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GRAPHICAL ABSTRACT Multidimensional strategy for risk stratification and treatment decisions in pulmonary arterial hypertension (PAH). ESC:
European Society of Cardiology; ERS: European Respiratory Society; PVR: pulmonary vascular resistance; mPAP: mean pulmonary artery pressure;
PAC: pulmonary arterial compliance; RAP: right atrial pressure; Cl: cardiac index; SVI: stroke volume index; S,o,: mixed venous oxygen saturation;
WHO-FC: World Health Organization functional class; 6MWD: 6-min walk distance; BNP: brain natriuretic peptide; NT-proBNP: N-terminal pro-BNP;
cMRI: cardiac magnetic resonance imaging; RV: right ventricle; FAC: fractional area change; RVFWS: RV free wall strain; TAPSE: tricuspid annular
plane systolic excursion; sPAP: systolic pulmonary artery pressure; IVC: inferior vena cava; TR: tricuspid regurgitation; RA: right atrium; PE:
pericardial effusion; IVS: interventricular septum.
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Shareable abstract (@ERSpublications)
Risk stratification is useful in predicting outcomes and guiding treatment of patients with PAH,
aiming to reach a low mortality risk; in addition to validated risk tools, PVR-associated markers

L)

e are increasingly relevant in guiding treatment decisions. https://bit.ly/4cHFY6H
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Abstract

Copyright ©The authors 2024. Risk stratification has gained an increasing role in predicting outcomes and guiding the treatment of

patients with pulmonary arterial hypertension (PAH). The most predictive prognostic factors are three
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are expected to become of increasing relevance in guiding the treatment of patients with PAH. While
Received: 9 July 2024 reaching a low mortality risk, assessed with a validated risk tool, remains an important treatment goal,
Accepted: 9 July 2024 preliminary data suggest that invasive haemodynamics and cardiac imaging may add incremental value in
guiding treatment decisions.

Introduction

Although the first attempts to predict the survival of patients with pulmonary arterial hypertension (PAH)
date back to the National Institutes of Health registry in the 1990s, it wasn’t until the European Society of
Cardiology (ESC) and the European Respiratory Society (ERS) published their joint pulmonary
hypertension (PH) guidelines in 2015 that risk stratification became an integral component of managing
patients with PAH. While the initial recommendations on risk stratification in PAH were based on expert
consensus rather than scientific evidence in this document, several tools were either further refined, newly
developed and subsequently validated to predict morbidity and mortality. Most of these tools utilise
noninvasive measurements of exercise tolerance (e.g. World Health Organization functional class
(WHO-FC) and 6-min walk distance (6EMWD)) and markers of right heart strain (e.g. natriuretic peptides).
With the release of the 2022 ESC/ERS PH guidelines and other supporting documentation, risk
stratification became an increasingly important tool to guide treatment decisions in patients with PAH.

Before and during the 7th World Symposium on Pulmonary Hypertension, the task force on risk

stratification and treatment goals in PAH reviewed and summarised the available evidence on risk

stratification, discussed the limitations of current strategies, and reviewed new data to propose future

a strategies to improve risk stratification in PAH, with a critical discussion on the usefulness of risk
5r_nC stratification for making treatment decisions and defining treatment goals.
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PAH risk stratification

Clinical features and functional class

Despite being listed in the 2022 ESC/ERS PH guidelines risk table, except for WHO-FC, symptoms and
signs are not consistently included in current ESC/ERS risk prediction models, while heart rate and systolic
blood pressure are included in Registry to Evaluate Early and Long-Term Pulmonary Arterial Hypertension
Disease Management (REVEAL) risk scores. Nonetheless, clinical features play a prominent role in the
management of patients with PAH. Patient feedback and clinical signs of right heart failure are often
instrumental, informing physicians about disease severity and trajectories.

WHO-FC is an important component of all established prognostic scores and represents an independent
predictor of prognosis [1, 2].

Exercise capacity

6-min walk test

The 6-min walk test (6BMWT) is a simple, safe, inexpensive, submaximal exercise test, widely used to
measure exercise capacity and accepted by global health authorities to assess “how a patient functions”.

6MWD, as an absolute value, is associated with prognosis at both the time of PAH diagnosis and during
follow-up [3]. Change in 6MWD, although used as the primary end-point in several clinical studies, is neither
a predictor of major clinical events in short-term follow-up [4] nor a valid surrogate end-point for outcome
[5]. However, changes in 6MWD are associated with changes in quality of life [6]. Studies have suggested
that the minimal important difference for the change in 6MWD is 33-36 m, although this is dependent on the
baseline 6MWD [6]. Deterioration in 6MWD is associated with an increased risk of morbidity and mortality
events, while its improvement is not necessarily associated with better outcomes [7, 8].

While the 6MWD is correlated to PAH severity [9], it is also influenced by age and other factors, some of
which have been used to develop 6MWD predictive equations; however, percentage-predicted values are
no more predictive than absolute values [10].

In 2010, data from the REVEAL registry established meaningful thresholds of 165 m and 440 m as the
guardrails of low and high risk [11]. These cut points were later validated in a comprehensive analysis of
published 6MWD thresholds and changes and survival, confirming that a cut-off value of 165 m had the
highest positive likelihood ratio for death, while the highest negative likelihood ratio, i.e. the best predictor
of survival, was a threshold of 440 m [8, 11].

Other 6MWT parameters adding prognostic relevance to 6MWD may be heart rate recovery at 1 min [12]
and exercise desaturation [13], but confirmation in large multicentric studies is needed. Additionally,
preliminary results about the feasibility of remote 6MWT [14, 15] require prognostic validation before
being considered for telehealth.

Cardiopulmonary exercise testing

In PAH, the highest attained oxygen uptake (peak V'o,)) is associated with survival [16]. Peak V'o,, in
combination with invasively measured stroke volume index (SVI), may provide incremental prognostic
value in intermediate-risk PAH patients [17]. In patients with PAH, the slope of the total exhaled volume
by exhaled carbon dioxide (V's/V'co,-slope or the lowest ventilatory equivalent for carbon dioxide) is also
associated with poor exercise capacity and survival [18].

Biomarkers

Brain natriuretic peptide (BNP) and N-terminal pro-BNP (NT-proBNP) are the most widely used
prognostic biomarkers in the management of patients with PAH. In patients with PAH, natriuretic peptides
reflect right heart overload or dysfunction and are correlated with haemodynamics, 6MWD and survival [19]
both at baseline and at follow-up [20].

Among other prognostic and diagnostic biomarkers evaluated in PAH, there are markers associated with
myocardial injury (troponin) [21], right ventricular dysfunction (growth differentiation factor 15 [22]),
coagulation, inflammation and vascular remodelling such as soluble suppression of tumorigenicity 2 [23],
C-reactive protein [24], interleukins [25-27], plasma stem cell factor combined with transforming growth
factor-o. [28], tumour necrosis factor (TNF)-o [29], insulin-like growth factor binding protein 4 [30],
interferon-y and annexin Al [31]. In addition, biomarkers related to endothelial function such as von
Willebrand factor [32] and adrenomedullin [33], extracellular matrix (matrix metalloproteinase 2) [34] and
metabolism [35] as well as fibroblast growth factor-23 [36], endostatin, pentastatin [37—-39] and circulating
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endothelial progenitor cells [40-42] documented a prognostic role in PAH. Markers of end-organ failure
such as serum creatinine, hyponatraemia and uric acid are also associated with the risk of death [11, 43, 44]
as well as blood count, liver function and blood gas parameters [45-47].

At present, the challenge is to identify novel biomarkers that reflect pulmonary vascular remodelling and
provide additional information to current risk stratification models. A recent study identified three
biomarkers independently associated with survival in two different PAH cohorts [48]. B-nerve growth
factor and CXC motif chemokine ligand 9 were predictors of death or lung transplantation, whereas high
levels of TNF-related apoptosis-inducing ligand were associated with a better prognosis [48]. The
prognostic value of these biomarkers was higher than the noninvasive variables WHO-FC, 6MWD and
BNP/NT-proBNP [48], but independent confirmation is pending. Moreover, activin-A and follistatin-like 3
have been identified as prognostic in PAH, independent of risk stratification [49]. A proteome-wide
screening in idiopathic/heritable PAH has identified a panel of nine proteins, independent of NT-proBNP,
which significantly improved the risk prediction of the REVEAL risk score [50]. A more recent study
identified six proteins that were associated with survival, independent of 6MWD and NT-proBNP [51].

Cardiac imaging

Echocardiography

Right heart failure is the main determinant of outcome in patients with PAH. Echocardiographic evaluation
may therefore provide markers for PAH risk stratification and serial assessment. The echocardiographic
variables that have been evaluated are listed in supplementary table S1.

Tricuspid annular plane systolic excursion (TAPSE), which assesses systolic displacement of the tricuspid
annulus toward the right ventricular (RV) apex, is a simple and frequently used indicator of RV
longitudinal systolic function. TAPSE <18 mm was independently associated with mortality in a cohort of
prevalent PAH patients [52], and several smaller longitudinal studies suggest that TAPSE is useful for
monitoring clinical trajectories prospectively [53, 54]. Nevertheless, TAPSE may overestimate RV function
in the presence of apical longitudinal rotation, severe tricuspid regurgitation or RV dilatation [55].
Moreover, TAPSE is angle- and load-dependent, and reflects only basal longitudinal function, neglecting
the contribution of apical and outflow tracts. The TAPSE/systolic pulmonary artery pressure (sPAP) ratio, a
noninvasive estimate of RV—pulmonary arterial (PA) coupling [56], can be used for risk stratification when
other noninvasive parameters such as 6MWD are unavailable [57] or for further risk stratification of
patients who are not at low risk [58].

RV fractional area change correlates more closely with RV ejection fraction (RVEF), is more sensitive to
increased afterload than TAPSE, and is associated with survival [59].

Less load-dependent RV systolic parameters may be prognostic in PAH, including RV isovolumic
contraction peak velocity [60] and RV free-wall longitudinal systolic strain [61-63]. Speckle-tracking
echocardiography allows the assessment of RV dyssynchrony that is associated with decreased exercise
capacity, impaired haemodynamics and worse survival (values >23 ms) [64]. In addition, speckle-tracking
right atrial (RA) function indices are associated with outcome in PAH [65], and RA remodelling seems to
be more important than RV remodelling for prediction of clinical deterioration [62, 66].

Both RV and RA dilatation [67, 68], and RV end-systolic remodelling index [69] are associated with
worse prognosis in PAH. In addition, three-dimensional echocardiography may significantly improve the
accuracy and clinical utility of right heart volumetric assessments [66].

RV overload can have repercussions on morphofunctional remodelling of the left ventricle which is
captured, for example, by the eccentricity index in end-diastole (volume overload) or end-systole (pressure
overload), both associated with prognosis [68, 70, 71].

Despite possible limitations in the reproducibility of its severity estimate, tricuspid regurgitation represents
a marker of RV remodelling that has been associated with PAH outcome [59, 72] and has been shown to
be sensitive to PAH treatment [73]. Finally, parameters associated with increased RV filling pressure, such
as pericardial effusion [52, 59, 68, 74] and inferior vena cava diameter [62], are predictors of prognosis.

Echocardiography is also useful for detecting the effects of PAH therapy on right heart morphology and
function [73, 75] and follow-up values as well as the magnitude of right heart reverse remodelling may
predict survival [53, 62, 71]. Furthermore, a comprehensive echocardiographic approach based on
indicators of right heart morphology and function, RV-PA coupling, tricuspid regurgitation and signs of
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systemic congestion can provide an accurate prognostic stratification in PAH [67, 71, 76-79] and can be of
enhanced discriminative value as adjuncts to contemporary scoring systems [67, 77, 79].

Cardiovascular magnetic resonance

Cardiovascular magnetic resonance imaging (cMRI) provides highly specific information on RV structure
and function and is considered the gold standard for its noninvasive assessment. In PAH, increased RV
afterload and insufficient adaptation of RV contractility, e.g. RV-PA uncoupling, cause an increase of
RV end-systolic volume index (RVESVI) followed by a reduction in RVEF [80]. Initially, an increase
in RV end-diastolic volume index (RVEDVI) may normalise SVI, but at the cost of increasing RV wall
stress [80]. As RV dysfunction progresses, impaired left ventricular filling causes a reduction of left
ventricle end-diastolic volume index (LVEDVT) [80].

RVESVI is an independent predictor of death and time to clinical worsening [81] both at baseline [82] and
follow-up [82, 83] and, when used as an adjunct to contemporary scoring systems, enhanced
discrimination in patients at intermediate or high risk [82]. RVEDVI is a less consistent prognostic
predictor [84], but predicts both death and time to clinical worsening [81]. Increase of both RVESVI and
RVEDVI is an early marker of disease progression [80]. RV hypertrophy represents adaptive remodelling,
reducing wall stress due to RV dilatation. The combination of a high RV volume with a low RV mass, a
pattern more frequent in the elderly, is associated with a worse outcome and a reduced likelihood of
adaptive remodelling with PAH treatment [85]. Diminished LVEDVI and left ventricular SVI are also
predictors of death in PAH [81, 82].

RVEF is an independent predictor of prognosis at baseline [86] and at follow-up [87], predicting both
death and time to clinical worsening [81]. RVEF >45% at follow-up predicts a low risk of death [83] and
is correlated with a smaller baseline RVEDVI and a lower RV afterload [88]. RVEF at follow-up seems to
have superior power compared to invasively assessed pulmonary vascular resistance (PVR) [89] and may
detect disease progression earlier [80], since RV dysfunction can progress despite a decrease in PVR [89].

The prognostic role of cMRI parameters seems to be better at follow-up than at baseline [83]. Both
volumetric (e.g. SVI/RVESVI ratio) and strain (e.g. PA global longitudinal strain) parameters describing
RV-PA coupling may emerge as predictors of prognosis [81, 90]. Feature-tracking strain analysis, as well
as late gadolinium enhancement, four-dimensional flow MRI, T1/T2 mapping, RA and PA cMRI
parameters require further evaluation.

Invasive haemodynamics

Cardiopulmonary haemodynamics were associated with prognosis in the National Institutes of Health
registry, which included young patients (average age 36 years) with untreated “primary pulmonary
hypertension” with a dismal prognosis (median survival 2.8 years) [91].

Over the past two decades, the mean age of patients in registry cohorts has significantly increased [92-94],
while the haemodynamic severity at diagnosis as determined by mean pulmonary artery pressure (mPAP)
and PVR has decreased [94]. In most series, mPAP was not correlated with survival [92, 93, 95-99], and
indeed, some studies suggested that this haemodynamic parameter was actually inversely associated with
survival [100]. This is not surprising, considering that the magnitude of PA pressure elevation not only
reflects the degree of pulmonary vascular obstruction, but also the systolic performance of the RV, i.e.
patients with PAH associated with congenital heart disease may present with suprasystemic PA pressure
but well-adapted RV function, while elderly patients with PAH may have impaired RV function at lower
mPAP and PVR levels [101, 102]. In addition, most of the hitherto available PAH medications had only a
modest effect on PA pressure, which may make it difficult to demonstrate the prognostic role of mPAP
reduction in PAH patients. Nevertheless, there is emerging evidence that meaningful mPAP responses to
targeted PAH therapies seem to be associated with favourable prognosis [103]. This was already described
for acute responders to vasoreactivity test who receive high-dose calcium channel blockers [104], although,
in this case, whether a better prognosis is related to the reduction of mPAP values or to a form of PAH
with a more favourable course remains to be defined. Recently, it has been shown that, in acute responders
to vasoreactivity test, improvement in pulmonary arterial compliance is associated with long-term response
to calcium channel blockers and better survival [105].

The prognostic role of baseline RA pressure has been well established [93, 94, 99, 100]. Other
independent baseline predictors of death described in different and relatively heterogeneous studies are
cardiac index [92-94, 106, 107], SVI [97], PA compliance [97, 108, 109] and mixed venous oxygen
saturation (Svoz) [68, 93, 96, 97, 107, 109]. Cardiac index, in particular, seems of additional prognostic
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relevance when evaluated at peak exercise [110, 111], indicating that the haemodynamic reserves may be
more prognostically relevant than the resting values.

In PAH, haemodynamics appear to have an additional independent prognostic role when assessed at
follow-up (supplementary table S2) [93, 99, 112, 113]. At follow-up, parameters reflecting both RV
function (RA pressure [99, 112, 114], S,0, [115, 116], cardiac index and SVI [112, 113, 116]) and, less
consistently, RV afterload (PVR [11, 114, 117] and PA compliance [106]), both as absolute values and,
less consistently, as changes from baseline [93, 98, 100], are independently associated with prognosis.

Although haemodynamic improvement is associated with improved exercise capacity [118, 119], it has
been inconsistently linked to superior long-term outcomes, especially when considered as changes from
baseline rather than absolute follow-up values [93, 100, 112, 118—-121]. This inconsistency may arise from
several factors: i.e. patients’ baseline condition may have influenced these results [121], many trials that
systematically re-evaluated the haemodynamic profile had short observation periods [118] and, lastly,
improvement in haemodynamic parameters induced by therapies were sometimes modest and not always
associated with improved RV function [89].

Current registries have highlighted little additional prognostic role of haemodynamics compared to
noninvasive parameters (i.e. WHO-FC, 6MWD and BNP/NT-proBNP) in predicting all-cause death in the
overall PAH patient population [122—-125]. However, more recent data indicate that haemodynamics can
improve all-cause death risk prediction in patients determined as intermediate-low or intermediate-high risk
as predicted by the ESC/ERS four-stratum system [116] and can be of added value to the ESC/ERS
four-stratum risk tool in predicting a combined end-point of all-cause death, nonelective hospitalisation and
need for treatment escalation [99].

Patient-reported outcome measures

Patient-reported outcome measures provide a patient-centric metric regarding the impact of PAH.
Health-related quality of life (HRQoL) can be described as “the functional effect of an illness and its
consequent therapy upon a patient, as perceived by the patient” [126]. HRQoL instruments can be generic
(e.g. Medical Outcome Study 36-item short-form health survey (SF-36), EuroQol five-dimension
questionnaire), or disease-specific (e.g. Cambridge Pulmonary Hypertension Outcome Review (CAMPHOR),
emPHasis-10, Pulmonary Arterial Hypertension — Symptoms and Impact (PAH-SYMPACT) and the
Living with Pulmonary Hypertension Questionnaire). Emotional/cognitive domains assess factors such as
anxiety, depression, energy and social functioning. Physical functioning domains of such instruments
generally correlate with metrics such as WHO-FC and 6MWD and tend to improve with therapy impacting
those measures [127]. While improvement in such instruments with PAH therapy was found to be
associated with survival [128], the extent to which such instruments or their components have independent
predictive value for prognosis is generally under-studied. In the Pulmonary Hypertension Association
Registry, patients with a higher predicted risk of mortality by Comparative, Prospective Registry of Newly
Initiated Therapies for Pulmonary Hypertension (COMPERA) and REVEAL 2.0 risk scores had worse
HRQoL scores as assessed by emPHasis-10 and Medical Outcome Study SF-12, with emPHasis-10 scores
appearing to correlate better with risk classification [129]. The emPHasis-10 score has been shown to be
an independent predictor of mortality in PAH when added to a model including age, gender, aetiology,
WHO-FC, 6MWD, RA pressure and cardiac index. Improvement in the emPHasis-10 score was associated
with improvement in exercise capacity [128]. The development of a PH functional classification self-report
is of interest, with future work needed to determine how this metric compares to clinician-assessed
WHO-FC in predicting outcomes [130].

Multiparametric risk-assessment tools

Risk tools derivation and validation methodology

Since no single variable provides sufficient prognostic information, multiparametric equations were derived
from multivariate regression analyses considering haemodynamic parameters in untreated [91] and treated
PAH patients [94], or combining haemodynamics, exercise capacity and clinical parameters in incident [131]
and mixed incident/prevalent [11, 132] PAH populations.

The REVEAL risk score [11] developed in 2010 uses both modifiable and unmodifiable variables and was
derived from a multivariate model predicting 1-year all-cause mortality in both newly (within 1 year of
diagnostic right heart catheterisation (RHC)) and previously diagnosed PAH population. All PAH
aetiologies were included. This score was subsequently refined including all-cause hospitalisations within
6 months and modifying cut-offs and/or weight of some variables (i.e. REVEAL 2.0) (table 1 and figure 1)
proving to maintain significant predictive power and calibration with at least seven evaluable elements
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TABLE 1 Summary of the registries used for multiparametric risk assessment tools derivation in pulmonary arterial hypertension (PAH)

REVEAL 2.0 REVEAL Lite 2 SPAHR COMPERA 1.0 FPHR COMPERA 2.0 Refined six-stratum score
[133] [125] [134] [123] [124] [135] [116]
Subjects n 2529 2529 530 1588 1017 1655 1240
Mean age years 54 54 65 64 57 66 60
IPAH/HPAH/DPAH 54 54 54 67 100 71 63
CTD-PAH 24 24 il 22 20 32
CHD-PAH 12 12 12 4 3 1
PoPH 5 5 3 6 5 0
Other 5 5 <1 1 1 4
Variables
Modifiable WHO-FC, 6MWD, BNP/NT-proBNP, WHO-FC, 6MWD, WHO-FC, 6MWD, WHO-FC, 6MWD,  WHO-FC, 6MWD WHO-FC, 6MWD, BNP/ WHO-FC, 6MWD, BNP/NT-proBNP (for all)
noninvasive SBP, HR, PE, Do, hospitalisation BNP/NT-proBNP, NT-proBNP, RA BNP/NT-proBNP Exploratory: NT-proBNP
in previous 6 months SBP, HR area, PE BNP/NT-proBNP
Modifiable invasive RAP, PVR RAP, Cl, S0, RAP, Cl, S0, RAP, CI SVI and S, (for intermediate-low
Exploratory: S,o, and intermediate-high risk)
Unmodifiable PAH subgroup, age, gender
Comorbidities Renal insufficiency Renal insufficiency
Incident patients 26.3 26.3 100 100 100 100 100
Patients at first 383 (72) 1094 (69) 1017 (100) 1414 (85) 1240 (100)
follow-up n (%)
Low risk definition Score <6 Score <5 <1.5 average score <1.5 average 3-4 out of 4 <1.5 average score <1.5 average score
score low-risk criteria
Low/intermediate/high 43/27/30 38/35/27 Baseline 23/67/10 Baseline Baseline Baseline: low 5.6; Follow-up: low 31; intermediate-low 39;
risk patients Follow-up 29/60/11 12.3/70.3/17.4 17/NA/NA intermediate-low 24.2; intermediate-high 24; high 6
Follow-up Follow-up intermediate-high 55;
24/59/17 41/NA/NA high 15.2
Follow-up: low 17;
intermediate-low 27.9;
intermediate-high 37.8; high
17.3
1-year mortality low/ 1.9/6.5/25.8 2.9/7.1/25.1 Baseline 1/17/26 Baseline 0-1/NA/NA Baseline: low 0; Follow-up: low 2;
intermediate/high Follow-up 1/9/30 2.8/9.9/21.2 intermediate-low 2.1; intermediate-low good haemodynamics”
Follow-up intermediate-high 9.1; 3; intermediate-low poor haemodynamics” 6;
3.5/8.2/27.6 high 21.9 intermediate-high good haemodynamics® 11;
Follow-up: low 1.5; intermediate-high poor haemodynamics* 24; high 44
intermediate-low 2.8;
intermediate-high 8.7;
high 22
Missing data T4 8.1 Baseline 20 Baseline 11 0 Baseline 0 0
Follow-up 41.5 Follow-up 46 Follow-up 19
Initial combination 25 25 12 19 43 35 44

therapy

Data are presented as % or n (%), unless otherwise stated. REVEAL: Registry to Evaluate Early and Long-Term Pulmonary Arterial Hypertension Disease Management; SPAHR: Swedish PAH
Register; COMPERA: Comparative, Prospective Registry of Newly Initiated Therapies for Pulmonary Hypertension; FPHR: French Pulmonary Hypertension Registry; IPAH: idiopathic PAH; HPAH:
heritable PAH; DPAH: drug-induced PAH; CTD: connective tissue disease; CHD: congenital heart disease; PoPH: portopulmonary hypertension; WHO-FC: World Health Organization functional class;
6MWD: 6-min walk distance; BNP: brain natriuretic peptide; NT-proBNP: N-terminal pro-BNP; SBP: systolic blood pressure; HR: heart rate; PE: pericardial effusion; D, co: diffusing capacity of the
lungs for carbon monoxide; RA: right atrium; RAP: right atrial pressure; PVR: pulmonary vascular resistance; Cl: cardiac index; S,o,: mixed venous oxygen saturation; SVI: stroke volume index; NA:
not applicable. *: good haemodynamics defined as SVI >37 mL-m~2 and/or Svo, >65%.
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FIGURE 1 Registry to Evaluate Early and Long-Term Pulmonary Arterial Hypertension Disease Management (REVEAL) risk tools. WHO: World Health
Organization; eGFR: estimated glomerular filtration rate; BP: blood pressure; WHO-FC: WHO functional class; 6MWD: 6-min walk distance; BNP:
brain natriuretic peptide; NT-proBNP: N-terminal pro-BNP; PE: pericardial effusion; D co: diffusing capacity of the lung for carbon monoxide; RAP:
right atrial pressure; PVR: pulmonary vascular resistance; WU: Wood Units; CTD: connective tissue disease; PoPH: portopulmonary hypertension.

[133, 136]. REVEAL 2.0 predicts 1- and 5-year mortality and 1-year risk of all-cause hospitalisation or
initiation of parenteral prostacyclin analogues [133, 137]. REVEAL 2.0 was internally validated at 1 year
of follow-up [138] and in incident patients [133, 136] and externally validated in other registry cohorts
[139-142], and randomised controlled trial (RCT) cohorts [143-148].

While the inclusion of unmodifiable parameters may be relevant to predicting overall life expectancy in
PAH, the therapeutic implications are in need our further study, particularly as our knowledge genomics
and age-related differences in treatment response evolve [146, 149]. REVEAL Lite 2, using only
noninvasive modifiable variables, was developed (table 1 and figure 1), grouping patients according to
1-year probability of death <5% (score 1-5), 5-10% (score 6-7), >10% (score 8-14). This score provides
good discrimination, although less so than the parent calculator. In addition, discrimination remained good
if only WHO-FC, 6MWD and BNP/NT-proBNP were used, and all the three less predictive variables
(heart rate, systolic blood pressure and renal function) were omitted, but at the expense of greater
discrimination and calibration [125]. It also predicts 5-year mortality and 1-year risk of all-cause
hospitalisation or initiation of parenteral prostacyclin analogues [150] and it was externally validated in
other registry cohorts [141], in a cohort of patients listed for lung transplantation [151], and in RCT
cohorts [145, 146].

Central to the REVEAL calculators is their use as an ordinal score and not strata, as this enhances their
discrimination and allows these calculators to generate a change in risk with each incremental change in
score. For example, a 1-point improvement in REVEAL 2.0 risk score at follow-up is associated with a
26% reduction in the relative risk of death and a 23% reduction in the relative risk of clinical
worsening [148].

In contrast to the REVEAL approach, the ESC/ERS risk stratification method considers only modifiable
variables categorised into low, intermediate or high risk according to 1-year mortality of <5%, 5-20% and
>20%, respectively [152, 153]. Given the possible concomitance of parameters in different risk categories,
the risk class attribution has been addressed with different approaches that were systematically tested after
the publication of the 2015 ESC/ERS PH guidelines risk table in incident treatment-naive PAH patients at
baseline and after a median of 4-7 months of treatment [123, 124, 134].

https://doi.org/10.1183/13993003.01323-2024 7
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In the Swedish PAH Register (SPAHR) and COMPERA registries, cut-off values of prespecified variables
obtained from the literature were arbitrarily graded 1-3. To define the risk group, both at baseline and at
follow-up, the average of available variables is rounded to the nearest integer (table 1, figure 2).

The SPAHR and COMPERA registries included all PAH aetiologies and considered both noninvasive and
invasive parameters. However, the latter were available in no more than one-third of patients at follow-up
[123, 134]. Risk stratification was repeated up to 5 years after diagnosis [154, 155]. SPAHR/COMPERA
methodology was internally tested in idiopathic/heritable/drug-induced PAH and connective tissue disease
(CTD)-associated PAH [123, 134], externally tested in other registry cohorts [141] including CTD-PAH
patients [156-158], idiopathic PAH patients [159], and patients treated with intravenous treprostinil [160]
and in RCT cohorts [161, 162].

In the French Pulmonary Hypertension Registry (FPHR), patients are stratified according to the number of
low-risk criteria, considering both invasive and noninvasive parameters. Of note, the presence of three
noninvasive low-risk criteria (WHO-FC, 6MWD, BNP/NT-proBNP) at follow-up was also tested (table 1,
figure 2) [124]. The FPHR methodology was externally tested in other registry cohorts [141] including
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FIGURE 2 European Society of Cardiology (ESC)/European Respiratory Society (ERS) risk tools. RHC: right heart catheterisation; HF: heart failure;
WHO-FC: World Health Organization functional class; 6MWD: 6-min walk distance; CPET: cardiopulmonary exercise testing; V'o : oxygen uptake; V'g:
minute ventilation; V'co,: carbon dioxide production; BNP: brain natriuretic peptide; NT-proBNP: N-terminal pro-BNP; RA: right atrium; TAPSE:
tricuspid annular plane systolic excursion; sPAP: systolic pulmonary artery pressure; PE: pericardial effusion; cMRI: cardiac magnetic resonance
imaging; RVEF: right ventricular ejection fraction; SVI: stroke volume index; RVESVI: right ventricular end-systolic volume index; RAP: right atrial
pressure; Cl: cardiac index; S,o: mixed venous oxygen saturation; SPAHR: Swedish Pulmonary Arterial Hypertension Registry; COMPERA:
Comparative, Prospective Registry of Newly Initiated Therapies for Pulmonary Hypertension; FPHR: French Pulmonary Hypertension Registry.
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patients treated with parenteral prostacyclin analogues [115], CTD-PAH [113, 156] and idiopathic PAH
patients [163], and in RCT cohorts [143, 146, 161].

The most prognostic modifiable parameters emerging from all registries are WHO-FC, BNP/NT-proBNP
and 6MWD [123-125, 161, 164]. However, in three-risk-stratum approaches, the majority of patients meet
intermediate risk criteria [123, 134]. A subdivision into four risk strata (low, intermediate-low,
intermediate-high and high) using refined cut-off values from REVEAL Lite 2 for 6MWD, WHO-FC and
BNP/NT-proBNP was therefore proposed from the COMPERA registry group and validated in the French
registry. To define the risk group at baseline and at follow-up, cut-off values of the three variables are
graded 1-4 and a weighted average of available variables is rounded to the nearest integer (figure 2). The
four-stratum risk stratification score has been tested in ~4500 patients at baseline and ~3500 patients at
follow-up, and specifically tested in CTD-PAH, systemic sclerosis-associated PAH, idiopathic/heritable/
drug-induced PAH and portopulmonary hypertension [135, 165]. It is externally validated also in other
registry cohorts [166], in RCT cohorts [146], in patients listed for lung transplantation [151, 167], and in
patients with pulmonary veno-occlusive disease [168].

Thus, all described risk tools are externally validated, in both incident and prevalent patients and for
all-cause mortality and time to clinical worsening end-points. Other methods lacking external validation
have been proposed for both three-stratum [169] and four-stratum risk approaches (e.g. SPAHR
methodology defining intermediate-low and intermediate-high with a risk score of 1.5-1.99 and 2.0-2.4,
respectively [155, 166]; substratification of intermediate risk according to TAPSE [170], a combination of
TAPSE/sPAP ratio with 6MWD [171], peak V'o, with SVI [17] or SVI alone [172]).

All available models have common methodological limitations, including their retrospective/post hoc
nature of the validating analyses, a significant amount of missing data and patients lost to follow-up, the
nonstandardised data collection in all registries, and the exclusion of relevant cardiac imaging and
cardiopulmonary exercise testing data, genetics, PAH complications and prognostically relevant
comorbidities [158, 173, 174]. Finally, the validation and comparison methodology of risk tools is
essentially based on the measurement of their predictive value, identified by the concordance index
(C-index). While C-index is the current gold-standard methodology, the C-index itself suffers from some
limitations. C-index describes a model’s ability to correctly distinguish the risk of a prespecified event
between any two subjects of the study cohort (i.e. to assign a higher risk score to the subject experiencing
an event earlier during the study period). It follows that it is dependent on the number of comparable pairs
which, in turn, depends on the sample size, the number and distribution of censored subjects, the number
of events, and the follow-up duration. Moreover, it does not consider the clinical relevance of the
comparisons of the various pairs. Finally, the C-index is influenced by the risk profile and its distribution
within the study cohort, beyond the number of risk strata attributed to the population [175].

Application of risk tools at baseline

2022 ESC/ERS PH guidelines recommended to evaluate disease severity in patients with PAH with a panel
of data derived from clinical assessment, exercise tests, biochemical markers, echocardiography and
haemodynamic evaluations. The use of a three-stratum model, considering all these data, including
haemodynamics, is recommended at baseline in patients without cardiopulmonary comorbidities. Alternative
tools such as REVEAL can be used interchangeably with the European systems. However, according to the
prevailing treatment strategies and available therapies, only determining a high-risk profile has implications
for the initial treatment strategy, i.e. triple combination therapy including a parenteral prostacyclin [152, 153].
Nevertheless, new emerging therapies and further evidence could change this approach in the future.

Many diagnostic investigations are required at baseline. REVEAL 2.0 includes much of this information as
well as unmodifiable factors and, reporting as an ordinal score, allows for a granular prediction across the
risk spectrum; the results derived from the global Pulmonary Vascular Research Institute GoDeep
meta-registry highlighted that this may be relevant in the overall prognostic definition [176].

However, when selecting a risk score for application, it is essential to consider the intended purpose. The
goal may be two-fold: to optimise prognostic predictability by encompassing various factors that could
impact the patient’s prognosis, both modifiable and unmodifiable, or to prioritise specificity towards the
severity of PAH to the greatest extent feasible.

Application of risk tools at follow-up

The current European pulmonary hypertension guidelines recommend using a four-stratum risk
stratification score at follow-up based on three noninvasive variables: WHO-FC, 6MWD and BNP or
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NT-proBNP [135, 152, 153, 165]. It has been shown in two different cohorts that the ESC/ERS
four-stratum risk model maintains its discriminative power when one of the three variables (WHO-FC,
6MWD and BNP/NT-proBNP) is unavailable, although the precision of absolute risk estimation is reduced
[166, 177]. When applied to patients with comorbidities, the survival of low and intermediate-low risk
patients is comparable [173]. Current pulmonary hypertension guidelines also suggest that additional
variables should be considered as needed [152, 153]. Recently, it has been shown that haemodynamics are
of no added value in predicting all-cause death in patients at low or high risk. However, a combination of
SVI and S, is of added value in patients at intermediate-low and intermediate-high risk [116]. Other risk
scores, using a similar methodology with three or four strata, but incorporating more variables including
RHC, have been shown to be effective [166].

The REVEAL 2.0 score has prognostic relevance at follow-up [11, 133, 136, 178]. It takes into account a
large number of prognostic variables that may be heterogeneously present in routine patient follow-up and,
given its comparable level of discrimination, REVEAL can be used interchangeably with the European
systems at follow-up [116, 179]. REVEAL Lite 2, based only on six noninvasive variables, may be more
appropriate than REVEAL 2.0 at follow-up, particularly if invasive haemodynamics or imaging are not
obtained or hospitalisations are not tracked [125, 150].

The FPHR invasive method [124], considering four criteria (figure 2), identified a 5-year transplant-free
survival of 91%, 78% and 58% for patients achieving four, three or two low-risk criteria, respectively [124].
A noninvasive risk stratification model based on low-risk values for WHO-FC, 6MWD and BNP or
NT-proBNP identified patients at very low risk (5-year transplant-free survival of 97%) [124], and this
approach has been cross-validated in the COMPERA registry [163].

It is important to emphasise that, unlike the REVEAL scores, the French score and the ESC/ERS risk
stratification scores were only assessed at baseline and first follow-up visit [124, 135, 165]. However, they
have been used in subsequent follow-up visits in post hoc analyses or as secondary end-points of RCTs,
thus demonstrating their usefulness at any time [127, 143, 155, 161]. Furthermore, the ESC/ERS
four-stratum risk score has been validated at several follow-up visits in an independent cohort [166].

Risk stratification is the cornerstone of the ESC/ERS treatment algorithm [152, 153] and, when applied at
baseline and at first follow-up, sets the trajectory of treatment patterns for the first year, i.e. the most
critical time in the PAH treatment journey [123, 133, 134, 166]. Despite that, risk assessment is used only
by six out of 10 clinicians and the most commonly identified barriers of utilisation are time constraints and
lack of integration into electronic medical records [180-184]. To facilitate risk assessment, a
comprehensive internet-based risk score calculator (www.svefph.se/risk-stratification [166, 180];
www.pahinitiative.com/hcp/risk-assessment/calculators) comprising several validated risk instruments has
been developed and implemented into clinical practice. REVEAL 2.0 and REVEAL Lite 2 risk calculators
are also available in the Epic electronic medical record, which is widely used, particularly in the United
States of America.

Disagreement between a risk assessment strategy based on clinical gestalt or validated multiparametric risk
tools has been documented [181, 185]. This highlights the importance of applying validated tools in
clinical practice.

The application of risk scores at follow-up has been studied primarily in patients with idiopathic/heritable/
drug-induced PAH and CTD-PAH; as in other PAH aetiologies, the prognosis can be also influenced by
the underlying disease, and treatment strategies must consider factors unrelated to PAH severity that may
limit tolerability and efficacy of PAH drugs and/or influence life expectancy [168, 186-188]. The latter
can be true also for patients with multiple comorbidities and/or elderly patients [189].

Limitations of current risk assessment strategies and new developments
The most commonly used risk stratification tools include WHO-FC, 6MWD and BNP/NT-proBNP, as their
independent prognostic value has been demonstrated repeatedly [123—125].

Despite their unquestionable prognostic value, these parameters have inherent limitations that should be
considered when using these tools to guide treatment decisions, as follows.

1) WHO-FC involves a physician’s subjective, nonstandardised evaluation of functional limitations in daily

life. These limitations may or may not be due to PAH and are influenced by other factors, including
age, comorbidities, physical fitness and behavioural aspects. Furthermore, there is no universally
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accepted guidance on how to categorise patients according to WHO-FC. Notably, especially younger
patients may fall into WHO-FC classes I or II despite having severe haemodynamic impairment [190].

2) Similar limitations apply to the 6MWD, which can also be influenced by factors unrelated to PAH,
including age, sex, height, weight, comorbidities, physical fitness, learning curve and motivation, all
variables that may significantly affect the 6MWD irrespective of haemodynamic changes [191]. Like
WHO-FC, a preserved 6MWD may lead to underestimation of PAH severity, particularly in younger,
otherwise healthy patients, while some patients with mild disease may walk shorter distances because
of deconditioning and comorbidities.

3) BNP/NT-proBNP reflect global cardiac strain. In patients with PAH, normal or near-normal BNP/NT-proBNP
values are typically associated with well-compensated right heart function. However, BNP/NT-proBNP values
are affected by other factors such as age, recent physical activity, obesity, heart rhythm, kidney function and
concomitant left heart disease.

Patients with PAH who meet all low-risk criteria (WHO-FC 1 or II, 6MWD >440 m, BNP <50 ng-L ™},
NT-proBNP <300 ng-L ") exhibit a favourable prognosis, particularly over the subsequent 3-5 years. This
observation is not unexpected, since WHO-FC and 6MWD reflect the overall level of physical fitness, a
factor known to correlate with health status and survival, not only in patients with PAH, but also in other
populations [176]. Additionally, normal/near-normal BNP/NT-proBNP values generally indicate that the
cardiac chambers have adapted well to their afterload.

However, as mentioned earlier, various other conditions can influence WHO-FC, 6MWD and BNP/
NT-proBNP levels, especially in older patients with comorbidities. Although the existing PAH risk
stratification tools can predict survival in such patients [173], their lack of disease specificity may make
them less suitable for guiding PAH therapy.

One measure that has garnered recent attention is the TAPSE/sPAP ratio, an echocardiographic parameter
correlated to RV-PA coupling [192]. It holds promise due to its ability to be noninvasively and repeatedly
measured, its direct relevance to both PH severity and RV function adaption to afterload, and its potential
to enhance the prognostic accuracy of established risk stratification tools in some studies [56-58, 193].
However, this parameter also has limitations, including the dependence on tricuspid regurgitation for its
determination and a certain level of disagreement between the invasively and noninvasively derived
measure, especially at higher ratios [56, 194]. Thus, researchers are also evaluating other echocardiographic
and cMRI variables, biomarkers and genetic variations for this purpose [66, 67, 76, 170].

While RHC provides valuable insights into pulmonary haemodynamics and right heart function, the
invasive nature may limit its applicability for routine follow-up assessments; implantable devices that
continuously measure and transmit pulmonary artery pressures may partially ameliorate this problem [195].
Patients at intermediate-low or intermediate-high risk can get a more accurate all-cause death prediction
with a RHC evaluation [116], and a combination of haemodynamic parameters indicative of RV preload,
afterload and pump function appears to have a comparable discriminative ability and to be of incremental
value to the ESC/ERS four-stratum risk tool for a combined end-point of all-cause mortality, nonelective
hospitalisation and need of treatment escalation [99].

The key points can be summarised as follows:

» In patients with PAH, noninvasive risk stratification with contemporary risk scores that utilise
WHO-FC, 6MWD and BNP/NT-proBNP as essential components serve as a useful basic assessment
of disease severity and predicts survival. However, it is essential to recognise that none of these
variables are disease-specific, which may restrict their suitability for guiding treatment decisions,
particularly in patients with comorbidities.

« Parameters suitable for informing treatment decisions should consider three key criteria: 1) possess
prognostic value; 2) reflect the severity of PH and/or RV dysfunction; and 3) be amenable to
modification through treatment interventions.

+ Selected parameters derived from invasive haemodynamics and cardiac imaging (echocardiography or
cMRI) may fulfil these requirements and overcome WHO-FC, 6MWD and BNP/NT-proBNP
limitations. Their incorporation in risk stratification tools warrants further evaluation.

Treatment goals in PAH
The 2022 ESC/ERS PH guidelines established a treatment goal for patients with PAH, focusing on
achieving and maintaining a low risk profile (currently defined as a <5% mortality at 1 year). In this
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context, low risk can be defined as meeting at least two of the following criteria: WHO-FC class I or II,
6MWD >440 m and BNP <50 ng-L ™" or NT-proBNP <300 ng-L~*. However, this definition of a low-risk
status is associated with a 5-year survival of ~80% [135, 165] and refined classifications in which a
low risk of mortality is extended to longer lengths of time may be reasonable. Notably, when all
three parameters meet the low-risk criteria with medical therapy, the 5-year survival rate exceeds 90%
[124, 163]. Similarly, a patient who achieves a REVEAL score of <5 has a 1- and 3-year survival >95%
and a 1-year morbidity rate <5% [11, 133, 136, 178]. This indicates that striving for a low-risk status is
advisable and remains a reasonable approach, although it is not always possible.

However, it is important to acknowledge the limitations of the current risk-stratification models discussed
previously, as they do not consider comorbidities that may preclude achieving a low risk profile despite
optimised PAH therapy. Furthermore, the extent to which treatment effects on risk correlate with treatment
effects on morbidity and mortality remains uncertain. In an analysis of individual patient data from the
AMBITION, SERAPHIN and GRIPHON studies, BLETTE et al. [196] recently demonstrated that the
treatment effect on risk scores did not reliably predict treatment effects on clinical worsening or overall
survival, despite having apparently a higher predictivity than the treatment effect on 6MWD [5] or
individual haemodynamic parameters [120] on short-term outcome. However, in a post hoc analysis of the
FREEDOM-EV trial, using change in ordinal REVEAL risk score instead of achieving a low risk, the
mediation effect of risk reduction, was ~30% and improved to 47% when only intermediate-risk patients
were considered [146]. Thus, the definition of risk is critical in evaluating the utility of risk scores in
mediating treatment effects. This requires further exploration in high numbers of patients in well-matched
and harmonised clinical trial or registry data.

The ultimate treatment goal in PAH is sometimes described as achieving a cure, signifying complete
remission of PH without the necessity for ongoing treatment. However, in a chronic condition like PAH,
achieving a cure appears unrealistic. A more attainable treatment objective is partial or complete reversal of
pulmonary vascular remodelling, accompanied by regression of PH, i.e. partial or complete disease
remission. If maintained, such a treatment effect may translate into a normal life-expectancy for patients
with PAH, which could become a more realistic goal in the future. Currently, we lack the tools to directly
measure and quantify pulmonary vascular remodelling and the potential role of haemodynamics and right
heart function as a surrogate marker of the extent of pulmonary vascular disease seems promising, even if
this needs to be further investigated. The survival of patients with PAH is intricately linked to right heart
function and substantial reduction of RV afterload leads to improvement of right heart function [197]. A
post hoc analysis from the phase 3 STELLAR trial involving the activin signalling inhibitor sotatercept
revealed that a mean reduction in mPAP of ~13 mmHg from baseline was associated with improvement in
RV-PA coupling, a decrease in RA pressure, RV end-diastolic and end-systolic dimensions and an
amelioration in the degree of tricuspid regurgitation [73].

Haemodynamic targets associated with long-term survival are yet to be defined. Of note, in vasoresponsive
patients with idiopathic PAH (vasoresponsiveness being defined as drop in mPAP by >10 mmHg to
<40 mmHg with an increased or unchanged cardiac index during acute vasoreactivity test), treatment with
high-dose calcium channel blockers can result in superior long-term survival, even if resting
haemodynamics are not entirely normalised [104]. In a multicentric series of 267 nonvasoreactive patients
with idiopathic/heritable/drug-induced PAH, maintaining mPAP at or <35 mmHg during therapy was
associated with a 10-year survival of ~90% [103]. In a smaller Japanese cohort of 56 patients with
idiopathic or heritable PAH, sustaining mPAP <42.5 mmHg during therapy was linked to a 100% survival
rate at 10 years [198].

These observations are preliminary, and there is an ongoing debate whether PAH treatment should
consider the reduction of mPAP and/or other RV afterload parameters such as PVR and PA compliance,
and to what extent. While this approach may seem logical, the supporting evidence for such a strategy is
limited. In fact, the prognostic role of these haemodynamic parameters in PAH patients is limited, although
a PVR threshold of 5-6 Wood Units has been identified in different registries [99, 112, 133]. One
important consideration is that such an approach would necessitate an invasive follow-up strategy including
repeated RHC in face of only limited evidence that meeting haemodynamic thresholds yields superior
long-term outcomes.

Echocardiographic indices assessing right heart function may also serve as valuable treatment targets. The
current ESC/ERS PH guidelines list RA area <18 cm?, absence of pericardial effusion, and TAPSE/sPAP
ratio >0.32 mm-mmHg ™" as low-risk criteria [152, 153]. However, several additional echocardiographic
parameters may offer potential value [67, 76]. Additionally, parameters derived from cMRI can be utilised,
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although this technique is comparatively costlier, time-consuming and less widely available than
echocardiography.

Taken together, the working group concluded that treatment decisions in PAH should be individualised
and based on multidimensional information, incorporating clinical aspects such as WHO-FC and 6MWD,
right heart strain and function determined by natriuretic peptides and cardiac imaging, and invasive
haemodynamics (figure 3). Some of these indications are evidence based, while others must be the subject
of research prioritisation before considering implementation in clinical practice. These methods should be
considered when making decisions both on the initial therapy and on treatment adaptations during
follow-up, especially during the first 3-6 months after treatment initiation when assessment of response to
therapy and appropriate treatment modifications are critical.

In light of the limited available evidence, the following recommendations for treatment goals in PAH are
made.

» Treatments goals need to be individualised, taking into account PAH subtype and severity, age,
comorbidities, previous and current PAH medications and patient preferences.

+ Reaching a low mortality risk, assessed with a validated multiparametric risk tool, remains a valid
treatment objective.

+ Reaching a low 1-year mortality risk does not prevent the risk of clinical deterioration in the medium-
to long-term, especially if a low-risk criteria for all the three parameters (i.e. WHO-FC, 6MWD and

Exercise A 6MWD >440 m Not disease-specific, potentially Goals may not be achievable in
tolerance fli WHO-FClor Il affected by conditions other patients with other conditions
_,l,—" than PAH limiting exercise capacity

RV function
and strain

BNP <50 ng-L-1
NT-proBNP <300 ng-L-1

Not disease-specific, potentially Goals may not be achievable in
affected by conditions other patients with interfering

(/
Haemodynamics

Cardiac
catheter

Pulmonary ~

Need for research
prioritisation:

RA area <18 cm?
TR, none or trace
TAPSE/sPAP >0.32
mm-mmHg-1

RAP <8 mmHg
Cl22.5 L'min-1-m-2
SVI>37 mL'm-2
Syo, >65%

PVR <5 WU

Need for research
prioritisation:

mPAP <30-35 mmHg
PAC 22.5 mL'mmHg1

than PAH

Other imaging parameters from
echocardiography and MRl are
emerging

Uncertain added value in
low-risk patients according to
ESC/ERS 4 strata model

PVR <5 WU treatment goal may
not apply to patients with
congenital heart disease

With emerging therapies and
effective combination
treatment strategies,
comprehensive haemodynamic
assessment of treatment
response is expected to play a
prominent role in the
management of patients with
PAH

conditions

TAPSE/sPAP threshold requires
further validation

Established prognostic value;
however, not necessarily
independent of noninvasive
parameters

The proposed thresholds may
be associated with long-term
survival; however, this is not
evidence-based and requires
further validation

FIGURE 3 Comprehensive treatment goals in pulmonary arterial hypertension (PAH). RV: right ventricle; 6MWD:
6-min walk distance; WHO-FC: World Health Organization functional class; BNP: brain natriuretic peptide;
NT-proBNP: N-terminal pro-BNP; RA: right atrium; TR: tricuspid regurgitation; TAPSE/sPAP: tricuspid annular
plane systolic excursion/systolic pulmonary artery pressure ratio (estimated by echocardiography); RAP: right
atrial pressure; Cl: cardiac index; SVI: stroke volume index; S,o,; mixed venous oxygen saturation; PVR:
pulmonary vascular resistance; WU: Wood Units; mPAP: mean pulmonary artery pressure; PAC: pulmonary
arterial compliance; ESC: European Society of Cardiology; ERS: European Respiratory Society.
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BNP/NT-proBNP), when using the ESC/ERS four-stratum risk tool, is not met or if a REVEAL 2.0
risk score <5/REVEAL Lite 2 risk score <4 is not reached.

+ Haemodynamic parameters including RA pressure, cardiac index, S,o,, SVI and PVR should be
considered when making therapeutic decisions

* According to centre expertise, cardiac imaging parameters should be considered when making
therapeutic decisions

»  Further research prioritisation is warranted to determine the prognostic value for long-term outcomes of
haemodynamic parameters, such as mPAP, PA compliance, alongside various echocardiographic
parameters, including the TAPSE/sPAP or RV free-wall longitudinal systolic strain/sPAP ratios, RA
area and tricuspid regurgitation, among others.

« Normalising or nearly normalising haemodynamics and improving right heart function may become
increasingly important treatment objectives, underscoring the need for continued research in these
areas.

Gaps of evidence and proposals for future collaborative research programmes

Since the publication of 2015 ESC/ERS PH guidelines a low-risk-oriented treatment strategy has been
advocated, defining low-risk as 1-year mortality <5%. However, this strategy has never been prospectively
validated and some post hoc analyses of RCTs have suggested a beneficial effect of treatment escalation
also in low risk patients [143, 199].

From a precision medicine perspective, treatment goals must be tailored to individual patients, taking into
account factors such as age, comorbidities (especially cardiovascular and pulmonary) and PAH aetiology.
However, specific individualised treatment goals have yet to be clearly identified.

Given the different pharmacological response profile of emerging treatments and the documentation of the
efficacy of more aggressive combination treatment strategies, there is the need to identify markers
associated with pulmonary vascular remodelling and to determine their prognostic role and/or validity as
treatment goals. Future research should prioritise establishing thresholds for haemodynamic, biomarker,
genomic and echocardiographic parameters associated with improved long-term survival. Utilising
advanced statistical methods such as Bayesian analytic or neural networks, may enhance our ability to
distinguish these thresholds given their capability to identify interactions among common predictive
variables. Moreover, investigating whether a treatment strategy focussed on optimising pulmonary
haemodynamics and right heart function leads to better long-term outcomes compared to a primarily
risk-based approach is essential.

Conflict of interest: F. Dardi reports consultancy fees from Janssen and Chiesi Farmaceutici, and payment or
honoraria for lectures, presentations, manuscript writing or educational events from Janssen. A. Boucly reports
grants from Acceleron, Janssen and MSD, payment or honoraria for lectures, presentations, manuscript writing or
educational events from Janssen, Merck, AOP Orphan, Ferrer and AstraZeneca, and support for attending meetings
from Janssen, MSD, Ferrer and AOP Orphan. R. Benza reports consultancy fees from Cereno, Gossamer and United
Therapeutics, and participation on a data safety monitoring board or advisory board with Altavant. R. Frantz
reports grants from NHLBI and Gossamer Bio, royalties or licences from UpToDate, consultancy fees from
Gossamer Bio, Insmed, Merck and Liquidia, participation on a data safety monitoring board or advisory board with
Aerovate Pharmaceuticals, leadership role with Pulmonary Hypertension Association Scientific Leadership Council,
and stock (or stock options) with Merck. V. Mercurio reports consultancy fees from MSD, payment or honoraria for
lectures, presentations, manuscript writing or educational events from Janssen, and support for attending
meetings from Janssen and MSD. H. Olschewski reports consultancy fees from Actelion, AstraZeneca, Bayer,
Boehringer, Janssen, MSD, Chiesi, GSK, Inventiva, Ferrer, Menarini and Sanofi, payment or honoraria for lectures,
presentations, manuscript writing or educational events from Springer, Medupdate and Mondial, support for
attending meetings from Boehringer, Menarini and MSD, participation on a data safety monitoring board or
advisory board with Aerovate, Bayer, Pfizer and IQVIA, receipt of equipment, materials, drugs, medical writing, gifts
or other services from Boehringer, and the following financial (or non-financial) interests: Deputy Director, Ludwig
Boltzmann Institute for Lung Vascular Research, Graz. G. Radegran reports grants from Nordic Infucare, payment
or honoraria for lectures, presentations, manuscript writing or educational events from Janssen, MSD, Nodic
Infucare and Orpha Care/AOP Health, and participation on a data safety monitoring board or advisory board with
Janssen, MSD and Orpha Care/AOP Health. L.J. Rubin reports consultancy fees from Gossamer and SoniVie,
payment for expert testimony from Sandoz, and is a member of the Organizing and Founders Committees, WSPH.
M.M. Hoeper reports consultancy fees from Acceleron, Actelion, AOP Health, Bayer, Ferrer, Gossamer Bio, Janssen,
Keros and MSD, and payment or honoraria for lectures, presentations, manuscript writing or educational events
from Actelion, AOP Health, Bayer, Ferrer, Janssen and MSD.

https://doi.org/10.1183/13993003.01323-2024 14



EUROPEAN RESPIRATORY JOURNAL

7TH WORLD SYMPOSIUM ON PULMONARY HYPERTENSION | F. DARDI ET AL.

References

1 Hoeper MM, Pausch C, Olsson KM, et al. Prognostic value of improvement endpoints in pulmonary arterial
hypertension trials: a COMPERA analysis. J Heart Lung Transplant 2022; 41: 971-981.

2 Barst RJ, Chung L, Zamanian RT, et al. Functional class improvement and 3-year survival outcomes in
patients with pulmonary arterial hypertension in the REVEAL registry. Chest 2013; 144: 160-168.

3 Souza R, Channick RN, Delcroix M, et al. Association between six-minute walk distance and long-term
outcomes in patients with pulmonary arterial hypertension: data from the randomized SERAPHIN trial. PLoS
One 2018; 13: e0193226.

4 Savarese G, Paolillo S, Costanzo P, et al. Do changes of 6-minute walk distance predict clinical events in
patients with pulmonary arterial hypertension? A meta-analysis of 22 randomized trials. J Am Coll Cardiol
2012; 60: 1192-1201.

5 Gabler NB, French B, Strom BL, et al. Validation of 6-minute walk distance as a surrogate end point in
pulmonary arterial hypertension trials. Circulation 2012; 126: 349-356.

6 Moutchia J, McClelland RL, Al-Naamani N, et al. Minimal clinically important difference in the 6-minute-walk
distance for patients with pulmonary arterial hypertension. Am J Respir Crit Care Med 2023; 207: 1070-1079.

7 Farber HW, Miller DP, McGoon MD, et al. Predicting outcomes in pulmonary arterial hypertension based on
the 6-minute walk distance. J Heart Lung Transplant 2015; 34: 362-368.

8 Zelniker TA, Huscher D, Vonk-Noordegraaf A, et al. The 6MWT as a prognostic tool in pulmonary arterial
hypertension: results from the COMPERA registry. Clin Res Cardiol 2018; 107: 460-470.

9 Joseph P, Oliveira RKF, Eslam RB, et al. Fick principle and exercise pulmonary hemodynamic determinants
of the six-minute walk distance in pulmonary hypertension. Pulm Circ 2020; 10: 2045894020957576.

10 Lee W-TN, Peacock AJ, Johnson MK. The role of per cent predicted 6-min walk distance in pulmonary
arterial hypertension. Eur Respir J 2010; 36: 1294-1301.

11 Benza RL, Miller DP, Gomberg-Maitland M, et al. Predicting survival in pulmonary arterial hypertension:
insights from the Registry to Evaluate Early and Long-Term Pulmonary Arterial Hypertension Disease
Management (REVEAL). Circulation 2010; 122: 164-172.

12 Rezende CF, Mancuzo EV, Corréa RA. Heart rate recovery in 1 minute after the 6-minute walk test predicts
adverse outcomes in pulmonary arterial hypertension. PLoS One 2022; 17: e0268839.

13 Khirfan G, Naal T, Abuhalimeh B, et al. Hypoxemia in patients with idiopathic or heritable pulmonary
arterial hypertension. PLoS One 2018; 13: e0191869.

14 LaPatra T, Baird GL, Goodman R, et al. Remote 6-minute-walk testing in patients with pulmonary
hypertension: a pilot study. Am J Respir Crit Care Med 2022; 205: 851-854.

15 Lachant D, Kennedy E, Derenze B, et al. Cardiac effort to compare clinic and remote 6-minute walk testing
in pulmonary arterial hypertension. Chest 2022; 162: 1340-1348.

16 Deboeck G, Scoditti C, Huez S, et al. Exercise testing to predict outcome in idiopathic versus associated
pulmonary arterial hypertension. Eur Respir J 2012; 40: 1410-1419.

17 Badagliacca R, Rischard F, Giudice FL, et al. Incremental value of cardiopulmonary exercise testing in
intermediate-risk pulmonary arterial hypertension. J Heart Lung Transplant 2022; 41: 780-790.

18 Ewert R, Ittermann T, Habedank D, et al. Prognostic value of cardiopulmonary exercise testing in patients
with systemic sclerosis. BMC Pulm Med 2019; 19: 230.

19 Frantz RP, McDevitt S, Walker S. Baseline NT-proBNP correlates with change in 6-minute walk distance in
patients with pulmonary arterial hypertension in the pivotal inhaled treprostinil study TRIUMPH-1. J Heart
Lung Transplant 2012; 31: 811-816.

20 Frantz RP, Farber HW, Badesch DB, et al. Baseline and serial brain natriuretic peptide level predicts 5-year
overall survival in patients with pulmonary arterial hypertension: data from the REVEAL registry. Chest 2018;
154: 126-135.

21 Heresi GA, Tang WHW, Aytekin M, et al. Sensitive cardiac troponin | predicts poor outcomes in pulmonary
arterial hypertension. Eur Respir J 2012; 39: 939-944.

22 Nickel N, Kempf T, Tapken H, et al. Growth differentiation factor-15 in idiopathic pulmonary arterial
hypertension. Am J Respir Crit Care Med 2008; 178: 534-541.

23 Simpson CE, Damico RL, Hassoun PM, et al. Noninvasive prognostic biomarkers for left-sided heart failure
as predictors of survival in pulmonary arterial hypertension. Chest 2020; 157: 1606-1616.

24 Quarck R, Nawrot T, Meyns B, et al. C-reactive protein: a new predictor of adverse outcome in pulmonary
arterial hypertension. J Am Coll Cardiol 2009; 53: 1211-1218.

25 Soon E, Holmes AM, Treacy CM, et al. Elevated levels of inflammatory cytokines predict survival in
idiopathic and familial pulmonary arterial hypertension. Circulation 2010; 122: 920-927.

26 Hirsch K, Nolley S, Ralph DD, et al. Circulating markers of inflammation and angiogenesis and clinical
outcomes across subtypes of pulmonary arterial hypertension. J Heart Lung Transplant 2023; 42: 173-182.

27 Humbert M, Monti G, Brenot F, et al. Increased interleukin-1 and interleukin-6 serum concentrations in

severe primary pulmonary hypertension. Am J Respir Crit Care Med 1995; 151: 1628-1631.

https://doi.org/10.1183/13993003.01323-2024 15



EUROPEAN RESPIRATORY JOURNAL

28

29

30

31

32

33

34

35

36

37

38

39

40

a1

42

43

44

45

46

a7

48

49

50

51

52

53

54

55

56

7TH WORLD SYMPOSIUM ON PULMONARY HYPERTENSION | F. DARDI ET AL.

Bouzina H, Radegran G. Low plasma stem cell factor combined with high transforming growth factor-o
identifies high-risk patients in pulmonary arterial hypertension. ERJ Open Res 2018; 4: 00035-02018.
Cracowski J-L, Chabot F, Labarere J, et al. Proinflammatory cytokine levels are linked to death in pulmonary
arterial hypertension. Eur Respir J 2014; 43: 915-917.

Torres G, Yang J, Griffiths M, et al. Insulin-like growth factor binding protein-4: a novel indicator of
pulmonary arterial hypertension severity and survival. Pulm Circ 2023; 13: €12235.

Arvidsson M, Ahmed A, Séleby J, et al. Plasma TRAIL and ANXAL in diagnosis and prognostication of
pulmonary arterial hypertension. Pulm Circ 2023; 13: €12269.

Ahmed A, Ahmed S, Radegran G. Plasma ADAMTS13 and von Willebrand factor in diagnosis and prediction
of prognosis in pulmonary arterial hypertension. Pulm Circ 2021; 11: 20458940211041500.

Bouzina H, Radegran G. Plasma adrenomedullin peptides and precursor levels in pulmonary arterial
hypertension disease severity and risk stratification. Pulm Circ 2020; 10: 2045894020931317.

Arvidsson M, Ahmed A, Saleby J, et al. Plasma matrix metalloproteinase 2 is associated with severity and
mortality in pulmonary arterial hypertension. Pulm Circ 2022; 12: e12041.

Pi H, Xia L, Ralph DD, et al. Metabolomic signatures associated with pulmonary arterial hypertension
outcomes. Circ Res 2023; 132: 254-266.

Bouzina H, Hesselstrand R, Radegran G. Higher plasma fibroblast growth factor 23 levels are associated with
a higher risk profile in pulmonary arterial hypertension. Pulm Circ 2019; 9: 2045894019895446.

Damico R, Kolb TM, Valera L, et al. Serum endostatin is a genetically determined predictor of survival in
pulmonary arterial hypertension. Am J Respir Crit Care Med 2015; 191: 208-218.

Jandl K, Berg JL, Birnhuber A, et al. Basement membrane product, endostatin, as a link between
inflammation, coagulation and vascular permeability in COVID-19 and non-COVID-19 acute respiratory
distress syndrome. Front Immunol 2023; 14: 1188079.

Mutgan AC, Jandl K, Radic N, et al. Pentastatin, a matrikine of the collagen Va5, is a novel endogenous
mediator of pulmonary endothelial dysfunction. Am J Physiol Cell Physiol 2023; 325: C1294-C1312.

Foris V, Kovacs G, Marsh LM, et al. CD133" cells in pulmonary arterial hypertension. Eur Respir J 2016; 48:
459-469.

Asosingh K, Aldred MA, Vasanji A, et al. Circulating angiogenic precursors in idiopathic pulmonary arterial
hypertension. Am J Pathol 2008; 172: 615-627.

Toshner M, Voswinckel R, Southwood M, et al. Evidence of dysfunction of endothelial progenitors in
pulmonary arterial hypertension. Am J Respir Crit Care Med 2009; 180: 780-787.

Forfia PR, Mathai SC, Fisher MR, et al. Hyponatremia predicts right heart failure and poor survival in
pulmonary arterial hypertension. Am J Respir Crit Care Med 2008; 177: 1364-1369.

Savale L, Akagi S, Tu L, et al. Serum and pulmonary uric acid in pulmonary arterial hypertension. Eur Respir
J 2021; 58: 2000332.

Harbaum L, Fuge J, Kamp JC, et al. Blood carbon dioxide tension and risk in pulmonary arterial
hypertension. Int J Cardiol 2020; 318: 131-137.

Yogeswaran A, Tello K, Lund J, et al. Risk assessment in pulmonary hypertension based on routinely
measured laboratory parameters. J Heart Lung Transplant 2022; 41: 400-410.

Rhodes CJ, Wharton J, Howard LS, et al. Red cell distribution width outperforms other potential circulating
biomarkers in predicting survival in idiopathic pulmonary arterial hypertension. Heart 2011; 97: 1054-1060.
Boucly A, Tu L, Guignabert C, et al. Cytokines as prognostic biomarkers in pulmonary arterial hypertension.
Eur Respir J 2022; 61: 2201232.

Guignabert C, Savale L, Boucly A, et al. Serum and pulmonary expression profiles of the activin signaling
system in pulmonary arterial hypertension. Circulation 2023; 147: 1809-1822.

Rhodes CJ, Wharton J, Ghataorhe P, et al. Plasma proteome analysis in patients with pulmonary arterial
hypertension: an observational cohort study. Lancet Respir Med 2017; 5: 717-726.

Rhodes CJ, Wharton J, Swietlik EM, et al. Using the plasma proteome for risk stratifying patients with
pulmonary arterial hypertension. Am J Respir Crit Care Med 2022; 205: 1102-1111.

Forfia PR, Fisher MR, Mathai SC, et al. Tricuspid annular displacement predicts survival in pulmonary
hypertension. Am J Respir Crit Care Med 2006; 174: 1034-1041.

Mazurek JA, Vaidya A, Mathai SC, et al. Follow-up tricuspid annular plane systolic excursion predicts survival
in pulmonary arterial hypertension. Pulm Circ 2017; 7: 361-371.

Ghio S, Pica S, Klersy C, et al. Prognostic value of TAPSE after therapy optimisation in patients with
pulmonary arterial hypertension is independent of the haemodynamic effects of therapy. Open Heart 2016;
3: e000408.

Motoji Y, Tanaka H, Fukuda Y, et al. Association of apical longitudinal rotation with right ventricular
performance in patients with pulmonary hypertension: insights into overestimation of tricuspid annular
plane systolic excursion. Echocardiography 2016; 33: 207-215.

Tello K, Axmann J, Ghofrani HA, et al. Relevance of the TAPSE/PASP ratio in pulmonary arterial
hypertension. Int J Cardiol 2018; 266: 229-235.

https://doi.org/10.1183/13993003.01323-2024 16



EUROPEAN RESPIRATORY JOURNAL

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

7TH WORLD SYMPOSIUM ON PULMONARY HYPERTENSION | F. DARDI ET AL.

Fauvel C, Raitiere O, Boucly A, et al. Interest of TAPSE/sPAP ratio for noninvasive pulmonary arterial
hypertension risk assessment. J Heart Lung Transplant 2022; 41: 1761-1772.

Vicenzi M, Caravita S, Rota |, et al. The added value of right ventricular function normalized for afterload to
improve risk stratification of patients with pulmonary arterial hypertension. PLoS One 2022; 17: e0265059.
Grapsa J, Pereira Nunes MC, Tan TC, et al. Echocardiographic and hemodynamic predictors of survival in
precapillary pulmonary hypertension: seven-year follow-up. Circ Cardiovasc Imaging 2015; 8: €002107.
Ernande L, Cottin V, Leroux P-Y, et al. Right isovolumic contraction velocity predicts survival in pulmonary
hypertension. J Am Soc Echocardiogr 2013; 26: 297-306.

Shukla M, Park J-H, Thomas JD, et al. Prognostic value of right ventricular strain using speckle-tracking
echocardiography in pulmonary hypertension: a systematic review and meta-analysis. Can J Cardiol 2018;
34: 1069-1078.

Wright L, Dwyer N, Wahi S, et al. Relative importance of baseline and longitudinal evaluation in the
follow-up of vasodilator therapy in pulmonary arterial hypertension. JACC Cardiovasc Imaging 2019; 12:
2103-2111.

Celestin BE, Bagherzadeh SP, Ichimura K, et al. Identifying consistent echocardiographic thresholds for risk
stratification in pulmonary arterial hypertension. Pulm Circ 2024; 14: e12361.

Badagliacca R, Reali M, Poscia R, et al. Right intraventricular dyssynchrony in idiopathic, heritable, and
anorexigen-induced pulmonary arterial hypertension: clinical impact and reversibility. JACC Cardiovasc
Imaging 2015; 8: 642-652.

Alenezi F, Mandawat A, II'Giovine ZJ, et al. Clinical utility and prognostic value of right atrial function in
pulmonary hypertension. Circ Cardiovasc Imaging 2018; 11: e006984.

Grapsa J, Gibbs JSR, Cabrita 1Z, et al. The association of clinical outcome with right atrial and ventricular
remodelling in patients with pulmonary arterial hypertension: study with real-time three-dimensional
echocardiography. Eur Heart J Cardiovasc Imaging 2012; 13: 666-672.

El-Kersh K, Zhao C, Elliott G, et al. Derivation of a risk score (REVEAL-ECHO) based on echocardiographic
parameters of patients with pulmonary arterial hypertension. Chest 2023; 163: 1232-1244.

Raymond RJ, Hinderliter AL, Willis PW, et al. Echocardiographic predictors of adverse outcomes in primary
pulmonary hypertension. J Am Coll Cardiol 2002; 39: 1214-1219.

Amsallem M, Sweatt AJ, Aymami MC, et al. Right heart end-systolic remodeling index strongly predicts
outcomes in pulmonary arterial hypertension: comparison with validated models. Circ Cardiovasc Imaging
2017; 10: e005771.

Sahay S, Bhatt J, Beshay S, et al. E-REVEAL Lite 2.0 scoring for early prediction of disease progression in
pulmonary arterial hypertension. Pulm Circ 2022; 12: e12026.

Badagliacca R, Poscia R, Pezzuto B, et al. Prognostic relevance of right heart reverse remodeling in
idiopathic pulmonary arterial hypertension. J Heart Lung Transplant 2017; 37: P195-P205.

Chen L, Larsen CM, Le RJ, et al. The prognostic significance of tricuspid valve regurgitation in pulmonary
arterial hypertension. Clin Respir J 2018; 12: 1572-1580.

Souza R, Badesch DB, Ghofrani HA, et al. Effects of sotatercept on haemodynamics and right heart function:
analysis of the STELLAR trial. Eur Respir J 2023; 62: 2301107.

Kanwar M, Khan MS, Raina A, et al. Role of echocardiogram in predicting prognosis in pulmonary arterial
hypertension: a meta-analysis. J Heart Lung Transplant 2020; 39: S509.

Mercurio V, Mukherjee M, Tedford RJ, et al. Improvement in right ventricular strain with ambrisentan and
tadalafil upfront therapy in scleroderma-associated pulmonary arterial hypertension. Am J Respir Crit Care
Med 2018; 197: 388-391.

Ghio S, Mercurio V, Fortuni F, et al. A comprehensive echocardiographic method for risk stratification in
pulmonary arterial hypertension. Eur Respir J 2020; 56: 2000513.

Badagliacca R, Papa S, Manzi G, et al. Usefulness of adding echocardiography of the right heart to
risk-assessment scores in prostanoid-treated pulmonary arterial hypertension. JACC Cardiovasc Imaging
2020; 13: 2054-2056.

Ghio S, Badagliacca R, Acquaro M, et al. Prognostic value of deep echocardiographic phenotyping in
pulmonary arterial hypertension. ERJ Open Res 2024; 10: 00587-2023.

Ghio S, Badagliacca R, D’Alto M, et al. Right ventricular phenotyping in incident patients with idiopathic
pulmonary arterial hypertension. J Heart Lung Transplant 2024; in press [https://doi.org/10.1016/j.healun.
2024.06.003].

van de Veerdonk MC, Marcus JT, Westerhof N, et al. Signs of right ventricular deterioration in clinically
stable patients with pulmonary arterial hypertension. Chest 2015; 147: 1063-1071.

Alabed S, Shahin Y, Garg P, et al. Cardiac-MRI predicts clinical worsening and mortality in pulmonary arterial
hypertension. JACC Cardiovasc Imaging 2021; 14: 931-942.

Lewis RA, Johns CS, Cogliano M, et al. Identification of cardiac magnetic resonance imaging thresholds for
risk stratification in pulmonary arterial hypertension. Am J Respir Crit Care Med 2020; 201: 458-468.

https://doi.org/10.1183/13993003.01323-2024 17


https://doi.org/10.1016/j.healun.2024.06.003
https://doi.org/10.1016/j.healun.2024.06.003
https://doi.org/10.1016/j.healun.2024.06.003

EUROPEAN RESPIRATORY JOURNAL

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

7TH WORLD SYMPOSIUM ON PULMONARY HYPERTENSION | F. DARDI ET AL.

Celant LR, Wessels JN, Marcus JT, et al. Toward the implementation of optimal cardiac magnetic resonance
risk stratification in pulmonary arterial hypertension. Chest 2024; 165: 181-191.

Swift AJ, Rajaram S, Campbell MJ, et al. Prognostic value of cardiovascular magnetic resonance imaging
measurements corrected for age and sex in idiopathic pulmonary arterial hypertension. Circ Cardiovasc
Imaging 2014; 7: 100-106.

Goh ZM, Balasubramanian N, Alabed S, et al. Right ventricular remodelling in pulmonary arterial
hypertension predicts treatment response. Heart 2022; 108: 1392-1400.

Alandejani F, Hameed A, Tubman E, et al. Imaging and risk stratification in pulmonary arterial hypertension:
time to include right ventricular assessment. Front Cardiovasc Med 2022; 9: 797561.

van der Bruggen CE, Handoko ML, Bogaard HJ, et al. The value of hemodynamic measurements or cardiac
MRI in the follow-up of patients with idiopathic pulmonary arterial hypertension. Chest 2021; 159:
1575-1585.

Celant LR, Wessels JN, Kianzad A, et al. Restoration of right ventricular function in the treatment of
pulmonary arterial hypertension. Heart 2023; 109: 1844-1850.

van de Veerdonk MC, Kind T, Marcus JT, et al. Progressive right ventricular dysfunction in patients with
pulmonary arterial hypertension responding to therapy. J Am Coll Cardiol 2011; 58: 2511-2519.

Zhong L, Leng S, Alabed S, et al. Pulmonary artery strain predicts prognosis in pulmonary arterial
hypertension. JACC Cardiovasc Imaging 2023; 16: 1022-1034.

D’Alonzo GE, Barst RJ, Ayres SM, et al. Survival in patients with primary pulmonary hypertension. Results
from a national prospective registry. Ann Intern Med 1991; 115: 343-349.

Humbert M, Sitbon O, Chaouat A, et al Survival in patients with idiopathic, familial, and
anorexigen-associated pulmonary arterial hypertension in the modern management era. Circulation 2010;
122: 156-163.

Nickel N, Golpon H, Greer M, et al. The prognostic impact of follow-up assessments in patients with
idiopathic pulmonary arterial hypertension. Eur Respir J 2012; 39: 589-596.

Thenappan T, Shah SJ, Rich S, et al. Survival in pulmonary arterial hypertension: a reappraisal of the NIH
risk stratification equation. Eur Respir J 2010; 35: 1079-1087.

Lammi MR, Mathai SC, Saketkoo LA, et al. Association between initial oral therapy and outcomes in systemic
sclerosis-related pulmonary arterial hypertension. Arthritis Rheumatol 2016; 68: 740-748.

Condliffe R, Kiely DG, Peacock AJ, et al. Connective tissue disease-associated pulmonary arterial
hypertension in the modern treatment era. Am J Respir Crit Care Med 2009; 179: 151-157.

Campo A, Mathai SC, Le Pavec J, et al. Hemodynamic predictors of survival in scleroderma-related
pulmonary arterial hypertension. Am J Respir Crit Care Med 2010; 182: 252-260.

van Wolferen SA, Marcus JT, Boonstra A, et al. Prognostic value of right ventricular mass, volume, and
function in idiopathic pulmonary arterial hypertension. Eur Heart J 2007; 28: 1250-1257.

Dardi F, Guarino D, Ballerini A, et al. Prognostic role of haemodynamics at follow-up in patients with
pulmonary arterial hypertension: a challenge to current ESC/ERS risk tools. ERJ Open Res 2024; 10: 2400225.
Sitbon O, Humbert M, Nunes H, et al. Long-term intravenous epoprostenol infusion in primary pulmonary
hypertension: prognostic factors and survival. J Am Coll Cardiol 2002; 40: 780-788.

Hoeper MM, Huscher D, Ghofrani HA, et al. Elderly patients diagnosed with idiopathic pulmonary arterial
hypertension: results from the COMPERA registry. Int J Cardiol 2013; 168: 871-880.

DesJardin JT, Kolaitis NA, Kime N, et al. Age-related differences in hemodynamics and functional status in
pulmonary arterial hypertension: baseline results from the Pulmonary Hypertension Association Registry.
J Heart Lung Transplant 2020; 39: 945-953.

Badagliacca R, Vizza CD, Lang |, et al. Pulmonary pressure recovery in idiopathic, hereditary and drug and
toxin-induced pulmonary arterial hypertension: determinants and clinical impact. Vascul Pharmacol 2022;
146: 107099.

Sitbon O, Humbert M, Jais X, et al. Long-term response to calcium channel blockers in idiopathic
pulmonary arterial hypertension. Circulation 2005; 111: 3105-3111.

Gerhardt F, Fiessler E, Olsson KM, et al. Positive vasoreactivity testing in pulmonary arterial hypertension:
therapeutic consequences, treatment patterns, and outcomes in the modern management era. Circulation
2024; 149: 1549-1564.

Ghio S, D’Alto M, Badagliacca R, et al. Prognostic relevance of pulmonary arterial compliance after therapy
initiation or escalation in patients with pulmonary arterial hypertension. Int J Cardiol 2017; 230: 53-58.
Nagata J, Sekine A, Tanabe N, et al. Mixed venous oxygen tension is a crucial prognostic factor in
pulmonary hypertension: a retrospective cohort study. BMC Pulm Med 2022; 22: 282.

Mahapatra S, Nishimura RA, Sorajja P, et al. Relationship of pulmonary arterial capacitance and mortality in
idiopathic pulmonary arterial hypertension. J Am Coll Cardiol 2006; 47: 799-803.

Mazimba S, Welch TS, Mwansa H, et al. Haemodynamically derived pulmonary artery pulsatility index
predicts mortality in pulmonary arterial hypertension. Heart Lung Circ 2019; 28: 752-760.

https://doi.org/10.1183/13993003.01323-2024 18



EUROPEAN RESPIRATORY JOURNAL

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

7TH WORLD SYMPOSIUM ON PULMONARY HYPERTENSION | F. DARDI ET AL.

Chaouat A, Sitbon O, Mercy M, et al. Prognostic value of exercise pulmonary haemodynamics in pulmonary
arterial hypertension. Eur Respir J 2014; 44: 704-713.

Douschan P, Avian A, Foris V, et al. Prognostic value of exercise as compared to resting pulmonary
hypertension in patients with normal or mildly elevated pulmonary arterial pressure. Am J Respir Crit Care
Med 2022; 206: 1418-1423.

Weatherald J, Boucly A, Chemla D, et al. Prognostic value of follow-up hemodynamic variables after initial
management in pulmonary arterial hypertension. Circulation 2018; 137: 693-704.

Weatherald J, Boucly A, Launay D, et al. Haemodynamics and serial risk assessment in systemic sclerosis
associated pulmonary arterial hypertension. Eur Respir J 2018; 52: 1800678.

Gerges C, Gerges M, Skoro-Sajer N, et al. Hemodynamic thresholds for precapillary pulmonary hypertension.
Chest 2016; 149: 1061-1073.

Bartolome SD, Sood N, Shah TG, et al. Mortality in patients with pulmonary arterial hypertension treated
with continuous prostanoids. Chest 2018; 154: 532-540.

Boucly A, Beurnier A, Turquier S, et al. Risk stratification refinements with inclusion of haemodynamic
variables at follow-up in patients with pulmonary arterial hypertension. Eur Respir J 2024; in press [https://
doi.org/10.1183/13993003.00197-2024].

Suzuki S, Asano R, Aoki T, et al. Prognostic impact of follow-up pulmonary vascular resistance in pulmonary
arterial hypertension. Open Heart 2022; 9: €002054.

Savarese G, Musella F, D’Amore C, et al. Haemodynamics, exercise capacity and clinical events in pulmonary
arterial hypertension. Eur Respir J 2013; 42: 414-424.

Sung S-H, Yeh W-Y, Chiang C-E, et al. The prognostic significance of the alterations of pulmonary
hemodynamics in patients with pulmonary arterial hypertension: a meta-regression analysis of randomized
controlled trials. Syst Rev 2021; 10: 284.

Ventetuolo CE, Gabler NB, Fritz JS, et al. Are hemodynamics surrogate end points in pulmonary arterial
hypertension? Circulation 2014; 130: 768-775.

Galié N, Jansa P, Pulido T, et al. SERAPHIN haemodynamic substudy: the effect of the dual endothelin
receptor antagonist macitentan on haemodynamic parameters and NT-proBNP levels and their association
with disease progression in patients with pulmonary arterial hypertension. Eur Heart J 2017; 38: 1147-1155.
Distler O, Ofner C, Huscher D, et al. Treatment strategies and survival of patients with connective tissue
disease and pulmonary arterial hypertension: a COMPERA analysis. Rheumatology 2024; 63: 1139-1146.
Hoeper MM, Kramer T, Pan Z, et al. Mortality in pulmonary arterial hypertension: prediction by the 2015
European pulmonary hypertension guidelines risk stratification model. Eur Respir J 2017; 50: 1700740.
Boucly A, Weatherald J, Savale L, et al. Risk assessment, prognosis and guideline implementation in
pulmonary arterial hypertension. Eur Respir J 2017; 50: 1700889.

Benza RL, Kanwar MK, Raina A, et al. Development and validation of an abridged version of the REVEAL 2.0
risk score calculator, REVEAL Lite 2, for use in patients with pulmonary arterial hypertension. Chest 2021;
159: 337-346.

Chen H, Taichman DB, Doyle RL. Health-related quality of life and patient-reported outcomes in pulmonary
arterial hypertension. Proc Am Thorac Soc 2008; 5: 623-630.

Hoeper MM, Badesch DB, Ghofrani HA, et al. Phase 3 trial of sotatercept for treatment of pulmonary arterial
hypertension. N Engl J Med 2023; 388: 1478-1490.

Lewis RA, Armstrong |, Bergbaum C, et al. EmPHasis-10 health-related quality of life score predicts
outcomes in patients with idiopathic and connective tissue disease-associated pulmonary arterial
hypertension: results from a UK multicentre study. Eur Respir J 2021; 57: 2000124.

Min J, Badesch D, Chakinala M, et al. Prediction of health-related quality of life and hospitalization in
pulmonary arterial hypertension: the Pulmonary Hypertension Association Registry. Am J Respir Crit Care
Med 2021; 203: 761-764.

Highland KB, Crawford R, Classi P, et al. Development of the pulmonary hypertension functional
classification self-report: a patient version adapted from the World Health Organization functional
classification measure. Health Qual Life Outcomes 2021; 19: 202.

Lee W-TN, Ling Y, Sheares KK, et al. Predicting survival in pulmonary arterial hypertension in the UK. Eur
Respir J 2012; 40: 604-611.

Humbert M, Sitbon O, Yaici A, et al. Survival in incident and prevalent cohorts of patients with pulmonary
arterial hypertension. Eur Respir J 2010; 36: 549-555.

Benza RL, Gomberg-Maitland M, Elliott CG, et al. Predicting survival in patients with pulmonary arterial
hypertension: the REVEAL risk score calculator 2.0 and comparison with ESC/ERS-based risk assessment
strategies. Chest 2019; 156: 323-337.

Kylhammar D, Kjellstrom B, Hjalmarsson C, et al. A comprehensive risk stratification at early follow-up
determines prognosis in pulmonary arterial hypertension. Eur Heart J 2018; 39: 4175-4181.

Hoeper MM, Pausch C, Olsson KM, et al. COMPERA 2.0: a refined four-stratum risk assessment model for
pulmonary arterial hypertension. Eur Respir J 2022; 60: 2102311.

https://doi.org/10.1183/13993003.01323-2024 19


https://doi.org/10.1183/13993003.00197-2024
https://doi.org/10.1183/13993003.00197-2024
https://doi.org/10.1183/13993003.00197-2024
https://doi.org/10.1183/13993003.00197-2024

EUROPEAN RESPIRATORY JOURNAL

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

7TH WORLD SYMPOSIUM ON PULMONARY HYPERTENSION | F. DARDI ET AL.

Benza RL, Gomberg-Maitland M, Miller DP, et al. The REVEAL Registry risk score calculator in patients newly
diagnosed with pulmonary arterial hypertension. Chest 2012; 141: 354-362.

Fauvel C, Lin S, Correa-Jaque P, et al. Abstract 16736: comparison of pulmonary arterial hypertension risk
assessment tools using a harmonized FDA dataset. Circulation 2023; 148: A16736.

Benza RL, Miller DP, Foreman AJ, et al. Prognostic implications of serial risk score assessments in patients
with pulmonary arterial hypertension: a Registry to Evaluate Early and Long-Term Pulmonary Arterial
Hypertension Disease Management (REVEAL) analysis. J Heart Lung Transplant 2015; 34: 356-361.

Kanwar MK, Gomberg-Maitland M, Hoeper M, et al. Risk stratification in pulmonary arterial hypertension
using Bayesian analysis. Eur Respir J 2020; 56: 2000008.

Anderson JJ, Lau EM, Lavender M, et al. Retrospective validation of the REVEAL 2.0 risk score with the
Australian and New Zealand pulmonary hypertension registry cohort. Chest 2020; 157: 162-172.

Quan R, Zhang G, Yu Z, et al. Characteristics, goal-oriented treatments and survival of pulmonary arterial
hypertension in China: insights from a national multicentre prospective registry. Respirol 2022; 27: 517-528.
Sitbon O, Benza RL, Badesch DB, et al. Validation of two predictive models for survival in pulmonary arterial
hypertension. Eur Respir J 2015; 46: 152-164.

Sitbon O, Chin KM, Channick RN, et al. Risk assessment in pulmonary arterial hypertension: insights from
the GRIPHON study. J Heart Lung Transplant 2020; 39: 300-309.

Benza RL, Farber HW, Frost AE, et al. Application of the REVEAL risk score calculator 2.0 in the PATENT
study. Int J Cardiol 2021; 332: 189-192.

Tonelli AR, Sahay S, Gordon KW, et al. Impact of inhaled treprostinil on risk stratification with noninvasive
parameters: a post hoc analysis of the TRIUMPH and BEAT studies. Pulm Circ 2020; 10: 2045894020977025.
Benza RL, Gomberg-Maitland M, Farber HW, et al. Contemporary risk scores predict clinical worsening in
pulmonary arterial hypertension - an analysis of FREEDOM-EV. J Heart Lung Transplant 2022; 41: 1572-1580.
Frost AE, Hoeper MM, Barbera JA, et al. Risk-stratified outcomes with initial combination therapy in
pulmonary arterial hypertension: application of the REVEAL risk score. J Heart Lung Transplant 2018; 37:
1410-1417.

Benza RL, Farber HW, Frost A, et al. REVEAL risk scores applied to riociguat-treated patients in PATENT-2:
impact of changes in risk score on survival. J Heart Lung Transplant 2018; 37: 513-519.

D’Alto M, Badagliacca R, Lo Giudice F, et al. Hemodynamics and risk assessment 2 years after the initiation
of upfront ambrisentan-tadalafil in pulmonary arterial hypertension. J Heart Lung Transplant 2020; 39:
1389-1397.

Fauvel C, White RJ, Vanderpool RR, et al. Risk stratification in pulmonary arterial hypertension: perhaps
simple is not best? Chest 2024; 165: 431-436.

Vicaire H, Pavec JL, Mercier O, et al. Risk stratification in patients with pulmonary arterial hypertension at
the time of listing for lung transplantation. J Heart Lung Transplant 2022; 41: 1285-1293.

Humbert M, Kovacs G, Hoeper MM, et al. 2022 ESC/ERS guidelines for the diagnosis and treatment of
pulmonary hypertension. Eur Heart J 2022; 43: 3618-3731.

Humbert M, Kovacs G, Hoeper MM, et al. 2022 ESC/ERS guidelines for the diagnosis and treatment of
pulmonary hypertension. Eur Respir J 2022; 61: 2200879.

Bouzina H, Radegran G, Butler O, et al. Longitudinal changes in risk status in pulmonary arterial
hypertension. ESC Heart Fail 2021; 8: 680-690.

Kylhammar D, Hjalmarsson C, Hesselstrand R, et al. Predicting mortality during long-term follow-up in
pulmonary arterial hypertension. ERJ Open Res 2021; 7: 00837-2020.

Mercurio V, Diab N, Peloquin G, et al. Risk assessment in scleroderma patients with newly diagnosed
pulmonary arterial hypertension: application of the ESC/ERS risk prediction model. Eur Respir J 2018; 52:
1800497.

Wang Q, Qian J, Li M, et al. Risk assessment in systemic lupus erythematosus-associated pulmonary arterial
hypertension: CSTAR-PAH cohort study. Ther Adv Chronic Dis 2022; 13: 20406223221112528.

Hjalmarsson C, Kjellstrom B, Jansson K, et al. Early risk prediction in idiopathic versus connective tissue
disease-associated pulmonary arterial hypertension: call for a refined assessment. ERJ Open Res 2021; 7:
00854-2020.

Gong S-G, Wu W-H, Li C, et al. Validity of the ESC risk assessment in idiopathic pulmonary arterial
hypertension in China. Front Cardiovasc Med 2021; 8: 745578.

Olsson KM, Richter MJ, Kamp JC, et al. Intravenous treprostinil as an add-on therapy in patients with
pulmonary arterial hypertension. J Heart Lung Transplant 2019; 38: 748-756.

Humbert M, Farber HW, Ghofrani H-A, et al. Risk assessment in pulmonary arterial hypertension and chronic
thromboembolic pulmonary hypertension. Eur Respir J 2019; 53: 1802004.

Kuwana M, Blair C, Takahashi T, et al. Initial combination therapy of ambrisentan and tadalafil in connective
tissue disease-associated pulmonary arterial hypertension (CTD-PAH) in the modified intention-to-treat
population of the AMBITION study: post hoc analysis. Ann Rheum Dis 2020; 79: 626-634.

https://doi.org/10.1183/13993003.01323-2024 20



EUROPEAN RESPIRATORY JOURNAL

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

7TH WORLD SYMPOSIUM ON PULMONARY HYPERTENSION | F. DARDI ET AL.

Hoeper MM, Pittrow D, Opitz C, et al. Risk assessment in pulmonary arterial hypertension. Eur Respir J 2018;
51: 1702606.

Sonnweber T, Schneider E-M, Nairz M, et al. Risk assessment in precapillary pulmonary hypertension: a
comparative analysis. Respir Res 2021; 22: 28.

Boucly A, Weatherald J, Savale L, et al. External validation of a refined four-stratum risk assessment score
from the French Pulmonary Hypertension Registry. Eur Respir J 2022; 59: 2102419.

Ahmed A, Ahmed S, Kempe D, et al. Evaluation of the European Society of Cardiology/European Respiratory
Society derived three- and four-strata risk stratification models in pulmonary arterial hypertension:
introducing an internet-based risk stratification calculator. Eur Heart J Open 2023; 3: oead012.

Olsson KM, Richter MJ, Kamp JC, et al. Refined risk stratification in pulmonary arterial hypertension and
timing of lung transplantation. Eur Respir J 2022; 60: 2103087.

Boucly A, Solinas S, Beurnier A. Outcomes and risk assessment in pulmonary veno-occlusive disease. ERJ
Open Res 2024; 10: 00612-02023.

Dardi F, Manes A, Guarino D, et al. A pragmatic approach to risk assessment in pulmonary arterial
hypertension using the 2015 European Society of Cardiology/European Respiratory Society guidelines. Open
Heart 2021; 8: e001725.

Mercurio V, Hassan HJ, Naranjo M, et al. Risk stratification of patients with pulmonary arterial hypertension:
the role of echocardiography. J Clin Med 2022; 11: 4034.

Yogeswaran A, Richter MJ, Sommer N, et al. Advanced risk stratification of intermediate risk group in
pulmonary arterial hypertension. Pulm Circ 2020; 10: 2045894020961739.

Dardi F, Gotti E, Palazzini M, et al. P4680. Prognostic value of stroke volume index in patients with
pulmonary arterial hypertension at intermediate risk. Eur Heart J 2019; 40: ehz745.1062.

Rosenkranz S, Pausch C, Coghlan JG, et al. Risk stratification and response to therapy in patients with
pulmonary arterial hypertension and comorbidities: a COMPERA analysis. J Heart Lung Transplant 2023; 42:
102-114.

Hjalmarsson C, Radegran G, Kylhammar D, et al. Impact of age and comorbidity on risk stratification in
idiopathic pulmonary arterial hypertension. Eur Respir J 2018; 51: 1702310.

Hartman N, Kim S, He K, et al. Pitfalls of the concordance index for survival outcomes. Stat Med 2023; 42:
2179-2190.

Yogeswaran A, Gall H, Finderich M, et al. Comparison of contemporary risk scores in all groups of
pulmonary hypertension: a Pulmonary Vascular Research Institute GoDeep meta-registry analysis. Chest
2024; in press [https://doi.org/10.1016/j.chest.2024.03.018].

Pausch C, Pittrow D, Hoeper MM, et al. Performance of the ESC/ERS 4-strata risk stratification model with
missing variables. Eur Respir J 2023; 62: 2301023.

Benza RL, Miller DP, Barst RJ, et al. An evaluation of long-term survival from time of diagnosis in pulmonary
arterial hypertension from the REVEAL registry. Chest 2012; 142: 448-456.

Sahay S, Villasmil Hernandez N, Wang F, et al. Comparison between REVEAL Lite 2 and COMPERA 2.0 for risk
stratification in pulmonary arterial hypertension. Chest 2024; 166: 373-387.

Ahmed A, Ahmed S, Radegran G. Risk assessment in pulmonary arterial hypertension: a step towards
clinical implementation based on the 2022 ESC/ERS pulmonary hypertension guidelines. Pulm Circ 2023; 13:
el2253.

Simons JE, Mann EB, Pierozynski A. Assessment of risk of disease progression in pulmonary arterial
hypertension: insights from an International Survey of Clinical Practice. Adv Ther 2019; 36: 2351-2363.

Sahay S, Balasubramanian V, Memon H, et al. Utilization of risk assessment tools in management of PAH: a
PAH provider survey. Pulm Circ 2022; 12: e12057.

Wilson M, Keeley J, Kingman M, et al. Current clinical utilization of risk assessment tools in pulmonary
arterial hypertension: a descriptive survey of facilitation strategies, patterns, and barriers to use in the
United States. Pulm Circ 2020; 10: 2045894020950186.

Wilson M, Keeley J, Kingman M, et al. Clinical application of risk assessment in PAH: expert center APRN
recommendations. Pulm Circ 2022; 12: e12106.

Sahay S, Tonelli AR, Selej M, et al. Risk assessment in patients with functional class Il pulmonary arterial
hypertension: comparison of physician gestalt with ESC/ERS and the REVEAL 2.0 risk score. PLoS One 2020;
15: e0241504.

Savale L, Guimas M, Ebstein N, et al. Portopulmonary hypertension in the current era of pulmonary
hypertension management. J Hepatol 2020; 73: 130-139.

Dardi F, Guarino D, Cennerazzo F, et al. Pulmonary arterial hypertension associated with portal
hypertension and HIV infection: comparative characteristics and prognostic predictors. J Clin Med 2023; 12:
3425.

Arvanitaki A, Giannakoulas G, Baumgartner H, et al. Eisenmenger syndrome: diagnosis, prognosis and
clinical management. Heart 2020; 106: 1638-1645.

https://doi.org/10.1183/13993003.01323-2024 21


https://doi.org/10.1016/j.chest.2024.03.018
https://doi.org/10.1016/j.chest.2024.03.018

EUROPEAN RESPIRATORY JOURNAL

189

190

191

192

193

194

195

196

197

198

199

7TH WORLD SYMPOSIUM ON PULMONARY HYPERTENSION | F. DARDI ET AL.

Ahmed A, Ahmed S, Radegran G. Risk assessment in pulmonary arterial hypertension patients with multiple
comorbidities and/or advanced age - where do we stand and what’s next? Pulm Circ 2023; 13: e12314.

Galié N, Rubin L, Hoeper M, et al. Treatment of patients with mildly symptomatic pulmonary arterial
hypertension with bosentan (EARLY study): a double-blind, randomised controlled trial. Lancet 2008; 371:
2093-2100.

Tobita K, Goda A, Teruya K, et al. Exercise capacity and ventilatory efficiency in patients with pulmonary
arterial hypertension. J Am Heart Assoc 2023; 12: e026890.

Tello K, Wan J, Dalmer A, et al. Validation of the tricuspid annular plane systolic excursion/systolic
pulmonary artery pressure ratio for the assessment of right ventricular-arterial coupling in severe
pulmonary hypertension. Circ Cardiovasc Imaging 2019; 12: e009047.

Tello K, Ghofrani HA, Heinze C, et al. A simple echocardiographic estimate of right ventricular-arterial
coupling to assess severity and outcome in pulmonary hypertension on chronic lung disease. Eur Respir J
2019; 54: 1802435.

Guazzi M, Dixon D, Labate V, et al. RV contractile function and its coupling to pulmonary circulation in heart
failure with preserved ejection fraction: stratification of clinical phenotypes and outcomes. JACC Cardiovasc
Imaging 2017; 10: 1211-1221.

Benza RL, Doyle M, Lasorda D, et al. Monitoring pulmonary arterial hypertension using an implantable
hemodynamic sensor. Chest 2019; 156: 1176-1186.

Blette BS, Moutchia J, Al-Naamani N, et al. Is low-risk status a surrogate outcome in pulmonary arterial
hypertension? An analysis of three randomised trials. Lancet Respir Med 2023; 11: 873-882.

Rubin LJ, Naeije R. Sotatercept for pulmonary arterial hypertension: something old and something new. Eur
Respir J 2023; 61: 2201972.

Ogawa A, Ejiri K, Matsubara H. Long-term patient survival with idiopathic/heritable pulmonary arterial
hypertension treated at a single center in Japan. Life Sci 2014; 118: 414-419.

Humbert M, Badesch D, Ghofrani A, et al. A068 Consistency of the efficacy and safety profile of sotatercept
across 2022 ESC/ERS risk strata: a post hoc analysis of the STELLAR study. Pulm Circ 2024; 14: e12376.

https://doi.org/10.1183/13993003.01323-2024 22



	Risk stratification and treatment goals in pulmonary arterial hypertension
	Abstract
	Introduction
	PAH risk stratification
	Clinical features and functional class
	Exercise capacity
	6-min walk test
	Cardiopulmonary exercise testing

	Biomarkers
	Cardiac imaging
	Echocardiography
	Cardiovascular magnetic resonance

	Invasive haemodynamics
	Patient-reported outcome measures
	Multiparametric risk-assessment tools
	Risk tools derivation and validation methodology
	Application of risk tools at baseline
	Application of risk tools at follow-up


	Limitations of current risk assessment strategies and new developments
	Treatment goals in PAH
	Gaps of evidence and proposals for future collaborative research programmes
	References


