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Background: Current guidelines advise using echocardiography for noninvasive estimation of the likelihood
that a patient has pulmonary hypertension (PH). To estimate the echocardiographic probability of PH, the
maximal tricuspid regurgitation velocity (TR Vmax) is recommended as the main parameter to use over
more complex algorithms that provide an estimation of pulmonary artery pressure. This preference is based
on concerns about inaccuracies and amplification of measurement errors that can occur from using derived
variables. However, this has not been examined systematically.

Methods: A retrospective database analysis was performed of invasively determined measurements of right
heart pressure in 90 patients, corresponding echocardiographic estimations of pulmonary artery pressure,
and additional parameters obtained within 24 hours. Several algorithms were compared for their correlations
and accuracy parameters.

Results: Although a Bland-Altman analysis demonstrated that all examined algorithms exhibited inaccuracies
that could be clinically relevant in individuals, algorithms estimating mean pulmonary artery pressure (PAPm)
on the basis of tricuspid regurgitation generally exhibited stronger correlations with invasively determined
PAPm andmore accurate identification of PH than did TR Vmax. Echocardiographic estimation of right atrial
pressure >15 mm Hg exhibited the highest odds ratio for invasively confirmed PH, suggesting that this
parameter is of additional diagnostic value. Indeed, algorithms that also considered right atrial pressure per-
formed best, whereas empirical algorithms, TR Vmax, and methods relying on pulmonary acceleration time
exhibited weaker performance.

Conclusions: Although all methods are associated with inaccuracies, echocardiographically determined
PAPm was superior to the current guideline recommendation of using TR Vmax with regard to its correlation
with invasively determined PAPm and the presence of PH. PAPm may be considered as an alternative to TR
Vmax for evaluating the echocardiographic probability of PH. (J Am Soc Echocardiogr 2018;31:89-98.)
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Pulmonary hypertension (PH) is defined as a mean pulmonary ar-
tery pressure (PAPm) of $25 mm Hg at rest as assessed by right
heart catheterization (RHC).1,2 Although a definite diagnosis of PH
requires invasive assessment of PAPm, noninvasive estimation of
PAPm from Doppler measurements obtained by transthoracic
echocardiography may help either suggest a preliminary diagnosis
of PH or make it unlikely. Thus, echocardiography is a Class 1C
recommended first-line, noninvasive diagnostic investigation in cases
of suspected PH.1 Furthermore, noninvasive echocardiographic esti-
mation of PAPmmay be used to follow andmonitor treatment effects
in patients with definite PH. The results obtained from echocardio-
graphic examination in combination with the degree of clinical suspi-
cion of PH should be used to define the probability of PH and to
determine the need for RHC in an individual patient.1

Commonly used methods for estimating PAPm are based on the
Doppler-derived velocity-time integral of tricuspid regurgitation
(TR).3-8 PAPm can be calculated by adding the right atrial–right
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ventricular mean gradient (TR
Pmean) to estimated right atrial
pressure (RAP).3-5 Alternatively,
various empirical formulas for
calculating PAPm from the TR-
derived systolic pulmonary ar-
tery pressure (PAPsys) have
been described.6-10 However,
all TR-based methods for esti-
mating PAPm require estimation
of RAP. Alternatively, such as in
cases of weak TR signal (no or
only trace TR), PAPm may be
calculated independently of TR
signals using pulmonary acceler-
ation time (PAT) of the pulmo-
nary artery flow as measured by
pulsed Doppler ultrasonogra-
phy.3,11,12

The 2015 European Society of
Cardiology (ESC) and European
Respiratory Society guidelines
for the diagnosis and treatment
of PH recommend continuous-
wave Doppler measurement of
maximal TR velocity (TR Vmax;
not estimated PAPsys or PAPm)
as the main variable to use in
determining the echocardio-
graphic probability of PH.1 The

reason for this preference according to the guidelines is ‘‘the inaccur-
acies of RAP estimation and the amplification of measurement errors
by using derived variables.’’ However, although these guidelines high-
light the impact of echocardiography for estimating the probability of
PH, whether the extent of such inaccuracies fully support a prefer-
ence for TR Vmax was not examined previously. Hence, the best
method for assigning the likelihood of PH or noninvasively estimating
PAPm is not known. Therefore, we examined the accuracy of various
approaches for estimating PAPm and additional parameters, including
the TR Vmax method, in a retrospective analysis of unselected pa-
tients who underwent echocardiography and RHC.

METHODS

Study Design, Study Population, and Definitions

We retrospectively reviewed echocardiographic examinations and
the results of RHC performed at the Clinic for Cardiology and
Pneumology, University Medical Center G€ottingen; King’s College
Hospital, London; and the Department of Internal Medicine II,
University of Regensburg between 2011 and 2016. In all cases, the
maximal interval between echocardiography and cardiac catheteriza-
tion was 24 hours. The study was conducted as a database search
limited to echocardiographic and RHC data as approved by the local
ethics committees and in accordance to the amended Declaration of
Helsinki. All data relevant to this analysis were subjected to careful re-
view by an experienced imaging specialist who was blinded to the re-
sults of the invasive pulmonary pressure measurements. As part of
this review, any echocardiographic reading that was suboptimal was
remeasured (using Philips Xcelera/TomTec software, Philips,
Amsterdam, The Netherlands), and any image (and associated read-

ings) of insufficient quality were excluded from the analysis. The defi-
nition of PH and further classification of PH were based on the 2015
ESC guidelines for the diagnosis and treatment of PH: PHwas defined
as PAPm $ 25 mm Hg as assessed at rest by RHC.1 When PH was
diagnosed, it was further classified as precapillary (pulmonary capil-
lary wedge pressure # 15 mm Hg), combined pre- and postcapillary
(pulmonary capillary wedge pressure > 15 mmHg and diastolic pres-
sure gradient$ 7mmHg), or isolated postcapillary (pulmonary capil-
lary wedge pressure > 15 mm Hg and diastolic pressure
gradient < 7 mm Hg).1

To identify the best method for noninvasively estimating PAPm,
various TR-derived or PAT-derived approaches were compared, as
detailed in Table 1 and Figure 1. In brief, continuous-wave Doppler
ultrasonography of TR in apical four-chamber and parasternal
short-axis views was applied, and the TR time-velocity tracing was
determined to obtain the time-velocity integral, TR Vmax, mean TR
velocity, maximal right atrial–right ventricular gradient, and TR
Pmean. Patients without or with very weak continuous-wave
Doppler signals that did not allow clear determination of the time-
velocity signal (such as patients without or with only trace TR) were
excluded from the analysis that relied on TR signals. (The application
of agitated saline contrast for enhancing weak TR signals was not a
part of the standard operational procedures.)
In all other patients, PAPm was calculated either according to

Aduen et al4 by adding estimated RAP to TR Pmean obtained from
tracing of the TR time-velocity integral or by empirical formulas for
the calculation of PAPm from PAPsys (Table 1).6-10 PAPsys was
calculated by adding estimated RAP to TR Pmax.3 RAPwas estimated
by measuring the diameter of the inferior vena cava (IVC) at end-
expiration and the inspiratory collapsibility in the subcostal view as
follows: when the IVC diameter was #21 mm and the collapsibility
with a sniff was >50%, RAP was estimated to be 3 mm Hg; when
the IVC diameter was >21 mm and the collapsibility was <50%,
RAP was estimated to be 15 mm Hg. In all other cases (either IVC
diameter >21 mm and collapse >50% or IVC diameter #21 mm
and collapse <50%), RAP was estimated to be 8 mm Hg.3,13 To
estimate PAPm independent of the measurements of TR (and
RAP), PAT was measured as previously described.11,12,14,15 In brief,
the pulmonary artery was visualized in the parasternal short-axis
view. The sample volume of the pulsed-wave Doppler was then
placed about 1 cm distal to the open leaflet tips of the pulmonary
valve in parallel orientation to the axis of blood flow. PAT was
measured from the onset of ejection to the peak flow velocity.11

All echocardiographic dimensions were obtained from two-
dimensional images (B-mode).

Data Analysis and Statistical Methods

Continuous variables are presented as median values with the
corresponding 25th and 75th percentiles. Comparisons of contin-
uous variables were performed using the Mann-Whitney U test.
Proportions are expressed as percentages and as absolute
numbers. Categorical variables were compared using the Fisher
exact test. To test for correlations between estimated PAPm and
invasively measured PAPm, the Spearman coefficient was calcu-
lated. CIs were obtained by nonparametric bootstrapping, with
9,999 bootstrap replications.16 The Spearman correlation coeffi-
cients of various echocardiographic variables with invasive PAPm
were tested for differences using the approach by Steiger.17

Bland-Altman plots were used to analyze the degree of agreement
between invasively measured PAPm and echocardiographic
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