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Abstract 3 

Background. Pulmonary hypertension (PH) is a heterogeneous disease with poor prognosis. Accurate 4 

risk stratification is essential for guiding treatment decisions in pulmonary arterial hypertension (PAH). 5 

While various risk models were developed for PAH, their comparative prognostic potential requires 6 

further exploration. Additionally, the applicability of risk scores in PH groups beyond group 1 remains 7 

to be investigated.  8 

Research Question. Are risk scores originally developed for PAH predictive in PH group 1–4? 9 

Study Design and Methods. We conducted a comprehensive analysis of outcomes among incident PH 10 

patients enrolled in the multicenter worldwide PVRI-GoDeep meta-registry. Analyses were performed 11 

across PH groups 1-4 and further subgroups to evaluate the predictive value of PAH-risk scores, 12 

including REVEAL Lite 2, REVEAL 2.0, ESC/ERS 2022, COMPERA 3-strata and COMPERA 4-strata.  13 

Results. 8565 patients were included in the study, of whom 3537 patients were assigned to group 1 14 

PH while 1807, 1635, and 1586 patients were diagnosed with group 2, group 3, and group 4 PH. 15 

Pulmonary hemodynamics were impaired with median mPAP of 42 [33,52]mmHg and PVR of 7 16 

[4,11]WU. All risk scores were prognostic in the entire PH population and in each of the PH groups 1–17 

4. The REVEAL scores, when used as continuous prediction models, possessed the highest statistical 18 

prognostic power and granularity; the COMPERA 4-strata risk score provided sub-differentiation of 19 

the intermediate-risk group. Similar results were obtained when separately analyzing various 20 

subgroups (PH subgroups 1.1, 1.4.1, 1.4.4; 3.1, 3.2; group 2 with isolated post-capillary-PH versus 21 

combined pre-/post-capillary-PH; patients of all groups with concomitant cardiac comorbidities; 22 

severe [> 5 WU] versus non-severe PH). 23 

Interpretation. This comprehensive study with real-world data from 15 PH-centers showed that PAH-24 

designed risk scores possess predictive power in a large PH cohort, whether considered as common 25 

group or calculated separately for each PH group (1-4) and various subgroups. 26 

299 words 27 
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Pulmonary hypertension (PH) is a multifaceted and heterogeneous disease with classification into five 30 

distinct groups, namely pulmonary arterial hypertension (Group 1, PAH), PH associated with left heart 31 

disease (Group 2, LHD-PH), PH associated with lung disease and/or hypoxia (Group 3, LD-PH), PH 32 

associated with pulmonary artery obstructions (Group 4, CTEPH), and PH with an unclear and/or 33 

multifactorial etiology (Group 5)1. It is noteworthy that the survival of all PH patients is substantially 34 

compromised when compared to individuals without PH2-5. Particularly in PAH, risk stratification plays 35 

a pivotal role as it guides essential treatment decisions, including the consideration of parenteral 36 

prostacyclin therapy for high-risk patients1. Among the critical determinants of symptoms and 37 

prognosis in PH patients, right ventricular (RV) function stands out6. It is well-known that RV function 38 

is compromised across all PH groups, making it pertinent to evaluate the applicability of risk 39 

stratification originally designed for PAH to PH groups 2 – 4, a subject that has only received limited 40 

attention in previous studies7-11.  41 

In Europe, a comprehensive risk score, initially introduced in the 2015 European Society of Cardiology 42 

(ESC) and European Respiratory Society (ERS) guidelines on PH, was designed to assess risk in PAH 43 

patients and has recently been updated in the latest guidelines1,12. However, in the absence of specific 44 

recommendations for calculating overall risk, various methods have emerged, including calculating the 45 

mean with rounding to the nearest integer or simply tallying low risk parameters using a truncated 46 

version of the risk score10,13-15. In the United States, the REVEAL 2.0 risk score and the REVEAL Lite 2 47 

risk score are preferred tools for assessing mortality risk in PAH patients16. Both risk assessment tools 48 

categorize patients into three risk groups: low-, intermediate- and high risk1,12,16. A key distinction 49 

between the REVEAL and ESC/ERS approaches lies in the inclusion of demographics, such as gender 50 

and age, as well as PAH subtype analysis in the REVEAL 2.0 score, but also in the possibility to use the 51 

REVEAL scores as a continuous (ordinal) scoring system16-20. 52 

In addition to the 3-strata risk models mentioned so far, 4-strata risk models have been developed to 53 

provide a more comprehensive characterization of patients during follow-up1,14,15. While the current 54 

ESC/ERS guidelines recommend using a 3-strata risk approach at the time of diagnosis and a 4-strata 55 
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risk approach during follow-up, the added benefits of using 4-strata risk scores during baseline 56 

evaluation remain uncertain1. Notable, the recommended 4-strata risk score does not encompass 57 

pulmonary hemodynamics, whereas the ESC/ERS 3-strata incorporates pulmonary hemodynamics as 58 

well as imaging and cardiopulmonary exercise testing. The extent to which including hemodynamic 59 

measurements adds prognostic value remains to be determined.  60 

While certain parameters are common to all risk assessment scores, such as six-minute walking 61 

distance (6MWD) and world health organization (WHO) functional class, major components differ 62 

between the various scores (e-Table 1). Furthermore, there is no consensus on whether the PAH-63 

designed risk scores can be usefully extended to PH groups 2 – 4. This study utilizes the large PVRI 64 

GoDeep meta-registry21 to compare the predictive power of both 3-strata (including REVEAL scores, 65 

additionally allowing a continuous scoring approach) and 4-strata risk scores in a large multicentric 66 

cohort. Moreover, it aims to investigate whether these risk scores are equally applicable to patients 67 

assigned to groups 2 – 4 PH.   68 
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Study Design and Methods 69 

Study population 70 

All patients enrolled in the Pulmonary Vascular Research Institute (PVRI) GoDeep meta-registry with 71 

right heart catheter confirmed PH diagnosis made by the participating PH expert center based on the 72 

PH World Symposium definition of PH, age at diagnosis  18, and without any data discrepancies were 73 

included in this study21. The time range for baseline data was set at −3 to +3 months around the time 74 

of reported initial diagnosis. If multiple data points were available for the same variable, the data point 75 

closest to the diagnosis date was selected. The current analysis included all centers from which 76 

sufficiently granular data for comparative risk sore analysis could be entered into the study, namely 77 

the centers in Giessen (2198 patients), London (2143), Sheffield (2023), Baltimore (632), Kiev (380), 78 

Stanford (342), Johannesburg (220), Thessaloniki (156), Abu Dhabi (117), Rochester (109), Houston 79 

(87), Pittsburgh (76), Nashville (46), Pavia (28), and Athens (8). University of Giessen/University 80 

Hospital Ethics Committee and the responsible local ethic committees have approved the PVRI-81 

GoDeep central data repository, listed under ClinTrials.gov (NCT05329714).  82 

Risk assessment models  83 

We included the REVEAL Lite 2 risk score, the REVEAL 2.0 risk score, the ESC/ERS 2022 risk score, and 84 

the COMPERA registry 3-/4-strata risk scores (e-Table 1). 85 

REVEAL Lite 2 and REVEAL 2.0 risk scores: 86 

As described by Benza and co-workers, the REVEAL 2.0 score was calculated using the following 87 

variables: WHO group 1 subgroup, demographics, estimated glomerular filtration rate (eGFR), WHO 88 

functional class, vital signs (systolic blood pressure (SBP) and heart rate (HR)), 6MWD, BNP, presence 89 

of pericardial effusion, lung function test (i.e. diffusion capacity (DLCO)) and right heart catheterization 90 

data (i.e., mean right artery pressure (mRAP) and pulmonary vascular resistance (PVR) at the time of 91 

diagnosis)20. The REVEAL scores were used as continuous scoring system, unless otherwise noted20. 92 
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Missing values were substituted by a score of zero20. Similarly, REVEAL Lite 2.0 risk was calculated by 93 

incorporating BNP, 6MWD, WHO functional class, SBP, HR, and eGFR20.  94 

ESC/ERS 2022 risk score: 95 

The Kylhammar approach was used with the new threshold/parameters mentioned in the 2022 96 

ESC/ERS guidelines on PH including WHO functional class, 6MWD, BNP, right atrial (RA) area, tricuspid 97 

annular plane systolic excursion (TAPSE)/pulmonary artery systolic pressure (sPAP) ratio, presence of 98 

pericardial effusion, peak VO2, VE/VCO2 slope, RAP, CI, stroke volume index (SVI), and SvO2
1,10. 99 

COMPERA registry 3-strata and 4-strata risk score: 100 

The COMPERA registry 3- and 4-strata approach was performed as described by Hoeper and colleagues 101 

using WHO functional class, 6MWD, and BNP14. In brief, each variable was rated as previously 102 

described using numbers between one and three or one and four, respectively. The mean was then 103 

determined and rounded to the nearest whole number.  104 

The prognostic determinants included in each risk score are detailed in e-Table 1, with missing 105 

parameters in the GoDeep registry indicated in italics. 106 

Data extraction and Statistical analyses 107 

Data were analyzed with R version 4.3.023 using the package survival version 3.5-324.  The package 108 

flextable version 0.9.1 was used to create tables and the package mice version 3.15.0 was used for 109 

multiple imputations by multivariate imputation by chained equations25,26. 110 

On October 16th, 2023, the data were extracted from the database. Missing values of BNP were 111 

calculated from given NT-proBNP values using the following formular: 112 

loge 𝐵𝑁𝑃   =  
loge𝑁𝑇𝑝𝑟𝑜𝐵𝑁𝑃 ⁡−0.079

1.348
. 113 

Median and interquartile range were used to summarize variables in tables.  114 

Missing data were imputed using mice version 3.15.026. Reliability of imputation is shown in e-Figure 115 

1. Patients were considered for imputation if they had at least two of the variables WHO functional 116 
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class, 6MWD, and BNP. Missing data were allowed up to 40%, and continuous variables were log-117 

transformed before imputation. The following variables were imputed (percent of missing values in 118 

parentheses): WHO FC (4%), BSA (10%), BMI (13%), height (14%), 6MWT distance (18%), mPAP (18%), 119 

PVR (27%), sSAP (28%), PAWP (36%), BNP (36%), CO (38%), and CI (38%). Additionally, the information 120 

from following variables without missing values was used for imputation: PH Group, sex, age at 121 

diagnosis, diagnosis decade, and center. 122 

Kaplan-Meier estimators with log-rank tests as well as univariate and multivariate Cox regression 123 

analyses were used to examine the prognostic relevance of parameters. In addition, predictive power 124 

was evaluated with Akaike Information Criteria (AIC) and C-statistic27. AIC values were compared to 125 

the respective AIC values of the ESC/ERS risk score and for the C-statistic bootstrapping was used to 126 

determine the statistical significance of the difference between the respective risk score and the 127 

ESC/ERS risk score.   128 
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Results 129 

Baseline Characteristics 130 

As of October 16th 2023, the PVRI GoDeep meta-registry comprised a total of 27070 patients, including 131 

8565 incident and treatment-naïve patients, enrolled in 15 different PH centers, all of whom met the 132 

hitherto mentioned criteria for analysis (Figure 1). Among these patients, 3537(41%) patients were 133 

diagnosed with group 1 PH, while 1807 (21%), 1635 (19%), and 1586 (19%) patients were diagnosed 134 

with group 2, group 3, and group 4PH, respectively (Table 1a). 101 patients diagnosed with group 5 PH 135 

were excluded from subsequent analyses due to the low patient count and the inherent heterogeneity 136 

within this group. The median age of the study population was 65 [52, 74] years; 39% were male, and 137 

the pulmonary hemodynamics were severely impaired with median pulmonary arterial pressure of 42 138 

[33, 52] mmHg and median pulmonary vascular resistance of 7 [4, 11] WU, as detailed in Table 1a. 139 

Overall, one-, three-, and five-year survival rates were 85%, 64%, and 51%, respectively. Table 2 140 

presents the distribution of the included risk scores. Most patients were categorized as intermediate 141 

risk using the ESC/ERS 2022 risk score and the COMPERA registry 3-strata score (81% respectively), 142 

while the REVEAL 2.0 score showed a more balanced distribution (Table 2).  143 

Prognostic Power of Risk Scores in Incident and Treatment-Naïve PH Patients 144 

All risk scores predicted survival in patients with incident PH, as illustrated in Figure 2. The predictive 145 

power of all sores is presented in Table 3. Notably, the REVEAL scores significantly outperformed the 146 

ESC/ERS risk 2022 score and also compared favourably to the COMPERA registry 3-strata risk score. 147 

For patients with a REVEAL Lite 2.0 score ≤6, the 1-, 3-, and 5-year survival rates were 93%, 78%, and 148 

66%, respectively, in the overall PH population including patients of all PH groups. In contrast, patients 149 

with higher scores showed significantly worse prognosis, as depicted in Figure 2A. Univariate Cox 150 

regression analysis further confirmed significantly increased hazard ratios for each point increase both 151 

for REVEAL 2.0 and REVEAL Lite 2, as compared to patients with a total score ≤6 points (Figure 3). The 152 

COMPERA registry 4-strata risk score successfully discriminated between intermediate-low and 153 

intermediate-high risk patients, also significantly outperforming the ESC/ERS risk 2022 score (Table 3). 154 
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When compared to the low-risk score group, 2-fold, 5-fold, and 11-fold increased hazard ratios were 155 

noted for the intermediate-low, intermediate-high, and high-risk score patients (Figure 3). Similarly, 156 

significantly increased hazard ratios were noted when comparing intermediate-high to intermediate-157 

low patients.   158 

Prognostic Power of Risk Scores in Incident Patients with PH Group 1 - 4  159 

Next, we performed PH group-based analyses, with baseline characteristics shown in Table 1. All 160 

included risk scores predicted survival in PH groups 1 – 4 (Figure 5). Kaplan-Meier curves of all scores 161 

for all groups are shown in Figure 5. Corresponding to the overall PH group, the ESC/ERS 2022 risk 162 

score showed an uneven distribution with strong predominance of the intermediate risk score group 163 

in all four PH groups. The COMPERA 4-strata risk score was able to discriminate between intermediate-164 

low and intermediate-high patients in all PH groups (Figure 4 and Figure 5). Again, the C-indices of the 165 

REVEAL scores, when used as a continuous scoring system, were the highest in each of the individually 166 

analyzed PH groups (Table 3). 167 

Sensitivity Analysis using Non-Imputed Data  168 

To enhance the robustness of our findings, we performed a sensitivity analysis employing the subset 169 

of incident and treatment-naïve patients without any data imputation (n = 3603; non-imputed study 170 

population). Only patients with complete 6MWD, BNP, and WHO FC data sets were included (e-Table 171 

2a). Overall, one-, three-, and five-year survival rates were 88%, 70%, and 56%, respectively. Baseline 172 

characteristics and distributions of the risk scores within the non-imputed cohort are displayed in e-173 

Table 2 and in e-Table 3, respectively. Significantly, outcomes gleaned from this analysis exhibited 174 

concurrence with those derived from the analyses incorporating imputation, as delineated in the 175 

supplementary materials (e-Figure 2, 3, 4 and 5, along with e-Table 4). The non-imputed dataset again 176 

underscores the strong discriminative potency of the continuous REVEAL scores and the efficacy of the 177 

4-strata risk score to discriminate between intermediate-low and intermediate-high cohorts. This 178 
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further supports the reliability of the imputation procedure chosen for the current study, also obvious 179 

from e-Figure 1. 180 

 Sensitivity Analysis addressing Specific Subgroups  181 

We conducted additional subgroup analyses to validate our findings across specific patient 182 

populations. As depicted in e-Table 5, PAH-designed 3- and 4-strata risk scores were found to possess 183 

predictive power also in each of these subgroups, with the particular strong discriminative potency of 184 

the continuous REVEAL scores and the efficacy of the 4-strata risk score to discriminate between 185 

intermediate-low and intermediate-high cohorts being again demonstrated. The following subgroups 186 

were analyzed: 187 

(i) Group 1.1: Idiopathic pulmonary arterial hypertension (IPAH) 188 

(ii) Group 1.4.1: Connective tissue disease-associated PAH 189 

(iii) Group 1.4.4: Congenital heart disease-associated PAH 190 

(iv) Group 2 PH patients with isolated postcapillary PH (i.e., PVR ≤2 WU) 191 

(v) Group 2 PH patients with combined pre- and postcapillary PH (i.e., PVR >2 WU) 192 

(vi) Group 3.1: PH associated with obstructive lung disease 193 

(vii) Group 3.2: PH associated with restrictive lung disease 194 

(viii) PAH patients with cardiac comorbidities (defined as the presence of at least three of the 195 

following comorbidities: arterial hypertension, obesity, diabetes, coronary heart disease, and atrial 196 

fibrillation) 197 

Corresponding results were obtained, when dichotomizing the entire PH population as well as each of 198 

the PH groups in in severe versus non-severe PH (i.e., PVR ≥5 WU and PVR <5 WU; e-Table 5).  199 
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Discussion 200 

This multicentric study comprehensively validates and compares five major existing approaches for 201 

risk stratification in PH. It used the largest, worldwide meta-registry published to date, the PVRI 202 

GoDeep meta-registry21. The major findings are: (i) commonly applied risk stratification schemes are 203 

prognostic in patients with PH irrespective of clinical subtype, (ii) the COMPERA 4-strata risk score 204 

provides sub-differentiation of the intermediate risk group, (iii) including further variables, both 205 

modifiable (e.g., hemodynamics or renal function) and non-modifiable (e.g., sex and age), adds to the 206 

prognostic power in incident and treatment-naïve PH patients compared to strata models mainly 207 

focusing on WHO-FC, BNP, and 6MWD, and (iv) the REVEAL scoring systems, when used as continuous 208 

prediction models, possess the highest statistical prognostic power and granularity.  209 

In recent years, there has been a rapid increase in studies investigating risk stratification and proposing 210 

independent risk parameters for PH patients8-11,13-15,27-29. In parallel, several risk scores have been 211 

developed, validated, and established for PAH patients, including the ESC/ERS risk scores and the 212 

REVEAL scores1,18,30. The complexity of the risk scores varies from simple non-invasive approaches (e.g., 213 

the COMPERA registry 3-/4-strata scores) to more sophisticated invasive approaches (e.g., the REVEAL 214 

and ESC/ERS risk scores). Although some parameters are represented in most risk scores (such as 215 

6MWD, WHO functional class, and BNP), age, gender, PAH subgroup and renal function are only 216 

represented in the REVEAL 2.0 score. Risk scores are typically applied on a country/region basis.  217 

Determining the most accurate predictive tool is essential as treatment decisions rely on the estimated 218 

prognosis, in particular the 1-year prognosis in patients with P(A)H1. The current study extends this 219 

approach by exploring a putative predictive power of 3- and 4-strata risk scores for PH groups 2 – 4. 220 

This study is the first to assess the predictive power of the updated version of the ESC/ERS risk score. 221 

In particular, BNP thresholds were changed leading to more patients categorized as intermediate risk 222 

regarding laboratory biomarkers. In addition, imaging gained more importance. When comparing to 223 

major studies assessing the prognostic power of the 2015 ESC/ERS risk score, our study indicates that 224 
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the changes lead to substantially more patients being classified as intermediate risk. Though still 225 

separating patients according to risk, the usefulness of the 2022 ESC/ERS risk score is impaired due to 226 

the fact that over 80% of the patients are at intermediate risk.  227 

Current practice, following European guidelines, favors 4-strata risk scores, at least during follow-up, 228 

as they provide clinical useful insights into the large population of patients at intermediate risk1,14,15. 229 

Indeed, in our patient population, COMPERA 4-strata risk score classified up to 40% of the intermediate 230 

risk patients as intermediate-low risk patients with 1-year mortality rates below 10%. However, 5-year 231 

survival rates are compromised compared with low-risk patients, underscoring the importance of 232 

frequent monitoring and treatment adjustments in this subset of patients and the importance of 233 

‘treating to goal’ to achieve (and maintain) a low risk profile1; for example, switching from 234 

phosphodiesterase type 5 inhibitors to soluble guanylate cyclase stimulators (based on the REPLACE 235 

study) or addition of prostacyclin receptor agonists (based on the GRIPHON study)31,32. On the other 236 

hand, intermediate-high risk patients have a 1-year mortality rate of nearly 20% and may justify more 237 

intense early treatment.  238 

REVEAL risk scores are – in comparison to the ESC/ERS risk assessment – continuous scoring systems. 239 

When applied as continuous prediction models, the REVEAL scoring systems showed the highest 240 

statistical prognostic power and granularity in the various presented analyses. Besides this superiority 241 

from a statistical point of view, the granularity of prognostic information may also be advantageous 242 

from a clinical standpoint, even in comparison to 4-strata risk scores. Impact of such more granular 243 

information on treatment and further clinical decision making will, however, to be delineated in further 244 

clinical trials. 245 

The “real world data” collected from patients enrolled in the GoDeep meta-registry are comparable 246 

with previous findings. For instance, the initial COMPERA 2.0 risk paper indicated 79% and 50% 5-year 247 

survival rates for intermediate-low and intermediate-high risk PAH patients, which aligns with the 248 

survival rates observed in this study14. Concerning published data on the prognostic power of the 249 

REVEAL 2.0 risk score, 5-year survival rates of low-, intermediate-, and high risk patients where 250 
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comparable, albeit intermediate risk patients showed slightly higher mortality rates20. The C-index of 251 

the REVEAL 2.0 score was comparable to previously published studies (0.68 in this study vs 0.73 252 

published previously)20. When comparing 5-year survival rates of CTEPH patients at low-, intermediate-253 

, and high risk with previous studies, the ESC/ERS 2015 showed lower mortality rates for low and 254 

intermediate risk patients than in previous studies7. However, this finding demands more detailed 255 

analysis in future studies, as the treatment algorithm of CTEPH patients has considerably changed over 256 

the past years with the entrance of balloon angioplasty and combination therapies.  257 

Our study shows that risk scores originally developed for PAH patients (at risk for right heart failure 258 

and PH-related death) can also be meaningfully used to risk stratify patients assigned to other PH 259 

groups. This contrasts with a previous study showing that the ESC/ERS risk score may not be predictive 260 

in patients with PH group 39. However, this observation was limited by small sample size. The clinical 261 

relevance of risk scores in PH patients assigned to group 3 will increase if more PH-centered therapies, 262 

beyond inhaled Treprostinil, become available for this patient cohort33. It is important to highlight that 263 

we defined several clinically significant patient groups/phenotypes and conducted subgroup analyses 264 

within these categories (e.g., PAH patients with cardiac comorbidities). Across all tested subgroups, 265 

our findings consistently demonstrate that the COMPERA 4-strata risk score provides sub-266 

differentiation of the intermediate risk group and that the REVEAL scoring systems, when used as 267 

continuous prediction models, possess the highest statistical prognostic power. Interestingly, when 268 

examining the hazard ratios directly, patients classified as high-risk according to the COMPERA 4-strata 269 

risk score demonstrated a HR of 11, whereas those classified as high-risk using the REVEAL 2.0 and 270 

REVEAL Lite 2 scores exhibited HRs of 6 and 10, respectively. Consistently, Kaplan-Meier analyses 271 

revealed that patients identified as high-risk by the COMPERA 4-strata risk score experienced 272 

significantly lower survival rates compared to those classified as high-risk by the other risk scores. 273 

Hence, the COMPERA 4-strata risk score might be particularly more effective in identifying extremely 274 

high-risk patients compared to the other risk scores. 275 
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Regarding PH-LHD (Group 2), this study is the first to show that PAH-designed risk scores possess 276 

predictive potency. In this meta-registry analysis, Group 2 patients also encompass well-controlled 277 

HFpEF-PH individuals with PAWP levels ≤15 mmHg. The classification of Group 2, even in cases of 278 

borderline PAWP, was determined by each center, considering further clinical characteristics such as 279 

volume challenge or exercise testing results. Notably, the REVEAL scores and the 4-strata risk scores 280 

had the highest prognostic power, not only in group 2 PH patients but also in group 1 PH patients with 281 

cardiac comorbidities. This is commensurate with the importance of right heart function as a predictor 282 

of mortality in PH. The use of risk stratification to better describe patients recruited to studies of 283 

potential treatments for group 2 PH, and indeed enrich these studies with high-risk patients, may 284 

enable the evaluation of new therapies in this patient group.  285 

Our study emphasizes that WHO functional class, BNP levels, and 6MWD are not exclusive to PAH but 286 

also hold relevance in other diseases, such as left heart disease (group 2 PH) and lung diseases (group 287 

3 PH). While they may provide useful information in the evaluation and monitoring of PAH patients, 288 

their interpretation should also consider the possibility of alternative underlying causes. For instance, 289 

the deterioration of left heart failure can affect these three parameters similarly to the worsening of 290 

right heart insufficiency in patients with group 2 PH or group 1 PH with cardiopulmonary comorbidities. 291 

A comprehensive evaluation of risk scores in groups 2 – 5 will thus consider both the underlying 292 

diseases and the severity of PH and right heart failure.  293 

Moreover, our study stands out as one of the pioneering initiatives to encompass regions of the world 294 

that have often been overlooked in previous risk assessment studies. Locations such as Johannesburg 295 

and Abu Dhabi, which were traditionally underrepresented in research assessing risk in PH, are 296 

included in our study. Notably, these regions exhibit substantial differences when compared to their 297 

Western counterparts. In Europe and America, a significant proportion of PH cases are associated with 298 

either left heart disease or chronic lung disease35. However, in Africa, a distinct pattern emerges, where 299 

approximately 10% of patients are diagnosed with PH linked to conditions such as sickle cell anemia or 300 

rheumatic heart disease, respectively35. The inclusion of such diverse regions in the GoDeep meta-301 
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registry, a global PH meta-registry, allows us to consider and account for these regional disparities in 302 

PH etiology and patient demographics36. This approach ensures a more comprehensive and 303 

representative assessment of risk factors, acknowledging the unique characteristics and challenges 304 

faced by patients across the world. 305 

A limitation of this study is its retrospective study design. As is often the case when relying on routinely 306 

collected clinical data, some data are missing requiring imputation following statistical standard 307 

procedures. In mitigation, the analyses without any imputation yielded largely corresponding results. 308 

Prospective verification concerning the predictive power of the risk scores investigated in the 309 

individual PH groups is warranted. Based on the data available in the GoDeep meta-registry, only 310 

limited subgroup analyses could be undertaken, which did, however, again confirm the main findings 311 

in the overall PH population. As a further limitation, no information on interventions such as 312 

pulmonary endarterectomy or balloon pulmonary angioplasty in CTEPH patients were included in the 313 

analysis of group 4. Potential biases, such as selection bias, cannot be entirely ruled out.  314 

Interpretation 315 

This comprehensive study with real-world data from 15 PH centers substantially extends our 316 

understanding of the predictive power of PAH-designed risk scores, including their potential 317 

application in PH patients beyond the PAH group.  318 

Take-home Points 319 

Study Question: Do risk scores originally developed for pulmonary arterial hypertension (PAH; group 320 

1 PH) have predictive power in patients with non-PAH pulmonary hypertension? 321 

Results: 3- and 4-strata risk scores predicted survival in all PH groups 1 – 4 with the COMPERA 4-322 

strata risk score effectively distinguishing high- and low-risk patients within the intermediate-risk 323 

group, while the Reveal scores, used as a continuous scoring system, have the highest statistical 324 

prognostic power and granularity in this global multicenter study including 8565 incident and 325 

treatment-naïve patients. 326 

Jo
urn

al 
Pre-

pro
of



   

 

   

 

Interpretation: PAH-designed 3- or 4- or continuous data-risk scores possess predictive power in a 327 

large cohort of PH patients, whether considered as a common group or calculated separately for 328 

each PH group (1-4) as well as various subgroups. 329 

Keywords: pulmonary hypertension; risk stratification; multicentric; predictive power; PVRI GoDeep 330 

meta-registry  331 
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Table 1: Baseline characteristics of the study population. 

PH patients’ characteristics at baseline and stratified by PH group including imputed data. Median and interquartile range are 

given. Column “5*” in a) shows the values for PH patients in group 5 without imputation.  

a) Baseline table stratified by PH group.  

b) Comorbidities stratified by PH group. 

PH = pulmonary hypertension; WHO FC = WHO functional class; 6MWd = six minute-walking distance; BNP = B-type natriuretic 

peptide; mPAP = mean pulmonary arterial pressure; PAWP = pulmonary arterial wedge pressure; PVR = pulmonary vascular 

resistance; CI = Cardiac Index. 

 

a)

 

 

b) 
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Table 2: Risk score classification of the imputed study population stratified by PH group 1-4 

NRisk scores classification at baseline and stratified by PH Group. Only patients with available 6MWD, BNP, and WHO FC were 

included.  

PH = pulmonary hypertension; WHO FC = WHO functional class; 6MWd = six minute-walking distance; BNP = B-type natriuretic 

peptide; int. = intermediate; int.-high = intermediate-high; int.-low = intermediate-low. 
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Figure 1: Study flow chart. 

Flow chart illustrating the sequential steps of the study design.  

PH = pulmonary hypertension. 
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Figure 2: Kaplan-Meier curves of risk scores.  

Survival of all PH patients stratified by risk score. Kaplan-Meier curves with 95 % confidence bands. PH = pulmonary 
hypertension; int. = intermediate.  

a) Kaplan-Meier curve stratified by REVEAL 2.0 risk score. 
b) Kaplan-Meier curve stratified by REVEAL Lite 2 risk score. 
c) Kaplan-Meier curve stratified by ESC/ERS 2022 risk score. 
d) Kaplan-Meier curve stratified by COMPERA 3-strata risk score. 
e) Kaplan-Meier curve stratified by COMPERA 4-strata risk score. 
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Table 3: Predictive power of the included risk scores. 

C-Index and the difference of AIC estimates between the ESC/ERS 2022 score and the respective risk score of the Cox 
proportional hazards model based on the entire data set including imputed data are shown. Center and diagnosis decade are 
included as stratification variables, as is center as a cluster. Values are given for risk scores for overall PH and groups 1-4.  

∆AIC = difference of Akaike information criterion between the ESC/ERS 2022 score and the respective risk score; C-Index = 

concordance index; PH = pulmonary hypertension. 
*p-values <0.001 in comparison to ESC/ERS 2022 score. 

  Reveal 2.0 Reveal  
Lite 2 

ESC/ERS 
2022 

COMPERA 
3-strata 

COMPERA  
4-strata 

PH overall 
∆AIC 558 491 0 182 417 
C-Index 0.65* 0.66* 0.57 0.58* 0.63* 

       
Group 1 

∆AIC 294 261 0 64 191 
C-Index 0.68* 0.68* 0.58 0.59 0.65* 

       
Group 2 

∆AIC 39 37 0 14 32 
C-Index 0.61* 0.61* 0.56 0.57 0.58 

       
Group 3 

∆AIC 90 73 0 17 54 
C-Index 0.63* 0.63* 0.56 0.57 0.60* 

       
Group 4 

∆AIC 60 38 0 16 38 
C-Index 0.66* 0.66* 0.58 0.59 0.63* 
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Figure 3: Forest Plots of the included risk scores. 

a) Forest plot for the overall PH group, stratified by risk score. 

b) Forest plot for PH group 1 stratified by risk score. 

c) Forest plot for PH group 2 stratified by risk score. 

d) Forest plot for PH group 3 stratified by risk score. 

e) Forest plot for PH group 4 stratified by risk score. 

All in relation to the low-risk category of the respective risk score. 

PH = pulmonary hypertension; HR = hazard ratio, lwr.CI = lower 95% confidence bound; upr.CI = upper 95% confidence 

bound; int.-high = intermediate-high; int.-low = intermediate-low. 

 

a) 

 

b
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d)

 

e)
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Figure 4: Forest plot of COMPERA 4-strata risk score in relation to the intermediate-low risk category 
of the respective risk score. 

PH = pulmonary hypertension; HR = hazard ratio, lwr.CI = lower 95% confidence bound; upr.CI = upper 95% confidence 

bound; int.-high = intermediate high; int.-low = intermediate-low.  
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Figure 5: Kaplan-Meier curves of 3-strata and 4-strata risk scores for PH group 1 – 4.  

Survival rates for each PH group (1-4) stratified by REVEAL 2.0, REVEAL Lite 2, ESC/ERS 2022, COMPERA 3-strata and 
COMPERA 4-strata, respectively. Kaplan-Meier curves with 95 % confidence bands are shown for patients in each risk score 
group. Center and diagnosis decade are included as stratification variables, as is center included as cluster. 
a) Survival rates for REVEAL 2.0. 
b) Survival rates for REVEAL Lite 2. 
c) Survival rates for ESC/ERS 2022. 
d) Survival rates for COMPERA 3-strata. 
e) Survival rates for COMPERA 4-strata. 
PH = pulmonary hypertension; int. = intermediate; int.-high = intermediate-high; int.-low = intermediate-low. 
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e-Table 1: Comparison of risk scores. 

WHO FC = WHO functional class; 6MWd = six minute-walking distance; BNP = B-type natriuretic peptide; NT-proBNP = N-

terminal pro-brain natriuretic peptide; DLCO = diffusing capacity of the lung for carbon monoxide; RAP = right atrial pressure; 

PVR = pulmonary vascular resistance; VO2 peak = peak oxygen consumption; VE/VCO2 = minute ventilation/carbon dioxide 

production; RA area = right atrial area; SvO2 = mixed venous oxygen saturation; TAPSE = tricuspid annular plane systolic 

excursion; sPAP = systolic pulmonary arterial pressure; SVI = stroke volume index; cMRI = cardiac magnetic resonance imaging; 

italic = not included in calculation in this study.  

Parameter REVEAL 
2.0 

REVEAL 
Lite 2 

ESC/ERS 
2022 

COMPERA 3-
strata 

COMPERA 
4-strata 

WHO Group 1 Subgroup X     
Demographics X     
Renal function X X    
WHO FC X X X X X 
Vital Signs X X    
6MWd X X X X X 
BNP/NT-proBNP X X X X X 
Pericardial effusion X  X   
DLCO X     
RAP X  X   
PVR X     
VO2 peak   X   
VE/VCO2 slope   X   
RA area   X   
Cardiac index   X   
SvO2   X   
TAPSE/sPAP ratio   X   
SVI   X   
Hospitalization within 6 months X     
Clinical observations   X   
cMRI   X   
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e-Figure 1: Imputation reliability. 

The figure shows the hazard ratios obtained from the unimputed data set plotted against the hazard ratios from the 

imputed data set with a missingness of at most 30% and 40%. The following procedure was used for imputation: Patients 

were included if they had at least two of the parameters WHO functional class, 6MWD and BNP. Two different imputations 

were conducted: In the first imputation, missing data was allowed up to 30%. This resulted in 7440 patients and several 

parameters being imputed. In the second imputation, up to 40% missing data was allowed, and no additional patients were 

excluded. This imputation involved 8565 patients and multiple parameters. Continuous variables were log-transformed 

before imputation, and the analysis was conducted on both datasets. Hazard ratios from the imputed datasets were 

compared to those from the dataset without any imputation. The mean standard deviation for the imputation with a 

maximum of 30% missing data was 0.16 compared to the data without imputation, and 0.15 for the imputation with a 

maximum of 40%. Both imputations showed that hazard ratios were not overestimated, and the results were presented 

using the larger dataset in the main analysis. 

HR = hazard ratio; 6MWd = six minute-walking distance; BNP = B-type natriuretic peptide. 
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e-Table 2: Baseline characteristics of the non-imputed study population stratified by PH group 1-4 

PH patients’ characteristics at baseline and stratified by PH Group. Only patients with available 6MWD, BNP, and WHO FC 

were included. Median and interquartile range are given.  

a) Baseline Table stratified by PH group. 

b) Comorbidities stratified by PH group. 

PH = pulmonary hypertension; WHO FC = WHO functional class; 6MWd = six minute-walking distance; BNP = B-type natriuretic 

peptide; CI = cardiac index, mPAP = mean pulmonary arterial pressure, PAWP = pulmonary arterial wedge pressure, PVR = 

pulmonary vascular resistance. 

a) 

b) 
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e-Table 3: Risk score classification of the non-imputed study population stratified by PH group 1-4 

Risk scores classification at baseline and stratified by PH Group. Only patients with available 6MWD, BNP, and WHO FC were 

included.  

PH = pulmonary hypertension; WHO FC = WHO functional class; 6MWd = six minute-walking distance; BNP = B-type natriuretic 

peptide; int. = intermediate; int.-high = intermediate-high; int.-low = intermediate-low. 
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e-Figure 2: Kaplan-Meier curves of risk scores (non-imputed study population).  

Survival of all PH patients stratified by risk score. Kaplan-Meier curves with 95 % confidence bands.  

a) Kaplan-Meier curve stratified by REVEAL 2.0 risk score.  
b) Kaplan-Meier curve stratified by REVEAL Lite 2 risk score.  
c) Kaplan-Meier curve stratified by ESC/ERS 2022 risk score. 
d) Kaplan-Meier curve stratified by COMPERA 3-strata risk score.  
e) Kaplan-Meier curve stratified by COMPERA 4-strata risk score. 

PH = pulmonary hypertension; int. = intermediate; int.-high = intermediate-high; int.-low = intermediate-low.
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e-Table 4: Predictive power of all included risk scores, non-imputed study population. 

C-Index and the difference of AIC estimates between the ESC/ERS 2022 score and the respective risk score of the Cox 

proportional hazards model based on non-imputed data are shown. Center and diagnosis decade are included as stratification 

variables, as is center included as cluster. Table with values for risk scores at baseline for overall PH and groups 1-4. 

∆AIC = difference of akaike information criterion between the ESC/ERS 2022 score and the respective risk score; C-Index = 

concordance index; PH = pulmonary hypertension. 

*p-values <0.001 in comparison to ESC/ERS 2022 score. 

  Reveal 2.0 Reveal Lite 2 ESC/ERS 
2022 

COMPERA 
3-strata 

COMPERA  
4-strata 

PH overall 
AIC 178 179 0 41 129 
C-Index 0.67* 0.67* 0.60 0.60 0.64* 

       
Group 1 

AIC 88 70 0 6 47 
C-Index 0.70* 0.69* 0.62 0.61 0.67* 

       
Group 2 

AIC -2 -4 0 -7 -2 
C-Index 0.65 0.61 0.60 0.58 0.58 

       
Group 3 

AIC 9 22 0 0 14 
C-Index 0.67 0.67* 0.60 0.59 0.64 

       
Group 4 

AIC 29 13 0 0 3 
C-Index 0.73* 0.69* 0.62 0.61 0.64 
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e-Figure 3: Forest plots with Hazard Ratios (all in relation to the lowest risk category of the respective 

risk score), non-imputed study population. 

a) Forest plot for the overall PH group stratified by risk score 

b) Forest plot for PH group 1 stratified by risk score. 

c) Forest plot for PH group 2 stratified by risk score. 

d) Forest plot for PH group 3 stratified by risk score. 

e) Forest plot for PH group 4 stratified by risk score. 

PH = pulmonary hypertension; HR = hazard ratio; lwr.CI = lower 95% confidence bound; upr.CI = upper 95% confidence 

bound; int. = intermediate; int.-high = intermediate-high; int.-low = intermediate-low. 

a) 

 

b) 

c) 
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d) 

 

e) 

 

  

Jo
urn

al 
Pre-

pro
of



e-Figure 4: Kaplan-Meier curves of 3- and 4-strata risk scores for PH group 1 – 4, non-
imputed study population.  

Survival rates for each PH group 1 - 4 stratified by REVEAL 2.0, REVEAL Lite 2, ESC/ERS 2022, COMPERA 3-strata and 
COMPERA 4-strata, respectively. Kaplan-Meier curves with 95 % confidence bands are shown for patients in each risk score 
group. 
a) Survival rates for REVEAL 2.0. 
b) Survival rates for REVEAL Lite 2.  
c) Survival rates for ESC/ERS 2022.  
d) Survival rates for COMPERA 3-strata.  
e) Survival rates for COMPERA 4-strata. 
PH = pulmonary hypertension; int. = intermediate; int.-high = intermediate-high; int.-low = intermediate-low. 
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e-Figure 5: Forest plot of COMPERA 4-strata risk score with Hazard Ratios in relation to the 
intermediate-low risk category, non-imputed study population. 

PH = pulmonary hypertension; HR = hazard ratio, lwr.CI = lower 95% confidence bound; upr.CI = upper 95% confidence 

bound; int.-high = intermediate-high; int.-low = intermediate-low. 
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e-Table 5: Predictive power for subgroups analyses of all included risk scores, imputed study 
population. 

C-Index and the difference of AIC estimates between the ESC/ERS 2022 score and the respective risk score of the Cox 

proportional hazards model based on non-imputed data are shown. Center and diagnosis decade are included as stratification 

variables, as is center included as cluster. Table with values for risk scores at baseline for overall PH and groups 1-4 for patients 

with PVR ≥5 WU and PVR <5 WU and for  

a) Patients with PVR <5 WU. 
b) Patients PVR ≥5 WU 
c) Further subgroup analyses: 
(i) Group 1.1: Idiopathic pulmonary arterial hypertension (IPAH)  
(ii) Group 1.4.1: Connective tissue disease-associated pulmonary arterial hypertension  
(iii) Group 1.4.4: Congenital heart disease-associated pulmonary arterial hypertension  
(iv) Group 2 PH patients with isolated postcapillary PH (i.e., PVR ≤2 WU) 
(v) Group 2 PH patients with combined pre- and postcapillary PH (i.e., PVR >2 WU) 
(vi) Group 3.1: PH associated with obstructive lung disease 
(vii) Group 3.2: PH associated with restrictive lung disease 
(viii) PAH patients with cardiac comorbidities (defined as the presence of at least three of the following comorbidities: 
arterial hypertension, obesity, diabetes, coronary heart disease, and atrial fibrillation) 

∆AIC = difference of akaike information criterion between the ESC/ERS 2022 score and the respective risk score; C-Index = 
concordance index; PH = pulmonary hypertension; IPAH = idiopathic pulmonary arterial hypertension; CTDPH = connective 
tissue disease-associated pulmonary hypertension; CHDPH = congenital heart disease-associated pulmonary hypertension; 
IpcPH = isolated post-capillary pulmonary hypertension; CpcPH = combined post- and pre-capillary pulmonary hypertension; 
COPD = chronic obstructive pulmonary disease; ILD = interstitial lung disease. 

*p-values <0.001 in comparison to ESC/ERS 2022 score. 

a) 

  Reveal 2.0 Reveal  
Lite 2 

ESC/ERS 
2022 

COMPERA 
3-strata 

COMPERA  
4-strata 

PH overall 
∆AIC 136 99 0 44 71 
C-Index 0.66* 0.65* 0.57 0.59* 0.62* 

Group 1 
∆AIC 72 64 0 17 35 
C-Index 0.71* 0.71* 0.60 0.62 0.66 

Group 2 
∆AIC -8 4 0 -7 -4 
C-Index 0.61 0.62* 0.57 0.56 0.58 

Group 3 
∆AIC 22 4 0 3 5 
C-Index 0.66* 0.64* 0.56 0.58 0.61* 

Group 4 
∆AIC 1 -9 0 5 3 
C-Index 0.65 0.61* 0.56 0.58 0.57 

 

b) 

  Reveal 2.0 Reveal  
Lite 2 

ESC/ERS 
2022 

COMPERA 
3-strata 

COMPERA  
4-strata 

PH overall 
∆AIC 262 248 0 83 216 
C-Index 0.65* 0.65* 0.57 0.58 0.63* 

Group 1 
∆AIC 134 138 0 18 101 
C-Index 0.68* 0.68* 0.58 0.59 0.65* 

Group 2 
∆AIC 45 12 0 16 21 
C-Index 0.64 0.60 0.54 0.58 0.59 

Group 3 
∆AIC 22 41 0 -2 16 
C-Index 0.62* 0.63* 0.57 0.55 0.59 

Group 4 
∆AIC 16 17 0 13 16 
C-Index 0.65* 0.67* 0.59 0.59 0.63 
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c) 

  Reveal 2.0 Reveal  
Lite 2 

ESC/ERS 
2022 

COMPERA 
3-strata 

COMPERA  
4-strata 

IPAH 
∆AIC 117 98 0 40 84 

C-Index 0.68* 0.67* 0.57 0.60 0.65* 

CTDPH 
∆AIC 54 40 0 -14 31 

C-Index 0.67* 0.67* 0.57 0.56 0.64* 

CHDPH 
∆AIC 27 31 0 12 23 

C-Index 0.66 0.73* 0.54 0.60 0.67 

IpcPH 
∆AIC 9 -1 0 5 4 

C-Index 0.62 0.55 0.55 0.58 0.55 

CpcPH 
∆AIC 17 7 0 -6 5 

C-Index 0.62 0.59 0.55 0.53 0.57 

PH-COPD 
∆AIC 32 21 0 10 29 

C-Index 0.60* 0.60* 0.54 0.55 0.59* 

PH-ILD 
∆AIC 16 12 0 -1 3 

C-Index 0.63 0.63 0.58 0.56 0.60 

PAH patients 
with cardiac 
comorbidities 

∆AIC 14 22 0 3 7 

C-Index 0.70* 0.70* 0.57 0.58 0.62 
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