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ABSTRACT
Background: The impact of pulmonary hypertension (PH) on outcomes
after surgical tricuspid valve replacement (TVR) and repair (TVr) is
unclear. We sought to characterize PH in patients undergoing TVR/TVr,
based on invasive hemodynamics and evaluate the effect of PH on
mortality.
Methods: We identified 86 consecutive patients who underwent TVR/
TVr with invasive hemodynamic measurements within 3 months
before surgery. We used Kaplan-Meier survival and restricted mean
survival time (RMST) analyses to quantify the effects of PH on survival.
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R�ESUM�E
Contexte : On connaît mal les r�epercussions de l’hypertension
pulmonaire (HP) chez les patients qui ont subi une intervention
chirurgicale de remplacement de la valve tricuspide (RVT) ou de
r�eparation de la valve tricuspide (rVT). Nous avons tent�e de caract�eriser
l’HP chez les patients ayant subi un RVT ou une rVT en fonction des
paramètres de surveillance h�emodynamique effractive et d’�evaluer
l’effet de l’HP sur la mortalit�e.
M�ethodologie : Nous avons relev�e 86 patients cons�ecutifs ayant subi
un RVT ou une rVT qui avaient fait l’objet de mesures
Moderate or severe tricuspid regurgitation (TR) affects more
than 1 million patients in the United States. Pertinently, the
presence of TR is associated with high morbidity not only in
those with multivalvular disease or left-sided heart failure but
also in those with severe, isolated TR.1 At present, the only
class I indication for surgical tricuspid valve replacement
(TVR) or repair (TVr) is severe TR in patients undergoing
surgery for left-sided valve disease.2,3 Despite this, the number
of TVR and TVr performed in the United States has more
than doubled over a 10-year period (1998 to 2008), indicating
a perceived clinical need for the procedure.4 Although there
may be a mortality benefit in early treatment of TR in specific
populations,1,5,6 nearly 85% of TVR/TVr are performed
concomitant with other cardiac surgeries, and only 15% are
isolated TVR/TVr.4 Importantly, the average mortality
remains high after TVR/TVr and has not improved over time,
which highlights the need for better patient selection.4

Severe pulmonary hypertension (PH) is currently a contra-
indication for TVR/TVr.2,3. This is because of the fear of
worsening right-ventricular (RV) function from unfavourable
preload and afterload conditions after TVR/TVr, in the pres-
ence of PH. The high RV afterload caused by PH can lead to RV
dysfunction and failure. In addition, the sudden increase in RV
preload after TVR/TVr (with the correction of the “pop-off”
mechanism) can worsen RV function. However, the threshold
of PH that is associated with increasedmortality after TVR/TVr
is unclear7-10 because the current literature on the impact of PH
on outcomes after TVR/TVr is limited by the lack of invasive
hemodynamic measurements. Previous studies predominantly
have used echocardiographic estimated RV systolic pressure for
risk stratification. Thus, there remain no guidelines as to the
objective invasive hemodynamic measures of PH that are
associated with poor outcomes after TVR/TVr.

Therefore, in this article, we seek to characterize PH in pa-
tients undergoing TVR/TVr, based on invasive hemodynamics
and to evaluate the effect of these invasive hemodynamic
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Results: The mean age was 63 � 13 years, 59% were female, 45%
had TVR, 55% had TVr, 39.5% had isolated TVR/TVr, and 60.5% had
TVR/TVr concomitant with other cardiac surgeries). Eighty-six percent
of these patients had PH with a mean pulmonary artery pressure of 30
� 10 mm Hg, pulmonary vascular resistance (PVR) of 2.5 (interquartile
range: 1.5-3.9) Wood units (WU), pulmonary arterial compliance of 2.3
(1.6-3.6) mL/mm Hg, and pulmonary arterial elastance of 0.8 (0.6-1.2)
mm Hg/mL. Cardiac output was mildly reduced at 4.0 � 1.4 L/min,
with elevated right-atrial pressure (14 � 12 mm Hg) and pulmonary
capillary wedge pressure (19 � 7 mm Hg). Over a median follow-up of
6.3 years, 22% of patients died. Patients with PVR � 2.5 WU had lower
RMST over 5 years compared with patients with PVR < 2.5 WU.
Conclusion: PH is common in patients undergoing TVR/TVr, with
combined pre- and postcapillary being the most common type. PVR �
2.5 WU is associated with lower survival at 5-year follow-up.

h�emodynamiques effractives dans les trois mois pr�ec�edant l’inter-
vention chirurgicale. Pour quantifier les effets de l’HP sur la survie,
nous avons analys�e la survie au moyen de la m�ethode de Kaplan-Meier
et de la survie moyenne restreinte.
R�esultats : Les patients avaient en moyenne 63 � 13 ans; 59 %
d’entre eux �etaient des femmes; 45 % avaient subi un RVT et 55 %,
une rVT; 39,5 % avaient subi seulement un RVT ou une rVT lors de
l’intervention chirurgicale; 60,5 % avaient subi un RVT ou une rVT en
même temps qu’une autre intervention cardiaque. Quatre-vingt-six
pour cent de ces patients pr�esentaient une HP avec une pression
art�erielle pulmonaire moyenne de 30 � 10 mmHg, une r�esistance
vasculaire pulmonaire (RVP) de 2,5 (intervalle interquartile : 1,5 à 3,9)
unit�es de Wood (UW), une compliance art�erielle pulmonaire de 2,3
(1,6 à 3,6) ml/mmHg et une �elastance art�erielle pulmonaire de 0,8
(0,6 à 1,2) mmHg/ml. On a observ�e une l�egère baisse du d�ebit car-
diaque à 4,0 � 1,4 L/min, ainsi qu’une augmentation de la pression
auriculaire droite (14 � 12 mmHg) et de la pression art�erielle pul-
monaire d’occlusion (19 � 7 mmHg). Sur une p�eriode m�ediane de
suivi de 6,3 ans, 22 % des patients sont d�ec�ed�es. Le taux de survie
moyenne restreinte à 5 ans �etait plus faible chez les patients
pr�esentant une RVP � 2,5 UW que chez les patients pr�esentant une
RVP < 2,5 UW.
Conclusion : L’HP est fr�equente chez les patients subissant un RVT ou
une rVT, le type le plus courant �etant l’HP mixte (pr�e-capillaire et post-
capillaire). Une RVP � 2,5 UW est associ�ee à un taux de survie à 5 ans
plus faible.
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measures of PH on short-term and long-term mortality after
TVR/TVr.
Methods

Patient population

We identified all consecutive adult patients � 18 years of
age who underwent TVR or TVr and also had right-heart
catheterization (RHC) within 3 months before TVR/TVr at
the University of Minnesota Medical Center, from October 1,
2000 to October 1, 2019. We included both patients who
had isolated TVR/TVr and patients who had TVR/TVr
concomitant with other cardiac surgeries. We excluded
patients who had TVR/TVr at the time of left-ventricular
assist device implantation or cardiac transplantation and
those for whom the data could not be retrieved because of lack
of electronic health record.

Covariates

The following baseline variables at the time of TVR/TVr
were analyzed: age; sex; and comorbid conditions including
hypertension, chronic kidney disease, diabetes mellitus,
chronic obstructive pulmonary disease, atrial fibrillation, and
concomitant cardiac surgery. Comorbidities were identified
using International Classification of Disease (ICD) codes.

Surgical TVR and TVr

The decision to perform TVR vs TVr was at the discretion
of the treating surgeon. However, as a general institutional
guideline, TVr was usually performed if there was isolated
annular dilatation, typically when done in conjunction with
mitral-valve procedures. However, if there was extreme
annular dilatation (> 45 mm), TVR was favoured over TVr.
For TVR, the St. Jude Epic bioprosthetic valve (Abbott
Laboratories, Chicago, IL) was used, typically sizes 29-33. For
TVr, a reduction annuloplasty was typically done using the
Edwards MC 3 (Edrards Lifesciences, Irvine, CA)
annuloplasty ring (sizes usually 30-32 mm).

Hemodynamic data

Patients underwent RHC in the University of Minnesota
cardiac catheterization laboratory. Hemodynamics was
obtained using a 7-French, balloon-tipped, flow-directed
catheter placed either into the internal jugular vein or the
common femoral vein. The following hemodynamic variables
were recorded at the end of expiration: right-atrial pressure,
RV systolic and end-diastolic pressures; systolic, diastolic, and
mean pulmonary artery pressures (mPAP); and pulmonary
capillary wedge pressure (PCWP). Cardiac output was
determined as the mean of three measurements with the
thermodilution method or indirect Fick method, based on
total body oxygen consumption, as estimated via the formula
of LaFarge and Miettinen.11.

PH was defined as mPAP > 20 mm Hg as per the 6th
World Symposium on PH consensus statement.12 Isolated
postcapillary PH was defined as mPAP > 20 mm Hg, PCWP
> 15 mm Hg, and pulmonary vascular resistance (PVR) < 3
Wood units (WU).12 Combined pre- and postcapillary PH
was defined as mPAP >20 mm Hg, PCWP > 15 mm Hg,
and PVR � 3 WU.12 Transpulmonary gradient (TPG) was
calculated as the difference between mPAP and PCWP. The
static and the dynamic afterload of the RV were estimated by
calculating PVR and pulmonary arterial compliance (PAC),
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respectively. PVR was calculated in WU as the difference
between mPAP and PCWP divided by the cardiac output.
PAC (mL/mm Hg) was calculated as the ratio of stroke
volume to the pulmonary artery pulse pressure, as previ-
ously described.13 Diastolic pulmonary artery gradient
(DPG) was calculated as the difference between the dia-
stolic PAP and PCWP. Total RV afterload was estimated
by calculating pulmonary artery elastance (Ea). As previ-
ously described, in patients with normal PAP, Ea was
defined as mPAP divided by stroke volume; however, in
patients with PH, Ea was defined as systolic PAP divided
by stroke volume.14 RV stroke work was calculated a:
stroke volume x (mean PAP, mean right-atrial pressure) x
0.0136 gm/m per beat.

Echocardiography

In a subset of patients (n ¼ 34) with RV-focused preop-
erative echocardiographic images, we measured RV fractional
area change (RVFAC) to assess RV systolic function and RV
basal diameter to evaluate RV enlargement.15 RVFAC was
calculated as the difference between RV end-diastolic area and
end systolic area over RV end-diastolic area.

Vital statistics

Vital statistics were obtained for all patients by chart review
and the Minnesota Death Index. For each death, the date and
cause of death was collected. In all patients who were not
identified as deceased using the Minnesota Death Index, it
was possible to establish vital status by chart review.

Statistical analysis

Categorical data were expressed as frequency and pro-
portions, whereas continuous data were presented as mean �
standard deviation if normally distributed and as median
(interquartile range [IQR]) if non-normally distributed. His-
tograms were created to assess for normality of distribution for
all continuous variables. Patients were categorized into groups
based on whether they had TVR or TVr and isolated TVR/
TVr vs concomitant TVR/TVr. We used unpaired Student's
t-tests for comparing normally distributed continuous vari-
ables and the Wilcoxon-Mann Whitney test for non-normally
distributed continuous variables; c2 or the Fisher exact test
was performed to compare proportions for categorical vari-
ables, as appropriate. We used logistic regression to identify
clinical determinants of PH (mPAP >20 mm Hg) in patients
undergoing surgical TVR/TVr. To determine the impact of
PH on mortality, Kaplan-Meier survival analyses were
performed, with entry into the study defined as the date of
TVR/TVr. The primary endpoint was all-cause mortality.
Patients were censored if lost to follow-up or at study
completion (October 2019). We used restricted mean survival
time (RMST) analysis to estimate the effect of invasive he-
modynamic measures of PH and RV function on survival in
those with PH who underwent TVR/TVr.16-18 We catego-
rized patients based on the median value of invasive
hemodynamic measures and compared RMST over 5 years
between groups. In the adjusted model for RMST, we
adjusted for the type of tricuspid valve surgery as well as
concomitant surgeries. All statistical analyses were performed
with STATA Version 15 (StataCorp, College Station, TX) or
GraphPad Prism Version 8.0 (SYSTAT, San Jose, CA). For all
statistical analysis, a P value of < 0.05 was considered
significant.
Results

Baseline characteristics

We identified 86 patients who met our inclusion and
exclusion criteria (Fig. 1). The mean age was 63 � 13 years,
and there was a female predominance (59.3%) (Table 1). The
majority of patients undergoing either TVR or TVr had
multiple comorbid conditions: 88.3% had atrial fibrillation,
72% had systemic hypertension, 49% had chronic kidney
disease, 42% had diabetes mellitus, and 22% had chronic
obstructive lung disease (Table 1). The most common indi-
cation for tricuspid valve surgery was secondary TR (78%),
followed by primary TR (19%) and tricuspid stenosis (3%)
(Supplemental Table S1). Of the 86 patients, 39 underwent
TVR (45%), and 47 underwent TVr (55%). Concomitant
cardiac surgeries were performed in 60.5% of patients,
whereas the remaining 39.5% of patients underwent isolated
TVR/TVr. Mitral or aortic valve replacement was the most
common concomitant cardiac surgery (44.2%), followed by
coronary artery bypass grafting with concomitant mitral or
aortic valve replacement (11.6%), congenital heart surgery
(2.3%), coronary artery bypass grafting surgery (1.2%), and
pulmonary valve replacement (1.2%).

Hemodynamic characterization of PH in patients
undergoing TVR/TVr

The median time interval between RHC and TVR/TVr
was 22.5 (IQR: 7-51) days. On invasive hemodynamic
characterization, the majority of patients (86%) who under-
went TVR/TVr had PH. Combined pre- and postcapillary
PH was the most common at 38%, after which, 33% of pa-
tients had isolated postcapillary PH; only 15% exhibited only
precapillary PH, and the remainder 14% of our cohort did
not have PH (Fig. 2A). The severity of PH was mild with an
mPAP of 30 � 10 mm Hg, PVR of 2.5 (IQR: 1.5-3.9) WU,
PAC of 2.3 (1.6-3.6) mL/mm Hg, and Ea of 0.8 (0.6-1.2)
mm Hg/mL (Table 1). Figure 3 displays the distribution of
mPAP, PVR, PAC, and Ea in our cohort. Cardiac output and
index were mildly reduced at 4.0 � 1.4 L/min and 2.1 � 0.6
L/min per m2, respectively. Biventricular filling pressures were
elevated with a mean right-atrial pressure and a PCWP
pressure of 14 � 12 mm Hg and 19 � 7 mm Hg,
respectively.

On comparing invasive hemodynamics between those who
underwent TVR vs TVr, patients who underwent TVr more
often had PH, especially combined pre- and postcapillary PH
and isolated postcapillary PH (Fig. 2B), with higher PA
pressures (mPAP: 33 � 10 vs 27 � 8 mm Hg, P < 0.01), and
PCWP (21 � 8 vs 17 � 7 mm Hg, P ¼ 0.02), and a trend to
a lower PAC (2.1 [1.3-3.0] vs 2.5 [1.8-3.7] mL/mm Hg,
P ¼ 0.07) and a higher Ea (0.9 [0.6-1.4] vs 0.7 [0.6-0.9] mm
Hg/mL, P ¼ 0.07), compared with patients who underwent
TVR (Table 1).

On comparing invasive hemodynamics between those who
underwent isolated TVR/TVr vs concomitant TVR/TVr, as



Figure 1. Study flow chart for patient selection. LVAD, left-ventricular assist device; MRN, medical record number; OHT, orthotopic heart transplant;
RHC, right-heart catheterization.
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expected, patients who underwent concomitant TVR/TVr
more often had combined pre- and postcapillary and isolated
postcapillary PH and less often had precapillary PH (Fig. 2C).
Patients who underwent concomitant TVR/TVr had higher
PA pressures (mPAP: 32 � 10 vs 27 � 7 mm Hg, P ¼ 0.03),
higher TPG (12 � 6 vs 9 � 4, P ¼ 0.02), higher Ea (0.9 [0.6-
1.4] vs 0.7 [0.6-0.9] mm Hg/mL, P ¼ 0.04), higher PVR (2.7
[1.8-4.2] vs 2.0 [1.5-2.9] WU, P ¼ 0.07), albeit not
statistically significant (2.7 [1.8-4.2] vs 2.0 [1.5-2.9] WU,
P ¼ 0.07) and lower PAC (1.9 [1.3-3.6] vs 2.6 [2.2-3.5],
P ¼ 0.05) compared with patients who underwent isolated
TVR/TVr (Table 1).

Effect of pulmonary vascular hemodynamics on
outcomes after TVR/TVr

There were 19 deaths (22.4%) during a median follow up
of 6.3 years. Of the total 19 deaths, 7 were cardiac related
(37%), 9 were noncardiac related (47%), and cause of death
was unclear in 3 patients (16%). For the total study cohort,
the 30-day survival was 98%, 1-year survival was 95%, 3-year
survival was 91%, and 5-year survival was 87%. The 30-day,
1-year survival, 3-year survival, and 5-year survival in patients
with no PH was 100%/100%/100%/80%, isolated post-
capillary PH was 100%/96%/96%/91%, combined pre- and
postcapillary PH was 94%/91%/88%/88%, and prcapillary
PH was 100%/100%/82%/82%.

On comparison of RMST based on various hemodynamic
parameters, patients with PVR � 2.5 WU had lower RMST
over 5 years compared with those with PVR < 2.5 WU
(survival time 51 vs 58 months, unadjusted DRMST: e7.3
(95% confidence interval [CI] ,e14.1 to e0.6 months,
P ¼ 0.034, and adjusted DRMST: e7.5 [e14.3 to e0.6]
months, P ¼ 0.032) (Table 2, Fig. 4). There was no difference
in RMST over 5 years when patients were categorized by the
median values of mPAP, PAC, and Ea (Table 2, Fig. 4).

On sensitivity analysis, we compared RMST based on
whether patients had concomitant mitral or aortic valve
surgery (n ¼ 49) or not (n ¼ 37). PVR > 2.5 WU was
associated with lower RMST in patients who underwent
TVR/TVr with concomitant mitral or aortic valve surgery.
We saw a similar trend in patients who had TVR/TVr
without concomitant mitral or aortic valve surgery, but this
was not statistically significant (Supplemental Table S2).

RV function and PH

A subset of patients (n ¼ 33) had preoperative RVFAC
measurements. The mean RVFAC was 31 � 12%. There
was no difference in RVFAC between those with and
without PH (31 � 13 vs 29 � 8 %, P ¼ 0.77). Similarly, 34
of the 86 patients had preoperative RV basal diameter
measurements. The mean RV basal diameter was 5.3 � 1.0
cm, and there was no difference between those with and
without PH (5.3 � 1.1 vs 5.2 � 0.3 cm, P ¼ 0.83). There
was no association between invasive hemodynamic measures
of RV function including right atrial pressure, RV end
diastolic pressure, cardiac index, and RV stroke work and
postoperative survival after surgical TVR or TVr
(Supplemental Fig. S1)



Table 1. Baseline clinical and hemodynamic characteristics in patients undergoing TVR/TVr

Characteristics
All patients
(N ¼ 86)

TVR
(N ¼ 39)

TVr
(N ¼ 47) P value

Isolated
TVR/TVr
(N ¼ 34)

Concomitant
TVR/TVr
(N ¼ 52) P value

Age, years (n ¼ 86) 64 � 13 63 � 12 64 � 14 0.82 66 � 10 62 � 15 0.16
Female, % 59.3% (51) 69.3% (27) 51.1% (24) 0.08 65% (22) 56% (29) 0.41
Comorbidities, % (n)

Hypertension 72% (62) 64.1% (25) 78.7% (37) 0.13 62% (21) 79% (41) 0.08
Diabetes mellitus 41.8% (36) 56.4% (22) 29.7% (14) 0.01 50% (17) 36.5% (19) 0.22
Chronic kidney disease 48.8% (42) 51.2% (20) 46.8% (22) 0.68 52.9% (18) 46.2% (24) 0.54
Stage 1 (GFR > 90) 10% (8) 12% (4) 8.5 % (4) 7.1% (2) 11.5% (6)
Stage II (GFR 60-89) 41% (33) 36.5% (12) 44.7% (21) 50% (14) 36.5% (19)
Stage III (GFR 30-59) 36% (29) 36.5% (12) 36.2% (17) 35.7% (10) 36.5% (19)
Stage IV (GFR 15-29) 6.5% (5) 6% (2) 6.4% (3) 3.6 % (1) 7.7% (4)
Stage V (GFR < 15) 6.5% (5) 9% (3) 4.3% (2) 3.6% (1) 7.7% (4)
COPD 22.1% (19) 25.6% (10) 19.2% (9) 0.47 32.4% (11) 15.4% (8) 0.06

Atrial fibrillation 88.3% (76) 89.7% (35) 87.2% (41) 0.72 82.4% (28) 92.3% (48) 0.16
MELD score (n ¼ 33) 12 � 7 13 � 7 12 � 6 0.72 12 � 8 12 � 6 0.92
Hemodynamics

Heart rate, bpm (n ¼ 77) 79 � 16 76 � 14 81 � 17 0.11 76 � 14 80 � 17 0.36
SBP, mm Hg (n ¼ 73) 119 � 23 123 � 26 116 � 20 0.20 121 � 26 118 � 22 0.61
DBP, mm Hg (n ¼ 73) 69 � 11 69 � 12 70 � 11 0.85 69 � 13 69 � 11 0.97
Mean RA pressure, mm Hg (n ¼

82)
14 � 12 14 � 7 13 � 6 0.32 13 � 6 14 � 6 0.58

RVSP, mm Hg (n ¼ 83) 44 � 14 40 � 12 47 � 15 0.01 40 � 10 46 � 16 0.03*
RVEDP, mm Hg (n ¼ 81) 9 � 6 9 � 6 10 � 6 0.42 9 � 6 9 � 6 0.55
SPAP, mm Hg (n ¼ 86) 45 � 13 40 � 11 48 � 14 < 0.01 40 � 10 48 � 15 0.01
DPAP, mm Hg (n ¼ 86) 22 � 8 20 � 7 24 � 8 0.02 20 � 6 23 � 8 0.11
MPAP, mm Hg (n ¼ 86) 30 � 10 27 � 8 33 � 10 < 0.01 27 � 7 32 � 10 0.03
PCWP, mm Hg (n ¼ 83) 19 � 7 17 � 7 21 � 8 0.02 18 � 7 20 � 8 0.21
PA saturation, % (n ¼ 43) 61 � 10 63 � 8 59 � 12 0.20 62 � 9 61 � 10 0.69
CO, L/min (n ¼ 74) 4.0 � 1.4 3.9 � 1.3 4.1 � 1.5 0.59 4.1 � 1.1 4.0 � 1.5 0.68
CI, L/min/m2 (n ¼ 74) 2.1 � 0.6 2.1 � 0.5 2.1 � 0.6 0.50 2.2 � 0.5 2.0 � 0.6 0.30
TPG, mm Hg (n ¼ 82) 11 � 5 10 � 4 12 � 6 0.11 9 � 4 12 � 6 0.02
DPG, mm Hg (n ¼ 83) 3 � 4 2 � 3 3 � 4 0.80 2 � 3 3 � 4 0.30
PVR, Wood units (n ¼ 72) 2.5 (1.5-3.9) 2.2 (1.5-3.9) 2.6 (1.4-3.9) 0.48 2.0 (1.5-2.9) 2.7 (1.8-4.2) 0.07
PAC, mL/mm Hg (n ¼ 67) 2.3 (1.6-3.6) 2.5 (1.8-3.7) 2.1 (1.3-3.0) 0.07 2.6 (2.2-3.5) 1.9 (1.3-3.6) 0.05
PA elastance, mm Hg/mL (n ¼ 67) 0.8 (0.6-1.2) 0.7 (0.6-0.9) 0.9 (0.6-1.4) 0.07 0.7 (0.6-0.9) 0.9 (0.6-1.4) 0.04

bpm, beats per minute; CI, cardiac index; CO, cardiac output; COPD, chronic obstructive pulmonary disease; DBP, diastolic blood pressure; DPAP, diastolic
pulmonary artery pressure; DPG, diastolic pulmonary gradient; GFR, glomerular filtration rate; MELD, model for end-stage liver disease; MPAP, mean pulmonary
artery pressure; PA, pulmonary artery; PAC, pulmonary artery compliance; PCWP, pulmonary capillary wedge pressure; PVR, pulmonary vascular resistance, RA,
right atrial; RVEDP, right-ventricular end-diastolic pressure; RVSP, right-ventricular systolic pressure; SBP, systolic blood pressure; SPAP, systolic pulmonary artery
pressure; TPG, transpulmonary gradient; TVr, tricuspid valve repair; TVR, tricuspid valve replacement.

* Statistically significant P value of < 0.05.
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Discussion
Our study focuses on hemodynamic parameters in all

patients who underwent TVR/TVr to identify the role of
invasive hemodynamic measures of PH for risk stratification.
The main findings are as follows: The majority of patients
(86%) who underwent surgical TVR/TVr had PH, with
combined pre- and postcapillary PH being the most common
type; the severity of PH in patients who had surgical TVR/
TVr was mild; and patients with PVR � 2.5 WU lived, on
average, 7.5 fewer months in 5-year follow-up than those with
PVR < 2.5 WU after undergoing TVR/TVr.

The prevalence of TR is increasing with concomitant atrial
fibrillation, as well as with intracardiac devices, and the
number of tricuspid valve interventions has more than
doubled over a 10-year period.19-21 Previous studies showed
that moderate or greater TR is associated with poor prog-
nosis.22 Yet, an extremely large number of these patients with
moderate or severe TR are treated conservatively with medical
management because of lack of clinical trials, and thus lack of
guidelines establishing objective criteria for surgery, and based
on studies that indicate high mortality (5% to 50%) with
TVR.23,24 Very few studies have been able to elucidate
objective clinical, hemodynamic, or imaging-guided parame-
ters to risk stratify patients with TR. A single-centre echo-
cardiography-based study comprising 86 patients showed that
severe symptoms at time of surgery, New York Heart
Association (NYHA) functional class III, and elevated PAPs
unfavourably affected the long-term results.24 Topilsky and
colleagues showed that the only echocardiographic parameter
that independently predicted poor outcomes is the RV index
of myocardial performance (RIMP), which is a global estimate
of both systolic and diastolic function of the RV measured
using Doppler echocardiography.25 However, RIMP is not
done routinely. These studies suggest that earlier detection,
patient selection, and subsequent intervention for TR might
reduce adverse outcomes.

PH commonly occurs in patients undergoing TVR/
TVr,7-10 which we confirm in our cohort. The prevalence of
PH in our cohort was 86%. Despite the common occurrence
of PH in patients undergoing TVR/TVr, there is lack of
invasive hemodynamic characterization of PH. Previous
studies describe PH in patients undergoing TVR/TVr,



Figure 2. Characterization of pulmonary hypertension by invasive hemodynamic measurements in patients undergoing TVR or TVr. (A) Total cohort,
(B) TVR vs TVr, and (C) isolated TVR/TVr vs concomitant TVR/TVr. PH, pulmonary hypertension; TVr, tricuspid valve repair, TVR, tricuspid valve
replacement.
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predominantly based on estimated systolic PAP from
echocardiograms,7,8,10 However, echocardiography can
significantly underestimate or overestimate PAPs.26 In addi-
tion, echocardiography lacks the ability to measure PCWP
and cardiac output and thereby assess PVR, PAC, and Ea.
Our study is unique, as we provide detailed hemodynamic
characterization of PH in patients undergoing TVR/TVr. The
high prevalence of PH in our cohort, especially combined pre-
and postcapillary PH, is likely because of TVR/TVr being
more often performed as a concomitant procedure to either
mitral or aortic valve surgery. The majority of patients in our
analysis underwent TVR/TVr in conjunction with mitral
valve or aortic valve surgeries (56%), which is in alignment
with class I guidelines. Mitral and aortic valve disease often
causes PH caused by elevated PCWP.27,28 Interestingly, in
our cohort, even in patients who underwent isolated TVR/
TVr, isolated postcapillary and combined pre-and post-
capillary PH was more common than precapillary PH. We
suspect that this is predominantly because of residual PH from
left-sided valvular heart disease as the majority of patients who
underwent isolated TVR/TVr in our cohort had previous
mitral or aortic valve replacement (18 of 34 patients). Indeed,
residual PH after aortic or mitral valve replacement is
common and is associated with poor prognosis.29,30

The severity of PH in patients undergoing TVR/TVr in
our cohort was mild, with an mPAP of 30 � 10 mm Hg and a
median PVR of 2.5 (IQR: 1.5-3.9) WU. This mild severity of
PH in our cohort was likely caused by selection bias and was a
confounder and yielded a mean survival time that is
higher than reported by other papers.31Patients undergoing
TVR/TVr concomitant with other cardiac surgeries in our
cohort had higher PAPs compared with those undergoing
isolated TVR/TVr. Consistent with this, patients undergoing
TVr had more severe PH when compared with patients un-
dergoing TVR, as TVr is more often performed concomi-
tantly with other cardiac surgeries. Age was the only clinical
determinant of PH in our cohort. Although mPAP was higher
in patients undergoing TVr (vs TVR) and in those undergoing
TVR/TVr concomitantly with other cardiac surgeries
(vs isolated TVR/TVr), the number of patients having
mPAP >20 mm Hg was not different between these groups.

De Meester et al. reported invasive hemodynamics in 65
patients undergoing isolated TVR/TVr.9 There are several key
differences between our study and the study from De Meester
and colleagues. First, the prevalence of PH was higher in our
cohort compared with the study by De Meester et al. (77% vs
51% of patients had PH, defined as invasively measured
mPAP � 25 mm Hg). Second, patients in our cohort had
relatively higher mPAP compared with the patients in the
report by De Meester et al. (30 � 10 mm Hg vs 24 � 9 mm
Hg). The difference in the prevalence and the severity of PH
between the 2 studies may be related to varied study cohorts.
Our study includes both patients who had isolated TVR/TVr
as well as those who had TVR/TVr concomitantly with other



Figure 3. Distribution of pulmonary vascular hemodynamic parameters in patients undergoing TVR or TVr. (A) Mean pulmonary artery pressures,
(B) pulmonary vascular resistance, (C) pulmonary artery compliance, and (D) pulmonary artery effective elastance. TVr, tricuspid valve repair; TVR,
tricuspid valve replacement; WU, Wood units.
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cardiac surgeries. In contrast, De Meester et al. studied only
patients undergoing isolated TVR/TVr. Nationally, of all
patients who underwent TVR/TVr, isolated procedures are a
minority (38% isolated TVR and 7% isolated TVr). There-
fore, our data are more comparable with national trends.4

Finally, De Meester et al. did not provide detailed pulmo-
nary vascular hemodynamic characterization, which our study
does.

At present, TVR/TVr is not recommended in patients with
severe PH.2,3 However, there is no clear consensus on the
threshold criteria for the severity of PH that is prohibitive of
TVR/TVr. Multiple previous studies have associated the
Table 2. Unadjusted and adjusted difference in restricted mean survival tim

Characteristics
Survival time,

months
Unadjusted D
months (95

Mean PA pressure (� 30 mm Hg vs <
30 mm Hg)

57 vs 54 2.8 (e3.4 t

PVR (� 2.5 WU vs < 2.5 WU) 51 vs 58 e7.3 (e14.1
PAC (� 2.3 mL/mm Hg vs < 2.3 mL/

mm Hg)
55 vs 53 1.6 (e6.1 t

Ea (� 0.8 mm Hg/mL vs < 0.8 mm
Hg/mL)

52 vs 56 e3.9 (e11.4

CI, confidence interval; D, delta; Ea, pulmonary artery effective elastance; PA, pu
resistance; RMST, restricted mean survival time; TVr, tricuspid valve repair; TVR,

* Statistically significant P value of <0.05.
yAdjusted for type of tricuspid valve surgery (replacement vs repair), and isolate
presence of PH with increased mortality after TVR/TVr, but
they were predominantly based on estimated RV systolic
pressure from the echocardiogram,7,8,10 which we postulate
may not be as accurate as hemodynamic characterization. De
Meester et al. showed that elevated invasive mPAP is associ-
ated with poor outcomes after TVR/TVr in patients who are
younger than 59 years of age.9 Every 1 mm Hg increase in
mPAP is associated with a 9% increase in mortality. Our
study adds to this known literature and shows that even a mild
elevation in PVR � 2.5 is associated with reduced survival
time. In our analysis, patients with PVR � 2.5 WU, on
average, lived 7.5 fewer months than those with PVR <2.5
e after TVR/TVr, based on pulmonary vascular hemodynamics

RMST,
% CI) P value

Adjusted DRMST,
months (95% CI)y P value

o 8.9) 0.38 3.0 (e3.9 to 9.9) 0.40

to e0.6) 0.034* e7.5 (e14.3 to e0.6) 0.032*
o 9.3) 0.68 1.7 (e5.9 to 9.4) 0.66

to 3.6) 0.31 e4.1 (e12.2 to 3.9) 0.31

lmonary artery; PAC, pulmonary artery compliance; PVR, pulmonary vascular
tricuspid valve replacement; WU, Wood units.

d TVR/TVr vs concomitant TVR.



Figure 4. Survival in patients undergoing TVR or TVr categorized by median values of invasive hemodynamic measures of pulmonary hypertension.
(A) Mean pulmonary artery pressure, (B) pulmonary vascular resistance, (C) pulmonary artery compliance, and (D) pulmonary artery elastance.
Adjusted restricted mean survival time (RMST) was 7.5 months lower over 5 years in patients with PVR � 2.5 WU than those with PVR< 2.5 WU. Ea,
pulmonary artery elastance; mPAP, mean pulmonary artery pressure; PAC, pulmonary artery compliance; PVR, pulmonary vascular resistance; TVr,
tricuspid valve repair; TVR, tricuspid valve replacement; WU, Wood units.
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WU when adjusted for type of tricuspid valve surgery and
concomitant surgery. Our data suggest that patients should
undergo TVR/TVr before they develop precapillary PH and
their PVR increases owing to the potential survival benefit.
Furthermore, in our data, only PVR was associated with poor
outcomes and not the PAP. Taken together, these data suggest
that invasive hemodynamic data is essential to risk stratify
patients undergoing tricuspid valve surgery.

Our findings must be validated in larger, prospective,
multicentre studies before translation into clinical practice. In
addition, studies elucidating the role of RV function in rela-
tion to PH in TR are essential to risk stratify patients further.
When we analyzed our data, we did not see any association
between invasive hemodynamic measures of RV function and
postoperative survival after surgical TVR or TVr
(Supplemental Fig. S1). A better understanding of the effect
of PH on outcomes in patients undergoing transcatheter TVR
or TVr, which are becoming increasingly common,32 is also
necessary in the future.

Study limitations

This is a single-centre observational study. Our sample size
was small owing to single-centre design and lack of invasive
hemodynamic data for nearly one-half our initially identified
patient cohort. However, there was no significant difference in
the survival characteristics between those with and without
invasive hemodynamic data (Supplemental Fig. S2). We
studied both patients who had TVr as well as TVR, but there
was relative homogeneity with no significant difference in
clinical characteristics between those who underwent TVR vs
TVr (Table 1). Our study did not include preoperative
echocardiographic data on RV function in all patients because
of the lack of RV-focused images. Likewise, patients in our
cohort did not undergo echocardiography as well as right-
heart catheterization postoperatively in a systematic manner
to assess residual TR and PH, and its effect on outcomes.
Although we adjusted for concomitant vs isolated TVR/TVr
and replacement vs repair, because of the small number of
events in our cohort, we were unable to adjust for other
covariates to assess the independent effect of PH on post-
operative mortality. Furthermore, owing to the observational
nature of our study, we cannot prove causality between PH
and postoperative mortality. Finally, our study included only a
small number of patients who had isolated TVR or TVr, but
our data are more comparable with national trends. Despite
these limitations, we consider that the observations from this
detailed hemodynamic characterization of PH may help in
risk stratifying patients who undergo TVR/TVr.
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Conclusions
PH is common in patients undergoing TVR or TVr.

Combined pre- and postcapillary PH is the most common
type of PH, followed by isolated postcapillary PH. Precapillary
PH is uncommon. Even a mild increase in PVR (> 2.5 WU)
is associated with reduced survival time over 5 years compared
with those who have PVR < 2.5 WU.
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