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1. Background

Pulmonary hypertension (PH) is a severe condition with a wide range of etiologies (1), in which
elevated pulmonary arterial pressure (PAP) results from increased pulmonary vascular resistance
(PVR) and decreased pulmonary vascular compliance (PVC) (2). A fundamental distinction is
made between pre-capillary pulmonary hypertension, where elevated PAP results from
pulmonary vascular disease and isolated post-capillary pulmonary hypertension (IpcPH), where
elevated PAP is caused by elevated left ventricular filling pressures. Additionally, these two
entities can co-exist in combined pre- and post-capillary pulmonary hypertension (CpcPH) (3). It
is essential to correctly identify the PH subtype, as treatment strategies differ. Delayed diagnosis
of pre-capillary PH is not uncommon and can potentially lead to a worsened prognosis and

patient distress (4, 5).

The reference method for diagnosing PH is right heart catheterization (RHC), in which a
catheter is introduced through a vein into the right heart chambers and the pulmonary
circulation, allowing for haemodynamic measurements. These include right atrial pressure (RAP),
PAP and pulmonary artery wedge pressure (PAWP), which closely reflects mean LAP. It also
enables the calculation of cardiac output (CO) and PVR (6). RHC is an invasive procedure, albeit
with a low rate of severe complications and mortality, and its limited availability highlights the

need for more accessible and reliable diagnostic methods (7).

According to the 2022 update of the ESC/ERS Guidelines on the diagnosis and treatment of
pulmonary hypertension, PH is defined as a mean PAP (mPAP) exceeding 20 mmHg at rest —a
reduction from the previous threshold of 25 mmHg (8). PH is further subclassified into pre-
capillary PH, IpcPH and CpcPH according to PAWP and PVR (Table 1). Transthoracic
echocardiography is recommended as the primary screening modality, while RHC remains

necessary for the definitive diagnosis (1).



Table 1. Subclassification of pulmonary hypertension according to the 2022 ESC/ERS guidelines
for the diagnosis and treatment of pulmonary hypertension.

mPAP (mmHg) PVR (WU) PAWP (mmHg)
Pre-capillary PH >20 >2 <15
CpcPH >20 >2 >15
IpcPH >20 <2 >15

Abbreviations: mPAP: mean pulmonary artery pressure; PVR: pulmonary vascular resistance;
PAWP: pulmonary artery wedge pressure; Pre-capillary PH: pre-capillary pulmonary hypertension;
CpcPH: combined post- and pre-capillary pulmonary hypertension; IpcPH: isolated post-capillary

pulmonary hypertension.

Echocardiography can be used to estimate PAP, including systolic pulmonary artery pressure
(sPAP) (9). Echocardiographically estimated SPAP correlates with invasive measurements and
has shown good performance in identifying PH (10, 11), although its precision has been
questioned (12, 13). The estimation of sPAP requires the presence of tricuspid regurgitation (TR)
and is based on Doppler assessment of its peak velocity (TR V). By applying the modified
Bernoulli equation (AP = 4 X TRV...2 in m/s), the systolic pressure gradient between the right
ventricle and the right atrium can be estimated. sSPAP can then be derived by adding AP to
estimated RAP (14). However, echocardiographic estimation of RAP — based on inferior vena
cava (IVC) dimensions — has been shown to overestimate invasively measured RAP, and its role
in improving TRV .-based sSPAWP estimations remains uncertain due to conflicting results (10,

13).

Subclassification of PH using echocardiography remains challenging. Several approaches have
been evaluated, demonstrating varying diagnostic performance (15-19). Among these, Scalia et al.
introduced an echocardiographic parameter (ePLAR) to differentiate pre-capillary PH from
IpcPH in patients with invasively confirmed PH. ePLAR was derived by dividing TRV . by the
ratio of mitral peak eatly velocity to eatly diastolic myocardial velocity (E/¢") as a surrogate for
left ventricular filling pressure (LVFP). ePLAR was demonstrated to identify isolated pre-
capillary PH with good accuracy (20). However, E /e’ alone has been shown to have a limited
correlation with LVPF (21, 22), and the currently recommended ASE/EACVI algorithm for the

evaluation of LVFP has also shown insufficient diagnostic accuracy (22).



Consequently, Venkateshvaran et al. employed left global atrial strain (LA-GS), an
echocardiographic parameter shown to be supetior to E/ ¢, as a surrogate for LVFP (23). As a
result, the TRV mato LA-GS ratio (ePLAGS) demonstrated higher diagnostic accuracy than
ePLAR in distinguishing precapillary from postcapillary PH in patients with invasively confirmed

PH (24).

Recently, an equation for quantitative echocardiographic estimation of PAWP (ePAWP) have
been described. The estimation is based on indexed left atrial volume (LAVi), early mitral inflow
(E) and pulmonary vein systolic velocity (PVs) (Equation 1). ePAWP demonstrated good
agreement with invasive PAWP and a superior diagnostic performance in identifying elevated
filling pressures than the ASE/EACVI algorithm (14, 25). We hypothesize that the diagnostic
accuracy in discriminating precapillary from postcapillary PH could be further improved by

relating TRV nax to ePAWP (TRV oy /e PAWP).

Egquation 1

PAWP = 0.179 x LAVi (mL/m?) + 2.672 X mitral £ (m/s) +2.7
e = 0. i (mL/m*) . Vs (m/s) .

2. Aim

The aim of this study is to describe the diagnostic accuracy of TRVin./ePAWP in the

identification of precapillary PH and to compare its diagnostic performance with that of

ePLAGS.
3. Materials and methods

3.1 Design

The study will be conducted as a retrospective analysis of data from the Karolinska-Umea

hemodynamic database (KARUM).

3.2 Study population

The KARUM hemodynamic database includes 480 patients consecutively referred to PH-centres
at Karolinska University Hospital (2014-2018) or Norrlands University Hospital (2010-2015) for



RHC due to dyspnoea, advanced heart failure, suspected pulmonary arterial hypertension (PAH)
or follow-up for verified PAH. The inclusion criterion for the present study is echocardiographic
signs of PH defined as TRVm. >2.8 m/s. Exclusion criteria are (1) severe tricuspid regurgitation,
(2) non-sinus rhythm, (3) at least moderate mitral regurgitation or stenosis and (4) insufficient

echocardiographic data for the calculation of ePAWP or LA-GS.

3.3 Methods

Echocardiographic examination

Echocardiographic examinations were performed in all patients by experienced sonographers in
accordance with a standardized protocol (26). The echocardiographic examinations were
conducted within three hours of the RHC using the Vivid E9 ultrasound system (GE
Ultrasound, Horten, Norway). All acquired images were subsequently analysed by experienced
personnel blinded to the results from the RHC using the EchoPAC PC software (version
11.0.0.0, GE Ultrasound, Waukesha, Wisconsin).

Right heart catheterization

All patients underwent RHC within 3 hours from the echocardiographic examination. The
procedure was performed by experienced personnel who were blinded to the echocardiographic
results. The femoral or jugular vein was used to introduce a 6F Swan-Ganz catheter. After
calibrating the transducer to zero, pressure measurements were recorded during end-expiration
during five to ten heart cycles from right atria, right ventricle and pulmonary artery. All
measurements were analysed using a hemodynamic software package (WITT Series 11, Witt

Biomedical Corp., Melbourne, FL).
3.4 Statistical analysis

Baseline patient characteristics will be described as mean with standard deviation, if normally
distributed, or otherwise as median with interquartile range for continuous variables.
Comparison of group means will be performed using the student t-test. Comparison of median
between groups will be performed using Wilcoxon’s rank sum test. Proportional differences
between groups will be assessed using chi-square test. Receiver operating characteristic (ROC)
analysis will be used to evaluate the diagnostic petrformance of TRV ma/ePAWP and TRV max
/ePLAGS respectively in detecting precapillary PH, defined as mPAP >20 mmHg, PAWP <15
mmHg and PVR >2. The results will be reported as the area under the curve (AUC) with 95%



confidence interval (CI). Comparison between AUCs will be performed using DelLong’s test for
correlated ROC curves. The correlation between TRV . /ePAWP and PVR will be assessed
using the Spearman rank correlation coefficient and visualized in a scatter plot. A p-value <0,05
will be considered statistically significant. Statistical analysis will be performed using R version

4.2.1 (R Core 239 Team, Vienna, Austria).

3.5 Ethical considerations

The original study and inclusion of patients in the KARUM database was approved by the local
ethics committees (Karolinska 2024-02861-01 and Umed 007-092M). All patients provided

written informed consent.

The patients included in the KARUM database underwent only clinically justified examinations
based on their symptomatology. The present study solely includes pre-existing, pseudonymized
data and will therefore have no negative implications for the study participants. The participants
cannot, however, be expected to benefit from the study either. For future patients the study has
the potential to contribute to earlier diagnosis of precapillary PH, which may lead to improved

prognosis and reduced suffering.

3.6 Time plan

2025: Data analysis
2025/2026: Writing of study manusctipt
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