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Abstract

Purpose of Review—Pulmonary arterial hypertension (PAH) is a chronic, progressive, and 

incurable disease with significant morbidity and mortality. Despite increasingly available 

treatment options, PAH patients continue to experience disease progression and increased rates of 

hospitalizations due to right heart failure. Physician’s ability to comprehensively assess PAH 

patients, determine prognosis, and monitor disease progression and response to treatment remains 

critical in optimizing outcomes.

Recent Findings—Risk assessment in PAH should include a range of clinical, hemodynamic, 

and exercise parameters, performed in a serial fashion over the course of treatment. Approaches to 

risk assessment in PAH patients include the use of risk variables, scores, and equations that stratify 

the impact of both modifiable (e.g., 6-min walk distance, functional class, brain natriuretic 

peptide), and non-modifiable (e.g., age, gender, PAH etiology) risk factors. Such tools allow 

physicians to better determine prognosis, allocate treatment resources, and enhance the 

consistency of treatment approaches across providers.

Summary—Comprehensive and accurate risk prediction is essential to make individualized 

treatment decisions and optimizing outcomes in PAH.
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Introduction

Pulmonary arterial hypertension (PAH) is a chronic and rapidly progressive disease that is 

characterized by extensive narrowing of the pulmonary vasculature, leading to an increase in 

pulmonary vascular resistance (PVR), subsequent right ventricular (RV) dysfunction, and 

eventual death [1]. Currently, there are multiple approved drugs that can be used as single or 

combination therapies—that have improved outcome and functionality in PAH [2]. However, 

despite improvement in short-term survival, PAH remains an incurable disease with a 

median survival of 7 years [3]. As such, means to predict outcome in this disease, including 

both mortal and morbid events, is an essential part of patient management.

There is no single variable that predicts outcomes in PAH patients. Therefore, risk 

assessment in PAH patients should include a range of clinical, hemodynamic, and exercise 

parameters performed in a serial fashion to reflect a patient’s course during the disease [4••, 

5]. Accurate risk assessments allow clinicians to determine patients’ prognoses, identify 

treatment goals, help patients make informed decisions, and monitor disease progression. 

Risk assessment is especially important in settings where clinical PAH experience is not 

available, as it could facilitate timely referral to a PAH center and/or lung transplantation [5]. 

Approaches for assessing risk in PAH patients include the use of risk variables, as 

recommended in the 2015 European Society of Cardiology (ESC)/European Respiratory 

Society (ERS) guidelines, and the application of risk equations and scores, such as those 

developed by the French, Prospective Registry of Newly Initiated Therapies for Pulmonary 

Hypertension (COMPERA), and the Registry to Evaluate Early and Long-Term PAH 

Disease Management (REVEAL) [4••, 6••, 7, 8••]. The following review explores the 

development and use of risk assessment tools and prognostic scores, their respective merits 

and limitations, as well as considerations for the future of risk stratification in PAH.

Risk Assessment in PAH

The seminal NIH Registry was the first large study to describe the natural history of disease 

progression and ultimately delineate patient prognosis in the era prior to the availability of 

PAH specific therapies [7]. With the advent of epoprostenol and subsequently a variety of 

other drugs for the treatment of PAH, there is an increasing interest in identifying clinical 

variables to risk stratify patients and select appropriate therapies [9, 10]. A variety of 

individual factors exist, which are associated with outcomes in PAH. These may be distilled 

roughly into several categories, including clinical demographics, functional capacity (both 

subjective and objective), and parameters derived from diagnostic testing, such as imaging, 

laboratory testing, and invasive hemodynamics.

Demographics and Etiology of PAH

Though PAH has a marked female predominance, male gender is strongly implicated with 

adverse outcomes in PAH. In the REVEAL registry, older male patients had substantially 

higher mortality rates compared to female patients, particularly those older than 65 [11]. 

This finding was confirmed by data from the French PAH registry, wherein male gender was 

strongly associated with increased mortality. Etiology of PAH is also strongly linked to 

prognosis [11-13]. Patients who have porto-pulmonary hypertension, as well as patients with 
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connective tissue disease, in particular scleroderma, appear to have worse survival in 

comparison with PAH patients overall [11, 14-16]. Patients with “familial” PAH, especially 

those with “heritable” PAH, related to BMPR2 loss of function mutations typically have 

more recalcitrant pulmonary hypertension with higher pulmonary arterial (PA) pressures and 

PVR at presentation and less robust response to therapy [11, 17, 18]. Conversely, patients 

with congenital heart disease-related pulmonary hypertension, in general, have improved 

survival relative to idiopathic PAH, although this association was less robust and not 

clinically different than IPAH when adjusted for other relevant clinical risk factors [11, 19]. 

Although race has not historically been associated with outcome in PAH, a recent study 

form the U.S. National PH Biobank demonstrated that non-Hispanic Black patients had a 

lower mean pulmonary arterial pressure (mean PAP), lower PVR, and shorter 6-min walk 

distance (6MWD) compared with Hispanics and non-Hispanic Whites, but other 

hemodynamic parameters were similar [20]. Similarly, epidemiologic data from the USA 

between 2001 and 2010 showed a higher death rate for non-Hispanic Blacks [21]. This 

observation was supported by a small study with idiopathic, familial, or anorexigen-induced 

PAH, in which a multivariate survival analysis showed an association between Black or 

Asian race and increased risk of death [22]. Interestingly, analysis of REVEAL data showed 

dissimilar findings with an increased 5-year mortality in non-Hispanic White patients [23]. 

However, in this analysis, race was not weighted against other potential determinants of 

survival, including subtype of PAH.

Assessment of Functional Capacity

Both subjective and objective assessments of functional capacity have been strongly 

associated with future outcomes in PAH. The most commonly employed assessment of 

functional capacity is a subjective assessment usually performed by clinical providers, such 

as New York Heart Association (NYHA) or World Health Organization (WHO) functional 

class, graded on a scale of I–IV with higher grades associated with more severe symptoms. 

These are objectively assessed using the 6-min walk test (6MWT), a widely used, simple, 

and typically reproducible method for assessing functional capacity. Numerous studies have 

shown a strong association between more advanced functional class at presentation and 

long-term survival. In addition, changes in functional class assessment at follow-up have 

been associated with concomitant improvements and decrement in survival rates [7, 8••, 11, 

24]. Though a continuum exists of 6MWT distances, the concept of threshold levels 

associated with improved or decreased survival has gained some traction in the literature. 

For example, a 6MWT distance threshold of 440 m was associated with low risk of mortality 

in a variety of contemporary risk stratification algorithms [11, 12, 24]. In the REVEAL 

registry, a 6MWT distance less than 165 m was associated with significantly higher 

mortality risk [11]. An improvement in 6MWT distance has not been clearly associated with 

improvement in long-term survival; however, a decrease in walk distance after diagnosis was 

associated with worse prognosis (Fig. 1) [25, 26]. Maximal exercise testing using 

cardiopulmonary exercise testing may provide additional prognostic information. For 

example, peak VO2 less than 15 mL/kg per minute or a peak VE/VCO2 slope greater than 36 

has been shown to be a marker of adverse prognosis. Similarly, reduced end tidal CO2 levels 

have also been associated with adverse outcomes in PAH patients [24, 27-29].
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Direct and Indirect Non-invasive Imaging Measures of Right Ventricular Function

RV imaging is a crucial component of assessment of patient’s with PAH. Indeed, pulmonary 

vascular remodeling principally raises RV afterload, which has secondary impacts on RV 

size, hypertrophy, and function. Consequently, RV function is a critical determinant of 

outcomes in PAH.

In clinical practice, the right ventricle is most commonly imaged with transthoracic 

echocardiography. Though right ventricular ejection fraction (RVEF) cannot be easily 

obtained from 2D echocardiography, a variety of surrogates of RV systolic function can be 

derived, including tricuspid annular plane systolic exertion (TAPSE), RV fractional area 

change (RVFAC), and RV global longitudinal strain. TAPSE values less than 1.8 cm have 

been associated with reduced survival rates in PAH [30-33]. Recent studies have suggested 

that follow-up TAPSE values, after initial therapy, are even more predictive for long-term 

prognosis than baseline TAPSE values [34]. Other indirect echocardiographic measures of 

RV function associated with outcomes in PAH include right atrial area, with right atrial area 

greater than 18 cm2 connected to increased risk of mortality [24, 35]. Lastly, in multiple 

studies, pericardial effusion is associated with worse survival than patients without 

pericardial effusion [11, 36-38]. Cardiac magnetic resonance imaging (CMRI) may provide 

an even more robust assessment of RV function through threedimensional imaging [39]. 

CMRI is being increasingly utilized as a clinical and research tool in PH. RV and LV end 

diastolic volume indices, RV mass index, RV stroke volume index, RVEF, and RV to LV 

ratios are all associated with other hemodynamic and functional surrogates of survival and 

importantly with survival itself in PAH [40-44]. Among these CMRI parameters, decrease in 

RVEF by 5% was the strongest predictor of mortality in PAH [45].

Laboratory Parameters

In the REVEAL registry, renal insufficiency was strongly associated with worse survival, 

and this was subsequently confirmed in the updated REVEAL calculator [11, 46] and a ≥ 

10% decline in eGFR from baseline over a year was significantly increased in risk of death 

[47]. Natriuretic peptides, such as brain natriuretic peptide (BNP) and N-terminal fragment 

of pro-brain natriuretic peptide (N-terminal proBNP), are biomarkers that have been studied 

in PH and have been included as endpoints in multiple PAH clinical trials. Absolute levels of 

NT proBNP and BNP are correlated with worse clinical outcomes, both at baseline at 

follow-up [11, 46, 48]. Elevated cardiac troponin, at any detectable level, is associated with 

RV dysfunction and worse outcomes in PAH patients [49, 50]. As with patients with left-

sided heart failure, hyponatremia predicts worse outcomes in PH patients even after 

adjusting for other parameters, including right atrial pressure, cardiac index, and diuretic use 

[51]. Lower serum albumin and sodium levels were associated with increasing death, while 

increases in total bilirubin and creatinine were strongly predictors of death [52]. Other 

biochemical variables, such as blood urea nitrogen (BUN) and uric acid, are also associated 

with increased risk [45]. Importantly, uric acid appears to be not only a significant risk factor 

for 1-year mortality but also time to clinical worsening and decrease in 6MWD. Coupled 

with these correlations is the finding that uric acid levels are reduced by PAH specific 

therapies [53]. Markers of inflammation like CRP, thrombosis, and platelet activation are 

also associated with outcome in PAH [54, 55]. Lastly, markers of impaired glucose 
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metabolism and increased insulin resistance, like HgbA1C, are new markers of outcome in 

this disease [56].

Hemodynamic Variables

In the seminal NIH registry, PA pressures were significantly associated with survival, but 

this finding has not been subsequently confirmed in more contemporary studies after 

adjusting for other variables [7, 11, 12, 57]. However, a variety of hemodynamic parameters 

remain significantly associated with long-term PAH patient survival. In both the REVEAL 

registry and French PAH registry, elevated right atrial pressure (RAP) was associated with 

worse survival rates [11, 12]. In REVEAL, severely elevated PVR over 32 Wood Units was 

associated with worse outcomes and PVR’s < 5 Wood Units correlate with increased 

survival [11, 58••]. Mixed venous oxygen saturation < 65% and cardiac index (CI) < 2.5 L 

min−1 m−2 at baseline and decrease in these parameters over time have been associated with 

worse outcomes [59]. Decrease in stroke volume index (SVI) is also associated with worse 

survival and has a stronger predictive value than CI [60]. In fact, a lower SVI discriminated 

patients at a higher risk of death or transplantation, even among those who were in NYHA 

class I or II with CI ≥ 2.5 L min−1 m−2 at follow-up [60]. In this same report, change in 

mean PAP, SVI, PVR, and pulmonary artery compliance (PCa) was significantly associated 

with death or lung transplantation regardless of the baseline quartile (Fig. 2). However, in a 

recent hemodynamic sub-study of the SERAPHIN trial, the absolute value of CI and RAP at 

6 months, but not the changes from baseline, predicted the risk of disease progression [61]. 

Use of absolute values, rather than changes in values, is easier to implement in scoring 

systems for PAH. A high RV index as a combination of RAP, PVR, and SVO2 was also 

reported as a strong predictor of patient outcomes [62]. Lastly, viewing right and left 

ventricular morphometrics (RVEDV:LVEDV ratio) with hemodynamic parameters, 

particularly PVR, can add to the predictive value of each parameter individually (Fig. 3) 

[40].

Pulmonary Function Testing

A reduction in diffusion capacity for carbon monoxide (DLCO) is characteristic of 

pulmonary vascular disease, particularly in combination with normal or near normal 

spirometry. Indeed, an isolated reduction in DLCO on pulmonary function testing is often 

one of the first clinical clues to the presence of PAH on routine diagnostic testing [63, 64]. 

However, the severity of reduction in DLCO may in and of itself be prognostic. In the 

REVEAL registry, reduction in DLCO below 32% was independently associated with worse 

survival, whereas DLCO above 80% predicted was associated with better prognosis [11, 63].

Hospitalization

Hospitalization has been used as part of a combined clinical endpoint in several recent large, 

event-driven studies of pharmacotherapies in PAH. However, there is increasing recognition 

that hospitalization is strongly associated with future prognosis in PAH. Several studies have 

shown that an all-cause hospitalization is associated with high risk of long-term mortality. In 

a multivariate analysis from the REVEAL registry data, all-cause hospitalization within the 

past 6 months remained an independent predictor of death and recurrent hospitalization [65, 

66]. More recently, the impact of hospitalization and other morbidity events on subsequent 
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mortality in SERAPHIN and GRIPHON studies was analyzed using the landmark method 

[67]. There was an increased risk of death up to the end of the study among patients who 

experienced a primary endpoint event of hospitalization for worsening of PAH compared 

with those who did not (HR 6.55; 95% CI 4.02 to 10.67).

Risk Scores and Calculators

Risk assessment in PAH should be performed, utilizing the full spectrum of the above-

mentioned parameters. Ideally, a risk assessment tool should be evidence based, easy to use, 

with excellent discrimination, having been derived from contemporary data, while being 

dynamic and accurate throughout the course of the disease.

The NIH equation was one of the earliest prognosis equations for patients with PAH [7]. The 

equation utilized patient data (n = 194) from the US-based NIH registry to predict survival 

based purely on hemodynamics, including mPAP, mean RAP, and CI. The Scottish 

Composite Index developed by the Scottish Pulmonary Vascular Unit, UK is constructed 

from a multivariate Cox model from 182 PAH patients using age, sex, etiology, right atrial 

pressure, cardiac output, and 6MWT distance to predict survival [68]. More contemporary 

multivariable indices of risk include the REVEAL risk equation and scores [11] [69, 70], the 

French risk equation [12], later low-risk stratification algorithm [8••], COMPERA [6••], and 

the Swedish PAH Registry (SPAHR) risk score [71]. The COMPERA, SPAHR, and the 

French risk scores are all derived from the ESC/ERS guidelines risk table (Fig. 4). This table 

is an expert derived matrix, which summarizes and silos contemporary low, intermediate, 

and high-risk clinical variables into a clinically useful resource reference (4••).

Derived from 2529 newly and previously diagnosed PAH patients, the original REVEAL 

risk equation was created to stratify patient risk into five intervals: better-than-average, 

average, worse-than-average, poor, and extremely poor survival [11]. REVEAL enrolled 

adult and pediatric patients with WHO group 1 PAH who met hemodynamic criteria (mean 

PAP > 25 mmHg at rest or > 30 mmHg with exercise, mean PA wedge pressure or left 

ventricular end-diastolic pressure of ≤ 18 mmHg, and PVR of > 3 Wood Units) and were 

receiving treatment for PAH at the time of enrollment. The equation was derived using step-

wise multivariate regression and uses 13 parameters to derive a survival outcome (c-index of 

0.74). A simplified risk score based on the prognostic equation was then designed to be easy 

to use tool in everyday clinical practice (Fig. 5) [70]. The REVEAL equation and subsequent 

calculator were validated internally in both newly diagnosed patients [72] and serially in 

patients throughout their disease progression [69], as well as in external patient registries 

and clinical trials [69, 73-76], demonstrating utility for both patient risk assessment and 

treatment decisions. Recently, an updated REVEAL 2.0 risk score calculator (REVEAL 2.0, 

internally validated c-index of 0.76) was published with additional variables of allcause 

hospitalization, a revised renal function measured by estimated glomerular filtration rate 

along with increased cut points for 6MWD and natriuretic peptides levels (Fig. 6) [58••]. 

Cut-points and values of other existing variables were also re-assessed to optimize clinical 

relevance and to achieve better discrimination between risk categories. In REVEAL 2.0 

“low-risk” was defined as a score of ≤ 6 (12-month mortality risk of ≤ 2.6%), “intermediate-

risk” was defined as a score of 7 or 8 (12-month mortality risk of 6.2 and 7.0%, 
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respectively), and “high-risk” was defined as a score of ≥ 9 (12-month mortality risk of ≥ 

10.7%) (Fig. 7a). The score was also able to discriminate between risk categories for 5-year 

mortality (Fig. 7b). REVEAL 2.0 can also be used to predict clinical worsening in addition 

to mortality (Fig. 8).

The French risk prediction equation was developed from incident and prevalent PAH 

patients, irrespective of etiology, in the French Pulmonary Hypertension Registry (FPHR) 

registry between 2002 and 2003 [13]. The equation used three independent prognostic 

markers for survival: sex, 6MWT distance, and cardiac output. In the internal validation on 

the FPHR data, the equation performed with a c-index of 0.57. It was externally validated in 

the REVEAL registry with a ROC AUC of 0.72 and good discrimination of high and low 

risk groups, but less so in the middle strata at 1 year after diagnosis [73].

In light of the recognized importance of risk prediction, the latest 2015 ESC/ERS PH 

guidelines included updated recommendations for patient assessment, risk stratification, and 

treatment goals based on risk assessment specifically for patients with PAH [4••]. A regular 

assessment of patients with PAH and the role of expert centers in these assessments is highly 

emphasized in these recommendations. In an attempt to distill the common elements of risk 

prediction in an easy to visualize format, a risk table was developed based on an expert 

opinion (Fig. 4) [4••]. PAH patients are categorized as low, intermediate, or high risk of 

death or transplant-free survival based whether they fall into several color-coded risk silos 

comprising various risk parameters and cutoffs, with estimated 1-year mortality of < 5, 5–

10, and > 10%, respectively. This table borrows many common risk elements from the 

earlier REVEAL equation and score, including WHO functional class, natriuretic peptide 

levels, 6MWD cutoffs, presence of pericardial effusion, and RAP. The ESC/ERS risk 

stratification table is meritorious in its simplicity of approach. However, it is recognized that 

patients may have variables that fall into different risk categories at the same time point, 

limiting its “real-world” applicability. An attempt to solve this important limitation resulted 

in three important publications from the French, Swedish, and COMPERA registries, 

described in subsequent paragraphs.

Using the French registry, Boucly and colleagues derived a simplified risk assessment tool 

from the ERS/ECS risk table using the sum of four possible low-risk criteria to determine if 

the patient is low risk according to thresholds prescribed in the 2015 ESC/ERS guidelines 

[8••]. Low-risk criteria included WHO/NYHA functional class I or II, 6MWD > 440 m, 

RAP < 8 mmHg, and cardiac index ≥ 2.5 L min−1 m−2. The performance of the tool was 

assessed with n = 1017 newly diagnosed patients with IPAH, HPAH, and drug-induced PAH 

from the FPHR (Fig. 9). The tool is designed to give a prognosis at baseline and first 

reassessment with the latter reflecting a more accurate depiction of risk. Although this tool 

can identify several level of risk, its main utility is to identify the “low risk” patient, which is 

the treatment goal set forth by contemporary thinking [77]. It is not yet externally validated.

The COMPERA risk assessment strategy categorizes patients into low, intermediate, or high 

risk of death [6••]. The overall risk category is determined by computing the mean of the 

risk grades from available variables (WHO functional class, 6MWD, BNP or NT-proBNP, 

right atrial pressure, cardiac index, and mixed venous oxygen saturation) for each patient 
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and rounding to the nearest integer. In the COMPERA registry, treatment-naive, newly 

diagnosed PAH population (n = 1588) were observed to have mortality rates 1 year after 

diagnosis at 2.8% in the low risk cohort, 9.9% in the intermediate risk cohort, and 21.2% in 

the high-risk cohort, respectively (Fig. 10).

Comparison and Limitations of Risk Stratification Tools

Although promising in their consistent findings, the contemporary risk models require 

prospective validation among a wider variety of WHO group I patients to determine utility 

and generalizability. Demonstrating the utility of a risk score in a mixed cohort of patients is 

important, particularly one in which previously diagnosed patients predominate, as this latter 

population is most representative of routine clinical practice. The REVEAL risk calculator is 

broadly applicable to the general PAH population as it predicts risk in newly diagnosed and 

previously diagnosed patients with various PAH etiologies. The predictive strength of 

REVEAL is also maintained when patient data are missing for some variables included in 

the calculator. The COMPERA and the FPHR scores were derived from populations, which 

were newly diagnosed and in FPHR, restricted to patients with idiopathic, heritable, or drug-

induced PAH. When compared within the REVEAL dataset, the REVEAL 2.0 provided 

better characterization of the actual risk of mortality at 12 months than either COMPERA or 

FPHR. It was noted that COMPERA and FPHR overestimated and underestimated mortality 

risk in a primary US population when compared with REVEAL 2.0, which could have 

significant impact on clinical decision making (Table 1) [58••]. In addition, although the 

French method was designed to primarily identify the low risk patient, it tended to 

overestimate risk in this category. REVEAL 2.0 also predicts clinical worsening at 1 year of 

follow-up, which enhances its utility, and may prompt more intensive intervention earlier in 

the disease course.

Although all these scores appropriately identified high and low risk patients, they had poorer 

discrimination for those in between/ at intermediate risk. For clinicians using these tools at 

bedside, it is important to appreciate if it has been calibrated to the time of diagnosis or 

further along the disease progression. For example, variables used in COMPERA are better 

at delineation of risk at 1 year than the French score, although the French risk score was 

better at delineating a true low risk patient than COMPERA [78]. A similar drawback 

(clustering of risk) was noted in the original REVEAL risk calculator-based Kaplan–Meier 

survival estimates. This clustering effect was remedied in the updated calculator (see Fig. 6). 

Whether this early clustering of risk is related to study inclusion criterion in unclear. Lastly, 

the risk strategies derived from the ESC/ERS guidelines do not utilize weighting of 

variables, which limits their calibration, particularly in the intermediate-risk range.

All the present risk assessments for PAH patients have been derived used traditional 

statistical methods or expert opinion. Both this and efforts to over simplify risk-prediction 

have resulted in lack of robustness with respect to predicting outcome in complex disease. In 

clinical practice, patients present with some features that are indicative of low risk, and 

others that indicate intermediate or high risk. These analyses do not cover the full spectrum 

of PAH subgroups. Also, clinically relevant variables, such as rate of disease progression, 

currently remain unaccounted for. Not surprisingly, only a minority of patients in analysis 
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cohorts during application of risk scores achieved the intended goal of low risk status at 

follow-up. Hence, the risk scores themselves need to undergo periodic refinements to 

incorporate new data on predictors of disease progression and mortality and, thereby, 

maintain their clinical utility.

Machine learning methods can address these shortcomings by evaluating data with 

consideration of causality between variables. Bayesian networks have been used to evaluate 

patient mortality in similar complex cases, such as heart failure patient selection for left 

ventricular assist devices [55]. This method is robust to missing data when evaluating 

individual patient risk and allows for incorporation of expert input alongside machine 

learned parameters. For an orphan disease state like PAH, the further advantage of BNs over 

traditional statistical methods is that they can adapt dynamically with the evolution of 

treatment options and expansion of the patient cohort [79].

Using Risk Stratification in PAH

Along with advancing treatment options, appropriate and accurate risk prediction is essential 

to halt disease progression and make individualized treatment plans in PAH disease 

management. Early and accurate risk prediction allows for the identification of patients who 

are more likely to progress rapidly, which is especially relevant in settings where tertiary 

PAH care is not readily available. Assessment of prognosis allows physicians to educate and 

inform patients of their prognosis, thereby allowing them to make informed decisions about 

treatment options (Fig. 11) [1]. If widely adopted, appropriate risk prediction will enhance 

consistency of treatment approaches across practitioners and assist in the timely referral for 

lung transplantation. Lastly, risk models can enhance clinical study design both by selecting 

the appropriate study cohort and serving as a study end-point.

Conclusion

Current ESC/ERS guidelines recommend regular risk assessment of patients with PAH, with 

an overall treatment goal of achieving a low-risk status. All risk assessments should be 

considered in terms of the individual patient, their pertinent history and current PAH-specific 

therapy. Regular risk assessment allows clinicians to gauge the individual patient response to 

each treatment option over various follow-up time-points, allowing for timely referral for 

lung transplantation. PAH risk assessment tools have proven to be effective in accurately 

predicting survival in multiple patient cohorts and may provide a surrogate end point in 

future clinical trials. Therefore, it is important that risk assessment be considered while 

managing PAH therapies as it provides guidance for individualized clinical decision-making 

and optimizing patient outcomes.
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Fig. 1. 
Kaplan-Meier survival estimates based on the percentage change in the 6-min walk distance 

(6MWD) ± 10 percentage points for all patients with a baseline 6MWD and follow-up 

6MWD within 1 year. Reprinted without changes from Elsevier, Farber et al., Predicting 

outcomes in pulmonary arterial hypertension based on the 6-min walk distance, Mar 1, 

2015, volume 34, issue 3, page 7, under the Creative Commons open access license 

agreement (CC BY-NC-ND 4.0) [25]
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Fig. 2. 
Predicted survival estimates according to percent change from baseline for hemodynamic 

variables. a Stroke volume index (SVI), b right atrial pressure (RAP), c cardiac index (CI), d 
heart rate (HR), e pulmonary vascular resistance (PVR), and f pulmonary arterial 

compliance (PCa). Reprinted without modification, with permission from Wolters Kluwer 

Health, Inc., Jason Weatherald, Athénaïs Boucly, Denis Chemla, et al., Prognostic value of 

follow-up hemodynamic variables after initial management in pulmonary arterial 

hypertension, Circulation, volume 137, issue 7, pages 693–704, https://

www.ahajournals.org/doi/full/10.1161/CIRCULATIONAHA.117.029254
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Fig. 3. 
Plot of competing outcomes by RVEDV/LVEDV ratio. Reprinted without changes from 

SAGE Publishing, Benza et al., Bosentan-based, treat-to-target therapy in patients with 

pulmonary arterial hypertension: results from the COMPASS-3 study, Pulmonary 

Circulation, Vol 8, Issue 1, DOI: https://doi.org/10.1177/2045893217741480, under the 

Creative Commons open access license agreement (CC BY 4.0) [40]
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Fig. 4. 
European Respiratory Society guidelines for risk assessment in PAH. Reproduced with 

permission of the © 2019 European Society of Cardiology & European Respiratory Society. 

European Respiratory Journal 46 (4) 903–975; DOI: https://doi.org/

10.1183/13993003.01032-2015Published 30 September 2015 [4••]
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Fig. 5. 
One-year Kaplan-Meier survival estimate for the REVEAL development cohort with 

predicted risk score. Reprinted with permission from Chest Journal, Benza et al., The 

REVEAL registry risk score calculator in patients newly diagnosed with pulmonary arterial 

hypertension, Vol. 141, Issue 2, pages 354–362, 2012, with permission from Elsevier 

(License #4536030779445) [72]
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Fig. 6. 
REVEAL 2.0 Updated Risk Score Calculator. Risk score ranges from 0 (lowest) to 23 

(highest). Reprinted without changes from Chest Journal, Benza 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, in press, 2019, under the 

Creative Commons open access license agreement (CC BY-NC-ND 4.0) [58••]
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Fig. 7. 
Kaplan-Meier survival estimates by REVEAL 2.0 risk scores calculated at 1-year post-

enrollment (baseline for this analysis). a 12-Month survival estimate. b 60-Month survival 

estimate. Reprinted without changes from Chest Journal, Benza 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, in press, 2019, under the 

Creative Commons open access license agreement (CC BY-NC-ND 4.0) [58••]
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Fig. 8. 
Kaplan-Meier estimates of clinical worsening by REVEAL 2.0 risk scores calculated at 1-

year post-enrollment (baseline for this analysis). Reprinted without changes from Chest 

Journal, Benza 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, in press, 2019, under the Creative Commons open access license agreement (CC 

BY-NC-ND 4.0) [58••]
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Fig. 9. 
Kaplan-Meier curves of transplant-free survival according to the number of low-risk criteria 

at a time of pulmonary arterial hypertension diagnosis and b first re-evaluation within the 

first year after diagnosis using the French risk calculator. Reproduced with permission of the 

©ERS 2019: European Respiratory Journal 50 (2) 1700889; DOI: https://doi.org/

10.1183/13993003.00889-2017 Published 3 August 2017 [8••]
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Fig. 10. 
Kaplan–Meier survival estimates in patients with all forms of PAH combined per individual 

risk stratification at baseline using the COMPERA risk calculator. Reproduced with 

permission of the ©ERS 2019: European Respiratory Journal 50 (2) 1700740; DOI: https://

doi.org/10.1183/13993003.00740-2017 Published 3 August 2017 [6••]
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Fig. 11. 
Theoretic risk decision tree for PAH using multifaceted tools. Reprinted with permission 

from the Pulmonary Hypertension Association, Benza et al., Risk assessment in pulmonary 

arterial hypertension patients: the long and short of it. advances in pulmonary hypertension: 

2018, volume 16, issue 3, pages 125–135. [1]
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