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wedge pressure (PAWP); therefore, we sought to evaluate whether an algorithm
based on PADP assessment by the Doppler pulmonary regurgitation (PR) end-diastolic gradient (PRG) may aid in estimating increased PAWP in cardiac patients with
reduced or preserved left ventricular (LV) ejection fraction (EF).
Methods and Results: Right heart catheterization, with estimation of PAWP, right
atrial pressure (RAP), PADP, and Doppler echocardiography, was carried out in 183
patients with coronary artery disease (n = 63), dilated cardiomyopathy (n = 52), or
aortic stenosis (n = 68). One-hundred and seventeen patients had LV EF <50%. We
measured the pressure gradients across the tricuspid and pulmonary valves from tricuspid regurgitation (TRV) and PR velocities. Doppler-estimated PADP (e-PADP) was
obtained by adding the estimated RAP to PRG. An algorithm based on e-PADP to
predict PAWP, that included TRV, left atrial volume index, and mitral E/A, was developed and validated in derivation (n = 90) and validation (n = 93) subgroups. Both
invasive PADP (r = .92, P < .001) and e-PADP (r = .72, P < .001) correlated closely with
PAWP, and e-PADP predicted PAWP (AUC: 0.85, CI: 0.79-0.91) with a 94% positive
predictive value (PPV) and a 55% negative predictive value (NPV), after exclusion of
five patients with precapillary pulmonary hypertension. The e-PADP-based algorithm
predicted PAWP with higher accuracy (PPV = 94%; NPV = 67%; accuracy = 85%;
kappa: 0.65, P < .001) than the ASE-EACVI 2016 recommendations (PPV = 97%;
NPV = 47%; accuracy = 68% undetermined = 18.9%; kappa: 0.15, P < .001).
Conclusions: An algorithm based on noninvasively e-PADP can accurately predict
increased PAWP in patients with cardiac disease and reduced or preserved LV EF.
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1 | I NTRO D U C TI O N

imaging longitudinal velocities were recorded with the sample volume placed at the junction between the septal and lateral LV wall

It has been demonstrated that the pulmonary valve regurgitation

and the mitral annulus in the 4-chamber view, and peak early myo-

(PR) velocity profile correlates closely with pulmonary artery dia-

cardial wave (e'm) velocities were measured. The ratio of mitral E

stolic pressure (PADP)1 and the latter with pulmonary artery wedge

peak velocity and averaged e’ velocity (E/e'm ratio) was calculated.

2

pressure (PAWP). While PR is often of limited hemodynamic sig-

Estimates of tricuspid regurgitation velocity (TRV) and PR velocity

nificance, the Doppler assessment of the pulmonary regurgitation

were recorded by continuous Doppler. The peak TRV was assigned

end-diastolic pressure gradient (PRG) may offer a first approximate

as the average among five tricuspid regurgitation (TR) envelopes of

estimation of PAWP. Although dependent on pulmonary vascular

greatest maximal velocities and spectral density. The peak PR flow

resistance (PVR), inclusion of PRG as the starting point of an algo-

velocity at end-diastole was averaged in the same way. In the case

rithm to estimate increased PAWP may offset the intrinsic limita-

of poor velocity signals, TR or PR velocities were enhanced with

tions of standalone PR sampling and help overcome limitations of

contrast (agitated saline), as previously reported.6,7 Recordings were

the recently proposed algorithms,3-5 including the need of a separate

obtained at quietly held end-expiration, and measurements aver-

approach for patients with reduced or preserved left ventricular (LV)

aged over three consecutive beats by experienced operators (CC,

ejection fraction (EF), presence of unclassified cases, and the cen-

AS), blinded to hemodynamic data. The pressure gradient across

tral role assigned to mitral annulus tissue Doppler measurements.

the tricuspid valve (TRG: trans-tricuspid pressure gradient) and

Therefore, we aimed to develop and validate an algorithm based on

PRG were measured using the simplified Bernoulli equation. The

noninvasively measured PADP (e-PADP: Doppler-estimated PADP)

estimated pulmonary artery systolic pressure (PASP) and PADP (e-

to predict increased PAWP in a prospective cohort of patients with

PADP) were calculated as the sum of the TRG, and PRG added to

heart disease and reduced or preserved LV EF undergoing cardiac

the estimated right atrial pressure (RAP) derived from the size and

catheterization.

the inspiratory collapse of the inferior vena cava.6Virtual basic coding (using Microsoft Excel™) with Boolean operators (that described

2 | M E TH O DS
2.1 | Study subjects

the different diagnostic paths shown in Figure 1) was used to build
two algorithms to predict increased PAWP: (a) A first algorithm
was developed to estimate normal or increased PAWP based on
the ASE-EACVI 2016 recommendations flowcharts, with a 2-step
approach as recently outlined by Andersen et al5 for patients with

Diagnostic cardiac catheterization was prospectively carried out

structural heart disease and preserved or reduced LV EF (<50%).

in 183 patients with coronary artery disease (n = 63), dilated car-

Variables included were as follows: EF, e'm, E/e'm E, E/A, TRG, and

diomyopathy (n = 52), or aortic stenosis (n = 68). An echo-Doppler

LAVi. Patients with preserved LV EF (≥50%) and no structural heart

examination was performed within one hour of cardiac catheteri-

disease were not included in our study (no indication for catheteri-

zation. Reasons for exclusion were as follows: inadequate acoustic

zation) (Figure 1, right panel). (b) A second simplified algorithm was

window (n = 17), atrial fibrillation or flutter (n = 30), severe organic

based on e-PADP with a single-step approach (independently of EF)

mitral regurgitation (n = 16), more than moderate aortic regurgita-

by adding TRG, mitral E/A, and LAVi with the aim to compensate for

tion (n = 7), valve prosthesis (n = 3), mitral valvuloplasty (n = 2) or

under- and overestimation of PAWP by e-PADP and maximize PAWP

stenosis (n = 6), or congenital heart disease (n = 3). Elevated LV filling

estimation accuracy (Figure 1, left panel).

pressure (LVFP) was defined as PAWP >12 mm Hg.5 All patients were

Suggested methodology to record appropriately PR velocities

hemodynamically stable and on oral medical therapy. An algorithm

(Supporting information online Data S1: Page 11; Figures S6 and S7;

to predict PAWP >12 mm Hg was developed in the first 90 patients

Movie S1-S3) and description of contrast-enhanced Doppler study

(derivation group) and tested in the following 93 patients (validation

(Supporting information online, Page 2) are available in the support-

group). The research protocol was approved by the Internal Review

ing information online Data S1.

Board; all patients gave written informed consent.

2.2 | Echocardiography

2.3 | Cardiac catheterization
Pressure measurements were acquired using a Cournand end-hole

Transthoracic echocardiography was performed with an Acuson

catheter advanced through the right heart chambers into the pulmo-

Sequoia C256 (Mountain View) with a 3.5 MHz transducer. M-mode

nary arteries. Specifically, the catheter was advanced into the upper,

and two-dimensional measurements, including LV biplane indexed

middle, and lower pulmonary arteries, and PAWP was measured and

end-diastolic and end-systolic volumes and EF and biplane left atrial

recorded in each position and averaged. All hemodynamic recordings

volume index (LAVi), were assessed. From the pulsed-Doppler mitral

were obtained at held quiet end-expiration. The pulmonary artery

velocity tracings, the following measurements were made: E and A

wedge position was confirmed by the appearance of a typical wedge

velocities, and E/A ratio; E-wave deceleration time. Doppler tissue

pressure tracing. Mean PAWP was determined automatically by the

|
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F I G U R E 1 Comparison of the flowcharts for prediction of pulmonary artery wedge pressure: An algorithm based on the pulmonary
artery end-diastolic pressure vs the ASE-EACVI 2016 algorithm. E = mitral peak E-wave velocity; e'l = tissue Doppler annular lateral peak
early diastolic velocity; e's = tissue Doppler annular septal peak early diastolic velocity; E/e'm = mitral-to-myocardial early velocities; E/A =
mitral peak E/A wave ratio; EF = ejection fraction; LAVi = left atrial maximum volume index; e-PADP = Doppler-estimated pulmonary artery
diastolic pressure; PAWP = pulmonary artery wedge pressure, TRV= tricuspid regurgitation velocity

monitoring system (Horizon 9000 WS, Mennen Medical Ltd). RAP,

of increased PAWP. Receiver operating characteristic (ROC) curve

PASP, PADP, mean pulmonary artery pressure, and PAWP were

analysis was performed to determine the threshold values of e-

measured with a Hewlett-Packard transducer and a 7005 Marquette

PADP, and E/e'm for increased PAWP. Positive predictive value

polygraph. Increased PAWP was defined as >12 mm Hg.5 Cardiac

(PPV), negative predictive value (NPV), accuracy, and kappa statistic

output was measured by the Fick method. PVR (dynes × s × cm⁻5) was

were used to assess the performance of e-PADP, and of the algo-

then calculated. Pulmonary hypertension was defined as mean pul-

rithms in estimating increased PAWP. Inter-observer reproducibility

monary artery pressure ≥25 mm Hg, and elevated PVR was defined

was assessed using mean percent of error (MPE, the absolute aver-

as ≥240 dynes × s × cm⁻5; precapillary pulmonary artery hyperten-

age difference between measurements divided by the mean value of

sion (PAH) was defined as PVR ≥240 dynes × s × cm⁻5 and PAWP

the measurements × 100). A P value <.05 was considered significant,

≤12 mm Hg.

and SPSS v.20 (IBM SPSS, Inc) was used.

2.4 | Statistical analysis

3 | R E S U LT S

Continuous variables were expressed as mean ± SD. All measure-

3.1 | Patients’ characteristics

ments were compared by standard parametric methods. Correlation
analysis was performed by Spearman's correlation test. Multivariate

Patient characteristics and measurements are shown in Table 1 for

regression analysis was used to determine the noninvasive predictors

both derivation and validation subgroups. Reduced LV EF (<50%)

4
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TA B L E 1 Patients’ characteristics, catheterization, and
echocardiographic data for the derivation and validation groups

Age (range) (y)

Derivation group
(range)

Validation
group (range)

n = 91

n = 92

69 ± 11
(38–87)

67 ± 11
(39–87)

Sex (m:f)

60:35

56:32

BSA (m2)

1.8 ± 0.17

1.8 ± 0.19

NYHA

2.4 ± 0.6

2.4 ± 0.7

Heart rate (bpm)

75 ± 15 (45–130)

76 ± 19
(40–175)

Right atrial pressure (mm Hg)

7±3

7±3

Pulmonary artery systolic
pressure (mm Hg)

42 ± 11

43 ± 15

Pulmonary vascular
resistances (dynes × s ×
cm⁻5)

162 ± 86

170 ± 100

b

P < .001).

3.3 | Relation between noninvasive variables and
pulmonary artery pressures
Both TR and PR velocities closely correlated with pulmonary pressures and PAWP (Table S2). Among Doppler and two-dimensional
variables, only e-PADP and TRG showed a good correlation with
PAWP either in patients with reduced or preserved LV EF (Table S3).
Correlations between e-PADP and PAWP were similar in patients
with normal (r = .65, P < .001) or increased (r = .74, P < .001) PVR.
Bland–Altman plots of the overall correlation showed good
accuracy (low bias), with fair limits of agreements, suggesting
moderate precision (Figure S2). When patients were categorized ac(Figure 2B), it emerged that 123 of them were correctly classified

Pulmonary artery wedge
pressure (mm Hg)

17 ± 7
(5–34)

18 ± 8
(8–45)

LV end-diastolic volume
index (mL/m2)

82 ± 27

81 ± 26

LV ejection fraction (%)

47 ± 15
(20–80)

44 ± 16
(15–80)

cardiac patients with reduced LV EF (Figure S3A; single cutoff of

Left atrial volume index (mL/
m2)

46 ± 16

44 ± 13

sis showed that PAWP was determined (r = .88, r2 = .77, P < .001)

Doppler pulmonary diastolic
pressure (mm Hg)

14 ± 5

15 ± 6

E/e'm(B = 0.3, SE = 0.09).

Tricuspid peak systolic
gradient (mm Hg)

33 ± 9

36 ± 11

e-PADP (78%) independently of LV EF (Figure S4A). The exclusion

Mitral E/A ratio

1.4 ± 1.3

1.4 ± 1.3

E/e'm

10 ± 3.7

11 ± 4.7

by e-PADP, whereas e-PADP underestimated PAWP in 30 patients, and overestimated it in 8 (4 of them with precapillary PAH).
In contrast, E/e'm was useful to estimate increased PAWP only in
8 cm/s). In the overall study population, multiple regression analyby TRG (B = 0.25, SE = 0.05), e-PADP (B = 0.36, SE = 0.09), and

Median = 16.5 mm Hg.

b

pected (Figure 2A); PASP correlated closely with PAWP (r = .86,

cording to a threshold of 12 mm Hg of invasive PAWP and e-PADP
a

Note: Abbreviations: BSA = body surface area; E/e'm = mitral-tomyocardial early velocities; LV = left ventricular; NYHA = New York
Heart Association.
a

overestimated PAWP in patients with precapillary PAH, as ex-

Median = 17 mm Hg.

At ROC analysis, PAWP >12 mm Hg was accurately identified by
of patients with elevated PVR did not modify the accuracy of the
latter prediction model. In contrast, E/e'm (8.5 cutoff) well predicted
PAWP only in patients with reduced LV EF (Figure S4B).

3.4 | The Algorithm Based on noninvasively
measured pulmonary diastolic pressure
The Boolean analysis showed that the implementation of TRV, E/A,

was found in 117/183, and increased PAWP in 130/183 patients.

and LAVi in a model that comprised e-PADP maximized the ability

Differences between patients with normal and increased PAWP

to noninvasively recognize patients with increased PAWP (Figure 1;

are shown in Table S1. Contrast enhancement of Doppler signals

Table 2). Finally, Table 2 illustrates the performance of the algorithm

of TR and PR were performed in 35% of patients with the achieve-

based on e-PADP compared with the performance of standalone e-

ment of optimal or near-optimal envelope tracings. In 22 patients

PADP and of the 2016 ASE-EACVI recommendations for the assess-

(12.1%), PR could not be sampled, resulting in 87.9% feasibility of

ment of diastolic dysfunction. Compared with the ASE-EACVI 2016

the method.

recommendations, standalone e-PADP exhibited higher sensitivity
and NPV, and accuracy was further increased by the introduction of

3.2 | Hemodynamic variables
Elevated PVR was observed in 25/183 patients and precapillary

our algorithm.

3.5 | Reproducibility

PAH in 5/183 patients: The latter were excluded from algorithm
analysis. PADP correlated closely with PAWP in both patients with

The MPE (mean ± SD) for PRG, TRV, E/A, e'm, and LAVi was, respec-

normal (r = .92, P < .001) or elevated PVR (r = 0.86, P < .001), but

tively, 8.7 ± 4.8%; 5.5 ± 5%; 4.5 ± 2.7%; 6.9 ± 4.7%; and 2.7 ± 2.1%.

|
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(B)

F I G U R E 2 Relations with wedge pressure (PAWP) of pulmonary diastolic pressure (A, i-PADP) and Doppler-estimated pulmonary
diastolic pressure (B. e-PADP) in the overall study population. A, Patients with normal pulmonary pressures and postcapillary (main
chart, n = 178, r = .91, P < .001) or precapillary PAH (insert, n = 5, r = .4, P = ns). X and Y reference lines set at 12 mm Hg. B, On both axis:
12 mm Hg cutoffs: r = .72, P < .001. Blue circles: normal pulmonary vascular resistance (PVR ≤ 240 × dynes × s × cm⁻5); green circles:
increased PVR; black filled circles: precapillary PAH. Doppler echocardiography detects accurately normal (1) and increased PAWP (2),
underestimates PAWP in 30 (3) and overestimates in 8 (4) patients, 3 of whom with precapillary PAH

4 | D I S CU S S I O N

The calculated pressure difference between the pulmonary artery and the right ventricle in diastole added to the estimated RAP

In this study, an algorithm to noninvasively predict PAWP, that

gives an estimate of PADP. A study of 200 patients demonstrated

comprised e-PADP, TRV, LAi, and mitral E/A, was developed and

that a well-trained ultrasonographer or echocardiologist could

validated in patients with heart disease independently of LV EF. This

achieve measurable e-PADP in 89% of patients.10 Despite recogni-

approach resulted to be more accurate than the ASE/EACVI 2016

tion that noninvasive estimation of PAWP can be obtained from the

recommendations in predicting LVFP in patients without precapil-

assessment of PRG, this approach did not gain popularity because

lary PAH or increased PVR.

3

feasibility was considered too low (≤60%).11
Diagnosing LV diastolic dysfunction with echocardiography can

4.1 | Accuracy and reliability of hemodynamic
pressure measurements

be challenging. Four parameters have been recently introduced to
determine diastolic dysfunction: an average (of septal and lateral)
E/e'm >14, a septal e'm <7 cm/c or lateral <10 cm/s, a TRV >2.8 m/s,
and a LAVi >34 ml/m2. If <50% of these parameters are present, the

The 2016 recommendations emphasize the significance of estimat-

diastolic function is normal; if >50% there is diastolic dysfunction,

ing LVFP as the primary step in the assessment of LV diastolic func-

and when parameters match (=50%), diastolic function is indetermi-

3

tion. The possibility to predict increased LVFP in stable patients

nate.3 Most of these echocardiographic indices are dependent on

with heart disease (independently of LV EF) is essential because this

LV systolic function, mitral anatomy, and the effects of preload and

condition is related to poor outcomes and early echocardiography-

several conditions can potentially hamper their accuracy in predict-

guided treatment may reduce mortality.8

ing elevated LVFP, including mitral valve disease, arrhythmias, peri-

Cardiac catheterization studies have shown that PADP is usually
equal to PAWP in most patients with LV failure, and thus, PADP can

cardial constriction, LV segmental dysfunction, posteriorly directed
aortic regurgitation, and heart transplantation.3-5

be used for clinical decision making instead of direct measurement
of PAWP. If a precapillary component develops, the difference between PADP and PAWP increases, PADP will be higher than PAWP

4.2 | Advantages of the algorithm approach

(out of proportion) and, therefore, a gradient becomes apparent between PADP and PAWP, and the latter will have to be measured to

Although many echo-based algorithms have been proposed to esti-

assess changes in LVFP.9

mate PAWP,12-14 none of them included the estimation of PADP. Our

6
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TA B L E 2 Performance of the algorithm based on the pulmonary artery end-diastolic pressure in comparison with the ASE-EACVI 2016
algorithm in estimating increased pulmonary artery wedge pressure
e-PADP

e-PADP

ASE-EACVI 2016

e-PADP
algorhitm

e-PADP algorithm

Patients

All (n = 161)a

Without precapillary PAH
(n = 156)

All (n = 183)

All (n = 161)a

Without precapillary
PAH (n = 156)

Unclassified (%)

0

0

19

0

0

b

Sensitivity (%)

74

74

57

86

85

Specificity (%)

82

88

96b

78

86

b

91

94

69

67

84

85

0.62

0.65

Positive predictive value (%)

91

94

97

Negative predictive value (%)

55

55

47b
b

Overall accuracy (%)

76

78

68

Kappa*

0.49

0.52

0.15

Note: Abbreviations: e-PADP = Doppler-estimated pulmonary artery diastolic pressure, PAH = pulmonary artery hypertension, PAWP = pulmonary
artery wedge pressure.
a

Twenty two patients (12.1%) excluded because pulmonary regurgitation could not be sampled.

b

Not accounting for 19% of unclassified patients: of these, 3 (6%) had normal, and 17 (12.9%) elevated PAWP.

*P < .001 for all.

results showed that standalone assessment of e-PADP could reliably

estimation cannot be achieved by the ASE-EACVI 2016 algorithm.

identify most patients with elevated PAWP (Table 2 and Figures 1

Nevertheless, its main limitation is the inapplicability in assess-

and S4A), because of its high positive predictive value (Table 2). Its

ing PAWP if a significant precapillary component of PAH coex-

accuracy was superior to that of standalone E/e'm, that is currently

ists.19 Therefore, the possibility of the e-PADP-based algorithm to

the most widely used single variable to assess LVFP12-15 (Table S6),

identify elevated LVFP is restricted to patients with postcapillary

as it is evident from the wide scatter pattern in the relationship be-

PAH. Another limitation resides in the significant number of pa-

tween E/e'm and PAWP (Figure S3A). A recent meta-analysis did not

tients excluded because the acoustic window was not adequate

support the use of E/e'm in patients with preserved EF.16 In patients

or because they presented with atrial fibrillation or mitral valve

with decompensated systolic heart failure, both baseline and direc-

disease. With respect to our findings, obtained at least partially

17

tional changes of E/e'm did not correlate with PAWP.

Of note, the

with contrast enhancement, the true feasibility of PR sampling

accuracy of standalone e-PADP was also superior to the guideline

is probably less in clinical practice, but the introduction of more

approach (Table 2).

modern echocardiographic equipment may eventually overcome

The main problem with standalone e-PADP that emerged from our

this limitation (Table S5).

results (Table 1) was that it was affected by a low NPV. However, the

Measurement of PR is limited by undersampling (Figure 2B,

integration of e-PADP with other variables, that is, TRV, LAi, and mitral

sector 3), and estimation of PAWP is dependent on the pressure

E/A, that are well known parameters that can predict elevated LVFP in

continuity between the pulmonary artery and veins and is not

many patients with heart disease,3,8,12-17 remarkably contributed to im-

feasible in the presence of increased, fixed PVR (currently mea-

prove overall accuracy in identifying elevated PAWP. Particularly, the

surable by Doppler echocardiography) and precapillary PAH. Of

inclusion of TRV and E/A was able to counterbalance the tendency of

note, increased PVR per sè was not a limiting factor in our patients

e-PADP to underestimate PAWP (Figure 2B). TRV appears also useful in

(Table 2). Although the correlation of e-PADP with PAWP was fair,

identifying patients with low PAWP (Figure S5, lower cutoff =2.5 m/s).

it was still not accurate enough to be used clinically (Figure 2).

18

Finally, an 85% accuracy was reached by implementing LAVi.

In this setting, ROC analysis identified a high PPV of e-PADP in

Similarly, a low NPV reduced the overall accuracy of the ASE-

predicting PAWP >12 mm Hg, although with a low NPV, thus sug-

EACVI 2016 algorithm in our patient cohort. Although probably multi-

gesting the necessity to implement additional variables to increase

factorial, we believe that the main problem was the integration in this

accuracy.

algorithm of E/e'm, since the cutoff >14 tends to underestimate PAWP
in both patients with increased and normal EF (Figures S3A,B).

4.3 | Limitations

4.4 | Conclusions
In patients with cardiac disease without precapillary PAH, an algorithm based on the acquisition of PR Doppler trace can accu-

The algorithm based on e-PADP represents an alternative

rately estimate elevated PAWP independently of LV EF, providing

method that can be applied in selected patients in whom LVFP

an advantage in NPV and accuracy over the ASE/EACVI 2016

|

BARBIER et al.

recommendations. Nonetheless, our findings should be considered
as preliminary, awaiting confirmation in a broader patient population and in patients excluded in the derivation cohort (mitral valve
disease, atrial fibrillation).
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S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found online in the
Supporting Information section.
Data S1. Further material related to correlations between PAWP and
Doppler echocardiographic variables, and practical implementation
of e-PADP.
Figure S1. A, mitral valve flow velocities, normal PAWP; B, mitral
valve flow velocities, elevated PAWP; C, pulmonary regurgitation
end-diastolic velocity (0.65 m/s), normal PAWP; D, pulmonary regurgitation end-diastolic velocity (1.6 m/s), elevated PAWP; E, pulsed
Doppler tissue velocities, lateral mitral annulus; F, pulsed Doppler
tissue velocities, septal mitral annulus; G, pulmonary regurgitation end-diastolic velocities, with saline contrast. a’: pulsed tissue
Doppler peak late diastolic velocity; A, mitral peak A wave velocity;
e’ = pulsed tissue Doppler peak early diastolic velocity; E, mitral peak
E wave velocity; PAWP = pulmonary wedge pressure; s’ = pulsed
tissue Doppler peak systolic velocity. The white arrow points at pulmonary regurgitation end-diastolic velocity
Figure S2A. Bland and Altman analysis plot assessing the correlation
between PAWP and PADP: bias = −0.1 mm Hg, 95% limits of agreement = 6.2 to −6.4 mm Hg
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Figure S2B. Bland and Altman analysis plot assessing the correla-

pulmonary regurgitation, central jet. F, trace pulmonary regurgita-

tion between PAWP and e-PADP: bias = −3.5 mm Hg, 95% limits of

tion, lateral commissural jet. Ao = aortic root; PA = pulmonary artery;

agreement =7 to −14 mm Hg

PR = pulmonary regurgitation; PV = pulmonary alve; RVOT = right

Figure S3A. Relation between pulmonary artery wedge pressure

ventricular outflow tract.

(PAWP) and E/e'm (mitral peak E wave/mean tissue Doppler e’) in

Figure S7. Examples of continuous wave Doppler tracings of pulmo-

patients with reduced (< 50%; r = .58, P < .001) ejection fraction.

nary regurgitation velocities (without use of contrast). 1A: Variability

Patients with E/e'm >15 have increased PAWP, whereas most pa-

of end-diastolic velocity during quiet respiration; 1B: Stable end-

tients in the 8–15 range and half of the patients with E/e'm <8 have

diastolic velocity. at held end-expiration; 2A: sub-optimal recording

increased PAWP.[15]

secondary to suboptimal visualization of pulmonary regurgitant jet

Figure S3B. Relation between pulmonary artery wedge pressure

(Movie S1); 2B: optimal end-diastolic velocity recording secondary to

(PAWP) and E/e'm (mitral peak E wave/mean tissue Doppler e’) in

modification of scan line alignment with regurgitant jet (Movie S2); 3:

patients with normal (≥50%; r = .36, P = .004) ejection fraction. As

Pulmonary regurgitation with 2 regurgitant jets, minimal central and

in patients with reduced ejection fraction (Figure S3A) patients with

mild commissural (posterior): optimal alignment of continuous wave

E/e'm >15 have increased PAWP, whereas most patients in the 8–15

scan line with the commissural jet (Movie S3); 4. Visualization lim-

range and half of the patients with E/e'm <8 have increased PAWP.

ited to enddiastolic velocity may be sufficient if the notch caused by

[15]

atrial contraction (secondary to increase in right ventricular end-di-

Figure S4A. ROC analysis for Doppler pulmonary diastolic pressure

astolic pressure) is recorded; 5A: Optimal alignment of Doppler scan

(e-PADP) excluding 5 patients with precapillary pulmonary hyper-

line with central pulmonary regurgitant jet; 5B: Optimal visualiza-

tension. State = pulmonary artery wedge pressure (PAWP) and test

tion of the pulmonary regurgitant velocity profile; the end-diastolic

= e-PADP variables (both cutoffs = 12 mm Hg). Black line: all ejection

atrial contraction notch is missing secondary to atrial stunning (post

fractions (EF), AUC = 0.85 (95% CI = 0.79-0.91), P < .001; sensitivity

electrical cardioversion of atrial fibrillation). White arrow points at

= 74%; specificity = 88%. Red line: reduced EF, AUC = 0.82 (95% CI

pulmonary regurgitation end-diastolic velocity; long dashed arrow

= 0.74-0.91), P < .001; sensitivity = 73%; specificity = 84%. Blue line,

points at atrial contraction notch.

normal EF, AUC = 0.89 (95% CI = 0.81-0.97), P < .001; sensitivity =

Movie S1. Color Doppler short axis of the base, optimized for pul-

77%; specificity = 91%.

monary valve (transducer rotated towards patient's left shoulder):

Figure S4B. ROC analysis for E/e'm in all patients. Black line: all pa-

sub-optimal visualization of pulmonary regurgitant jet at posterior

tients, with state variable = PAWP (cutoff = 12 mm Hg), and test vari-

commissure (white arrow, between right and left pulmonary cusps).

able = E/e'm (mitral peak E wave/ mean tissue Doppler e’ ratio), AUC

AV = aortic valve; PA = pulmonary artery; PV = pulmonary valve;

= 0.77 (95% CI = 0.69-0.84), P < .001, with 71% sensitivity and 72%

RVOT = right ventricular outflow tract.

specificity using E/e'm cutoff = 8.5. Red line: patients with reduced

Movie S2. Increased quality of pulmonary regurgitant jet visualiza-

EF, AUC = 0.85 (95% CI = 0.77-0.92), P< .001, with 77% sensitivity

tion (white arrow) – compared to Movie S1 – following slight anterior

and 77% specificity using a E/e'm cutoff = 8.5. Blue line: patients

tilt of the transducer. AV = aortic valve; PA = pulmonary artery; PV =

with normal EF, AUC = 0.5 (95% CI = 0.35-0.65), P = ns.

pulmonary valve; RVOT = right ventricular outflow tract.

Figure S5. Relations of pulmonary artery wedge pressure (PAWP)

Movie S3. Pulmonary regurgitation with two regurgitant jets, mini-

with: the tricuspid valve regurgitation peak systolic velocity/ gradi-

mal central (small white arrow) and mild commissural (posterior;

ent (TRV/ TRG); mitral E/A; left atrial maximum volume index (LAVi).

white arrow): the anterior direction of the jet originating posteriorly

All y reference lines set at 12 mm Hg. TRV/ TRG: values below

allows optimal alignment of the scan line. AV = aortic valve; PA =

2.5 m/s /25 mm Hg and above 3.2 m/s/ 40 mm Hg identify respec-

pulmonary artery; PV = pulmonary valve; RVOT = right ventricular

tively normal and increased PAWP, whereas intermediate values

outflow tract.

are unrelated to PAWP. E/A: the relation with PAWP is quadratic
(logarithmic x axis), and above the cutoff = 2, E/A identifies increased
PAWP. In contrast, no relation exists between LAVi and PAWP. Blue
circles: normal pulmonary vascular resistance (PVR ≤ 240 103 dynes
⁻5

x s x cm ); green circles: increased PVR.
Figure S6. Examples of 2D and color Doppler visualization of pulmonary valve and pulmonary regurgitation. A, Short axis of the base
centered on the aortic root. B, Short axis of the base centered on
the pulmonary artery. C, trace pulmonary regurgitation, central jet.
D, trace pulmonary regurgitation, medial commissural jet. E, mild
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