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Abstract
Background: Pre-existing pulmonary hypertension is associated
with poor outcomes after transcatheter mitral valve repair (TMVr)
for mitral regurgitation (MR). However, the impact of an immediate
change in mean pulmonary artery pressure (ΔmPAP) following TMVr
on outcomes is unknown.
Methods: Patients who underwent TMVr from December 2015 to
February 18, 2020 at our institution for symptomatic 3-4+ MR and
who had invasive hemodynamics measured immediately pre- and
post-TMVR were included. Multivariate Cox regression analysis was
performed to examine the association of ΔmPAP (post-TMVr - preTMVr mPAP) with the primary endpoint of heart failure (HF) readmission at 1 year. Secondary endpoints included all-cause mortality
and the composite endpoint of HF readmission or all-cause mortality
at 1 year.
Results: Among 55 patients, 55% were men, mean age was 72 ± 14.2
years, and mean ΔmPAP was -1.4 ± 8.2 mm Hg. Overall, HF readmission occurred in 14 (25%), death in 10 (18%), and the composite endpoint in 20 (36%) patients. In multivariable analyses, higher ΔmPAP
was significantly associated with HF readmission (hazard ratio (HR)
= 1.10, 95% confidence interval (CI): 1.00 - 1.21; P = 0.04). ΔmPAP
was not associated with death (HR = 1.04, 95% CI: 0.96 - 1.14; P =
0.33), though there was a numerical but statistically non-significant
trend towards the composite endpoint (HR = 1.06, 95% CI: 1.00 1.13; P = 0.06) driven by HF readmission.
Conclusion: Higher ΔmPAP immediately following TMVr was associated with increased HF readmission at 1 year. Larger prospective
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studies are needed to validate these data and further explore the utility
of ΔmPAP as a novel hemodynamic parameter to predict post-TMVR
outcomes.
Keywords: Mitral regurgitation; MitraClip; Heart failure readmission; Mortality

Introduction
Pulmonary hypertension (pHTN) due to chronic mitral regurgitation (MR) is observed in nearly one-third of patients
undergoing mitral valve surgery for MR [1, 2]. Notably, preexisting pHTN has been reported as a major risk factor for
both short- and long-term all-cause mortality following mitral valve surgery [3, 4]. Over the past decade, transcatheter
mitral valve repair (TMVr) using the commercially available
MitraClip system (Abbot Vascular, Inc.) has been shown to
be an effective intervention for patients with degenerative
MR and select patients with functional MR who are deemed
to be at prohibitive surgical risk [5, 6]. Similar to the surgical literature, pre-existing pHTN estimated non-invasively
by transthoracic echocardiography has been associated with
higher all-cause mortality among patients undergoing TMVr
[7]. More recently, data from the National Cardiovascular
Data Registry-based STS/ACC TVT Registry demonstrated
that pHTN defined invasively prior to TMVr was associated with increased all-cause mortality and heart failure
(HF) readmission at 1 year [8]. However, to the best of our
knowledge, the relationship between the acute change in invasively measured following TMVr (i.e., ΔmPAP), which reflects right ventricular reserve and performance, and clinical
outcomes has not been described. Therefore, in the present
study, we sought to address this evidence gap and assess the
association of ΔmPAP with 1-year outcomes among patients
undergoing TMVr.

Materials and Methods
This retrospective cohort study included all patients from
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December 1, 2015 to February 18, 2020 at the University of
California, Los Angeles (UCLA) who underwent TMVr using
the MitraClip system for symptomatic moderate-severe (3+)
or severe (4+) MR and who had invasive hemodynamics (i.e.,
right heart catheterization (RHC)) measured immediately before and after TMVr during the index procedure. Patients that
underwent TMVr in conjunction with other procedures (e.g.,
transcatheter aortic valve placement or percutaneous tricuspid
valve repair) were excluded. This study was approved by the
UCLA institutional review board. This study was conducted in
compliance with the ethical standards of the responsible institution on human subjects as well as with the Helsinki Declaration.
Procedural success was defined as improvement of ≥ 2+ MR
after TMVr based on intraprocedural transesophageal echocardiogram. Post-mPAP pressures were obtained after TMVr was
complete and the patient had stable pulmonary pressures for
at least 5 min. We defined ΔmPAP as post-TMVr mPAP - preTMVr mPAP. The primary endpoint was HF readmission at 1
year. Secondary endpoints included all-cause mortality at 1 year
and the composite of HF readmission or all-cause mortality at
1 year. All HF readmissions were reviewed and adjudicated by
two authors (David M. Tehrani and Rushi V. Parikh).
Data are expressed as frequency (percentage) or mean
± standard deviation. Non-parametric Wilcoxon rank-sum
or rank-sign tests were used to evaluate differences between
groups of variables, as appropriate. Baseline demographic,
cardiovascular, and procedural characteristics were tested for
their ability to predict the primary and secondary endpoints
using univariable Cox proportional hazards regression models.
Covariates with a univariate P-value < 0.10 were included in
multivariable models to assess for independent predictors. Cox
regression data are presented as hazard ratios (HRs) with 95%
confidence intervals (CIs). Statistical analyses were performed
using the SPSS system, version 26 (SPSS Inc., Chicago, IL). A
P-value < 0.05 was considered statistically significant.

Results
A total of 116 patients received TMVr at UCLA from December 1, 2015 to February 18, 2020, 55 of whom met the outlined
inclusion criteria and were included in the present study. Sixtyone patients were excluded for the following reasons: 49 did
not undergo both pre- and post-TMVr RHC and 12 underwent
concomitant procedures at the time of TMVr.
Among the 55 patients comprising the study cohort, the
mean age was 72 ± 14 years, 55% were men, 64% had degenerative MR, and 84% had 4+ MR. Procedural characteristics
included 91% with successful TMVr, a mean post-TMVr mitral gradient of 3.9 ± 1.4 mm Hg, and 1.7 ± 0.76 MitraClips
used. Overall, the mean pre-mPAP was 31.5 ± 10.1 mm Hg,
post-mPAP was 30.1 ± 7.4 mm Hg, and ΔmPAP was -1.4 ±
8.2 mm Hg (Table 1). The mean ΔmPAP in those free of HF
readmission at 1 year was -3.0 ± 8.5 mm Hg and in those with
a HF readmission at 1 year was 3.1 ± 5.2 mm Hg (Fig. 1). Notably, there was no significant difference in the use of guideline-directed medical therapy (e.g., beta-blockers, angiotensin

Table 1. Baseline Clinical, Echocardiographic, and Procedural
Characteristics
N = 55
Clinical characteristics
   Age (years)

72 ± 14.2

  Male sex

30 (55%)

  Race
    White

25 (46%)

    Hispanic

14 (26%)

    African American

7 (13%)

    Asian

8 (15%)

   End-stage renal disease

5 (9%)

   Chronic lung disease

10 (20%)

Cardiovascular demographics
  Hypertension

43 (78%)

  Diabetes

17 (31%)

   Coronary artery disease

14 (26%)

   Atrial fibrillation

26 (47%)

  Stroke

8 (15%)

  Current smoker

7 (13%)

   Peripheral artery disease

5 (9%)

Echocardiographic characteristics
  MR etiology
    Degenerative

35 (64%)

    Functional

18 (33%)

    Mixed

2 (4%)

  MR severity
    3+ (moderate-severe)

9 (16%)

    4+ (severe)

83.6 (46%)

   Tricuspid regurgitation (baseline)
    Moderate-severe

3 (6%)

    Severe

5 (9%)

   TAPSE (cm)

1.8 ± 0.4

   PASP (mm Hg)

47.6 ± 15.7

  LVEF (%)

44.8 ± 18.6

  LVIDD (cm)
   LA volume indexed

5.83 ± 1.1
(mL/m2)

77.6 ± 55.6

Procedural characteristics
  Procedural successa

50 (91%)

   Improvement in MR grade

2.3 ± 0.84

   Number of MitraClips

1.65 ± 0.76

   Post-TMVr mitral gradient

3.94 ± 1.42

   Pre-TMVr mPAP (mm Hg)

31.5 ± 10.1
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Table 1. Baseline Clinical, Echocardiographic, and Procedural
Characteristics - (continued)
N = 55
   Post-TMVr mPAP (mm Hg)
   ΔmPAP (mm

Hg)b

30.1 ± 7.4
1.4 ± 8.2

Data are presented as mean ± standard deviation or frequency (percentage) as appropriate. aProcedural success was defined as a ≥ 2+
MR improvement from pre-TMVr to post-TMVr. bΔmPAP was defined
as the difference in the post-mitral TMVr mPAP and the pre-mitral TMVr
mPAP. LA: left atrium; LVEF: left ventricular ejection fraction; LVIDD:
left ventricular internal diameter end-diastolic; mPAP: mean pulmonary artery pressure; MR: mitral regurgitation; PASP: pulmonary artery
systolic pressure; TAPSE: tricuspid annular plane systolic excursion;
TMVr: transcatheter mitral valve repair.

converting enzyme inhibitors or angiotensin receptor blockers,
aldosterone antagonists, and loop diuretics) between the HF
readmission cohort and those without HF readmission.
In univariable Cox regression analyses, elevated ΔmPAP
(HR = 1.10, 95% CI: 1.01 - 1.19; P = 0.03) and atrial fibrillation (HR = 0.09, 95% CI: 0.11 - 1.16; P = 0.09) were associated
with HF readmission (P < 0.10) and included in the multivariable model (Table 2). After adjustment, elevated ΔmPAP remained as the only independent predictor of HF readmission
(HR = 1.10, 95% CI: 1.00 - 1.21; P = 0.04) (Table 2). Higher
ΔmPAP was not significantly associated with all-cause mortality at 1 year in univariable analysis (HR = 1.04, 95% CI:
0.96 - 1.14; P = 0.33), while procedural success was associated
with freedom from death at 1 year (HR = 0.11, 95% CI: 0.03
- 0.41; P < 0.01 (Table 3). However, driven by HF readmission, elevated ΔmPAP demonstrated a numerical but statistically non-significant association with the composite endpoint
of HF readmission or all-cause mortality at 1 year in multivariable analyses (HR = 1.06, 95% CI: 1.00 - 1.13; P = 0.06).
Similarly, in multivariable analysis, procedural success had a
modest trend towards statistical significance for reduction in
the composite endpoint (HR = 0.37, 95% CI: 0.12 - 1.11; P =
0.08) (Table 4).
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Discussion
The principal finding of this retrospective cohort study of patients undergoing TMVr using the MitraClip system for symptomatic 3-4+ MR was that elevated ΔmPAP (i.e., immediate increase in mPAP following TMVr) was significantly associated
with HF readmission at 1 year. Our study builds upon previously
reported peri-TMVr invasive hemodynamic data and highlights
the impact of pulmonary pressures and real-time hemodynamic
changes on outcomes in patients undergoing TMVr.
Recent data from the STS/ACC TVT Registry among patients undergoing TMVr demonstrated a significant relationship between escalating degrees of invasively defined pHTN
prior to TMVr with increased HF readmission and all-cause
mortality at 1 year regardless of MR etiology [8]. However,
important limitations of these registry-based data are: 1) the
pre-TMVr invasive hemodynamic assessment via RHC was
not uniformly done during the index procedure, and 2) postTMVr hemodynamic data were not captured. In the present
study, we addressed these gaps and found that higher ΔmPAP
immediately after TMVr was significantly associated with increased HF readmission at 1 year. To the best of our knowledge, the impact of immediate changes in pulmonary arterial
hemodynamics after TMVr on outcomes has not been previously described. These novel hypothesis-generating data suggest that ΔmPAP may provide real-time prognostic value and
add to the growing evidence that pulmonary arterial hemodynamics appear to significantly contribute to TMVr outcomes.
The immediate improvement/reversibility in pulmonary
pressures following TMVr (i.e., low ΔmPAP) may indicate
greater right ventricle (RV) functional reserve and/or performance. Whether this hemodynamic malleability reflects
a lesser extent and/or chronicity of pulmonary vascular remodeling requires further investigation. Pulmonary vascular
pathophysiology in the setting of chronic MR is complex,
characterized by early pulmonary venous hypertension followed by a later precapillary component driven by structural/functional changes in the pulmonary arterial vasculature,

Figure 1. Immediate change in invasively measured mPAP after TMVr. Patients free from HF readmission (a) and those with
a HF readmission (b) at 1 year are depicted with their immediate pre- and post-TMVr mPAP after undergoing TMVr. HF: heart
failure; mPAP: mean pulmonary artery pressure; TMVr: transcatheter mitral valve repair.
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Table 2. Association of Clinical and Procedural Characteristics With Heart Failure Readmission at 1 Year
Univariable analysis

Multivariable analysisa

HR

95% CI

P-value

Age (years)

0.98

0.95 - 1.02

0.30

Male sex

0.55

0.19 - 1.62

0.28

White race

1.24

0.43 - 3.53

0.69

AA race

1.95

0.54 - 7.00

0.31

Hispanic race

1.05

0.37 - 3.01

0.92

Hypertension

0.51

0.17 - 1.52

0.23

Diabetes

2.00

0.69 - 5.78

0.20

CAD

0.24

0.03 - 1.85

0.17

ESRD

1.57

0.35 - 7.02

0.55

Chronic lung disease

1.54

0.48 - 4.91

0.47

Atrial fibrillation

0.09

0.11 - 1.16

0.09

CVA

0.38

0.05 - 2.93

0.36

Peripheral artery disease

0.61

0.08 - 4.66

0.63

Current smoker

1.38

0.31 - 6.18

0.67

Degenerative MR

1.83

0.51 - 6.55

0.36

Functional MR

0.55

0.15 - 1.96

0.36

1.39

0.18 - 10.62

0.75

0.92

0.66 - 1.29

0.64

1.10

1.01 - 1.19

0.03

Procedural

successb

Post-TMVr mitral gradient
ΔmPAP (mm

Hg)c

HR

95% CI

P-value

0.41

0.13 - 1.33

0.14

1.10

1.00 - 1.21

0.04

aCovariates significant at a P < 0.10 in univariable analysis were included in multivariable analysis. bProcedural success was defined as a ≥ 2+ MR
improvement from pre-TMVr to post-TMVr. cΔmPAP was defined as the difference in the post-mitral TMVr mPAP and the pre-mitral TMVr mPAP.
AA: African American; CAD: coronary artery disease; CI: confidence interval; CVA: cerebrovascular accident; ESRD: end-stage renal disease; HR:
hazard ratio; mPAP: mean pulmonary artery pressure; MR: mitral regurgitation; TMVr: transcatheter mitral valve repair.

ultimately leading to elevated pulmonary vascular resistance [9]. Taken together, it is conceivable that patients with
chronic MR and irreversible pHTN may not benefit as greatly
from TMVr compared with their counterparts who are able
to achieve meaningful reductions in pulmonary pressures. Indeed, procedural success did not necessarily result in an immediate drop in pulmonary pressures in our study, suggesting
that chronic pulmonary vascular remodeling may contribute
to adverse outcomes despite procedural success.
Obtaining post-TMVr invasive hemodynamics is not
standard practice, and as such is not captured by the STS/ACC
TVT registry. Nonetheless, there are emerging data suggesting
that continuous hemodynamic monitoring during TMVr may
predict improvement in clinical outcomes, such as post-TMVr
improvement in left atrial pressure predicting improvement
in the 6-min walk test [10]. In contrast, post-TMVr echocardiographic parameters such as procedural success are required
data elements of the registry. Unsurprisingly, procedural success has been associated with improved outcomes, and we
similarly observed that procedural success was associated with
decreased all-cause mortality [11]. However, given that unsuccessful TMVr procedures are uncommon in the contemporary
era given improved operator experience and device technology, additional procedural markers of outcomes are needed in
patients with successful TMVr. Our data suggest that imme-

diate improvement in pulmonary pressures after TMVr (i.e.,
ΔmPAP) may be a potential candidate hemodynamic parameter worthy of further investigation.
This study has multiple limitations worth considering. First,
this is a single center retrospective study with a modest TMVr
sample size, and thus the data are hypothesis-generating and
require prospective validation. Second, the non-consecutive
nature of our cohort may have introduced selection bias affecting the reported observations, though differences between demographics and procedural characteristics in the study and excluded cohorts were limited. Third, despite adjusting for known
patient and procedural confounders, we cannot rule out residual
confounding (e.g., hemodynamic loading conditions, respiratory variation, etc.) prior to the TMVr. Fourth, given the retrospective nature of our study, data for other key hemodynamic
predictors such as change in left atrial pressure were incomplete/
limited. Finally, although outcomes data were adjudicated based
on extensive chart review rather than administrative claims data,
which provided incremental rigor, HF readmissions at institutions outside of UCLA were not captured.
Conclusion
In summary, an immediate rise in invasively measured mPAP

Articles © The authors | Journal compilation © Cardiol Res and Elmer Press Inc™ | www.cardiologyres.org

305

ΔmPAP Is Associated With HF Readmission

Cardiol Res. 2021;12(5):302-308

Table 3. Association of Clinical and Procedural Characteristics With All-Cause Mortality at 1 Year
Univariable analysis
Age (years)

HR

95% CI

P-value

1.01

0.96 - 1.06

0.70

Male sex

0.34

0.09 - 1.31

0.12

White race

1.17

0.34 - 4.04

0.81

AA race

0.73

0.09 - 5.75

0.76

Hispanic race

0.67

0.16 - 2.89

0.60

Hypertension

3.01

0.39 - 24.23

0.29

Diabetes

1.12

0.29 - 4.32

0.87

CAD

0.84

0.18 - 3.95

0.82

ESRD

0.96

0.12 - 7.62

0.97

Chronic lung disease

0.92

0.20 - 4.32

0.91

Atrial fibrillation

1.16

0.34 - 4.01

0.81

CVA

0.04

0.00 - 67.28

0.39

Peripheral artery disease

0.96

0.12 - 7.62

0.97

Current smoker

0.84

0.11 - 6.62

0.87

Degenerative MR

4.52

0.57 - 35.65

0.15

Functional MR

0.15

0.03 - 1.75

0.49

Procedural successa

0.11

0.03 - 0.41

< 0.01

Post-TMVr mitral gradient

1.16

0.79 - 1.72

0.45

1.04

0.96 - 1.14

0.33

ΔmPAP (mm

Hg)b

aProcedural success was defined as a ≥ 2+ MR improvement from pre-TMVr to post-TMVr. bΔmPAP was defined as the difference in the post-mitral
TMVr mPAP and the pre-mitral TMVr mPAP. AA: African American; CAD: coronary artery disease; CI: confidence interval; CVA: cerebrovascular
accident; ESRD: end-stage renal disease; HR: hazard ratio; mPAP: mean pulmonary artery pressure; MR: mitral regurgitation; TMVr: transcatheter
mitral valve repair.

following TMVr (i.e., high ΔmPAP) was significantly associated with increased HF readmission at 1 year. This hemodynamic
parameter may help risk stratify patients early after TMVr irrespective of procedural success and guide personalized followup care. Larger, prospective, multicenter studies are needed to
confirm these hypothesis-generating data and determine the
utility of ΔmPAP as a predictor of outcomes post-TMVr.
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Table 4. Association of Clinical and Procedural Characteristics With Heart Failure Readmission or All-Cause Mortality at 1 Year
Univariable analysis

Multivariable analysisa

HR

95% CI

P-value

0.99

0.96 - 1.01

0.32

Male sex

0.51

0.21 - 1.26

0.15

White race

1.21

0.51 - 2.92

0.67

Age (years)

AA race

1.72

0.57 - 5.15

0.33

Hispanic race

0.69

0.25 - 1.93

0.48

Hypertension

0.67

0.26 - 1.74

0.41

Diabetes

1.40

0.56 - 3.52

0.47

CAD

0.54

0.16 - 1.85

0.33

ESRD

1.03

0.24 - 4.48

0.96

Chronic lung disease

0.94

0.31 - 2.82

0.92

Atrial fibrillation

0.51

0.20 - 1.29

0.16

CVA

0.26

0.03 - 1.92

0.19

Peripheral artery disease

0.41

0.06 - 3.07

0.39

Current smoker

1.41

0.41 - 4.82

0.58

Degenerative MR

2.05

0.69 - 6.14

0.19

Functional MR

0.49

0.16 - 1.46

0.20

Procedural successb

0.35

0.12 - 1.07

0.07

Post-TMVr mitral gradient

0.97

0.73 - 1.28

0.83

ΔmPAP (mm Hg)c

1.06

1.00 - 1.13

0.06

HR

95% CI

P-value

0.37

0.12 - 1.11

0.08

1.06

1.00 - 1.13

0.06

aCovariates significant at a P < 0.10 in univariable analysis were included in multivariable analysis. bProcedural success was defined as a ≥ 2+ MR
improvement from pre-TMVr to post-TMVr. cΔmPAP was defined as the difference in the post-mitral TMVr mPAP and the pre-mitral TMVr mPAP.
AA: African American; CAD: coronary artery disease; CI: confidence interval; CVA: cerebrovascular accident; ESRD: end-stage renal disease; HR:
hazard ratio; mPAP: mean pulmonary artery pressure; MR: mitral regurgitation; TMVr: transcatheter mitral valve repair.
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