
RESEARCH ARTICLE

Cardiac index predicts long-term outcomes in

patients with heart failure

Tatsuro IbeID
☯, Hiroshi Wada*☯, Kenichi Sakakura☯, Yusuke Ugata☯, Hisataka Maki☯,

Kei Yamamoto☯, Masaru Seguchi☯, Yousuke Taniguchi☯, Hiroyuki Jinnouchi☯,

Hideo FujitaID
☯

Division of Cardiovascular Medicine, Saitama Medical Center, Jichi Medical University, Saitama, Japan

☯ These authors contributed equally to this work.

* wadahiro@jichi.ac.jp

Abstract

Background

The role of cardiac index (CI) and right atrial pressure (RAP) for predicting long-term outcomes

of heart failure has not been well established. The aim of this study was to investigate long-term

cardiac outcomes in patients with heart failure having various combinations of CI and RAP.

Methods

A total of 787 heart failure patients who underwent right-heart catheterization were retro-

spectively categorized into the following four groups: Preserved CI (�2.5 L/min/m2) and

Low RAP (<8 mmHg) (PRE-CI/L-RAP; n = 285); Preserved CI (�2.5 L/min/m2) and High

RAP (�8 mmHg) (PRE-CI/H-RAP; n = 242); Reduced CI (<2.5 L/min/m2) and Low RAP

(<8 mmHg) (RED-CI/L-RAP; n = 123); and Reduced CI (<2.5 L/min/m2) and High RAP

(�8 mmHg) (RED-CI/H-RAP; n = 137). Survival analysis was applied to investigate which

groups were associated with major adverse cardiovascular events (MACE).

Results

The RED-CI/L-RAP and RED-CI/H-RAP groups were significantly associated with MACE as

compared with the PRE-CI/L-RAP and PRE-CI/H-RAP groups after adjustment for confound-

ing factors (RED-CI/L-RAP vs. PRE-CI/L-RAP: HR 2.11 [95% CI 1.33–3.37], p = 0.002; RED-

CI/H-RAP vs. PRE-CI/L-RAP: HR 2.18 [95% CI 1.37–3.49], p = 0.001; RED-CI/L-RAP vs.

PRE-CI/H-RAP: HR 1.86 [95% CI 1.16–3.00], p = 0.01; RED-CI/H-RAP vs. PRE-CI/H-RAP:

HR 1.92 [95% CI 1.26–2.92], p = 0.002), whereas the difference between the RED-CI/H-RAP

and RED-CI/L-RAP groups was not significant (HR 1.03 [95% CI 0.64–1.66], p = 0.89).

Conclusions

The hemodynamic severity categorized by CI and RAP levels provided clear risk stratifica-

tion in patients with symptomatic heart failure. Low CI was an independent predictor of long-

term cardiac outcomes.
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Introduction

Right heart catheterization (RHC) is the gold standard for evaluating cardiac hemodynamics. The

Forrester classification is a well-known index to stratify patients with heart failure by cardiac

index (CI) and pulmonary artery wedge pressure (PAWP), both of which are associated with in-

hospital mortality [1, 2]. Although the Forrester classification was originally established in patients

with acute myocardial infarction [1, 2], the classification is mainly used to assess hemodynamics

in patients with heart failure in contemporary clinical practice. The ESCAPE trial aimed to evalu-

ate the efficacy of RHC-guided treatment for heart failure [3], but could not show the superiority

of RHC-guided strategy over conventional strategy. However, the study subjects were limited to

those patients with heart failure having reduced ejection fraction (HFrEF) [left ventricular ejection

fraction (LVEF)�30%] in the ESCAPE trial. Although the Forrester classification and the results

of ESCAPE trial considerably influenced our daily practice of heart failure, the efficacy of RHC for

cardiac outcomes, regardless of etiology and left ventricular (LV) function, remains unclear.

Moreover, the relationship between hemodynamic parameters and long-term cardiac outcomes

in patients with heart failure has not been well established.

CI is a parameter of cardiac function reflecting not only left heart function but also right

heart function. Furthermore, CI is a parameter related to both systolic and diastolic ventricular

function [4]. RAP is an index of compensation reflecting right and left heart [5–7]. Combina-

tions of CI and RAP would be complementary indices to indicate heart failure status. There-

fore, combinations of CI and RAP could be better hemodynamic parameters to predict clinical

outcomes in patients with heart failure. The aims of this study were to investigate the efficacy

of various combinations of CI and RAP in providing clear risk stratification and the role of

hemodynamic parameters in long-term cardiac outcomes.

Methods

Study design

We retrospectively reviewed patients admitted to our institute. The inclusion criteria were: (1)

patients admitted for symptomatic heart failure [New York Heart Association (NYHA) functional

classification�II and American College of Cardiology Foundation/American Heart Association

(ACCF/AHA) classification Stage C or D], and (2) patients who underwent RHC at a compen-

sated stage between January 2007 and December 2017. The exclusion criteria were: (1) patients

with acute myocardial infarction; (2) patients with pre-capillary pulmonary hypertension (pulmo-

nary hypertension categorized into groups 1, 3, 4, and 5); (3) patients with heart failure with con-

strictive pericarditis or congenital shunt disease; (4) patients with heart failure receiving

hemodialysis; and (5) patients who had insufficient data for RHC. The study patients were divided

into four groups according to the cut-off values of CI and RAP as reported in previous studies [8,

9]. Then, we categorized the four groups as follows: (i) Preserved CI and Low RAP group

(PRE-CI/L-RAP), CI�2.5 L/min/m2 and RAP<8 mmHg; (ii) Preserved CI and High RAP

group (PRE-CI/H-RAP), CI�2.5 L/min/m2 and RAP�8 mmHg; (iii) Reduced CI and Low RAP

group (RED-CI/L-RAP), CI<2.5 L/min/m2 and RAP<8 mmHg; and (iv) Reduced CI and High

RAP group (RED-CI/H-RAP), CI<2.5 L/min/m2 and RAP�8 mmHg. The study was approved

by the institutional review board at Saitama Medical Center, Jichi Medical University (S20-014),

and written informed consent was waived because of the retrospective design of the study.

Follow-up

Clinical follow-up was performed via office visits and medical records. The follow-up period

was until December 2018. The day when RHC was performed was defined as the index day.
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The primary endpoint was major adverse cardiovascular events (MACE), defined as the com-

posite of cardiac death, re-admission due to heart failure, and left ventricular assist device

(LVAD) implantation. The day of either cardiac death, first re-admission due to heart failure,

or LVAD implantation was considered as an event day.

Right heart catheterization

In these study subjects, RHC was performed at a compensated stage for symptoms of heart fail-

ure [10]. An external pressure transducer was zeroed at the mid-thoracic line with the patient

in the supine position [11]. The average of several consecutive pressure waves over 9 seconds

was recorded as the pressure measurement value during RHC [10]. Cardiac output (CO) was

measured using thermodilution with cold saline infusion.

Definition of clinical characteristics

Left ventricular (LV) systolic function was categorized as reduced LVEF (LVEF <40%), mid-

range LVEF (40%� LVEF <50%), or preserved LVEF (LVEF�50%) by echocardiographic

findings [12]. Hypertension was defined as a past medical history of hypertension or medical

treatment for hypertension before admission [13]. Diabetes mellitus was defined as a hemoglo-

bin A1c level�6.5% or treatment for diabetes mellitus before admission [13]. Hyperlipidemia

was defined as a low-density lipoprotein cholesterol level�140 mg/dL or treatment for hyper-

lipidemia before admission [13]. Hyperuricemia was defined as a uric acid level>7.0 mg/dL

or treatment for hyperuricemia before admission [14]. Anemia was defined as a hemoglobin

level<13 g/dL for men and<12 g/dL for women [15]. Renal function was evaluated by the

estimated glomerular filtration rate (eGFR) using the Modification of Diet in Renal Disease

formula modified for the Japanese population [16]. Impaired renal function was defined as

eGFR<60 mL/min/1.73 m2 [13]. Estimated right ventricular systolic pressure (eRVSP) mea-

sured by echocardiography was calculated as the sum of the peak RV-right atrium (RA) gradi-

ent, while RA pressure was estimated by the diameter and respiratory change of the inferior

vena cava, as reported previously [17].

Statistical analysis

Continuous variables are expressed as mean ± standard deviation (SD). Analysis of normally

or non-normally distributed continuous variables was performed using the Shapiro-Wilk test.

Non-parametric continuous variables were analyzed using the Kruskal-Wallis test. Categorical

variables were expressed as frequencies and percentages, and analyzed via the chi-square test.

Survival analyses were carried out using the Kaplan-Meier method, and the curves were then

compared using the log-rank test. Multivariate Cox hazard analysis was also applied to investi-

gate whether each group predicted MACE after adjustment for confounding factors for heart

failure and other hemodynamic parameters (age [18], male sex [19], overweight [20], anemia

[21], atrial fibrillation or flutter [22], hyperuricemia [23], impaired renal function [24], ische-

mic heart disease [25], LVEF [26–29], use of loop diuretics [30], mean pulmonary artery pres-

sure, and PAWP). The statistical analyses were performed using SPSS 19/Windows statistical

software (SPSS Inc, Chicago, IL, USA).

Results

From January 2007 to December 2017, a total of 902 patients were admitted to our hospital for

symptomatic heart failure and underwent RHC during their hospitalization. Eighty-two

patients were excluded because of underlying diseases such as constrictive pericarditis,
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congenital shunt disease, or requirement for hemodialysis. Thirty-three patients who had

insufficient data for RHC were also excluded from the study. The remaining 787 patients with

symptomatic heart failure were included as the final study population. Based on their values of

CI and RAP, the study patients were categorized into the four groups PRE-CI/L-RAP

(n = 285), PRE-CI/H-RAP (n = 242), RED-CI/L-RAP (n = 123), and RED-CI/H-RAP

(n = 137) (Fig 1). The median follow-up period was 22 months.

The clinical characteristics of the study cohort are described in Table 1. LV systolic function

(reduced, mid-range, or preserved LVEF) was significantly different among the four groups

(p< 0.001). Reduced LVEF was most common in the RED-CI/H-RAP group, followed by the

RED-CI/L-RAP and PRE-CI/L-RAP groups, and least common in the PRE-CI/H-RAP group.

There were no significant differences in the etiology of heart failure among the 4 groups. The

levels of BNP were highest in the RED-CI/H-RAP group, followed by the RED-CI/L-RAP and

PRE-CI/L-RAP groups, and lowest in the PRE-CI/H-RAP group. Over 70% of patients

received beta-blockers and angiotensin-converting enzyme inhibitors or angiotensin receptor

blockers, and over 80% of patients with reduced CI had those medications. Although many

subjects in this study had loop diuretics, the prevalence of diuretic usage was significantly dif-

ferent among the 4 groups (p = 0.001). The parameters of RHC are described in Table 2. All

the hemodynamic parameters such as systolic pulmonary artery pressure, mean pulmonary

Fig 1. Patient enrollment. CI, cardiac index; RAP, right atrial pressure.

https://doi.org/10.1371/journal.pone.0252833.g001
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Table 1. Clinical characteristics.

PRE-CI/L-RAP

(n = 285)

PRE-CI/H-RAP

(n = 242)

RED-CI/L-RAP

(n = 123)

RED-CI/H-RAP

(n = 137)

P value

Age (years) 66.3 ± 12.4 63.5 ± 15.1 64.0 ± 13.6 62.5 ± 14.1 0.04

Male, n (%) 182 (63.9%) 153 (63.2%) 83 (67.5%) 112 (81.8%) 0.001

BMI (kg/m2) 23.2 ± 4.1 25.8 ± 5.6 23.6 ± 5.1 25.5 ± 5.4 <0.001

Heart rate at admission (beat/min) 90.2 ± 26.4 (n = 284) 90.0 ± 27.0 92.8 ± 28.8 (n = 122) 98.3 ± 30.1 0.06

Systolic blood pressure at admission (mmHg) 131.9 ± 30.7 132.3 ± 30.1 128.3 ± 29.6 123.3 ± 22.9 0.05

Left ventricular systolic function

Reduced LVEF, n (%) 135 (47.4%) 107 (44.2%) 77 (62.6%) 93 (67.9%) <0.001

Mid-range LVEF, n (%) 45 (15.8%) 25 (10.3%) 15 (12.2%) 17 (12.4%)

Preserved LVEF, n (%) 105 (36.8%) 110 (45.5%) 31 (25.2%) 27 (19.7%)

Principal etiology of heart failure

Ischemic heart disease, n (%) 35 (12.3%) 26 (10.7%) 12 (9.8%) 20 (14.6%) 0.90

Valvular heart disease, n (%) 67 (23.5%) 63 (26.0%) 27 (22.0%) 27 (19.7%)

Cardiomyopathy, n (%) 26 (9.1%) 18 (7.4%) 11 (8.9%) 13 (9.5%)

Others or unknown, n (%) 157 (55.1%) 135 (55.8%) 73 (59.3%) 77 (56.2%)

Comorbidities

Hypertension, n (%) 144 (50.5%) 137 (56.6%) 60 (48.8%) 73 (53.3%) 0.42

Diabetes mellitus, n (%) 79 (27.7%) 95 (39.3%) 48 (39.0%) 53 (38.7%) 0.02

Hyperlipidemia, n (%) 115 (40.4%) 101 (41.7%) 63 (51.2%) 67 (48.9%) 0.11

Hyperuricemia, n (%) 125 (43.9%) 130 (53.7%) 77 (62.6%) 92 (67.2%) <0.001

COPD, n (%) 10 (3.5%) 5 (2.1%) 3 (2.4%) 3 (2.2%) 0.74

Anemia, n (%) 100 (35.1%) 95 (39.3%) 24 (19.5%) 30 (21.9%) <0.001

Impaired renal function (eGFR <60 mL/min/1.73

m2), n (%)

126 (44.2%) 133 (55.0%) 65 (52.8%) 69 (50.4%) 0.09

Atrial fibrillation or flutter, n (%) 95 (33.3%) 90 (37.2%) 67 (54.5%) 76 (55.5%) <0.001

Echocardiographic characteristics

LAD (mm) 49.5 ± 9.0 (n = 283) 52.2 ± 8.9 (n = 235) 51.3 ± 7.8 (n = 122) 52.7 ± 9.5 (n = 135) 0.004

LVDd (mm) 58.6 ± 10.2 (n = 283) 58.7 ± 11.9 (n = 235) 60.1 ± 10.6 (n = 122) 61.5 ± 10.5 (n = 135) 0.02

LVDs (mm) 45.8 ± 12.6 (n = 282) 45.2 ± 14.6 (n = 235) 49.0 ± 12.6 (n = 122) 50.9 ± 12.3 (n = 135) <0.001

LVEF (%) 43.0 ± 17.6 (n = 282) 45.5 ± 19.2 (n = 236) 37.1 ± 16.3 (n = 122) 35.1 ± 16.0 (n = 135) <0.001

eRVSP (mmHg) 35.3 ± 16.6 (n = 265) 40.9 ± 16.9 (n = 226) 36.7 ± 18.7 (n = 120) 40.3 ± 14.7 (n = 134) <0.001

Laboratory data

Hemoglobin (g/dL) 13.2 ± 2.1 12.8 ± 2.3 14.1 ± 2.0 14.2 ± 1.9 <0.001

Na (mEq/L) 139.5 ± 3.4 139.7 ± 3.2 139.3 ± 3.0 138.7 ± 4.0 0.20

K (mEq/L) 4.3 ± 0.5 4.3 ± 0.5 4.3 ± 0.5 4.3 ± 0.5 0.27

eGFR (mL/min/1.73 m2) 63.6 ± 23.0 57.6 ± 22.0 58.3 ± 19.5 57.7 ± 17.3 0.008

Uric acid (mg/dL) 6.8 ± 2.3 (n = 284) 7.2 ± 2.2 (n = 240) 7.6 ± 2.2 8.0 ± 2.4 (n = 136) <0.001

BNP (pg/mL) 783.3 ± 983.8 (n = 280) 665.7 ± 767.7 (n = 234) 948.5 ± 953.6 (n = 122) 1014.6 ± 1010.4

(n = 136)

<0.001

Medications

Angiotensin-converting enzyme inhibitor, n (%) 152 (53.3%) 114 (47.1%) 67 (54.5%) 93 (67.9%) 0.002

Angiotensin receptor blocker, n (%) 79 (27.7%) 63 (26.0%) 36 (29.3%) 19 (13.9%) 0.009

Beta-blocker, n (%) 230 (80.7%) 179 (74.0%) 112 (91.1%) 123 (89.8%) <0.001

Calcium channel blocker, n (%) 54 (18.9%) 79 (32.6%) 19 (15.4%) 18 (13.1%) <0.001

Loop diuretics, n (%) 223 (78.2%) 213 (88.0%) 108 (87.8%) 125 (91.2%) 0.001

Thiazide diuretics, n (%) 11 (3.9%) 10 (4.1%) 3 (2.4%) 6 (4.4%) 0.84

Mineralocorticoid receptor antagonist, n (%) 140 (49.1%) 111 (45.9%) 74 (60.2%) 89 (65.0%) 0.001

Digitalis, n (%) 14 (4.9%) 15 (6.2%) 11 (8.9%) 6 (4.4%) 0.36

(Continued)
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artery pressure (mPAP), diastolic pulmonary artery pressure, PAWP, CO, heart rate, and pul-

monary vascular resistance were significantly different among the 4 groups. The levels of

PAWP were higher in the RAP�8 mmHg groups than in the RAP <8 mmHg groups.

We additionally compared the parameters of echocardiography and RHC among reduced

LVEF, mid-range LVEF, and preserved LVEF groups (Table 3). Left ventricular diastolic and

systolic dimensions were significantly different among the three groups (p< 0.001), with the

largest in the reduced LVEF group, followed by the mid-range LVEF group, and the smallest

in the preserved LVEF group. Tricuspid annular plane systolic excursion and CI showed statis-

tically significant differences among the three groups (p< 0.001), with the highest in the pre-

served LVEF group, followed by the mid-range group, and the lowest in the reduced LVEF

group. Overall, the mid-range LVEF group was intermediate between the reduced and pre-

served LVEF groups regarding morphological findings and function. There were no significant

differences in the values of mPAP (p = 0.09).

During the follow-up period, cardiac death, heart failure readmission, or LVAD implanta-

tion occurred in 60, 153, and 6 patients, respectively. As a result, the primary endpoints were

observed in 181 patients. The Kaplan-Meier curves for the primary endpoints are shown in Fig

2A. Survival curves showed clear risk stratification in the order of hemodynamic severity. The

log-rank test revealed a significant increase in adverse events in the RED-CI/L-RAP and

RED-CI/H-RAP groups compared with that in the PRE-CI/L-RAP group (p = 0.006 for

PRE-CI/L-RAP vs. RED-CI/L-RAP; p< 0.001 for PRE-CI/L-RAP vs. RED-CI/H-RAP), while

there was no significant difference between the PRE-CI/L-RAP and PRE-CI/H-RAP groups

(p = 0.13). The Kaplan-Meier curves for cardiac death, heart failure readmission, and LVAD

Table 1. (Continued)

PRE-CI/L-RAP

(n = 285)

PRE-CI/H-RAP

(n = 242)

RED-CI/L-RAP

(n = 123)

RED-CI/H-RAP

(n = 137)

P value

Oral inotropic agent, n (%) 2 (0.7%) 3 (1.2%) 0 1 (0.7%) 0.64

Statin, n (%) 106 (37.2%) 94 (38.8%) 58 (47.2%) 53 (38.7%) 0.29

Amiodarone, n (%) 22 (7.7%) 12 (5.0%) 11 (8.9%) 16 (11.7%) 0.12

BMI, body mass index; LVEF, left ventricular ejection fraction; COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; LAD, left

atrium dimension; LVDd, left ventricular diastolic dimension; LVDs, left ventricular systolic dimension; eRVSP, estimated right ventricular systolic pressure; BNP,

brain natriuretic peptide.

https://doi.org/10.1371/journal.pone.0252833.t001

Table 2. Parameters of right heart catheterization.

PRE-CI/L-RAP (n = 285) PRE-CI/H-RAP (n = 242) RED-CI/L-RAP (n = 123) RED-CI/H-RAP (n = 137) P value

RAP (mmHg) 4.9 ± 1.6 11.4 ± 3.8 4.9 ± 1.6 12.5 ± 4.2 <0.001

sPAP (mmHg) 31.7 ± 10.1 42.0 ± 12.7 30.2 ± 8.2 43.7 ± 13.1 <0.001

mPAP (mmHg) 20.1 ± 6.8 28.9 ± 8.4 20.0 ± 5.6 31.9 ± 9.2 <0.001

dPAP (mmHg) 13.1 ± 4.9 20.3 ± 6.5 13.5 ± 4.6 23.8 ± 7.3 <0.001

PAWP (mmHg) 12.1 ± 5.4 19.7 ± 6.6 12.5 ± 5.1 22.8 ± 7.0 <0.001

CO (L/min) 5.1 ± 1.1 5.6 ± 1.3 3.6 ± 0.6 3.8 ± 0.8 <0.001

CI (L/min/m2) 3.2 ± 0.6 3.3 ± 0.7 2.2 ± 0.3 2.1 ± 0.3 <0.001

Heart rate (beats/min) 72.5 ± 14.8 (n = 278) 73.6 ± 16.2 (n = 240) 72.8 ± 16.0 (n = 121) 79.1 ± 17.5 0.001

PVR (Wood units) 1.6 ± 0.8 1.7 ± 0.9 2.1 ± 1.0 2.5 ± 1.4 <0.001

RAP, right atrial pressure; sPAP, systolic pulmonary artery pressure; mPAP, mean pulmonary artery pressure; dPAP, diastolic pulmonary artery pressure; PAWP,

pulmonary artery wedge pressure; CO, cardiac output; CI, cardiac index; PVR, pulmonary vascular resistance.

https://doi.org/10.1371/journal.pone.0252833.t002
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implantation are shown in Fig 2B, 2C, and 2D. Survival curves for cardiac death and heart fail-

ure readmission also showed clear risk stratification, whereas those of LVAD implantation did

not show statistical significance. As for survival curves of heart failure readmission, there were

significant increases in events in the groups with CI <2.5 L/min/m2 (RED-CI/L-RAP and

RED-CI/H-RAP) compared to the groups with CI�2.5 L/min/m2 (PRE-CI/L-RAP and

PRE-CI/H-RAP) (Fig 2C). We made ROC curves for CI and RA separately to evaluate the dis-

criminating ability of CI and RA for clinical outcomes in each group (S1 Fig). Neither CI nor

RA had a discriminating ability for primary endpoints in any group.

The multivariate Cox hazard analysis also confirmed a significant increase in MACE in the

RED-CI/L-RAP and RED-CI/H-RAP groups compared with the PRE-CI/L-RAP group even

after adjustment for confounding factors (RED-CI/L-RAP, HR 2.11 [95% CI 1.33–3.37], p =

0.002; RED-CI/H-RAP, HR 2.18 [95% CI 1.37–3.49], p = 0.001) (Table 4, Model 1). Adjusted

hazard ratios for the RED-CI/L-RAP and RED-CI/H-RAP groups, with the PRE-CI/H-RAP

group as the reference, also showed a significant association of MACE (RED-CI/L-RAP, HR

1.86 [95% CI 1.16–3.00], p = 0.01; RED-CI/H-RAP, HR 1.92 [95% CI 1.26–2.92], p = 0.002)

(Table 4, Model 2), whereas that of the RED-CI/H-RAP group, with the RED-CI/L-RAP

group as the reference, had no statistical significance (HR 1.03 [95% CI 0.64–1.66], p = 0.89)

(Table 4, Model 3). Multivariate Cox regression analysis predicting cardiac death did not show

statistical significance between the PRE-CI/H-RAP and RED-CI/L-RAP groups (RED-CI/

L-RAP group, HR 1.94 [95% CI 0.82–4.60], p = 0.13) (S1 Table), while that of heart failure

Table 3. Parameters of echocardiography and right heart catheterization of the groups stratified by LVEF.

Reduced LVEF (n = 412) Mid-range LVEF (n = 102) Preserved LVEF (n = 273) P value

Parameters of echocardiography

LAD (mm) 50.8 ± 8.0 (n = 405) 50.0 ± 7.9 (n = 101) 52.1 ± 10.5 (n = 269) 0.10

LVDd (mm) 65.3 ± 9.0 (n = 405) 57.2 ± 7.8 (n = 101) 51.2 ± 8.6 (n = 269) <0.001

LVDs (mm) 56.7 ± 9.0 (n = 404) 44.2 ± 6.6 (n = 101) 33.6 ± 7.1 (n = 269) <0.001

LVEF (%) 26.5 ± 7.7 (n = 404) 44.7 ± 3.5 62.6 ± 7.8 (n = 269) <0.001

eRVSP (mmHg) 36.9 ± 16.1 (n = 391) 36.0 ± 14.8 (n = 99) 40.7 ± 18.5 (n = 255) 0.02

E/e0 19.9 ± 8.3 (n = 330) 19.7 ± 10.4 (n = 81) 20.2 ± 9.0 (n = 197) 0.59

TAPSE (mm) 15.0 ± 4.1 (n = 197) 17.9 ± 5.0 (n = 36) 18.3 ± 5.6 (n = 97) <0.001

Parameters of right heart catheterization

RAP (mmHg) 8.3 ± 4.6 7.8 ± 4.8 8.3 ± 4.5 0.33

sRVP (mmHg) 36.6 ± 12.1 (n = 411) 35.5 ± 12.6 (n = 101) 38.7 ± 12.9 0.008

RVEDP (mmHg) 9.6 ± 5.2 (n = 410) 9.2 ± 5.4 (n = 101) 9.3 ± 4.4 (n = 271) 0.39

sPAP (mmHg) 36.8 ± 12.7 35.6 ± 13.2 37.0 ± 12.3 0.21

mPAP (mmHg) 25.5 ± 9.6 23.6 ± 8.9 24.3 ± 8.3 0.09

dPAP (mmHg) 18.4 ± 7.8 16.3 ± 7.2 15.9 ± 6.0 <0.001

PAWP (mmHg) 17.0 ± 7.8 15.6 ± 7.3 15.8 ± 6.9 0.13

CO (L/min) 4.7 ± 1.3 4.8 ± 1.4 5.0 ± 1.4 0.02

CI (L/min/m2) 2.7 ± 0.7 2.8 ± 0.7 3.1 ± 0.8 <0.001

Heart rate (beats/min) 76.0 ± 16.4 (n = 404) 74.4 ± 16.4 (n = 100) 71.1 ± 15.0 (n = 272) 0.001

PVR (Wood units) 1.9 ± 1.1 1.8 ± 1.1 1.8 ± 1.0 0.17

LVEF, left ventricular ejection fraction; LAD, left atrium dimension; LVDd, left ventricular diastolic dimension; LVDs, left ventricular systolic dimension; eRVSP,

estimated right ventricular systolic pressure; E/e0, ratio of early diastolic mitral flow velocity / mitral tissue Doppler lengthening velocity; TAPSE, tricuspid annular plane

systolic excursion; RAP, right atrial pressure; sRVP, systolic right ventricular pressure; RVEDP, right ventricular end-diastolic pressure; sPAP, systolic pulmonary artery

pressure; mPAP, mean pulmonary artery pressure; dPAP, diastolic pulmonary artery pressure; PAWP, pulmonary artery wedge pressure; CO, cardiac output; CI,

cardiac index; PVR, pulmonary vascular resistance.

https://doi.org/10.1371/journal.pone.0252833.t003
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readmission showed a significant increase in the RED-CI/L-RAP group compared with the

PRE-CI/H-RAP group (HR 2.26 [95% CI 1.35–3.79], p = 0.002) (S2 Table). Elevated PAWP

(PAWP�18 mmHg) showed no statistical significance for any events (Table 4, S1 and

S2 Tables).

Discussion

The present study included 787 patients with symptomatic heart failure who underwent RHC.

We investigated whether combinations of CI and RAP levels at a compensated stage could pro-

vide risk stratification for long-term cardiac outcomes. The major findings of this study were

as follows: (i) Combinations of CI and RAP levels clearly stratified long-term cardiac outcomes

of patients with symptomatic heart failure in the order of hemodynamic severity; (ii) Low CI

(CI <2.5 L/min/m2) was associated significantly with MACE even after adjustment for clini-

cally relevant confounding factors, whereas elevated RAP was not associated with MACE.

Fig 2. Kaplan-Meier curves for (a) major adverse cardiovascular events, (b) cardiac death, (c) readmission due to heart failure, and (d) implantation of a

left ventricular assist device in the four groups. Comparison of the survival curves was performed using the log-rank test.

https://doi.org/10.1371/journal.pone.0252833.g002
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Previously, Cooper et al. investigated the relationship between hemodynamic parameters

and mid-term clinical outcomes in ESCAPE trial subjects [31]. The study categorized patients

with heart failure by CI and PAWP, which stratified mid-term (6 months) clinical outcomes.

The predictors of post-discharge outcomes were elevated PAWP and RAP, whereas the levels

of CI did not affect cardiac outcomes [31], which is opposite to our results. The ESCAPE trial

limited the study subjects to the patients with HFrEF (LVEF�30%), and the follow-up period

of the ESCAPE trial (6 months) was shorter than our study (median 22 months) [3]. Moreover,

medications for heart failure in the ESCAPE trial were different from our study to some extent.

For example, patients taking beta-blockers composed only 62% of the study subjects in the

ESCAPE trial [3]. These differences may account for the above discordance. Cooper et al. and

our study revealed that both combinations of CI and PAWP or RAP could stratify outcomes of

heart failure. However, our results showed that cardiac function was preferable to volume

overload for predicting cardiac outcomes. Patel et al. showed that low CI was independently

associated with poor cardiac outcomes in patients with heart failure, although the study popu-

lation was small (n = 187) [32]. The result of Patel et al. supports our study findings.

Table 4. Multivariate Cox regression analysis predicting primary endpoint.

Variables Model 1 Model 2 Model 3

HR 95% CI P value HR 95% CI P value HR 95% CI P value

Hemodynamic categorization of heart failure

PRE-CI/H-RAP (vs. PRE-CI/L-RAP) 1.14 0.74–1.75 0.56

RED-CI/L-RAP (vs. PRE-CI/L-RAP) 2.11 1.33–3.37 0.002

RED-CI/H-RAP (vs. PRE-CI/L-RAP) 2.18 1.37–3.49 0.001

Hemodynamic categorization of heart failure

PRE-CI/L-RAP (vs. PRE-CI/H-RAP) 0.88 0.57–1.36 0.56

RED-CI/L-RAP (vs. PRE-CI/H-RAP) 1.86 1.16–3.00 0.01

RED-CI/H-RAP (vs. PRE-CI/H-RAP) 1.92 1.26–2.92 0.002

Hemodynamic categorization of heart failure

PRE-CI/L-RAP (vs. RED-CI/L-RAP) 0.47 0.30–0.75 0.02

PRE-CI/H-RAP (vs. RED-CI/L-RAP) 0.54 0.33–0.87 0.01

RED-CI/H-RAP (vs. RED-CI/L-RAP) 1.03 0.64–1.66 0.89

mPAP >20 mmHg 1.22 0.80–1.88 0.36 1.22 0.80–1.88 0.36 1.22 0.80–1.88 0.36

PAWP�18 mmHg 1.32 0.90–1.95 0.16 1.32 0.90–1.95 0.16 1.32 0.90–1.95 0.16

Age (10 year increase) 1.17 1.01–1.34 0.03 1.17 1.01–1.34 0.03 1.17 1.01–1.34 0.03

Male sex (vs. female) 0.82 0.58–1.14 0.24 0.82 0.58–1.14 0.24 0.82 0.58–1.14 0.24

Overweight (BMI �25 kg/m2) 0.93 0.67–1.30 0.68 0.93 0.67–1.30 0.68 0.93 0.67–1.30 0.68

Anemia 1.64 1.18–2.29 0.003 1.64 1.18–2.29 0.003 1.64 1.18–2.29 0.003

Atrial fibrillation or flutter 0.98 0.71–1.35 0.89 0.98 0.71–1.35 0.89 0.98 0.71–1.35 0.89

Hyperuricemia 0.89 0.63–1.26 0.53 0.89 0.63–1.26 0.53 0.89 0.63–1.26 0.53

Impaired renal function 1.10 0.79–1.53 0.57 1.10 0.79–1.53 0.57 1.10 0.79–1.53 0.57

Ischemic heart disease 1.80 1.22–2.67 0.003 1.80 1.22–2.67 0.003 1.80 1.22–2.67 0.003

Loop diuretic use 0.96 0.61–1.49 0.84 0.96 0.61–1.49 0.84 0.96 0.61–1.49 0.84

Categorization of LVEF

Reduced LVEF (vs. preserved LVEF) 1.41 0.97–2.07 0.08 1.41 0.97–2.07 0.08 1.41 0.97–2.07 0.08

Mid-range LVEF (vs. preserved LVEF) 0.72 0.40–1.29 0.27 0.72 0.40–1.29 0.27 0.72 0.40–1.29 0.27

HR, hazard ratio; CI, confidence interval; mPAP, mean pulmonary artery pressure; PAWP, pulmonary artery wedge pressure; BMI, body mass index; LVEF, left

ventricular ejection fraction.

https://doi.org/10.1371/journal.pone.0252833.t004
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In our study, the group with CI <2.5 L/min/m2 and RAP�8 mmHg was significantly

worse than the groups with CI�2.5 L/min/m2 for all outcomes except for LVAD implantation.

Because the number of LVAD implantations was small in our study, the survival curves for

LVAD implantation did not show statistical significance. The group with CI <2.5 L/min/m2

and RAP�8 mmHg is considered to be similar to Forrester subset 4 or Nohria-Stevenson clas-

sification Profile C (wet-cold) [1, 2, 33]. It is not surprising that the RED-CI/H-RAP group

showed the worst clinical outcomes as reported in previous studies [1, 2, 33]. Our results

revealed that the combinations of CI and RAP levels could predict long-term clinical outcomes

like the combinations of CI and PAWP levels as Forrester et al. established [1, 2]. As for the

comparison between the PRE-CI/H-RAP group and the RED-CI/L-RAP group, the RED-CI/

L-RAP group was significantly associated with MACE compared with the PRE-CI/H-RAP

group, which indicated that low CI was more closely associated with MACE than high RAP.

Moreover, there was no statistical significance in events between low RAP and high RAP when

the CI categories were the same. The above results mean that the groups with CI<2.5 L/min/m2

may predict MACE regardless of the levels of RAP. Increased RAP leads to venous congestion,

which impairs organ function such as renal function [34]. As a result, the levels of RAP seem to

affect heart failure readmission. However, our results showed that the levels of RAP did not

indicate risk stratification for cardiac outcomes. RAP is a parameter with considerable fluctua-

tion and is more easily affected by volume overload than CI. Although our study subjects under-

went RHC at a compensated stage, there may be some subjects who needed more decongestion.

The above bias might make RAP a less predictive parameter than CI. On the other hand,

because cardiac function and filling pressure are interactive, decreased cardiac function causes

volume overload, and volume overload leads to decreased cardiac function in patients with

heart failure [35], which confirms that the prognosis of heart failure is mainly determined by

cardiac function. CI would be a better predictor of long-term outcomes of heart failure com-

pared with RAP. Furthermore, although CI was the lowest in the reduced LVEF group

(Table 3), LVEF was not a predictor for adverse outcomes even after adjustment for confound-

ing factors (Table 4, S1 and S2 Tables), which may indicate that low CI is a predictor of out-

comes regardless of LVEF.

Clinical implications of the present study should be noted. Contemporary understanding of

the relationship between hemodynamic parameters and outcomes is mainly based on the data

before over one decade [1–3, 31, 36]. Regarding the investigation among study subjects who

underwent therapy for heart failure in the present era, we revealed that hemodynamic severity

at a compensated stage of heart failure could stratify long-term cardiac outcomes. Notably, CI

was an independent predictor affecting long-term cardiac outcomes in patients with heart fail-

ure. The results of RHC tend to be used to manage volume status. However, our results suggest

that reduced CI is the sign to reconsider optimum therapies, and we should consider advanced

therapies for heart failure according to the results of CI rather than RAP.

Study limitations

The study was a retrospective design in a single tertiary center, which resulted in significant selec-

tion bias. It is also possible that incomplete follow-up occurred, because clinical follow-up was

performed via office visits or review of medical records. We must consider that the severity of

heart failure in our study cohort might be mild to moderate, because the patients who needed

LVAD implantation and heart transplantation were fewer than in previous studies [31, 36]. We

did not investigate the impact of recovery of cardiac function on clinical outcome, because our

study did not mention follow-up RHC. Regarding the impact of temporal hemodynamic change,

further prospective studies that include follow-up of hemodynamic parameters are warranted.
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Conclusions

The categorization by CI and RAP values provides clear risk stratification in symptomatic

heart failure. Notably, low CI is an independent predictor of worse cardiac outcomes.
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