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Increased Mortality in Patients With
Preoperative and Persistent Postoperative
Pulmonary Hypertension Undergoing Mitral
Valve Surgery for Mitral Regurgitation: A
Cohort Study

Michael V. Genuardi “*', MD, MS*; Daniel Shpilsky, MD*; Adam Handen, MS; Gabrielle VanSpeybroeck, MD;
Ann Canterbury, MD; Michael Lu, MD; Kayle Shapero, MD, PhD; Ricardo A. Nieves, MD; Floyd Thoma, BS;
Suresh R. Mulukutla, MD; Joédo L. Cavalcante, MD; Stephen Y. Chan “&', MD, PhD

BACKGROUND: Preoperative pulmonary hypertension (PH) is associated with excess mortality among patients with severe mitral
regurgitation undergoing mitral valve surgery (MVS). However, the links between PH phenotype, pulmonary vascular remod-
eling, and persistent postoperative PH are not well understood. We aimed to describe the associations between components
of pulmonary hemodynamics as well as postoperative residual PH with longitudinal mortality in patients with severe mitral
regurgitation who received MVS.

METHODS AND RESULTS: Patients undergoing MVS for severe mitral regurgitation from 2011 to 2016 were retrospectively identi-
fied within our health system (n=488). Mean pulmonary artery pressure and other hemodynamic variables were determined
by presurgical right-heart catheterization. Postoperative pulmonary artery systolic pressure was assessed on echocardiogram
42 to 365 days post-MVS. Longitudinal survival over a mean 3.9 years of follow-up was evaluated using Cox proportional
hazards modeling to compare survival after adjustment for demographics, surgical characteristics, and comorbidities. Pre-
MVS prevalence of PH was high at 85%. After adjustment, each 10-mm Hg increase in preoperative mean pulmonary artery
pressure was associated with a 1.38-fold increase in risk of death (95% ClI, 1.13-1.68). Elevated preoperative pulmonary vas-
cular resistance, transpulmonary gradient, and right atrial pressure were similarly associated with increased mortality. Among
231 patients with postoperative echocardiogram, evidence of PH on echocardiogram (pulmonary artery systolic pressure
>35 mm Hg) was associated with increased risk of death (hazard ratio [HR], 2.02 [95% ClI, 1.17-3.47]); however, this was no
longer statistically significant after adjustment (HR, 1.55 [95% Cl, 0.85-2.85]).

CONCLUSIONS: In patients undergoing MVS for mitral regurgitation, preoperative PH, and postoperative PH were associated
with increased mortality.
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vular disease for adults of all ages in the United Mitral valve surgery (MVS) is the third most com-

Mitral regurgitation (MR) is the most common val-  worsening heart failure, hospitalization, and death.>*
States.! Left untreated, severe MR leads to monly performed cardiac surgery in the United States,
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CLINICAL PERSPECTIVE
What Is New?

In this large study of patients undergoing mitral
valve surgery for severe mitral regurgitation, we
show that pre- and postoperative pulmonary
hypertension is associated with increased risk
of death.

e Pulmonary hypertension is associated with in-
creased risk of death irrespective of many clini-
cal and surgical characteristics.

What Are the Clinical Implications?

e Risk stratification prior to surgery for severe
mitral regurgitation should consider pulmonary
hemodynamics more closely.

e There may be a role for earlier intervention for
mitral valve surgery prior to the development of
significant pulmonary hypertension; this would
be an area for further investigation.

Nonstandard Abbreviations and Acronyms

mPAP mean pulmonary artery pressure
MR mitral regurgitation

MVS mitral valve surgery
PASP  pulmonary artery systolic pressure
PCWP pulmonary capillary wedge pressure

PH pulmonary hypertension
TPG transpulmonary gradient

behind coronary artery bypass grafting and aortic
valve replacement.®® The development of pulmonary
hypertension (PH) with longstanding MR has been well
described and is generally a poor prognostic sign.”°
In the surgical population specifically, previous studies
have reported a worse prognosis with respect to mi-
tral valve intervention in patients with severe mitral ste-
nosis and concomitant pulmonary hypertension."-13
Similarly, long-term survival is decreased in patients
with severe aortic stenosis and pulmonary hyperten-
sion undergoing surgical or transcatheter aortic valve
intervention.'*~'” However, in contrast to mitral steno-
sis and aortic stenosis, much less is known about the
relation between abnormal pulmonary hemodynamics
and outcomes in patients with MR undergoing surgery.

Prior studies have reported that preoperative
PH is associated with worse outcomes, but stud-
ies have been limited by sample size or noninvasive
assessment of preoperative pulmonary artery pres-
sures, limiting interpretation of hemodynamics and PH
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phenotypes.'®2° Accordingly, previous analyses have
focused on systolic pulmonary pressures alone and
have not investigated the clinical significance of other
right-sided hemodynamic findings. Finally, the relation
between postoperative hemodynamics and PH revers-
ibility with mortality has not been established.

Current American Heart Association/American
College of Cardiology valvular heart disease guidelines
have listed a class lla (level of evidence: B) indication
for MVS in asymptomatic patients with chronic, severe
nonrheumatic primary MR when PH (defined as pulmo-
nary artery systolic pressure >50 mm Hg) is present.®
The decision to recommend MVS for patients with se-
vere MR is ultimately a calculation between predicted
benefit and potential harm; thus, detailed study of a
high-risk group such as patients with PH undergoing
MVS is essential.

We designed the present study to investigate the
associations between preoperative hemodynamics
and postoperative outcomes in patients undergoing
MVS for severe MR. We aimed to describe the relative
importance of various invasive hemodynamic param-
eters on postoperative survival and, additionally, to in-
vestigate the implication of persistent postoperative PH
on long-term survival.

METHODS
Study Design, Setting, and Patients

We conducted a retrospective cohort analysis of
patients undergoing MVS for severe MR within the
University of Pittsburgh Medical Center, a large, mul-
tihospital health system in Pennsylvania encompass-
ing over 40 hospitals. The primary exposures were PH
before and after MVS. The primary outcome was post-
MVS all-cause mortality.

Adult patients (aged >18 years) undergoing MVS at
the 5 hospitals within the system performing this pro-
cedure between January 1, 2011 and June 30, 2016
were identified from an institutional databank used for
quality improvement and outcomes reporting. We in-
cluded only patients who had a right-heart catheteriza-
tion available for review between 365 days and 1 day
prior to MVS. Physician reviewers (D.S., G.V., and A.C.
determined the indication for surgery on the basis of
operative reports and clinical data from the electronic
health record. Only patients with either a primary or
coprimary surgical indication of severe MR were in-
cluded. Patients with both primary and secondary or
functional MR were included. We excluded patients
with concurrent severe mitral stenosis as well as pa-
tients without follow-up data.

This study was approved by the University of
Pittsburgh Institutional Review Board. Specific informed
consent was waived because of the retrospective
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nature of the study and the determination of minimal
risk to study patients. Because of the sensitive na-
ture of the data collected for this study, requests to
access the data set and analysis code for reasons of
reproducibility and data integrity made by qualified re-
searchers trained in human subject confidentiality may
be sent to the corresponding authors.

Hemodynamic Measurements and PH
Definitions

We identified preoperative hemodynamics and PH sta-
tus on the basis of right-heart catheterization hemo-
dynamic data obtained between 365 days and 1 day
prior to MVS. All right-heart catheterizations were
done during the course of routine clinical care and
performed by experienced operators with patients
supine and at rest. The right atrial, right ventricular,
pulmonary artery, and pulmonary capillary wedge
pressures (PCWP) were measured and recorded, and
the cardiac output and index were calculated. The
mean pulmonary artery pressure (mPAP) was deter-
mined by digitized waveform analysis. The cardiac
output was based on either the indirect Fick method
or thermodilution at the discretion of the operator. The
average of both measurements was used when both
were reported. Transpulmonary gradient (TPG) was
calculated as PCWP-mPAP. The pulmonary vascular
resistance (PVR) was calculated as TPG divided by
the cardiac output. Dichotomous PH was defined as
a mPAP >20 mm Hg as recommended on the basis
of the recent 6th World Symposium on Pulmonary
Hypertension guidelines.? We additionally defined 5
categories based on pulmonary hemodynamics, again
according to recent recommendations:

1. No PH: mPAP <20 mm Hg;

2. Postcapillary PH: mPAP >20 mm Hg, PVR <3 Wood
units, PCWP >15 mm Hg;

3. Precapillary PH: mPAP >20 mm Hg, PVR >3 Wood
units, PCWP <15 mm Hg;

4. Combined pre-/postcapillary PH: mPAP >20 mm Hg,
PVR >3 Wood units, PCWP >15 mm Hg;

5. Borderline/indeterminate PH: mPAP 20 to 25 mm Hg,
PVR <3 Wood units, PCWP <15 mm Hg.

To screen for persistent PH after MVS, we then iden-
tified patients with echocardiograms obtained between
42 and 365 days after MVS. We elected to not include
echocardiograms obtained prior to postoperative day
42 to allow for postoperative remodeling to occur and to
broadly align with current societal recommendations for
postsurgical imaging.???® Postoperative PH was defined
by either an estimated pulmonary artery systolic pressure
(PASP) >35 mm Hg or a peak tricuspid regurgitant jet ve-
locity >2.8 m/s, based on guidelines.?* No postoperative
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PH determination was made in patients who had an
echocardiogram but who did not have quantification of
either PASP or tricuspid regurgitant jet velocity reported.

Clinical Variables and Follow-up

Variables such as demographics (age, sex, and body
mass index), clinical laboratories, procedural charac-
teristics, echocardiographic findings, and comorbidi-
ties were determined and entered into the database
by clinicians at the time of MVS. Missing data were
retrospectively added by physician reviewers if avail-
able from the patient chart. Determination of mortal-
ity was made by either query of the Social Security
Death Index or by notification of death in the health
system’s electronic record, with last follow-up occur-
ring on September 30, 2018, at which point surviving
patients were censored.

Outcomes such as atrial fibrillation, myocardial in-
farction, stroke, infection, and renal failure during the
postoperative period were defined as occurring during
the same hospitalization as MVS. Immediate postop-
erative outcomes were assessed by physician review
of the records from the hospitalization and outpatient
notes, as appropriate. Postoperative death was de-
fined as death occurring during index hospitalization
or up to 30 days postoperatively, whichever was lon-
ger, in accordance with the usual Society for Thoracic
Surgeons definition. Causes of death during the entire
follow-up period were determined based on physician
review of the patients’ charts.

Statistical Analysis

We compared the baseline characteristics and post-
operative outcomes between patients with and with-
out preoperative PH by Student t test for continuous
variables or X2 test for categorical variables. We used
Wilcoxon rank sum tests for cases of variables with
significant right skew (e.g., postoperative duration of
ventilation, length of intensive care unit stay, and inter-
val between MVS and echocardiography or right-heart
catheterization).

We used Kaplan-Meier survival analysis to com-
pare postoperative mortality between patients with
and without preoperative PH, between patients with
and without postoperative PH, and among patients
with the different PH phenotypes. A log-rank test was
used to compare survival, with P-value adjustment to
maintain constant false discovery rate in the case of
multiple comparisons using R package “survminer”
(v0.4.4).? The independent association of PH with
survival was then assessed with a Cox proportional
hazards model to describe risk of mortality condi-
tional on covariates. Three models were created for
mMPAP treated both continuously and dichotomously
(divided at mPAP >20 mm Hg). Model 1 was adjusted
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for days between catheterization and MVS as well
as surgeon; Model 2, for days between catheteriza-
tion and MVS, surgeon, age, sex, and body mass
index; and Model 3, for Model 2 covariates plus type
of mitral valve surgery (repair or replacement), cause
of mitral regurgitation (primary versus secondary),
concomitant aortic valve surgery, concomitant tri-
cuspid valve surgery, concomitant coronary artery
bypass grafting, diabetes mellitus, hypertension,
prior clinical heart failure, preoperative ejection frac-
tion, serum creatinine, platelet count, and albumin.
When adjusting for surgeon, operators with fewer
than 20 cases in the cohort were combined into a
low-volume dummy variable for ease of modeling.
The proportional hazards assumption was formally
tested for each model by examination of the correla-
tion between survival time and scaled Schoenfeld
residuals for both the exposure of interest and the
global model. None showed evidence of violation of
the proportional hazards assumption.

To illustrate the association between hemodynamic
parameters and post-MVS survival, we created 4 Cox
survival models: mPAP, pulmonary vascular resis-
tance, transpulmonary gradient, and right atrial pres-
sure. We estimated survival at 3 years postoperatively
for a range of each hemodynamic parameter, modeled
as restricted cubic splines. All models were adjusted
for a limited set of covariates (age, sex, and body mass
index), and prediction models were standardized to a
male patient of cohort average age and body mass
index to make interpretation more intuitive. In the case
of right atrial pressure, we intended to examine the
isolated association of right ventricular filling pressure;
thus, we additionally adjusted for PCWP, also modeled
using a restricted cubic spline.

To assess for the association between postopera-
tive PH and mortality, we compared post-MVS mor-
tality for patients with and without postoperative PH
via Kaplan-Meier analysis and log-rank test. We then
compared survival for patients with preoperative PH
who did not have PH postoperatively (reversed PH),
patients with persistent PH postoperatively (persistent
PH), and those with no preoperative PH. In the lat-
ter group, we included patients who did not have a
postoperative echocardiogram and those with non-
diagnostic PASP evaluations so as to provide a con-
servative analysis. After testing of the proportional
hazards assumption and finding no evidence for vio-
lation for each presented model, mortality was com-
pared for patients with and without postoperative PH
both continuously and categorically using a series of
3 models, identical to the above except that time be-
tween MVS and echocardiogram replaced time be-
tween catheterization and MVS as a covariate.

All multivariable models were complete case anal-
yses. Patient observations with and without missing
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variables were compared, in order to screen for sys-
tematic missingness (Table S1). Analyses were per-
formed using R v3.6.0 (R Foundation for Statistical
Computing, Vienna, Austria). Two-sided a=0.05 was
set as the statistical significance threshold for all
tests.

RESULTS

A total of 600 adult patients were identified having
undergone MVS and having a right-heart catheteri-
zation between 365 and 1 day prior to MVS from a
pool of 1935 total mitral valve surgeries performed
during the study period at included institutions. We
then excluded 39 patients whose primary or copri-
mary indication for surgery was not severe MR and
3 patients with unique indications for MVS (2 in the
context of a complex congenital heart disease sur-
gery and 1 in the setting of acute papillary muscle
rupture post-myocardial infarction). Another 65 pa-
tients were excluded because of concomitant severe
mitral stenosis. Five patients had no follow-up data
and were excluded, making the final analytical cohort
488 patients (Figure 1). Among all 488 patients, the
average (SD) age was 67.2 years (11.2 years), and
44.9% were women.

Among the 488 included patients, 413 (85%) had
PH based on invasive hemodynamics; of these, 61 had
mPAP >20 and <25 mm Hg. The baseline characteris-
tics of the cohort according to preoperative PH status
is shown in Table 1. There were significant differences
between the groups, with patients with PH being older,
having higher body mass index, and higher prevalence
of several comorbidities including diabetes mellitus
and dyslipidemia. Preoperative right-heart catheteriza-
tion was performed a median (interquartile range) of
9 days (3—-38 days) prior to surgery. Patients with PH
had surgery sooner after the catheterization. Although
a Society of Thoracic Surgeons risk score was not cal-
culable for all procedure types included in this study
(eg, combined dual-valve surgery or combined MVS
and Maze), patients with PH had a significantly higher
predicted operative mortality. Patients with PH were
also more likely to undergo mitral valve replacement,
rather than repair (Table 2). Selected postoperative
outcomes of interest are also shown; patients with pre-
operative PH were noted to have a significantly longer
ventilation time and intensive care unit stay.

Postoperative echocardiography was performed a
median (interquartile range) of 93 days (63-192 days)
after MVS, with no difference in timing between pa-
tients with and without preoperative PH (Table 3). On
postoperative echocardiogram, patients with pre-
operative PH had slightly lower ejection fraction and
higher pulmonary artery pressure. Of patients with
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Patients undergoing MVS
with RHC in year prior
(n=600 patients)

Included in pre-
operative PH analysis
(n=488)

Included in post-
operative PH analysis
(n=247)*

—> MR not primary indication for surgery (n=39)

—> Combined congenital heart disease procedure (n=2)
—> Acute papillary rupture, on ECMO (n=1)

—> Concurrent severe mitral stenosis (n=65)

—> No follow-up data (n=5)

—> Died prior to post-operative day 42 (n=30)

Survived >365 post-operative days without
available echocardiogram (n=211)

Figure 1. Study flow diagram.

*Includes 24 patients with nondiagnostic echocardiograms and 16 patients who died during the eligibility
period of 42 to 365 days post-MVS and did not have a postoperative echocardiogram. ECMO indicates
extracorporeal membrane oxygenation; MR, mitral regurgitation; MVS, mitral valve surgery; PH, pulmonary

hypertension; and RHC, right-heart catheterization.

preoperative PH, 40% no longer had evidence of PH
by the time of the echocardiogram. Right ventricular
size and function were not substantially different be-
tween those with and without preoperative PH; how-
ever, there was a large proportion of missing right
ventricular parameters.

There were 134 deaths after an average (SD)
follow-up time of 3.9 years (2.0 years). Causes of
death were able to be adjudicated in 55% of cases
(Table S2). Death attributable to cardiovascular causes
was most common (52%) among adjudicated cases,
with death attributable to heart failure the most com-
mon reason for cardiovascular death. Notably, none of
the 8 deaths in the no-PH group were attributable to
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cardiovascular causes, but only 2 of 8 deaths in this
group were able to be adjudicated based on available
records. Survival between groups differed greatly by
pre-MVS presence of PH; the cumulative incidence
of death per 100 patient-years was 2.3 (95% ClI, 1.0-
4.5) in the no-PH group and 8.1 (95% ClI, 6.8-9.7) in
the PH group. The Society of Thoracic Surgeons de-
fined operative mortality in the no-PH and PH groups
as 2.4% and 5.4%, respectively. These figures were
similar to the risk algorithm-predicted mortality (P=1.0
and P=0.75, respectively). There were also significant
survival differences after stratification by PVR and
PH phenotype (Figure 2). When overall survival was
analyzed for mPAP divided into 3 strata (<20, 20-25,
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Table 1. Baseline Characteristics by Presence of Preoperative Pulmonary Hypertension

Preoperative mPAP Preoperative mPAP
<20 mm Hg, N=75 >20 mm Hg, N=413 P Value*

Age, y 64.1(9.9) 67.7 (11.4) 0.01
Female, % 40.0% 45.8% 0.38
Body mass index, kg/m? 26.0 (4.7) 28.4 (5.8) 0.0008
NYHA classification® <0.0001

1 5.7% 1.0%

2 34.3% 11.3%

3 48.6% 47.9%

4 11.4% 39.8%
Preoperative ejection fraction, % 53.6 (11.3) 48.2 (14.5) 0.002
Diabetes mellitus, % 16.0% 31.2% 0.008
Hypertension, % 70.7% 79.9% 0.09
Dyslipidemia, % 56.0% 70.2% 0.02
Cerebrovascular disease, % 17.3% 24.5% 0.23
Dialysis, % 0% 4.1% 0.09
Current smoking, % 10.7% 18.4% 013
Days from catherization to surgery* 23 (7-57) 8 (3-24) 0.002
Mean right atrial pressure, mm Hg 3.7 (2.3 10.3 (6.5) <0.0001
Mean pulmonary artery pressure, mm Hg 16.5 (2.4) 34.7 (9.2 <0.0001
Mean pulmonary capillary wedge pressure, mm Hg 9.9 3.8 22.3(7.3) <0.0001
Pulmonary vascular resistance, Wood units 1.3 (0.8) 2.8(1.9) <0.0001
Cardiac output, L/min 5.4 (1.3) 4.8 (1.3) 0.001
Cardiac index, L/min per m? 2.8(0.6) 2.5(0.6) <0.0001
Hematocrit, % 38.9 (6.0) 36.4 (5.4) 0.0002
Platelets, 10° L 201.7 (60.9) 195.2 (71.6) 0.46
Serum creatinine, pmol/Lt 77.3(19.7) 94.4 (67.0) 0.053
Serum albumin, g/L 38.6 (5.0) 35.7 (5.4) <0.0001
Primary mitral regurgitation 73.3% 48.2% <0.0001
Significant tricuspid regurgitation, moderate or greater 17.3% 32.9% 0.008
Calculated STS risk of mortality, %° 1.5 (1.9 6.2 (7.2) <0.0001

Values presented are column percentages for categorical variables or mean (SD) for continuous variables, except where otherwise noted; see below. mPAP
indicates mean pulmonary artery pressure; NYHA, New York Heart Association; and STS, Society of Thoracic Surgeons.

*Result of t test or rank sum test where median and interquartile range are reported.

NYHA functional status classification had a 29.5% missing data rate, and serum creatinine had a 19.3% missing rate; all other presented variables were

under 4% missing.
*Reported as median (interquartile range) because of right skew.

SBecause of patients undergoing combined procedures, STS risk of mortality was calculable for 55% of the pulmonary artery pressure <20-mm Hg group

and 40.7% of the pulmonary artery pressure >20-mm Hg group.

and >25 mm Hg), pairwise comparisons were signifi-
cantly different between the mPAP <20-mm Hg and
>25-mm Hg groups (P<0.001) and between the mPAP
20- to 25-mm Hg and >25-mm Hg groups (P=0.02).
Survival was similar between the mPAP <20-mm Hg
and 20- to 25-mm Hg groups (P=0.23) (Figure 2B).
Pairwise comparisons between PH phenotype groups
showed that compared with the no-PH group, in-
creased mortality was observed among patients with
postcapillary PH, precapillary PH, and combined pre-
and postcapillary PH (all P<0.001). Mortality in patients
with postcapillary PH and precapillary PH were sta-
tistically different (P=0.02), but mortality in combined
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PH versus postcapillary PH and combined PH versus
precapillary PH were not (P=0.35 and P=0.09, re-
spectively) (Figure 2D). Associations of postoperative
complications and choice of mitral valve repair versus
replacement with mortality are explored in Data S
and Figures S1 and S2.

In a multivariable model accounting for timing of
catheterization, surgeon, age, sex, body mass index,
and all clinical covariates, each 10-mm Hg increase in
MPAP was associated with a 38% increase in the risk
of death (hazard ratio [HR], 1.38; 95% CI, 1.13-1.68)
(Table 4). When modeled continuously using cubic
spline functions and after adjustment, increases in
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Table 2. Procedural Characteristics and Outcomes by Presence of Preoperative Pulmonary Hypertension

Mitral valve replacement vs repair 16.0% 33.2% 0.003
Tricuspid valve repair 8.0% 17.2% 0.06
Cross-clamp time, min 125.9 (44.0) 133.0 (54.4) 0.29
Postoperative ventilation time, hf 3.5 (0-7.1) 5.7 (3.0-17.9) 0.0002
Postoperative ICU time, ht 30.5 (24.0-49.0) 56.0 (29.0-108.5) <0.0001
Postoperative atrial fibrillation 34.7% 32.4% 0.86
Postoperative myocardial infarction 0% 0.2% 1.0
Postoperative stroke 0% 1.9% 0.46
Postoperative infection, any site 4.0% 6.1% 0.65
Postoperative renal failure 1.3% 7.0% 0.10

Values presented are column percentages for categorical variables or mean (SD) for continuous variables, except where otherwise noted; see below. The
postoperative period is defined as the index hospitalization. ICU indicates intensive care unit; and mPAP, mean pulmonary artery pressure.

*Result of t test or rank sum test where median and interquartile range are reported.

TReported as median (interquartile range) because of right skew.

mPAP, PVR, TPG, and right atrial pressure were all as- A total of 247 patients had a postoperative
sociated with decreased 3-year postoperative survival echocardiogram that estimated pulmonary artery
(Figure 3). pressure (N=207), had anondiagnostic echocardiogram

Table 3. Postoperative Echocardiographic Outcomes by Presence of Preoperative Pulmonary Hypertension

Days from surgery to echocardiogram?’ 95 (69-251) 92 (63-187) 0.74
Ejection fraction, % 53.4 (9.4) 47.8 (14.0) 0.04
Left ventricular end diastolic diameter, cm 4.7 (0.6) 5.1 (0.9) 0.08
Left ventricular end systolic diameter, cm 3.4 (0.6) 3.8 (1.0) 0.047
Pulmonary artery systolic pressure, mm Hg 30.5 (13.9) 36.7 (14.5) 0.053
Residual mitral regurgitation, moderate or greater 71% 12.3% 0.55
Postoperative PH 0.036

No PH 571% 40.4%

PH 25.0% 50.2%

Indeterminate 17.9% 9.4%
Right ventricular size 0.82

Normal 35.7% 43.8%

Mildly enlarged 71% 8.4%

Moderately enlarged 0.0% 3.4%

Severely enlarged 0.0% 0.5%

Not assessed 571% 43.8%
Right ventricular function 0.49

Normal 50.0% 46.3%

Mildly reduced 3.6% 7.4%

Moderately reduced 0.0% 3.0%

Severely reduced 0.0% 0.0%

Not assessed 46.4% 43.3%
Atrial fibrillation 25.0% 32.0% 0.48

Values presented are column percentages for categorical variables or mean (SD) for continuous variables, except where otherwise noted; see below. mPAP
indicates mean pulmonary artery pressure; and PH, pulmonary hypertension, defined as mean pulmonary artery pressure >20 mm Hg.

*Result of t test or rank sum test where median and interquartile range are reported.

fReported as median (interquartile range) because of right skew.

~
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(N=24), ordied between 42 and 365 days postoperatively
(N=16) (Figure 1). Patients with and without an available
postoperative echocardiogram were similar  with
respect to demographics, clinical characteristics,
length of follow-up, and first-year mortality (Table S3).
These patients were considered available for inclusion
in the survival analyses examining post-MVS PH.
There was a significant difference in survival between
patients who had echocardiographic evidence of
postoperative PH and those who did not (P=0.02)
(Figure 4A). Grouping patients by PH reversal status,
patients who had evidence of persistent PH had higher
mortality than those who had no preoperative PH
(P=0.03). There was no statistical difference between
patients with persistent versus reversed PH (P=0.09)

PH, Severe MR, and Post-MVS Mortality

or between patients with reversed PH versus those
with no preoperative PH (P=0.09) (Figure 4B). Patients
with persistent PH differed from patients with reversed
PH with respect to older age (70.0 versus 65.4), but
not presurgical patient characteristics including mPAP,
cause of MR, choice of valve replacement versus
repair, or degree of residual MR (Table S4). Adjusting
for timing of the postoperative echocardiogram and
the surgeon, postoperative PH was associated with
a 102% increase in risk of death (HR, 2.02; 95% CI,
1.17-8.47), or a 20% increase (HR, 1.20; 95% ClI, 1.01-
1.42) per 10-mm Hg increase in PASP when analyzed
continuously. These differences were attenuated and
no longer statistically significant after adjustment for all
covariates (Table 5).
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Figure 2. Survival after mitral valve surgery for severe mitral regurgitation by pulmonary

hypertension status.

Cumulative survival after mitral valve surgery for severe mitral regurgitation by (A and B) mean pulmonary
artery pressure (mPAP), (C) pulmonary vascular resistance (PVR), and (D) pulmonary hypertension (PH)
phenotype. Phenotypes include no PH, postcapillary PH, precapillary PH, and combined pre- and
postcapillary PH (combined PPC). The no-PH category in (D) also includes patients with indeterminate/
borderline PH (ie, mPAP 20 to 25 mm Hg, PVR <3 Wood units, and pulmonary capillary wedge pressure

<15).
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Table 4. Preoperative Mean Pulmonary Artery Pressure and Risk of Death

PH, Severe MR, and Post-MVS Mortality

Hazard Ratio Hazard Ratio (95% CI)

(95% CI) Continuous per Categorical mPAP
Model 10-mm Hg mPAP P Value >20 mm Hg vs <20 mm Hg P Value
Model 1: Timing of catheterization and 1.561 (1.31, 1.75) <0.0001 3.38 (1.65, 6.94) 0.0008
surgeon
Model 2: Model 1+age, sex, body 1.46 (1.25, 1.70) <0.0001 2.96 (1.43,6.12) 0.008
mass index
Model 3: Model 2+clinical covariates* 1.38 (1.13, 1.68) 0.001 1.79 (0.83, 3.89) 0.14

Hazard ratio for death for each 10-mm Hg increase in mean pulmonary artery pressure (mPAP).
*Clinical covariates: type of mitral valve surgery (repair or replacement), cause of mitral regurgitation (primary vs secondary), concomitant aortic valve surgery,
concomitant tricuspid valve surgery, concomitant coronary artery bypass grafting, diabetes mellitus, hypertension, prior clinical heart failure, preoperative
ejection fraction, serum creatinine, platelet count, and albumin.

DISCUSSION

In this large, retrospective analysis of patients undergo-
ing MVS for MR, the presence of both preoperative and

postoperative
risk of death.

PH was associated with an increased
Our study was novel in the incorpora-

tion of multiple preoperative hemodynamic variables
for patients undergoing MVS. Invasively measured
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Figure 3. Predicted 3-year survival postoperatively for preoperative hemodynamic parameters.
Survival is predicted at 3 years postoperatively for a hypothetical male patient of cohort average age and
body mass index for ranges of (A) mean pulmonary artery pressure, (B) pulmonary vascular resistance,
(C) transpulmonary gradient, and (D) right atrial pressure. D, Additionally adjusted for pulmonary capillary
wedge pressure and predicted for a wedge of 20 mm Hg. Shaded areas represent 95% confidence

intervals.
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mPAP was predictive of long-term mortality even after
adjustment for patient and procedural characteristics.
Additionally, we found that increased preoperative
PVR and TPG were also associated with decreased
long-term survival. Notably, among the identified sub-
groups of PH, patients with pure precapillary disease
appeared to have the lowest overall survival, although
comparisons to other phenotypes were limited by the
small number of patients with isolated precapillary
disease (N=16). Finally, our study is the first to dem-
onstrate an association between postoperative pulmo-
nary hypertension and survival in a post-MVS cohort.

A =~ No post-operative PH
-~ Post-operative PH
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B
=
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Figure 4. Survival by postoperative pulmonary hyperten-
sion (PH).

Overall survival in people with echocardiographic evidence of
(A) postoperative PH and (B) reversibility of preoperative PH. For
patients stratified by postoperative PH, stratification can only
occur after diagnostic echocardiogram is performed in year 1.
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We found PASP >35 mm Hg on follow-up echocar-
diographic examination to be associated with an over
2-fold increase in mortality risk, although the effect was
diminished with adjustment.

Two previous investigations have used a registry-
based approach to examine the clinical course of
patients with severe MR and PH both under medical
management and undergoing MVS.2%27 In both stud-
ies, baseline PASP, as measured by Doppler echo-
cardiography, was broadly predictive of mortality. An
additional series of 3 investigations'®2° reported that
preoperative systolic pulmonary pressure was predic-
tive of outcomes; however, preoperative timing was
variably defined, and only one small (N=46) investiga-
tion used primarily invasive measurement of pulmonary
artery pressures.’® We expand upon these findings,
showing that PH, as defined by gold-standard invasive
measurement®® was associated with increased post-
operative mortality. We note a high prevalence of PH in
our study (84%), significantly higher than prior studies.
We attribute this to our use of a more liberalized PH
definition of MPAP >20 mm Hg as endorsed by recent
guidelines and the use of gold-standard invasive PH
assessment, which is more highly sensitive than echo-
cardiography.?® When categorized into 3 subgroups,
patients with an mPAP newly reclassified by the PH
definition change (MPAP >20 mm Hg and <25 mm Hg)
were not statistically distinguishable from patients
without PH (mPAP <20 mm Hg). This suggests that
for PH in the context of severe MR, 25 mm Hg might
be a more clinically useful threshold than 20 mm Hg;
however, more work should be undertaken to explore
this further.

We designed the present study to examine the var-
ious components of pulmonary hemodynamics in ad-
dition to mPAP. We found that elevated TPG and PVR
were both associated with higher mortality after adjust-
ment. This may suggest that the degree of pulmonary
vascular remodeling, and not simply retrograde trans-
mission of mitral V waves, is an important predictor of
postoperative outcomes. It is hypothesized that devel-
opment of increased vascular resistance is a down-
stream response to elevated hydrostatic pressure in
the left atrium.® Initial compensation for MR is typically
left atrial remodeling in the setting of large regurgitant
volume followed by left ventricular hypertrophy and
dilation in response to an obligate increase in stroke
volume. Over time, progressive left ventricular dysfunc-
tion, along with a decline in left atrial compliance, result
in increased passive filling pressures and pulmonary
venous hypertension. Sustained elevation of left atrial
pressure can lead to disruption of the alveolar-capillary
network and pulmonary vasculature remodeling result-
ing in a potentially irreversible pulmonary arterial hy-
pertension.®!® Among the population of patients with
severe MR, it is possible that development of increased
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PH, Severe MR, and Post-MVS Mortality

Table 5. Postoperative Estimated Pulmonary Artery Systolic Pressure and Risk of Death

Hazard Ratio (95% CI) Hazard Ratio (95% ClI)
Continuous per 10- Categorical PASP

Model mm Hg PASP P Value 235 mm Hg vs <35 mm Hg P Value
Model 1: Timing of echocardiography and 1.20 (1.01, 1.42) 0.03 2.02 (117, 3.47) 0.01
surgeon
Model 2: Model 1+age, sex, body mass 1.14 (0.96, 1.37) 0.13 1.77 (1.02, 3.07) 0.04
index
Model 3: Model 2+clinical covariates* 1.10 (0.91, 1.35) 0.33 1.55 (0.85, 2.85) 0.15

Hazard ratio for death for each 10-mm Hg increase in estimated pulmonary artery systolic pressure (PASP).
*Clinical covariates: type of mitral valve surgery (repair or replacement), cause of mitral regurgitation (primary vs secondary), concomitant aortic valve surgery,
concomitant tricuspid valve surgery, concomitant coronary artery bypass grafting, diabetes mellitus, hypertension, prior clinical heart failure, preoperative

ejection fraction, serum creatinine, platelet count, and albumin.

PVR and TPG are related to length of exposure to the
deleterious effects of severe MR and would be an ave-
nue for further study.

Preoperative right ventricular dysfunction, typically
assessed via echocardiography, is associated with
poor cardiac surgical outcomes.®°-%? Here, we show
that right atrial pressure (ie, right ventricular filling pres-
sure) was a predictor of longitudinal mortality inde-
pendent of PCWP (left ventricular filling pressure). This
may imply that the proportionality of right ventricular
functional impairment to left ventricular impairment
may have additive prognostic value. Interestingly, ex-
amination of a spline-modeled prediction plot showed
a potential threshold effect at a right atrial pressure
of 8 mm Hg (Figure 3D). Whether this is a clinically
meaningful and useful threshold may benefit from ad-
ditional study. An important caveat is that we lacked
universal echocardiographic right ventricular assess-
ment; thus, our analysis is necessarily limited to he-
modynamics and does not include right ventricular
structure or imaging-based function.

There may be an important role of tricuspid regurgi-
tation in postoperative hemodynamics and outcomes.
In our study, about twice as many patients with pre-
operative PH had significant tricuspid regurgitation
compared with patients without PH; accordingly, con-
comitant tricuspid valve surgery was performed more
frequently in those with PH. Furthermore, patients with
persistent postoperative PH frequently had moderate
or more severe tricuspid regurgitation on postoperative
echocardiogram (Table S4). Our analysis focused on
the role of PH on postoperative mortality and treated
concomitant tricuspid surgery as a confounder; thus,
the study was not designed to comment on the role
of concomitant tricuspid repair or replacement, espe-
cially on a much longer time scale than what we stud-
ied. This would be a fertile area for future investigation,
especially on the role of adjuvant percutaneous tricus-
pid valve procedures as the technology develops fur-
ther in that field.

Our finding of increased mortality among patients
with postoperative PH is consistent with similar in-
vestigations in cohorts undergoing interventions for
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aortic stenosis and mitral stenosis. In patients with se-
vere aortic stenosis undergoing transcutaneous aortic
valve intervention, persistent PH was associated with
increased long-term mortality.'>%33* Estimates varied
depending on PH definition and covariate adjustment.
For example, persistent severe PH (right ventricular
systolic pressure >60) was shown to be associated
with a higher 2-year crude overall mortality (50% ver-
sus 19%).%% In another study, postoperative PH was
associated with an 82% increase in risk of all-cause
mortality after adjustment.’® Similar findings were seen
in patients with persistent PH after surgical aortic valve
replacement.'® In patients undergoing MVS for severe
mitral stenosis, risk factors for persistent PH after sur-
gery have been examined, but the association be-
tween postoperative PH and mortality has not been
well studied.35:%6

We found a higher risk of long-term mortality among
patients after MVS with evidence of postsurgical PH.
The magnitude of association was large: an almost
2-fold increase in risk of death among patients with
evidence of postoperative PH compared with those
without. We note that the effect size was slightly at-
tenuated after adjustment and no longer met statistical
significance in some models. However, our postadjust-
ment estimates could not exclude a clinically relevant
association between postoperative PH and mortality.
A larger sample size is likely required to definitively
answer this question, and we believe this should en-
courage a large, multi-institutional effort to study the
relation between pulmonary hemodynamics and out-
comes in patients undergoing valvular interventions.
Although our study is observational, our finding of a
clinically meaningful increase in postoperative mor-
tality in patients with PH undergoing MVS raises the
important question of whether patients would benefit
from earlier MVS to avoid PH, often thought of as a late
complication of longstanding disease. We believe this
should be considered, and our study should motivate
further prospective inquiry.

We note several strengths to our investigation. We
used a gold-standard invasive study to character-
ize preoperative hemodynamics of a large group of
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patients undergoing MVS for severe MR. Our sample
size allowed for adjustment of a large number of co-
variates to examine the independent association be-
tween exposures of interest with mortality. Although
not available in all patients, we were able to assess for
postoperative PH using echocardiography in a large
number of patients during follow-up. Finally, physician
reviewers adjudicated indications for MVS in all cases
to ensure a homogeneous cohort of patients undergo-
ing MVS for a primary or coprimary indication of severe
MR.

Limitations

We note that this is an observational study; the timing
of surgery and optimization of preoperative hemo-
dynamics was determined by treating physicians
and surgeons. Given the uncommon use of invasive
hemodynamic study after MVS, postoperative echo-
cardiography was most commonly used to screen
for PH. Nonetheless, such noninvasive study can be
viable means of identifying severity of PH, although
it is limited with regard to differentiating subgroups
of PH.8"38 Echocardiograms were not read by a sin-
gle core laboratory and may have been subject to
different local practices, especially with respect to
assessment of central venous pressure to estimate
PASP using the tricuspid regurgitant jet velocity.
However, all echocardiogram reports included in the
analysis were overread by one or more authors. We
also acknowledge that while our choices of echocar-
diographic definitions of PH are supported by expert
consensus recommendations,?* the diagnostic accu-
racy of echocardiography in the assessment of PH
has not been consistently revisited since the 2018
update of the definition of PH to the new, lower mPAP
threshold of >20 mm Hg.%° In our study, we repeated
models using both continuous and categorical ap-
proaches and found the analyses broadly consistent
with one another, lessening the emphasis on specific
cutoff values. We also allowed for a wide window
in which patients may have post-MVS echocardio-
graphic examinations to capture a large number of
patients for study. Such a design leaves our analy-
sis susceptible to immortal time bias. However, we
note that time to echocardiogram was similar be-
tween patients with and without postoperative PH.
Other parameters, such as heart failure hospitaliza-
tions, quality of life, and functional assessment, were
not available but could be equally valuable. Finally,
we note that our study is not intended to study the
question of specific treatment for MR-associated PH.
Although there is literature to suggest the possibility
of treatment with pulmonary vasodilators,*®4' par-
ticularly for patients with elevated PVR,* the design
of this study was not intended to comment on this
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question. No patient in our cohort was discharged
from their index hospitalization on direct pulmonary
vasodilator therapy.

CONCLUSIONS

PH is an adverse consequence of chronic, severe MR.
Elevated mPAP and PVR >3 Wood units at baseline
were associated with increased mortality after MVS.
Additionally, postoperative PH continues to be asso-
ciated with an increased risk of death. Future studies
evaluating clinical and echocardiographic risk fac-
tors for the development of PH in MR may help opti-
mize surgical timing and improve clinically meaningful
outcomes.
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SUPPLEMENTAL MATERIAL



Data S1.

Supplemental Methods

In creating multivariable Cox models in the primary analysis, we conducted a complete-case
analysis only. However, several patients were missing one more of the covariates included. We
therefore conducted a missing case analysis, comparing patients with one more missing

covariates with those who are considered complete cases.

To explore the characteristics of patients who reversed pre-operative pulmonary hypertension
(PH) and those who did not, we compared two groups with respect to baseline, operative, and
other characteristics. The two groups were described using mean (SD) and compared t-test for

continuous variables or y? test for categorical variables.

We additionally explored whether one of several complications in the immediate post-operative
period (atrial fibrillation, myocardial infarction, stroke, infection, or renal failure) impacted
overall survival. The immediate post-operative period is defined as the duration of the index
hospitalization during which mitral valve surgery (MVS) occurred. Cohorts of patients with and
without a significant complication were visualized with the Kaplan-Meier method and compared

using a log-rank test.

Several exploratory analyses were performed examining the relation between other patient
characteristics and survival. In the first analysis, we examined post-operative survival in patients
stratified by both pre-operative PH status and type of MVS (repair, replacement). We then
examined longitudinal mortality after stratification by post-operative PH status (reversed vs
persistent PH) and type of MVS. Finally, we examined whether presence of atrial fibrillation on
post-operative echocardiogram was associated with mortality by use of a minimally adjusted Cox

model which included timing of echocardiogram and surgeon as covariates.



Supplemental Results

Table S1 shows results of the complete case analysis. The two groups were largely
comparable. Serum creatinine represented the most commonly missing covariate.

Compared to patients who had reversal of pre-operative PH, patients who did not have
reversal of PH had increased prevalence of mildly enlarged and dysfunctional right ventricles
(Table S4). However, we note that post-operative assessment and high frequency of missing data
limits interpretation of this finding. and those who did not. Patients with persistent and reversed
PH were otherwise similar with respect to demographics, surgical characteristics, and degree of
residual mitral regurgitation.

Detailed index hospital records were not available for 5 patients. Among the 483 patients
with detailed hospital records, 202 (41%) had an immediate post-operative complication, and
281 (58%) did not. Patients without complications had lower overall mortality during
longitudinal follow-up (p=0.04, Figure S1).

In exploratory analyses, we found that type of MVS (repair or replacement) had little
relation to post-operative longitudinal outcomes (Figure S2). Patients without pre-operative PH
who underwent valve repair had lower overall mortality than patients with PH who underwent
either repair or replacement (p=0.003 for both), however other pairwise comparisons were not
significant. Specifically, there was no difference in overall survival between patients without PH
who underwent repair vs replacement (p=0.45), nor was there a difference between patients with
PH who underwent repair vs replacement (p=0.70). When stratified both by MVS type and
persistence of PH post-operatively, no differences were seen in overall survival, although the

sample size may not be sufficient for such comparisons.



In an exploratory analysis of survival by atrial fibrillation status on post-operative
echocardiogram, we did not find a significant relation between presence of atrial fibrillation and
mortality in a basic model adjusting for timing of echocardiogram and surgeon (HR = 1.47, 95%

C10.84-2.59, p=0.17).



Table S1. Missing covariate analysis.

Missing N  Cases missing Complete

>1 covariate cases "
value
(N=100) (N=388)

Age, years 0 68.1 (11.7) 66.9 (11.1) 0.36
Female 0 45.0% 44.8% 1.0
Body mass index, kg/m,? 0 27.1(5.2) 28.3 (5.8) 0.074
Mitral valve replacement 0 31.0% 30.7% 1.0
Combined aortic valve surgery 0 30.0% 28.6% 0.81
Combined tricuspid valve surgery 0 15.0% 19.3% 0.39
Combined CABG 0 44.0% 43.5% 1.0
Diabetes 0 24.0% 30.2% 0.27
Hypertension 0 69.0% 80.9% 0.014
Prior heart failure 0 43.0% 54.9% 0.043
Pre-op ejection fraction, % 0 49.2 (13.5) 49.0 (14.3) 0.90
Serum creatinine, pmol/L 94 76.0 (21.3) 92.1(62.9) 0.54
Platelets, 10° L"! 1 200.0 (60.1) 1952 (¥72.4)  0.54
Serum albumin, g/L 14 34.5 (#4.9) 36.5 (£5.5) 0.003

Values presented are column percentages for categorical variables or mean (SD) for continuous
variables.

CABG=coronary artery bypass grafting



Table S2. Causes of death during follow-up.

Pre-operative

Pre-operative

mPAP <20 mPAP >20 Total
mmHg mmHg (N=488)
(N=75) (N=413)
Total deaths during follow-up 8 (10.7%) 126 (30.5%) 134 (27.5%)
Follow-up time, years (SD) 4.6 (1.6) 3.8(2.0) 3.9(2.0)
Cardiovascular deaths 0 (0%) 39 (31%) 39 (29%)
Heart failure 0 (0%) 17 (13%) 17 (13%)
Sudden cardiac death 0 (0%) 13 (10%) 13 (10%)
Myocardial infarction 0 (0%) 2 (2%) 2 (1%)
Cerebrovascular event 0 (0%) 4 (3%) 4 (3%)
Other cardiovascular death 0 (0%) 3 (2%) 3 (2%)
Cancer 1 (13%) 4 (3%) 5 (4%)
Infectious causes 1 (13%) 19 (15%) 20 (15%)
Other causes 0 (0%) 9 (7%) 9 (7%)
Unknown causes 6 (75%) 54 (43%) 60 (45%)

Values shown are N (%) of all deaths in the column group, except for the first row, where

percentage of all patients in column is shown.



Table S3. Comparison of patients with and without post-operative echocardiograms.

No echocardiogram Echocardiogram
P-value
(N=227) (N=231)

Age, years 67.1 (10.9) 67.1 (11.4) 0.95
Female 101 (44.5%) 108 (46.8%) 0.64
Body mass index, kg/m,? 27.7(5.1) 28.4 (6.2) 0.20
Valve replacement (vs. repair) 66 (29.1%) 72 (31.2%) 0.68
Combined aortic valve surgery 164 (72.2%) 166 (71.9%) 1.0

Combined tricuspid valve surgery 195 (85.9%) 179 (77.5%) 0.022
Combined coronary artery bypass 148 (65.2%) 162 (70.1%) 0.27
Diabetes 60 (26.4%) 69 (29.9%) 0.47
Hypertension 173 (76.2%) 188 (81.4%) 0.21
Prior heart failure 111 (48.9%) 122 (52.8%) 0.45
Pre-op ejection fraction, % 51.1(13.1) 47.8 (14.6) 0.01
Follow-up time, years 4.3 (1.8) 4.0 (1.8) 0.17
Died during follow-up 39 (17.2%) 65 (28.1%) 0.005
Died during first year 16 (7.0%) 21 (9.1%) 0.49

Values presented are column percentages for categorical variables or mean (SD) for continuous
variables. Comparison of characteristics between patients with and without post-operative

echocardiograms. Patients who died prior to the echocardiogram eligibility window (days 42-



365) are excluded from the table. Included in the “with echocardiogram” column are 24 patients

who had an echocardiogram but did not have quantification of pulmonary hypertension.



Table S4. Characteristics of patients with persistent vs reversed pulmonary hypertension.

Persistent PH Reversed PH
P-value
(N=102) (N=82)

Age, years 70.0 (10.3) 65.4 (13.1) 0.009
Female 52.0% 41.5% 0.18
Body mass index, kg/m,? 28.6 (6.4) 28.9 (6.4) 0.77
Pre-operative ejection fraction, % 46.4 (14.4) 47.3 (16.0) 0.68
Diabetes 41 (40.2%) 22 (26.8%) 0.063
Hypertension 91 (89.2%) 67 (81.7%) 0.20
Dyslipidemia 73 (71.6%) 55 (67.1%) 0.52
Dialysis 4 (3.9%) 4 (4.9%) 1.0

Current smoking 18 (17.6%) 18 (22.0%) 0.58
Hematocrit, % 35.6 (4.9) 37.0 (5.3) 0.079
Platelets, 10° L 199.5 (80.0) 195.1 (69.6) 0.70
Serum creatinine, pmol/L 92.4 (74.6) 100.1 (78.6) 0.53
Serum albumin, g/L 35.6 (5.4) 35.6 (5.3) 0.98
Mitral valve replacement 34.3% 25.6% 0.26
Primary mitral regurgitation 50 (49.0%) 42 (51.2%) 0.88
Days from catherization to surgery, medial (IQR) 9 (3, 38) 10 (4, 27) 0.58
Right atrial pressure, mmHg 9.8(5.5) 9.7 (4.8) 0.99
Mean pulmonary artery pressure, mmHg 344 (9.0) 34.3 (9.5) 0.93
Pulmonary capillary wedge pressure, mmHg 21.5(6.8) 22.3(7.6) 0.47
Transpulmonary gradient, mmHg 12.7 (6.5) 12.0 (7.4) 0.49



Pulmonary vascular resistance, Wood units 2.9 (1.9) 2.6 (2.0) 0.34
Cardiac output, L/min 4.8 (1.2) 5.1(1.7) 0.25
Cardiac index, L/min/m? 2.5(0.7) 2.5(0.7) 0.90
Days from surgery to echocardiogram, median (IQR) 101 (69, 205) 86 (56, 176) 0.13
Post-operative ejection fraction, % 46.4 (15.0) 48.1 (13.3) 0.42
Post-operative LV end diastolic diameter, cm 5.0(0.9) 5.1(0.8) 0.57
Post-operative LV end systolic diameter, cm 3.8(1.1) 3.8(1.0) 0.73
Residual mitral regurgitation (>moderate) 16 (15.7%) 7 (8.5%) 0.18
Tricuspid regurgitation (>moderate) 41 (40.2%) 11 (13.4%) <0.0001
Post-operative right ventricular size 0.043

Normal 43 (42.2%) 39 (47.6%)

Mildly enlarged 15 (14.7%) 2 (2.4%)

Moderately enlarged 4 (3.9%) 3 (3.7%)

Severely enlarged 1 (1.0%) 0 (0.0%)

Not assessed 39 (38.2%) 38 (46.3%)
Post-operative right ventricular function 0.026

Normal

Mildly reduced
Moderately reduced
Severely reduced

Not assessed

44 (43.1%)
13 (12.7%)
4 (3.9%)
0.0%

41 (40.2%)

44 (53.7%)
2 (2.4%)
2 (2.4%)

0.0%

34 (41.5%)

Values presented are column percentages for categorical variables or mean (SD) for continuous

variables, except where otherwise noted. All patients described had pre-operative pulmonary



hypertension by right heart catheterization. P-values are t-test or chi-squared test except when
variable is described as medical (IQR); in such cases rank sum test is used. LV=left ventricular;

PH=pulmonary hypertension.



Figure S1. Post-operative survival according to presence of post-operative complication.
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A post-operative complication is defined as atrial fibrillation, myocardial infarction, stroke,

infection, or renal failure occurring during index hospitalization after mitral valve surgery.



Figure S2. Longitudinal outcomes after mitral valve repair or replacement in patients with

pulmonary hypertension.
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Longitudinal survival after mitral valve surgery by type of procedure (valve repair or

replacement) and pulmonary hypertension (PH). Patients are additionally stratified by (A)



presence of pre-operative PH, or (B) persistence of pre-operative PH after surgery. P-value is

for overall heterogeneity.



