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Abstract

Background: Limited research has been conducted to investigate the impact of secondary mitral regurgitation (MR) in heart failure (HF)
patients with different levels of estimated pulmonary artery systolic pressure (¢€PASP). Methods: A total of 468 patients suffering from
HF and secondary MR were enrolled and categorized into non-severe and severe MR groups based on the degree of MR. The primary
endpoint of the study was a composite of cardiovascular death and a first-heart-failure hospitalization. The secondary endpoints were the
primary outcomes, individually. The outcomes of the two groups were compared. Patients were further classified based on whether their
ePASP was >50 mmHg or <50 mmHg. Subsequently, the outcomes of the non-severe and severe MR groups were compared within
each ePASP category. Results: In a median (SD) follow-up of 694 (410) days, severe MR was associated with higher risk for primary
endpoints in patients with heart failure, especially in those with ePASP >50 mmHg. In patients with ePASP <50 mmHg, the prognostic
value of severe MR was diminished. Conclusions: Assessment of the severity of MR can identify heart failure patients who are at greater
risks for poor clinical outcomes. Additionally, the prognostic value of secondary MR was more pronounced in patients with elevated
ePASP.
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1. Introduction overload of the left ventricle and an increase in diastolic
wall stress, which affects LV remodeling. Patients with HF
and secondary MR are at a higher risk for unfavorable car-
diac outcomes compared to those without secondary MR
[6]. In addition, secondary MR is a cause of increased pul-
monary pulsatile loading, and a driver of PH in HF patients.
MR frequently coexists with PH in patients with HF [7].
These conditions collectively contribute to volume over-
load on the overstressed heart and are believed to have detri-
mental effects on patients with HF.

The presence of PH is used as a hemodynamic cri-
terion in patients with primary MR [8]. Even after mitral
valve repair, higher ePASP is related to increased risk of
death in patients with secondary MR [9]. Nevertheless, sec-
ondary MR in HF patients, particularly in those with vary-
ing levels of ePASP, has not been thoroughly investigated.
The aim of the present study was to address the existing

Secondary mitral regurgitation (MR) is a valvular  knowledge gap by investigating the impact of secondary
heart disorder characterized by inadequate coaptation of MR severity on adverse outcomes in patients with HF and
the mitral leaflets, resulting from left ventricular dysfunc- varying levels of ePASP.

tion caused by either ischemic or non-ischemic cardiomy-
opathies, in the absence of structural or degenerative abnor-
malities. As HF progresses, MR arises from localized or
generalized remodeling of the left ventricle (LV) [5]. Im-
paired coaptation of mitral-valve leaflets results in volume

Pulmonary hypertension (PH) is a common conse-
quence of hemodynamic disturbances in heart failure (HF),
with a prevalence of 60%—70% in systolic HF patients and
50% in diastolic HF patients who undergo right-sided heart
catheterization [1]. PH is associated with a higher symp-
toms burden, increased mortality, and hospitalization in
HF patients [2,3]. Furthermore, the chronic elevation of
pulmonary artery systolic pressure (ePASP) produces right
ventricular dysfunction and remodeling, which are the most
predictive indicators for patients with HF [4]. The patho-
genesis of PH begins in the earliest stage of HF, yet there
is currently a lack of an appropriate therapeutic strategy for
this particular subset of HF patients. Effective management
of PH requires addressing its underlying cause to improve
patient outcomes and prevent further deterioration.
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2. Materials and Methods
2.1 Study Design and Sample

This prospective, single-center study was designed to
determine the prognostic significance of secondary MR in
HF patients with varying ePASP. We examined the records
of 956 consecutive patients hospitalized with signs of HF
at the Department of Cardiology, Ruijin Hospital, Shang-
hai Jiao Tong University of Medicine, China, from March
2017 to March 2020. Subsequently, the inclusion criteria
were fulfilled by 468 patients: (1) patients with underly-
ing heart disease that could lead to HF; (2) left ventricular
dysfunction, defined as <50% left ventricular ejection frac-
tion (LVEF); and (3) MR related to LV remodeling. Ex-
clusion criteria were: (1) HF patients with intrinsic valvu-
lar deficits or prior valvular intervention, and (2) patients
with noncardiac causes of PH; (3) patients with previous
cardiac resynchronization therapy (CRT) or installation of
implantable cardioverter-defibrillators (ICD). To exclude
noncardiac causes, patients diagnosed with pulmonary ar-
terial hypertension confirmed by right heart catheterization
(RHC) either before hospitalization or during follow-up
were excluded from the study cohort. Non-invasive meth-
ods such as arterial blood-gas measurement, pulmonary
function tests, chest computed tomography (CT), or com-
puted tomography pulmonary angiography were employed
when there were suspicions of PH associated with lung
disease or chronic thromboembolic pulmonary hyperten-
sion. The medical history was examined in order to ex-
clude drug- and toxin-associated PH. Other biochemical,
hematological, immunological, HIV, and thyroid-function
tests were performed to identify other conditions related to
PH. During the enrollment process, demographic data was
collected, and baseline measurements including laboratory
tests were conducted. Throughout the study duration, med-
ications including renin-angiotensin-aldosterone system in-
hibitors and 3-blockers were prescribed and titrated to reach
optimal dosages for each individual with HF. During hospi-
talization, medication doses were gradually adjusted based
on factors including blood pressure (BP), heart rates, symp-
toms, and laboratory test. The final dose adjustment during
hospitalization occurred within 2 days before anticipated
discharge. Following discharge, the patients were asked
to record their daily heart rates and BP, and undergo lab-
oratory tests. The doses of medication for HF were ad-
justed based on these assessments. Patients were instructed
to have follow-up visits every 1-2 months during the first
six months following discharge. Medication adherence was
assessed through hospital visit or telephone. The follow-
up interval for patients receiving optimal HF therapy was
at least 3 months. CRT or ICD placement was performed
during the follow-up period in accordance with current rec-
ommendations and patients’ consent [10]. Throughout the
follow-up visits, a total of 6 patients underwent CRT and 12
patients had ICD installed.

The institutional review committee of Rui Jin Hospi-
tal, Shanghai Jiao Tong University of Medicine approved
the study and confirmed that the research adhered to the
ethical guidelines of the 1975 Declaration of Helsinki. In-
formed consent was obtained in writing from all partici-
pants prior to screening.

2.2 Echocardiographic Quantifications

Two-dimensional and Doppler transthoracic echocar-
diography imaging was conducted at baseline as a routine
clinical practice. All patients included in the study were
hospitalized due to signs and symptoms of HF and un-
derwent echocardiography when they were hemodynami-
cally stable. All echocardiographic examinations were con-
ducted using a Vivid E9 imaging system with an M5S trans-
ducer (General Electric Medical Health, Milwaukee, WI,
USA), and performed by skilled cardiac sonographers. All
the echocardiograms were scrutinized by cardiologists with
board certification. In the parasternal long-axis view, the
LV end-diastolic dimension (LVEDD), the LV end-systolic
dimension (LVESD), and the left atrial dimension (LAD)
were measured using two-dimensional echocardiographic
images. The vena contracta width (VCW) was measured
at the narrowest portion of the regurgitant flow occur-
ring at, or immediately downstream of the orifice, using a
parasternal long-axis image with magnification. The Simp-
son biplane approach was applied to LVEF evaluation. Us-
ing continuous-wave Doppler echocardiography we mea-
sured the peak velocity of tricuspid regurgitation. The
ePASP was determined with a simplified Bernoulli equa-
tion: ePASP = 4 x peak tricuspid regurgitant velocity® +
mean right atrial pressure . The mean right atrial pres-
sure was determined based on the diameter of the inferior
vena cava and variations in response to respiration. MR
was quantified using the proximal-isovelocity-surface area
(PISA) technique. The effective regurgitant orifice area
(EROA) was obtained from the maximal PISA radius and
the peak regurgitant velocity of a continuous-wave MR jet
[11]. The stroke volumes were computed as the product
of the time-velocity integral and the area of the annulus
of each valve, using pulsed-wave Doppler methods. The
regurgitant volume (RV) was computed by subtracting the
stroke volumes of the mitral and aortic valves. The EROA,
RV, and VCW were chosen as severity indices for MR.
Severe MR was classified as an EROA >0.4 cm?, an RV
>60 mL/beat, ora VCW >0.7 cm, whereas the non-severe
MR group consisted of patients with echocardiographic in-
dices below those levels [11]. VCW was used to classify
the severity of tricuspid regurgitation (TR) in a semiquan-
titative manner. A VCW >0.7 cm was classified as severe
TR, 0.3-0.69 cm as moderate TR, and <0.3 cm as mild TR.
An ePASP of >50 mmHg was classified as ePASP eleva-
tion, because the value is thought to be connected to poorer
results in patients with functional MR, and the prognostic
effect of an ePASP of 50 mm Hg was also confirmed in our
study [12].
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Consecutive patients with suspected heart failure

hospitalized in Department of Cardiology, Rui jin
Hospital, Shanghai Jiaotong University School of
Medicine, China from March 2017 to March 2020
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heart failure with LVEF<50% and secondary mitral
regurgitation

non-severe mitral regurgitation
group (n=411)

severe mitral regurgitation group
(n=57)

Primary endpoint

Fig. 1. Flow-chart of recruitment, grouping and follow-up of patients with heart failure. LVEF, left ventricular ejection fraction.

2.3 Outcomes and Follow-Up

The primary endpoint of the trial was either cardio-
vascular disease-related mortality or hospitalization for HF.
The secondary endpoints included individual cardiovascu-
lar disease and heart failure hospitalization (HFH). Car-
diovascular mortality comprised death from decompensa-
tion of HF, acute HF, myocardial infarction, fatal arrhyth-
mia, sudden cardiac death, and thromboembolism-related
deaths. HF diagnosis was based on clinical symptoms,
signs, abnormal test markers, and radiologic evidence. The
results were collected by reviewing medical records and/or
conducting telephone or hospital-based surveys. These re-
sults were confirmed by an independent group of clinicians.

2.4 Statistical Analysis

Patients were categorized based on the severity of
MR: (a) non-severe MR group, and (b) severe MR group.
A Kolmogorov-Smirnov test was performed for normal-
distribution validation. Continuous variables in baseline
characteristics were presented as the mean (SD) or median
(interquartile range [IQR]) and were compared across sub-
groups using Student’s 7-test or Wilcoxon rank-sum test, re-
spectively. Numbers and proportions were presented for
categorical variables. The Pearson chi-square test or the
Fisher exact test was employed for comparison. The re-
lationship between ePASP and the clinical outcomes was
explored by using restricted cubic splines with four knots.
LVEF, NT-proBNP (N-terminal pro—B-type natriuretic pep-
tide), and LVEDD were presented as medians (IQR). We
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compared these three variables in the two subgroups with
varying levels of ePASP with the Wilcoxon rank-sum test.
The Kaplan-Meier method was utilized to describe event
rates for the examination of time-to-first-event in each
group with varied ePASP stages. Univariable Cox propor-
tional hazards regression models were constructed to assess
the probability of survival. The log-rank test was applied to
the comparison of any two subgroups with distinct ePASP
at each endpoint. Age, sex, body mass index (BMI), dia-
betes mellitus, hypertension, coronary artery disease, prior
atrial fibrillation, hypercholesterolemia, anemia, estimated
glomerular filtration rate (¢GFR), and LVEF were adjusted
in multivariable Cox proportional hazards regression mod-
els. The Schoenfeld residual test was used to verify the
proportional hazards assumptions (Supplementary Table
1). Variance inflation factors were calculated for multi-
collinearity diagnosis (Supplementary Table 1). Partic-
ipants who dropped from the study during the follow-up
period were considered censored data. All p values were
two-tailed, and p < 0.05 was judged to be statistically sig-
nificant. The R package 4.2.2 (https://cran.r-project.org/)
was utilized for analysis.

3. Results
3.1 Baseline Characteristics

The study included a total of 468 consecutive patients
with a primary diagnosis of HF and a secondary diagno-
sis of MR. Among them, 57 of 468 patients (12.1%) were
identified with severe MR based on echocardiographic as-
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Table 1. Baseline characteristics of the study sample by degree of MR.
Non-severe MR Severe MR

p value Kolmogorov-Smirnov test p
(n=411) (n=57)
Clinical
Female 61 (14.8%) 16 (28.1%) 0.02* NA
Age (median and IQR) 64 (55-71) 63 (55-69) 0.59 0.026*
BMI, kg/m? 25.1(3.9) 23.2 (3.0) <0.001*** 0.185
Diabetes 156 (38.0%) 21 (36.8%) 0.99 NA
Hypertension 258 (62.8%) 31 (54.4%) 0.28 NA
Hypercholesterolemia 63 (15.3%) 7 (12.3%) 0.68 NA
History of atrial fibrillation or flutter 57 (13.9%) 17 (29.8%) 0.004** NA
Peripheral artery disease 55 (13.4%) 6 (10.5%) 0.69 NA
Coronary artery disease 304 (74.0%) 28 (49.1%) <0.001*** NA
Prior PCI 245 (59.6%) 14 (24.6%) <0.001*** NA
Previous coronary artery bypass grafting 22 (5.4%) 1 (1.8%) 0.34 NA
History of anemia 32 (7.8%) 5 (8.8%) 0.05 NA
eGFR (mL/min/1.73 m2) 73.2(24.3) 66.2 (23.4) 0.04* 0.07
Beta-blocker 360 (87.6%) 51 (89.5%) 0.84 NA
ACEI or ARB or ARNI 330 (80.3%) 45 (78.9%) 0.95 NA
MRA 219 (53.3%) 46 (80.7%) <0.001*** NA
Diuretics 187 (45.5%) 42 (73.7%) <0.001*** NA
Related to HF
Reasons cardiomyopathy NA
Ischemic 313 (76.2%) 23 (40.4%)
Nonischemic 98 (23.8%) 34 (59.6%) <0.001***
NYHA class NA
I 4 (1.0%) 0 (0%)
I 91 (46.5%) 17 (29.8%)
111 176 (42.8%) 34 (59.6%)
v 40 (9.7%) 6 (10.5%) 0.08
NT-proBNP (median and IQR) 1229 (419-3234) 3391 (1816-6364)  <0.001*** <0.001***
Echocardiographic parameters
ePASP, mmHg (median and IQR) 35 (20-45) 46 (37-55) <0.001*** <0.001***
LVESD, mm (median and IQR) 48 (43-54) 57 (52-62) <0.001*** 0.018*
LVEDD, mm (mean and SD) 61.2(7.7) 68.1 (8.4) <0.001*** 0.054
LAD, mm (median and IQR) 44 (40-48) 50 (47-54) <0.001*** 0.02*
38 (30-45) 30 (27-34) <0.001***
LVEF <40% <0.01**
236 (57.3%) 51 (76.0%) < 0.001***
Tricuspid regurgitation NA
None 250 (60.8%) 14 (24.6%)
Mild 110 (26.8%) 18 (31.6%)
Moderate 55 (13.4%) 21 (36.8%)
Severe 6 (10.5%) 4 (7.0%) <0.001***

Variables are mean (SD), n (%), or median (IQR); * = p < 0.05; ** =p < 0.01; *** = p < 0.001. ACEI angiotensin-converting
enzyme inhibitor; ARB, angiotensin receptor blocker; ARNI, Angiotensin receptor/neprilysin dual inhibitors; BMI, body mass index;
eGFR, estimated glomerular filtration rate; ePASP, estimated pulmonary artery systolic pressure; HF, heart failure; IQR, inter quartile
range; LAD, left atrial dimension; LVEDD, left ventricle end-diastolic dimension; LVEF, left ventricular ejection fraction; LVESD,
left ventricular end-systolic dimension; MRA, mineralocorticoid-receptor antagonist; NT-proBNP, N-terminal pro- B-type natriuretic
peptide; NYHA, New York heart association; PCI, percutaneous coronary intervention; MR, mitral regurgitation; HF, heart failure;
NA, not available.

sessment (Fig. 1). The mean age of the cohort was 62.5 Table 1 summarizes the baseline characteristics of the
years (SD 12.0), with males accounting for 83.5% (391) of  patients in the two subgroups. Patients with severe MR
the sample. The mean LVEF was 36.8% (8.5%). were more likely to be female, suffer from atrial fibrillation

or atrial flutter and anemia, and were more likely treated
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with a diuretic and a mineralocorticoid-receptor antagonist
(MRA). Furthermore, patients in the severe MR cohort had
elevated levels of NT-proBNP and a reduced eGFR. Addi-
tionally, the majority of patients in the severe MR group
had non-ischemic cardiomyopathy and were less likely to
require percutaneous coronary intervention (PCI). Echocar-
diographic measurements revealed a higher ePASP, ad-
vanced structural enlargement, and LV dysfunction among
those with severe MR. Moreover, the severe MR group
demonstrated a higher incidence of TR.

3.2 Relationship between ePASP as a Continuous Variable
and the Risk for Clinical Outcomes in Study Sample

A linear relationship between ePASP and risks for car-
diovascular death or heart failure hospitalization is visual-
ized in Fig. 2 (p for non-linearity = 0.64). Every 10 mmHg
increase in ePASP is associated with a 32.3% increase in the
risk for primary outcomes (hazard ratio [HR]: 1.32; 95%
confidence interval [CI] = 1.19-1.47; p < 0.001). In an
ePASP of 50 mmHg, patients in the study sample are at el-
evated risk for cardiovascular death or heart failure hospi-
talization (HR: 1.49; 95% CI =1.15-1.94, p = 0.003).

CV death or HFH

HR(95%Cl)

40
ePASP(mmHg)

Fig. 2. Unadjusted relationship between a continuous ePASP
and the hazard ratios for cardiovascular death or heart failure
hospitalization in the study sample. Shades areas show the 95%
CI for the HR at every single pressure level. The dashed red line
represents an ePASP of 50 mmHg. ePASP, estimated pulmonary
artery systolic pressure; CV, cardiovascular; HFH, heart failure
hospitalization; HR, heart rates.

3.3 Correlation of LV Function and ePASP in Non-Severe
and Severe MR Groups

In the current study, a total of 100 patients (21.4% of
the entire cohort) exhibited an ePASP measurement above
50 mmHg. Patients with ePASP >50 mmHg exhibited
more severe LV dysfunction, as evidenced by LVEF (LVEF
median [IQR]: 32.5% [IQR = 28%—40%] vs 38% [IQR =
30%-45%], p < 0.001) (Fig. 3A), NT-proBNP (logarithmic
form of NT-proBNP: 8.24 [IQR = 7-9] vs 6.98 [IQR = 8-
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1
MR grade
M ron-severe
prve= arm—

ePASP grade

MR grade
B ron-severe
B severe

In(NTproBNP)

ePASP<50mmHg ePASP>=50mmHg

ePASP grade

i MR grade
M ron-severe
B severe
60

€PASP<50mmHg

LVEDD(mm)

ePASP>=50mmHg
ePASP grade

Fig. 3. The relationship between ePASP and LV function in
non-severe and severe MR group. Boxplots for (A) LVEF, (B)
logarithmic form of NT-proBNP, and (C) LVEDD, comparing pa-
tients with ePASP <50 mmHg and ePASP >50 mmHg in the
non-severe and severe MR groups. ns, not significant; * = p <
0.05; *** p < 0.001. LVEF, left ventricular ejection fraction; MR,
mitral regurgitation; ePASP, estimated pulmonary artery systolic
pressure; NTproBNP, N-terminal pro- B-type natriuretic peptide;
LVEDD, left ventricle end-diastolic dimension; LV, left ventricle.

9], p < 0.001) (Fig. 3B), and LVEDD (LVEDD: 64 [IQR =
60-70] mm vs 61 [IQR =57-66] mm, p < 0.001) (Fig. 3C).
Among patients with a ePASP <50 mmHg, those with se-
vere MR exhibited poorer LVEF (35% [IQR = 29%—42%]
vs 39% [IQR =31%—-45%], p < 0.001), higher NT-proBNP
(logarithmic form: 8.13 [IQR =7-9] vs 6.84 [IQR =6-8], p
< 0.001) and greater LVEDD (62 [IQR = 59—67] mm vs 60
[IQR = 56—65] mm, p < 0.001) (Fig. 3). Similarly, severe
MR was related to lower LVEF (29.5% [IQR = 27%—-33%]
vs 30% [IQR = 26%-34%], p = 0.01) and greater LVEDD
(71 [IQR =65-73] mm vs 66 [IQR =59-72] mm, p < 0.001)


https://www.imrpress.com

A Kaplan-Meier Curve for CV death or HFH
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Fig. 4. Accumulated risks for both the primary and secondary
endpoints in all patients classified by degrees of MR. Survival
curves for the primary endpoint (A) (log rank p < 0.0001), car-
diovascular death (B) (log rank p < 0.0001) and HFH (C) (log
rank p = 0.0081) comparing patients with in non-severe and se-
vere MR groups. Log rank test was used to compared the differ-
ence between two groups. CV, cardiovascular; HFH, heart failure

hospitalization; MR, mitral regurgitation.

among those with higher ePASP, but there was no substan-
tial difference in NT-proBNP between non-severe and se-
vere MR groups (logarithmic form: 8.43 [IQR = 8-9] vs
7.96 [IQR = 7-9], p = 0.18) (Fig. 3).

3.4 Clinical Outcomes Based on MR Severity

The mean follow-up interval for the complete cohort
was 578.5 (median = 381-1040) days, with 93.3% of the
patients completing the follow-up. In the whole study,
146 (31.2%) of the patients met the primary endpoint, 57

A Kaplan-Meier Curve for CV death or HFH
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Fig. 5. Accumulated risk for both the primary and secondary
endpoints in patients with ePASP <50 mmHg, classified by de-
grees of MR. Survival curves comparing patients in non-severe
and severe MR groups for (A) the primary endpoint (log rank p
=0.051); (B) cardiovascular death (log rank p = 0.047); and (C)
HFH (log rank p = 0.089). CV, cardiovascular, HFH, heart fail-
ure hospitalization; MR, mitral regurgitation; ePASP, estimated

pulmonary artery systolic pressure.

(12.2%) died from cardiovascular events, and 103 (22.0%)
were hospitalized for HF. The frequency of the primary
endpoint was greater in the severe MR group than in the
non-severe group (54.4% vs 28.0%; p < 0.0001; Fig. 4A).
Patients with severe MR exhibited higher risk for a com-
posite outcome of cardiovascular mortality and HFH (HR =
1.88; 95% CI =1.42-2.31; p < 0.001, and adjusted hazard
ratio (AHR) = 1.40; 95% CI = 1.03-1.91; p = 0.03) (Ta-
ble 2). The incidence of cardiovascular death (Fig. 4B) and
HFH (Fig. 4C) were also greater in the severe MR group.
Patients with severe MR had higher risk for cardiovascular
mortality (AHR = 1.82; 95% CI = 1.15-2.88; p = 0.011;
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Kaplan-Meier Curve for CV death or HFH
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Fig. 6. Accumulated risks for both the primary and secondary
endpoints in patients with ePASP >50 mmHg, classified by de-
grees of MR. Survival curves comparing patients in non-severe
and severe MR groups for (A) the primary endpoint (log rank p <
0.0001); (B) cardiovascular death (log rank p < 0.0001; and (C)
HFH (log rank p = 0.063). CV, cardiovascular; HFH, heart fail-
ure hospitalization; MR, mitral regurgitation; ePASP, estimated

pulmonary artery systolic pressure.

Supplementary Table 2). HFH was comparable in the two
groups (AHR = 1.17; 95% CI = 0.78-1.77; p = 0.44; Sup-
plementary Table 3).

3.5 Clinical Outcomes in Patients with Distinct ePASP
States, Classified by MR Severity

The clinical outcome of patients was evaluated with
different ePASP levels and stratified by baseline MR sever-
ity. Among patients with ePASP <50 mmHg there was no
significant difference for the primary endpoint in the severe
MR group (42.9% vs 25.5%; p=0.051; Fig. 5A). There was
a non-significant “trend” toward increased risk for the pri-
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mary endpoints in the severe MR group (HR = 1.71; 95%
CI = 0.99-2.97; p = 0.055; Table 3), but the differences
were not statistically significant at this sample size. This
“trend”, however, was no longer evident after full adjust-
ments (AHR = 0.99; 95% CI = 0.54-1.84; p = 0.98; Ta-
ble 3). Fig. 6A depicts the frequency of primary endpoints
in patients with ePASP >50 mmHg (72.7% vs 38.5%; p
< 0.0001). Severe MR was associated with greater risk
for primary endpoints (HR = 3.62; 95% CI = 1.96-6.70;
p < 0.001; Table 4), and the difference remained signifi-
cant after adjustments (HR = 2.76; 95% CI = 1.28-5.98; p
=0.0098; Table 4).

Patients within the severe MR group with ePASP <50
mmHg exhibited a higher incidence cardiovascular death
(Fig. 5B). However, there was no significant difference
in cardiovascular mortality risk between the two groups
(AHR = 1.34; 95% CI = 0.52-3.48; p = 0.54; Supple-
mentary Table 4). With respect to patients with ePASP
>50 mmHg, the frequency of cardiovascular death was
considerably greater in the severe MR group than in the
non-severe group (Fig. 5B). Patients with severe MR also
had an elevated risk of cardiovascular death (AHR = 5.50;
95% CI = 1.88-16.05; p = 0.0018; Supplementary Ta-
ble 5) (Fig. 6B). Hospitalization rates and hospital risk for
HF were comparable between the two groups regardless of
ePASP (Figs. 5C,6C; Supplementary Tables 6,7).

4. Discussion

The present study examined the prognostic signifi-
cance of the severity of secondary MR in Chinese HF pa-
tients with different levels of ePASP. Our findings indicate
that patients with severe secondary MR, especially those
with elevated ePASP, face a higher risk of cardiovascular
and HF-related mortality. The severity of MR could aid
risk categorization of these patients.

Previous studies have shown that patients with HF and
secondary MR are negatively affected by elevated ePASP
[9]. However, fewer studies have searched for a correlation
between secondary MR level and outcomes in HF patients
with varying ePASP. Our study builds upon previous find-
ings by revealing that severe secondary MR, at baseline is
linked to an increase risk of adverse cardiac outcomes in HF
patients, particularly those with elevated ePASP. Moreover,
our investigation highlights the higher prognostic value of
secondary MR in HF patients with elevated ePASP com-
pared to those without elevated ePASP. In this study, we
observed that patients with HF and coexisting PH exhib-
ited a more pronounced impairment of cardiac structure and
function compared to those with lower ePASP values. The
incorporation of MR severity for further classification ac-
centuated the disparities in cardiac deficits. The dismal
outcomes of this subgroup of HF patients may be partially
attributed to elevated severity of cardiac impairment. No-
tably, severe MR emerged as an independent risk factor for
the prognosis of HF patients with PH.
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Table 2. Predictors of primary endpoints in all patients by univariable and multivariable Cox regression.

Univariate analysis

Multivariate analysis

HR (95% CI)

MR grade (severe vs non-severe)
Sex (Female vs male)

Age (per year)

Prior atrial fibrillation

Diabetes mellitus

Hypercholesterolemia

Hypertension
BMI (per kg/m?)

eGFR (per mL/min/1.73 m?)

LVEF (per %)

Coronary artery disease

Anemia

1.88 (1.42-2.31)
1.69 (1.15-2.48)
1.01 (1-1.03)
1.47 (0.97-2.22)
1.23 (0.89-1.71)
0.88 (0.54-1.43)
1.17 (0.83-1.65)
0.94 (0.9-0.99)
0.98 (0.98-0.99)
0.96 (0.94-0.98)
1.2 (0.83-1.75)
1.98 (1.21-3.24)

p HR (95% CI) )4
<0.001***  1.40 (1.03-1.91) 0.030*
0.007** 1.28 (0.84-1.95) 0.253
0.102 1 (0.98-1.02) 0.779
0.066 1.62 (1.02-2.55) 0.04*
0.21 1.32(0.92-1.88) 0.134
0.606 0.84 (0.51-1.39) 0.496
0.373 1.01 (0.7-1.47) 0.953
0.01* 0.97 (0.92-1.03) 0.34
<0.001*%% 0.98 (0.98-0.99)  <0.001***
<0.001*** 0.96 (0.94-0.98)  <0.001***
0.328 1.5 (0.99-2.25) 0.054
0.007** 1.04 (0.56-1.92) 0.9

BMI, body mass index; eGFR, estimated glomerular filtration rate; LVEF, left ventricular ejection
fraction; MR, mitral regurgitation; HR, hazard ratio. * =p < 0.05; ** =p < 0.01; *** =p < 0.001.

Table 3. Predictors of primary endpoints in patients with ePASP <50 mmHg by univariable and multivariable Cox regression.

Univariate analysis

Multivariate analysis

HR (95% CT)

MR grade (severe vs non-severe)
Sex (Female vs male)

Age (per year)

Prior atrial fibrillation

Diabetes mellitus

Hypercholesterolemia

Hypertension
BMI (per kg/m?)

eGFR (per ml/min/1.73 m?)

LVEF (per %)

Coronary artery disease

Anemia

1.71 (0.99-2.97)
1.57 (0.98-2.5)
1.02 (1-1.04)
1.55 (0.94-2.56)
1.04 (0.69-1.56)
1.14 (0.66-1.98)
1.36 (0.89-2.07)
0.94 (0.89-1)
0.98 (0.97-0.99)
0.96 (0.94-0.99)
1.53 (0.95-2.45)
2.23 (1.19-4.18)

p HR (95% CI) )4
0.054 0.99 (0.54-1.84) 0.987
0.058 1.21 (0.72-2.01) 0.474
0.031* 1.00 (0.98-1.03) 0.759
0.086 1.68 (0.97-2.9) 0.065
0.843 1.07 (0.69-1.67) 0.752
0.636 1.36 (0.77-2.42) 0.292
0.152 1.26 (0.8-1.99) 0.316
0.046* 0.97 (0.9-1.03) 0.304

<0.001%**  0.98 (0.97-0.99)  <0.001***

0.002%** 0.96 (0.93-0.98)  <0.001%***
0.08 1.96 (1.18-3.28) 0.01*
0.012* 1.08 (0.5-2.31) 0.851

BMI, body mass index; eGFR, estimated glomerular filtration rate; LVEF, left ventricular ejection

fraction; MR, mitral regurgitation; ePASP, estimated pulmonary artery systolic pressure; HR, hazard
ratio. * =p < 0.05; ** =p < 0.01; *** =p < 0.001.

The progression of LV remodeling is the primary con-
tributor to PH [13]. Impaired LV filling and diastolic func-
tion caused by LV remodeling led to elevated left atrial fill-
ing pressure, which is passively transmitted through pul-
monary circulation. The pressure elevation in pulmonary
circulation produces isolated post-capillary PH [14]. As
the condition progresses, the unresolved overload pressure
leads to damage and remodeling of veins, capillaries, and
small arteries, resulting in combined pre- and post-capillary
PH. When coexisting with MR, left atrial pressure rise per-
sists and perpetuates capillary remodeling. PH affects right
ventricular function [15]. By ventricular interdependence,
a phenomenon where force is transmitted between two ven-
tricles via the myocardium and pericardium, the decreased
right ventricular function interferes with LV filling [16].
The worsening of LV loading conditions exacerbates MR.

Consequently, the combination of MR and PH creates a
detrimental cycle that impacts patients with HF.

Patients with chronic severe secondary MR related
to impaired LV systolic function are candidates for tran-
scatheter edge-to-edge repair (TEER), if they also have fa-
vorable cardiac structure [8]. The clinical trial Cardio-
vascular Outcomes Assessment of the MitraClip Percuta-
neous Therapy for Heart Failure Patients with Functional
Mitral Regurgitation (COAPT) provided evidence support-
ing the favorable benefit of TEER for this subgroup of pa-
tients [17]. Furthermore, TEER reduced ePASP elevation
in patients with severe MR 30 days later; even a 5 mmHg
drop in ePASP was related to improved clinical outcomes
[9]. Notably, patients with ePASP >70 mmHg were ex-
cluded from the COAPT trial, and the median ePASP in that
trial was 43.1 mmHg (less than 50 mmHg) as measured by
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Table 4. Predictors of primary endpoints in patients with ePASP >50 mmHg by univariable and multivariable Cox regression.

Univariate analysis

Multivariate analysis

HR (95% CI)

P HR (95% CI) »

MR grade (severe vs non-severe)  3.62 (1.96-6.7)  <0.001***  2.76 (1.28-5.98) 0.01**
Sex (Female vs male) 2.3 (1.15-4.6) 0.018* 2.53(1.03-6.23)  0.043*
Age (per year) 0.99 (0.97-1.02) 0.507 0.97 (0.94-1.01) 0.129
Prior atrial fibrillation 1.25 (0.6-2.59) 0.55 1.62 (0.67-3.92) 0.281
Diabetes mellitus 1.57 (0.88-2.82) 0.128 2.42(1.18-4.94)  0.016*
Hypercholesterolemia 0.4 (0.14-1.13) 0.083 0.23 (0.07-0.78) 0.019*
Hypertension 0.72 (0.4-1.31) 0.282 0.47 (0.24-0.96)  0.037*
BMI (per kg/m?) 0.93 (0.85-1.02) 0.115 0.97 (0.87-1.09) 0.601
eGFR (per mL/min/1.73 m?) 0.99 (0.98-1) 0.091 0.98 (0.97-1) 0.056
LVEF (per %) 0.97 (0.93-1) 0.06 0.96 (0.92-1) 0.062
Coronary artery disease 0.64 (0.35-1.2) 0.163 1.09 (0.51-2.33) 0.83

Anemia 1.22 (0.54-2.72) 0.631 0.64 (0.2-2.03) 0.444

BMI, body mass index; eGFR, estimated glomerular filtration rate; LVEF, left ventricular ejection

fraction; MR, mitral regurgitation; ePASP, estimated pulmonary artery systolic pressure; HR, hazard

ratio. * =p < 0.05; ** =p < 0.01; *** =p < 0.001.

echocardiography. Therefore, the effect of TEER on de-
creasing ePASP in HF patients with exacerbating PH re-
mained unknown. In addition, the trial evaluated the short-
term effects of TEER on ePASP; long-term investigation
is required for determining whether the change in ePASP
was sustainable. As previously demonstrated, increases in
ePASP are indicative of progressive cardiac dysfunction.
The MITRA-FA trial (Percutaneous Repair with the Mitr-
aClip Device for Severe Functional/Secondary Mitral Re-
gurgitation) [ 18] indicates that patients with significant LV
remodeling are less likely to derive clinical benefit from
TEER compared to MR level. Consequently, despite the
high-risk nature of patients with both PH and severe MR,
the impact of TEER on PH and overall outcomes in this pa-
tient group remains a topic of debate.

Our study had several limitations. First, it was an ob-
servational study conducted at a single location, thus un-
controlled variables may have affected the results. General-
ization of the finding to the entire population of HF patients
with PH should be approached with caution due to the small
sample size assigned to the severe MR group (57 vs 411 for
the non-severe MR group). Second, PASP was determined
using transthoracic echocardiography rather than by RHC.
Although there is a moderate correlation between RHC and
echocardiographic measurements, right heart catheteriza-
tion is known to provide additional information, including
the classification of subtypes of PH based on hemodynamic
measurements, which could affect the outcomes [19]. Even
in cases of severe LV dysfunction, it remains challenging
to completely exclude non-cardiac causes of PH without
confirmation through a RHC. Third, the treatment of HF
in some cases might be inadequate; for instance, only 3.8%
of patients in the cohort received CRT or ICD, which is be-
low the rates reported in previous studies [17]. Fourth, few
patients underwent mitral valve intervention during hospi-
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talization and follow-up because the study was conducted
before the updates of guidelines for the managements of pa-
tients with secondary severe MR related with HF.

5. Conclusions

he present study highlighted the prognostic signif-
icance of secondary MR for death from cardiovascular
events or HFH in HF patients. Secondary MR has a notable
prognostic value in patients with elevated ePASP, which is
diminished among patients with relatively lower ePASP.

Abbreviations

ACEI, angiotensin-converting enzyme inhibitor;
AHR, adjusted hazard ratio; ARB, angiotensin receptor
blocker; ARNI, Angiotensin receptor/neprilysin dual in-
hibitors; BMI, body mass index; CI, confidential interval;
COAPT, Cardiovascular Outcomes Assessment of the
MitraClip Percutaneous Therapy for Heart Failure Pa-
tients with Functional Mitral Regurgitation; CRT, cardiac
resynchronization therapy; CV, cardiovascular; eGFR,
estimated glomerular filtration rate; EROA, effective
regurgitant orifice area; HR, hazard ratio, HFH, heart
failure hospitalization; ICD, implantable cardioverter-
defibrillator; LV, left ventricular, LVEF, left ventricular
ejection fraction; LVEDD, LV end-diastolic dimension;
LVESD, LV end-systolic dimension; LAD, left atrial
dimension; MITRA-FA, Percutaneous Repair with the
MitraClip Device for Severe Functional/Secondary Mitral
Regurgitation; MR, mitral regurgitation, MRA, miner-
alocorticoid receptor antagonist; NT-proBNP, N-terminal
pro-B-type natriuretic peptide; PASP, pulmonary artery
systolic pressure; PCI, percutaneous coronary intervention;
PISA, proximal isovelocity surface area; RHC, right heart
catheterization; RV, regurgitant volume; TEER, tran-
scatheter edge-to-edge repair; TR, tricuspid regurgitation;
VCW, vena contracta width.


https://www.imrpress.com

Availability of Data and Materials

The data sets generated and analyzed during the cur-
rent study are not publicly available due to their containing
information that could compromise the privacy of research
participants, but are available from the corresponding au-
thor on reasonable request.

Author Contributions

RP, QF and RT designed the research study. RP and
YX performed the research. YX and RX provided help and
advice on the echocardiographic measurements. RP, XZ,
QY, XT completed clinical and telephone follow-up and an-
alyzed the data. All authors contributed to editorial changes
in the manuscript. All authors read and approved the fi-
nal manuscript. All authors have participated sufficiently
in the work and agreed to be accountable for all aspects of
the work.

Ethics Approval and Consent to Participate

The studies involving human participants were re-
viewed and approved by the Ethics Committee of Ruijin
Hospital, Ethics Committee reference number: 2016-019.
The patients/participants provided their written informed
consent to participate in this study.

Acknowledgment

We would like to express our gratitude to the cardiac
sonographers who help us complete echocardiography mea-
surements and interpret echocardiographic results.

Funding

This review was funded by the National Natural Sci-
ence Foundation of China (grant 82000368 to QF, grant
81970327 to RT, grant 82270383 to RT).

Conflict of Interest

The authors declare no conflict of interest.

Supplementary Material

Supplementary material associated with this article
can be found, in the online version, at https://doi.org/10.
31083/j.rem2411316.

References

[1] Gerges M, Gerges C, Pistritto AM, Lang MB, Trip P, Jakowitsch
J, et al. Pulmonary Hypertension in Heart Failure. Epidemiol-
ogy, Right Ventricular Function, and Survival. American Jour-
nal of Respiratory and Critical Care Medicine. 2015; 192: 1234—
1246.

[2] Santiago-Vacas E, Lupén J, Gavidia-Bovadilla G, Gual-
Capllonch F, de Antonio M, Domingo M, et al. Pulmonary

hypertension and right ventricular dysfunction in heart failure:
prognosis and 15-year prospective longitudinal trajectories in

10

(6]

[10

[t

[1

—

[12

—

[13

—

[14

[l

[15

—

[16

[

survivors. European Journal of Heart Failure. 2020; 22: 1214~
1225.

Salem M, Al-Saffar F, Hall S. Management of Pulmonary Hy-
pertension in Patients on Left Ventricular Assist Device Support.
Reviews in Cardiovascular Medicine. 2022; 23: 308.

Zelt JGE, Chaudhary KR, Cadete VJ, Mielniczuk LM, Stew-
art DJ. Medical Therapy for Heart Failure Associated with Pul-
monary Hypertension. Circulation Research. 2019; 124: 1551—
1567.

Wang H, Zhang B, Wu WC, Zhu ZH, Wang H. Changes and
predictors of secondary mild mitral regurgitation after coronary
artery bypass grafting. Reviews in Cardiovascular Medicine.
2022; 23: 78.

Sannino A, Smith RL, 2nd, Schiattarella GG, Trimarco B, Es-
posito G, Grayburn PA. Survival and Cardiovascular Outcomes
of Patients with Secondary Mitral Regurgitation: A Systematic
Review and Meta-analysis. JAMA Cardiology. 2017; 2: 1130-
1139.

Barbieri A, Bursi F, Grigioni F, Tribouilloy C, Avierinos JF,
Michelena HI, et al. Prognostic and therapeutic implications of
pulmonary hypertension complicating degenerative mitral re-
gurgitation due to flail leaflet: a multicenter long-term interna-
tional study. European Heart Journal. 2011; 32: 751-759.

Otto CM, Nishimura RA, Bonow RO, Carabello BA, Erwin
JP, 3rd, Gentile F, et al. 2020 ACC/AHA Guideline for the
Management of Patients with Valvular Heart Disease: Execu-
tive Summary: A Report of the American College of Cardiol-
ogy/American Heart Association Joint Committee on Clinical
Practice Guidelines. Circulation. 2021; 143: e35-€71.
Ben-Yehuda O, Shahim B, Chen S, Liu M, Redfors B, Hahn
RT, et al. Pulmonary Hypertension in Transcatheter Mitral Valve
Repair for Secondary Mitral Regurgitation: The COAPT Trial.
Journal of the American College of Cardiology. 2020; 76: 2595—
2606.

Heidenreich PA, Bozkurt B, Aguilar D, Allen LA, Byun JJ,
Colvin MM, et al. 2022 AHA/ACC/HFSA Guideline for the
Management of Heart Failure: Executive Summary: A Report
of the American College of Cardiology/American Heart Associ-
ation Joint Committee on Clinical Practice Guidelines. Circula-
tion. 2022; 145: ¢876—e894.

Zoghbi WA, Adams D, Bonow RO, Enriquez-Sarano M, Fos-
ter E, Grayburn PA, et al. Recommendations for Noninvasive
Evaluation of Native Valvular Regurgitation: A Report from the
American Society of Echocardiography Developed in Collabo-
ration with the Society for Cardiovascular Magnetic Resonance.
Journal of the American Society of Echocardiography: Offi-
cial Publication of the American Society of Echocardiography.
2017; 30: 303-371.

Matsumoto T, Nakamura M, Yeow WL, Hussaini A, Ram V,
Makar M, et al. Impact of pulmonary hypertension on outcomes
in patients with functional mitral regurgitation undergoing per-
cutaneous edge-to-edge repair. The American Journal of Cardi-
ology. 2014; 114: 1735-1739.

Guazzi M, Ghio S, Adir Y. Pulmonary Hypertension in HFpEF
and HFrEF: JACC Review Topic of the Week. Journal of the
American College of Cardiology. 2020; 76: 1102—1111.

Guazzi M, Naeije R. Pulmonary Hypertension in Heart Failure:
Pathophysiology, Pathobiology, and Emerging Clinical Perspec-
tives. Journal of the American College of Cardiology. 2017; 69:
1718-1734.

van der Bruggen CEE, Tedford RJ, Handoko ML, van der Velden
J, de Man FS. RV pressure overload: from hypertrophy to fail-
ure. Cardiovascular Research. 2017; 113: 1423-1432.

Naeije R, Badagliacca R. The overloaded right heart and ven-
tricular interdependence. Cardiovascular Research. 2017; 113:
1474-1485.

&% IMR Press


https://doi.org/10.31083/j.rcm2411316
https://doi.org/10.31083/j.rcm2411316
https://www.imrpress.com

[17] Stone GW, Lindenfeld J, Abraham WT, Kar S, Lim DS, Mishell
IM, et al. Transcatheter Mitral-Valve Repair in Patients with
Heart Failure. The New England Journal of Medicine. 2018;
379: 2307-2318.

[18] Obadia JF, Messika-Zeitoun D, Leurent G, Iung B, Bonnet G,
Piriou N, ef al. Percutaneous Repair or Medical Treatment for

&% IMR Press

Secondary Mitral Regurgitation. The New England Journal of
Medicine. 2018; 379: 2297-2306.

[19] Bayram Z, Dogan C, Efe SC, Karagoz A, Guvendi B, Uysal S,
et al. Effect of Group 2 Pulmonary Hypertension Subgroups on
Outcomes: Impact of the Updated Definition of Pulmonary Hy-
pertension. Heart, Lung & Circulation. 2022; 31: 508-519.

11


https://www.imrpress.com

	1. Introduction
	2. Materials and Methods
	2.1 Study Design and Sample
	2.2 Echocardiographic Quantifications
	2.3 Outcomes and Follow-Up
	2.4 Statistical Analysis

	3. Results
	3.1 Baseline Characteristics
	3.2 Relationship between ePASP as a Continuous Variable and the Risk for Clinical Outcomes in Study Sample
	3.3 Correlation of LV Function and ePASP in Non-Severe and Severe MR Groups
	3.4 Clinical Outcomes Based on MR Severity
	3.5 Clinical Outcomes in Patients with Distinct ePASP States, Classified by MR Severity

	4. Discussion
	5. Conclusions
	Abbreviations
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest
	Supplementary Material

