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ABSTRACT 

Purpose: Pulmonary vascular resistance (PVR) is an important hemodynamic parameter in patients 

with heart failure, especially when the pulmonary arterial pressure is lower due to reduced stroke 

volume. Several echocardiographic methods to estimate PVR have been proposed, but their 

applications in patients with organic left-sided heart diseases have been limited. The aim of the 

present study was to examine the usefulness of our new method to estimate PVR (PVRPR) based on 

the continuous-wave Doppler velocity measurements of pulmonary regurgitation in these patients. 

Methods: In 43 patients who underwent right heart catheterization, PVRPR was calculated as the 

difference between the Doppler-derived early- and end-diastolic pulmonary artery (PA)-right 

ventricular (RV) pressure gradients divided by the cardiac output measured in the left ventricular 

outflow tract by echocardiography. 

Results: The PVRPR correlated well with invasive PVR (PVRCATH) (r=0.81, p<0.001) without any 

fixed bias in Bland-Altman analysis. The conventional echocardiographic PVRs showed inadequate 

correlations with PVRCATH, or a obvious overestimation of PVRCATH. In the receiver operating 

characteristic analyses to determine the patients with abnormal elevation of PVRCATH (>3 Wood units, 

WU), the area under the curve was the greatest for PVRPR (0.964) compared to the conventional PVRs 

(0.649-0.839). PVRPR had 83% sensitivity and 100% specificity at the optimal cut-off value of 

3.10 WU in identifying patients with PVRCATH >3 WU. 

Conclusion: Our simple and theoretical PVRPR is useful for the noninvasive estimation of PVR. 
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INTRODUCTION 

The evaluation of pulmonary artery (PA) pressure plays an important role in the diagnosis and 

follow-up of patients with various cardiopulmonary diseases [1]. However, PA pressure is blood 

flow-dependent, and decreases due to a reduction in cardiac output. In this setting, pulmonary 

vascular resistance (PVR) more accurately reflects the patient’s condition than PA pressure. PVR is 

measured by right heart catheterization as the difference between the mean PA pressure and the PA 

wedge pressure divided by the cardiac output. However, the invasive nature of catheterization makes 

it difficult or impossible to perform daily or repetitive measurements of PVR. Although several 

noninvasive methods to estimate PVR based on echocardiographic measurements have been proposed 

[2–7], these methods used various empirical constants and/or ignored the left ventricular filling 

pressure, and thus their accuracy may be limited. The guidelines of the American Society of 

Echocardiography recommended not to use noninvasive estimations of PVR as a substitute for the 

invasive evaluation of PVR [8]. It has been reported that the early-diastolic and end-diastolic pressure 

gradients between the PA and the right ventricle (RV) derived from pulmonary regurgitation (PR) 

velocities measured by using continuous-wave Doppler echocardiography can reflect the mean PA 

pressure and the PA wedge pressure, respectively [7-10]. We therefore postulated that, by using these 

parameters, we could establish a simpler and more accurate noninvasive method to estimate PVR. 

This method uses the formula which is almost the same as the original one and includes the parameter 

reflecting left atrial pressure, and does not use any empirical constant. The aim of the present study 

was to examine the usefulness of our new method to estimate PVR based on the measurements of the 
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early- and end-diastolic PA-RV pressure gradient by continuous-wave Doppler echocardiography in 

patients with left heart disease. 

 

METHODS 

1. Patients 

The study subjects were 43 patients who underwent right heart catheterization and echocardiography 

under stable clinical condition within one day (range 2-30 hours, mean and SD 21± 7 hours, median 

22 hours) between January 2013 and December 2014 in the Department of Cardiovascular Medicine, 

Hokkaido University. Patients with atrial fibrillation and those with inadequate right heart 

catheterization pressure tracing were excluded. Patients with severe tricuspid regurgitation were also 

excluded because of potential inaccuracy of cardiac output measured by the thermodilution method. 

The study subjects consisted of 29 males and 14 females, and their ages ranged from 20 to 88 years 

(59±17 years old). They had ischemic cardiac disease in 20, cardiomyopathy in 11, valvular heart 

disease in 7 (3 with aortic stenosis, 2 after aortic valve replacement, 1 with mitral regurgitation and 1 

after mitral valve repair), and other cardiovascular diseases in 5. Cardiac catheterization was performed 

for assessment of coronary artery stenosis in 23, hemodynamic assessment of heart failure in 14, 

diagnosis of structural heart disease in 5 and postoperative evaluation in 1. Among our 43 patients, 13 

had pulmonary hypertension (mean pulmonary artery pressure ≥ 25 mmHg) and were exclusively 

classified into the Group 2 (pulmonary hypertension due to left heart disease) according to the 

European Society of Cardiology and the European Respiratory Society (ESC/ERS) guidelines [1]. 
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This study was approved by the Research Ethics Committee of Hokkaido University Hospital as a 

retrospective observational study. 

 

2. Right heart catheterization 

Right heart catheterization was performed using a water-filled catheter for hemodynamic 

measurements. The PA systolic pressure, PA diastolic pressure, mean PA pressure and PA wedge 

pressure were measured. Cardiac output was determined by the thermodilution method, and the PVR 

(Wood units, WU) was calculated using the following equation: 

PVRCATH = (mean PA pressure – PA wedge pressure)/cardiac output 

The abnormal elevation of PVRCATH was defined as >3 WU according to the ESC/ERS guidelines [1]. 

 

3. Echocardiographic examination 

Echocardiography was performed using an Aplio XG/Artida equipped with a 2.5/3.0 MHz probe 

(Toshiba Medical Systems, Otawara, Japan), an E9 with an M5S probe (GE Healthcare, Little 

Chalfont, Buckinghamshire, UK), or an iE 33with an S5 probe (Phillips, Einthoven, Netherlands). 

Basic echocardiographic parameters were measured according to the guidelines of the American 

Society of Echocardiography (ASE) [11]. Regional wall motion was scored using a standard 

16-segment left ventricular model. Each segment was scored using a 4-point scale as follows: 1 = 

normal, 2 = hypokinesis, 3 = akinesis, and 4 = dyskinesis. Tricuspid annular plane systolic excursion 

was measured in the apical four-chamber view. The peak early-diastolic transmitral flow velocity (E) 
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and the early-diastolic mitral annular velocity at the interventricular septal side (septal e') were 

measured, and the ratio of E to e' (E/septal e') was calculated. 

The flow velocity in the RV outflow tract was recorded by placing the sample volume at the level 

of the pulmonary valve annulus in the parasternal short-axis view, and the time velocity integral 

(TVIRVOT), acceleration time and ejection time were measured. The peak tricuspid regurgitant velocity 

(TRV) was measured as the highest of the velocities obtained from the lower parasternal and apical 

multiple views. RV isovolumic contraction time was obtained as the interval between the onset of 

tricuspid regurgitation and that of RV ejection flow, and the total systolic time was obtained as the 

sum of the isovolumic contraction time and ejection time [2]. 

The PR flow velocity was recorded using continuous-wave Doppler echocardiography. In order 

to minimize the incident angle of the beam to a PR jet, the color flow signal of PR jet was visualized 

in two mutually orthogonal planes from several different left parasternal echo windows, and the PR 

flow velocity was recorded from the echo window providing the least incident angle. The peak 

early-diastolic and end-diastolic velocities of PR were measured to calculate the early- and 

end-diastolic PA-RV pressure gradients using the simplified Bernoulli equation (Figure 1). The 

cardiac output was calculated from the time velocity interval of the left ventricular ejection flow and 

the diameter of the left ventricular outflow tract.  

A contrast enhancement technique was not used in the continuous-wave Doppler recording. Every 

measurement was done in a cardiac cycle during a breath hold at shallow expiration or at the 

intermediate expiratory position under quiet respiration by a single observer (S.K.) blinded to the 
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cardiac catheterization data. 

We calculated the echocardiographic PVR (WU) reported by Scapellato et al. [2], that by Abbas 

et al. in 2003 [3], that by Dahiya et al. [4], that by Lindqvist et al. [5], that by Abbas et al. in 2013 [6], 

and that by our new method (PVRPR) using the following equations: 

PVR-Scapellato = −0.156 + 1.154 × [(RV isovolumic contraction time / acceleration time of 

RV ejection flow) / total RV systolic time] 

PVR-Abbas-2003 = 10 × TRV/ TVIRVOT  + 0.16 

PVR-Dahiya = (RV systolic pressure – E/ septal e') / TVIRVOT 

where RV systolic pressure = 4 × TRV2 + estimated right atrial pressure 

PVR-Lindqvist = 0.95 ×  [(mean PA pressure – 10) / echocardiographic cardiac output] – 0.29 

where mean PA pressure = (4 × TRV2 + 10) × 0.61 + 2 

PVR-Abbas-2013 = 5.19 × TRV² / TVIRVOT  + 0.4 

PVRPR = (early-diastolic PA-RV pressure gradient – end-diastolic PA-RV pressure gradient) / 

echocardiographic cardiac output 

 

4.  Statistical Analyses 

Statistical analyses were performed using standard statistical software (SPSS II for Windows, SPSS, 

Chicago, IL, USA). All numerical data were presented as a mean±SD. The relationship between 

variables was examined using a linear correlation and a regression analysis. A Bland-Altman analysis 

was done to assess a systematic error of echocardiography compared to right heart catheterization [12]. 
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Wilcoxon rank sum test was used to compare continuous variables. A receiver operating characteristic 

analysis was used to evaluate the accuracy of echocardiographic PVR values for the discrimination of 

patients with an abnormal elevation of PVRCATH. For all statistical tests, p-values <0.05 were 

considered significant. Intraobserver and interobserver variabilities were assessed in 20 randomly 

selected subjects by one observer (S. K.) twice and by a second observer (M. M.).  

 

RESULTS 

The clinical, hemodynamic and basic echocardiographic characteristics of the studied patients are 

presented in Table 1. Out of the 43 study patients, we could measure PVR-Scapellato in 40 patients 

(93%), PVR-Abbas-2003 in 36 patients (84%), PVR-Dahiya in 35 patients (81%), PVR-Lindqvist in 

36 patients (84%), PVR- Abbas-2013 in 36 patients (84%) and PVRPR in 38 patients (88%). TRV 

could be measured in 36 patients (84%), peak early-diastolic PR velocity in 38 (88%) and 

end-diastolic PR velocity in 39 (91%). 

Figure 2 shows the results of the correlation and regression analyses between the 

echocardiographic PVRs and PVRCATH, and Figure 3 provides the results of Bland-Altman analyses. 

The correlation coefficient was 0.49 (p=0.001) in PVR-Scapellato, 0.54 (p=0.001) in 

PVR-Abbas-2003, 0.54 (p=0.001) in PVR-Dahiya, 0.76 (p<0.001) in PVR-Lindqvist, 0.66 (p<0.001) 

in PVR-Abbas-2013 and 0.81 (p<0.001) in PVRPR. The correlation with PVRCATH was best for 

PVRPR, followed by PVR-Lindqvist. 

Although PVRPR was slightly greater than PVRCATH (2.23±1.33 vs. 1.97±1.15 WU, p=0.03), no 
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fixed bias was revealed by the Bland-Altman analysis (mean 0.25; 95% limits of mean agreement, 

−0.01 to 0.51). On the other hand, PVR-Lindqvist was significantly greater than PVRCATH (3.58±3.06 

vs. 1.98±1.17 WU, p<0.001) and had a direct fixed bias (mean 1.61; 95% limits of mean agreement, 

0.85–2.36) showing distinct overestimation of PVR by this method. 

In the receiver operating characteristic analyses to determine the patients with the abnormal 

elevation of PVRCATH (>3WU), the area under the curve was the greatest for PVRPR (0.964) compared 

to PVR-Scapellato (0.697), PVR-Abbas-2003 (0.789), PVR-Dahiya (0.648), PVR-Lindqvist (0.839) 

and PVR-Abbas-2013 (0.789). PVRPR had 83% sensitivity and 100% specificity at the optimal cut-off 

value of 3.10 WU in identifying patients with PVRCATH >3 WU (Figure 4). 

Intraobserver and interobserver measurements for PVRPR showed interclass correlation 

coefficients of 0.92 and 0.90, respectively, indicating satisfactory reproducibility of the measurement 

of PVRPR. 

 

DISCUSSION 

The results of the present study demonstrated that, in patients with the organic left-sided heart 

diseases, our new method using continuous-wave Doppler-derived PR velocities could more 

accurately estimate PVRCATH compared to the previous representative methods using 

echocardiography. Among the echocardiographic PVRs, PVRPR had the best correlation and 

agreement with PVRCATH. Moreover, PVRPR could identify patients with abnormally elevated 

PVRCATH with 83% sensitivity and 100% specificity at the optimal cut-off value 3.10 WU, which is 
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nearly equal to the catheter cut-off value of 3 WU defined in the ESC/ERS guidelines. Our method is 

simple; it requires measurements of only the PR velocities and cardiac output, and is consistent with 

the original formula being used for the invasive measurement without using any empirical constant. 

Moreover, by including the variable reflecting left atrial pressure, this method enabled the assessment 

of PVR in patients with post-capillary pulmonary hypertension associated with left-sided heart 

diseases, in whom the accurate assessment of PVR had been difficult by previous noninvasive 

methods. 

Several noninvasive methods to estimate PVR based on echocardiographic measurements have 

been proposed previously (Table 2). However, the guidelines of the ASE recommended not to use 

noninvasive estimations of PVR as a substitute for the invasive evaluation of PVR [8]. In the present 

study, PVR-Scapellato, PVR-Abbas-2003 and PVR-Abbas-2013 inadequately correlated with 

PVRCATH in our patients with post-capillary pulmonary hypertension, probably due to the lack of any 

parameter reflecting left atrial pressure in their equation. The correlation between PVR-Dahiya and 

PVRCATH was not satisfactory, probably because the ability of E/e' to estimate PA wedge pressure was 

not very high [13, 14]. PVR-Lindqvist showed a good correlation with PVRCATH (r=0.76), comparable 

to our method (r=0.81). However, their method distinctly overestimated PVRCATH, and this method 

may not be applicable to patients with post-capillary pulmonary hypertension. 

It has been reported that PR velocity could be recorded by continuous-wave Doppler in 

74%–86 % of patients in a clinical setting [15]. In our series, both the early-diastolic and end-diastolic 

PR velocities, and thus the PVRPR, could be obtained in 38 of 43 patients (88%). The measurable rate 
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of our method was not very high, but was similar to those of the other conventional methods except 

for the Scapellato method. It has been reported that the early-diastolic pressure gradient derived from 

the peak early-diastolic PR velocity is useful for estimating the mean PA pressure [7-10], whereas the 

end-diastolic pressure gradient calculated from the end-diastolic PR velocity reflects end-diastolic PA 

pressure [7,9]. It was also reported that the end-diastolic PA pressure measured by Doppler 

echocardiography correlated well with invasively measured PA wedge pressure and might be used as 

its surrogate [10]. Thus, in our new method, PVRPR can be calculated using a formula that is very 

similar to that used for the PVRCATH, without any empirical constant. Our method requires the 

measurements of only two velocities from a single PR velocity recording and the cardiac output in the 

left ventricular outflow tract, and it may be one of the simplest methods to measure PVR among the 

noninvasive methods reported previously. 

The systolic RV-right atrial pressure gradient can be noninvasively obtained using TRV [8], and it 

can be used to estimate the mean PA pressure as in the first and second Abbas [3, 6], Dahiya [4], and 

Lindqvist methods [5]. However, a wide regurgitant orifice may develop most frequently in the 

tricuspid valve among the four cardiac valves, probably because of the easy distensibility of right 

heart structures around the tricuspid annulus [16, 17]. A very wide regurgitant orifice leads to laminar 

regurgitant flow instead of turbulent flow [18, 19], and the peak systolic RV-right atrial pressure 

gradient can be greatly overestimated by the simplified Bernoulli equation due to the pressure 

recovery phenomenon. Such a severe functional tricuspid regurgitation may frequently develop in 

patients with long-standing pulmonary hypertension. Such a situation can cause a decrease in PA 
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pressure despite the deteriorated hemodynamics due to low flow, and it typically requires the 

assessment of PVR instead of PA pressure. Although an overestimation of pressure gradients can also 

occur in patients with severe PR, such patients may be rare and limited to those after surgery for 

tetralogy of Fallot. Thus, our method is considered to be especially useful to evaluate patients with 

both left and right heart failure. 

There are several limitations in this study. First, right heart catheterization and echocardiography 

were not performed simultaneously, and thus the hemodynamic alternations might not be completely 

excluded due to the study’s retrospective nature. Second, the sample size of the present study was 

fairly small. Third, some skill may be required for examiners to accurately measure both the early- 

and end-diastolic PR velocities to estimate PVR using our method. Finally, although the PA diastolic 

pressure is known to correspond well with the mean PA wedge pressure in patients with left heart 

failure, it is also reported that the PA diastolic pressure might be significantly higher than the PA 

wedge pressure in patients with pre-capillary hypertension such as pulmonary arterial hypertension, 

pulmonary thromboembolism, lung disease and tachycardia [20]. Thus, our method may not be 

applicable to patients with these conditions. 

 

CONCLUSION 

Our new method based on the continuous-wave Doppler measurements of early- and end-diastolic 

PA-RV pressure gradients is useful for the noninvasive estimation of PVR in patients with left-sided 

organic heart diseases. 
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FIGURE LEGENDS 

 

Figure 1. Measurement of pulmonary regurgitant velocities. 

A continuous-wave Doppler recording of pulmonary regurgitation is shown. The peak early-diastolic 

velocity (V1) and end-diastole velocity (V2) were measured to calculate the early- and end-diastolic 

pulmonary-right ventricle pressure gradient, respectively. 

 

Figure 2. Correlation and regression analyses between the pulmonary vascular resistance (PVR) 

obtained using catheterization (PVRCATH) and the PVRs estimated using echocardiography. 

(A) Echocardiographic PVR reported by Scapellato et al., (B) Abbas et al. in 2003, (C) Dahiya et al., 

(D) Lindqvist et al., (E) Abbas et al. in 2013, and (F) by our method (PVRPR). 

 

Figure 3. Bland-Altman analyses between the pulmonary vascular resistance (PVR) obtained 

using catheterization (PVRCATH) and PVRs estimated using echocardiography. 

(A) Echocardiographic PVR reported by Scapellato et al., (B) Abbas et al. in 2003, (C) Dahiya et al., 

(D) Lindqvist et al., (E) Abbas et al. in 2013, and (F) our method (PVRPR). 

 

Figure 4. Receiver operating characteristic curves to discriminate patients with pulmonary 

vascular resistance (PVR) obtained using catheterization (PVRCATH) >3 WU by the 

echocardigraphic PVRs. 
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(A) Echocardiographic PVR reported by Scapellato et al., (B) Abbas et al. in 2003, (C) Dahiya et al., 

(D) Lindqvist et al., (E) Abbas et al. in 2013, and (F) our method (PVRPR). Auc was the greatest 

(0.964) for PVRPR by our method compared to other previous methods (0.649-0.839). 

AUC, area under the curve. 

 



 
 

 
 

Table 1. Patient characteristics 

Age (yrs) 59 ± 17 (20 - 88) 
Male/female 29/14    
Heart rate (bpm) 71 ± 17 (43 - 110) 
Body surface area (m2) 1.69 ± 0.23 (1.23 - 2.05) 
Systolic blood pressure (mmHg) 114 ± 26 (72 - 176) 
Diagnosis       

Ischemic cardiac disease 20    
Cardiomyopathy 11    
Valvular heart disease 7    
Others 5    

       
Hyperlipidemia 18    
Diabetes mellitus 12    
Prior documented coronary artery disease 13    

Right heart catheterization       
Pulmonary artery systolic pressure (mmHg) 32 ± 14 (17 - 75) 
Mean pulmonary artery pressure (mmHg) 21 ± 10 (11 - 47) 
Pulmonary artery wedge pressure (mmHg) 14 ± 8 (4 - 30) 
Cardiac output (l/min) 4.3 ± 1.1 (2.2 - 6.7) 
Pulmonary vascular resistance (WU) 1.9 ± 1.1 (0.3 - 6.4) 
Mean pulmonary artery pressure ≥25mmHg 13      
Pulmonary artery wedge pressure >15mmHg 13      

Echocardiography       
Left ventricular end-diastolic dimension (mm) 60 ± 16 (36 - 97) 
Left ventricular mass index (g/m2) 137 ± 55 (45 - 256) 
Left ventricular ejection fraction (%) 43 ± 19 (12 - 78) 
Left atrial volume index (ml/m2) 49 ± 25 (20 - 112) 
Left ventricular wall motion score index 2.2 ± 1.5 (1.0 - 3.7) 
Systolic RV-right atrium pressure gradient (mmHg) 29 ± 14 (13 - 65) 
Early-diastolic PA-RV pressure gradient (mmHg) 16 ± 9 (4 - 43) 
End-diastolic PA-RV pressure gradient (mmHg) 6 ± 5 (1 - 24) 
Inferior vena cava dimension (mm) 15 ± 5 (7 - 30) 
E (cm/sec) 82 ± 27 (38 - 137) 
Septal e' (cm/sec) 6.2 ± 2.6 (2.5 - 13.7) 
E/septal e'  14.5 ± 6.3 (5.0 - 29.6) 
Tricuspid annular plane systolic excursion (mm) 18 ± 5 (6 - 26) 
RV basal dimension (mm) 40 ± 7 (29 - 61) 

Data are mean±SD or number of patients. 



RV, right ventricle; PA, pulmonary artery; E, early diastolic transmitral flow velocity; e', early diastolic mitral 

annular velocity. 
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Figure 4 
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1- specificity 1 - specificity 

A B C 

D E F 

PVR-Scapellato PVR-Abbas-2003 PVR-Dahiya 

PVR-Lindqvist PVR-Abbas-2013 PVRPR-Our method 

AUC: 0.697 

cut-off value: 1.73 
sensitivity: 71% 
specificity: 82% 

AUC: 0.789 

cut-off value: 2.75 
sensitivity: 67% 
specificity: 90% 

AUC: 0.649 

cut-off value: 2.07 
sensitivity: 67% 
specificity: 89% 

AUC: 0.839 

cut-off value: 4.85 
sensitivity: 67% 
specificity: 87% 

AUC: 0.789 

cut-off value: 4.17 
sensitivity: 67% 
specificity: 93% 

AUC: 0.964 

cut-off value: 3.10 
sensitivity: 83% 

specificity: 100% 
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