyses (e.g., sensitivity or subgroup 6
analyses, meta-regression), if done, indicating which were pre-specified.
RESULTS
Study selection 17 Give numbers of studies screened, assessed for eligibility, and included in 7
the review, with reasons for exclusions at each stage, ideally with a flow
diagram.
Study 18 For each study, present characteristics for which data were extracted (e.g., 22/23/
characteristics study size, PICOS, follow-up period) and provide the citations. 24
Risk of bias within 19 Present data on risk of bias of each study and, if available, any outcome 25/26/
studies level assessment (see item 12). 27
Results of individual 20 For all outcomes considered (benefits or harms), present, for each study: ~ 15/16/
studies (a) simple summary data for each intervention group (b) effect estimates ~ 24/25
and confidence intervals, ideally with a forest plot.
Synthesis of results 21 Present results of each meta-analysis done, including confidence intervals  16/17
and measures of consistency.
Risk of bias across 22 Present results of any assessment of risk of bias across studies (see Item 16/17
studies 15).
Additional analysis 23 Give results of additional analyses, if done (e.g., sensitivity or subgroup 8
analyses, meta-regression [see Item 16]).
DISCUSSION
Summary of 24 Summarize the main findings including the strength of evidence for each 10
evidence main outcome; consider their relevance to key groups (e.g., healthcare
providers, users, and policy makers).
Limitations 25 Discuss limitations at study and outcome level (e.g., risk of bias), and at 13
review-level (e.g., incomplete retrieval of identified research, reporting
bias).
Conclusions 26 Provide a general interpretation of the results in the context of other 14
evidence, and implications for future research.
FUNDING
Funding 27 Describe sources of funding for the systematic review and other support 1

(e.g., supply of data); role of funders for the systematic review.

From: Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting Items for Systematic Reviews
and Meta-Analyses: The PRISMA Statement. PLoS Med 6(7): e1000097. doi:10.1371/journal.pmed1000097
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SUPPLEMENTARY TEXT 2, SEARCH OF THE LITERATURE:

embase.com 2811

(‘heart transplantation’/exp OR ‘cardiac graft rejection’/de OR ‘cardiac allograft vasculopathy’/
de OR (((heart* OR cardiac) NEXT/1 (transplant* OR allotransplant* OR homotransplant*
OR graft* OR homograft* OR allograft*))):ab,ti,kw) AND (‘biatrial heart transplantation’/de
OR ‘bicaval heart transplantation’/de OR ‘orthotopic transplantation’/de OR ((‘intermethod
comparison’/de OR ‘heart atrium’/exp OR ‘cava vein’/exp ) AND ‘surgical technique’/de) OR
(biatrial* OR bicaval* OR orthotopic* OR intermethod* OR ((surgical* OR operat*) NEAR/6
(method* OR technique* OR approach*) NEAR/6 compar* ) OR (technique* NEAR/6 compar*
) OR (left NEAR/3 right NEAR/3 (atrium OR atria)) OR (inferior* NEAR/3 superior*)):ab,ti,kw)
NOT ([animals]/lim NOT [humans]/lim) NOT ([Conference Abstract]/lim OR [Letter]/lim OR
[Note]/lim OR [Editorial]/lim) AND [english]/lim

Medline Ovid 2786

(Heart Transplantation/ OR (((heart* OR cardiac) ADJ (transplant* OR allotransplant* OR homo-
transplant* OR graft* OR homograft* OR allograft*))).ab,ti,kw.) AND (((Methods/ OR Methods.
fs.) AND (exp Heart Atria/ OR exp Venae Cavae/)) OR (biatrial* OR bicaval* OR orthotopic* OR
intermethod* OR ((surgical* OR operat*) ADJ6 (method* OR technique* OR approach*) ADJ6
compar* ) OR (technique* ADJ6 compar* )).ab,ti,kw.) NOT (exp animals/ NOT humans/) NOT
(letter OR news OR comment OR editorial OR congresses OR abstracts).pt. AND english.la.

Cochrane CENTRAL 97

((((heart* OR cardiac) NEXT/1 (transplant* OR allotransplant* OR homotransplant* OR graft*
OR homograft* OR allograft*))):ab,ti,kw) AND ((biatrial* OR bicaval* OR orthotopic* OR inter-
method* OR ((surgical* OR operat*) NEAR/6 (method* OR technique* OR approach*) NEAR/6
compar* ) OR (technique* NEAR/6 compar* ) OR (left NEAR/3 right NEAR/3 (atrium OR atria))
OR (inferior* NEAR/3 superior*)):ab,ti,kw)

Web of science 2318

TS=(((((heart* OR cardiac) NEAR/1 (transplant* OR allotransplant* OR homotransplant* OR
graft* OR homograft* OR allograft*)))) AND ((biatrial* OR bicaval* OR orthotopic* OR inter-
method* OR ((surgical* OR operat*) NEAR/5 (method* OR technique* OR approach*) NEAR/5
compar* ) OR (technique* NEAR/5 compar* ) OR (left NEAR/2 right NEAR/2 (atrium OR atria))
OR (inferior* NEAR/2 superior*))) NOT ((animal* OR rat OR rats OR mouse OR mice OR murine
OR dog OR dogs OR canine OR cat OR cats OR feline OR rabbit OR cow OR cows OR bovine OR
rodent* OR sheep OR ovine OR pig OR swine OR porcine OR veterinar* OR chick* OR zebrafish*
OR baboon* OR nonhuman* OR primate* OR cattle* OR goose OR geese OR duck OR macaque*
OR avian* OR bird*) NOT (human* OR patient*))) AND DT=(article) AND LA=(english)
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Google scholar

“heart|cardiac transplantation|allotransplantation|homotransplantation | graft| homograft|all

ograft” biatrial | bicaval -pig -animal -nonhuman -canine

Supplementary Table 1: Baseline characteristics of the individual studies including study references (S1-S36).

Sarsam M.A.l. 1993  Prospective 20/ 20 4/0/2
etal., S1 randomized

Bizouarn P.et 1994 Retrospective 11/9 91/100 73/56 0.0055/ 19915/ 4/0/2
al., 1994, S2 cohort 0.0055 1991.5

Blanche C. et 1994 Retrospective 64/40 83/93 59/65 1989.5/ 4/0/2
al., S3 cohort 1992

Deleuze PH. et 1995 Prospective 40/41 80/83 38/39 3.08/ 1992/ 4/0/3
al., S4 randomized 3.08 1992

Laske A. et 1995 Prospective 20/20 90/80 35/40 4/0/1
al., S5 cohort

Leyh R.G. et 1995 Retrospective 12/15 83/93 4/0/2
al., S6 cohort

Aleksic I. et 1996 Retrospective 60/66 82/92 0.5/0.5 1990/ 4/0/2
al., S7 cohort 1992.5

Gamel A.E.et 1997 Retrospective 20/20 65/75 55/45 1/1 19935/ 4/0/2
al., S8 cohort 1993.5
Beniaminovitz 1997 Retrospective 10/ 10 4/0/1
A.etal., S9 cohort

BouchartF.et 1997 Retrospective 65/30 32/23 19905/ 4/0/1
al.,, S10 cohort 1990.5

Brandt M. et 1997 Retrospective 30/30 87/90 0.75/ 19925/ 4/0/3
al., S11 cohort 0.75 1992.5

Parry G.etal., 1998 Retrospective 359/49 84/84 4/0/2
S12 cohort

AzizTetal., 1999 Retrospective 105/96 84/88 56/66 39/ 46 19935/ 4/0/3
S13 cohort 1993.5

Bainbridge A.D. 1999 Prospective 29/29 86/86 4/0/2
etal.,, S14 randomized

Grande A.M. et 2000 Retrospective 71/46 80/80 35/30 1/1 4/0/3
al., S15 cohort

Milano C.A.et 2000 Retrospective 68/75 76/75 46/53 1993/ 4/0/1
al., S16 cohort 1997

Wang S.S. et 2000 Prospective 39/20 72/75 28/35 1998 / 4/0/1
al., S17 randomized 1998
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Supplementary Table 1: Baseline characteristics of the individual studies including study references (S1-5S36).
(continued)

Riberi A. etal., 2001 Retrospective 72/106 8.7/5.9 1992/ 4/0/3
S18 cohort 1992

Solomon N.A. 2004 Retrospective 38/37 76/81 32/30 3.2/1.8 19985/ 4/0/3
etal, S19 cohort 1998.5

Koch A.etal., 2005 Retrospective 139/ 30/27 3.2/7.4 1996/ 4/0/3
S20 cohort 158 1996

Park KY.etal., 2005 Retrospective 13/25 77/68 8/12 1995/ 4/0/3
S21 cohort 1999.5

SunJ.P. etal., 2007 Retrospective 293/ 92/73 38/33 3.8/3.8 19985/ 4/2/3
S22 cohort 322 1998

Grande A.M. et 2008 Retrospective 52/34 83/82 10/10 1996/ 4/0/3
al.,, S23 cohort 1996

KalraN.etal., 2010 Retrospective 57/56 70/73 4/0/2
S24 cohort

Fiorelli A.l. et 2011 Retrospective 15/15 87/60 40/20 3/3 1992 / 4/0/3
al., S25 cohort 2004.5

Jung S.H.etal,, 2011 Retrospective 53/148 6.4/6.4 2000/ 4/0/3
S26 cohort 2000

Dell’Aquila 2012 Retrospective 117/99 89/93 50/58 10.5/ 19985/ 4/0/3
A.M. et al., S27 cohort 5.2 1998.5

Karal. etal., 2012 Retrospective 28/33 86/79 19985/ 4/0/2
S28 cohort 1998.5

Markowicz- 2012 Retrospective 40/20 4/0/1
Pawlus E. et cohort

al., S29

Sattiraju S. et 2012 Retrospective 155/ 79/ 75 49/4.9 2002/ 4/2/3
al., S30 cohort 105 2002

Kim G.S. etal,, 2014 Retrospective 53/148 2000 / 4/0/3
S31 cohort 2000

Wartig M. et 2014 Retrospective 221/ 80/73 33/23 7.7/77 19965/ 4/2/3
al., S32 cohort 226 1996.5

Huenges K et 2016 Retrospective 108/22 82/95 45/41 1/1 2005 / 4/0/3
al., S33 cohort 2005

Ferretto S. et 2017 Retrospective 150/ 87/80 3/3 1999 / 4/0/2
al., S34 cohort 240 1999

Mallidi H.R. et 2017 Retrospective 767/ 1998 / 4/0/2
al., S35 cohort 683 1998

Rivinius R. et 2017 Retrospective 161/ 81/72 32/32 0.08/ 20005/ 4/2/3
al., S36 cohort 115 0.08 2000.5
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A Late moderate-to-severe tricuspid regurgitation
Model Study name Statistics for each study TR/ Total Rate ratio and 95% CI

Rate Lower Upper
ratio limit limit Z-Value p-Value Biatrial Bicaval
Gamel AE, 1997 1,091 0481 2472 0208 0835 12/20 11/20
Aziz T, 1999 1,941 1,033 3,649 2,060 0,039 27 /4095 15/ 4416
Grande AM, 2000 1,539 0,858 2,760 1446 0,148 38/71 16/46
Solomon NA, 2004 0,913 0,218 3,820 -0,125 0,901 5/122 3/67
Koch A, 2005 6,930 4,242 11,320 7,731 0,000 58/445 22/1169|
Grande AM, 2008 1,308 0672 2,545 0,790 0,430 26/520 13/340
Wartig M, 2014 7,670 2,702 21,770 3,827 0,000 30/1702 4/1740
Huenges K, 2016 1,528 0,349 6,681 0,563 0,573 15/108 2/22
Random 2,144 1,168 3,935 2461 0,014 <o

0,01 0,1 1 10 100

Favours biatrial Favours bicaval
I-squared: 74.8%, Q-value: 31.775, df(Q): 8, P-value: <0.001

B Late moderate-to-severe mitral regurgitation

Model Study name istics for each study MR/ Total Rate ratio and 95% CI

Rate Lower Upper

ratio limit limit Z-Value p-Value Biatrial Bicaval
Gamel AE, 1997 2,600 0927 7,293 1816 0,069 13/20 5/20
Grande AM, 2000 0,756 0,254 2249 -0,503 0615 7/71 6/46
Solomon NA, 2004 0,183 0,007 4,482 -1,041 0,298 0/122 1/67
Koch A, 2005 0,526 0,025 10,950 -0,415 0,678 0/445 2/ 1169
Grande AM, 2008 1,962 0,080 48,151 0413 0,680 1/520 0/340

Fiorelli Al, 2011 1,000 0,141 7,099 0,000 1,000 2/45 2/45 T
1

Random 1,234 0642 2371 0631 0,528
0,01 0,1 10 100
Favours biatrial Favours bicaval
I-squared: <0.001%, Q-value: 3.257, df(Q): 4, P-value: 0.516
(¢ Late permanent pacemaker implantation
Model Study name istics for each study PM / Total Rate ratio and 95% CI
Rate Lower Upper
ratio limit limit Z-Value p-Value Biatrial Bicaval
Deleuze PH, 1995 5,125 0,246 106,750 1,055 0,292 2/123 0/126
Aleksic |, 1996 27,500 1,628464,465 2298 0,022 12/30 0/33
Grande AM, 2000 1,844 0,980 3,469 1,898 0,058 37/71 13/46 HIl-
Solomon NA, 2004 3,834 0,198 74,222 0,889 0,374 3/122 0/67
Grande AM, 2008 7,192 0,398 130,070 1,336 0,182 5/520 0/340
Sattiraju S, 2012 1,258 0,657 2,409 0,693 0,489 26 /760 14 /515 E =
Huenges K, 2016 2,648 0,346 20,243 0,938 0,348 13/108 1/22 i
Ferretto S, 2017 0,059 0,004 0,997 -1,962 0,050 0/450 13/720
Random 1930 0917 4,060 1,732 0,083 -
0,01 0,1 1 10 100
Favours biatrial Favours bicaval

I-squared: 52.5%, Q-value: 10.530, df(Q): 5, P-value: 0.062

Supplementary Figure 1: (A-C) Forest plots of late moderate-to-severe tricuspid regurgitation (A), moderate-to-severe mitral
regurgitation (B) and permanent pacemaker implantation (C). Cl: confidence interval; TR: tricuspid regurgitation; MR: mitral
regurgitation; PM: permanent pacemaker implantation.
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Standard Error
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20
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Supplementary Figure 2: (A-D) Funnel plots of early mortality (A), early tricuspid regurgitation (B), early mitral regurgitation
(C) and early permanent pacemaker implantation (D).
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Supplementary Figure 3: (A-C) Funnel plots of late tricuspid regurgitation (A), late mitral regurgitation (B) and late permanent
pacemaker implantation (C).
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ABSTRACT

Introduction

Tricuspid regurgitation (TR) is common in patients with after biatrial orthotopic heart transplant
(OHT). Nevertheless, the clinical impact and long-term sequel of TR remains unclear. In this
study, we aim to elucidate the clinical impact and long-term course of TR, taking into account

its dynamic nature.

Methods

All consecutive adult patients undergoing biatrial OHT (1984-2017) and with an available
follow-up echocardiogram were included in this study. Mixed-models were used to model the
evolution of TR. Thereafter, the mixed-model was inserted into a Cox model, under the joint-

model framework, in order to address the association of the dynamic TR with mortality.

Results

In total, 572 patients were included (median age: 50 years, males:74.9%). Approximately 32%
of patients had moderate-to-severe TR immediately after surgery. However, this declined to
approximately 11% at 5 years and 9% at 10 years after of surgery, adjusted for survival bias. Pre-
implant mechanical support was associated with less TR during follow-up, whereas concurrent
LV dysfunction was significantly associated with more TR during follow-up. Survival at 1, 5, 10, 20
years was 97+1%, 88+1%, 66+2% and 23+2%, respectively. The presence of moderate-to-severe
TR during follow-up was associated with higher mortality (HR:1.07,95%Cl[1.02-1.12],p=0.006).

The course of TR was positively correlated with the course of creatinine (R=0.45).

Conclusion

TR during follow-up is significantly associated with higher mortality and worse renal function.
Nevertheless, probability of TR is the highest immediately after OHT and decreases thereafter.
Therefore, it may be reasonable to refrain from surgical intervention for TR during earlier phase
after OHT.
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INTRODUCTION

Tricuspid regurgitation (TR) is common in patients post biatrial orthotopic heart transplant
(OHT) (1). Risk factors for TR after OHT include endomyocardial biopsies, allograft rejection,
mismatch between the donor heart size and pericardial cavity dimensions (2-4). Additionally,
several studies identified a biatrial anastomoses technique (vs a bicaval anastomoses) as inde-
pendent risk factor for TR after OHT (3, 5, 6). Nevertheless, the clinical impact of TR remains
unclear, partly because post-OHT TR is a dynamic disease that changes over time in individual
patients. Due to these complex characteristics the clinical impact of post-OHT TR cannot be ap-
proached using traditional statistical tools. In this study, we aim to elucidate the clinical impact
and long-term course of TR, taking into account its dynamic nature, by using novel statistical

models to link the course of post-OHT TR to survival and renal function.

METHODS

Patients

Consecutive patients that underwent biatrial OHT from 1984 to 2016 in Erasmus MC were in-
cluded in this retrospective cohort study (n=687). Patients whom echocardiograms results were
not retrievable or had recorded echocardiograms without TR measurements were excluded
(n=115) resulting in 572 patients eligible for analyses. Of note, most patients that died within
30 days did not have a TR measurement on echocardiogram and, therefore, were excluded.
(Supplementary Figure 1). None of the patients received tricuspid valve interventions during
follow-up. Approval from the local Medical Ethical Committee was obtained to conduct this
study (MEC-2017-421).

Data collection

Baseline characteristics were extracted from our institutional OHT database. Additionally, all
echocardiographic measurements and creatinine measurements were collected longitudinally
via automated extraction from the electronic patient records. Furthermore, echocardiographic
measurements were supplemented with data acquired from paper patient records. The Dutch

municipal civil registry was checked for the survival status.

Study outcome

The main outcome of this study is mortality in relation to the changing TR severity over time.
Secondary outcomes include: the evolution of post-OHT TR grade and the evolution of post-

OHT creatinine in relation to the changing TR severity.
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Operation
All patients were operated with the biatrial anastomoses technique described in 1960 by Lower
and Shumway (7). This technique entails an incision in the right atrium from the inferior vena

cava toward the right atrial appendage to avoid sino-atrial node injury.

Statistics

Continuous data are presented as mean + standard deviation (Gaussian distribution) or median
[interquartile range (IQR)] (nonGaussian distribution). Categorical data are presented as fre-
quencies (percentage).

Logistic mixed-effect models were used to assess probability of TR over time and investigate
determinants of the longitudinal evolution over time. These models included random intercept
and slope effects to capture the correlation of the repeated measurements in each patient.
Natural splines with 2 knots placed at the 1st and 3rd quartiles were used to allow for flexibility
of the subject-specific trajectories over time. Splines allow for non-linear trajectories over time.
This is achieved by allowing a different spline-coefficient for each time interval defined by the
knots (e.g. two knots define 3 such intervals). Survival probabilities were estimated and visual-
ized by the Kaplan-Meier method. A joint model was developed to investigate determinants
of mortality. More specifically, the mixed-effects model of TR and a relative risk model for
the hazard of death (e.g. Cox model) were jointly modelled using shared-random effects. The
subject-specific estimated longitudinal profiles were included in the relative risk model as pre-
dictors. Joint modelling has several benefits, such as the appropriate inclusion of endogenous
covariates in relative risk models (TR), reduced bias and increased efficiency, while it can be
used to derive dynamic predictions (8). At time point t one can investigate the effect of the
current value of TR, the effect of the slope of TR (at which speed probability of TR is changing
at time point t) and the cumulative effect of TR. Predictors were selected based upon clinical
knowledge and availability. Left ventricle function, pacemaker, dialysis and number of rejection
episodes after one year were included as exogenous time-varying covariates.

Global-local shrinkage priors were used for the regression coefficients of the relative risk
sub-model for the selection of the current value of TR as predictor and this is presented in the
article (Supplementary Table 1-3).

The longitudinal evolution of TR probability was correlated to the longitudinal evolution of
creatinine by multivariate (multiple outcomes) mixed modelling. Correlation tests were done
on the random effects D matrix.

Sensitivity analyses including both the mixed-effect model for right ventricle function and
TR as predictors in the joint model and a model including year of surgery were performed in
order the these the robustness of the estimates.

Missing baseline data used in the analyses was considered completely at random, and com-
plete case analyses was performed. Creatinine at baseline had highest missing values (n=29,

5%). A. p-value <0.05 was considered statistically significant. Statistical analyses were done in
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R (R core team 2017, Vienna, Austria) with the use of statistical packages “GLMMadaptive”,

“splines”, “JointAl”, “survival” and “JMbayes”.

RESULTS

In total, 572 patients were included in this study. Baseline characteristics are presented in Table
1. Given the dynamic character of TR over time, baseline characteristics are not stratified on
post-OHT TR grade. On average patients were 50 years old and 74.9% was male. Most fre-
quently cyclosporine / prednisone (26.4%) and tacrolimus / prednisone (21.3%) are prescribed
as immunosuppressive maintenance therapy. Median follow-up was 10.4 years (IQR: 6.4-15.3).
Two patients were lost in follow-up, resulting in a completeness of 99.5% (C).

Table 1: Pre-, peri-, postoperative characteristics

Recipient Age (median, IQR)

50.23 [41.87, 56.32]

Donor age (median, IQR)

33.00 [22.00, 44.00]

Receiver female sex (n,%) 143 (25.1)
Donor female sex (n,%) 277 (49.0)
Primary diagnosis (n,%)
Non ischemic 275 (49.4)
Ischemic 254 (45.6)
Other 28 (5.0)

Creatinine (median [IQR])

114.00 [93.00, 136.00]

Immunosuppression (n,%)

Cyclosporine + azathioprine + prednisone 70 (12.3)
Cyclo+ MMF+ prednisone 32(5.6)
Cyclosporine + prednisone 150 (26.4)
Tacrolimus+prednisone 121 (21.3)
tacrolimus+MMF 21(3.7)
Other 175 (30.8)
Number of prior cardiac operations (n,%)
0 415 (72.8)
1 125 (21.9)
2 26 (4.6)
3 4(0.7)
Urgency (n,%)
0 370 (65.1)
1 99 (17.4)
2 93 (16.4)
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Table 1: Pre-, peri-, postoperative characteristics (continued)

3 6(1.1)
Pre HTx diabetes (n,%) 35 (6.4)

Pre HTx mechical assistance (%)

None 517 (92.8)

LVAD 33(5.9)

ECMO 2(0.4)

IABP 5(0.9)
Ischemia time (median [IQR]) 170.00 [143.00, 203.00]
Re-exploration for bleeding (n,%) 77 (13.5)
Dialysis* (%) 94 (16.8)
Pacemaker* (%) 70(12.5)
Number rejection first year 1(median [IQR]) 1.00 [1.00, 2.00]

*Number of patients that received a pacemaker or dialysis during follow up

Tricuspid regurgitation evolution

In total, 8826 echocardiograms were collected (range: 1-50, mean: 15.4) and all echocardio-
grams are used in the analyses. The model predicting the evolution of TR over time is presented
in Table 2. Probability of TR changed over time, as indicated by the significant times estimates
(Table 2). The evolution of the probability of moderate-to-severe TR over time, as estimated
by the mixed-model, is presented in Figure 1. On average, approximately 32% of patients have
moderate-to-severe TR immediately after surgery. However, this declines to approximately 11%
after 5 years and 9% after 10 years of surgery. Pre-implant mechanical support was significantly
associated with lower probability of moderate-to-severe TR during follow-up (Table 2). Addi-
tionally, a worse LV function at the time of the TR measurement was significantly associated
with a higher probability of moderate-to-severe TR (Table 2). Strikingly, the number of rejec-

tions in the first year was not associated with a higher probability of moderate-to-severe TR.

Table 2: Estimates of logistic mixed-model part of the joint model to predict moderate-to-severe TR over time.

Intercept 0.10 (0.01;1.35) 0.090
Spline 1 of time® 0.23 (0.09; 0.56) <0.001
Spline 2 of time* 0.03 (0.01;0.13) <0.001
Spline 3 of time* 0.18 (0.02;1.22) 0.080
Receiver age 0.98 (0.95;1.01) 0.138
Donor age 1.02 (0.99; 1.05) 0.114
Receiver female sex 0.77 (0.36;1.59) 0.466
Donor female sex 1.66 (0.86;3.18) 0.130
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Table 2: Estimates of logistic mixed-model part of the joint model to predict moderate-to-severe TR over time.
(continued)

Ischemia time 0.96 (0.89;1.04) 0.344

Cardiac reoperation 0.99 (0.56;1.76) 0.952 .
Urgency 1 vs 0 1.40 (0.56; 3.55) 0.456
Urgency 2/3 vs 0 0.63 (0.27; 1.46) 0.322 .
No mechanical assistance prior HTx 6.29 (1.47;27.31) 0,014.
Pre HTx diabetes 0.60 (0.19; 1.94) 0.394.
Number rejection first year 1.02 (0.88;1.19) 0.742 .
Mildly impaired LV function vs normal® 1.73 (1.32;2.31) <0.001 .
Moderately impaired LV function vs normal® 4.03 (2.29;7.18) <0.001 .
Severely impaired LV function vs normal® 9.54 (2.82;38.46) <0.001 .
Pacemaker? 1.12 (0.59; 2.07) 0.718 .
Creatinine 1.00 (1;1.01) 0.374 .

1: Time was modelled in an non-linear way with a spline function. Cl: confidence interval, OR: odds ratio. 2: At the time of TR
measurment (time-varying covariate)
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Figure 1: The marginal probability of moderate-to-severe TR during follow-up for an average patient.
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Mortality

During follow-up 357 patients died of which 5 (0.9%) within 30 days. Survival at 1, 5, 10, 20 years
was 97+1%, 88+1%, 66+2% and 23+2%, respectively (Figure 2). The presence of moderate-to-
severe TR during follow-up was associated with higher mortality (Table 3). Table 3 presents the
estimates of the joint model. A higher age, the presence of pre-OHT diabetes, recipient female
sex and dialysis were significantly associated with mortality during follow-up. Moderate-to-
severe TR remained significant a sensitivity analyses in which left ventricular dysfunction was
incorporated in the Cox model as time-varying covariate (Supplementary Table 4).

Figure 3ab presents a dynamic survival probability plot for two patients. The first patients
developed moderate-to-severe TR after approximately 3 years. At this moment, the survival
probability of 10 years later is estimated to be 77% (Figure 3a). The second patient did not
develop moderate-to-severe TR at 3 years, and the survival probability of 10 years later for this
patients is estimated to be 81% (Figure 3b).

Survival
100%
iy
mﬁ‘,ﬂ
o T5% %..»‘m
=
8 N‘*
5 50% e "
E o
€ ”“‘«wﬂ
D 25% T
0%
0 5 10 15 20
Time (years)
Number at risk
]
T Al 570 469 295 153 59
w
0 5 10 15 20
Time (years)
Figure 2: A Kaplan-Meier curve of overall survival.
Table 3: Estimates of the joint-model survival part
Variable HR 95% Cl P value
Receiver age 1.04 (1.03;1.06) <0.001
Receiver female sex 1.44 (1.02;2.03) 0.046
Donor female sex 1.05 (0.78; 1.44) 0.768
Ischemia time 1.00 (1;1.01) 0.064
Cardiac reoperation 1.22 (0.91; 1.6) 0.174
Urgencylvs 0 0.90 (0.61;1.31) 0.590
Urgency2 vs 0 0.78 (0.48;1.22) 0.270
Urgency3 vs 0 12.26 (2.32;55.12) 0.012
No mechanical assistance prior HTx 0.75 (0.28;2.19) 0.580
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Table 3: Estimates of the joint-model survival part (continued)

Donor Age 0.99 (0.98;1.01) 0.372

Non-ischemic CMP vs ischemic 1.17 (0.82;1.66) 0.364 .
Other diagnosis vs ischemic 1.15 (0.55;2.15) 0.668 .
Pre HTx diabetes 2.30 (1.3;3.8) <0.001 .
Creatinine 1.00 (1.00; 1) 0.096 .
Pacemaker" 1.00 (0.64;1.52) 0.972 .
Dialysis" 1.81 (1.27;2.5) 0.002 .
Mod-sev TR 1.07 (1.02;1.13) 0,006.

1: Time-varying covariate
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Figure 3ab: A dynamic plot of two patients (A and B). Patient A develops TR after 3 years and patient B does
not develop TR after 3 years.
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Kidney function

Creatinine was collected at 4426 times simultaneously with an echocardiogram. The longitudi-
nal evolution of creatinine is presented in Figure 4 as estimated by a mixed-model containing

only the variable time with a spline function.

160

140

Creatinine (mmol/L)

120
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Time (years)

Figure 4: The predicted evolution of creatinine after HTx

The random slope of moderate-to-severe TR was highly positively correlated to the slope of
creatinine (R = 0.45), meaning that if the probability moderate-to-severe TR increases, creati-
nine levels also increase in an individual patient. The intercept (starting point) of TR was not
highly correlated the intercept (starting point) of creatinine (R = 0.04). The correlation matrix
is shown in Supplementary Table 5.

The current value of post-OHT moderate-to-severe TR was found to be predictive for dialy-
sis dependence (HR 1.21 95% CI [1.04 to 1.44], P = 0.012) as estimated by a simple joint-model

adjusting for baseline creatinine, sex and age (Supplementary Table 6).

Sensitivity analyses

In a multivariate joint model including both the longitudinal evolution of dichotomized right
ventricle function and of moderate-to-severe TR, only moderate-to-severe TR was found to
be a significant predictor of mortality, whereas right ventricle function was not. It has to be
noted that right ventricle function was only recorded in 1216 of 8826 echocardiograms leaving
relatively little data for the analyses (Supplementary Table 7-8). Including year of surgery in the
model of longitudinal evolution and Cox model did not change the significance or estimate of

the longitudinal predictor of moderate-to-severe TR for mortality (Supplementary Table 9 — 10).
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DISCUSSION

This study investigated the long-term course of moderate-to-severe TR and its impact on
mortality and renal function. We found that moderate-to-severe TR during follow-up was as-
sociated with higher mortality and progressive decline of renal function. Specifically, moderate-
to-severe TR was found to be a risk factor for dialysis. To the authors knowledge, this is the first

study that accounts for the dynamic nature of TR during follow-up.

TR evolution

The etiology of TR after OHT is multifactorial in nature (3). In older studies higher pulmonary
pressures after OHT and endomyocardial biopsies were mainly found to be associated with TR
(3, 9-11). Furthermore, the biatrial surgical technique is found to be associated with more TR
in multiple studies (12).

In our study, left ventricular dysfunction at the time of TR measurement was significantly
associated with the higher probabilities of moderate-to-severe TR, probably because worse
LV function causes higher pulmonary pressures, subsequently leading to RV dysfunction and
dilatation, leading to functional TR. Moreover, we noted that patients who have mechanical
assistance (LVAD, ECMO, IABP) prior OHT have a lower probability of post-OHT moderate-
to-severe TR. It has been observed that left ventricular assist devices effectively unload the
left ventricle and reduce pulmonary pressures (13). Hence, patients with pre-OHT mechanical
assistance will probably have lower pulmonary pressures, resulting in less right ventricle dys-
function, annulus dilation and, secondary TR immediately after OHT.

Other studies noted initially a decrease in TR severity after OHT, but a relative increase later
in follow up, or even a gradual increase in TR over time (5, 11, 14). This study did not replicate
these results. Nevertheless, change over time was not significantly decreasing over time later
in follow-up. The results of prior studies can partly be explained by the used methodology,
which does not take into account the correlations within patients vs between patients nor does
take into account the dropout of patients (either due to death or censoring), whereas the joint

modeling framework does take these phenomena into account.

Mortality & Morbidity

In this cohort we only included patients with a follow-up echocardiogram, as the focus was
on evolution of TR. Previously we reported the outcomes of the entire cohort (15). In patient
who die early an echocardiogram may not be performed or TR in this echocardiogram is not
recorded, explaining the low 30-day mortality (0.9%) in this subset of the entire cohort (Supple-
mentary Figure 1).

Previous studies noted that TR at discharge was associated with impaired late morality
(5, 16). Two other studies examined late TR and noted contradicting results in regard to the

association with mortality (14, 17). This study models the dynamic nature of TR over time and
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the association with mortality. During follow-up developing TR is associated with higher prob-
ability of mortality. The dynamic predictions estimated that developing TR at 3 years after OHT
is paired with a 4% reduction in survival 10 years later compared to a patient who does not
develop TR, given that all the other variables are similar.

The observed association of TR with mortality does not inherently imply a causal asso-
ciation. An important factor in in this interplay is right ventricular dysfunction. In a sensitiv-
ity analyses right ventricle function was not found to be a significant predictor of mortality.
However, eyeballing the right ventricle function is difficult and the analyses be underpowered
to detect differences. Moreover, it is complicated to make causal inference in regard to right
ventricular dysfunction and TR due to their circular relationship; TR leads to right ventricular
dysfunction, which leads to dilatation, in turn leading to more TR. One needs to backtrack which
phenomena starts first and starts the negative spiral, which is difficult to do in retrospective
studies. Nevertheless, previous studies claim that it is the TR that may lead to right ventricular
dysfunction (1, 14, 18).

Moreover, we could also link the longitudinal evolution of TR probabilities to the longitudi-
nal evolution of creatinine. Previous studies also found an association between renal function
and TR (17). It is still debatable whether it is the TR or right ventricular dysfunction causing
the renal dysfunction, however TR may contribute to renal dysfunction by increasing venous
congestion (19) and the combination of TR and right ventricular dysfunction is found to predic-
tive of impaired renal function (20). Furthermore, in a recent study Karam et al. noted stabiliza-
tion of renal function and improvement of liver function in patients undergoing transcatheter

tricuspid valve repair, suggesting a beneficial effect of eliminating TR (21).

Clinical implications

In most cases symptomatic TR is managed with usual heart failure treatments, but in refractory
cases a surgical intervention becomes necessary (1). Literature regarding surgery for TR after
OHT is scarce. Nevertheless, it has been shown that surgery in these patients can be performed
safely (22, 23). The authors who linked discharge TR to impaired survival suggest to surgically
intervene if TR is not resolved by discharge (5). However, our data shows that it may be reason-
able to wait longer, as probability of TR continues to decrease after discharge, and TR usually
remains asymptomatic for years (4). Notwithstanding, our data shows that after approximately
five years post-OHT the decrease probability of moderate-to-severe TR negates. In patients
with persistent TR at five years post-OHT surgical intervention may be most beneficial, assum-
ing the association of TR and mortality / renal function is causal in nature.

A small randomized clinical trial (n=60) in which patients received either prophylactic
tricuspid annuloplasty vs. no annuloplasty concomitant to OHT noted a better cardiac survival
in the annuloplasty groups, if they combined early and late deaths (18). No overall survival
difference was noted. Furthermore, opportunities arise with emerging trans-catheter devices

to treat TR, since this population may be an interesting potential target population for trans-
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catheter approaches (25). However, these devices still need to be validated in this complex
subgroup of patients. Other authors advocate the use of bicaval anastomosis by default to
prevent TR in the first place (6, 24).

Strengths and limitations

The major advantage of this study is that we were able to collect 8826 echocardiograms, en-
abling us to use advanced statistical methods to model the dynamic nature of TR and making
less biased inference of the impact of TR during follow-up on mortality. Several limitations
apply to this study common in retrospective analyses. We did not consider cardiac allograft
vasculopathy (CAV) explicitly in this study since CAV is diagnosed by coronary angiography
and, therefore, there is a delay between development and diagnosis of CAV. Nevertheless, CAV
manifests as LV dysfunction, which we were able to analyze, hence CAV is implicitly considered.
Patients who died without an TR measurement on echocardiogram were excluded, which can
introduce selection bias. Assessing TR remains challenging, but we dichotomized this variable
to create a more robust measurement. Moreover, we it was not possible to determine the
cause of TR (e.g. biopsy related vs functional). Lastly, LV function, pacemaker and dialyses were
incorporated in the models as a time-varying exogenous variable, while in fact these variables

are more likely to be endogenous.

Conclusions

TR during follow-up is significantly associated with higher mortality and progressive decline
of renal function / end-stage renal failure. Nevertheless, probability of TR is the highest im-
mediately after OHT and decreases thereafter. Therefore, it may be reasonable to refrain from

surgical intervention during early phase after OHT with bi-atrial anastomoses.
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Entire cohort (N=687)
Patients without recorded TR

measurement on
echocardiogram in follow-up
(N=115)

- 42 patients (37%) died
within 30 days

- 46 patients (40%)
were operated before
the year 2000

Included cohort (N=572)

Supplementary Figure 1: Flowchart of included patients.

Supplementary table 1: Estimates of the relative hazard model (cox) in the joint-model using the horseshoe
global-local shrinkage prior and value, slope and area under the curve association structures.

Receiver age 1.01 (1.00; 1.03) 0.050
Receiver female sex 1.25 (0.95; 1.77) 0.186
Donor female sex 1.03 (0.86; 1.26) 0.820
Ischemia time 1.00 (1;1.01) 0.036
Cardiac reoperation 1.17 (0.95; 1.53) 0.198
Urgencyl vs 0 0.98 (0.73;1.22) 0.870
Urgency2 vs 0 0.89 (0.56; 1.18) 0.544
Urgency3 vs 0 6.98 (1.02; 26.60) 0.042
No mechanical assistance prior HTx ~ 0.83 (0.32; 1.23) 0.608
Donor Age 0.99 (0.98; 1.01) 0.404
Non-ischemic CMP vs ischemic 1.05 (0.86; 1.38) 0.656
Other diagnosis vs ischemic 1.09 (0.81; 1.75) 0.710
Pre HTx diabetes 2.17 (1.16; 3.79) 0.010
Creatinine 1.00 (1;1) 0.026
Pacemaker* 1.02 (0.80; 1.36) 0.888
Dialysis* 1.64 (1.09; 2.30) 0.020
Mod-sev TR (value) 1.07 (1.01; 1.15) 0.010
Mod-sev TR (slope) 0.97 (0.35; 1.95) 0.978
Mod-sev TR (area) 1.00 (1.00; 1.00) 0.046
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Supplementary table 2: Estimates of the relative hazard model (cox) in the joint-model using the ridge global-
local shrinkage prior and value, slope and area under the curve association structures. 1: exogenous time-
dependent covariate

Receiver age 1.01 (1.00; 1.03) 0.060
Receiver female sex 1.41 (0.97;1.97) 0.066
Donor female sex 1.04 (0.76; 1.42) 0.802
Ischemia time 1.00 (1; 1.01) 0.064
Cardiac reoperation 1.22 (0.90; 1.62) 0.188
Urgencyl vs 0 0.93 (0.63; 1.38) 0.722
Urgency2 vs 0 0.76 (0.47;1.21) 0.232
Urgency3 vs 0 7.57 (1.42; 32.30) 0.022
No mechanical assistance prior HTx ~ 0.63 (0.24; 1.68) 0.308
Donor Age 0.99 (0.98;1.01) 0.302
Non-ischemic CMP vs ischemic 1.14 (0.84; 1.61) 0.402
Other diagnosis vs ischemic 1.15 (0.59; 2.07) 0.618
Pre HTx diabetes 2.45 (1.53; 3.96) 0.002
Creatinine 1.00 (1; 1) 0.040
Pacemaker* 1.03 (0.66; 1.56) 0.902
Dialysis® 1.78 (1.21; 2.49) 0.006
Mod-sev TR (value) 1.09 (1.02; 1.15) 0.006
Mod-sev TR (slope) 0.95 (0.53; 1.42) 0.770
Mod-sev TR (area) 1.00 (1.00; 1.00) 0.050

Supplementary table 3: Estimates of the relative hazard model (cox) in the joint-model using value, slope and
area under the curve association structures but with no shrinkage. 1: exogenous time-dependent covariate

Receiver age 1.01 (1.00; 1.03) 0.158
Receiver female sex 1.44 (0.96; 2.12) 0.074
Donor female sex 1.03 (0.76; 1.43) 0.904
Ischemia time 1.00 (1;1.01) 0.112
Cardiac reoperation 1.24 (0.91; 1.70) 0.218
Urgencyl vs 0 0.92 (0.62; 1.37) 0.720
Urgency2 vs 0 0.77 (0.44; 1.22) 0.308
Urgency3 vs 0 8.74 (1.39; 48.33) 0.028
No mechanical assistance prior HTx ~ 0.67 (0.23; 2.15) 0.474
Donor Age 0.99 (0.98; 1.01) 0.348
Non-ischemic CMP vs ischemic 1.15 (0.81; 1.67) 0.442
Other diagnosis vs ischemic 1.12 (0.56; 2.15) 0.752
Pre HTx diabetes 2.52 (1.46; 4.22) <0.001
Creatinine 1.00 (0.99; 1) 0.070
Pacemaker* 1.01 (0.65; 1.50) 0.918
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Supplementary table 3: Estimates of the relative hazard model (cox) in the joint-model using value, slope and
area under the curve association structures but with no shrinkage. 1: exogenous time-dependent covariate
(continued)

Dialysis* 1.83 (1.26; 2.64) 0.002
Mod-sev TR (value) 1.12 (1.03; 1.22) 0.010
Mod-sev TR (slope) 0.53 (0.07; 3.27) 0.546
Mod-sev TR (area) 1.00 (1.00; 1.00) 0.046

Supplementary table 4: Estimates of the relative hazard model (cox) in the joint-model with left vertical func-
tion as time-varying covariate predicting mortality. 1: exogenous time-dependent covariate

Receiver age 1.04 (1.03; 1.06) <0.001
Receiver female sex 1.16 (0.84; 1.64) 0.344
Donor female sex 1.37 (1.03; 1.82) 0.04
Ischemia time 1.00 (1;1) 0.534
Cardiac reoperation 1.49 (1.08; 2.03) 0.012
Urgencyl vs 0 1.16 (0.78; 1.78) 0.436
Urgency2 vs 0 0.80 (0.49; 1.3) 0.356
Urgency3 vs 0 11.69 (2.08; 45.83) 0.018
No mechanical assistance prior HTx ~ 1.66 (0.63; 4.58) 0.296
Donor Age 0.98 (0.97; 0.99) <0.001
Non-ischemic CMP vs ischemic 1.19 (0.85; 1.62) 0.272
Other diagnosis vs ischemic 0.92 (0.48; 1.75) 0.764
Pre HTx diabetes 1.43 (0.85; 2.27) 0.136
Creatinine 1.00 (1;1) 0.658
Pacemaker* 0.99 (0.66; 1.45) 0.932
Dialysis* 1.37 (0.94; 2.03) 0.102
Moderately/severe LV function vs

normal* 110.23 (53.51; 252.98) <0.001
Mod-sev TR 1.07 (1.02;1.12) 0.008

1: Time-varying covariate

Supplementary table 5: Random correlation matrix of the multivariate longitudinal model with creatinine and
tricuspid regurgitation. Random effect were: intercept for patients and slope over time in both models. No
splines were added in the random effects for time in order to enhance interpretability.

Intercept TR 1 X X X
Random slope TR 0.1791 1 X X
Random slope creatinine -0.6112 0.4540 1 X
Intercept creatinine 0.0464 0.0775 -0.5634 1

319




Chapter 12

Supplementary table 6: Estimates for the relative hazard model (cox) a in the joint model predicting dialysis.

Reciever Age 0.99 (0.97; 1.02) 0.546
Baseline creatinine 1.00 (0.99; 1.01) 0.784
Receiver female sex 0.58 (0.26; 1.21) 0.150
Moderate-to-severe TR 1.21 (1.04; 1.44) 0.012

Supplementary table 7: Estimates for the relative hazard model (cox) a in the joint model predicting mortality,
with both longitudinal evolution of right ventricular function and moderate-to-severe TR as predictor. The cur-
rent value parametrization was used in both predictors. 1: exogenous time-dependent covariate

Receiver age 1,04 (1;1,07) 0.028
Receiver female sex 1,64 (0,87; 3,27) 0.12
Donor female sex 0,92 (0,45; 1,81) 0.82
Ischemia time 1,01 (1; 1,01) 0.026
Cardiac reoperation 1,08 (0,57;1,97) 0.82
Urgencyl vs 0 0,34 (0,12; 0,86) 0.020
Urgency2 vs 0 0,37 (0,14; 0,94) 0.036
Urgency3 vs 0 3,50 (0,22; 34,2) 0.32
No mechanical assistance prior HTx 0,40 (0,08; 2,53) 0.33
Donor Age 1,00 (0,97; 1,03) 0.84
Non-ischemic CMP vs ischemic 1,06 (0,57; 1,95) 0.85
Other diagnosis vs ischemic 1,17 (0,15; 7,83) 0.88
Pre HTx diabetes 3,16 (1,32; 7,08) 0.012
Creatinine 1,00 (0,99; 1,01) 0.93
Pacemaker* 1,03 (0,46; 2,22) 0.95
Dialysis* 2,44 (1,16; 4,95) 0.014
Right ventricle dyfunction 1,02 (0,93; 1,13) 0.63
Mod-sev TR 1,06 (1,02; 1,12) 0.002

Supplementary table 8: Estimates for the logistic mixed-effects model part from the joint model predicting
mortality with year as predictor. 1: exogenous time-dependent covariate

Intercept -3,24 (-15,24; 23.964) 0.736
Spline 1 of time® -2,24 (-4,613;-0.245) 0.026
Spline 2 of time* -9,60 (-13,239;-6.197) <0.001
Spline 3 of time* -8,45 (-13,605; -4.063) <0.001
Receiver age -0,05 (-0,095; -0.004) 0.028
Donor age 0,04 (-0,004; 0) 0.064
Receiver female sex -1,23 (-2,502; -) 0.042
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Supplementary table 8: Estimates for the logistic mixed-effects model part from the joint model predicting
mortality with year as predictor. 1: exogenous time-dependent covariate (continued)

Donor female sex 1,01 (-0,08;2.156) 0.064

Ischemia time -0,01 (-0,025;0) 0.096

Cardiac reoperation 0,10 (-0,796; 1.004) 0.84 .
Urgency 1vs 0 0,96 (-0,39;2.371) 0.18 .
Urgency 2/3vs 0 0,03 (-1,286; 1.441) 0.96 .
No mechanical assistance prior HTx 5,43 (1,779;9.868) 0.006 .
Pre HTx diabetes 0,37 (-2,194; 1.495) 0.69
Number rejection first year 0,08 (-0,2;0.342) 0.50 .
Mildly impaired LV function vs normal® 0,27 (-0,194;0.714) 0.26 .
Moderately impaired LV function vs normal® 1,54 (0,676; 2.359) 0.002 .
Severely impaired LV function vs normal? 4,31 (2,26; 6.859) <0.001 .
Pacemaker® -0,56 (-2,257; 1.264) 0.50 '
Creatinine 0,01 (0,001; 0.024) 0.044 .
Year of surgery -0,01 (-0,016; 0.004) 0.32 .

Supplementary table 9: Estimates for relative hazard model (cox) part from the joint model predicting mortal-
ity with year as predictor. 1: exogenous time-dependent covariate

Receiver age 1,04 (1,02; 1,06) <0.001
Receiver female sex 1,49 (1;2,19) 0.046
Donor female sex 1,09 (0,78; 1,49) 0.60
Ischemia time 1,00 (1;1,01) 0.098
Cardiac reoperation 1,24 (0,91; 1,67) 0.18
Urgencylvs 0 0,83 (0,53; 1,27) 0.39
Urgency2 vs 0 0,80 (0,45; 1,35) 0.38
Urgency3 vs 0 10,67 (1,26; 56,75) 0.034
No mechanical assistance prior HTx 0,59 (0,21; 1,91) 0.36
Donor Age 0,99 (0,98;1,01) 0.33
Non-ischemic CMP vs ischemic 1,18 (0,8;1,67) 0.36
Other diagnosis vs ischemic 1,05 (0,52; 2,13) 0.90
Pre HTx diabetes 2,27 (1,3; 4) 0.004
Creatinine 1,00 (0,99; 1) 0.096
Pacemaker* 0,99 (0,61; 1,58) 0.94
Dialysis® 1,75 (1,19; 2,53) 0.004
Year of surgery 1,00 (1.00; 1.00) 0.14
Mod-sev TR 1,06 (1,02; 1,12) 0.006
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Chapter 13

ABSTRACT

Tricuspid regurgitation (TR) is a frequent and complex problem, commonly combined with left-
sided heart disease, such as mitral regurgitation. Significant TR is associated with increased
mortality if left untreated or recurrent after therapy. Tricuspid regurgitation was historically
often disregarded and remained undertreated. Surgery is currently the only Class | Guideline
recommended therapy for TR, in the form of annuloplasty, leaflet repair, or valve replacement.
As growing experience of transcatheter therapy in structural heart disease, many dedicated
transcatheter tricuspid repair or replacement devices, which mimic well-established surgical
techniques, are currently under development. Nevertheless, many aspects of TR are little
understood, including the disease process, surgical or interventional risk stratification, and pre-
dictors of successful therapy. The optimal treatment timing and the choice of proper surgical or
interventional technique for significant TR remain to be elucidated. In this context, we aim to
highlight the current evidence, underline major controversial issues in this field and present a

future roadmap for TR therapy.
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INTRODUCTION

Tricuspid regurgitation (TR) is commonly detected on echocardiography. Moderate/severe TR
is associated with an increased risk for cardiac and all-cause mortality.”* A recent meta-analysis
demonstrated that moderate/severe TR is associated with a two-fold increased mortality risk
compared with no/mild TR, which seems to be independent of pulmonary pressures and right
heart failure (HF).* Topilsky et al.® reported that quantitative measures of TR were associated
with increased mortality in patients with left ventricular (LV) systolic dysfunction. These evi-
dences may push towards an earlier indication of correction of TR.

Tricuspid regurgitation remains undertreated as a result of our limited understanding of the
disease and how to quantify it.*® Surgery is currently the only Class | Guideline Recommended
therapy for TR,>* which is most often performed during left-sided heart surgery. Previous
estimates indicate that <1% of patients undergo tricuspid valve (TV) surgery."* The operative
mortality of isolated TV surgery could be high due to the late referral, multiple comorbidities,

213 Due to the paucity of evidence, American and Euro-

and right ventricle (RV) remodelling.
pean guideline recommendations for the management of TR are limited, and the timing for
surgical intervention is still debated.”’® As the management of valvular heart disease moves
towards less invasive surgical and transcatheter therapies, several techniques and devices are
applied to the TV.***> Nevertheless, many aspects of TR are little understood. In this context, we

aim to highlight controversial issues and present a future roadmap for TR therapy.

PATHOPHYSIOLOGY OF TRICUSPID REGURGITATION AND
RATIONALE FOR THERAPY

With the growing incidence of atrial fibrillation,'® the use of intracardiac devices,"” and the
global epidemic of valvular heart disease, the prevalence of TR is likely to increase.'® Recently,
Topilsky et al.’ reported the prevalence of TR (0.55%) in a community setting which was about
one-fourth of all left-sided valve disease and similar to the prevalence of aortic stenosis. The
distribution pattern of TR was primary in 14.6% and secondary in 85.4% of patients." Primary
TR results from primary abnormalities of the TV apparatus and can be divided into congenital
and acquired disease. The latter may include rheumatic disease, carcinoid disease, infective
endocarditis, degenerative, or iatrogenic disease from implantable device lead-induced TV
injury/dysfunction or RV endomyocardial biopsy.”® Secondary TR is due to annular dilatation
(with or without leaflet tethering) or RV dilatation (typically associated with leaflet tether-
ing), with left-sided heart disease and/or pulmonary hypertension being the most frequent

20,21

aetiologies. The disease process of TR is not fully understood and is likely influenced by

the underlying aetiology, concomitant heart disease, and haemodynamic abnormalities.”” Age,
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presence of device leads, mild TR at baseline, and receiving left-sided valvular surgery (without
concomitant TV surgery) have been shown as predictors of development of significant TR.”
Currently, long-term data on the beneficial effect of isolated surgical TV therapy compared
to medical therapy remains scarce.” According to data from theNational Inpatient Sample files
from 2004 to 2013 in the USA, isolated TV surgery was performed in 15% of all patients who un-
derwent TV surgery, with high in-hospital mortality rate (8—10%) that has remained unchanged
over the 10-year period."”*® This suboptimal outcome is likely related to comorbidities and
referral timing rather than to the risk of isolated TV surgery.”>*® Furthermore, residual or late
significant TR after mitral valve replacement is independently associated with poor outcome.”’
Adding TV repair during left-sided heart surgery did not increase surgical risk and could result
in reverse RV remodelling with reduction of symptoms.?®*° Therefore, a more aggressive ap-
proach to correct concomitant TR in the presence of annular dilatation may reduce the chance

of late TR progression after left-sided valve surgery.

SPECIFIC ANATOMICAL CONSIDERATIONS INTERFERING WITH
TRICUSPID VALVE

The TV is a complex apparatus consisting of leaflets, tricuspid annulus, tendinous cords, papil-
lary muscles, and the associated RV. The normal tricuspid annulus is a saddle-shaped ellipsoid
surrounded by several critical anatomical structures, including the atrioventricular node, right
coronary artery, coronary sinus ostium, and non-coronary sinus of Valsalva (Figure 1A). Mul-
tiple TV structural abnormalities may be encountered as a result of different aetiologies with
various morphological changes. Tricuspid annulus dilation, right atrium/RV dilation, and leaflet
malcoaptation are the most common changes in secondary TR.When tricuspid annulus dilation
occurs, its shape becomes more circular and planar (Figure 1B).**? It is usually observed in
the anatomical location of anterolateral free wall and posterior border. Leafletmalcoaptation
may occur due to inadequate leaflet length to cover the dilated annulus, or in the absence
of adequate chordal redundancy resulting in leaflet tethering. The region of malcoaptation
occurs often centrally or extends from the anteroseptal commissure towards the posteroseptal

commissure.*>*

GUIDELINE RECOMMENDATIONS FOR TRICUSPID REGURGITATION
THERAPY

Tricuspid regurgitation often presents as a component of a complex heart disease and its clini-
cal manifestations range from subtle symptoms to advanced HF with multiorgan involvement.

At the far end of the disease spectrum, there may be a point of no return where irreversible
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RV dysfunction persists regardless of therapy. Therefore, a timely therapy is essential to avoid
worsening of causative pathology and the onset of complications caused by TR. However, the
indication and optimal timing of surgery remain controversial due to insufficient evidence.

The comparison of the American® and the European guidelines’® for the management of
TR is provided in the Supplementary material online, Table S1. In both guidelines, most of the
Classes | and lla indications for intervening on significant TR require concomitant leftsided
valve surgery. Isolated TV surgery is recommended in patients with severe TR who are either
symptomatic or are developing progressive RV dilatation/dysfunction.® Nevertheless, patients
with severe TR are often asymptomatic for a long period of time and symptoms are not specific,
contributing to late referral for surgery.®® Recently, an extended five-stage classification of
secondary TR was proposed to help categorize the severity of disease presenting late in the
disease process.' Symptoms, severity of TR, leaflet coaptation, tethering, annular remodelling,
and RV function need to be evaluated to determine the timing and options of treatment.

On the other hand, the ‘optimal medical treatment’ has not yet been defined for right-sided
HF. Recently, the American Heart Association released a scientific statement on evaluation and
management of right-sided HF.>* Based on the document, medical treatment of right-sided HF
should focus on volume management (diuretics and renal replacement therapies), afterload

reduction (pulmonary vasodilators) and, if needed, mechanical circulatory support.

A

Anteroseptal
commissure.

Anterior
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Septal
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Figure 1. Anatomical structure of the tricuspid valve. (A) Normal and (B) dilated tricuspid annulus.

RISK STRATIFICATION AND HEART TEAM DECISION-MAKING

In the past decades several models were developed to predict outcome in cardiac surgery.*
Nevertheless, until recently, no specific risk model addressed isolated TV surgery. LaPar et al.*’
used the Society of Thoracic Surgeons (STS) database to develop a risk score for patients un-
dergoing TV surgery. They included age, sex, stroke, haemodialysis, LV ejection fraction, chronic
lung disease, New York Heart Association functional class, reoperation, and operative charac-
teristics in their models. Although the authors developed well-discriminated and calibrated

models, they could not include indices of RV dysfunction and liver dysfunction, because these
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data were simply not collected. Testing these models will require large clinical datasets, how-

ever, datasets like the STS database are currently designed for the majority of patients (with

left-sided valve surgery) and do not specifically address the right heart.* Therefore, we propose

a standardized approach and risk stratification process for heart team decision-making. Our

proposed stepwise assessment is as follows (Take home figure):

Step 1: Patient demographics (age and sex).

Step 2: Clinical symptoms (New York Heart Association functional class).

Step 3: Comorbidities [stroke, major organ dysfunction (lung, kidney, and liver)].

Step 4: Cardiac pathological remodelling (TR severity, local remodelling of TV, RV remodelling,
pulmonary vascular resistance, and left-sided heart disease).

Step 5: Surgical or interventional characteristics (isolated, combined, elective, or emergent).

Step 6: Combining 3R’s (Risk, Reversibility, and Recurrence) information to allocate patient
profiles.

Step 7: Decision-making by the multidisciplinary heart team to provide appropriate treatment

(surgical, minimal invasive surgical, transcatheter, pharmacological, or palliative).

IMAGING ASSESSMENT FOR TRICUSPID REGURGITATION
TREATMENT

Imaging assessment for TR treatment runs in three phases: (i) patient assessment for decision-
making; (ii) peri-operative/peri-interventional planning and guidance; and (iii) assessing thera-

peutic efficacy and durability during follow-up.

The course of TR

Recovery
1. Demographic
€.g. age, Sex
Z |_Responsa |

Mild TR Responsa

2. Clinical symptoms

e.g. NYHA functional class TR recurrence

§
3. Comorbidities g ________________________ TIV 1I_S|:rgnry
e.g. stroke, COPD, renal, liver failure t | e *—__ 1. TR severity
4. Cardiac disease Sh 2. Annulus size
e.g. combined left-sided disease Serialecho  Surgery / B 3. Tricuspid valve morphology
5. Surgical characteristics Jollowsp ™ Enannacological theeapy 4. RV remodelling
e.g. isolated, combined Pathological change of tricuspid valve | RV 5. Pulmonary vascular resistance

Hear team decslonmaking

Take home figure. Heart team decision-making for treatment of tricuspid regurgitation. COPD, chronic obstructive pulmonary
disease; NYHA, New York Heart Association; RV, right ventricle; TR, tricuspid regurgitation; TTVI, transcatheter tricuspid valve

intervention.
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Imaging for decision-making in patients with tricuspid regurgitation

A stepwise approach using multimodality imaging to assessment of TR is shown in Table 1.
First, determining the presence of TR, as well as the TV morphology and aetiology. Second is
to evaluate TR severity. Third is to assess the haemodynamic impact in terms of regurgitant
volume and coexisting pressure overload. Fourth is to identify the presence (and severity) of
associated left-sided heart disease. Finally, to assess the presence (and severity) of RV remod-
elling. Two-dimensional echocardiography, including tissue Doppler imaging and RV strain,
is currently the most widely used imaging modality (Table 2). Three-dimensional techniques
such as three-dimensional echocardiography, cardiovascular magnetic resonance, or multislice
computed tomography are powerful tools for assessing the TV annulus, as well as the RV and
LV size and global function.*

The current echocardiographic criteria for grading TR only consider three grades of sever-
ity: mild, moderate, and severe.*’ In the SCOUT trial,** despite the severity of TR reduced from
‘severe’ to ‘severe’, the equivalent quantitative reduction of a ‘grade’ of TR was associated with
an increase in stroke volume and improved quality of life. Therefore, an extended five-grade

scale of ‘mild, moderate, severe, massive, and torrential’ has been proposed to accommodate

Table 1. Five-stepwise approach for evaluations of patients with suspected or established tricuspid regurgita-
tion

Target Imaging modalities needed to evaluate

Tricuspid valve morphology TTE and TOE (2DE and 3DE)

(TV annulus dilatation and leaflet tethering)
TR severity  2DE/3DE with Doppler, CMR if unclear
 Haemodynamic impact 2D with Doppler
Preload (RV filling)  2DE and M-mode for longitudinal function
..A.t"‘t';r'i'c;;&'(ﬁp‘aulmonary atrial pressuur';e‘xg‘('i"bulmonary 3DEforRVvqumes """"""""

vascular resistance)
RV size and function

Left-sided heart disease

Right heart remodelling and function

Ideally 3D modality for RV size and function

CMR or 4D MSCT or 3DE > 2DE 3DE >> 2DE

For preclinical studies and first-in-man studies or small
efficacy studies, CMR and 4D CT may be appropriate.
For Large studies and routine care, 3DE is good
alternative

2DE, two-dimensional echocardiography; 3DE, three-dimensional echocardiog-raphy; CMR, cardiovascular magnetic reso-
nance; MSCT, multislice computed tomography; RV, right ventricle; TOE, transoesophageal echocardiography; TR, tricuspid
regurgitation; TTE, transthoracic echocardiogram.

the large variability amongst patients with severe TR.*” Moreover, recent publications have
shown that the current cut-off values for quantitative parameters used to assess TR severity

are inadequate to quantify the burden on the RV and it is likely that lower threshold values of
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effective regurgitant orifice area (EROA) and regurgitant volume define severe TR.* This finding
was also supported by the study of Bartko et al.** showing a significant increase in mortality
and morbidity for EROA 0.2 cm? and regurgitant volume 220mL in HF patients with reduced
ejection fraction. This may potentially impact the therapeutic decision-making, particularly

timing for intervention.

Table 2. Advantages and limitations of imaging modalities in TR assessment

Imaging Main advantages Main limitations

technique

2DE Real-time, versatile, high frame rate Insufficient for 3D complex structures such as
TV annulus, LV, and RV size and function

3DE Both simultaneous multi-plane imaging and Lower frame rate than in 2DE, currently less

real-time 3D imaging. 3DE is an excellent tool

spatial resolution compared to 2DE, inability

to assess tissue characterization such as
calcifications or fibrosis

for quantification of ventricular volume and
function

TOE (2DE and Real-time intra-procedural planning and

Four levels of imaging allow a comprehensive

3DE) guidance evaluation of the valve: mid-oesophageal,
deep-oesophageal, transgastric, and deep-
transgastric

CMR TV severity, perfusion, fibrosis, tissue Less versatile

characterization, and chamber quantification

MSCT Superb resolution, calcification, excellent
tool for TV annulus and preplanning, best to

Radiation and less versatile

assess radiopaque surgical, and percutaneous
implants

2DE, two-dimensional echocardiography; 3DE, three-dimensional echocardiography; CMR, cardiovascular magnetic reso-
nance; LV, left ventricle; MSCT, multislice computed tomography; RV, right ventricle; TOE, transoesophageal echocardiogra-
phy; TV, tricuspid valve.

Imaging for peri-operative/peri-interventional planning and guidance

Transthoracic echocardiography (TTE) supported by transoesophageal echocardiography (TOE)
is the main tool for preplanning. For transcatheter therapy targeting the leaflets such as edge-
to-edge repair, TOE, particularly using transgastric views is essential for assessment of leaflet
morphology, coaptation gap, device landing zones and location of main TR jet. Transoesopha-
geal echocardiography guides procedural planning and allows for outcome prediction.* For
annuloplasty devices, intracardiac echocardiography may be an alternative,*® especially when
TOE images are suboptimal.

Multislice computed tomography could aid in TV preplanning for transcatheter therapies
mimicking surgical annuloplasty, spacer devices, and transcatheter TV replacement.” It allows
for accurate measurement of the TV annulus, device landing zone, relationship between the
annulus and right coronary artery, annular tissue quantity and quality, and access selection and

guidance.®®
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Imaging of therapeutic efficacy and durability

Surgical success of TV repair is defined, by imaging in the immediate post-operative period as
reduction in TR severity to mild or less and reduction of TV annulus diameter. In the long run,
reverse RV remodelling, if present, as well as reduction of the RV afterload, are important im-
aging endpoints. These are correlated to patients’ symptomatic and functional improvement.
In contrast, the need for reintervention or mortality is the main clinical endpoints reflecting
failure of repair. Ideally, the imaging results of successful transcatheter repair should match
those of surgical repair. However, most candidates for transcatheter TV repair are currently
patients with advanced RV dysfunction and are often beyond the point of complete repair.

TRICUSPID REGURGITATION THERAPY—SURGICAL PERSPECTIVE

Tricuspid valve repair (annulus, leaflets, and sub-valvular apparatus)

In the setting of secondary TR with primarily annular dilation, a reduction annuloplasty is the
most commonly used surgical approach. Now, almost abandoned, the first suture annuloplasty
was described by Kay et al.*® This ‘bicuspidization’ technique is done by tightening a suture
from the anteroposterior commissure to the posteroseptal commissure (Figure 2).* The second

1.°° It consists of two parallel lines of running sutures

technique was described by De Vega et a
starting at the posteroseptal commissure at the annulus level. The suture follows the annulus
with a stitch approximately every 5mm to the fibrous trigone. Thereafter, a pledget is placed
and the suture is reversed.*® Nowadays, TV annuloplasty using a rigid ring is the most often ap-
plied technique, which provides a lower recurrent rate of significant TR compared to suture or
flexible ring annuloplasty.®**> However, the use of a rigid ring was associated with an increased
risk of early ring dehiscence.® Ideally, a ring annuloplasty should meet the following criteria:
(i) restoring the three-dimensional shape of the annulus to reduce leaflet stress and tethering;
(ii) addressing the remodelling along the RV free wall and also be ‘open’ at the septal leaflet
sector to protect the conduction system; and (iii) being flexible to maintain annular dynamicity
and prevent ring dehiscence.****

In case of severe leaflet tethering, an annuloplasty alone is usually not sufficient to ensure
adequate repair.*® Dreyfus et al.”” described an anterior leaflet augmentation technique to ad-
dress the tethering. An edge-to-edge technique similar to the Alfieri stitch in mitral valve repair
has been performed resulting in a triple ‘clover-like’ orifice.*® In addition, several case reports

989 viarious other repair techniques specifically addressing

61,62

exist on neochordae repair of the TV.

a primary cause (e.g. Ebstein anomaly or endocarditis) are reported in literature.
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Surgical tricuspid Transcatheter tricuspid
landscape landscape
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Figure 2. Surgical and transcatheter treatments for tricuspid regurgitation. Direct suture annuloplasty: Trialign™ (Mitralign
Inc., Tewksbury, MA, USA), TriCinch”™ (4Tech Cardio Ltd., Galway, Ireland), MIA™ (Micro Interventional Devices Inc., Newtown,
PA, USA), pledget-assisted suture tricuspid valve annuloplasty (PASTA). Ring annuloplasty: Cardioband (Edwards Lifesciences,
Irvine, CA, USA), IRIS (Millipede Inc., Santa Rosa, CA, USA), DaVingi (Cardiac Implants Ltd, Israel). Coaptation enhancement:
edge-to-edge with MitraClip® (Abbott Vascular, Santa Clara, CA, USA), PASCAL (Edwards Lifesciences), FORMA (Edwards Life-
sciences). Valve replacement: NaviGate (NaviGate Cardiac Structures, Inc., Lake Forest, CA, USA), Lux (Ningbo Jenscare Bio-
technology Co., Ltd., Ningbo, China), Trisol (Trisol Medical, Haifa, Israel), TRiCares (TRiCares SAS, Paris, France), TricValve®
(P&F Products & Features GmbH, Vienna, Austria), Tricento® (NVT GmbH, Hechingen, Germany and NVT AG, Muri, Switzer-
land).

TricValve Tricento

Tricuspid valve replacement

Tricuspid valve replacement is usually reserved for patients with primary TV disease. Neverthe-
less, the latest consensus is that patients with severe RV dysfunction, very large annulus, or
severe tethering may be better served with TV replacement.®® A recent meta-analysis showed
comparable outcomes in terms of survival, reoperation, and prosthetic valve failure after TV
replacement between biological and mechanical valves. Nonetheless, mechanical prostheses
had a higher risk of thrombosis.® These results were derived from observational and retrospec-
tive studies. Randomized studies are needed to determine which type of valve is better for
TV replacement. Currently, biological prostheses are preferred and offer an option for future

transcatheter valve-in-valve implantation.

Surgical controversies

The best timing of surgery in patients with TR remains in question. Repairing the TV in patients
with a dilated tricuspid annulus (intraoperative 270mm, TTE 240mm) without significant TR
during left-sided heart surgery has been debated® since 2005 when this concept was initially
presented by Dreyfus et al.”® This debate is partly fuelled by the lack of evidence for the validity
of the conversion of 70mm as measured intraoperatively to 40mm on TTE.®® Furthermore, since

the TV annulus is not planar, even small variations in the ultrasound beam plane may result in
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substantial differences in the measurement.®”’ The question as to whether repairing a TV with
dilated annulus in patients with trace or mild TR at the time of planned mitral valve surgery
could improve clinical outcomes will be explored in an ongoing randomized trial (ClinicalTrials.
gov identifier: NCT02675244).

As for patients with late or recurrent significant TR after previous left-sided surgery, cur-
rent guidelines consider this is a Class lla indication for TV surgery. Yet it has been shown that
reoperation on the TV may be associated with a high mortality.®*®° In combination with multiple
co-existing comorbidities or old age, many surgeons are reluctant to operate on these patients,
especially if pulmonary hypertension or RV failure is present.”’

Predictors of a successful surgical tricuspid valve repair

From the surgical perspectives, a successful TV repair is mild or less TR after surgery. Several
studies aimed to identify predictors for recurrent TR after surgery (Table 3). Most studies found
severe TR and suture annuloplasty are risk factors of recurrent TR after TV repair. Nevertheless,
these studies use survival analyses in the context of repeated measures, which is not the pre-

1.”? used advanced statistical modelling for repeated echocardiog-

ferred approach.” Navia et a
raphy and showed a higher grade of TR, larger TV annuloplasty ring, presence of pacemaker
leads, mitral valve replacement rather than repair, depressed LV function, and advanced LV
remodelling to predict TR recurrence. As far as TV morphology is concerned, the tethering
distance was found to predict recurrent TR after annuloplasty.® As tethering is usually present
among inoperable patients who might be the first target population of transcatheter therapy,

the question whether a transcatheter annuloplasty alone will be sufficient need to be answered.

Table 3. Risk factors of recurrent tricuspid regurgitation

Ren (2015) 1.47 (1.0-1.9) NS 1.54 (1.1-2.0) NS -

Lin (2014)™ 7.2 (2.7-15.4) 3.6 (1.7-12.1) NS NS 9.4 (2.3-94.0)
Ratschiller — 3.0 (1.2-7.8) — 2.5 (1.0-5.9) 4.3 (1.0-18.3)
(2015)™

Gatti (2016)" 2.2 (1.1-4.3) 1.2 (0.6-2.4) 1.3(0.6-2.9) - -

Yoda (2011)™ - 8.23° NS - NS

Jung (2010)” - - - - NS

Murashita 10.7 (3.7-31.0)° 2.8 (1.4-5.7)° — — —

(2014)

Ghanta (2007)+  0.64 (0.1-1.2)° 4.0 (3.4-4.7) 1.0 (0.9-1.0) — —

—, not reported; Cl, confidence interval; HR, hazard ratio; NS, not significant upon univariate analyses; PASP, pulmonary arte-
rial systolic pressure; TR, tricuspid regurgitation.

?No confidence interval reported.

°Only univariable cox regression model.

“Kay vs. Ring annuloplasty.
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TRICUSPID REGURGITATION THERAPY—INTERVENTIONAL
PERSPECTIVE

Following the success of transcatheter aortic valve therapy, there is a large interest in develop-
ing transcatheter TV devices. Multiple novel technologies are currently invented for transcath-

eter TV therapy. Most of these devices are yet in the preclinical or early clinical assessment.™

Patient selection

The number of patients treated within these transcatheter TV therapy pilot studies is still
limited, and most enrolled patients are inoperable or at ‘high surgical risk’ with chronic second-
ary TR (Supplementary material online, Table S2). Considering the heterogenous nature of TR,
patient selection by a multidisciplinary heart team is paramount to optimize clinical results
and effectiveness of transcatheter TV therapy. We summarized potential target population
for future studies investigating whether those patients would benefit from TV interventions
(Supplementary material online, Table $3).2° As to patients with primary TR, there are only few
case reports and some patients with primary TR within TriValve registry.®' There is insufficient
evidence regarding feasibility of transcatheter intervention in this heterogeneous population.

An individualized approach is mandatory.

Anatomical challenges

The most common anatomical changes in significant TR are annulus dilatation and leaflet

tethering. Specific anatomical considerations should be assessed according to different thera-

peutic targets. We summarize the potential anatomical and pathophysiological constraints of
transcatheter TV interventions.

(1) Challenges during catheter navigation

a. The angulation between the annular plane and the superior and inferior venae cava compli-
cates the transvenous access.

b. The loss of anatomical landmarks under pathologic conditions (right atrial and ventricular
dilation) complicates catheter navigation and interferes with proper positioning of repair/
replacement devices.

c. Pre-existing device leads could interfere with device delivery and deployment.

d. Imaging views and quality, which depends on numerous patient characteristics (i.e. mechani-
cal valves in place, chest deformation, oesophageal anatomy/pathologies) but also on the
device used for repair.

(2) Difficultly in proper sizing

a. Tricuspid annulus is significantly larger than other valves and is influenced by volume status
which might preclude appropriate sizing and device selection.

b. Flexibility and fragility of the annulus and the surrounding myocardium counteracts fixation

and long-term stability of transcatheter TV replacement devices.
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(3) Increased risk of thrombosis

a.The low pressure and slow flow in the right heart chambers might provoke device thrombosis.

Approaches for transcatheter tricuspid valve interventions

As shown in Figure 2, most of devices for transcatheter TV therapy are designed to mimic surgi-
cal techniques. Currently, themost widely used technique is the edge-to-edge repair using the
MitraClip device (Abbott, Santa Clara, CA, USA) in TV position to improve leaflet coaptation.®
Nevertheless, transcatheter repair cannot replace all the types of surgical repair, and several
vendors are currently developing transcatheter heart valves for TV replacement. Despite the
growing experience in transcatheter TV interventions, we would like to emphasize that clinical
data on most of the devices are not sufficient to conclude on their safety and efficacy.When
evaluating these early clinical data, the following issues should be addressed:

(1) Patients enrolled in first-in-man studies differ markedly in terms of TR severity, EROA, vena
contracta area, with some studies focusing on severe TR as compared to torrential TR. This
has to be considered when efficacy in TR reduction and potential for clinical improvements
of different devices/approaches are assessed.

(2) General application and comparison between studies are hindered by the differences in
study design.

(3) Clinical and echocardiographic endpoints, device and procedural success, and optimal TR
reduction should be clearly defined.

(4) Most of the surgical data on the TV are derived from patients who underwent left-sided

heart surgery which is not fully transferable to dedicated transcatheter interventions.

LESSONS LEARNT FROM TRANSCATHETER LEFT-SIDED VALVE
THERAPY

Aortic valve

Transcatheter aortic valve replacement has been an established first-line therapy for high-risk
and could be an alternative therapy for surgery in patients with aortic stenosis and intermedi-
ate and more recently low risk.2*®* With the progress of transcatheter valve therapy, balloon-
expandable transcatheter heart valves, which were designed for the aortic position are now
being applied for degenerated bioprostheses in TV position.?®® Off-label heterotopic heart
valve implantation in the superior/inferior vena cava (preferred is one valve in the inferior vena
cava) is currently being tested in patients who are inoperable or at very high surgical risk for TV

828 Furthermore, dedicated orthotopic/heterotopic devices for TR are in develop-

replacement.
ment.® Navia et al.** reported the first-in-man results of the NaviGate valve. Several patients
received this bioprothesis with excellent TR reduction.”® Conduction disturbances requiring

pacemaker implantation has been reported in one patient." Tricuspid valve surgery carries
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a significant risk of conduction disorders requiring permanent pacemaker implantation.®?

Whether transcatheter TV therapy, particular annuloplasty, and valve replacement, would

encounter similar issues is yet unknown.

Mitral valve

Transcatheter therapy for severe functional mitral regurgitation (FMR) associated with HF has
increased rapidly recently. Results of two clinical outcome trials, MITRA-FR and COAPT were
published.”®® Both trials randomly assigned patients with FMR to MitraClip plus guideline-
directed optimal medical treatment (GDMT) or GDMT only. MITRA-FR failed to demonstrate the
benefit ofMitraClip procedure in terms of a composite endpoint (all-cause death or unplanned
hospitalization for HF). Conversely, the COAPT trial showed that the MitraClip procedure signifi-
cantly reduced HF rehospitalizations and all-cause death during 2-year follow-up. The COAPT
trial applied a prespecified approach by a group of HF specialists to evaluate GDMT prior to
randomization, and therefore, this trial had a long enrolment period. The conflicting results
of the two studies reflect the importance of patient selection before irreversible HF ensues,
optimization of medical therapy and the role of a multidisciplinary heart team. The MitraClip
device has been applied to the tricuspid position. The feasibility and safety of edge-to-edge TV
repair using the MitraClip device has been reported.*”**!

The Cardioband system (Edwards Lifesciences, Irvine, CA, USA) is a transcatheter direct
annuloplasty device that mimics surgical repair. The feasibility study in symptomatic patients
with FMR demonstrated that Cardioband implantation was effective in reducing mitral regur-
gitation and was associated with improvement in HF symptoms.®® The ACTIVE randomized trial
is ongoing to compare Cardioband implantation plus GDMT to GDMT alone in patients with
significant FMR (ClinicalTrials.gov identifier: NCT03016975). The tricuspid Cardioband device
has CE mark approval and is the first commercially available transcatheter device for the treat-
ment of significant TR. In the TRI-REPAIR study, Cardioband implantation provided favourable
clinical and functional outcomes at 6 months.*

Nevertheless, how to define an optimal repair is still an unsolved issue. In the recent pub-
lished mid-term outcomes of TriValve registry including 312 patients with severe TR,*? proce-
dural success (defined as patient alive at the end of the procedure, with the device successfully
implanted and delivery system retrieved, with a residual TR grade <2 by the investigators) was
achieved in 72.8% of patients and was independently associated with increased mortality. The
definition of successful repair remains discrepant across studies investigating transcatheter
devices (Supplementary material online, Table S4). In order to adequately compare clinical
outcomes after surgical or transcatheter therapy, definitions of clinical endpoints including
technical, device, procedural as well as patient success should be refined and standardized in

future studies.
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CONCLUSIONS

With the development of transcatheter therapy, there has been an increasing focus on the
treatment of significant TR. Although early safety and efficacy results of transcatheter TV
therapy are encouraging, remaining uncertainties including grade of TR severity (quantitative
and qualitative), patient selection, risk stratification, timing of intervention, and definition of
successful repair warrant further investigations. Due to the complex nature and interaction
between TR and HF, the question as to whether a timely transcatheter TV therapy, a minimal
invasive intervention, may change the disease process and improve clinical outcomes remains
to be answered in prospective studies. This manuscript uses a novel heart-team approach via
a comprehensive and a balanced focus on uncertainties, controversies, step-by-step recom-
mendations, and endpoints definitions in TR therapy. Therefore, it provides a framework for
randomized clinical trials and registries in the field of transcatheter TV therapy. Since there is
no document on the Tricuspid Valve Academic Research Consortium yet, we believe that this

work will pave the road as the foundation for such a needed document.
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Supplemental Table 1. Comparison of guidelines for the management of tricuspid regurgitation

ACC/AHA guideline®

ESC/EACTS guideline?

Medical therapy

Class lla Diuretics can be useful for patients with severe TR and
signs of right-sided HF (stage D). (Level of Evidence: C)
Class llb Medical therapies to reduce elevated pulmonary artery

pressures and/or pulmonary vascular resistance might
be considered in patients with severe functional TR
(stages C and D). (Level of Evidence: C)

Surgical therapy

Class | Surgery is indicated in patients with:

e  Severe TR undergoing left- sided valve surgery.

Surgery is indicated in patients with:

e Primary

o  Severe primary TR undergoing left-sided valve
surgery.

o  Severe symptomatic isolated primary TR
without severe RV dysfunction.

e  Secondary

o  Severe secondary TR undergoing left-sided
valve surgery.

Class lla e TV repair can be beneficial for patients with mild,
moderate, or greater functional TR at the time of
left-sided valve surgery with either tricuspid annular
dilation or prior evidence of right HF.

Surgery should be considered in patients with:

. Primary

o  Moderate primary TR undergoing left-sided
valve surgery.

o Asymptomatic or mildly symptomatic patients
with severe isolated primary tricuspid TR and
progressive RV dilatation or deterioration of RV
function.

e  Secondary

o  Mild or moderate secondary TR with a
dilated annulus (240 mm or > 21 mm/m2 by 2D
echocardiography) undergoing left-sided valve
surgery.

o  After previous left-sided surgery and in
absence of recurrent left-sided valve dysfunction,
surgery should be considered in patients

with severe TR who are symptomatic or have
progressive RV dilata- tion/dysfunction, in the
absence of severe RV or LV dysfunction and severe
pulmonary vascular disease/hypertension.

13

Class llb e  Tricuspid valve repair maybe considered for
patients with moderate functional TR (stage B) and
pulmonary artery hypertension at the time of left-sided
valve surgery. (Level of Evidence: C)

e Tricuspid valve surgery may be considered for
asymptomatic or minimally symptomatic patients with
severe primary TR (stage C) and progressive degrees
of moderate or greater RV dilation and/or systolic
dysfunction.

e Reoperation for isolated tricuspid valve repair

or replacement may be considered for persistent
symptoms due to severe TR (stage D) in patients who
have undergone previous left-sided valve surgery and
who do not have severe pulmonary hypertension or

significant RV systolic dysfunction. (Level of Evidence: C)

Surgery may be considered in patients with:

e  Secondary

o  Mild or moderate secondary TR when
undergoing left-sided valve surgery even in the
absence of annular dilatation when previous recent
right-HF has been documented.
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Supplemental Table 2. Summary of Inclusion Criteria of Studies on Transcatheter Therapies for Tricuspid Re-

gurgitation

Trialign

MitraClip

Cardioband

TriCinch

e  Chronic functional
tricuspid regurgitation
with a minimum of
moderate tricuspid
regurgitation

e >18and <85 years
old

e NYHAIL IIl, or
ambulatory IV

e Symptomatic
despite Guideline
Directed medical
Therapy, at minimum,
patient on diuretic use
e patientis at high
risk for open heart
valve surgery

e LVEF235%

e Tricuspid valve
annular diameter <55
mm (or 29 mm/m?)

e >18yearsand <90
years

e NYHA Functional

Class Il (conditional), Ill, or
ambulatory IV

e No indication for left-
sided or pulmonary valve
correction.

e The Site Heart Team
concur the benefit-

risk analysis supports
intervention of Valvular
heart disease and that the
subject is at high risk for
tricuspid valve surgery.

e Inthe judgement of the
TVRS implanting investigator,
femoral vein access is
determined to be feasible
and can accommodate a 25
Fr catheter.

e Subject fulfill the
echocardiographic Inclusion
Criteria

e  Subjects with moderate
or greater (22+) Tricuspid
Regurgitation determined
by the assessment of a
qualifying transthoracic
echocardiogram (TTE)

and transesophageal
echocardiogram (TEE)
confirmed by the
Echocardiography Core Lab
(ECL).

e Subjects with moderate
TR will only be included

in the trial if moderate

TR is accompanied by a
tricuspid annular diameter
of 2 40mm as measured

by the site heart team
echocardiographer.

e Subjects with tricuspid
valve anatomy determined
to be suitable for
implantation determined by
the site heart team.

e Chronic functional
tricuspid regurgitation
with annular diameter
> 40 mm with valve
Systolic pulmonary
pressure £ 60mmHg

e 218yearsold

e NYHA Class Il-IVa

e Symptomatic
despite Guideline
Directed Medical
Therapy; at minimum
patient on diuretic
regimen

e LVEF230%

e Patientis willing
and able to comply
with all specified study
evaluations

e The Local Site
Heart Team concur
that surgery will not be
offered as a treatment
option

e Transfemoral access
of the Cardioband

is determined to be
feasible

e Moderate to severe
functional tricuspid
regurgitation, defined as:
severity 2+ to 4+ (according
to semi-quantitative
echocardiographic color
flow doppler evaluation);
and Annular diameter

2 40 mm confirmed by
echocardiography

e >18yearsold

e Subject has read and
signed the informed consent
prior to study related
procedures.

e  Willing and able to
comply with all required
follow-up evaluations and
assessments.

e The ‘Heart Team’
assessment recommends
TriCinch Coil Implantation

*  NYHA Classification 2 II.
e LVEF 230%.

e Heart failure symptoms
despite on optimized medical
therapy by the local heart
team; at minimum subject on
diuretic use

e Subject has suitable
anatomy for investigational
device implantation as per
imaging requirements
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Supplemental Table 3. Potential target population for future studies investigating “whether those groups
would benefit from transcatheter tricuspid valve interventions”

Severe TR undergoing mitral valve

edge-to-edge repair

TR could be improved after treatment for MR, but it remains unchanged
or deteriorates in some patients® and results in a higher mortality

rate.” Similarly to the conventional surgical approach, the benefits of
simultaneous or staged transcatheter treatment for MR and TR should be
investigated in selected patients.’

Prior left-heart valve surgery

Patients with residual or late significant TR after left-heart valve surgery
have higher mortality rates compared to patients with mild or less TR.®

However, the risk of reoperation for significant TR after left-sided heart

valve surgery could be high.”

Post-heart transplantation TR

Post-heart transplantation TR could be caused by iatrogenic trauma
during endomyocardial biopsy® and increases mortality rate.’

High-risk patients with severe AS

undergoing TAVI

In a large TAVI registry, 24% had significant TR.”® Residual significant TR is
associated with mortality.'" *?

Pacemaker/defibrillator lead-induced

TV damage

The incidence of worsening TR post device implantation is around 25%."
Transcatheter TV therapy plus leadless pacemaker implantation was
performed in a case report.™

Elderly patients with long-standing
AF with “idiopathic” high-grade TR

Clinical features of chronic AF related functional TR include extremely old
age, female sex, lower pulmonary artery pressure, prominent enlarged
right atrium and excessive dilated tricuspid annulus with impaired
contractility.

Prior surgical TV repair

The recurrence of significant TR after surgical TV repair was common.*
However, the risk of reoperation could be high.'® Off-label use of
transcatheter valve-in-ring was reported in 20 patients."” The procedure
was effective in reducing TR. However, paravalvular regurgitation was
common after procedure and often required transcatheter treatment
with occlusion devices in that registry.

Supplemental Table 4. Summary of Definition of Device Success of Studies on Transcatheter Therapies for

Tricuspid Regurgitation

SPACER Forma Prospective e Tricuspid regurgitation reduction compared
(NCT02787408) e registry  to baseline and tricuspid valve gradient < 5 mmHg
P i Ech di hic tri id itati
TRILUMINATE (NCT03227757)  MitraClip rospective - Echocardiographic tricuspid regurgitation
registry reduction at least 1 grade
SCouT Il Trialien Prospective Successful access, delivery and retrieval of the
(NCT03225612) € registry device delivery system
4Tech Tricinch Prospective Echocardiographic tricuspid regurgitation
(NCT03294200) registry reduction at least 1 grade
X Successful access, deployment and positioning of
TRI-REPAIR Cardioband Prospective the Cardioband device
(NCT02981953) registry
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General discussion

In the medical literature the tricuspid valve is frequently labeled as the “forgotten valve”, due
to the fact that it was believed that tricuspid valve disease was a benign phenomenon (1).
Approximately two decades ago, this dogma became controversial. Nevertheless, outcome
modelling proved to be difficult using traditional statistical methodology. This thesis aimed
to identify determinants of outcome in patients with tricuspid valve disease with the use of
advanced statistical tools. In this chapter, the key findings and implications of those results are
discussed. Firstly, the clinical implications will be discussed. Secondly, the implications of used
methodology in the setting of heart valve disease will be discussed. Lastly, future perspectives
and a roadmap for further research are presented.

FUNCTIONAL TRICUSPID REGURGITATION

Surgery for functional tricuspid regurgitation
In this thesis we aimed to summarize and to pool available evidence on outcomes of surgery
for functional tricuspid regurgitation. Current literature regarding surgery for functional tricus-
pid valve regurgitation focuses on concomitant tricuspid valve surgery during left sided valve
surgery. In most cases the tricuspid valve is repaired with either a suture or a ring annuloplasty.
Both short and long term mortality is acceptable. The results show that the mortality rate of
this population is specifically higher in the first year after surgery. Nevertheless, durability is
still suboptimal, with considerable residual and recurrent tricuspid regurgitation. Remarkably,
these patients are generally not re-operated. The substantial population of patients who are
not re-operated could be an interesting target for the innovative percutaneous tricuspid valve
repair devices. Furthermore, the results of this study can be used as benchmark for the perfor-
mance of these novel devices and to inform both physicians and patients about the expected
outcome after (concomitant) surgery for functional tricuspid valve disease (Chapter 2).
Male-female differences are increasingly more recognized in medical literature. Specifically,
is has been shown that females have poorer outcomes compared to males when undergoing
coronary artery bypass grafting (2, 3), but comparable outcomes when they undergo isolated
mitral valve surgery (4). In this thesis we attempted to unravel male-female differences in tri-
cuspid valve surgery. It was noted that substantial differences exist between males and females
in preoperative characteristics. In the subpopulation of patients undergoing (concomitant)
tricuspid valve repair, the male population appeared to have more severe cardiac disease. Not-
withstanding, in previous studies it was noted that tricuspid regurgitation is more prevalent in
females and that females undergo tricuspid valve surgery during left sided valve surgery more
frequently (5, 6). This gave rise to an interesting hypothesis; are females more prone to (func-
tional) tricuspid valve regurgitation? Extrapolating this hypothesis to post-surgery outcomes,
this may imply females are more prone to recurrent tricuspid regurgitation; a hypothesis

which is still heavily debated in current literature (7-10). Further research into this subject
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is warranted, as this can have potential implications for the decision to perform concomitant
tricuspid valve surgery in females. Regarding the outcomes, sex was not a predictor of hospital
mortality. Interestingly, some determinants had a stronger association to hospital mortality in
the female population compared to the male population, indicating the usefulness of separate

prediction models for males and females (Chapter 3).

Tricuspid regurgitation in patient with left ventricular assist device

The use of mechanical support in the form of left ventricular assist devices as therapy for
advanced heart failure has become increasingly more common (11). The rapid development
and improvement of these devices, together with the growing body of clinical experience,
resulted in improved outcomes after left ventricular assist device implantation (11). Nowadays,
left ventricular assist device therapy is approved destination therapy for patients uneligible for
heart transplantation. Tricuspid regurgitation in this population is common (12). The evidence
on clinical impact, course of tricuspid regurgitation and the effect of tricuspid valve surgery dur-
ing left ventricular assist device implantation in these patients remains scarce. Nevertheless,
current guidelines recommend consideration of tricuspid valve surgery if moderate-to-severe
tricuspid regurgitation is present at the time of left ventricular assist device implantation (13).

We summarized and pooled all contemporary studies comparing patients undergoing con-
comitant tricuspid valve surgery during left ventricular assist device implantation with patients
without tricuspid valve surgery in a systematic manner. Interestingly, outcomes in terms of
early and late mortality, right ventricular dysfunction, early right ventricular failure and late
right ventricular failure, acute kidney failure, early right ventricular assist device implantation
or length of hospital stay were all comparable between patient with and without concomitant
tricuspid valve surgery. Nevertheless, assessing and pooling the baseline variables it seemed
that patients undergoing tricuspid valve surgery had a more progressive underlying disease,
characterized by a higher tricuspid regurgitation grade, central venous pressure and bilirubin
levels (Chapter 8). Due to the possibility of these confounding factors definitive conclusions
cannot be made, however, it can be hypothesized that concomitant tricuspid valve surgery may
be beneficial due to comparable outcomes in the setting of a worse preoperative condition.

This hypothesis prompted us to conduct two other studies regarding tricuspid valve regur-
gitation in patients with a left ventricular assist device (Chapter 9 and10). In these studies the
EUROMACS database was used. This is a large international multicenter ambispective database
including over 3000 patients and 52 institutions (14). These large numbers enabled us to do
advanced statistical modelling in order to provide more reliable estimates of outcome in this
population.

Isolating the population who did not undergo tricuspid valve interventions during left
ventricular assist device implantation it was noted that preoperative moderate-to-severe
tricuspid regurgitation was associated with worse outcome in terms of mortality. Moreover,

it seemed that tricuspid regurgitation did not have a direct association with early mortality,
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but strengthened the variables which did had an association with mortality, e.g. moderate-to-
severe tricuspid regurgitation may lead to worse kidney function resulting in increased early
mortality. Noticeably, the probability of moderate-to-severe tricuspid regurgitation decreased
over time. This interesting finding can be attributed to the fact pulmonary pressures decrease
after left ventricular assist device implantation, resulting in favorable remodeling of the right
ventricle and subsequent decrease of tricuspid valve regurgitation. Of note, it may also be the
case that patients with tricuspid regurgitation die and the models will depict more patients with
decreasing tricuspid regurgitation later in follow-up. Notwithstanding, in both scenarios there
must be patients present in which tricuspid regurgitation grade decreases over time. This has
implications for the guidelines, as currently surgery is advised in all patients with preoperative
moderate-to-severe tricuspid valve regurgitation. Presumably, surgery will not be beneficial in
the patients in which tricuspid valve regurgitation decreases without an intervention. This may
also explain why in previous studies comparing patient with and without concomitant tricuspid
valve surgery no effects were observed. Both arms may be contaminated with patients not in
need of tricuspid valve surgery.

Unfortunately, we were not able to find reliable predictors of tricuspid valve regurgita-
tion evolution, although it seemed that tricuspid valve regurgitation decreased more quickly
in patients with idiopathic cardiomyopathy compared to other cardiomyopathies (Chapter 9).

Previous studies comparing outcomes of patients with and without concomitant tricuspid
valve during left ventricular assist device implantation were severely hampered by differences
in baseline characteristics (15). In Chapter 10 a propensity score matching strategy was applied
in order to assess the outcomes in a typical treated patient (16). The results show compa-
rable outcomes between the two cohorts. As aforementioned, tricuspid valve regurgitation
decreased also in patients who did not receive concomitant tricuspid valve surgery. This further
indicates that the choice to perform concomitant tricuspid valve surgery should not be made

solely on preoperative tricuspid valve regurgitation.

Functional tricuspid valve regurgitation in patients with a heart transplant

Tricuspid valve regurgitation in patients with a heart transplantation is associated with the
number of cardiac biopsies, the anastomosis technique and number of rejection episodes
(17, 18). Several studies noted that functional tricuspid regurgitation in patients with a
heart transplant is progressive, and that intraoperative tricuspid regurgitation during cardiac
transplantation is associated with impaired survival. In Chapter 11 all studies in the literature
comparing anastomosis technique (bicaval vs biatrial) are summarized and pooled. The results
of this study confirm that the biatrial technique is associated with early TR, but not with late
TR. Additionally, the biatrial technique was associated with higher mortality rates compared to
the bicaval technique. Nevertheless, the course and clinical impact of tricuspid regurgitation
during follow-up was never addressed correctly in current literature. The results of this thesis

show that the probability of tricuspid valve regurgitation is highest immediately after heart
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transplantation and decrease thereafter. Determinants associated with higher probabilities of
tricuspid valve regurgitation are higher operation urgency, higher donor age, no pre-implant
mechanical assist device and a worse LV function at the time of the tricuspid valve regurgitation
measurement. Moderate-to-severe tricuspid valve regurgitation during follow was found to be
associated with increased mortality (Chapter 12). Nevertheless, since the probability declines
after follow-up it may be reasonable not to intervene immediately. These conclusions are
in contrast with prior recommendations (19). Patients with unchanging moderate-to-severe

tricuspid regurgitation could be a target population of novel percutaneous devices (Chapter 13)

STRUCTURAL TRICUSPID VALVE DISEASE

In patients with structural tricuspid valve disease repair is often not feasible and a replacement
is necessary (20). Tricuspid valve replacement was initially associated with extremely poor
outcomes (21). However, outcomes have improved over time. This was confirmed by reviewing
our own cohort of patients undergoing tricuspid valve replacement from 1972 till present. The
results of this study showed a drastic improvement of early mortality over time (Chapter 7).
The implantation of biological versus mechanical prostheses is a topic of controversy in
medical literature (22). Optimal prosthesis choice is subject to patient characteristics and
preferences (22, 23). Mechanical prostheses are exceptionally durable in design, but require
lifelong anticoagulation due to their thrombogenicity, with the risk of bleeding events (too
much anticoagulation) and valve thrombosis (too little anticoagulation). On the contrary,
biological prostheses do not require anticoagulation, but deteriorate over time, necessitating
re-interventions. The inherent characteristics of the two prostheses types have been noted in
numerous studies focusing on valves in different positions (24-26). Nevertheless, in the tricus-
pid valve position the lower risk of deterioration of the mechanical prostheses compared to
biological prostheses does not translate to lower risk of re-intervention. This is due the higher
incidence of valve thrombosis necessitating re-intervention. Hence, in the tricuspid valve posi-
tion the benefit of a more durable mechanical valve is largely negated by the substantial risk of

re-intervention due to valve thrombosis (Chapter 2).

Carcinoid heart disease

In a small subpopulation of patients with structural tricuspid valve disease the underlying etiol-
ogy is carcinoid heart valve disease. This is caused by a neuro-endocrine tumor that excretes
vaso-active peptides that damage the tricuspid valve, resulting in regurgitation, stenosis, or
both (27). A previous study noted that in this disease patients die of progressive right heart
failure before patients succumb to the cancer (28). Therefore, tricuspid valve replacement is
indicated in these patients. Nevertheless, only a few case series exist on this select subset of

patients (29-31). In a multicenter setting in the Netherlands we collected data on patients with
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tricuspid valve replacement for carcinoid heart disease. Both early and late mortality in the
Dutch experience are comparable to the few series previously published (30, 31). In addition,
prosthesis choice (mechanical versus biological) in these patients is especially controversial
(29); in a relatively small geographical area in the Netherlands some centers opted to implant
exclusively mechanical prostheses, whereas other exclusively implant biological prostheses.
We attempted to shed some light on this matter by stratifying outcomes to prosthesis type.
Comparable outcomes were noted in regard to mortality and morbidity. Nevertheless, tricus-
pid regurgitation increased significantly more over time patients with a biological prosthesis.
Without apparent benefit of one type over the other, it may be advisable to make valve choice
in a multidisciplinary team, taking into account expected lifespan, planned treatment for the

carcinoid syndrome and neuroendocrine tumor and patient preferences (Chapter 5).

Ebstein’s anomaly

Ebstein’s is a rare congenital heart disease characterized by apical displacement of the tricuspid
valve orifice and atrialization of the right ventricle, resulting in tricuspid valve regurgitation
and subsequent right heart failure (32). Several techniques have been described to address
this congenital heart defect (33-35). In Chapter 6 we review the experience of Erasmus MC
with the technique described by Carpentier and Chavaud, which can be extended to the cone
repair as described by Da Silva (33, 34). Using advanced statistical analyses it was shown that
outcomes are acceptable with excellent durability of tricuspid valve function. In contrast to pre-
vious literature, the use of a ring annuloplasty was found to be association with more tricuspid
regurgitation (36). This surprising finding can be explained by confounding by indication or the
fact that forcing the newly created tricuspid valve annulus into the predefined shape of a rigid

ring may lead to deformation of the neo-annulus and subsequent tricuspid valve regurgitation.

REPEATED MEASUREMENTS OF VALVE (DYS)FUNCTION

In this thesis it is stressed that tricuspid valve regurgitation is a dynamic entity which can fluctu-
ate over time. Furthermore, tricuspid valve regurgitation is heavily load-depended and severity
can change rather quickly with administration of diuretics (37). Traditionally, regurgitation is
analyzed as freedom from tricuspid valve failure, defined as regurgitation over grade +1 or +2,
and considered in time-to-event analyses. First of all, as mentioned previously, tricuspid valve
failure is not a hard endpoint, and can vary over time. Secondly, in this setting the occurrence
of tricuspid valve failure is a competing risk with mortality. Thirdly, time-to-event analyses
consider time as a continuous variable and do not account for the fact that measurements
are missing at certain time points. All these points can introduce bias and lead to spurious
conclusions. In fact, the use of these methods may severely overestimate the prevalence of tri-

cuspid valve regurgitation in particular. Additionally, the use of traditional regression methods
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introduce bias, since these do not take into account the higher correlations within a patient
versus between patients.

Other methodology is required to analyze the longitudinal trend of valve function and
determinants hereof. Several methods exists to analyze this type of data (38). One of them;
mixed-models (linear or generalized) enables researchers to do these kind of analyses, appro-
priately addressing all characteristics of longitudinal data (Chapter 5, 6, 9, 10, 12). Researchers
can model outcomes in a linear way over time, however this is often an oversimplification of
the complex cardiovascular system. Therefore, it is advisable to model in a non-linear way.
Several approaches to perform non-linear modeling using mixed-modelled are described,
which are implemented in Stata and R. Already in 2008 the guidelines on reporting mortality

and morbidity advised to use longitudinal models to address valve function over time (39).

COMBINING REPEATED MEASUREMENTS WITH TIME-TO-EVENT
ANALYSES

Heart valve function, a longitudinal outcome, is a competing risk with the limited lifespan of a
patient, a time-to-event outcome. Furthermore, patient-lifespan can be associated with heart
valve dysfunction. Whereas longitudinal models and time-to-event models are well established
by now, modelling these outcomes separately does not take into account de dependencies of
one another (e.g. a patient has to be alive to develop valve dysfunction) Therefore, a lot of
attention in biostatistics has been given to combining longitudinal models with time-to-event
models (40). This application is called joint-modelling (Chapter 12). In recent years several soft-
ware packages are designed that implement these novel statistical models. These models open
the door to a new era of prediction modelling, with the use of dynamic predictions. Dynamic
prediction models can incorporate all sequential measurements of patients and therefore pre-
dictions are updated each time a patients visits the physician. The current problem regarding
these models is that the statistical methodology is not yet integrated in medical literature
or practice. Much effort has to be done to translate these complex analyses in practical and

understandable clinical tools.

FUTURE PERSPECTIVES

Historically, tricuspid regurgitation was believed to be benign and often overlooked in surgical
strategies. Nevertheless, tricuspid valve regurgitation has gotten more attention in past two
decades. Ideally, the course of tricuspid regurgitation can be predicted reliably and medical
decisions can be based upon this predicted course. Using traditional statistical techniques it is

extremely difficult to predict this course and impacted hereof. Therefore, previous literature
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often shows contradictory results and it is still not entirely clear if an intervention for tricuspid
valve regurgitation is necessary or redundant. This thesis shows that in the setting of left ven-
tricular assist devices and heart transplantations patients with tricuspid valve regurgitation are
a heterogeneous group; and a one-size-fits-all approach may not be the preferred approach.
Patient-tailored predictions are necessary in this group of patients. While this thesis adds to the
growing body of evidence, still much work has to be done. Especially in the setting of functional
tricuspid regurgitation the right ventricle has to be taken into account, as functional tricuspid
regurgitation and right ventricular dysfunction are undoubtable coupled. Using this approach
in the future it will become common practice to assess every patient individually, with subse-
quently a patient-tailored treatment plan conforming to their wishes.

In the setting of the rarer structural tricuspid valve diseases, or rare diseases in general, col-
laboration is key. Small single center cohorts are usually too small to uncover reliable predictors
of outcome, and (inter)national multicenter endeavors are needed. Several registries, such as
EUROMACS and the national Dutch database of Cardiothoracic Surgery, are excellent starting
points for such endeavors. Unfortunately, registry data often does not provide the detailed
data needed for specific research questions. International dedicated networks to heart valve
disease, such as the Heart Valve Society, are extremely helpful to tackle these questions regard-
ing rare heart valve diseases. These networks should be maintained meticulously, as they are
extremely helpful in starting and facilitating these endeavors and disseminating the knowledge
obtained from them. The future in heart valve disease research is collaboration.

While optimal patient selection for (concomitant) tricuspid valve surgery is still debated, new
transcatheter devices to repair or replace the tricuspid valve are already on the horizon. These
devices have the potential to completely redefine the current surgical landscape. Especially in
patients not deemed fit for surgery these devices can be of particular benefit. In the setting
of functional tricuspid valve regurgitation concomitant to left sided valve disease a potential
whole new treatment strategy arises in which the tricuspid valve is conservatively treated dur-
ing the left sided valve surgery. The patients who develop late tricuspid regurgitation could be
treated with novel transcatheter devices. Nevertheless, it still has to be elucidated whether
early surgery for tricuspid regurgitation is equivalent to late surgery with transcatheter devices
and future research should focus on this question. Furthermore, these devices, although evolv-
ing rapidly, are still in their infancy and multiple challenges need to be addressed first before
entering in clinical practice. This is elaborately discussed in Chapter 13.

In case of a valve replacement, prosthesis choice is still a topic of debate. In certain sub-
groups of patients there is no evidence for superiority of mechanical prostheses over biologi-
cal prostheses or vice versa in tricuspid valve replacement (22). Especially in these cases the
patient should be involved in the decision process using shared-decision making, as patients
may prefer risk of bleeding and trombo-emblic events (mechanical valves) over reoperation risk

(biological valves).
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Notwithstanding, in the future this discussion may be alleviated altogether with the use of
tissue engineered heart valves (41-43). These valves are one of the most promising develop-
ments in heart valve disease treatment as they may limit or eliminate all the disadvantages of

existing heart valve prostheses (44).

CONCLUDING REMARKS

This thesis adds to the body of evidence regarding surgery in patients with tricuspid valve
disease. It demonstrates that outcomes after surgery for tricuspid valve disease are generally
acceptable. Additionally, tricuspid valve regurgitation is a dynamic disease which can regress
without intervention. This thesis illustrates that the use of advanced statistical methods is help-
ful or even necessary to gain better insight in longitudinal evolution of heart valve disease and

determinants hereof.
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Chapter 15

SUMMARY

Chapter 1 gives a general introduction to this thesis and describes the aims and brief outline
of this thesis.

Chapter 2 provides a contemporary overview of patient and procedural characteristics of
tricuspid valve repair and replacement and early and late outcomes in different settings, such
as functional tricuspid regurgitation, rheumatic, congenital, carcinoid tricuspid valve disease,
iatrogenic tricuspid valve damage, and finally endocarditis of the tricuspid valve. For this pur-
pose a systematic literature review and meta-analysis was conducted including 132 studies
published after 2005 and reporting on outcome after tricuspid valve surgery. This thorough
review of reported experience with tricuspid valve repair and replacement reveals a strong
variation in patient presentation and outcome among the various indications. Interestingly,
reoperation rates of mechanical valves and biological valves are comparable.

Chapter 3 presents a contemporary overview of outcomes after tricuspid valve surgery for
functional tricuspid regurgitation. The literature was systematically searched resulting in 87
publications encompassing 13,184 patients. Pooled early mortality was 3.9% and late mortality
rate was 2.7%/year. Pooled risk of early moderate-to-severe TR at discharge was 9.4% and late
moderate-to-severe TR rate after discharge was 1.9%/year. This study show acceptable clinical
outcomes, whereas durability is still suboptimal. The results of this study can be used to inform
patients and clinicians about the expected outcome after surgery for FTR and can results serve
as a benchmark for the performance of emerging transcatheter TV interventions.

Chapter 4 explores male—female differences in baseline and procedural characteristics, and
outcomes of patients undergoing isolated or concomitant tricuspid valve (TV) surgery using the
database of the Netherlands Association for Cardio-Thoracic Surgery. Substantial differences in
patient and procedural characteristics existed between male and female patients undergoing
TV surgery, although sex was not a determinant for hospital mortality. Nevertheless, sex inter-
acted with a critical preoperative condition, indicating the usefulness of separate risk factor
models for males and females requiring TV surgery.

Chapter 5 describes a multicenter endeavor that evaluates clinical and echocardiographic
outcomes in patients who underwent tricuspid valve replacement for carcinoid heart disease
stratified to prosthesis type (biological vs mechanical). It was noted that tricuspid valve surgery
for CaHD can be performed with acceptable hospital mortality risk. The study showed no ap-
parent benefit of biological valves over mechanical prosthesis or vice versa. Valve choice should
be made in a multi-disciplinary team taking into account expected lifespan, planned treatment
for the carcinoid syndrome and neuroendocrine tumor and patient preferences.

Chapter 6 details our experience with reconstructive repair for Ebstein anomaly spanning
three decades. Modelling longitudinal evolution of tricuspid regurgitation showed no major
changes over time and a full cone repair was associated with less tricuspid regurgitation. In

terms of clinical outcomes low mortality, morbidity and acceptable reoperation rates were
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observed. Therefore, we conclude that in our centre, repair of Ebstein abnomaly is a durable
technique to treat patients.

Chapter 7 provides an overview of the change over a 45-year time period in characteris-
tics and outcome of patients with tricuspid valve disease undergoing surgical tricuspid valve
replacement. Etiology changed over time from predominantly functional regurgitation to
predominantly carcinoid heart disease. Early mortality declined significantly from 35% in 1972-
1985 to 6.7% in 2001-2017. Hence, patient characteristics, potential risk factors and patient
outcome changed considerably over time in patients undergoing tricuspid valve replacement.

Chapter 8 describes a systematic review and meta-analysis of studies comparing left ven-
tricular assist device implantation with and without concomitant tricuspid valve surgery. In
total 8 studies were included and innovative statistical techniques were used to pool Kaplan
Meier curves. It was noted that adding TVS during LVAD implantation was not associated with
worse outcome. Adding TVS, nevertheless, may be beneficial, as baseline characteristics of
patients undergoing LVAD + TVS were suggestive of a more progressive underlying disease,
but with comparable short-term outcome and long-term outcome with patients undergoing
isolated LVAD.

Chapter 9 explores the clinical impact and course of uncorrected TR in patients after LVAD
of patients in the EUROMACS database using innovative longitudinal models and joint-models.
The main observations were that Pre-LVAD and post-LVAD TR is associated with increased
mortality. Nevertheless, on average, TR decreases without intervention after LVAD implant.
Therefore, this study suggests that patient selection for concomitant tricuspid valve surgery
should not solely be based on TR grade.

Chapter 10 entails a study in which patients with and without concomitant tricuspid
valve surgery in the EUROMACS database were matched upon propensity scores in order to
investigate the effects of concomitant tricuspid valve surgery on clinical and echocardiographic
outcomes. In matched patients, TVS concomitant with LVAD implant does not seem to be asso-
ciated with better clinical outcomes. Concomitant TVS reduced TR significantly early after LVAD
implant; however, differences in probability of TR disappeared during the follow-up period.

Chapter 11 provides a systematic review of studies in which patients underwent bicaval
versus biatrial orthotropic heart transplant. Early outcomes regarding mortality, tricuspid re-
gurgitation, mitral regurgitation and permanent pacemaker implantation differed significantly
in favor of the bicaval orthotropic heart transplant patients, as was long term survival and late
tricuspid regurgitation. Hence, bicaval orthotropic heart transplant should be considered as the
preferable technique.

Chapter 12 describes the clinical impact of tricuspid regurgitation in our own patients with
a biatrial orthotopic heart transplant. Using joint-modelling the dynamic post-heart transplant
tricuspid regurgitation evolution was linked to the survival. TR during follow-up was significantly

associated with higher mortality and morbidity. Nevertheless, probability of TR is the highest
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immediately after OHT and decreases thereafter. Therefore, it may be reasonable refrain from
surgical intervention during the initial OHT admission.

Chapter 13 entails a review in which the Uncertainties and challenges in surgical and trans-
catheter tricuspid valve therapy are discussed, including grade of TR severity (quantitativeand
qualitative), patient selection, risk stratification, timing of intervention, and definition of suc-
cessful repair. This manuscript uses a novel heart-team approach via a comprehensive and a
balanced focus on uncertainties, controversies, step-by-step recommendations, and endpoints
definitions in TR therapy. Therefore, it provides a framework for randomized clinical trials and
registries in the field of transcatheter TV therapy.

Chapter 14, the general discussion, discusses the results of the studies and general implica-
tions of these results. Furthermore, the research question are answered and future research

is proposed.
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Hoofdstuk 1 bespreekt een algemene inleiding, beschrijft de doelen en een geeft korte schets
van de inhoud van dit proefschrift.

Hoofdstuk 2 biedt een hedendaags overzicht van de patiént- en procedurele kenmerken
van zowel reparatie als vervanging van de tricuspidalisklep en beschrijft vroege en late uit-
komsten in verschillende situaties, zoals functionele tricuspidalisklep insufficiéntie, reumatisch,
aangeboren, carcinoid tricuspidalisklep ziekte, iatrogene tricuspidalisklep schade en endocar-
ditis van de tricuspidalisklep. Om dit te beschrijven werd een systematische literatuurstudie
en meta-analyse uitgevoerd, bevattend 132 onderzoeken die na 2005 werden gepubliceerd,
die rapporteerden over de resultaten na een tricuspidalisklep chirurgie. Deze grondige beoor-
deling van de gerapporteerde ervaring met reparatie en vervanging van de tricuspidalisklep
demonstreert een sterke variatie in presentatie en uitkomst van de patiént met verschillende
indicaties. Interessant is dat hoeveelheid re-operaties van mechanische kleppen en biologische
kleppen vergelijkbaar zijn.

Hoofdstuk 3 geeft een hedendaags overzicht van de resultaten na een tricuspidalisklep
chirurgie voor functionele tricuspidalisklep insufficiéntie. De literatuur werd systematisch door-
zocht, wat resulteerde in 87 publicaties met 13.184 patiénten. De gepoolde vroege sterfte was
3,9% en het late sterftecijfer was 2,7% / jaar. Het gepoolde risico van vroege matige-tot-ernstige
tricuspidalisklep insufficiéntie bij ontslag was 9,4% en het late matige-tot-ernstige tricuspida-
lisklep insufficiéntie percentage na ontslag was 1,9% / jaar. Deze studie laat aanvaardbare klini-
sche resultaten zien, terwijl de duurzaamheid nog steeds niet optimaal is. De resultaten van dit
onderzoek kunnen worden gebruikt om patiénten en clinici te informeren over de verwachte
uitkomst na een operatie voor functionele tricuspidalisklep insufficiéntie kunnen als referentie
dienen voor het uitvoeren van opkomende transcatheter tricuspidalisklep interventies.

Hoofdstuk 4 onderzoekt man-vrouw verschillen in patiént- en procedurele kenmerken, en
uitkomsten van patiénten die geisoleerde of gecombineerde tricuspidalisklep (TV) chirurgie
ondergaan met behulp van de database van de Nederlandse Vereniging voor Cardio-Thoracale
Chirurgie. Er waren aanzienlijke verschillen in patiént- en procedurele kenmerken tussen man-
nelijke en vrouwelijke patiénten die een tricuspidalisklep -operatie ondergingen. Alhoewel
geslacht geen bepalende factor was voor ziekenhuissterfte, had geslacht een wisselwerking
met kritieke pre-operatieve status, deze was meer bepalend voor ziekenhuissterfte in mannen.
Dit geeft het nu aan van afzonderlijke risicofactormodellen voor mannen en vrouwen die een
tricuspidalisklep operatie nodig hebben.

Hoofdstuk 5 beschrijft een multicenter samenwerking die klinische en echocardiografische
uitkomsten evalueert bij patiénten die een tricuspidalisklep vervanging ondergingen voor
carcinoid hartaandoeningen (CaHD), gestratificeerd naar prothesetype (biologisch versus
mechanisch). Er werd gevonden dat een tricuspidalisklep operatie voor CaHD kan worden

uitgevoerd met een aanvaardbaar ziekenhuissterfte risico. De studie toonde geen duidelijk
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voordeel aan van biologische kleppen ten opzichte van mechanische prothese of omgekeerd.
Klepkeuze moet dus worden gemaakt in een multidisciplinair team, rekening houdend met de
verwachte levensduur, geplande behandeling van het carcinoid syndroom en neuro-endocrine
tumor en de patiéntvoorkeuren.

Hoofdstuk 6 beschrijft onze ervaring met reconstructieve reparatie voor Ebstein-anomalie
die drie decennia beslaat. Modellering van de longitudinale evolutie van tricuspidalisklep
insufficiéntie toonde geen grote veranderingen in de tijd en een volledige kegel herstel van de
rechter kamer (Cone operation) werd geassocieerd met minder tricuspidalisklep insufficiéntie.
In termen van klinische resultaten werden lage mortaliteit, morbiditeit en een acceptabel
re-operaties risico waargenomen. Daarom concluderen we dat in ons centrum reparatie van
Ebstein- anomalie een duurzame techniek is om patiénten te behandelen.

Hoofdstuk 7 geeft een overzicht van de verandering over een periode van 45 jaar in
kenmerken en uitkomst van patiénten met een tricuspidalisklep ziekte die een chirurgische
vervanging van de tricuspidalisklep ondergaan. De etiologie veranderde in de loop van de tijd
van voornamelijk functionele insufficiéntie naar voornamelijk carcinoid hartziekte. De vroege
sterfte daalde aanzienlijk van 35% in 1972-1985 tot 6,7% in 2001-2017. Zowel de kenmerken
van de patiént, als de riscofactoren (en gewicht van deze factoren) en uitkomsten zijn substan-
tieel veranderd in de afgelopen decennia.

Hoofdstuk 8 beschrijft een systematische review en meta-analyse van studies die de
implantatie van het linker kunsthart (LVAD) vergelijken met en zonder gelijktijdige tricus-
pidalisklep chirurgie (TVS). In totaal werden 8 studies geincludeerd en werden innovatieve
statistische technieken gebruikt om Kaplan Meier-curven te bundelen. Opgemerkt werd dat
het toevoegen van tricuspidalisklep chirurgie tijdens LVAD-implantatie niet geassocieerd was
met een slechtere uitkomst. Niettemin kan het toevoegen van TVS nuttig zijn, aangezien de
uitgangskenmerken van patiénten die LVAD + TVS ondergaan, wijzen op een progressievere
onderliggende ziekte, maar met vergelijkbare resultaten op korte termijn en op lange termijn
bij patiénten die geisoleerde LVAD ondergaan.

Hoofdstuk 9 onderzoekt de klinische impact en het verloop van niet-gecorrigeerde tricuspi-
dalisklep insufficiéntie bij patiénten na linker kunsthart (LVAD) implantatie van patiénten in de
EUROMACS-database met behulp van innovatie statistiek. De belangrijkste waarnemingen wa-
ren dat pre-LVAD en post-LVAD tricuspidalisklep insufficiéntie geassocieerd zijn met verhoogde
mortaliteit. Desalniettemin neemt TR gemiddeld af zonder interventie na LVAD-implantatie.
Daarom suggereert deze studie dat de selectie van patiénten voor gelijktijdige chirurgie van
de tricuspidalisklep gedurende LVAD implantatie niet alleen op tricuspidalisklep insufficiéntie
graad moet worden gebaseerd.

Hoofdstuk 10 bevat een studie waarin patiénten met en zonder gelijktijdige tricuspidalis-
klep chirurgie gedurende kunsthart implantatie in de EUROMACS-database werden gematcht
op basis van propensity scores om de effecten van gelijktijdige tricuspidalisklep chirurgie op

klinische en echocardiografische resultaten te onderzoeken. Bij gematchte patiénten lijkt
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tricuspidalisklep chirurgie gedurende kunsthart implantatie niet geassocieerd te zijn met be-
tere klinische resultaten. In patiénten met gelijktijdige tricuspidalisklep chirurgie werd vroeg
na implantatie significant minder tricuspidalisklep insufficiéntie gezien; tijdens de follow-up
periode verdwenen de verschillen echter.

Hoofdstuk 11 geeft een systematisch overzicht van studies waarin patiénten bicavale versus
biatriale orthotroop harttransplantatie ondergingen. Vroege resultaten met betrekking tot
mortaliteit, tricuspidalisklep insufficiéntie, mitralisklep insufficiéntie en permanente pacema-
ker implantatie verschilden significant in het voordeel van de bicaval orthotrope harttransplan-
tatie, evenals overleving op lange termijn en late tricuspidale regurgitatie. Vandaar dat bicavale
orthotrope harttransplantatie als de voorkeurstechniek moet worden beschouwd.

Hoofdstuk 12 beschrijft de klinische impact van tricuspidalisklep insufficiéntie bij patiénten
met een biatriale orthotopische harttransplantatie. Met behulp van joint-modelling werd het
dynamische post-harttransplantatie tricuspidalisklep insufficiéntie verloop gekoppeld aan de
overleving. Tricuspidalisklep insufficiéntie tijdens follow-up was significant geassocieerd met
hogere mortaliteit en morbiditeit. Desalniettemin is de waarschijnlijkheid van TR het hoogst
onmiddellijk na harttransplantatie en neemt daarna af. Daarom zijn er argumenten om af te
zien van chirurgische ingrepen tijdens de eerste harttransplantatie-opname.

Hoofdstuk 13 bevat een overzicht waarin de onzekerheden en uitdagingen in chirurgische
en transcatheter tricuspidalisklep therapie worden besproken, waaronder, patiéntselectie, risi-
costratificatie, timing van interventie en definitie van succesvol herstel. Dit manuscript maakt
gebruik van een nieuwe hart-teambenadering en focust op onzekerheden, controverses, en
doet stapsgewijze aanbevelingen voor tricuspidalisklep insufficiéntie therapie. Daarom biedt
deze review een raamwerk voor gerandomiseerde klinische onderzoeken en registers op het
gebied van transkatheter-tv-therapie.

Hoofdstuk 14, de algemene discussie, bespreekt de resultaten van de studies en de alge-
mene implicaties van deze resultaten. Verder wordt de onderzoeksvraag beantwoord en wordt

toekomstig onderzoek voorgesteld.
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