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Abstract

BACKGROUND—It is widely believed that reduced cardiac index (CI) is a significant 

contributor to renal dysfunction in patients with heart failure (HF). However, recent data have 

challenged this paradigm.

OBJECTIVES—We sought to determine the relationship between CI and renal function in a 

multicenter population of HF patients undergoing pulmonary artery catheterization (PAC).

METHODS—Patients undergoing PAC in either the randomized or registry portions of the 

ESCAPE (Evaluation Study of Congestive Heart Failure and Pulmonary Artery Catheterization 

Effectiveness) trial were included (n = 575). We evaluated associations between CI and renal 

function across multiple subgroups and assessed for nonlinear, threshold, and longitudinal 

relationships.

RESULTS—There was a weak but statistically significant inverse correlation between CI and 

estimated glomerular filtration rate (eGFR), such that higher CI was paradoxically associated with 

worse eGFR (r = −0.12; p = 0.02). CI was not associated with blood urea nitrogen (BUN) or the 

BUN to creatinine ratio. Similarly, no significant associations were observed between CI and 

better renal function across multiple subgroups defined by indications for PAC or hemodynamic, 

laboratory, or demographic parameters. A nonlinear or threshold effect could not be identified. In 
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patients with serial assessments of renal function and CI, we were unable to find within-subject 

associations between change in CI and eGFR using linear mixed modeling. Neither CI nor change 

in CI was lower in patients developing worsening renal function (p ≥ 0.28).

CONCLUSIONS—These results reinforce evidence that reduced CI is not the primary driver for 

renal dysfunction in patients hospitalized for HF, irrespective of the degree of CI impairment or 

patient subgroup analyzed.

Central Illustration: CI and Renal Dysfunction in HF

There exists a wide belief that reduced cardiac index (CI) contributes to renal dysfunction in 

patients with heart failure (HF). However, this was not supported when evaluating the association 

between CI and renal function as measured by estimated glomerular filtration rate (eGFR), blood 

urea nitrogen (BUN), creatinine, and BUN-to-creatinine ratio in HF patients undergoing 

pulmonary artery catheterization. Whiskers represent 1 SD and CI is grouped as top, middle, and 

bottom third of values in the population.
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Patients with chronic heart failure (HF) often have concomitant renal dysfunction and the 

interdependence of the heart and kidney in this setting has been a topic of extensive study 

(1,2). Traditionally, the pathophysiological paradigm has held that reduction in cardiac 

output leads to decreased renal perfusion and serves as a primary driver for renal 

dysfunction in HF. This notion of a linear relationship between cardiac output and renal 

function has recently been challenged by several studies demonstrating a lack of correlation 

or, in some cases, paradoxical correlations between cardiac output and renal function (3–7).

There were important limitations to many of these analyses. The majority were single-

center, retrospective studies with the only multicenter experience coming from the ESCAPE 

(Evaluation Study of Congestive Heart Failure and Pulmonary Artery Catheterization 

Effectiveness) trial, a randomized trial of pulmonary artery catheterization (PAC) to guide 

therapy in patients hospitalized with advanced heart failure (8). However, the ESCAPE trial 

included only patients for whom equipoise regarding the necessity of invasive hemodynamic 

guidance existed. As a result, it excluded patients where PAC was felt to be clinically 
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indicated for diagnosis or management, potentially missing important associations in 

“sicker” patients. Additionally, prior studies have not tested for nonlinear or threshold effects 

or examined subgroups of patients in which reduced cardiac output may be an important 

driver of renal dysfunction.

As such, the overall goal of the current study was to provide a comprehensive analysis of the 

association between CI and renal function in both the ESCAPE trial and ESCAPE registry, 

datasets encompassing a broad spectrum of disease severity inclusive of patients receiving 

clinically indicated catheterizations. Using these datasets, we sought to exhaustively evaluate 

the CI-renal function association looking at nonlinear, threshold, between-patient, within-

patient, and multiple subgroup analyses.

METHODS

Our cohort consisted of patients either randomized to the PAC arm of the ESCAPE trial or 

enrolled in the PAC registry of the ESCAPE trial. Patients were eligible for enrollment into 

the PAC registry if they were under the care of an HF specialist at 1 of the 26 sites of the 

ESCAPE trial and were 16 years of age or older undergoing PAC as part of their HF 

management strategy during hospitalization (9–11). Patients with HF could be enrolled in 

the PAC registry when they failed to meet the ESCAPE trial eligibility criteria or the 

investigator perceived that PAC was necessary for management, either for diagnosis or 

treatment of hemodynamic derangements, and, thus the patient was not a candidate for 

randomization. Inclusion in the current analysis required data available on cardiac output 

and renal function upon enrollment. Of the 439 patients in the PAC registry, 7 patients were 

excluded from the current analysis due to use of renal replacement therapy; of the remaining 

432 patients, 383 had data available on renal function and CI.

Since only cross-sectional data were available in the ESCAPE PAC registry, we also 

analyzed patients in the PAC arm of the ESCAPE trial to test for a longitudinal relationship 

between CI and renal function. Methods and results of the ESCAPE trial have been 

previously published (12). Briefly, this was a randomized, multicenter trial comparing PAC-

guided therapy to clinical assessment in hospitalized patients with acute decompensated HF. 

Inclusion criteria included an ejection fraction ≤30%, systolic blood pressure ≤125 mm Hg, 

and at least 1 sign and 1 symptom of congestion; exclusion criteria included admission 

creatinine >3.5 mg/dl, use of milrinone before randomization, or use of dopamine or 

dobutamine >3 μg/kg/min. Of the 433 patients in the ESCAPE trial, 217 were treated in the 

PAC arm; of these patients, 192 had baseline renal function and hemodynamic data 

available. CI was assessed at up to 4 time points: baseline (on day of PAC), the day 

following baseline, the day on which the patient was determined to have “optimal” status by 

the treating physician, and the last hemodynamic measurement before pulmonary artery 

catheter removal. Serum creatinine measurements were recorded on admission, hospital days 

3, 5, and 7, and at discharge.

Inclusion in the current analysis required at least 1 concomitant pair of CI and serum 

creatinine measurements. In the ESCAPE trial, the first set of lab values were obtained on 

the day of randomization and patients were not randomized until they were ready to undergo 
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pulmonary artery catheter placement. In the PAC registry, lab values were obtained 0 to 24 h 

before PAC, with initial hemodynamics recorded at this time.

Renal function was queried using 4 different metrics: estimated glomerular filtration rate 

(eGFR), blood urea nitrogen (BUN), serum creatinine, and the blood urea nitrogen to 

creatinine ratio (BUN/Cr ratio) (13,14). The chronic kidney disease epidemiology 

collaboration (CKD-EPI) equation was used to calculate eGFR for both cohorts (13). The 

correlation between CI and eGFR was assessed in the combined cohort using all available 

pairs of eGFR and CI within each patient, subject to the constraint that the renal function 

measurement was required to have occurred before the measurement of CI (CI “carried 

forward,” producing 1,340 data pairs).

The relationship between metrics of decongestion and CI was evaluated in the PAC arm of 

the ESCAPE trial. Diuretic efficiency was measured in fluid output per milligram of loop 

diuretic received (ml of net fluid output/40 mg of furosemide equivalents) (15). Changes in 

hemoglobin were evaluated from baseline to discharge.

STATISTICAL ANALYSIS

The primary goal of this analysis was to comprehensively evaluate the association between 

CI and renal function in patients with HF. All values are mean ± SD or median with 

interquartile range for continuous data, and percentage for categorical data. The Mann-

Whitney U test was used to compare continuous variables across groups. The chi-square test 

or Fisher exact test was used to evaluate associations between categorical variables. 

Spearman’s rank-order correlation was used to evaluate correlations between continuous 

variables.

A log transformation was applied to eGFR in parametric models due to slight positive skew, 

in order to ensure that any deviation from normality in this measurement did not result in 

type II errors. Multivariable linear regression analysis was used to estimate the independent 

association between CI and the natural log of eGFR. Candidate covariates were 

hemodynamic parameters that demonstrated a univariate association with eGFR with a p 

value < 0.2. To test for nonlinear relationships between CI and renal function, linear 

regression of eGFR on CI was compared to: 1) linear regression of eGFR on 3- and 4-knot 

cubic spline-smoothed CI; and 2) a fractional polynomial model in CI for the linear 

regression of eGFR on CI. The differences between each of these models and the standard 

linear regression were assessed using the likelihood ratio test and partial F-test, respectively.

In the PAC arm of the ESCAPE trial, the longitudinal relationship between CI and the 

natural log of eGFR was assessed on a subject-specific level using linear mixed effects 

models. The natural log of baseline eGFR was included as a fixed effect and random effects 

were evaluated at the level of the patient. Covariance structures were compared using the 

Akaike and Bayesian information criteria; a model with unstructured covariance provided 

the best fit.
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Statistical analysis was performed with IBM SPSS Statistics version 21 (IBM Corp., 

Armonk, New York) and Stata version 13.1 (StataCorp, College Station, Texas) and 

statistical significance was defined as 2-tailed p < 0.05.

RESULTS

OVERALL STUDY POPULATION

Our combined study population included both the PAC arm of the ESCAPE trial and the 

PAC registry and comprised a total of 575 patients with data on baseline renal function and 

hemodynamics. Of these patients, 192 were participants in the ESCAPE trial and the 

remaining 383 were enrolled in the PAC registry. Baseline characteristics of the population 

are presented in Table 1. Briefly, the cohort consisted predominantly of white males with a 

median age of 60 years and New York Heart Association (NYHA) class III or IV HF. The 

mean ejection fraction was 23 ± 12% with 8% of patients having a preserved ejection 

fraction (>40%). The median eGFR was 52.3 ml/min/1.73 m2 and 24% of our population 

had an eGFR <30 ml/min/1.73 m2. On average, PAC registry patients had higher ejection 

fraction and CI as well as worse renal function. Compared to patients in the PAC arm of the 

ESCAPE trial, registry patients were less likely to have NYHA class IV HF symptoms and 

more likely to be receiving inotropes (Table 1).

Overall, an inverse correlation was observed between baseline CI and baseline eGFR, such 

that higher CI was paradoxically associated with lower eGFR (Table 2); however, the effect 

size of this correlation was very small. Similarly, there was a small-magnitude positive 

correlation between baseline CI and baseline serum creatinine. There was no detectable 

correlation between baseline CI and BUN or the BUN/Cr ratio. Despite the noted differences 

in cohort baseline characteristics, the study in which patients were enrolled (PAC registry 

versus the ESCAPE trial) did not significantly modify the effect of CI on eGFR, BUN, 

creatinine, or BUN/Cr ratio (p interaction all >0.3).

No statistically significant association between CI and eGFR was observed in the analysis of 

all CI-eGFR pairs with CI “carried forward” (1,340 data pairs; r = −0.05; p = 0.06). A 

nonlinear relationship between CI and renal function was also not detectable (Figure 1). 

Specifically, the use of a 3-knot cubic spline, a 4-knot cubic spline, and a fractional 

polynomial could not meaningfully provide a better fit to the data than a linear regression 

(Figure 1). Furthermore, no threshold effects were observed; the correlation between CI and 

eGFR was either nonexistent or inverse in the highest, middle, and lowest tertiles of CI 

(Table 2). Notably, there was little difference in the renal metrics of patients with severely 

depressed CI (<1.8 l/min/m2) compared to patients with a CI ≥2.3 l/min/m2 (Central 
Illustration).

PATIENT SUBGROUPS AND INDICATIONS FOR RHC

Patients with NYHA class III or IV HF also failed to demonstrate any statistically significant 

correlations between CI and renal function (Table 2). In subgroups of patients with or 

without preserved ejection fraction, diabetes, or hypertension, a positive relationship with CI 

was not identifiable across various metrics of renal function (Table 2). Similarly, patient 
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subgroups defined by use of medications such as loop diuretics, beta-blockers, or 

angiotensin-converting enzyme inhibitors did not demonstrate any positive associations 

between CI and renal function (Table 2).

There were no correlations between CI and improvement in metrics of renal function in 

patients with a BUN/Cr ratio >20, eGFR <60 ml/min/1.73 m2, or BUN greater than the 

median, or in subgroups defined by right atrial pressure, pulmonary capillary wedge 

pressure, and systemic vascular resistance above or below the median value (Table 2).

Indications for right heart catheterization (RHC), such as suspected cardiogenic shock, 

inability to wean inotropes, hypotension, and diagnostic uncertainty as to hemodynamic 

status, did not significantly influence the lack of association between a lower CI and worse 

renal function (Table 3). These results applied to eGFR, BUN, creatinine, and the BUN/Cr 

ratio. Notably, patients who underwent RHC to further work up “progressive oliguric renal 

insufficiency” had a moderate-strength, statistically significant inverse relationship between 

eGFR and CI, where a lower CI was associated with higher eGFR (r = −0.43; p = 0.01).

LONGITUDINAL ANALYSIS OF RENAL METRICS AND CI

Longitudinal changes were evaluated in the PAC arm of the ESCAPE trial. Changes in renal 

function were associated with neither individual measurements of CI nor changes in CI 

(Figure 2). A linear mixed effects model showed no statistically significant effect of CI on 

the natural log of eGFR on a longitudinal basis (beta = −0.026; p = 0.37).

Worsening renal function (WRF), as defined by either a 0.3 mg/dl increase in serum 

creatinine or a 20% decrease in eGFR compared to baseline at any time point during the 

hospitalization (days 3, 5, 7, or discharge), occurred in 70 patients or 34% of the randomized 

ESCAPE trial population. Static measurements of CI and changes in CI did not differ 

significantly between patients with and without WRF (Table 4).

Associations between markers of decongestion and CI were evaluated in the PAC arm of the 

ESCAPE trial (Figure 3). There was no significant association between relative change in 

hemoglobin and baseline CI (p = 0.45). Similarly, no significant association was observed 

between diuretic efficiency and baseline CI (p = 0.59).

HEMODYNAMIC PREDICTORS OF eGFR

Several additional hemodynamic parameters were associated with the natural log of eGFR 

on univariable analysis, namely right atrial pressure (r = −0.18; p < 0.001), pulmonary artery 

systolic pressure (r = −0.11; p=0.01), CI (r =−0.12; p = 0.005), and systemic vascular 

resistance (r = 0.19; p < 0.001). On multivariable analysis, right atrial pressure (beta = 

−0.01; p < 0.001) and CI (beta = −0.10; p = 0.02) both remained significantly and inversely 

associated with the natural log of eGFR, such that higher CI or right atrial pressure was 

associated with lower eGFR. Importantly, the adjusted R2 of the multivariable model was 

only 0.08, indicating that traditional hemodynamic parameters explain a very small 

proportion of the variability in eGFR in this cohort.
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DISCUSSION

The primary finding of this study is the lack of statistically significant associations 

supporting the hypothesis that low cardiac output is an important driver for renal dysfunction 

in patients with HF. Where statistically significant associations were found between metrics 

of renal function and CI, they were generally of very minimal magnitude and, if anything, 

suggested a weak, paradoxical inverse association between renal function and cardiac 

output. The overall lack of a positive association between cardiac output and renal function 

was not due to threshold effects and, despite exhaustive query, there were no patient 

subgroups where we could identify an important positive influence of CI on renal function. 

Additional analyses for nonlinear effects also failed to find significant positive associations 

between CI and renal function. These findings provide further evidence that reduced CI is 

not the primary driver of renal dysfunction in patients hospitalized for HF.

While no study has previously sought to conduct an in-depth investigation of the relationship 

between cardiac output and renal function, several studies have reported findings consistent 

with the current results. In the majority of cases no association was found, with 1 study 

actually reporting a highly statistically significant increase in the odds for WRF with higher 

CI (3). Furthermore, we have previously reported that the baseline, discharge, or change in 

CI during the treatment of acute decompensated HF cannot even differentiate between 

patients who experience improvement versus worsening in serum creatinine (16). In a 

randomized trial of decompensated HF patients, randomization to placebo versus high-dose 

milrinone (which presumably improved cardiac output in these patients) did not lead to a 

significant change in serum creatinine from admission to discharge between groups (17,18).

With respect to static eGFR, several generally retrospective single-center studies have 

reported a null association between baseline eGFR and CI (3,6,7,19). There has been 1 

analysis of the multicenter ESCAPE trial demonstrating no association between CI and 

baseline eGFR (8). However, the aim of the prior analysis was to examine whether PAC-

guided therapy led to improvement in cardiorenal indices and, as such, it did not 

exhaustively query the relationship between CI and eGFR on a longitudinal basis using 

sensitive statistical methodology such as the mixed effects modeling used in the current 

manuscript. It also lacked evaluation for subgroup, threshold, nonlinear, or within-patient 

effects. The current analysis adds significantly to the existing literature, as it: 1) draws from 

a prospective multicenter trial and registry of clinically-indicated RHCs, thus spanning a 

large spectrum of disease severity; 2) evaluates for nonlinearity and threshold effects in the 

CI-renal function relationship; 3) explores multiple subgroups, including the indication for 

RHC; 4) examines the relationship between CI and renal function on a longitudinal basis; 5) 

evaluates other metrics of renal function such as BUN and the BUN/Cr ratio; and 6) is the 

first manuscript solely dedicated to addressing this question. Although the current 

observations are not without limitation, they do provide strong support for the concept that 

reduced CI is not the major determinant of renal dysfunction in decompensated HF.

The notion that decreases in CI drive renal dysfunction in HF is still pervasive in clinical 

medicine (20). This is most likely because the concept is intuitively appealing. Since the 

glomerular filtration rate is the product of filtration fraction and renal plasma flow, it makes 
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sense that any factor that globally worsens perfusion will also worsen glomerular filtration 

(21). However, this conceptual framework is likely oversimplified, since the kidney cannot 

directly sense or respond to the amount of blood being pumped into the ascending aorta by 

the heart (i.e., cardiac output). The level of autoregulation in the kidney is remarkable, and 

through both tubulo-glomerular feedback and myogenic autoregulatory pathways, renal 

perfusion and filtration can be held constant over a wide range of conditions (1,21).

While the kidney cannot directly sense cardiac output, this should not be true of many of the 

other hemodynamic and neurohormonal changes that are common in HF. For example, low 

systemic blood pressure, venous congestion, high pressure in the abdominal cavity, and 

neurohormonal activation would all have their effects directly transmitted to the kidney, 

potentially negatively impacting renal function. To that end, it has now been described in 

several populations that a drop in systolic blood pressure may in fact be the hemodynamic 

parameter most strongly associated with worsening of renal function, significantly 

outperforming and independent of change in CI (6,22,23). Furthermore, multiple studies 

have demonstrated a relationship between venous congestion or intra-abdominal pressure 

and static or dynamic renal function (3,4,8,24,25). Lastly, the negative cardiorenal effects of 

neurohomonal activation have been described and it has been demonstrated that plasma 

renin activity actually correlates significantly better with measured GFR than does left 

ventricular ejection fraction (21,26). These and other yet-to-be-described factors that directly 

influence renal function likely explain how the obligatory indirect effects of cardiac output 

play a minor role; such considerations also help explain the observed lack of association 

between decongestion and CI. Thus, with careful consideration of the relevant physiology, 

additional perspective is gained on the seemingly counterintuitive finding that cardiac output 

and renal function are not strongly related in HF.

While the current study does not directly address a therapeutic approach to HF patients with 

renal dysfunction, it does provide some information that can help guide care. The current 

practice of RHC for the workup of potentially “low output” renal dysfunction and/or starting 

patients on inotropes to improve renal function is based largely on the concept that cardiac 

output is an important driver of renal dysfunction. The current data argued the opposite. 

Notably, though we cannot exclude the possibility that this correlation was found due to 

chance among multiple tests, an inverse correlation of moderate strength between CI and 

eGFR in the subgroup of patients who underwent RHC specifically for “progressive oliguric 

renal insufficiency.” As such, while these data do not provide a specific recommendation for 

how we should treat patients with HF and renal dysfunction, they should motivate us to 

entertain alternative diagnostic and therapeutic approaches prior to instituting these 

interventions that carry significant risk.

STUDY LIMITATIONS

Our study has several limitations. First, the primary metric of renal function was estimated 

using serum creatinine obtained at the local hospital laboratory at a single time point. In 

addition to the inherent limitations in estimating glomerular filtration rate using serum 

creatinine, these were largely decompensated HF patients and so the assumption of steady-

state creatinine kinetics may not have always been met. Furthermore, the eGFR in any given 
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patient with HF may be influenced by a multitude of conditions that are not mutually 

exclusive. As a result, different degrees of intrinsic kidney disease across patients could have 

masked some of the relationship between true HF-induced renal dysfunction and cardiac 

output. Additionally, although combining the ESCAPE trial population with the PAC 

registry allowed us to query the CI-renal function relationship with more sensitive 

methodology, it also introduced heterogeneity in the study population that should be 

considered when interpreting the overall cohort results. Finally, the markers of renal function 

utilized in the current study (serum creatinine and BUN) are parameters that largely reflect 

glomerular filtration and may not be influenced by many of the other dimensions of renal 

function, such as tubular function and injury. As such, future research will be needed to 

determine the influence of cardiac output on other parameter of renal function such as 

tubular injury.

CONCLUSIONS

In a multicenter population of decompensated HF patients undergoing clinically indicated 

PAC, we were unable to detect a relationship between low cardiac output and renal 

dysfunction. This lack of association persisted across multiple patient subgroups, different 

metrics of renal function, and the spectrum of cardiac indices. Overall these results argue 

that low cardiac output is not the predominant driver for renal dysfunction in patients 

presenting with decompensated heart failure.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE

The severity of renal dysfunction in hospitalized patients with heart failure does not 

correlate with reduced cardiac index.

TRANSLATIONAL OUTLOOK

Additional research is necessary to elucidate the factors responsible for the renal 

impairment that commonly occurs in patients with heart failure.
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Figure 1. eGFR and CI in the Overall Population
In this scatterplot of all available pairs of cardiac index (CI) and estimated glomerular 

filtration rate (eGFR) per patient, no association between CI and eGFR was observed. 

Compared with linear regression, neither 3-knot spline (p = 0.06), 4-knot spline (p = 0.08), 

nor fractional polynomial (p = 0.06) demonstrated a better fit to the data.
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Figure 2. Relative Change in eGFR against CI Measures
Scatterplots of relative change are seen compared to baseline cardiac index (A), last 

measured CI (B), CI on physician-determined optimal day (C), and change in CI (D) in the 

ESCAPE trial. p≥0.31 for all associations. ESCAPE = Evaluation Study of Congestive Heart 

Failure and Pulmonary Artery Catheterization Effectiveness; other abbreviations as in Figure 

1.
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Figure 3. Relationship between CI and Markers of Decongestion
There was no significant association between relative change in hemoglobin and baseline CI 

(median value: 1.9 l/min/m2; p = 0.45) or between diuretic efficiency and baseline CI (p = 

0.59). Abbreviations as in Figure 1.
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TABLE 1

Baseline Characteristics

Overall Cohort
N = 575

ESCAPE Trial
n = 192

PAC Registry
n = 383

Demographics

 Age, yrs 58.9 ± 14.2* 56.8 ± 13.4 59.9 ± 14.5

 White 75.1* 59.9 82.8

 Male 71.5 75.0 69.7

Medical history

 Ischemic etiology of HF 55.1 55.2 55.1

 NYHA class III 32.6* 10.4 50.6

 NYHA class IV 67.4* 89.6 49.4

 Last EF 22.6 ± 12.0* 19.4 ± 6.9 24.4 ± 13.8

 EF >40%
eGFR <30 8.1* 1.1 11.9

 ml/min/1.73 m2 23.3* 10.4 29.8

 Diabetes mellitus 34.4 33.3 35.0

 Hypertension 44.0 47.9 42.0

Baseline hemodynamics

 SBP, mm Hg 105.5 ± 19.9* 110.0 ± 17.6 103.3 ± 20.6

 SVR, dynes-sec/cm5 1,356.1 ± 696.4* 1,460.1 ± 814.4 1,300.5 ± 618.2

 RAP, mm Hg 14.0 ± 8.6 13.6 ± 9.8 14.2 ± 7.8

 PCWP, mm Hg 24.1 ± 8.8 24.5 ± 9.0 23.8 ± 8.7

 PA systolic pressure, mm Hg 54.6 ± 15.1 55.0 ± 14.3 54.4 ± 15.5

 CI, l/min/m2 2.3 ± 2.1* 2.0 ± 0.6 2.5 ± 2.5

 CO, l/min 4.7 ± 5.0* 3.9 ± 1.4 5.1 ± 6.1

Medications pre-PAC placement

 ACE inhibitors 57.4* 79.2 46.5

 Inotropes 27.2* 11.8 34.7

 Beta-blocker 58.8* 65.1 55.6

 Loop diuretic 77.8* 72.0 80.7

Laboratory values

 eGFR, ml/min/1.73 m2 52.4 ± 28.3* 58.5 ± 26.6 49.4 ± 28.7

 Serum creatinine, mg/dl 1.8 ± 1.1* 1.5 ± 0.6 1.9 ± 1.3

 BUN, mg/dl 39.3 ± 27.7* 35.3 ± 22.3 41.3 ± 29.9

 Serum sodium, meq/l 135.6 ± 5.0* 136.4 ± 4.5 135.2 ± 5.2

Values are mean ± SD or %.

*
p<0.05 for difference between the PAC arm of the ESCAPE Trial and the PAC Registry.

ACE = angiotensin-converting enzyme; BUN = blood urea nitrogen; HF = heart failure; CI = cardiac index; CO = cardiac output; EF = ejection 
fraction; eGFR = estimated glomerular filtration rate; NYHA = New York Heart Association; PA = pulmonary artery; PAC = pulmonary artery 
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catheter; PCWP = pulmonary capillary wedge pressure; RAP = right atrial pressure; SBP = systolic blood pressure; SVR = systemic vascular 
resistance.
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TABLE 2

Correlations between CI and Selected Renal Metrics in Multiple Subgroups

eGFR BUN Creatinine BUN/Cr

Total study population (N = 575) −0.12* 0.07 0.10* −0.003

ESCAPE trial (n = 192) −0.04 −0.05 0.05 −0.09

PAC registry (n = 383) −0.12* 0.10 0.09 0.04

Medical history

 NYHA class IV (n = 289) −0.09 0.05 0.08 −0.02

 NYHA class III (n = 140) −0.14 0.08 0.13 −0.04

 Ejection fraction ≤40% (n = 487) −0.09* 0.02 0.08 −0.04

 Ejection fraction >40% (n = 43) −0.17 0.31* 0.18 0.33*

 Diabetes

  Present (n = 198) −0.20* 0.20* 0.20* 0.04

  Absent (n = 377) −0.06 −0.02 0.02 0.05

 Hypertension

  Present (n = 253) −0.18* 0.14* 0.18* 0.02

  Absent (n = 322) −0.07 0.01 0.03 −0.02

Baseline PAC hemodynamics

 Systolic blood pressure

  <100 mm Hg (n = 237) −0.07 −0.01 0.05 −0.08

  ≥100 mm Hg (n = 333) −0.17* 0.14* 0.14* 0.06

 CI

  Highest tertile: CI ≥2.3 l/min/m2 (n = 208) −0.05 0.05 0.04 0.02

  Middle tertile: CI 1.8–2.28 l/min/m2 (n = 188) −0.24* 0.10 0.23* −0.10

  Lowest tertile: CI <1.8 l/min/m2 (n = 179) −0.05 0.01 −0.02 0.06

 SVR

  >1,235 dynes-sec/cm5 (n = 271) 0.01 −0.08 −0.08 −0.06

  ≤1,235 dynes-sec/cm5 (n = 271) −0.05 0.003 0.04 −0.06

 RAP

  >13 mm Hg (n = 253) −0.18* 0.16* 0.16* 0.03

  ≤13 mm Hg (n = 295) −0.12* 0.06 0.09 0.03

 PCWP

  >24 mm Hg (n = 261) −0.10 −0.001 0.06 −0.08

  ≤24 mm Hg (n = 287) −0.13* 0.13* 0.13* 0.06

Laboratory values

 BUN/Cr >20 (n = 301) −0.18* 0.18* 0.16* 0.04

 BUN ≥31 mg/dl (n = 297) −0.17* 0.18* 0.14* 0.04

 eGFR <60 ml/min/1.73 m2 (n = 379) −0.11* 0.10 0.09 0.05

 eGFR <30 ml/min/1.73 m2 (n = 134) −0.06 0.12 0.08 0.06
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eGFR BUN Creatinine BUN/Cr

Medications

 ACE inhibitors

  Present (n = 330) −0.09 −0.002 0.07 −0.06

  Absent (n = 245) −0.06 0.05 0.05 −0.05

 Inotropes

  Present (n = 155) −0.14 0.24* 0.15 0.11

  Absent (n = 414) −0.08 −0.01 0.05 −0.05

 Beta-blockers

  Present (n = 338) −0.14* 0.03 0.11 −0.05

  Absent (n = 237) −0.10 0.12 0.08 0.05

 Loop diuretics

  Present (n = 445) −0.13* 0.12* 0.11* 0.07

  Absent (n = 127) −0.07 −0.09 0.04 −0.21*

*
p < 0.05.

BUN/Cr = blood urea nitrogen to creatinine ratio; other abbreviations as in Table 1.
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TABLE 3

Correlations between CI and Selected Renal Metrics*

eGFR BUN Creatinine BUN/Cr

PAC registry population (N=383) −0.12* 0.1 0.09 0.04

 Indications for PAC placement

  Cardiogenic shock (n = 69) 0.04 −0.24* −0.06 −0.21

  Continued inotrope requirements (n = 46) −0.23 0.36* 0.23 0.22

  Hypotension requiring intervention (n = 55) 0.03 0.06 −0.1 0.17

  Progressive oliguric renal insufficiency (n = 32) −0.43* 0.31 0.46* −0.01

  Specific referral for hemodynamic monitoring (n = 18) −0.29 0.37 0.21 −0.29

  Diagnostic uncertainty of hemodynamic profile (n = 163) −0.15 0.16* 0.11 0.10

*
In subgroups of patients defined by indication for PAC insertion in the PAC registry.

Abbreviations as in Table 1.

J Am Coll Cardiol. Author manuscript; available in PMC 2017 May 17.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hanberg et al. Page 21

TABLE 4

Relationship between Static Measurements and Changes in CI and WRF

Cardiac Index

p ValuePatients with WRF* Patients without WRF*

Static measurement of CI

 Baseline 1.9 ± 0.7 2.0 ± 0.6 0.43

 Day 2 2.2 ± 0.7 2.1 ± 0.6 0.53

 At PAC removal 2.3 ± 0.7 2.4 ± 0.6 0.28

Change in CI

 Baseline to day 2 0.4 ± 0.7 0.4 ± 0.7 0.51

 Baseline to PAC removal 0.2 ± 0.6 0.1 ± 0.6 0.91

*
Defined by a 0.3 mg/dl increase in serum creatinine or a 20% decrease in eGFR compared to baseline at 3 days, 5 days, 7 days or discharge.

WRF = worsening renal function; other abbreviations as in Table 1.
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