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A B S T R A C T

Background: Currently an echocardiographic threshold for the tricuspid regurgitation gradient (TRG) of
> 31 mmHg is recommended for screening for pulmonary hypertension (PH). Invasively diagnosed PH was
recently redefined as mean pulmonary arterial pressure (mPAP) > 20 mmHg instead of � 25 mmHg. We
investigated the ability of TRG to screen for the new PH-definition.
Methods: Retrospective assessment of echocardiography and right heart catheterisation data from 1572
patients entering the Giessen PH-Registry during 2008�2018. Accuracy of different TRG thresholds and other
echocardiographic parameters was evaluated using receiver operating characteristic curves.
Findings: 1264 patients fulfilled the new PH-definition. Positive (PPV) and negative predictive values and
accuracy of TRG > 46 mmHg were 95%, 39%, and 73%, respectively, for the new PH-definition. Lowering the
TRG cut-off to 31 mmHg and below worsened PPV to � 89%. The PPV of TRG for pre-capillary PH
(mPAP > 20 mmHg and pulmonary vascular resistance � 3 Wood Units) was � 85%. In patients with
TRG � 46 mmHg, tricuspid annular plane systolic excursion/TRG and TRG/right ventricular outflow tract
acceleration time were superior to TRG in screening for newly defined pre-capillary PH.
Interpretation: In patients with suspected PH referred to a tertiary care centre, the PPV of TRG to meet the
new PH-definition depended strongly on the TRG cut-off used. Our data do not support lowering the TRG
cut-off. Combining TRG with other echocardiographic parameters might improve the validity of echocardio-
graphic screening for PH.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

For many years, pulmonary hypertension (PH) has been defined as
a mean pulmonary arterial pressure (mPAP) of � 25 mmHg measured
invasively by right heart catheterisation (RHC) [1]. The most impor-
tant non-invasive screening parameter for PH is the transthoracic
echocardiographic tricuspid regurgitation gradient (TRG), which can
be estimated from the regurgitation velocity at the tricuspid valve
(TRV) as 4 x TRV2 [2]. Current guidelines separate patients into low-,
intermediate-, and high-risk groups for having PH based on TRG val-
ues of � 31 mmHg, >31�46 mmHg, and >46 mmHg, respectively [1].
The risk groups are further defined by additional echocardiographic
parameters. If TRG is > 46 mmHg, the probability of PH is high even
without additional echocardiographic parameters [1]. If TRG is
� 31 mmHg without additional echocardiographic parameters, the
probability of PH is low [1]. If TRG is � 31 mmHg with other echocar-
diographic signs of PH (in at least two of the following three catego-
ries: the ventricles [right ventricle/left ventricle basal diameter ratio
> 1�0 and/or flattening of the interventricular septum (left ventricu-
lar eccentricity index > 1�1)]; the pulmonary artery [right ventricular
outflow tract Doppler acceleration time (RVOT AT) <105 ms and/or
mid-systolic notching, early diastolic pulmonary regurgitation
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Research in context

Evidence before this study
The diagnostic threshold of mean pulmonary arterial pres-

sure (mPAP) for the definition of chronic pulmonary hyperten-
sion (PH) has been lowered from � 25 mmHg to > 21 mmHg,
as measured by gold-standard invasive right heart catheterisa-
tion (RHC). The rationale for this change was based on an exten-
sive review of the existing literature on normal pressures in the
pulmonary circulation, and an increasing body of evidence that
even mild elevations of pressure are of prognostic relevance for
many common diseases (e.g. heart failure and chronic lung dis-
eases). Recommendations regarding the respective cut-off val-
ues for non-invasive echocardiographic screening have been
made, but have not yet been validated.

Added value of this study
In our study, data frommore than 1500 patients who under-

went both RHC and echocardiography within a short time
frame were investigated regarding the validity of echocardio-
graphic screening for the new definition of PH, using different
thresholds of the tricuspid regurgitation gradient (TRG, the
main non-invasive parameter for the derivation of pulmonary
pressures). In essence, we show that lowering the TRG thresh-
old below 31 mmHg reduced the positive predictive value
below 89% for screening for PH defined as mPAP > 20 mmHg.
In patients with TRG � 46 mmHg, TRG combined with concomi-
tantly assessed tricuspid annular plane systolic excursion or
right ventricular outflow tract acceleration time was superior
to TRG alone for screening for the new definition of pre-capil-
lary PH (mPAP > 20 mmHg and pulmonary vascular resistance
� 3Wood Units).

Implications of all the available evidence
Using echocardiography as a meaningful screening method

for the prediction of PH is still to be regarded as the most
appropriate approach. However, for the new definition of PH,
reducing the previously recommended threshold of TRG for
echocardiographic screening results in an unacceptable reduc-
tion of the positive predictive value. We suggest combining
reduced TRG cut-off values with other echocardiographic
parameters to improve the validity of echocardiographic
screening for PH.
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velocity >2�2 m/s, and/or pulmonary arterial diameter >25 mm];
and the inferior vena cava [IVC] and right atrium [IVC diameter
>21 mm with decreased inspiratory collapse, and/or right atrial (RA)
area at end-systole > 18 cm2]), the probability of PH is intermediate
[1]. If TRG is between 31 mmHg and 46 mmHg, the presence of other
echocardiographic signs of PH indicates a high probability of PH
whereas their absence indicates an intermediate probability of PH
[1]. Diagnostic invasive RHC is indicated for patients with a TRV of
> 2�8 m�s�1 [1], which corresponds to an estimated TRG of
>31 mmHg.

Based on data determining the upper confidence limit of mPAP in
healthy controls to be 20�6 mmHg [3], the recent 6th World Sympo-
sium on PH proposed a new haemodynamic definition of PH, with a
new, reduced mPAP cut-off of > 20 mmHg. The inclusion of pulmo-
nary vascular resistance (PVR) � 3 Wood Units (WU) into the defini-
tion of pre-capillary PH was also proposed [4]. However, the World
Symposium did not recommend changing the diagnostic algorithm;
in particular, the key echocardiographic cut-off for assessment of the
risk of PH remained unchanged, although validation of this cut-off
was based on the previous definition of PH as mPAP � 25 mmHg [5]
and lower cut-offs (e.g. TRV �2�5 m�s�1) have been associated with
mortality [6].
Therefore, the validity of the key echocardiographic screening
parameter TRG for the prediction of the new haemodynamic defini-
tion of PH is currently unknown. We evaluated whether or not the
estimated TRG is still appropriate for predicting PH and if there is any
benefit in lowering the estimated TRG threshold below 31 mmHg.
2. Methods

2.1. Database

Consecutive incident patients who underwent transthoracic echo-
cardiography and RHC at our tertiary referral centre and entered the
Giessen PH Registry [7] between 1 January 2008 and 31 December
2018 were included in this retrospective analysis (HG, AY, NS, FG,
WS, MJR, KT, and HAG had access to the Giessen PH Registry). All
patients were transferred to our expert centre either by a family phy-
sician or by a specialist physician because of unclear symptoms (such
as dyspnoea, fatigue, chest pain, or oedema) leading to a suspicion of
PH. All participating patients gave written informed consent to be
enrolled in the Giessen PH Registry. An external validation cohort
comprised of 703 from the Hannover PH centre (see below). The
investigation complies with the principles outlined in the Declaration
of Helsinki and was approved by the ethics committee of the Faculty
of Medicine at the University of Giessen (Approval No. 186/16, 266/
11). Final diagnoses were made by the local multidisciplinary board.
Information on survival status was obtained in December 2020.
2.2. Echocardiography

Two-dimensional echocardiographic and Doppler measurements
were performed using GE Vivid S5 and E9 systems (GE Healthcare
GmbH, Solingen, Germany) at the time of the initial visit. Several
parameters including TRG, RA area, RVOT AT, tricuspid annular plane
systolic excursion (TAPSE), and IVC diameter were collected from the
registry. We assessed PH based on TRG (�4 x TRV2) rather than esti-
mated pulmonary arterial systolic pressure (PASP; calculated as TRG
+RA pressure [RAP]), because echocardiographic RAP is limited by
low accuracy [1]. RAP was estimated as recommended in the current
PH guidelines [1], based on evaluation of IVC diameters (expiratory
and inspiratory) and percent collapse during inspiration [8]. All other
measurements were performed according to the available imaging
guidelines [9]. If both TAPSE and TRG were measurable, TAPSE was
divided by TRG to give the TAPSE/TRG ratio (mm/mmHg). Longitudi-
nal myocardial velocity, right ventricular to left ventricular ratio, pul-
monary arterial diameter, and left ventricular eccentricity index or
septal bowing are not included in the registry.
2.3. Right heart catheterisation

Measurements of invasive systolic pulmonary arterial pressure
(sPAP), mPAP, PVR, cardiac index, RAP, and pulmonary arterial wedge
pressure (PAWP) at the initial RHC were retrieved from the registry
database. All RHC parameters were obtained after a short waiting
period in order to provide a standardised diagnostic procedure by
addressing time-dependant variability of these measurements [10].
2.4. External validation

External validation was performed in a second cohort including
patients who were referred to the tertiary expert centre of the Hann-
over Medical School for diagnostic work-up of suspected PH. All inci-
dent patients who entered the Hannover PH Registry between 2013
and 2020 were included (n = 703).
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2.5. Statistical analyses

Statistical analyses were performed in patients with measurable
TRG (patients without measurable TRG were excluded). First, the
association of echocardiographic TRG with invasively measured sPAP
was assessed by Pearson’s correlation, with p < 0�05 considered sta-
tistically significant. In a second step, analyses were performed in the
whole cohort to assess the value of echocardiographic TRG as a
screening tool in a PH referral centre using the new definition of PH.
We assessed the sensitivity, specificity, positive predictive value
(PPV), negative predictive value (NPV), and accuracy of different TRG
cut-offs for screening for PH defined as mPAP � 25 mmHg or as
mPAP > 20 mmHg, respectively.

Subgroup analyses were then performed in patients with echocar-
diographic TRG � 46 mmHg (corresponding to low-/intermediate-
risk groups [1]) to evaluate the impact of using additional echocar-
diographic parameters to screen for PH (new definition). Then, these
patients were grouped according to PAWP for further subgroup anal-
yses (PAWP < 15 mmHg and PAWP � 15 mmHg).

For each of the studied echocardiographic parameters, receiver
operating characteristic (ROC) analyses were performed to assess dis-
criminatory power and the Youden Index was used to identify the
optimal cut-off value for screening for PH (new definition) [11]. Areas
under the ROC curves (AUROCs) were compared using the bootstrap
method in each subgroup.

A priori, we defined a NPV of 80% as appropriate for a screening
method in patients with echocardiographic TRG � 46 mmHg in a ter-
tiary referral centre. Sensitivity and specificity of 80% and 60%,
respectively, were also considered appropriate for a screening tool.

Survival analyses were truncated at 5 years after the initial RHC.
Associations of echocardiographic parameters with mortality were
assessed by univariate Cox regression.

Statistical analyses were performed as appropriate using SPSS
(Version 26, IBM, Armonk, USA), GraphPad Prism software (Version
6, GraphPad, La Jolla, CA, USA) and R (The R Foundation, Vienna, Aus-
tria).
2.6. Role of the funding source

The study sponsors had no role in the study design, the collection,
analysis, and interpretation of data, the writing of the report, or the
decision to submit the paper for publication. All authors had full
access to all the data in the study and accept responsibility for the
decision to submit for publication.
3. Results

3.1. Patient characteristics

Between 2008 and 2018, 1572 patients with available echocardio-
graphic and RHC data were included in the Giessen PH Registry
because of suspected PH (Fig. 1). Of these patients, 80% had PH
according to the new definition, of whom 211 patients had mPAP
> 20 mmHg but < 25 mmHg. Compared with patients who had the
new definition of PH overall, those without PH were slightly younger
and had lower RAP, mPAP, and PVR and a higher cardiac index
(Table 1). The median [quartile 1; quartile 3] time delay between
echocardiography and RHC was 29 [3; 55] days. Patients with PH
without post-capillary involvement (mPAP > 20 mmHg and PAWP
� 15 mmHg) and patients with combined pre- and post-capillary PH
(mPAP > 20 mmHg, PAWP > 15 mmHg, and PVR � 3 WU) showed
higher mean TRG and TRG/RVOT AT ratio and lower mean TAPSE/
TRG and RVOT AT than patients with post-capillary PH alone (mPAP
> 20 mmHg, PAWP > 15 mmHg, and PVR < 3 WU; Table 1). The
most common diagnoses in patients with PH without post-capillary
involvement were PH due to lung diseases and/or hypoxia (33%) and
pulmonary arterial hypertension (23%).

3.2. Echocardiographic screening for PH based on the new
haemodynamic definition

Echocardiographic TRG showed a low bias of �2�7 § 17�6 mmHg
compared with invasively measured sPAP, with wide limits of agree-
ment (Fig. 2). Echocardiographic TRG correlated modestly with inva-
sively measured sPAP in the whole cohort (r = 0�671, p < 0�001). In
stratified analysis, invasively measured sPAP showed a modest corre-
lation with high TRG (> 46 mmHg; r = 0�576, p < 0�001) and a low
correlation with TRG between 31 mmHg and 46 mmHg (r = 0�208,
p < 0�001), but was not significantly correlated with low TRG
(� 31 mmHg; r = �0�128, p = 0�221).

TRG had slightly lower sensitivity, higher specificity, higher PPV,
and lower NPV when screening for PH defined as mPAP > 20 mmHg
compared with the old definition (mPAP � 25 mmHg) (Fig. 3A,B).
Accuracy was good, with the highest accuracy (85%) being achieved
using a TRG cut-off of 31 mmHg (Fig. 3B). We observed extremely
low specificity and a slight increase in sensitivity without a substan-
tial decrease in accuracy when the TRG cut-off for screening for
newly defined PH was reduced below 31 mmHg (Fig. 3B).

Because of the low correlation of TRG with invasively measured
sPAP in patients with low TRG (� 46 mmHg), we performed subgroup
analyses to evaluate the usefulness of other echocardiographic
parameters in this population. In the subgroup of patients with an
estimated TRG � 46 mmHg (n = 550), 62% (n = 341) fulfilled the newly
proposed diagnostic criterion of mPAP > 20 mmHg. The RVOT AT,
PASP, IVC diameter, and RA area were evaluated for their ability to
improve the PPV, NPV, and accuracy of TRG for screening for PH in
this subgroup. The optimal cut-off for each parameter (Table 2) was
tested. RVOT AT showed the highest accuracy and NPV but the lowest
PPV for predicting mPAP > 20 mmHg. RA area had the highest PPV
but the lowest accuracy. Echocardiographic parameters comprising
both pressure and RV longitudinal shortening/RVOT AT were tested
in patients with TRG � 46 mmHg. The TAPSE/TRG ratio and TRG/
RVOT AT ratio combined high accuracy (relative to other tested
parameters) with intermediate PPV and NPV (Table 2). PASP showed
slightly higher sensitivity and accuracy than TRG (Table 2).

3.3. Echocardiographic screening for pre-capillary PH based on the new
haemodynamic definition

When pre-capillary PH was defined as mPAP > 20 mmHg com-
bined with PVR � 3 WU, TRG continued to have high sensitivity as a
screening parameter, but its specificity and PPV decreased to moder-
ate levels, with wide ranges depending on the TRG cut-off (Fig. 3C).
Again, lowering the TRG threshold led to a decrease of specificity and
PPV while sensitivity and NPV increased slightly. Hence, we evalu-
ated the usefulness of other echocardiographic parameters for
screening for pre-capillary PH in patients with TRG � 46 mmHg with
or without elevated PAWP.

In patients with PAWP � 15 mmHg (n = 452), 33% (n = 150) ful-
filled the newly proposed combined definition of pre-capillary PH.
RVOT AT, the TRG/RVOT AT ratio, TRG, and the TAPSE/TRG ratio
showed the highest NPV whereas only the TAPSE/TRG ratio and IVC
diameter showed a PPV above 50% (Table 2). PASP again showed
slightly higher sensitivity than TRG but had lower accuracy than TRG
in this subgroup. The TAPSE/TRG ratio, RA area, and TRG/RVOT AT
ratio showed the highest accuracy. Concordantly, ROC analyses
revealed that echocardiographic parameters combining pressure and
resistance outperformed the current cornerstone TRG: the AUROC
was 0�681 (95% confidence interval [CI]: 0�630, 0�732) for TRG, com-
pared with 0.746 (95% CI: 0�694, 0�799) for the TRG/RVOT AT ratio
(p < 0�001) and 0.731 (95% CI: 0�680, 0�782) for the TAPSE/TRG ratio



Fig. 1. Flow chart of the study population and analysed subgroups .

Table 1
Patient characteristics and right heart catheterisation data.

All Pre-capillary PH* Post-capillary PHy Combined pre- and
post-capillary PHz

PH ruled out

Patient characteristics
n (%) 1572 (100) 971 (62) 144 (9) 149 (9) 308 (20)
Age, years 66§ 12 66 § 13 70 § 11 68 § 12 65 § 11
Female/male, n/n 870/702 511/460 81/63 99/50 179/129
BMI, kg�m�2 27�2 [24�0; 31�2] 26�8 [23�7; 30�5] 30�1 [26�8; 33�3] 29�0 [24�5; 34�3] 26�8 [24�1; 29�9]
Right heart catheterisation data
mPAP, mmHg 31�0 [22�0; 42�0] 35�0 [27�0; 44�0] 30�0 [27�0; 33�0] 42�0 [38�0; 50�0] 17�0[13�0; 19�0]
PVR, WU 5 § 4 7 § 4 2 § 1 6 § 3 2 § 1
Cardiac index, L�min�1�m�2 2�6 § 0�7 2�5 § 0�7 2�7 § 0�8 2�3 § 0�5 2�7 § 0�7
PAWP, mmHg 10�8 § 6�1 8�8 § 3�5 20�9 § 3�8 21�2 § 4�2 7�2 § 3�6
RAP, mmHg 6�1 § 5�2 5�7 § 4�5 10�5 § 6�3 11�6 § 5�0 2�6 § 2�9
Echocardiographic data
TRG, mmHg (n = 1326) 53§ 20 58 § 19 44 § 14 61 § 17 34 § 12
PASP, mmHg (n = 1395) 59§ 21 65 § 20 51 § 14 68 § 17 39 § 12
RVOT AT, ms (n = 1240) 81§ 27 75 § 22 85 § 29 72 § 20 103 § 31
IVC diameter, mm (n = 510) 21§ 6 21 § 5 23 § 7 22 § 5 19 § 6
RA area, cm2 (n = 885) 21§ 8 21 § 8 23 § 9 23 § 9 17 § 7
TAPSE/TRG, mm�mmHg�1 (n = 1267) 0�44 § 0�30 0�37 § 0�19 0�53 § 0�54 0�31§ 0�22 0�73 § 0�28
TRG/RVOT AT, mmHg�ms�1 (n = 1115) 0�82 § 1�53 0�94 § 1�61 0�85 § 2�77 0�91§ 0�38 0�37 § 0�20
Left atrial area, cm2 (n = 248) 13.4 § 4.9 12.6 § 4.8 16.4 § 4.2 16.0 § 4.8 13.1 § 4.9

Data are presented as n (%), n/n, mean§ standard deviation, or median [first quartile; third quartile]. BMI=body mass index. IVC=inferior vena cava. mPAP=-
mean pulmonary arterial pressure. PAWP=pulmonary arterial wedge pressure. PH=pulmonary hypertension. PVR=pulmonary vascular resistance. RA=right
atrial. RAP=right atrial pressure. RVOT AT=right ventricular outflow tract acceleration time. TAPSE=tricuspid annular plane systolic excursion. TRG=tricus-
pid regurgitation gradient. WU=Wood Units.
* Defined as mPAP � 21 mmHg, and PAWP � 15 mmHg.
y Defined as mPAP � 21 mmHg, PAWP > 15 mmHg, and PVR < 3WU.
z Defined as mPAP � 21 mmHg, PAWP > 15 mmHg, and PVR � 3 WU.
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Fig. 2. Bland-Altman plot of TRG estimated by echocardiography versus sPAP mea-
sured by right heart catheterisation

Horizontal lines indicate upper (31�7 mmHg) and lower (�37�1 mmHg) limits of
agreement. Echo=echocardiography. RHC=right heart catheterisation. sPAP=systolic
pulmonary arterial pressure (invasively measured). TRG=tricuspid regurgitation
gradient.
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(p = 0�014). RA area showed a significantly lower discriminatory
power than TRG (AUROC: 0�597 [95% CI: 0�499, 0�659], p = 0�046).
Combining the TRG/RVOT AT ratio with TAPSE slightly increased the
discriminatory power (AUROC: 0�755 [95% CI: 0�703, 0�807],
p = 0�795) and accuracy (68%) compared with TRG/RVOT AT alone.
Amongst other key echocardiographic parameters, RVOT AT was the
best discriminator between elevated (� 3 WU) and non-elevated PVR
(< 3 WU) with an AUROC of 0�743 (95% CI: 0�692, 0�793). Consistent
with this finding, RVOT AT showed an inverse correlation with sPAP
(r = �0�442, p < 0�001) and PVR (r = �0�398, p < 0�001). ROC curves
for TRG, TAPSE/TRG ratio and TRG/RVOT AT ratio are shown in the
supplementary Fig. S1A.

In patients with PAWP > 15 mmHg (n = 98), 31% (n = 30) fulfilled
the newly proposed combined definition of combined pre- and post-
capillary PH. RA area, the TAPSE/TRG ratio, and TRG/RVOT AT ratio
showed higher accuracy and PPV than all other tested parameters
(Table 2). PASP again showed slightly higher sensitivity than TRG
while accuracy was impaired (Table 2). However, PPV was impaired
whereas NPV was high for all parameters (Table 2). ROC analyses
revealed that the TAPSE/TRG ratio and TRG/RVOT AT ratio had
slightly better discriminatory power than TRG in these patients: the
AUROC was 0�652 (95% CI: 0�539, 0�765) for TRG, compared with
0�685 (95% CI: 0�560, 0�818) for the TRG/RVOT AT ratio (p = 0�470)
and 0�763 (95% CI: 0�662, 0�863) for the TAPSE/TRG ratio
(p = 0�143) (Table 2a).

External validation was performed in 703 incident patients
(Fig. 1). Baseline characteristics are shown in Table 2A. Overall, the
distribution of pre-capillary, post-capillary, combined pre- and post-
capillary, and invasively excluded PH was similar to that observed in
the derivation cohort. However, patients in the validation cohort
showed more severe impairment of pulmonary haemodynamic
parameters than those in the derivation cohort.

Optimal thresholds in the validation cohort (derived by the You-
den Supplementary Table S1) and associated sensitivity, specificity,
PPV, NPV, and accuracy are shown in Supplementary Table S1. Of
note, the TAPSE/TRG and TRG/RVOT AT ratios outperformed routinely
assessed parameters such as RVOT AT, RA area, and IVC diameter in
all tested subgroups with low estimated TRG (Supplementary Table
S1). ROC curves of TRG, TAPSE/TRG ratio and TRG/RVOT AT ratio for
detection of the new definition of PH in patients with PAWP
� 15 mmHg and TRG � 46 mmHg are shown in the Supplementary
Fig. S1A.

3.4. Echocardiographic parameters predict mortality in patients with PH

Information regarding survival status was available for 1236 of
the 1264 patients with PH in the derivation cohort. Of these 1236
patients, 374 died within 5 years after the initial RHC (median [quar-
tile 1; quartile 3] follow-up time: 60 [34; 60] months). All tested
echocardiographic parameters except the TRG/RVOT AT ratio pre-
dicted mortality (Table 3).

3.5. Performance of echocardiography in patients with mPAP values
between 21 mmHg and 25 mmHg

Of the 211 patients with mPAP > 20 mmHg and < 25 mmHg, 142
had echocardiographic TRG data available. Mean TRG in this sub-
group was 41 § 14 mmHg. Interestingly, the usefulness and thresh-
olds of echocardiographic parameters for the prediction of pre-
capillary PH in this subgroup differed substantially from those
observed in patients with TRG � 46 mmHg. Indeed, only TRG, PASP,
and the TAPSE/TRG and TRG/RVOT AT ratios showed appropriate
accuracy in patients with mPAP > 20 mmHg and < 25 mmHg
(Table 4). The optimal TAPSE/TRG cut-off was meaningfully lower
than in patients with TRG �46 mmHg whereas the optimal TRG,
PASP, and TRG/RVOT AT cut-offs were meaningfully higher. The NPV
of all tested parameters was � 75% but PPV was severely impaired
(Table 4). Moreover, only tissue Doppler-derived tricuspid lateral
annular systolic velocity (S’) predicted mortality in this subgroup of
patients (Table 3).

4. Discussion

We have evaluated the validity of echocardiographic TRG as a
screening parameter for the new haemodynamic definitions of PH
and pre-capillary PH as proposed at the 6th World Symposium on
PH. In a patient population with a high pre-test probability for PH
referred to a tertiary referral centre, echocardiographic TRG was
somewhat imprecise as a measure of sPAP, and the specificity and
PPV of TRG as a screening parameter for the new definition of PH
were strongly dependant on the TRG cut-off used. The combination
of pressure and resistance within the new definitions of pre-capillary
PH and combined pre- and post-capillary PH resulted in an even
lower PPV of echocardiography than previously described [5]. More-
over, the association of TRG with invasively measured sPAP was lim-
ited at low pressures (TRG � 46 mmHg). In patients with TRG
� 46 mmHg, other echocardiographic parameters (the TAPSE/TRG
ratio and TRG/RVOT AT ratio) were superior to TRG for screening for
the new definition of pre-capillary PH. External validation was per-
formed in a second cohort of incident patients who were referred for
diagnostic work-up to the Hannover tertiary referral centre.

Our study suggests that the echocardiographic screening
approach to determine the need for invasive confirmation of pH
(based on the new criteria) in referral centres needs to be reconsid-
ered. The specificity, PPV, and NPV of TRG > 31 mmHg for screening
for pH defined as mPAP > 20 mmHg in our study were below the val-
ues reported previously by Greiner and co-workers using the old def-
inition of PH (mPAP � 25 mmHg) [5]. Greiner and co-workers
showed that a PASP (TRG+RAP) threshold of 36 mmHg had excellent
sensitivity (87%) with 79% specificity, 92% PPV, and 85% accuracy for
screening for the old haemodynamic definition of PH in a large
expert-centre cohort. In comparison, a TRG cut-off of 31 mmHg in
our cohort showed similar sensitivity but lower specificity in



Table 2a
Patient characteristics and right heart catheterisation data for the validation cohort

Validation cohort - MHH All Pre-capillary PH* Post-capillary PHy Combined pre- and post-capillary PHz PH ruled out

Patient characteristics
n (%) 703 (100) 459 (65) 42 (6) 111 (16) 91 (13)
Age, years 66 § 14 64 § 15 73 § 8 71 § 12 63 § 13
Female/male, n/n 407/296 253/206 24/18 70/41 60/31
BMI, kg�m�2 26.9 [23.9; 31.2] 26.5 [23.3; 30.5] 29.2 [25.7; 32.6] 29.1 [25.7; 34.7] 25.4 [23.0; 29.7]
Right heart catheterisation data
mPAP, mmHg 36 [26; 47] 39 [30; 48] 29 [26; 32] 43 [37; 50] 17 [14; 19]
PVR, WU 6 § 5 8 § 5 2 § 1 6 § 3 2 § 1
Cardiac index, L�min�1�m�2 2.4 § 0.7 2.3 § 0.7 2.7 § 0.8 2.3 § 0.6 2.8 § 1.0
PAWP, mmHg 11.4 § 5.5 9.4 § 3.4 19.4 § 3.0 19.5 § 3.3 7.3 § 2.9
RAP, mmHg 8.0 § 4.9 7.6 § 4.5 10.6 § 5.3 11.9 § 4.8 3.6 § 2.4
Echocardiographic data
TRG, mmHg (n = 699) 51 § 20 54 § 19 42 § 13 57 § 17 29 § 9
PASP, mmHg (n = 698) 60 § 21 63 § 20 51 § 14 68 § 17 35 § 10
RVOT AT, ms (n = 595) 95 § 43 88 § 42 122 § 55 93 § 32 121 § 44
IVC diameter, mm (n = 697) 20 § 6 20 § 6 21 § 5 22 § 6 16 § 5
RA area, cm2 (n = 446) 27 § 17 28 § 20 21 § 5 29 § 10 19 § 6
TAPSE/TRG, mm�mmHg�1 (n = 693) 0.47 § 0.34 0.40 § 0.25 0.54 § 0.18 0.39 § 0.46 0.88 § 0.36
TRG/RVOT AT, mmHg�ms�1 (n = 594) 0.81 § 1.58 0.90 § 1.49 1.04 § 3.72 0.69 § 0.33 0.39 § 1.21

6 H. Gall et al. / EClinicalMedicine 34 (2021) 100822
screening for patients with mPAP � 25 mmHg. The reason for this
discrepancy cannot be directly assessed by our study, however we
speculate that a general referral bias and differences between the
study cohorts may have contributed. Indeed, patients included in the
validation cohort had increased mPAP which may affect the validity
of TRG. Compared with the results of Greiner and co-workers using
the old definition of PH and a TRG cut-off of 36 mmHg, the accuracy
of TRG for screening in our cohort (using a cut-off of 31 mmHg) was
similar if PH was defined as mPAP > 20 mmHg. The bias of echocar-
diographic TRG as a measure of sPAP in our study is comparable to
that reported previously by Greiner and co-workers for echocardio-
graphic PASP (�2�0§ 8�2 mmHg) [5]. Our data suggest that lowering
the estimated TRG cut-off below 31 mmHg (without considering
Table 2
Performance of different echocardiographic parameters for the detection of PH overall and
(n = 550).

O

For the detection of PH overall*
RVOT AT 9
IVC diameter 1
RA area 2
TAPSE/TRG 0
TRG/RVOT AT 0
TRG 3
PASP 3
For the detection of pre-capillary PHy in patients with PAWP � 15 mmHg (n = 452)
RVOT AT 9
IVC diameter 1
RA area 2
TAPSE/TRG 0
TRG/RVOT AT 0
TRG 3
PASP 3
For the detection of pre-capillary PHy in patients with PAWP > 15 mmHg (n = 98)
RVOT AT 7
IVC diameter 2
RA area 3
TAPSE/TRG 0
TRG/RVOT AT 0
TRG 3
PASP 4

IVC=inferior vena cava. mPAP=mean pulmonary arterial pressure. NPV=negative predict
PPV=positive predictive value. PVR=pulmonary vascular resistance. RA=right atrial. RVOT
systolic excursion. TRG=tricuspid regurgitation gradient.
* Defined as mPAP > 21 mmHg.
y Defined as mPAP > 21 mmHg and PVR � 3 WU.
other echocardiographic PH signs) to screen for the new PH definition
would lead to extremely low specificity and further impair PPV as
well as accuracy without a substantial increase of sensitivity. This
supports the approach taken by the 6th World Symposium on PH,
which (in the absence of data) did not recommend reducing the TRG
threshold for invasive confirmation of PH.

The accuracy and PPV of TRG for screening for pre-capillary and
combined pre- and post-capillary PH (mPAP > 20 mmHg and
PVR � 3 WU) in our study were worse than those for screening for
PH overall (mPAP > 20 mmHg), indicating that addition of PVR to the
new definition of pre-capillary PH alters the usefulness of TRG as a
screening parameter. Our study provides evidence that lowering the
TRG threshold for intermediate risk of PH below the currently
pre-capillary PH (new haemodynamic definitions) in patients with TRG � 46 mmHg

ptimal cut-off Sensitivity,% Specificity,% PPV,% NPV,% Accuracy,%

7�5 78 61 74 65 71
7�5 76 48 81 40 69
2�5 37 88 84 44 55
�57 64 80 83 58 70
�36 71 71 78 62 71
3�5 70 66 77 58 69
8�5 75 64 78 61 70

7�5 86 52 45 89 63
7�5 74 45 52 68 58
2�5 34 83 48 74 68
�56 65 73 55 80 70
�37 76 61 47 85 66
5�5 68 62 47 80 64
9�5 73 56 45 81 61

9�5 71 61 44 83 64
9�5 100 29 29 100 45
5�6 31 93 57 82 79
�51 82 62 49 89 68
�56 58 79 54 81 73
7�5 67 62 43 81 63
5�5 69 55 40 80 59

ive value. PAWP=pulmonary arterial wedge pressure. PH=pulmonary hypertension.
AT=right ventricular outflow tract acceleration time. TAPSE=tricuspid annular plane



Table 3
Prognostic value of echocardiographic right heart parameters in patients with suspected
PH and PH with mPAP > 20 mmHg and < 25 mmHg.

Univariate Cox Regression Univariate Cox Regression
(Subgroup: mPAP > 20 mmHg
and < 25 mmHg)

Parameter HR (CI) p-value HR (CI) p-value

RA area 1.038 (1.022, 1.054) < 0.001 1.014 (0.939, 1.095) 0.724
TAPSE 0.917 (0.899, 0.936) < 0.001 0.988 (0.903, 1.081) 0.791
S� 0.882 (0.839, 0.927) < 0.001 0.774 (0.602, 0.997) 0.047
RIMP 2.848 (1.922, 4.219) < 0.001 3.322 (0.282, 39.124) 0.340
PASP 1.015 (1.010, 1.020) < 0.001 1.002 (0.968, 1.037) 0.915
TRG 1.014 (1.009, 1.019) < 0.001 1.005 (0.973, 1.037) 0.781
RAP 1.056 (1.029, 1.083) < 0.001 0.878 (0.722, 1.068) 0.194
AT 0.985 (0.980, 0.989) < 0.001 1.011 (0.993, 1.029) 0.222
VCI 1.044 (1.016, 1.073) 0.002 1.214 (0.951, 1.551) 0.120
TAPSE/PASP 0.134 (0.074, 0.241) < 0.001 1.099 (0.515, 2.343) 0.808
TRG/AT ratio 1.018 (0.969, 1.070) 0.471 2.114 (0.222, 20.120) 0.515
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recommended level of 31 mmHg results in extremely low specificity
with unacceptable PPV and moderate accuracy for screening for pre-
capillary and combined pre- and post-capillary PH. The sensitivity of
TRG did not meaningfully increase when lowering the TRG threshold.
This is mirrored by the fact that echocardiographic TRG has been
shown to correlate with invasively measured sPAP [2], but with low
precision [12]. In addition, a noticeable divergence between echocar-
diographic PASP (TRG+RAP) and invasively measured sPAP has been
described at low pressures [12,13], consistent with our data which
showed a correlation between invasively measured sPAP and echo-
cardiographic TRG overall but not at TRG values � 31 mmHg. In a ter-
tiary referral centre, a high PPV is crucial to avoid unnecessary RHC
in individuals without PH. High sensitivity, however, avoids cases of
manifest PH being missed. This is even more important than avoiding
unnecessary RHC (which is associated with low morbidity and mor-
tality when performed by experts [14]), because a missed or delayed
diagnosis of PH leads to delayed PH-specific therapy which may
result in a significant deterioration in life expectancy [1]. Therefore,
we suggest maintaining the current TRG cut-off of 31 mmHg because
it combines high sensitivity with acceptable PPV.

Additional echocardiographic parameters which are already rec-
ommended in the PH guidelines for assessment of the probability of
PH [1] can improve the accuracy of PH screening when used in con-
junction with TRG. Interestingly, in our analysis conducted in a ter-
tiary referral centre, the TAPSE/TRG ratio and TRG/RVOT AT ratio
emerged as screening parameters for the new definition of PH in
patients with low estimated TRG (� 46 mmHg). In our sub-analysis of
patients with TRG � 46 mmHg, both ratios had high accuracy in
screening for PH overall, and the TAPSE/TRG ratio had a considerably
higher accuracy than all other tested parameters for screening for
pre-capillary PH in patients with PAWP � 15 mmHg. Neither ratio is
mentioned in the European PH guidelines [1].

Theoretically, the TAPSE/TRG ratio mirrors the ability of the right
ventricle to generate pressure and longitudinal shortening, similar to
Table 4
Performance of different echocardiographic parameters fo
and < 25 mmHg.

Parameter Optimal cut-off Sensitivity,%

RVOT AT 54.5 98
VCI 19.5 75
RA Area 15.4 62
TAPSE/PASP ratio 0.36 28
TRG/RVOT AT ratio 0.61 50
TRG 45.5 47
PASP 50.5 53
the TAPSE/PASP ratio [15]. The TAPSE/PASP ratio is a meaningful
parameter for patients with pulmonary arterial hypertension and PH
due to chronic lung disease [16�18], and was recently validated as
an echocardiographic surrogate of RV-arterial coupling in PH [19].

Potential advantages of the TAPSE/TRG ratio over TRG alone might
include its additional association with afterload, pulmonary arterial
compliance, and maladaptive processes such as right ventricular dila-
tation. In particular, patients with a low estimated echocardiographic
TRG often present with a slight tricuspid insufficiency leading to diffi-
culties in obtaining an appropriate signal. This often leads to underes-
timation of TRG [20]. The current prioritisation of TRG is therefore to
be questioned in these patients. Combining parameters, for instance
by using the TAPSE/TRG ratio, reduces the error caused by each
parameter. Measures of RV-arterial coupling have been proven to be
more sensitive correlates of RV function during the course of PH than
TAPSE, since TAPSE mostly decreases in advanced stages of RV dys-
function [19]. This could explain why echocardiographic parameters
mirroring RV-arterial coupling might be superior to TRG alone at
slightly elevated pulmonary arterial pressures.

The RVOT AT was the best echocardiographic screening parameter
for elevated PVR (� 3 WU) in our cohort. RVOT AT is an established
echocardiographic surrogate of pulmonary haemodynamics and RV
afterload [1,21�24] and has shown a high correlation with invasively
measured pulmonary arterial pressure [25,26]. RVOT AT reflects pres-
sure and flow analogous to the definition of pre-capillary PH [1,24],
which may explain why RVOT AT is a sensitive predictor of pre-capil-
lary PH [24]. It is noteworthy that sPAP showed a better correlation
with RVOT AT than with TRG in patients with low TRG in our study.
Furthermore, RVOT AT correlated with PVR. Therefore, the TRG/RVOT
AT ratio outperformed TRG in patients with low TRG and showed a
high discriminatory power when screening for pre-capillary PH in
patients with PAWP � 15 mmHg. One major drawback of TRG is the
requirement for a reliable TR envelope [27]. Notably, RVOT AT alone
showed the highest sensitivity for the prediction of PH overall in
r the detection of PH defined by mPAP > 20 mmHg

Specificity,% PPV,% NPV,% Accuracy,%

3 29 75 30
53 38 85 59
57 27 85 58
87 45 76 71
80 48 80 71
74 40 79 67
76 48 80 69



Fig. 3. Receiver operating characteristic analysis, PPV, NPV, and accuracy of different cut-offs of echocardiographic TRG for screening for pulmonary hypertension defined as (A)
mPAP �25 mmHg (old definition), (B) mPAP >20 mmHg alone, or (C) mPAP >20 mmHg combined with pulmonary vascular resistance � 3 Wood Units (pre-capillary pulmonary
hypertension). Diagonal segments indicate ties. mPAP=mean pulmonary arterial pressure. NPV=negative predictive value. PPV=positive predictive value. TRG=tricuspid regurgita-
tion gradient.
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patients with low TRG and is often available even if the TR jet is insuf-
ficient [23]. Therefore, RVOT AT might be an alternative to TRG or the
TRG/RVOT AT ratio in case of insufficient imaging of the TR jet, as
known from the echocardiographic assessment of pulmonary haemo-
dynamics in paediatric patients [24,25].
AUROCs of all tested parameters remained moderate even though
they were improved compared with the TRG AUROC in patients with
low TRG. Therefore, decision making for patients with low TRG
remains complex and cannot be based on echocardiography alone.
Clinicians need to consider clinical signs, electrocardiograms,
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cardiopulmonary exercise testing, and further tests to assess the
necessity of RHC [1].

Our study has several limitations. Further evidence is needed from
prospective studies and the results are limited by the small number
of patients who have the newly proposed phenotype but not the old
definition of PH. Only patients who underwent RHC were included.
Hence, it is unclear how many patients with manifest PH but a low
echocardiographic probability of PH have been missed because they
were ruled out before RHC. Although in the literature TAPSE/PASP is
an established parameter for RV-arterial coupling in PH [19,28], we
used TAPSE/TRG for consistency with our target parameter TRG,
without adjusting for central venous pressure. Furthermore, the
transferability of these results to non-expert centres is uncertain,
acknowledging that the prevalence of PH in the general population is
low, impacting particularly the PPVs and NPVs (a higher pre-test
probability of PH results in higher PPVs and lower NPVs) [29]. There-
fore, the ability of TRG to screen for PH according to the new haemo-
dynamic definition must be re-assessed in a large cohort without any
pre-selection, as a referral bias is likely. Another limitation is the fact
that we were not able to include all echocardiographic parameters
mentioned in the current guidelines or left heart parameters due to
missing data.

In a tertiary referral centre, echocardiographic TRG showed
reduced specificity and PPV as a screening parameter for the new
haemodynamic definition of pre-capillary PH. Lowering the TRG
screening threshold even below 31 mmHg should not be considered
for the new haemodynamic definitions of PH overall and pre-capil-
lary PH in particular, owing to the resulting loss of specificity and
PPV. Our study suggests that a combination of TRG with additional
echocardiographic indices beyond those currently recommended in
the European guidelines can improve predictive ability in a cohort
with a high pre-test probability of PH. In patients with estimated TRG
� 46 mmHg, the TAPSE/TRG ratio or the TRG/RVOT AT ratio may pro-
vide an accurate assessment of the risk of PH overall and pre-capillary
PH based on the new haemodynamic definitions, and should be eval-
uated further as a simple screening procedure for PH in tertiary refer-
ral centres.
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