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Abstract

Background: Pulmonary arterial capacitance (PAC) is one of the strongest predictors of 

clinical outcomes in patients with pulmonary hypertension (PH). We examined the value of an 

echocardiographic surrogate for PAC (ePAC) as a predictor of mortality in patients with PH.

Methods: We performed a retrospective study of 302 patients with PH managed at a PH 

comprehensive care center over a cumulative follow-up time of 858 patient-years. Charts from 

2004 to 2018 were reviewed to identify patients in whom a right heart catheterization (RHC) was 

performed within two months of an echocardiogram. Standard invasive, non-invasive, functional, 

and biochemical prognostic markers were extracted from the time of RHC. The primary outcome 

was all-cause mortality. Cox proportional hazards models were used to model the time from RHC 

to the primary outcome or last medical contact.

Results: Variables associated with all-cause mortality included ePAC [standardized hazard ratio 

(HR) 0.68, 95% CI 0.48-0.98, p=0.036], RHC-PAC (HR 0.68, 95% CI 0.48-0.96, p=0.027), 

echocardiographic pulmonary vascular resistance (HR 1.29, 95% CI 1.05-1.60, p=0.017), six­

minute walk distance (HR 0.43, 95% CI 0.23-0.82, p=0.01), and B-type natriuretic peptide 

(HR 1.29, 95% CI 1.03-1.62, p=0.027). In multivariable-adjusted Cox analysis, ePAC predicted 

all-cause mortality independently of age, gender, and multiple comorbidities. There was a graded 
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and stepwise association between low (<0.15 cm/mmHg), medium (0.15-0.25 cm/mmHg), and 

high (>0.25 cm/mmHg) tertiles of ePAC and all-cause mortality.

Conclusions: We have demonstrated that ePAC is a readily available echocardiographic marker 

that independently predicts mortality in PH, and have provided clinically relevant ranges by which 

to risk-stratify patients and predict mortality.

Keywords

Pulmonary hypertension; Pulmonary arterial capacitance; Right ventricular-pulmonary arterial 
coupling; Echocardiography; Survival

Introduction

Pulmonary hypertension (PH) affects 1% of the global population, an estimated 50-70 

million people, and is associated with increased mortality, reduced quality of life, and 

significant healthcare costs [(1, 2)]. PH is an umbrella term that encompasses a complex 

spectrum of diseases, each of which places strain on the right ventricle, and can ultimately 

lead to right ventricular dysfunction and failure. The right ventricle is a thin-walled chamber 

which functions to pump blood through a low pressure, high capacitance vascular bed. 

While its structure allows it to tolerate large shifts in volume, the right ventricle is ill­

equipped to overcome significant increases in afterload [(3–6)]. The pulmonary arteries 

and arterioles are considerably elastic, which is a mechanically favorable adaptation that 

mitigates afterload elevation during systole and dampens pulse-wave reflection to minimize 

right ventricular work [(7)]. Pulmonary arterial capacitance (PAC) is a quantitative measure 

of pulmonary arterial elasticity that is easily calculated from right heart catheterization 

(RHC) and is defined as the right ventricular stroke volume divided by the pulmonary 

arterial pulse pressure. Several studies have shown that PAC is a superior predictor of 

mortality in patients with PH when compared to conventional invasive metrics, including 

pulmonary vascular resistance (PVR), cardiac index, and mean pulmonary arterial pressure 

[(8–13)].

While hemodynamic measurements obtained by RHC are important for defining both PH 

etiology and severity, RHC is an invasive procedure that is associated with tangible risks 

to the patient while also being time and resource intensive. Due to these limitations, 

echocardiography is commonly used for routine, long-term PH monitoring. Our group has 

previously demonstrated that a ratio of the right ventricular outflow tract velocity time 

integral (RVOTVTI) to the peak arterial systolic pressure (ePASP) obtained by transthoracic 

echocardiography can be used as a non-invasive surrogate for PAC, which we refer to as 

ePAC [(14)]. The aim of this study was to determine the prognostic value of the ePAC 

compared to standard invasive, non-invasive, functional, and biochemical markers in patients 

with PH.
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Methods

Study design and patients.

We conducted a retrospective study of adult patients with PH diagnosed and managed 

at a PH comprehensive care center from a tertiary care hospital. Manual chart review of 

consecutive electronic medical records was performed on patients with at least one clinic 

encounter from 2004 to 2018. Patients were eligible for inclusion if they had undergone 

RHC within two months of a transthoracic echocardiogram that reported ePASP and 

RVOTVTI measurements for the calculation of ePAC. Out of a total of 696 patients screened, 

368 were identified to have undergone both RHC and transthoracic echocardiogram, and 

of these, 302 had both the RVOTVTI and ePASP reported (Fig. 1). Baseline information of 

the 302 patients was collected from the time of RHC, including age, gender, race, ethnicity, 

cardiovascular comorbidities, World Health Organization (WHO) PH group and functional 

class, pulmonary vasodilator use, six-minute walk distance, smoking history, and B-type 

natriuretic peptide.

The primary outcome was defined as all-cause mortality, which was adjudicated through 

manual review of the electronic medical record. Time at risk was calculated from the time of 

the RHC used to establish study inclusion to the first occurrence of either clinical outcome 

or last medical contact. The University of California San Francisco (UCSF) Institutional 

Review Board approved this study (IRB number 13-11983) and approved a waiver of 

informed consent.

Right heart catheterization.

Cardiac catheterizations were performed as part of routine clinical care and standard 

catheterization laboratory protocol was used for RHC. PVR, indirect Fick cardiac 

output/index, right atrial pressure, pulmonary arterial systolic/diastolic/mean pressure, and 

pulmonary capillary wedge pressure were extracted from procedure reports. Stroke volume 

was calculated by dividing the indirect Fick cardiac output by the heart rate. PAC was 

determined by dividing stroke volume by the pulmonary arterial pulse pressure. Pulmonary 

arterial pulsatility index was defined as the pulmonary arterial pulse pressure divided by the 

right atrial pressure. We performed a sensitivity analysis in those who had available cardiac 

output measurements estimated by thermodilution and did not find materially different 

results. Therefore, since indirect Fick cardiac output data were available for 298 patients and 

thermodilution was available for only 241 patients, we chose to report results using only the 

indirect Fick equation for cardiac output.

Echocardiography.

Transthoracic echocardiography was performed and interpreted by the UCSF 

echocardiography laboratory (UCSF, San Francisco, CA, USA), and data were extracted 

from generated reports. Left ventricular ejection fraction was determined by Simpson’s 

biplane method of disks. The RVOTVTI was measured using the subpulmonic valve pulse 

wave Doppler signal obtained from the parasternal short-axis view. The tricuspid annular 

plane systolic excursion (TAPSE) was measured using M-mode to determine the maximal 

systolic excursion of the lateral tricuspid annulus obtained in the apical four-chamber view. 
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The ePASP was calculated using the modified Bernoull equation: four times the peak 

tricuspid regurgitation jet velocity squared, plus the right atrial pressure determined by size 

and collapsibility of the inferior vena cava [(15)]. ePAC was defined as the RVOTVTI divided 

by the ePASP. Echocardiographic estimation of the PVR (ePVR) was determined via the 

modified Abbas formula: tricuspid regurgitation velocity squared divided by the RVOTVTI 

multiplied by five [(16)]. Right ventricular size was reported as normal, mild, moderate, or 

severe enlargement.

Statistical Analysis

Continuous variables are presented as means ± standard deviations (SD). Correlations 

between continuous variables are described using Pearson’s correlation coefficients. Cox 

proportional hazards models were used to model the time from RHC to the primary outcome 

or last medical contact. Univariate Cox models were fitted to each predictor and the 

primary outcome. Multivariable-adjusted Cox models were fitted to ePAC to examine the 

independence of the association with all-cause mortality. Tertiles of ePAC were calculated 

based on our cohort distribution, and 10-year survival was explored. ePAC tertiles were 

then recalculated to correspond to prespecified cut-points (low <0.15, medium 0.15-0.25, 

and high >0.25) which approximated our population tertiles and are more easily clinically 

applied. Survivor functions are plotted to display 10-year survival, and we report 1-, 5-, and, 

10-year survival in our cohort. Statistical analyses were performed using STATA 13 (College 

Station, TX, USA).

Results

Patients

Out of a total of 302 patients (Fig. 1), 68% were female and the mean age was 55 years 

(SD 14.5) (Table 1). The majority of patients had WHO group-1 PH (65%), followed 

by group-2 (15%), group-3 (9%), group-4 (6%), and group-5 (2%). The median WHO 

functional class was three. At enrollment 45% of patients were on a phosphodiesterase-5 

inhibitor, 23% were on an endothelin receptor antagonist, and 15% were on a prostacyclin 

analog. Mean invasively measured PVR was 7.9 Wood units (SD 5.3), mean pulmonary 

arterial pressure was 42.9 mmHg (SD 13.6), and mean PAC was 1.9 mL/mmHg (SD 1.4). 

Mean non-invasively measured ePVR was 6.3 Wood units (SD 4.2), mean ePASP was 68.7 

mmHg (SD 23.6), and mean ePAC was 0.3 cm/mmHg (SD 0.2).

Predictive value of ePAC

Over a cumulative follow-up of 846 patient-years and a median follow-up time of 8.6 years, 

there were a total of 63 deaths. Predictors associated with all-cause mortality included ePAC 

(standardized hazard ratio 0.68, 95% CI 0.48-0.98, p=0.036), PAC (standardized hazard 

ratio 0.68, 95% CI 0.48-0.96, p=0.027), ePVR (standardized hazard ratio 1.29, 95% CI 

1.05-1.60, p=0.017), six-minute walk distance (standardized hazard ratio 0.43, 95% CI 

0.23-0.82, p=0.01), and B-type natriuretic peptide (standardized hazard ratio 1.29, 95% 

CI 1.03-1.62, p=0.027) (Fig. 2). PVR, cardiac index, mean pulmonary arterial pressure, 

pulmonary arterial pulsatility index, TAPSE, ePASP, and right ventricular size were not 

associated with all-cause mortality.
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We fit a multivariable-adjusted Cox model to examine whether ePAC was an independent 

predictor of all-cause mortality. ePAC remained an independent predictor of all-cause 

mortality (standardized hazard ratio 0.65, 95% CI 0.45-0.95, p=0.027) after adjustment for 

age, gender, and comorbidities including coronary artery disease, hypertension, diabetes, 

obesity, smoking history, and chronic obstructive pulmonary disease (Table 2).

When ePAC was divided into tertiles, there was a graded and stepwise association between 

ePAC tertile and all-cause mortality (Fig. 3). The cut-points for tertiles of ePAC were low 

<0.15 cm/mmHg (range 0.041-0.149), medium 0.15-0.25 cm/mmHg (range 0.151-0.247), 

and high >0.25 cm/mmHg (range 0.261-1.333). There was a significant survival difference 

by ePAC tertile (log-rank test for equality chi-Squared=12.9, p-value=0.002). The overall 1-, 

5-, and 10-year survival rates according to ePAC tertiles in our cohort were low ePAC 88%, 

61%, and 27%; medium ePAC 91%, 72%, and 41%; and high ePAC 96%, 86%, and 67%, 

respectively.

When we limited analysis to individuals with WHO group-1 PH (n=196), ePAC remained 

a significant predictor of all-cause mortality (standardized hazard ratio 0.47, 95% CI 

0.27-0.83, p=0.009). Tertiles of ePAC continued to show a graded stepwise association with 

all-cause mortality (Fig. 4), and there remained a significant survival difference between 

ePAC tertiles (log-rank test for equality chi-Squared=11.28, p-value=0.004). In multivariable 

Cox analysis, ePAC remained predictive of all-cause mortality (standardized hazard ratio 

0.41, 95% CI 0.22-0.77, p=0.005) after adjustment for age, gender, and comorbidities 

including coronary artery disease, hypertension, diabetes, obesity, smoking history, and 

chronic obstructive pulmonary disease. ePAC became borderline significantly associated 

with all-cause mortality, though with a strongly-consistent direction of association, after 

additionally adjusting for 6-minute walk distance (standardized hazard ratio 0.34, 95% CI 

0.11-1.02, p=0.056).

Discussion

Pulmonary arterial capacitance has been identified as the strongest hemodynamic predictor 

of mortality in both PH and heart failure, leading to growing advocacy for its adoption 

into clinical practice [(6, 9, 17–19)]. In prior work, we demonstrated that ePAC is an 

echocardiographic surrogate for PAC across a spectrum of patients and hemodynamic 

profiles [(14)]. Here we further demonstrate its value as a marker of mortality in a real-world 

population of patients with WHO Group 1-5 PH. The performance of ePAC to predict 

mortality in our cohort was similar to that for invasive PAC, and remained significant after 

multivariable adjustment for age, gender, and comorbidities. ePAC also strongly predicted 

all-cause mortality amongst those with Group 1 PH. Importantly, we present clinically 

applicable ranges of ePAC that can be used for risk stratification and mortality prediction.

Conventional echocardiographic methods of describing right ventricular function including 

the ePASP, TAPSE, right ventricular fractional area of change, and right ventricular Doppler 

tissue imaging can be misleading in the setting of PH. While each of these metrics provides 

a quantitative measure of the right ventricle’s systolic function, none adequately accounts 

for the dynamic mechano-energetic relationship it shares with the vascular conduit to 
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which it is coupled. This limitation is exemplified by two common clinical dilemmas 

posed when interpreting the echocardiogram of a patient with PH. The first is how to 

appropriately describe the function of a right ventricle that quantitatively and qualitatively 

appears impaired, but nonetheless is producing near-systemic or supra-systemic pressures. 

This illustrates that ventricular function must be described within the context of its loading 

conditions. The second dilemma arises when there has been a reduction in the ePASP 

compared to a prior study. Assuming there has been no significant change in cardiac output, 

the reader is left to infer that there has been either a decrease in afterload or a decline in right 

ventricular systolic function. Therefore, the interpretation of decreased ePASP could suggest 

either treatment success or treatment failure and worsening PH. These scenarios highlight 

the need for echocardiographic metrics capable of evaluating the relationship between right 

ventricular function and the pulmonary circulation. ePAC is a numerically simple metric that 

describes the relationship between right ventricular stroke volume (RVOTVTI) and the peak 

pulmonary pressure generated (ePASP), which is a function of the pulmonary vasculature’s 

impedance to accommodate the ejected blood volume. By using this ratio of stroke volume 

to the associated pressure generated, the ePAC measurement controls for changes in both 

cardiac output and vascular impedance, thus preserving its validity under various loading 

conditions.

In this study, we take the additional step to demonstrate that tertiles of ePAC predict 

incident clinical outcomes in a graded stepwise fashion, allowing for stratification into 

low-, medium-, and high-risk groups. In the absence of PH, the RVOTVTI should be 

more than half the ePASP, and thus the ePAC should be >0.5 cm/mmHg, signifying 

maintenance of right ventricular-pulmonary arterial coupling. In PH, however, reduction 

of ePAC quantitatively describes the degree to which increased afterload is causing 

right ventricular dysfunction and uncoupling between the right ventricle and pulmonary 

circulation. Therefore, a low ePAC identifies patients at increased risk of right ventricular 

failure. Based on data from our cohort, an ePAC greater than 0.25 cm/mmHg in a PH patient 

is associated with a projected 5-year mortality of 14% (low-risk), which increases to 28% 

when the ePAC is 0.15-0.25 cm/mmHg (medium-risk), and further to 39% when the ePAC 

falls below 0.15 cm/mmHg (high-risk).

Invasively, the PAC can be calculated from a standard RHC by dividing the cardiac 

stroke volume by the pulmonary arterial pulse pressure (systolic – diastolic pressure). An 

analogous echocardiographic method for calculating PAC was described by Mahapatra et 

al. in 2006 [(20)]. This method utilized the RVOTVTI as a surrogate for stroke volume, the 

peak tricuspid regurgitant gradient plus the estimated right atrial pressure for pulmonary 

systolic pressure, and the end-diastolic pulmonic regurgitation jet velocity plus the estimated 

right atrial pressure for the pulmonary arterial diastolic pressure [RVOTVTI (ePASP – 

pulmonary arterial diastolic pressure)]. In a sample of 54 patients with pulmonary arterial 

hypertension the authors reported that their method for calculating ePAC was the only 

non-invasive predictor of mortality. While this method may more accurately reflect the 

definition of PAC, the authors found that only 52% of the patients screened for enrollment 

had a sufficient pulmonary regurgitation signal required to determine pulmonary arterial 

diastolic pressure. By removing the pulmonary arterial diastolic term from the equation as 

we have done in the current study, we have increased the ability to calculate ePAC to 82% 
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of echocardiograms since ePASP is more widely available. Furthermore, since our data were 

obtained retrospectively from studies that were not intended for the calculation of ePAC, we 

suspect that an even higher yield is possible if echocardiograms are attempted prospectively 

for this metric.

Calculation of ePAC is similar to the widely accepted modified Abbas formula for 

calculating ePVR in patients with PH [(16)]. This likeness is a reflection of the inverse 

hyperbolic relationship that exists between PVR and PAC [(21)]. This relationship predicts 

that PAC is a more sensitive marker of early pulmonary vascular disease than is PVR, which 

may explain its superior prognostic ability [(22)]. The formulaic similarity between ePAC 

and ePVR explains their similar (inverse) performance in predicting all-cause mortality. The 

primary distinction between the two formulae is that ePAC utilizes the modified Bernoulli 

equation and accounts for right atrial pressure to derive an estimated pressure (ePASP) rather 

than relying on the tricuspid regurgitation velocity alone.

In addition to ePAC, we found that PAC, ePVR, six-minute walk distance, and B-type 

natriuretic peptide were also associated with mortality, which is consistent with prior 

studies [(11, 13, 23–25)]. We suspect that our failure to validate other previously described 

predictors of mortality including cardiac index, PVR, PASP, TAPSE, and right ventricular 

size is a reflection of the strength of association of each variable and the modest sample size 

of our population [(11, 13, 25)].

Limitations

This study has several limitations, most notably its retrospective single-center study design. 

Additionally, the sample was restricted to patients in whom RHC and transthoracic 

echocardiogram were temporally related within a 2-month period. A smaller temporal 

window would have allowed for more biologically accurate comparisons between invasive 

and non-invasive parameters at the cost of sample size. In terms of the quantitative non­

invasive metrics of right ventricular function assessed in this study, we were limited to those 

reported per the conventions of our institution.

Conclusion

We have demonstrated that ePAC is a readily available echocardiographic marker that 

independently predicts mortality in PH, and have provided clinically relevant ranges by 

which to risk-stratify patients and predict mortality.
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Highlights

• Echocardiographic pulmonary arterial compliance predicts outcomes in 

pulmonary hypertension.

• It outperforms other standard invasive, echocardiographic, and functional 

markers.

• It was obtainable by echocardiography in >80% of patients in our cohort.
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Figure 1. Consort diagram of study participants.
Out of the 696 pulmonary hypertension clinic patients screened, 368 had a right heart 

catheterization (RHC) performed within 2 months of a transthoracic echocardiography 

(TTE). The right ventricular outflow tract velocity time integral (RVOTVTI) and the 

pulmonary arterial systolic pressure (ePASP) were both available in 302 of these patients, 

who were included in the present study.
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Figure 2. Hazard ratios for predictors of all-cause mortality in pulmonary hypertension.
ePAC, right ventricular outflow tract velocity time integral to pulmonary arterial systolic 

pressure ratio; ePASP, pulmonary arterial systolic pressure; ePVR, echocardiographic 

pulmonary vascular resistance; TAPSE, tricuspid annular planar systolic excursion; RV 

size, right ventricular size; PAC, pulmonary arterial capacitance. PVR, pulmonary vascular 

resistance; PAM, mean pulmonary artery pressure; PAPI, pulmonary arterial pulsatility 

index; 6MWT, six-minute walk distance (meters); BNP, B-type natriuretic peptide.
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Figure 3. All-cause mortality by tertiles of echocardiographic pulmonary arterial capacitance.
ePAC tertiles defined as low <0.15 (n=87), medium 0.15-0.25 (n=91), and high >0.25 

(n=115). ePAC, right ventricular outflow tract velocity time integral to pulmonary arterial 

systolic pressure ratio.
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Figure 4. All-cause mortality by tertiles of echocardiographic pulmonary arterial capacitance in 
those with WHO Group 1 pulmonary hypertension.
ePAC tertiles defined as low <0.15 (n=66), medium 0.15-0.25 (n=59), and high >0.25 

(n=63). ePAC, right ventricular outflow tract velocity time integral to pulmonary arterial 

systolic pressure ratio.

Papolos et al. Page 14

J Cardiol. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Papolos et al. Page 15

Table 1

Cohort Description.

N / %

Age, years (SD) 55 +/− 14.5

Female 204 (68%)

HFpEF 59 (20%)

HFrEF 31 (10%)

Ischemic 55 (18%)

WHO functional class

  1 15 (6%)

  2 63 (25%)

  3 134 (52%)

  4 45 (17%)

WHO group

  1 196 (65%)

  2 44 (15%)

  3 28 (9%)

  4 17 (6%)

  5 6 (2%)

PDE-5I 137 (45%)

ERA 68 (23%)

Prostacyclin 44 (15%)

HTN 144 (48%)

HLD 82 (27%)

CKD 68 (23%)

DM 58 (19%)

AF/AFL 56 (19%)

Obesity 64 (21%)

Smoking history 127 (42%)
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N / %

COPD 42 (14%)

OSA 81 (27%)

Systolic blood pressure (mmHg) (SD) 123 +/− 23

Diastolic blood pressure (mmHg) (SD) 68 +/− 12.7

Heart Rate (BPM) (SD) 77 +/− 15.7

BNP (pg/ml) (range) 402 +/− 557

Echocardiographic Variables

   LVEF (%) (SD) 64% +/− 10%

   RVOTVTI (cm) (SD) 18.9 +/− 1.4

   ePASP (mmHg) (SD) 68.7 +/− 23.6

   TAPSE (cm) (SD) 1.9 +/− 0.6

   ePAC (cm/mmHg) (SD) 0.3 +/− 0.2

   ePVR (Wood units) (SD) 6.3 +/− 4.2

Right Heart Catheterization Hemodynamics

   RAP (mmHg) (SD) 8.6 +/− 5.6

   PAM (mmHg) (SD) 42.9 +/− 13.6

   PCWP (mmHg) (SD) 11.4 +/− 5.9

   Fick cardiac index (L/min/m2) (SD) 2.8 +/− 2.3

   Fick PVR (Wood units) (SD) 7.9 +/−5.3

   Pulmonary arterial capacitance (mL/mmHg) (SD) 1.9 +/− 1.4

   Pulmonary arterial pulsatility index (SD) 7.4 +/−7.2

SD, standard deviation; HFpEF, heart failure preserved ejection function; HFrEF, heart failure reduced ejection function; WHO, World Health 
Organization; PDE-5I, phosphodiesterase-5 inhibitor; ERA, endothelin receptor antagonist; CAD, coronary artery disease; HLD, hyperlipidemia; 
CKD, chronic kidney disease; DM, diabetes mellitus; AF/AFL, atrial fibrillation/atrial flutter; COPD, chronic obstructive pulmonary disease; OSA, 
obstructive sleep apnea; BNP, B-type natriuretic peptide; LVEF, left ventricular ejection fraction; RVOTVTI, right ventricular outflow tract velocity 

time integral; ePASP, pulmonary arterial systolic pressure; TAPSE, tricuspid annular planar systolic excursion; ePAC, right ventricular outflow 
tract velocity time integral to pulmonary arterial systolic pressure ratio; ePVR, echocardiographic pulmonary vascular resistance; RAP, right atrial 
pressure; PAM, mean pulmonary artery pressure; PCWP, pulmonary capillary wedge pressure; PVR, pulmonary vascular resistance.
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Table 2

Multivariable-adjusted Hazard Ratios for All-cause Mortality.

Predictor Hazard Ratio (95% Confidence Interval) p-value

ePAC (standardized) 0.65 (0.45-0.95) 0.027

Age 1.01 (0.99-1.03) 0.391

Gender (Female) 1.52 (0.84-2.73) 0.164

Coronary Artery Disease 1.03 (0.52-2.06) 0.922

Hypertension 0.98 (0.56-1.72) 0.949

Diabetes 0.94 (0.52-1.85) 0.940

Obesity 1.36 (0.75-2.47) 0.311

Smoking history 1.65 (0.92-2.97) 0.094

Chronic Obstructive Pulmonary Disease 1.14 (0.51-2.53) 0.757

ePAC, right ventricular outflow tract velocity time integral to pulmonary arterial systolic pressure ratio.

p-values bold for <0.05.
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