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Abstract

Background: The pulmonary artery pulsatility index (PAPi), calculated from the ratio of the 

pulmonary artery pulse pressure to right atrial pressure, is a predictor of right ventricular failure 

after inferior myocardial infarction and left ventricular assist device implantation. Whether PAPi is 

associated with adverse outcomes across a heterogenous population is unknown.

Methods: We examined consecutive patients undergoing right heart catheterization between 

2005–2016 in a hospital-based cohort. Multivariable Cox models were utilized to examine the 

association between PAPi and all-cause mortality, major adverse cardiac events (MACE), and 

heart failure (HF) hospitalizations.

Results: We studied 8285 individuals (mean age 63 years, 39% women) with median PAPi 

across quartiles 1.7, 2.8, 4.2, and 8.7, who were followed over a mean follow-up of 6.7 ± 3.3 

years. Patients in the lowest PAPi quartile had a 60% greater risk of death compared to the 

highest quartile (multivariable adjusted HR 1.60, 95% CI 1.36–1.88, p<0.001) and a higher risk 

of MACE and HF hospitalizations (HR 1.80, 95% CI 1.56–2.07, p<0.001 and HR 2.08, 95% CI 

1.76–2.47, p<0.001, respectively). Of note, patients in quartiles 2 and 3 also had increased risk of 

cardiovascular events compared to quartile 4 (multivariable p<0.05 for all).

Conclusions: Compared to the highest PAPi quartile, patients in PAPi quartiles 1–3 had a 

greater risk of all-cause mortality, MACE, and HF hospitalizations, with greatest risk observed 

in the lowest quartile. A low PAPi, even at values higher than previously reported, may serve 

an important role in identifying high-risk individuals across a broad spectrum of cardiovascular 

disease.

Keywords

Heart failure; right ventricular function; hemodynamic assessment; outcomes; Hemodynamics; 
Mortality/Survival; Diagnostic Testing

INTRODUCTION:

Right ventricular systolic dysfunction is independently associated with poor outcomes across 

a spectrum of cardiovascular and pulmonary disorders1–10. However, despite the prognostic 

importance of right ventricular function, accurate standard echocardiographic assessment 

is challenged by the complex geometry of the right ventricle11, 12, and cardiac magnetic 

resonance imaging has practical limitations to widespread use. The limitations of imaging 

assessment of the right ventricle have led to utilization of invasive hemodynamic indices of 

right ventricular performance such as right ventricular stroke work index (RVSWI) and the 

ratio of the right atrial pressure to pulmonary capillary wedge pressure (RA:PCWP).

More recently, the pulmonary artery pulsatility index (PAPi), defined as the ratio of 

pulmonary artery pulse pressure to right atrial pressure (PASP − PADP
RAP ), has emerged as 
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a novel hemodynamic index of right ventricular performance. PAPi was initially reported 

as a strong predictor of right ventricular failure in patients with acute inferior myocardial 

infarction13 and in those undergoing left ventricular assist device placement for end-stage 

heart failure, with superior performance to RVSWI and RA:PCWP14, 15. Subsequent to 

these initial findings, PAPi has been shown to be independently associated with survival 

in pulmonary arterial hypertension16, progressive renal dysfunction in heart failure with 

preserved ejection fraction17, post-cardiopulmonary bypass right ventricular dysfunction18, 

and acute kidney injury after heart transplantation19. Among New York Heart Association 

class IV heart failure patients from the 2005 Evaluation Study of Congestive Heart 

Failure and Pulmonary Artery Catheterization Effectiveness (ESCAPE) trial, PAPi was 

an independent predictor of death or hospitalization at 6 months (whereas RVSWI and 

RA:PCWP were not)20. More recently, PAPi has been shown to be a reliable indicator of 

adverse cardiac events in ambulatory heart failure patients21, 22.

While prior studies have focused on specific advanced disease samples, the clinical 

implications of PAPi across a large diverse sample of individuals with a range of 

cardiopulmonary diseases remains unclear. Utilizing a large database of consecutive patients 

undergoing right heart catheterization (RHC), we sought to 1) characterize the distribution 

of PAPi across a broad patient population, 2) identify clinical and echocardiographic 

correlates of PAPi, and 3) determine the association of PAPi with all-cause mortality and 

adverse cardiovascular events. We hypothesized that lower PAPi would be associated with 

all-cause mortality, major adverse cardiovascular events (MACE), and heart failure (HF) 

hospitalizations across a spectrum of cardiovascular disease and right ventricular function.

METHODS:

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

Study Sample:

We examined consecutive ambulatory and hospitalized patients undergoing right heart 

catheterization (RHC) between 2005 and 2016 at Massachusetts General Hospital. In cases 

where patients had multiple RHC procedures during this time period, only the initial RHC 

was included for analysis, leaving a total of 10,306 cases. Exclusion criteria included the 

following: acute myocardial infarction occurring on the same day as catheterization, cardiac 

arrest or shock within 24 hours, presence of mechanical ventilation, presence of intra-aortic 

balloon pump, history of heart or lung transplant, complicated adult congenital heart disease, 

history of valvular replacement, or those on dialysis (n=887 excluded). Cases were also 

excluded if there were missing key clinical covariates (n=484), patient identifier variables 

(n=398) or hemodynamic parameters (n=252), leaving a final study sample of 8285 for 

analysis. This study was approved by the Mass General Brigham Institutional Review Board.

Clinical, echocardiographic, and hemodynamic variables:

Clinical characteristics were ascertained from the medical records at the time of RHC and 

included age, sex, body mass index (BMI), smoking status, and presence of comorbidities 
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(including diabetes mellitus, hypertension, history of myocardial infarction, history of 

heart failure, prior lung disease, and chronic kidney disease). Obstructive sleep apnea was 

identified by the electronic medical record utilizing appropriate International Classification 
of Diseases Ninth Revision (ICD-9) or Tenth Revision (ICD-10), codes.

Echocardiographic data within one year of RHC were reviewed with abstraction of 

quantitative and qualitative parameters regarding ventricular size and function and valvular 

pathology. Valvular pathology was recorded if moderate or greater stenosis or regurgitation 

were present. Abnormal RV function was recorded if there was any degree of RV 

dysfunction. For patients with more than one available echocardiogram, the nearest study 

to the RHC date was utilized. Echocardiographic data were available for 6750 out of 8285 

patients (81.5%). Of note, 49% of patients had an echocardiogram within one week of RHC, 

an additional 17% within one month of RHC, and only 5% of patients had the closest 

echocardiogram longer than 6 months but less than one year within RHC. Quantitative 

parameters of right ventricular size and function, including right ventricular basal diameter, 

tricuspid annular plane systolic excursion (TAPSE), pulse tissue doppler S’ wave (tricuspid 

annulus systolic velocity), and right ventricular fractional area change (FAC), were available 

for a small subset of patients from manual review of patients who underwent same-day RHC 

and transthoracic echocardiogram.

Key hemodynamic measures recorded at the time of RHC included resting blood 

pressure, heart rate, mean right atrial (RA) pressure, pulmonary artery (PA) systolic and 

diastolic pressure, and mean pulmonary capillary wedge pressure (PCWP). Nonphysiologic 

parameters were set to missing. For example, if the PA systolic or diastolic pressure 

were listed as zero, these data were set to missing. PAPi was calculated as 
PA systolic − PA diastolic pressure

RA pressure . For instances in which the RA pressure was recorded 

as zero, a physiologic value was confirmed by evaluation of the “a” and “v” wave 

measurements as well as the measured right ventricular diastolic pressure. If deemed 

physiologic, the RA pressure value was set to one for the purposes of PAPi calculation, 

else the RA pressure was set to missing. Cardiac output and cardiac index were derived via 

thermodilution methods utilizing the Mosteller formula for body surface area23. RVSWI was 

derived utilizing the thermodilution cardiac index measurement.

Clinical Outcomes:

Our primary outcomes were all-cause mortality and heart failure hospitalization, and 

occurrence of a major adverse cardiac event was our secondary outcome. All-cause mortality 

was ascertained using the National Social Security Death Master Index and hospital records, 

abstracted on 06/10/2020. The precise dates of deaths that occurred between 06/10/2017 and 

the date of abstraction (a three-year period) are protected nationally due to confidentiality 

purposes. Thus, these death events were imputed as occurring midway through this period, 

12/10/2018, for standardization (n=242 individuals out of 3006 total death events).

Occurrence of a major adverse cardiac event (MACE) was defined as a composite of heart 

failure admission, cerebrovascular accident (CVA) or transient ischemic attack (TIA) or 

acute myocardial infarction (MI) by a corresponding ICD-9 or ICD-10 code as primary 
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discharge diagnosis. A heart failure hospitalization was defined by an ICD-9 or ICD-10 

code for heart failure as primary discharge diagnosis or a current procedural terminology 

(CPT) code for heart transplantation (OHT) or durable ventricular assist device (VAD). The 

follow-up period for each participant was defined as time from RHC to death date or date of 

final encounter in the electronic health record. Patients were censored based on time of last 

encounter.

Statistical Analysis:

The distribution of PAPi was winsorized to limit leverage of outliers on subsequent analyses, 

setting the minimum PAPi as 0.3 and maximum PAPi as 30 (2 patients had PAPi < 0.3, and 

54 patients had PAPi > 30 prior to winsorizing to 0.3 to and 30, respectively). PAPi was 

further natural log-transformed to obtain a normal distribution and divided into quartiles for 

analysis. Baseline characteristics were summarized across the total sample and according to 

PAPi quartile. Continuous variables were reported using means and standard deviations or 

medians and interquartile ranges (25th – 75th percentile) as appropriate, whereas categorical 

variables were denoted using frequency and percentages. PAPi subgroups were compared 

using ANOVA, Chi-square or Kruskal-Wallis tests as appropriate. Correlations between 

PAPi and other continuous parameters of right ventricular function were performed via 

Spearman correlation due to skewed distribution. Clinical and echocardiographic correlates 

of log PAPi were determined using a multivariable adjusted linear regression model. A 

stepwise regression model was utilized to examine multivariable-adjusted determinants of 

PAPi with entry at p <0.1 and retention in the final model at p < 0.05.

We examined the association of log PAPi as a continuous variable and quartiles with 

clinical outcomes, including all-cause mortality (primary) and MACE or HF hospitalization 

(secondary). While the linear model was our primary analysis, we secondarily explored 

outcomes by PAPi quartile to provide clinically-relevant analyses. We used the Kaplan-

Meier method to examine the association of PAPi with outcomes and log rank tests to 

examine differences between groups. Multivariable Cox models were then constructed, 

adjusting for age, sex, BMI, previous MI, previous HF, hypertension, diabetes, and chronic 

kidney disease. The proportional hazards assumption was tested, and minor violations 

were found using cumulative Martingale residuals24. We therefore included time-varying 

predictors to account for model fitness, including log-transformed PAPi, age, BMI, previous 

HF, and hypertension treatment. We investigated the relative performance of various 

hemodynamic parameters of RV function (log-transformed PAPi, RVSI, and RA:PCWP 

ratio) to predict adverse outcomes by evaluating C-statistics of each hemodynamic 

parameter when added to the multivariable model containing clinical variables outlined 

above. A two-sided p value <0.05 was deemed as statistically significant. Analyses were 

conducted using SAS software, Version 9.4 (Cary, North Carolina, USA).

RESULTS:

We studied 8285 individuals with mean age of 63 ± 13 years and 39% women. Comorbid 

conditions were common including 59% with hypertension, 23% diabetes mellitus, 16% 

chronic lung disease, 14% obstructive sleep apnea, 19% previous MI, and 32% previous HF. 
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Among this sample, the median PAPi was 3.4 with interquartile range of 2.2 to 5.5 (Figure 

1). Baseline characteristics stratified by log-transformed PAPi quartile are shown in Table 1, 

with median physiologic (non-log-transformed for clinical interpretation) PAPi values within 

each quartile as follows: Q1, 1.7 [1.3–2]; Q2, 2.8 [2.5–3]; Q3, 4.2 [3.8–4.8]; and Q4, 8.7 

[6.8–14]. Patients in the lowest vs highest PAPi quartile were younger (60 vs 64 years), with 

a greater proportion of men (65% vs 54%), higher BMI (31.6 vs 26.5 kg/m2), and more 

frequent obstructive sleep apnea (20% vs 7%). NT-proBNP levels were clinically similar 

across quartiles (median NT-proBNP 1736 pg/mL across total sample).

Echocardiographic parameters differed across PAPi quartiles (Supplemental Table 1). 

Patients in the lowest PAPi quartile had higher left ventricular end-diastolic dimension 

(LVEDD, 51 ± 10 mm) and lower LVEF (51 ± 20%) compared to other quartiles (Figure 

1). In addition, factors suggestive of poorer right ventricular function were worse amongst 

the lowest PAPi quartile, including more frequent dilated right ventricular cavity size (26.3% 

of patients, compared to ≤ 20.6% amongst other quartiles), abnormal right ventricular 

function (27.2% of patients, compared to ≤ 20.1% amongst other quartiles), lower right 

ventricular systolic pressure (43 ± 12.1 mmHg, compared to mean > 47 mmHg amongst 

other quartiles) and more frequent moderate-or-greater tricuspid regurgitation (28.4% of 

patients, compared to ≤ 21.2% amongst other quartiles). Among the smaller subset of 

patients with quantitative echocardiographic parameters of right ventricular function, there 

was no significant difference in right ventricular basal diameter or fractional area change 

between PAPi quartiles, and there were modest interquartile differences in tricuspid annular 

plane systolic excursion, TAPSE (lowest vs highest PAPi quartile: 14.9 ± 5.0 mm vs 17.2 

± 4.7 mm, respectively), and pulsed tissue doppler tricuspid annular systolic velocity, 

S’ (lowest vs highest PAPi quartile: 8.8 ± 2.7 cm/s vs 10.7 ± 3.1 cm/s, respectively, 

Supplemental Table 2). Utilizing Spearman correlations, PAPi correlated positively with 

both TAPSE and S’ (TAPSE, correlation coefficient, rs = 0.21, p=0.01; S’, correlation 

coefficient, rs = 0.33, P<0.001).

In general, patients in the lowest PAPi quartile had worse hemodynamics than other quartiles 

with higher PCWP (18 mmHg, compared to 9 mmHg for the highest quartile) and lower 

thermodilution cardiac index (2.4 L/min/m2, compared to a cardiac index of 2.7 L/min/m2 

in patients in the highest quartile). Lower PAPi values aligned with worse indices of 

other right ventricular hemodynamic parameters. Patients in the lowest PAPi quartile had 

lower RVSWI (3.3 g/m/beat/m2, compared to 4.9 g/m/beat/m2 in PAPi quartile 4) and a 

higher RA-to-PCWP ratio (0.4 compared to 0.1 for PAPi quartile 4). Utilizing Spearman 

correlations due to skewed values, PAPi as a continuous variable correlated positively with 

RVSWI (correlation coefficient, rs = 0.26, p < 0.001). In addition, PAPi demonstrated a 

strong negative correlation with RA-to-PCWP ratio (rs = −0.88, p< 0.001).

Clinical and echocardiographic correlates of log PAPi

We utilized comprehensive and stepwise regression models to examine clinical and 

echocardiographic associations with PAPi (Table 2, Figure 2). Younger age, male sex, higher 

BMI, and the presence of obstructive sleep apnea were all associated with lower PAPi in 

multivariable-adjusted analyses (P<0.001 for all). Specifically, in the stepwise regression 

Zern et al. Page 6

Circ Heart Fail. Author manuscript; available in PMC 2023 February 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



model, a 1-SD higher BMI was associated with a 0.23 log-unit lower PAPi (standard error 

(s.e.) 0.01, p<0.001). For echocardiographic measures, lower LVEF, higher LVEDD, and 

the presence of tricuspid regurgitation were associated with lower PAPi (P<0.001 for all). 

Specifically, in the stepwise regression model, a one-standard deviation lower LVEF was 

associated with a 0.1 log-unit lower PAPi (s.e. 0.01), whereas the presence of moderate-or-

greater tricuspid regurgitation was associated with a 0.24 unit lower PAPi (s.e. 0.023). The 

presence of abnormal right ventricular function or a dilated right ventricle were associated 

with PAPi in age- and sex-adjusted analyses (p<0.001 for both), but were not selected in the 

stepwise model in favor of LVEF and LVEDD. Overall, utilizing a stepwise model of only 

clinical predictors explained 10.4% of the variance of PAPi, which increased to 12.7% of the 

variance of PAPi after incorporating basic echocardiographic variables into the regression 

model.

Association of PAPi with mortality and adverse cardiovascular events:

Over a mean (SD) follow-up of 6.7 (3.3) years, there were 3006 deaths, 2668 MACE 

and 2004 HF hospitalizations. The Kaplan-Meier curves for probability of MACE and HF 

hospitalizations by PAPi quartile are displayed in Figure 3 and demonstrate greatest risk 

of adverse outcomes among individuals in the lowest PAPi quartile (adjusted log-rank p < 

0.001 for Q1 vs Q4), with intermediate risk of outcomes among quartiles 2 and 3 when 

compared with the highest quartile (Q2 vs Q4, adjusted log-rank p=0.03 for MACE and 

p=0.02 for HF hospitalizations; Q3 vs Q4, adjusted log-rank p=0.02 for MACE and p=0.002 

for HF hospitalizations).

A lower PAPi was associated with all-cause mortality (HR 0.90 per 1-standard deviation 

higher in log-transformed PAPi, 95% CI 0.85–0.96, p<0.001), MACE (HR 0.81, 95% CI 

0.77–0.85, p<0.001), and HF hospitalization (HR 0.73, 95% CI 0.69–0.78, p<0.001) (Table 

3). To understand the differences across PAPi quartiles, we then examined the association of 

PAPi quartile with all-cause mortality in multivariable analyses, adjusting for age, sex, BMI, 

previous myocardial infarction, previous HF, hypertension, diabetes mellitus, and chronic 

kidney disease (Table 4). With the highest PAPi quartile serving as the referent group, we 

found the risk of death was higher among individuals in the lower PAPi quartile groups, 

including a 15% higher risk of death among Q3, 20% among Q2, and 60% among Q1 

(Figure 4).

We found similar associations of PAPi quartiles with MACE and HF hospitalizations 

Specifically, patients in the lowest vs highest PAPi quartile were at increased risk of 

future MACE (multivariable adjusted HR 1.80, 95% CI 1.56–2.07, p < 0.001) and HF 

hospitalization (HR 2.08, 95% CI 1.76–2.47, p < 0.001). In addition, individuals in PAPi 

quartiles 2 and 3 appeared to be intermediate risk for both outcomes. As RV dysfunction 

is often linked to elevated afterload through increased pulmonary vascular resistance, we 

performed a stratified analysis by high vs low PVR (≥ vs < 3 Wood units, Supplemental 

Table 3). We confirmed that a higher PAPi was associated with a lower hazard for adverse 

outcomes irrespective of an elevated PVR.
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Predictive ability of PAPi compared to other hemodynamic parameters of RV function

We next examined the association of other hemodynamic parameters of RV function with 

adverse clinical outcomes (Supplemental Table 4). Similar to PAPi, the log-transformed 

RA:PCWP ratio was associated with MACE (HR 1.15, 95% CI 1.09–1.22, p<0.001) and 

HF hospitalization (HR 1.16, 95% CI 1.09–1.24, p<0.001). By contrast, log-transformed 

RVSWI was not associated with MACE or HF hospitalization. We utilized C-statistics to 

examine incremental information of each metric of RV function (PAPi, RA:PCWP, and 

RVSWI) when added to the clinical model (Supplemental Table 5). PAPi improved the 

C-statistic for HF hospitalizations (p=0.008) and MACE (p=0.03), whereas RA:PCWP ratio 

did not. Amongst the sample of patients with available cardiac output measurements, PAPi 

improved the C-statistic for HF hospitalization to a marginally greater degree than RVSWI.

DISCUSSION:

In a hospital-based cohort of patients across a broad spectrum of cardiopulmonary disease 

referred for RHC, we described the clinical, hemodynamic, and echocardiographic profiles 

of patients with low PAPi and evaluated the association of PAPi with all-cause mortality 

and adverse cardiovascular outcomes over 10 years of follow-up. We found the following: 

1) patients in the lowest PAPi quartile tended to be younger, greater percent men, have 

a higher BMI, and had worse hemodynamic parameters of right ventricular function with 

accompanying lower cardiac index; 2) the presence of a higher BMI or moderate-or-greater 

degree of tricuspid regurgitation were strongly associated with a worse PAPi; and 3) patients 

in the lowest PAPi quartile had a 60% greater risk of mortality and approximately twice 

the risk of MACE and HF hospitalization compared to patients in the highest PAPi quartile, 

though individuals with intermediate PAPi in the range of 2.2 to 5.5 were also at greater risk 

of cardiovascular events.

PAPi, the ratio of pulmonary artery pulse pressure to the RA pressure, is a relatively new 

hemodynamic parameter of right ventricular function, though it has become increasingly 

utilized for assessment of right ventricular failure, particularly as it relates to mechanical 

circulatory support device implantation25. PAPi is influenced by the degree of right 

ventricular afterload (influenced by pulmonary vascular resistance and PCWP) and 

contractile function (through the PA pulse pressure measurement) as well as the presence 

of congestion (through incorporation of the RA pressure). A low PAPi has been previously 

demonstrated in both the stable and acutely ill HF patients to predict mortality and adverse 

renal and cardiovascular outcomes14, 15, 17, 19–22. In the HF population, the decrease in 

PAPi reflective of progressive right ventricular dysfunction can be mediated through an 

increase in RA pressure or through a decrease in PA pulse pressure due to decreased right 

ventricular stroke volume. Our findings interestingly demonstrated that PAPi carries an 

important prognostic value even when RA-to-PCWP ratio is considered “normal.” In fact, a 

minority of patients, even amongst the lowest PAPi quartile, had a RA-to-PCWP ratio of > 

0.6, a value traditionally thought to represent right ventricular dysfunction out-of-proportion 

to left ventricular dysfunction in the heart failure population. We also demonstrate that 

while PAPi is correlated negatively with RA:PCWP and positively with RVSWI, PAPi 

is associated with MACE and HF hospitalizations, whereas RVSWI is not. While both 
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PAPi and RA:PCWP ratio are associated with adverse clinical outcomes, incremental 

improvement in the c-statistic is greatest when PAPi is added to a clinical model.

Prior studies have demonstrated the importance of PAPi in predicting severe right ventricular 

failure necessitating additional hemodynamic support in specific patient populations with 

advanced cardiac disease 13–15, 18. In addition to right ventricular failure, low PAPi has 

also previously been shown to be associated with higher mortality in the post-myocardial 

infarction, pulmonary arterial hypertension, and advanced heart failure populations 13, 16, 20. 

We now extend these findings to a broad hospital-based cohort of patients across a much 

greater spectrum of cardiopulmonary disease, and we demonstrate that lower PAPi is 

associated with increased risk of adverse events including all-cause mortality, MACE, and 

HF hospitalizations.

Stratification of the overall cohort of patients into PAPi quartile revealed unique 

phenotypic differences in the patients in the lowest PAPi quartile. In baseline demographic 

characteristics, male sex and a younger age were associated with a lower PAPi. In 

ambulatory studies of patients with heart failure and pulmonary hypertension and in the 

advanced heart failure population, there were no sex differences observed16, 20, 21, and 

only the ambulatory heart failure population mirrored our observations that a younger age 

was associated with a lower PAPi21. Further sex-and age-specific research is warranted. 

We also observed a higher BMI and higher prevalence of obstructive sleep apnea in the 

lowest PAPi quartile. There are growing data supporting the increase in right ventricular 

dysfunction among obese patients26, 27 and in patients with obstructive sleep apnea, though 

initiation of CPAP has been demonstrated to improve right ventricular structure and function 

in the latter28–30. In addition, we observed that the presence of moderate-or-greater tricuspid 

regurgitation was associated with a lower PAPi. Significant tricuspid regurgitation leads 

to right ventricular dilation through increased diastolic volume, and progressive right 

ventricular dilation/dysfunction and a lower cardiac output in these patients have been 

shown to be associated with mortality31. It has yet to be studied whether PAPi can help risk-

stratify patients with significant tricuspid regurgitation to identify those who may benefit 

from intervention.

To date, there has been no determination of a “normal” PAPi range. In prior studies, receiver 

operating characteristic curves have demonstrated an optimal PAPi cutoff of < 1.85–2 for 

right ventricular failure after left ventricular assist device implantation14, 15, < 1.9 for right 

ventricular dysfunction after cardiac surgery18, < 3.65 for mortality or hospitalization in the 

advanced heart failure population20, and < 1 for in-hospital mortality and/or requirement 

for percutaneous right ventricular support device after inferior myocardial infarction13. In 

pulmonary arterial hypertension and ambulatory heart failure patients, only the lowest PAPi 

quartile patients (PAPi less than 3.7 and 1.4, respectively) were found to have adverse 

outcomes16, 21. However, outside of the aforementioned specific populations, a setpoint 

of PAPi below which all-cause mortality is increased has not been evaluated in a diverse 

population. In our study, the lowest PAPi quartile, which had the highest adjusted risk 

for mortality, MACE, and HF hospitalization, had a median PAPi of 1.7, aligning with 

the majority of above studies. Importantly, we observed that intermediate PAPi quartiles 2 

and 3 (corresponding to a range of PAPi between 2.2 and 5.5) remained associated with 
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worse cardiovascular outcomes compared with the highest PAPi quartile, extending prior 

thresholds studied across a broader sample.

While our study expands PAPi as a predictor of mortality and adverse events across a 

more inclusive and heterogeneous population, it is possible that clinical PAPi thresholds 

differ amongst selective populations 32. As above, our findings demonstrate the association 

of a higher BMI with a lower PAPi, though there is a known entity referred to as the 

“obesity paradox” where obese patients with cardiovascular disease have a better prognosis 

compared to non-obese patients26, 33. Whether obesity modifies the increased hazard for 

mortality, MACE, and HF hospitalizations observed in the lowest PAPi quartile has yet to 

be determined. We also acknowledge that pre-capillary pulmonary arterial hypertension was 

infrequent in our sample, as noted by the normal values for pulmonary vascular resistance 

and transpulmonary gradient across PAPi quartiles. Therefore, we cannot comment on the 

potential divergent effects of PAPi in pulmonary arterial hypertension, where a high PAPi 

may reflect patients with the highest degree of adverse pulmonary vascular remodeling, 

and a lower PAPi could represent either lower pulmonary pressures or progressive right 

ventricular dysfunction with elevated RA pressures. Further research to elucidate accurate 

interpretation of PAPi and its prognostic role in these specific populations is merited.

Several limitations deserve mention in our study. As our study was an observational sample 

of patients undergoing clinically-indicated RHC, we could not control for referral bias 

and confounding by indication for RHC. In addition, there are likely unmeasured clinical 

confounders that modify the association between PAPi and adverse outcomes. Given the 

observational nature of the study design, causal inferences cannot be drawn. For example, 

the mechanisms underlying our observation of greater BMI with lower PAPi remain 

incompletely understood. Another limitation of our study was the reliance on code-based 

diagnoses of MACE and HF endpoints, as well as follow-up that was restricted to patients 

who had longitudinal care in our health-care system. Our adjudication methods may have 

underestimated the number of non-fatal events, although we suspect this underestimation 

would not result in differential bias by PAPi quartile. We also lacked the precise dates 

of death of 242 individuals within three years of abstraction date due to confidentiality 

protections and imputed the midpoint between last disclosed date and pull date of data 

to approximate dates of death. We believe this likely had minimal influence on results, 

representing only 8% of all total death events. In addition, the majority of echocardiographic 

data were not extracted on the day of RHC, so it is possible that interventions could 

have been performed between the time of echocardiography and RHC. Our study excluded 

patients with recent shock, mechanical circulatory support, or cardiac arrest, and thus our 

findings cannot be extrapolated to the acute setting of a critically ill patient. Last, though we 

demonstrate that PAPi is an important prognostic marker across a spectrum of cardiovascular 

disease, these data can only be applied to patients who undergo invasive hemodynamic 

assessment. Within the small subset of patients with available same-day quantitative right 

ventricular echocardiographic data, the data overall demonstrate poor correlation with PAPi. 

Future studies may further elucidate the comparison of invasive versus more advanced 

noninvasive diagnostic assessment of right ventricular function with relation to adverse 

outcomes.

Zern et al. Page 10

Circ Heart Fail. Author manuscript; available in PMC 2023 February 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In sum, we provide growing evidence of the prognostic capability of PAPi across diverse 

patient populations. Patients in the lowest PAPi quartile are at greatest hazard for all-cause 

mortality and adverse cardiovascular outcomes, though we extend findings of greater 

cardiovascular event risk into the intermediate PAPi range beyond previous studies. Our 

findings suggest that a low PAPi can be utilized to serve as a risk factor for adverse events 

across a spectrum of disease. Future studies are needed to determine whether change in PAPi 

modifies risk of mortality or cardiovascular hospitalizations in specific disease populations 

and if identification of this at-risk population may allow for targeted intervention to change 

disease trajectory.
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Non-standard Abbreviations and Acronyms

BMI body mass index

HF heart failure

MACE major adverse cardiovascular events

MI myocardial infarction

NT-proBNP N-terminal pro-B type natriuretic peptide

PAPi pulmonary artery pulsatility index

RA:PCWP ratio of right atrial to pulmonary capillary wedge pressure

RHC right heart catheterization

RV right ventricular

RVSWI right ventricular stroke work index
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Commentary:

• The pulmonary artery pulsatility index (PAPi), defined as the ratio of 

pulmonary artery pulse pressure to right atrial pressure (PASP − PADP
RAP ), is 

a hemodynamic parameter of right ventricular function.

• Building on prior studies of PAPi in selected samples, we demonstrate that 

a lower PAPi is associated with all-cause mortality, major adverse cardiac 

events, and heart failure hospitalizations across a large heterogeneous patient 

sample. Lower PAPi was associated with adverse outcomes even at much 

higher ranges than previously reported. For example, patients in the third 

quartile of PAPi (PAPi range 3.4 – 5.5) had a 15% higher risk of all-cause 

mortality and > 20% higher risk of MACE and HF hospitalizations compared 

to patients in the fourth quartile of PAPi (PAPi ≥ 5.6).

• A low PAPi, even at values higher than previously reported, may serve an 

important role in identifying high-risk individuals across a broad spectrum 

of cardiovascular disease. Future studies examining the utility of PAPi across 

higher ranges for identification of at-risk individuals and subsequent clinical 

implications are warranted.

Zern et al. Page 15

Circ Heart Fail. Author manuscript; available in PMC 2023 February 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: 
Distribution of echocardiographic and hemodynamic parameters across PAPi quartiles.

Abbreviations: PAPi, pulmonary artery pulsatility index; LVEF, left ventricular ejection 

fraction; LVEDD, left ventricular end-diastolic dimension; RVSWI, right ventricular stroke 

work index (calculated using thermodilution cardiac output); RA, right atrial; PCWP, 

pulmonary capillary wedge pressure.
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Figure 2: 
Clinical and echocardiographic correlates of log PAPi. A, Age- and sex-adjusted individual 

correlates with PAPi. B, Stepwise regression model identifying significant clinical and 

echocardiographic correlates with PAPi. Abbreviations: PAPi, pulmonary artery pulsatility 

index; LVEF, left ventricular ejection fraction; LVEDD, left ventricular end-diastolic 

dimension; MI, myocardial infarction; BMI, body mass index; RV, right ventricular.
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Figure 3: 
Event-free survival. Kaplan Meier curves displaying percent freedom of MACE (A) and 

HF hospitalization (B). Numbers of patients at risk per PAPi quartile are displayed below 

the figures. Abbreviations: PAPi, pulmonary artery pulsatility index; MACE, major adverse 

cardiovascular events; HF, heart failure.
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Figure 4: 
Association between PAPi quartiles and adverse outcomes. Model is adjusted for age, sex, 

BMI, previous MI, previous HF, hypertension, diabetes, and chronic kidney disease.
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Table 1:

Clinical and hemodynamic characteristics by PAPi quartile

PAPi Quartile 1
(n=2090)

PAPi Quartile 2
(n=2050)

PAPi Quartile 3
(n=2099)

PAPi Quartile 4
(n=2046) p-value

Clinical characteristics

Age, years 60.2 ± 13 63.2 ± 12.3 64.3 ± 12 64 ± 12.9 <0.001

Men, n (%) 1365 (65.3) 1268 (61.9) 1288 (61.4) 1101 (53.8) <0.001

Race/ethnicity, n (%) 0.91

 White 1774 (84.9) 1735 (84.6) 1796 (85.6) 1724 (84.3)

 Black 78 (3.7) 83 (4.1) 71 (3.4) 80 (3.9)

 Hispanic 58 (2.8) 66 (3.2) 71 (3.4) 68 (3.3)

 Asian 38 (1.8) 40 (2) 41 (2) 45 (2.2)

 Unknown 142 (6.8) 127 (6.2) 120 (5.7) 129 (6.3)

Current/recent smoker, n (%) 168 (11.8) 121 (9.9) 83 (7.6) 88 (9.2) 0.004

Hypertension, n (%) 1201 (57.4) 1256 (61.3) 1306 (62.2) 1110 (54.3) <0.001

Diabetes Mellitus, n (%) 508 (24.3) 563 (27.5) 468 (22.3) 384 (18.8) <0.001

Chronic lung disease, n (%) 304 (14.6) 318 (15.5) 350 (16.7) 377 (18.4) 0.006

Chronic kidney disease, n (%) 68 (3.3) 72 (3.5) 52 (2.5) 49 (2.4) 0.08

Previous MI, n (%) 354 (16.9) 409 (20) 450 (21.4) 338 (16.5) <0.001

Previous HF, n (%) 699 (33.4) 665 (32.4) 705 (33.6) 587 (28.7) 0.002

Obstructive sleep apnea, n (%) 425 (20.3) 341 (16.6) 236 (11.2) 152 (7.4) <0.001

BMI (kg/m2) 31.6 ± 7.4 30.5 ± 7 28.6 ± 6 26.5 ± 5.7 <0.001

NT-proBNP (pg/ml)* 1682 [506–4693] 1621 [562–4219] 1979 [617–5011] 1666 [419–4175] 0.03

Hemoglobin (g/dl) 13 ± 2.4 13.1 ± 2.3 12.9 ± 2 13.1 ± 1.9 0.61

Hemodynamic parameter

PAPi*† 1.7 [1.3–2] 2.8 [2.5–3] 4.2 [3.8–4.8] 8.7 [6.8–14] <0.001

PA systolic pressure, mmHg* 37 [30–48] 37 [29–50] 38 [29–50] 33 [26–46] <0.001

PA diastolic pressure, mmHg* 19 [14–25] 15 [11–21] 13 [9–19] 10 [6–15] <0.001

Mean RA pressure, mmHg* 11 [9–15] 8 [6–11] 6 [4–8] 3 [1–4] <0.001

PCWP, mmHg* 18 [13–24] 15 [11–21] 13 [9–20] 9 [6–14] <0.001

PVR, Wood units* 1.6 [1.1–2.4] 1.7 [1.1–2.6] 1.8 [1.2–2.8] 1.9 [1.3–3.1] <0.001

TPG, mmHg* 8 [5–11] 9 [6–12] 9 [6–13] 9 [7–14] <0.001

RVSWI, g/m/beat/m2*‡ 6.6 [4.7–8.8] 8 [6.1–10.8] 8.9 [6.6–12.3] 9 [6.6–12.6] <0.001

RA to PCWP ratio* 0.4 [0.4–0.5] 0.3 [0.3–0.4] 0.3 [0.2–0.3] 0.1 [0.1–0.2] <0.001

Td cardiac output, L/min*‡ 5.1 [4–6.2] 5.0 [4.2–6.2] 5.0 [4.2–6] 5.0 [4.2–6] 0.79

Td cardiac index, L/min/m2*‡ 2.4 [2–2.9] 2.5 [2.1–3] 2.6 [2.2–3] 2.7 [2.3–3.2] <0.001

Heart rate, bpm 74.9 ± 17 71.3 ± 15.3 71.2 ± 14.3 72.9 ± 14.6 <0.001

Systolic blood pressure, mmHg 121.9 ± 23.8 127.3 ± 23.2 127.7 ± 24.8 128.9 ± 25.5 <0.001

Mean arterial pressure, mmHg 86.3 ± 14.1 86.1 ± 13.5 85 ± 14 84 ± 14 <0.001

Circ Heart Fail. Author manuscript; available in PMC 2023 February 09.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zern et al. Page 21

Table displays mean ± standard deviation.

*
denotes variables displayed as median [interquartile range].

†
Absolute range for PAPi quartiles: Quartile 1 0.3–2.2, Quartile 2 2.21–3.3, Quartile 3 3.4–5.5, Quartile 4 5.6–30.0.

‡
854 subjects have missing cardiac output calculations and are not included in denoted variables.

Abbreviations: PAPi, pulmonary artery pulsatility index; MI, myocardial infarction; HF, heart failure; BMI, body mass index; NT-proBNP, 
N-terminal pro-B type natriuretic peptide; PA, pulmonary artery; PVR, pulmonary vascular resistance; TPG, transpulmonary gradient; RVSWI, 
right ventricular stroke work index (calculated using thermodilution cardiac output), Td, thermodilution method. PVR and RVSWI are calculated 
by thermodilution cardiac output measurement.
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