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Abstract

Background: Multiple echocardiographic algorithms have been proposed to estimate
mean pulmonary artery pressure (PAP,,) and assess pulmonary hypertension (PH)
likelihood. We assessed the accuracy of four echocardiographic approaches to esti-
mate PAP), in heart failure (HF) patients undergoing near-simultaneous right heart
catheterization (RHC), and compared diagnostic performance to identify PH with
recommendation-advised tricuspid regurgitation peak velocity (TRV,,,,)-

Methods: We employed four validated echocardiographic algorithms incorporating
tricuspid regurgitation peak or mean gradient, pulmonary regurgitation peak gradi-
ent, and right ventricular outflow tract acceleration time to estimate PAP,,. Echocar-
diographic estimates of right atrial pressure were incorporated in all algorithms but
one. Association and agreement with invasive PAPy, were assessed. Diagnostic perfor-
mance of all algorithms to identify PH was evaluated and compared with the recom-
mended TRV,,,, cut-off.

Results: In 112 HF patients, all echocardiographic algorithms demonstrated reason-
able association (r =.41-.65; p < 0.001) and good agreement with invasive PAPy,, with
relatively lower mean bias and higher precision observed in algorithms that incorpo-
rated tricuspid regurgitation peak or mean gradient. All methods demonstrated strong
ability to identify PH (AUC = .70-.80; p < 0.001) but did not outperform TRV,,.,
(AUC = .84; p < 0.001). Echocardiographic estimates of right atrial pressure were
falsely elevated in 30% of patients.

Conclusions: Echocardiographic estimates demonstrate reasonable association with
invasive PAP, and strong ability to identify PH in HF. However, none of the algorithms
outperformed recommendation-advised TRV,,.,. The incremental value of echocardio-

graphic estimates of right atrial pressure may need to be re-evaluated.

KEYWORDS
pulmonary hypertension, right heart catheterization, tricuspid regurgitation peak velocity

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. Echocardiography published by Wiley Periodicals LLC.

1624 wileyonlinelibrary.com/journal/echo

Echocardiography. 2021;38:1624-1631.


https://orcid.org/0000-0002-0676-0604
mailto:ashwin.venkateshvaran@ki.se
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://wileyonlinelibrary.com/journal/echo
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fecho.15188&domain=pdf&date_stamp=2021-09-12

BJORKMAN ET AL.

1 | INTRODUCTION

Pulmonary hypertension (PH) is common in heart failure (HF)! and is
associated with poor prognosis.? Passive downstream elevations in left
heart pressures often combined with pulmonary arteriolar remodel-
ing are seen both in HF with preserved (HFpEF) and reduced ejection
fraction (HFrEF) and carry therapeutic implications.3 PH is defined as
per current recommendations as a mean pulmonary artery pressure
(PAPy) > 25 mm Hg at rest, measured during right heart catheter-
ization (RHC).* In recent years, expert groups have recommended a
revised cut-off as PAPy > 20 mm Hg.>¢ Although definite diagno-
sis necessitates an invasive evaluation of PAPy, Doppler echocardio-
graphy is routinely employed to screen for PH and evaluate hemo-
dynamic severity during follow-up. Multiple approaches to estimate
PAP,, using echocardiography have been previously proposed.” 13
Most algorithms incorporate elements of Doppler analysis obtained

from tricuspid regurgitation (TR),710.1113

pulmonary regurgitation
(PR)? or flow across the right ventricular outflow tract (RVOT)®1 into
empirical relationships to obtain PAPy,. However, the accuracy of these
approaches to estimate invasive PAP), in the specific setting of HF has
not been studied. Further, current ESC recommendations do not advise
use of any echocardiographic algorithms to assess PAPy, but instead
recommend the use of tricuspid regurgitation peak velocity (TRV )
cut-off > 2.8 m/sec to assign PH probability.* Availability of alterna-
tive echocardiographic approaches that represent invasive PAPy, could
potentially replace TRV 5 during screening, and may even obviate the
need for invasive assessment.

With this background, we aimed to study the feasibility and
accuracy of four different echocardiographic algorithms to estimate
PAPy\, in a retrospective analysis of HF subjects undergoing near-
simultaneous RHC. Further, we wished to compare the diagnostic per-
formance of these algorithms with recommendation-based TRV, to
identify PH.

2 | METHODS

2.1 | Study population

Echocardiographic examinations of consecutive patients with clinically
judged HF referred for RHC to the Karolinska University Hospital
between 2014 and 2018 were retrospectively reviewed. All subjects
were hemodynamically stable during assessment and medical ther-
apy was suitably titrated. Patients in atrial fibrillation or with signif-
icant arrhythmias and/or poor echocardiographic image quality pre-
cluding accurate measurement were excluded. Thereafter, subjects
with isolated pre-capillary alterations on RHC were excluded from
the analysis. The study was approved by the local ethics commit-
tees (DNR 2008/1695-31) and all patients provided written informed
consent.
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2.2 | Echocardiographic evaluation

All patients underwent comprehensive echocardiography employing
a Vivid E9 ultrasound system (GE Ultrasound, Horten, Norway) by
a single experienced echocardiographer (AV) in keeping with current
recommendations.’® 2D gray-scale images were acquired at 50-80
frames/sec and Doppler tracings were recorded using a sweep speed
of 100 mm/sec. Three consecutive heart cycles were acquired in sinus
rhythm. TR was measured with Continuous wave Doppler, consider-
ing the most optimal signal obtained from multiple echocardiographic
windows. PR was obtained with Continuous wave Doppler from the
parasternal short-axis view at the level of the semi-lunar valves. Right
ventricular outflow tract flow was obtained by placing a 5-mm Pulsed
Doppler signal in the RVOT just proximal to the pulmonic valve. All
images were subsequently exported and analyzed offline (EchoPAC
PC, version 11.0.0.0 GE Ultrasound, Waukesha, Wisconsin, USA) by an
experienced, credentialed echocardiographer blinded to catheteriza-
tion data.

A summary of approaches employed to evaluate PAPy, are illus-
trated in Figure 1. Broadly, PAPy\, was evaluated using four differ-
ent algorithms taking into consideration evaluation of TR,”-19 PR,?
and RVOT acceleration time (RVOT7).2 Applying the approach postu-
lated by Aduen et al.,” PAPy was estimated by adding TR mean pres-
sure gradient to recommended estimates of right atrial pressure (RAP)
obtained from inferior vena cava (IVC) size and collapsibility.1> The sec-
ond approach by Chemla et al. calculated PAPy, from estimated sys-
tolic pulmonary artery pressure (PAPs) obtained by adding the gradient
corresponding with peak TR velocity (TRV ) to IVC-estimated RAP
using the relationship PAPy; = .61 x PAPs + 2 mm Hg.'® In the third
approach (Abbas and colleagues), PAPy, was estimated by adding gra-
dients obtained from peak PR velocity to corresponding IVC-estimated
RAP? Finally, in the fourth approach proposed by Dabestani et al.,
RVOT z1 was defined during systole as time in milliseconds from begin-
ning of flow to peak velocity. PAP\, was then calculated as PAPy, = 90
— (.62 x RVOT a1) when AT < 120msec and 79 - (.45 x RVOT 1) when
AT > 120msec.®

2.3 | Invasive evaluation

Echocardiographic examinations were followed by RHC within a 1-
hour period. Pharmacological status was unaltered between echocar-
diography and catheterization. RHC was performed by experienced
operators blinded to echocardiography examinations using a 6F Swan
Ganz catheter employing jugular or femoral vein access. After suit-
able calibration with the zero-level set at the mid-thoracic line, pres-
sure measurements were taken from the right atrium (RA), right ven-
tricle (RV), and pulmonary artery (PA) during end-expiration. Five to
10 cardiac cycles were acquired and all pressure tracings were stored
and analyzed offline using a standard hemodynamic software package
(WITT Series Ill, Witt Biomedical Corp., Melbourne, FL, USA).
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spectrum was analyzed to assess TRV ., (Chemla et al.) and TR mean gradient (Aduen et al.), (B) IVC size and collapse to estimate RAP (Chemla
et al., Aduen et al., Abbas et al.), (C) RVOT acceleration time assessed by PW Doppler (Dabestami et al.), (D) PR peak gradient assessed by CW
Doppler (Abbas et al.). Resultant echocardiographic estimates for each algorithm are provided

2.4 | Statistical analysis

Normality was tested using the Shapiro-Wilk test and visually reaf-
firmed using QQ plots. Continuous variables were expressed as mean
+ SD for parametric variables or median (inter-quartile range) for non-
parametric variables and categorical variables were expressed as num-
bers and percentage. Correlations between Doppler PAPy, approaches
and corresponding invasive measurements were performed using the
Pearson’s 2-tailed test (correlation between two continuous variables).
Accuracy was defined as the difference of the mean bias and precision
as the spread of data points between echocardiographic and invasive
measurements on Bland-Altman analysis. Receiver operating charac-
teristics (ROC) curve was employed to illustrate diagnostic potential of
both TRV,,,,x and echocardiographic algorithms. Sensitivity, specificity,
negative predictive value (NPV) and positive predictive value (PPV)

were measured. IBM SPSS statistics version 23.0 was employed for

analysis.
3 | RESULTS
3.1 | Study population

Of 212 enrolled in the study, 45 patients with atrial fibrillation and 46

with pacemaker therapy were first excluded. Nine patients were subse-

quently excluded after RHC revealed isolated pre-capillary alterations.
Ultimately, 112 patients (60 + 16 years; 46% Female) were included in
the analysis. Baseline characteristics are presented in Table 1. All sub-
jects demonstrated signs and symptoms of HF, elevated NTproBNP and
objective evidence of LV systolic and/or diastolic function. Echocardio-
graphic and invasive data of the cohort is presented in Table 2. LV EF
was reduced (< 50%) in 55 (49%) of the patients. Patients had elevated
filling pressures represented by elevated mitral E/e’, dilated LA volumes
and elevated PA systolic pressure. Further, the cohort demonstrated
elevated PA systolic, diastolic, mean pressures (PAPs, PAPp, and PAPy
respectively), mean pulmonary capillary wedge pressures (PAWPy,)
and increased pulmonary vascular resistance (PVR) on RHC. Sixty-five
patients (58%) demonstrated PH, as defined by PAPy; > 25 mm Hg in
keeping with current recommendations. Seventy-eight patients (70%)

demonstrated PH when the revised PAPy, > 20 mm Hg cut-off was con-

sidered.
3.2 | Feasibility and accuracy of doppler PAPy,
algorithms

Echocardiographic assessment of PAPy, was most feasible employing
the approach considering RVOT 7 introduced by Dabestani et al.1*
(86% of patients could have PAPy, assessed using this method), fol-

lowed by TR-derived assessments by Chemla et al.2? (84%) and Aduen
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TABLE 1 Characteristics of patient population

All patients
(n=112)
Demographics
Age (years) 60+ 16
Female 51(46)
Medical history
Diabetes 20(18)
Hypertension 68 (61)
Hypercholesteremia 36(32)
NYHA Class
17117/ 11/18/77/6
(10/16/69/5)
Clinical assessment
Heart rate (bpm) 69+ 14
Body surface area (m?2) 1.92+.2
Systolic blood pressure (mm Hg) 117 + 24
Diastolic blood pressure (mm Hg) 66+ 13
Laboratory
NTproBNP (ng/L) 1450 (395:2730)
Hemoglobin (g/L) 131+ 98
Serum creatinine (umol/L) 98 + 37
Diagnosis
Restrictive cardiomyopathy 9(8)
Dilated cardiomyopathy 30(27)
Hypertrophic cardiomyopathy 4(4)
Ischemic cardiomyopathy 17 (15)
Multifactorial 48 (43)
Myocarditis 4(3)

Data presented as mean + SD/ median (Q1;Q3) or number (%).
Abbreviations: NYHA, New York heart association function class; NTproBNP,
N-terminal pro b-type natriuretic peptide.

et al.” (81%). PAPy estimated using the PR-derived approach (Abbas
et al.?) was least feasible of the four methods (53%). All echocardio-
graphic PAP, algorithms demonstrated a moderately significant cor-
relation with invasive variables (r = .41-.65; p < 0.001 for all) (Fig-
ure S1). The method proposed by Aduen et al.” demonstrated the
strongest correlation with invasive PAPy (r = .65; p < 0.001), compa-
rable with recommendation-based TRV 5 (r = .64; p < 0.001). Agree-
ment between each echocardiographic approach and RHC was stud-
ied using Bland-Altman analysis (Figure 2). Echocardiography demon-
strated good accuracy to represent invasive pressures in the methods
employing TR gradients (Aduen et al.” and Chemla et al.'9), as seen in
relatively low bias between echocardiography and RHC (bias = +2.4
and -2.4 mm Hg, respectively). Moderate precision was observed with
limits of agreement (mean value + 1.96 x SD) in the range of +20 mm
Hg for both methods. Relatively higher systematic error between diag-

nostic modalities was observed for approaches by Dabestani et al.1*

Echocardiography EYV SR,

TABLE 2 Invasive and echocardiographic data of patient
population
All
(n=112)
Right heart catheterization
PAWP,, (mm Hg) 17 + 8
PAPs (mm Hg) 45 + 18
PAPp (mm Hg) 18 + 9
PAPy, (mm Hg) 29 + 12
RAPy (mm Hg) 8+6
RVPs (mm Hg) 44 + 18
RVPp (mm Hg) 10 + 6
PVR (WU) 27+ 19
TPG (mm Hg) 12+ 7
CO (L/min) 47 + 1.6
Echocardiography

Left heart
LVIDd (mm) 55+ 13
LVEDV (ml) 157 + 90
LV mass (gm) 221 + 96
LVEF (%) 46 + 20
LV E/e’ average 14 + 6
LAVI (ml/m?) 47 + 17
Right heart
RVIDd (mm) 40 + 8
TAPSE (mm) 17 £ 5
RVSP (mm Hg) 48 + 17
RA area (cm?) 20+ 7

Data presented as mean + SD or number (%).

p-value represents difference between RA reservoir strain subgroups.
Abbreviations: PAWP, pulmonary capillary wedge pressure, PAPy,, mean pul-
monary artery pressure; PAPp, diastolic pulmonary artery pressure; RAP,
right atrial pressure; RVP, right ventricular pressure; PVR, pulmonary vas-
cular resistance; TPG, transpulmonary gradient; CO, cardiac output; LVIDd,
left ventricular internal diameter during end-diastole; LVEDYV, left ventricu-
lar end-diastolic volume; EF, ejection fraction; RVID, right ventricular inter-
nal diameter end-diastole; TAPSE, tricuspid annular plane systolic excur-
sion; TRV ., tricuspid regurgitation max velocity; RVSP, right ventricular
systolic pressure; LAVI, left atrial volume index.

(that employed RVOT47) that overestimated invasive measurements
(bias = +4.2 mm Hg) and Abbas et al.? (that employed PR peak veloc-
ity) that underestimated invasive measurements (bias = -6.1 mm Hg).
Relatively wider limits of agreement were seen in both algorithms.

3.3 | Diagnostic performance of echocardiographic
algorithms to identify PAPy; > 25mm Hg

Recommendation-based TRV,,,, demonstrated strong discriminatory
ability to identify invasive PAPy > 25 mm Hg (AUC = .84, CI
.76-.91; p < 0.001) (Figure 3A). All echocardiographic approaches
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FIGURE 3 Receiver operator characteristics analysis illustrating diagnostic performance of TRV, to identify (A) PAPy > 25 mm Hg and (B)
PAP\ > 20 mm Hg

demonstrated moderate to strong discrimination (AUC range .70-.80;

p < 0.001 for all) with the Chemla et al. algorithm!® demonstrating
strongest diagnostic performance (AUC = .80, Cl .71-.89; p < 0.001)
(Figure 4). Sensitivity, Specificity, PPV, and NPV of TRV, and algo-
rithms to identify invasive PAPy, > 25 mm Hg are presented in Table 3.

The recommended TRV 5, cut-off of 2.8 m/sec demonstrated 83% sen-
sitivity and 61% specificity to identify PAPy > 25 mm Hg. At a cut-off
of 25 mm Hg, PAPy derived by Aduen et al.” and Dabestani et al.'*
demonstrated low specificity (38% and 35%, respectively) and Abbas

et al.,? low sensitivity (48%). The only algorithm to show compara-

ble, strong, balanced sensitivity and specificity was that proposed by
Chemla et al.10 (78% sensitivity and 67% specificity).

34

| Diagnostic performance of echocardiographic

algorithms to identify PAPy; > 20 mm Hg

When a revised, lowered PH cut-off was considered, TRV, contin-
ued to demonstrate strong diagnostic ability (AUC = .83, Cl .74-.91;
p < 0.001) (Figure 3B) when compared with other echocardiographic
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TABLE 3 Sensitivity, specificity, positive predictive value, negative predictive value for recommendation-based cut-off in addition to

echocardiographic algorithms to identify invasive PAPy > 25 mm Hg

Sensitivity
Method Cut off (%)
Aduen et al. 25 mmHg 85
Chemlaet al. 25 mm Hg 78
Dabestani et al. 25 mm Hg 83
Abbas et al. 25 mmHg 48
TRV nax 2.8 m/sec 83

approaches (AUC range .67-.71; p < 0.05) (Figure S2). At a cut-off of
2.8 m/sec, TRV . demonstrated 78% sensitivity and 68% specificity to
identify invasive PAPy, > 20 mm Hg. Specificity was generally low for
all echocardiographic methods (17%-35%) with the exception of the
algorithm proposed by Abbas et al.” (64% sensitivity, 67% specificity)
(Table S1)

Positive Negative
predictive predictive value

Specificity(%) value (%) (%)

38 74 55

67 80 63

35 63 61

84 86 43

61 77 69

3.5 | Accuracy of echocardiographic right atrial

pressure estimates

Echocardiographic RAP employing IVC size and collapse were incor-
porated to calculate PAPy, in all echocardiographic algorithms with
the exception of the approach postulated by Dabestani et al.12 In 107



1630 WILEY Echocar diogr aphy

subjects (96%) with interpretable images, RAP estimated by IVC was
elevated (8 or 15 mm Hg) in 78% subjects (n =83, RAP =8 mm Hgin 43
and 15 mm Hg in 40 subjects). However, false positives were frequent,
as seen in 12 of 40 patients (30%) with significantly elevated RAP esti-
mated by echocardiography (15 mm Hg) that had normal invasive RAP
(<7 mm Hg).

4 | DISCUSSION

To the best of our knowledge, this is the first study to evaluate the
accuracy of multiple echocardiographic algorithms to estimate PAPy
and study diagnostic performance to identify PH in the specific setting
of HF. All four echocardiographic algorithms demonstrated reasonable
association and good agreement with RHC, with generally lower bias
seen in algorithms considering tricuspid mean or peak gradient. How-
ever, none of the echocardiographic algorithms outperformed TRV .«
to identify PH in the ROC analysis.

The accuracy of echocardiographic algorithms to estimate pul-
monary artery pressures has been a matter of debate. Earlier stud-
ies suggest that echocardiography frequently over- or underestimates
invasive pulmonary pressures and should not be relied upon.1¢1” More
recent studies, however, have emphasized results of Bland-Altman
analyses that display low bias between echocardiographic and inva-
sive measurements, suggesting that Doppler estimates are highly accu-
rate for population studies.'®1? Our data suggests that accuracy of
echocardiographic estimates may also vary based on approach utilized.
Minimal bias was observed in methods that incorporated TRV,,,,, cor-
roborating an earlier study employing high-fidelity catheters that sug-
gests that the most accurate estimate of PAPy, is obtained by assess-
ment of systolic PA pressures alone 2° Higher systemic bias with inva-
sive measurements and lower precision reflected in wider limits of
agreement employing both Pl (Abbas et al.?) and RVOT a7 (Dabestani
etal.’¥) seenin this study may, at least in part, be attributable to smaller
patient cohorts (n = 23 and 39, respectively) and less severe clini-
cal presentations in the original studies. As seen in the Bland-Altman
plots, a greater dispersion of points is observed at higher mean val-
ues of PAP\, suggesting that these methods may be less reliable in
the setting of severe PH. The cohort examined by Abbas et al. demon-
strated a PAPy = 25 (range 10-57) mm Hg and PAWPy, = 15 (range
2-38) mm Hg, suggesting a milder hemodynamic presentation com-
pared with cohort in our study.” Dabestani et al. do not present corre-
sponding values in their cohort, but suggest a PAPy, range, that is, rela-
tively lower than that in our study with lower PH cut-off (20 mm Hg).1*
Additionally, the empirical algorithms presented using this method
may demonstrate limited utility in the setting of severely elevated
PAP) as alluded to in certain comparative studies evaluating multiple
echocardiographic approaches.?! Despite displaying relatively lower
precision and agreement with invasive measurements, both the above-
mentioned methods demonstrated good diagnostic ability to identify
PH in our cohort. Uninterpretable TR signals are frequent in HF,22 have
been reported in as many as 39% of subjects and may present a limi-

tation to echocardiographic evaluation of PH.23 In our study, TRV nax
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could not be adequately assessed in 14% and velocity-time integral in
19% of patients, emphasizing the diagnostic role for methods that do
not necessitate TR jet interrogation.

Early identification of PH in HF has direct consequences on treat-
ment and prognosis. Despite reasonable to strong diagnostic ability to
identify PH, none of the echocardiographic algorithms outperformed
TRV max on ROC analysis, irrespective of hemodynamic definition of
PH. This finding is contrary to a recent comparative report where the
chosen echocardiographic algorithms showcased generally superior
performance as compared with TRV ,..2* The authors suggest in the
abovementioned study that algorithms that consider estimates of right
atrial pressure in addition to TRV,,,, demonstrate generally stronger
correlation with invasive measurements and superior diagnostic per-
formance when compared with TRV, alone. This was substantiated
by data from their study where right atrial pressure > 15 mm Hg esti-
mated by echocardiography demonstrated highest odds ratio for inva-
sively confirmed PH. In the setting of HF, echocardiographic estimates
of right atrial pressure are frequently falsely elevated and sole reliance
on the IVC to estimate RAP may be misleading.2* In our study, close to
one in three patients with elevated RAP estimated by echocardiogra-
phy demonstrated normal corresponding invasive pressures suggest-
ing that these estimates are frequently inaccurate and may not neces-
sarily contribute to stronger performance of derived PAP, variables as
earlier suggested.”?! Echocardiographic estimates of RAPy have been
incorporated into empirical derivations of PAP), in all but one selected
PAPy, algorithms in this study. This may play a role in the observed
lower performance when compared with TRV, alone, but needs to
be further examined.

The use of fluid-filled catheters instead of high-fidelity manometer-
tipped catheters for pressure measurement might introduce additional
error and may be considered a limitation in this study. Retrospective
analysis of echocardiographic data did not permit a closer inspection
factors leading to lower feasibility of certain algorithms included in this
comparative analysis. Finally, we did not employ agitated saline bubble
contrast to strengthen TR jet signal as this is not part of routine proto-
col in our laboratory.

5 | CONCLUSIONS

In the setting of HF, echocardiographic estimates of PAPy, are highly
feasible, demonstrate reasonable association and good agreement
with invasive measurements. Despite displaying strong ability to
identify PH, none of the methods outperformed recommendation-
proposed TRV 5 cut-off > 2.8 m/sec.
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