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Abstract

Background: A growing body of evidence has demonstrated that pulmonary arterial capacitance 

(PAC) is the strongest hemodynamic predictor of clinical outcomes across a wide spectrum of 

cardiovascular disease, including pulmonary hypertension and heart failure. We hypothesized that 

a ratio of right ventricular stroke volume (RVOT VTI) to the associated peak arterial systolic 

pressure (PASP) could function as a reliable non-invasive surrogate for PAC.

Methods.—We performed a prospective study of patients undergoing simultaneous transthoracic 

echocardiography and right heart catheterization (RHC) for various clinical indications. 

Measurements of the RVOT VTI/PASP ratio from echocardiographic measurements were 

compared against PAC calculated from RHC measurements. Correlation coefficients and Bland-

Altman analysis compared the RVOT VTI/PASP ratio with PAC.

Results.—Forty-five subjects were enrolled, 38% were female and mean age was 54 years (SD 

13 years). The reason for referral to RHC was most commonly post-heart transplant surveillance 

(40%), followed by heart failure (22%), and pulmonary hypertension (18%). Pre-capillary 

pulmonary hypertension was present in 18%, isolated post-capillary pulmonary hypertension was 

present in 13%, and combined pre-and post-capillary pulmonary hypertension was present in 29%. 

The RVOT VTI/PASP ratio was obtainable in the majority of patients (78%), and Pearson’s 

correlation demonstrated moderately-strong association between PAC and the RVOT VTI/PASP 

ratio, r = 0.75 (P <0.001). Bland Altman analysis demonstrated good agreement between 

measurements without suggestion of systematic bias and a mean difference in standardized units 

of −0.133.

Conclusions: In a diverse population of patients and hemodynamic profiles, we validated that 

the ratio of RVOT VTI/PASP to be a reliably-obtained non-invasive marker associated with PAC.

*Corresponding author Geoffrey H Tison, MD, MPH, 555 Mission Bay Blvd South, Box 0124, San Francisco, CA 94158, 
Geoffrey.Tison@ucsf.edu. 
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Introduction

Heart failure and pulmonary hypertension together affect more than 26 million people 

worldwide, each portending a poor prognosis, reduced quality of life, and significant 

economic burden1, 2. Both are associated with hemodynamic derangement and the 

development of pathologic pulmonary vascular remodeling resulting in increased arterial 

stiffness3. There is a growing body of evidence demonstrating that pulmonary arterial 

capacitance (PAC) is the strongest hemodynamic predictor of clinical outcomes, and that its 

predictive ability persists across a wide spectrum of cardiovascular diseases, including 

pulmonary arterial hypertension, heart failure with reduced ejection fraction (HFrEF), and 

heart failure with preserved ejection fraction (HFpEF)3–7.

The pulmonary arterial vasculature is intrinsically elastic in nature, which is a mechanically 

favorable adaptation that minimizes right ventricular work by reducing ventricular afterload 

and dampening pulse-wave reflection3. Pathologic pulmonary vascular remodeling common 

to many disease states uncouples the right ventricle from this mechano-energetically 

beneficial relationship with the pulmonary vasculature. PAC is an expression of this 

pulmonary vascular remodeling, and is easily calculated at right-heart catheterization (RHC) 

by dividing the right ventricular stroke volume by the pulmonary arterial pulse pressure 

(systolic – diastolic pressure)8. Though a non-invasive method for estimating PAC by 

echocardiography has previously been developed, its use is limited by its need for a 

sufficient pulmonary regurgitation signal, which is not obtainable in nearly half of patients5.

Given the importance of PAC to predict clinical outcomes, we aimed to identify a more 

reliably obtained, non-invasive method to estimate PAC obtainable by standard imaging 

techniques. In principle PAC describes the relationship between volume displacement into 

the pulmonary arterial system and the resulting pressure generated (capacitance = ΔVolume / 

ΔPressure). Conceptually, the right ventricular outflow track velocity time integral (RVOT 

VTI) and pulmonary arterial systolic pressure (PASP) are the most intuitive measures of 

right ventricular displacement and peak pressure obtained in standard practice. Therefore, 

we hypothesized that a ratio of the RVOT VTI to the associated PASP could function as a 

reliable non-invasive surrogate for PAC. We compared the ratio of RVOT VTI to PASP 

against the gold-standard of PAC measured by RHC. In a similar fashion, we evaluated other 

measures of right ventricular displacement with respect to PASP to examine correlation with 

invasive PAC (tricuspid annular plane systolic excursion (TAPSE), right ventricular 

fractional area of change (FAC), and right ventricular Doppler tissue velocity (RV S’)).
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Methods

Study subjects.

The University of California San Francisco (UCSF) Institutional Review Board approved 

this study. Eligible subjects included those over the age of 18 who were being referred for 

right heart catheterization by their respective cardiologists. Written, informed consent was 

obtained from all subjects who agreed to participate in this prospective, observational study. 

Baseline demographics were collected on enrollment including age, sex, New York Heart 

Association classification of heart failure, cardiovascular comorbidities, left ventricular 

ejection fraction, B-type natriuretic peptide, and primary condition prompting referral for 

right heart catheterization.

Right heart catheterization.

Standard cardiac catheterization laboratory protocol for performing a right heart 

catheterization via brachial or internal jugular vein was followed for all enrolled subjects. 

Pulmonary arterial pulse pressure was defined as the difference in systolic and diastolic 

pressure. Stroke volume was calculated by dividing the Fick cardiac output by the heart rate. 

PAC was determined by dividing stroke volume by the pulmonary arterial pulse pressure.

Patients were categorized into the following hemodynamic profiles based on RHC data: no 

pulmonary hypertension (mean pulmonary artery pressure (mPAP) <25 mmHg, pulmonary 

vascular resistance (PVR) <3 Wood units, pulmonary capillary wedge pressure (PCWP) <15 

mmHg); pre-capillary pulmonary hypertension (mPAP >25 mmHg, PVR >3 Wood units, 

PCWP <15 mmHg); post-capillary pulmonary hypertension (mPAP >25 mmHg, PVR <3 

Wood units, PCWP >15 mmHg); or combined pre and post-capillary pulmonary 

hypertension (mPAP >25 mmHg, PVR >3 Wood units, PCWP >15 mmHg).

Echocardiography.

Transthoracic echocardiography was performed using a commercially available ultrasound 

system within four hours of right heart catheterization (Philips Epiq, Phillips Medical 

Systems, Andover, MA, USA), and all measurements were performed by a single echo-

trained investigator for standardization. The RVOT VTI was measured using the pulse wave 

Doppler signal obtained from RVOT in the parasternal short axis view. TAPSE was 

measured using M-mode to determine the maximal systolic excursion of the lateral tricuspid 

annulus obtained in the apical four chamber view. RV FAC was defined as the percent area 

change between right ventricular end-diastole and end-systole obtained in the apical four 

chamber view. RV S’ was defined as peak systolic lateral tricuspid annular velocity obtained 

via Doppler tissue imaging from the apical four chamber view.

Pulmonary arterial systolic pressure was calculated using the modified Bernoulli 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 9. The tricuspid regurgitation 

jet velocity was measured by continuous-wave Doppler in all standard views, and the highest 

possible value with a well delineated Doppler envelope was used.
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The non-invasive surrogates for PAC were defined as the ratio of the RVOT VTI to PASP, 

TAPSE to PASP, FAC to PASP, and RV S’ to PASP.

Statistical Analysis.

Normally distributed continuous variables are presented as means ± standard deviations 

(SD). Correlations between continuous variables are described using Pearson’s correlation 

coefficients and are graphed with a fitted regression line. For Bland-Altman analysis, 

variables were standardized and paired differences are plotted against the pairwise means; 

plots are fitted with a regression line 10, 11. Statistical analyses were performed using STATA 

13 (College Station, TX).

Results

Forty-five subjects were enrolled, 38% were female and mean age was 54 years (SD 13 

years) (Table 1.). The reason for referral to right heart catheterization was most commonly 

post-heart transplant surveillance 40%, followed by heart failure 22%, and pulmonary 

hypertension 18%. Pre-capillary pulmonary hypertension was present in 18%, isolated post-

capillary pulmonary hypertension was present in 13%, and combined pre-and post-capillary 

pulmonary hypertension was present in 29%.

An adequate tricuspid regurgitation signal required for PASP estimation was obtained in 35 

of the 45 patients enrolled (78%). Echocardiographic measures of right ventricular function 

were technically obtainable in the vast majority of the sample: RVOT VTI 96% (n = 43/45), 

FAC 87% (n = 39/45), RV S’ 100% (n = 45/45), and TAPSE 100% (n = 45/45). All four of 

our hypothesized non-invasive surrogates for PAC correlated with invasively measured PAC 

(Table 2). The RVOT VTI/PASP ratio had the strongest correlation coefficient of r = 0.75 (P 

<0.001, n=33/45). Correlations for other metrics were FAC/PASP r = 0.68 (P <0.001, 

n=30/45), RV S’/PASP r = 0.65 (P <0.001, n=35/45), and TAPSE/PASP r = 0.62 (P <0.001, 

n=35/45) (Figure. 1).

A Bland Altman plot of RVOT VTI/PASP ratio and PAC found good agreement without 

suggestion of systematic bias and a mean difference in standardized units of −0.133 (Figure 

2).

Discussion

In this study we found that the ratio of RVOT VTI/PASP is a non-invasive hemodynamic 

surrogate for PAC in a diverse population of patients, including those with HFpEF, HFrEF, 

pulmonary hypertension, and post-heart transplantation. The literature has consistently 

called for the adoption of PAC in clinical practice, and there is increasing data that support 

its use over conventional metrics 3, 4, 7. Our validation of the RVOT VTI/PASP ratio as an 

echocardiographic index of PAC enables estimation of PAC from routinely reported 

echocardiographic measurements that are obtainable in most patients.

There is a growing body of evidence demonstrating that PAC is the strongest hemodynamic 

predictor of mortality in heart failure and pulmonary hypertension. In patients with HFrEF, 
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low PAC was found to be a better predictor of cardiac death, urgent cardiac transplantation, 

and ventricular fibrillation than conventional invasive parameters, including pulmonary 

capillary wedge pressure, mean pulmonary arterial pressure, pulmonary vascular resistance 

(PVR), and cardiac index 4. Notably, in this population, PAC retained its prognostic ability 

in subgroup analysis after dichotomizing patients by normal and elevated PVR, further 

supporting that it is a highly sensitive marker of disease. Similarly, invasive PAC in patients 

with pre-capillary pulmonary hypertension was shown to be a superior predictor of mortality 

than PVR, cardiac index, mean pulmonary arterial pressure, and right atrial pressure 12. Not 

only is PAC a powerful prognostic tool, but there is data to suggest that it is a better 

therapeutic target for the titration of WHO Group 1 pulmonary arterial hypertension 

medications than PVR, cardiac index, or right ventricular stroke work index 13.

In an eloquent series of studies, Guazzi et al. demonstrated that the TAPSE/PASP ratio 

correlates to PAC by right heart catheterization and serves as an index of right ventricular 

function and its coupling to the pulmonary circulation. They demonstrated that this 

measurement had the ability to stratify disease severity and predict clinical outcomes within 

a cohort of patients with HFpEF 6, 14. Assuming their findings were largely mediated by the 

relationship between the TAPSE/PASP ratio and PAC, the stronger correlation between the 

RVOT VTI/PASP ratio and PAC in our study may suggest that the RVOT VTI/PASP ratio 

could provide a better noninvasive index of right ventricular – pulmonary arterial coupling.

The ratio RVOT VTI/PASP is similar to the widely accepted Abbas formula for calculating 

echo-based PVR15. This likeness is a result of the inverse hyperbolic relationship between 

PVR and PAC8. The primary distinction between the two formulae is that the RVOT VTI/

PASP ratio utilizes the modified Bernoulli equation and accounts for right atrial pressure to 

derive an estimated pressure (PASP) rather than the tricuspid regurgitation velocity alone.

Similar to the invasive determination of PAC, we did not observe that the RVOT VTI/PASP 

ratio differentiated between the three pulmonary hypertension hemodynamic profile 

subgroups (pre-capillary, post-capillary, or combined). Interestingly however, all of the 

patients who did not have pulmonary hypertension had an RVOT VTI/PASP ratio below 

<0.3 cm/mmHg (n=9). This finding suggests that the RVOT VTI/PASP ratio may provide 

incremental value to echocardiographic screening of pulmonary hypertension beyond the 

current standard of using the PASP in isolation.

Our study has several limitations, including its modest sample size and lack of clinical 

outcome data. Additionally, we were unable to test the effects of significant tricuspid or 

pulmonic regurgitation on the accuracy of the RVOTI VTI/PASP ratio in estimating PAC. 

Though we have no reason to suspect that it would be invalidated in these cases, further 

investigation is needed. Future directions also include prospective examination of this 

noninvasive measurement in a diverse cohort of patients with associated clinical outcomes 

data.
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Conclusions

This study demonstrates that the ratio of RVOT VTI/PASP is a reliably obtained non-

invasive marker strongly associated with pulmonary arterial capacitance.
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Highlights:

• PAC may be the strongest invasive hemodynamic predictor of cardiovascular 

outcomes.

• The ratio of RVOT VTI/PASP is an echocardiographic surrogate for PAC.

• The ratio of RVOT VTI/PASP is reliably obtained by standard imaging 

techniques.
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Figure 1. 
Scatter Plot of Right Ventricular Displacement to PASP ratio versus Pulmonary Arterial 

Capacitance.

PAC: Pulmonary artery capacitance (ml/mmHg). PASP: Peak arterial systolic pressure 

(mmHg). RVOT VTI: Right ventricular outflow track velocity time integral (cm). TAPSE: 

Tricuspid annular plane systolic excursion (cm). RV FAC: Right ventricular fractional area 

of change (% change). RV S’: Right ventricular Doppler tissue velocity (cm/s). No PH: no 

pulmonary hypertension Pre-capillary pulmonary hypertension (mPAP <25 mmHg, PVR <3 

Wood units, PCWP <15 mmHg). Pre-capillary PH: Pre-capillary pulmonary hypertension 

(mPAP >25 mmHg, PVR >3 Wood units, PCWP <15 mmHg). Post capillary PH: Post-

capillary pulmonary hypertension (mPAP >25 mmHg, PVR <3 Wood units, PCWP >15 

mmHg). Combined PH: Combined pre and post-capillary pulmonary hypertension (mPAP 

>25 mmHg, PVR >3 Wood units, PCWP >15 mmHg).
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Figure 2. 
Bland and Altman plot of RVOT VTI/PASP and PAC.

PAC: Pulmonary artery capacitance (ml/mmHg). PASP: Peak arterial systolic pressure 

(mmHg). RVOT VTI: Right ventricular outflow track velocity time integral (cm).
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Table 1.

Cohort Description

N / %

Age, years (SD) 54 +/− 13

Female 17 (38%)

HFpEF 15 (33%)

HFrEF 10 (22%)

Ischemic 3 (7%)

Non-ischemic 20 (44%)

NYHA class

  1 5 (14%)

  2 12 (34%)

  3 17 (49%)

  4 1 (3%)

Cardiovascular Related Comorbidities

CAD 4 (9%)

HTN 34 (75%)

HLD 7 (16%)

CKD 21 (31%)

DM 13 (29%)

AF 7 (16%)

Obesity 14 (31%)

Smoker 20 (44%)

COPD 4 (9%)

OSA 5 (11%)

Physical exam

Systolic blood pressure (mmHg) (SD) 123 +/− 27

Diastolic blood pressure (mmHg) (SD) 72 +/− 13

Heart Rate (BPM) (SD) 80 +/− 14

LVEF 54%

BNP (pg/ml) (range) 809 (0–4090)

Echocardiographic Variables

RVOT VTI (cm) (SD) 13.1 +/− 3.9

PASP (mmHg) (SD) 46.6 +/− 20.6

TAPSE (cm) (SD) 1.6 +/− 0.5

FAC (%) (SD) 41 +/− 8

RV S’ (cm/s) (SD) 10.5 +/− 2.8

Reason for Right Heart Catheterization

  Heart failure 10 (22%)

  Valvular disease 6 (13%)

Int J Cardiovasc Imaging. Author manuscript; available in PMC 2020 September 01.
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N / %

  Pulmonary hypertension 8 (18%)

  Post-heart transplant 18 (40%)

  other 3 (7%)

Hemodynamics

  Right atrial pressure (mmHg) (SD) 8 +/− 5.4

  Pulmonary arterial systolic pressure (mmHg) (SD) 46 +/− 21

  Pulmonary arterial diastolic pressure (mmHg) (SD) 19 +/− 10.1

  Mean pulmonary artery pressure (mmHg) (SD) 30 +/− 13.6

  Pulmonary capillary wedge pressure (mmHg) (SD) 15 +/− 8.3

  Fick cardiac index (L/min/m2) (SD) 2.7 +/− 1.0

  Pulmonary vascular resistance (Wood units) (SD) 3.7 +/− 4.5

  Pulmonary arterial capacitance (mL/mmHg) (SD) 2.94 +/− 1.54

Pulmonary Hypertension

  No pulmonary hypertension (mPAP <25 mmHg,
   PVR <3 Wood units, PCWP <15 mmHg)

18 (40%)

  Pre-capillary pulmonary hypertension (mPAP >25
   mmHg, PVR >3 Wood units, PCWP <15 mmHg)

8 (18%)

  Post-capillary pulmonary hypertension (mPAP >25
   mmHg, PVR <3 Wood units, PCWP >15 mmHg)

6 (13%)

  Combined pre and post-capillary pulmonary
   hypertension (mPAP >25 mmHg, PVR >3 Wood
   units, PCWP >15 mmHg)

13 (29%)

SD = standard deviation

Legend: HFpEF: Heart failure preserved ejection function. HFrEF: Heart failure reduced ejection function. NYHA: New York Heart Association. 
CAD: Coronary artery disease. HLD: Hyperlipidemia. CKD: Chronic kidney disease. DM: Diabetes mellitus. AF: Atrial fibrillation. COPD: 
Chronic obstructive pulmonary disease. LVEF: Left ventricle ejection fraction. BNP: Brain natriuretic peptide. PVR: Pulmonary vascular 
resistance. mPAP: Mean pulmonary artery pressure. PCWP: Pulmonary capillary wedge pressure.
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Table 2.

Correlation Between Non-invasive and Invasive PAC Measurements

r p-value

RVOT VTI/PASP 0.75 <0.001

FAC/PASP 0.68 <0.001

RV S’/PASP 0.65 <0.001

TAPSE/PASP 0.62 <0.001

Legend: RVOT VTI: right ventricular outflow track velocity time integral; FAC: fractional area of change; PASP: pulmonary arterial systolic 
pressure; RV S’: fractional area of change; TAPSE: tricuspid annular plane systolic excursion.
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