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Background

Despite therapeutic advances over the past three decades, pulmonary hypertension (PH) prognosis remains poor [START_REF] Galie | ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension: The Joint Task Force for the Diagnosis and Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC) and the European Respiratory Society (ERS): Endorsed by: Association for European Paediatric and Congenital Cardiology (AEPC), International Society for Heart and Lung Transplantation (ISHLT)[END_REF]. Escribano-Subias et al. found a survival rate of 87% at 1 year in the Spanish PH registry [START_REF] Escribano-Subias | Survival in pulmonary hypertension in Spain: insights from the Spanish registry[END_REF]. Defined as an increase in mean pulmonary artery pressure (PAP; in mmHg) to ≥ 25 mmHg (assessed by right heart catheterization) [START_REF] Galie | ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension: The Joint Task Force for the Diagnosis and Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC) and the European Respiratory Society (ERS): Endorsed by: Association for European Paediatric and Congenital Cardiology (AEPC), International Society for Heart and Lung Transplantation (ISHLT)[END_REF], PH is always a turning point in disease, particularly in heart failure [START_REF] Hoeper | Pulmonary hypertension in heart failure with preserved ejection fraction: a plea for proper phenotyping and further research[END_REF][START_REF] Vachiery | Pulmonary hypertension due to left heart disease[END_REF]. Gradually, PH induces an increase in right ventricular afterload (by elevating pulmonary vascular resistance [PVR]) and, finally, right ventricular failure.

Following European Society of Cardiology (ESC) and European Respiratory Society (ERS) guidelines [START_REF] Galie | ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension: The Joint Task Force for the Diagnosis and Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC) and the European Respiratory Society (ERS): Endorsed by: Association for European Paediatric and Congenital Cardiology (AEPC), International Society for Heart and Lung Transplantation (ISHLT)[END_REF], and after an exhaustive assessment, patients with PH are divided into five subgroups (Dana Point classification). Few data exist on the survival of the five PH subgroups. Most studies have focused on patients with pulmonary arterial hypertension (PAH), with diverging results. A first registry from the 1990s reported survival rates of 68% at 1 year, 48% at 3 years and 34% at 5 years [START_REF] Alonzo | Survival in patients with primary pulmonary hypertension. Results from a national prospective registry[END_REF]. More recently, a French study found survival rates of 86% at 1 year and 55% at 3 years [START_REF] Humbert | Survival in patients with idiopathic, familial, and anorexigen-associated pulmonary arterial hypertension in the modern management era[END_REF]. Another study [START_REF] Escribano-Subias | Management and outcomes in chronic thromboembolic pulmonary hypertension: From expert centers to a nationwide perspective[END_REF], focusing on patients with chronic thromboembolic PH (CTEPH), reported a survival rate of 86% after pulmonary endarterectomy at 5 years. As far as we know, with the exception of three studies [START_REF] Gall | The Giessen Pulmonary Hypertension Registry: Survival in pulmonary hypertension subgroups[END_REF][START_REF] Kozu | Current status of long-term prognosis among all subtypes of pulmonary hypertension in Japan[END_REF][START_REF] Mueller-Mottet | Long-term data from the Swiss pulmonary hypertension registry[END_REF], none has compared prognosis between the five forms of PH.

Artificial intelligence has allowed the emergence of new statistical tools. Machine learning with clustering analysis (phenomapping) has shown very interesting and encouraging results regarding complex, heterogeneous, multifactorial diseases, such as heart failure with preserved ejection fraction (HFpEF) [START_REF] Shah | Phenomapping for novel classification of heart failure with preserved ejection fraction[END_REF]. Within a PH cohort from a reference centre, our study had two aims: [START_REF] Galie | ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension: The Joint Task Force for the Diagnosis and Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC) and the European Respiratory Society (ERS): Endorsed by: Association for European Paediatric and Congenital Cardiology (AEPC), International Society for Heart and Lung Transplantation (ISHLT)[END_REF] to compare prognosis between the five PH subgroups; and (2) to identify high-risk patients with the help of cluster analysis (machine learning and phenomapping), regardless of Dana Point classification.

Methods

Population

Between January 2002 and December 2018, 328 patients (aged ≥ 18 years) were included in the French PAH national registry (Bicêtre Hospital, Le Kremlin Bicêtre, France). The inclusion criterion was mean PAP ≥ 25 mmHg measured by right heart catheterization at rest, irrespective of mean pulmonary arterial wedge pressure (PAWP; in mmHg).

Following the 2015 ESC/ERS guidelines [START_REF] Galie | ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension: The Joint Task Force for the Diagnosis and Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC) and the European Respiratory Society (ERS): Endorsed by: Association for European Paediatric and Congenital Cardiology (AEPC), International Society for Heart and Lung Transplantation (ISHLT)[END_REF] and the decision of PH experts (the PH team), patients were classified into group 1, 2, 3, 4 or 5 of the Dana Point classification after an exhaustive review that included transthoracic echocardiography, multidetector computed tomography, lung function tests, including spirometry and diffusion capacity measurement, arterial blood gases and ventilation-perfusion lung scintigraphy, and biological investigations.

All participants enrolled in this registry provided their written informed consent before entering the study.

Right heart catheterization

All patients underwent right heart catheterization at Rouen University Hospital. A 7F or 7.5F Swan-Ganz catheter (Edwards Lifesciences Corporation, Irvine, CA, USA) was inserted from a femoral, jugular or basilic approach, and guided under scopy to the inferior or superior vena cava before entering the right cavities. Pressure tracings (GE Healthcare, Chicago, IL, USA) were recorded and five consecutive beats were averaged for mean PAP, diastolic PAP (in mmHg), systolic PAP (in mmHg), mean right atrial pressure (in mmHg), PAWP and oxygen saturation.

Five time-pressure integral derivations, resulting from wedging the inflated Swan-Ganz balloon catheter into a middle-sized pulmonary artery, were used to calculate PAWP. Cardiac output was calculated by thermodilution and then normalized to body surface area to get the cardiac index (in L/min/m 2 ). The transpulmonary gradient was mean PAP minus PAWP. Pulmonary vascular resistance (PVR; in Wood units) was transpulmonary gradient divided by cardiac output. Diastolic pressure gradient was the difference between diastolic PAP and PAWP.

Data collection and patient classification

Patients were imaged by transthoracic echocardiography (VIVID 13 platform; GE Healthcare, Chicago, IL, USA) as published elsewhere [START_REF] Lang | Recommendations for cardiac chamber quantification by echocardiography in adults: an update from the American Society of Echocardiography and the European Association of Cardiovascular Imaging[END_REF][START_REF] Rudski | Guidelines for the echocardiographic assessment of the right heart in adults: a report from the American Society of Echocardiography endorsed by the European Association of Echocardiography, a registered branch of the European Society of Cardiology, and the Canadian Society of Echocardiography[END_REF], all performed by experts in our echocardiography laboratory.

In particular, left ventricular ejection fraction, right ventricular dimensions (end-diastolic surface area All the data were entered into the national centre's database.

Definition of comorbidities

In accordance with the guidelines [START_REF] Williams | ESC/ESH Guidelines for the management of arterial hypertension[END_REF], systemic hypertension was defined as office systolic blood pressure ≥ 140 mmHg and/or diastolic blood pressure ≥ 90 mmHg, and diabetes was defined as fasting plasma glucose ≥ 7.0 mmol/L or 2-hour plasma glucose ≥ 11.0 mmol/L [START_REF] Ryden | ESC Guidelines on diabetes, pre-diabetes, and cardiovascular diseases developed in collaboration with the EASD: the Task Force on diabetes, pre-diabetes, and cardiovascular diseases of the European Society of Cardiology (ESC) and developed in collaboration with the European Association for the Study of Diabetes (EASD)[END_REF].

Coronary artery disease (CAD) was defined by previous myocardial infarction and/or the presence of chronic coronary syndrome or significant coronary lesion by angiography. Chronic kidney disease (CKD) was defined as abnormalities of kidney structure or function, present for > 3 months, with glomerular filtration rate < 60 mL/min/1.73 m 2 [START_REF]Kidney Disease: Improving Global Outcomes CKD-MBD Update Work Group. KDIGO 2017 Clinical Practice Guideline Update for the Diagnosis, Evaluation, Prevention, and Treatment of Chronic Kidney Disease-Mineral and Bone Disorder (CKD-MBD)[END_REF]. As in the ERS guidelines [START_REF] Antoniou | Interstitial lung disease[END_REF], a diagnosis of interstitial lung disease (ILD) was made after multidisciplinary discussion (between the radiologist and pneumologist, essentially), based on clinical presentation, high-resolution computed tomography and bronchoalveolar lavage.

Machine learning

All continuous variables with a large number of missing data exceeding 25% were rejected, whereas those with < 25% entered a replacing missing data with imputed values process ("MICE" function; MICE package in R software) following five iterations, as published elsewhere [START_REF] Shah | Phenomapping for novel classification of heart failure with preserved ejection fraction[END_REF]. Based on the absolute value of Spearman's correlation coefficient, a correlation matrix of phenotypic variables was generated. Redundant variables exhibiting a correlation coefficient ≥ 0.6 were filtered, keeping the variable with both the highest relevance and the least missingness.

Overall, the selected 25 phenotypic variables were standardized to mean ± standard deviation of 0 ± 1, then analysed by unsupervised machine learning methods. Optimal data reordering according to similarities between rows and columns, and graphic representation of the resulting heatmap was performed using the "hmap" function (MICE package in R software). The heat map is a twodimensional data representation with colour-encoded values, which provides an immediate visual information summary.

Subsequently, data were analysed by hierarchical clustering using the "hclust" function (MICE package in R software), applying the Ward method, with the dissimilarity matrix generated from Euclidean distances of each individual. Patients were ordered on a clustering dendrogram according to their phenotypic similarity. Clustering was performed blinded to patients' clinical outcome data.

We applied three independent methods to determine the ideal cluster numbers. The "elbow" method is a graphical representation of the "k-means" method, where the break in the curve represents the ideal cluster number. The "mclust" package is a contributed R package that enables data modelling as a Gaussian finite mixture, with different covariance structures and different numbers of mixture components. The number of mixing components and covariance parameterization are selected using the Bayesian information criterion, with the ideal number of clusters determined according to the Bayesian information criterion trace plot. The "NbClust" function package provides 30 indices for determining the cluster number, proposing the best clustering scheme from the different results obtained by varying all combinations of cluster numbers, Euclidian distance measures and the Ward clustering method. The ideal cluster number is determined on a bar plot. For these three methods, the number of prespecified clusters was between one and eight, whereas beyond eight, phenogroups were considered clinically irrelevant. The individuals were thus rearranged into phenogroups based on the ideal cluster number. Four-year survival according to phenogroup was assessed using a Cox-proportional regression model.

Statistical analysis

All statistical analyses were performed with R software (version 3.4.3), using a bilateral test, with P < 0.05 considered statistically significant.

Quantitative variables are described as means and standard deviations, and qualitative variables are expressed as percentages. For multigroup comparisons, the Kruskal-Wallis test (non-parametric variables) was used for quantitative variables, and the χ 2 test for qualitative variables. Then, when P was < 0.05, we used the t test for quantitative variables and the χ 2 test for qualitative variables for twoby-two comparisons, when appropriate. Comparative survival by PH subgroup was analysed by plotting Kaplan-Meier curves and using a multivariable Cox analysis. The Cox proportional analysis, adjusted for age (absolute value) and sex, was used for the survival analysis, whereas Kaplan-Meier curves were drawn to compare subgroups, and the log-rank test was used.

The primary endpoint was death from any cause, and was collected from the medical report, the general practitioner or the national database.

Results

Baseline characteristics

Three hundred and twenty-eight consecutive patients were included prospectively in this study (Table 1). Overall, 46% were male (sex ratio 1:1), and the mean age was 63 ± 18 years. The mean left ventricular ejection fraction was 64 ± 10%, with 75% of patients in NYHA functional class III or IV. The mean NT-proBNP concentration was 2990 ± 5894 ng/L. Mean PAP, cardiac index and PVR were 44.3 ± 13.1 mmHg, 3.0 ± 0.9 L/min/m 2 and 6.7 ± 3.9 Wood units, respectively. Across the different PH subgroups, there was no statistical difference in mean PAP (P = 0.73) or NT-proBNP concentration (P = 0.51), but patients with PH-LHD had higher right atrial pressure and lower PVR compared with the other subgroups (P < 0.001).

Patients with PAH were younger (P < 0.001), but were > 60 years of age. Patients with PAH, PH-LD, CTEPH and unclear PH accumulated at least three comorbidities, including systemic hypertension, diabetes and smoking habits.

Whereas PH-LHD was associated with comorbidities, including arterial hypertension (P < 0.001), diabetes mellitus (P < 0.001) and atrial fibrillation (P < 0.001), PH-LD was associated with chronic obstructive pulmonary disease (P < 0.001) and smoking habits (P = 0.002).

Phenomapping Heat map analysis and cluster identification

Among the 38 initial phenotypic variables for machine learning, 13 were excluded, leaving 25 selected variables for the heat map. Each variable was colour coded from blue to red (the lowest to the highest value). The Y-axis corresponds to the 328 patients with PH, while the X-axis corresponds to the 25 selected phenotypic variables. The heat map (Fig. 1) depicts important heterogeneity among patients with PH. At first glance, several hotspots could be visually identified, but because of the colour interaction, our ability to read and extract mapped values from two coloured cells in heat maps was limited. Thus, the next step was to statistically identify clusters representing phenotypic variabilities.

Ward's method was tested and enabled us to set the ideal cluster number at three. The dendrogram obtained by Ward's method was therefore divided into three phenogroups with satisfactory inter-and intracluster distances (Fig. 2).

Comparison of the three phenogroups

The characteristics of the three phenogroups are summarized in Table 2. The Dana Point classification was not equally distributed across the three PH phenogroups.

The three phenogroups were similar in terms of clinical presentation (P > 0.05), NYHA functional class (P = 0.21), 6-minute walking distance (P = 0.65) and echocardiographic findings. Phenogroup 1 patients were younger (P = 0.021), and belonged to the PAH and CTEPH subgroups; they were remarkable in terms of higher mean PAP and PVR, with a lower cardiac index.

The three predominant comorbidities were smoking habits, history of cancer and systemic hypertension, whereas CAD, CKD and ILD were unlikely.

In phenogroup 2, patients were older (P = 0.021), with prevalent PAH (40%), PH-LHD (25%) and CTEPH (25%); they had lower mean PAP (P = 0.004) and PVR (P < 0.001), but a higher cardiac index (P < 0.001). Atrial fibrillation (P < 0.001) and obesity (P = 0.004) were the two most frequent comorbidities compared with the other phenogroups. Phenogroup 3 was demographically and haemodynamically between phenogroups 1 and 2, with a majority of PAH (32%) and PH-LD (38%). However, this phenogroup was remarkable in terms of the proportion of males (68%) and comorbidities compared with the others. Indeed, ILD, CAD and CKD were significantly the most frequent coexisting comorbidities: 38% (P < 0.001), 40% (P < 0.001) and 32% (P < 0.001), respectively. Systemic hypertension (P < 0.001) and diabetes (P = 0.02) were also significantly predominant in this phenogroup.

Survival analysis

Overall, 83 patients (25%) died within 5 years. The 4-year survival rate was 75% for PAH subgroup, 70% for the PH-LHD subgroup, 65% for the PH-LD subgroup, 85% for the CTEPH subgroup and 79% for the unclear PH subgroup (log-rank P < 0.001). In the multivariable analysis, patients in the PH-LHD and PH-LD subgroups had a significantly increased mortality risk (hazard ratio [HR] 2.43, 95% confidence interval [CI] 1.24-4.73 and HR 2.95, 95% CI 1.43-6.07, respectively), compared with patients with PAH, while patients with CTEPH and unclear PH did not have a higher mortality risk (HR 1.08, 95% CI 0.5-2.37 and HR 1.2, 95% CI 0.41-3.57, respectively) (Fig. 3). Mean time to death was significantly different between each subgroup (P < 0.001): 3.1 ± 1.8 years (PAH), 2.0 ± 1.9 years (PH-LHD), 1.5 ± 1.4 years (PH-LD), 2.6 ± 1.8 years (CTEPH) and 2.9 ± 1.9 days (unclear PH).

The 4-year survival rate was 75% for phenogroups 1 and 2, and 52% for phenogroup 3. Phenogroups 1 and 2 had a similar prognosis (HR 0.92, 95% CI 0.55-1.53), whereas phenogroup 3 had a significantly increased mortality risk (HR 1.98, 95% CI 1.01-3.88) compared with phenogroup 1 (Fig. 3 and Fig. 4); the log-rank test was significant: P = 0.046. Mean time to death was significantly different between phenogroups (P < 0.001): 1.5 ± 1.3 years in phenogroup 3, 2.6 ± 1.8 in phenogroup 1 and 2.8 ± 1.8 years in phenogroup 2.

Discussion

This is the first study using machine learning in a PH cohort. We could identify one PH phenogroup, regardless of Dana Point classification, which was remarkable for the presence of comorbidities, with a 1-year reduction in life expectancy.

Epidemiology and mortality have changed over time

Over the past three decades, research has focused only on patients with PAH because of the 3-year survival rate that was approaching 48% in the early 1990s [START_REF] Alonzo | Survival in patients with primary pulmonary hypertension. Results from a national prospective registry[END_REF]. Modern management has improved the prognosis of PAH, with the 3-year survival rate being close to 70% in the most recent clinical trials [START_REF] Pulido | Macitentan and morbidity and mortality in pulmonary arterial hypertension[END_REF][START_REF] Sitbon | Selexipag for the Treatment of Pulmonary Arterial Hypertension[END_REF] and registries [START_REF] Humbert | Survival in patients with idiopathic, familial, and anorexigen-associated pulmonary arterial hypertension in the modern management era[END_REF][START_REF] Humbert | Pulmonary arterial hypertension in France: results from a national registry[END_REF][START_REF] Mcgoon | Pulmonary arterial hypertension: epidemiology and registries[END_REF]. However, further studies [START_REF] Vachiery | Pulmonary hypertension due to left heart disease[END_REF][START_REF] Mcgoon | Pulmonary arterial hypertension: epidemiology and registries[END_REF] and the AMBITION trial [START_REF] Mclaughlin | Patients with pulmonary arterial hypertension with and without cardiovascular risk factors: Results from the AMBITION trial[END_REF] have identified two different PAH populations (isolated PAH and "PAH associated with cardiovascular risk factors") with distinct therapy efficacies, meaning that the PAH population has changed over the last 10 years. Whereas the first registries reported that patients with PH were about 35 years of age and without comorbidities [START_REF] Alonzo | Survival in patients with primary pulmonary hypertension. Results from a national prospective registry[END_REF][START_REF] Rich | Primary pulmonary hypertension. A national prospective study[END_REF], most recent registries have reported older patients aged ≥ 50 years, and more patients with PH-LHD, PH-LD or CTEPH [START_REF] Escribano-Subias | Survival in pulmonary hypertension in Spain: insights from the Spanish registry[END_REF][START_REF] Humbert | Survival in patients with idiopathic, familial, and anorexigen-associated pulmonary arterial hypertension in the modern management era[END_REF][START_REF] Humbert | Pulmonary arterial hypertension in France: results from a national registry[END_REF][START_REF] Badesch | Pulmonary arterial hypertension: baseline characteristics from the REVEAL Registry[END_REF]. However, the importance of comorbidities was not always reported.

With the exception of three registries [START_REF] Gall | The Giessen Pulmonary Hypertension Registry: Survival in pulmonary hypertension subgroups[END_REF][START_REF] Kozu | Current status of long-term prognosis among all subtypes of pulmonary hypertension in Japan[END_REF][START_REF] Mueller-Mottet | Long-term data from the Swiss pulmonary hypertension registry[END_REF], our study is one of the first to compare long-term prognosis between all PH subtypes. Survival data were similar to our cohort: PH-LD and PH-LHD had a worse prognosis compared with the other forms. The German registry found a 5-year survival rate of 59.4% for patients with PAH compared with 55.6% for PH-LHD and 38.1% for PH-LD (P < 0.001) [START_REF] Gall | The Giessen Pulmonary Hypertension Registry: Survival in pulmonary hypertension subgroups[END_REF].

Kozu et al. reported 5-year transplant-free survival rates of 74.0%, 69.3%, 63.7% and 92% for PAH, PH-LHD, PH-LD and CTEPH, respectively [START_REF] Kozu | Current status of long-term prognosis among all subtypes of pulmonary hypertension in Japan[END_REF]. This result is all the more important as we estimate that PH-LHD and PH-LD account for 80% of patients with PH worldwide [START_REF] Hoeper | A global view of pulmonary hypertension[END_REF].

Nevertheless, unlike most registries, which come from national referral centres, it is important to focus on a PH competency centre such as ours, comprising older patients with PH, with at least three major comorbidities in each subgroup. These comorbidities were previously found in PH-LHD and PH-LD subgroups, which had the worst prognosis. Similar to our PH competency centre, Strange et al. reported a higher prevalence of PH-LHD in a community-based echocardiographic laboratory compared with the other forms of PH (15 and 250 cases/100,000 for PAH and PH-LHD, respectively) [START_REF] Strange | Pulmonary hypertension: prevalence and mortality in the Armadale echocardiography cohort[END_REF].

These results suggest that: (1) there are important demographic differences between PH referral and PH competency centres; and (2) there is large heterogeneity in patient demographics within the different PH subgroups.

Value of machine learning in a PH cohort

This demographic evolution has resulted in an increase in the heterogeneity of the patient profile within a single PH subgroup. PH patients are spreading out into five PH subgroups, following classification updated during the last 2018 World PH Symposium [START_REF] Simonneau | Haemodynamic definitions and updated clinical classification of pulmonary hypertension[END_REF].

Nevertheless, it is important to establish an accurate diagnosis and classification of PH before treatment. Because of comorbidities, patients with PH can belong to several subgroups at the same time, and it is sometimes difficult for a PH expert to choose between the five subgroups. As reported elsewhere [START_REF] Rosenkranz | Left ventricular heart failure and pulmonary hypertension[END_REF], some patients with PH and occult LHD are frequently misclassified as having PAH (especially elderly patients), and patients with PH of unclear origin receive targeted therapy without proper classification. Besides, several studies have found that expert centres use different methods of measuring PAWP, which can produce a mean difference of 4-6 mmHg [START_REF] Kovacs | Reading pulmonary vascular pressure tracings. How to handle the problems of zero leveling and respiratory swings[END_REF][START_REF] Levarge | Reliance on end-expiratory wedge pressure leads to misclassification of pulmonary hypertension[END_REF][START_REF] Ryan | Current practice for determining pulmonary capillary wedge pressure predisposes to serious errors in the classification of patients with pulmonary hypertension[END_REF]; this is why the 2018 World PH Symposium advised provocative testing (exercise or fluid challenge) to differentiate between pre-and postcapillary PH [START_REF] Vachiery | Pulmonary hypertension due to left heart disease[END_REF]. All of these difficulties are the direct consequence of the increasing heterogeneity of patients with PH, which we have to deal with.

Interest in artificial intelligence has grown in recent years. HFpEF is a heterogeneous syndrome, with several underlying aetiological and pathophysiological factors [START_REF] Shah | Phenotypic spectrum of heart failure with preserved ejection fraction[END_REF]. This may explain why diagnosis and treatment of HFpEF is so challenging, and why clinical trials have failed thus far [START_REF] Pitt | Spironolactone for heart failure with preserved ejection fraction[END_REF][START_REF] Solomon | Angiotensin-Neprilysin Inhibition in Heart Failure with Preserved Ejection Fraction[END_REF].

In this context, Shah et al. [START_REF] Shah | Phenomapping for novel classification of heart failure with preserved ejection fraction[END_REF] used a phenomapping approach to find a novel HFpEF classification; he was able to distinguish three distinct phenogroups that differed in terms of clinical characteristics, cardiac structure/function and haemodynamic profile, and identified one with an increased risk of HF hospitalization.

Our study is the first to use this innovative artificial intelligence-based approach to detect patients with PH who are at high risk, regardless of Dana Point classification.

PH prognosis is driven by three particular comorbidities: The "KHI triad"

Concerning PAH, the prognostic importance of comorbidities has already been reported. Several studies [START_REF] Hoeper | Pulmonary hypertension in heart failure with preserved ejection fraction: a plea for proper phenotyping and further research[END_REF][START_REF] Vachiery | Pulmonary hypertension due to left heart disease[END_REF][START_REF] Rosenkranz | Left ventricular heart failure and pulmonary hypertension[END_REF] have shown the importance of a particular entity called "PAH associated with cardiovascular risk factors", corresponding to the coexistence of PAH and main cardiovascular risk factors in older patients. In 2010, the REVEAL study [START_REF] Badesch | Pulmonary arterial hypertension: baseline characteristics from the REVEAL Registry[END_REF], but also most recently a Greek registry [START_REF] Arvanitaki | Epidemiology and initial management of pulmonary arterial hypertension: real-world data from the Hellenic pulmOnary hyPertension rEgistry (HOPE)[END_REF], reported the importance of systemic hypertension, obesity and diabetes mellitus in patients with PAH.

Patients with these comorbidities appear to have a worse prognosis [START_REF] Ling | Changing demographics, epidemiology, and survival of incident pulmonary arterial hypertension: results from the pulmonary hypertension registry of the United Kingdom and Ireland[END_REF] compared with younger patients with PAH, even though they have a better haemodynamic profile. Nevertheless, the role of comorbidities in the disease process of PAH has not been demonstrated and remains unclear.

In our study, we were able to identify three phenogroups. The third phenogroup was remarkable in terms of a significant all-cause mortality risk, with a 1-year reduction in life expectancy (Fig. 4; HR 1.98, 95% CI 1.01-3.88; log-rank P = 0.046). Other studies are now necessary to substantiate these initial results in a prospective validation cohort. This is the first paper to identify the three most important comorbidities that impact PH prognosis.

A "typical" high-risk profile emerges for patients with PH: a male, with at least three comorbidities that we have grouped under the term "KHI triad" (kidney [chronic kidney disease], heart [coronary artery disease] and lung [ILD]), associated with cardiovascular risk factors (diabetes and systemic hypertension) (Central illustration). Surprisingly, this group did not have a poorer haemodynamic profile (cardiac index and PVR were lower in phenogroup 1) despite these variables being known to be important prognostic factors [START_REF] Galie | ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension: The Joint Task Force for the Diagnosis and Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC) and the European Respiratory Society (ERS): Endorsed by: Association for European Paediatric and Congenital Cardiology (AEPC), International Society for Heart and Lung Transplantation (ISHLT)[END_REF]. This result proves once again the importance of comorbidities in PH survival, rather than membership of a particular subgroup.

Our medical knowledge, but also guidelines and daily clinical practice are currently based on "evidence-based medicine". Using phenomapping generates interest in imagining a new form of daily clinical practice, named "precision medicine". The identification of homogeneous at-risk patients from an heterogeneous cohort would allow us to propose personalized patient care programmes.

In daily clinical practice, identifying patients with PH with this "KHI triad" should: (1) alert the clinician to the patient's prognosis; (2) lead to consideration of the value of intensifying PH-specific treatment, when available. It seems essential to seek and integrate the management of these comorbidities into the overall management of PH. In the coming years, clinical trials should focus on this comorbid population, to determine whether specific PH therapy has an impact in terms of mortality and quality of life.

Study limitations

In the general population, PH-LHD and PH-LD are predominant [START_REF] Galie | ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension: The Joint Task Force for the Diagnosis and Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC) and the European Respiratory Society (ERS): Endorsed by: Association for European Paediatric and Congenital Cardiology (AEPC), International Society for Heart and Lung Transplantation (ISHLT)[END_REF][START_REF] Vachiery | Pulmonary hypertension due to left heart disease[END_REF][START_REF] Hoeper | A global view of pulmonary hypertension[END_REF][START_REF] Seeger | Pulmonary hypertension in chronic lung diseases[END_REF]. However, in our PH cohort, patients with PAH were over-represented secondary to a selection bias. On the other hand, most patients with HF who develop postcapillary PH are not referred to an expert centre, and suffer from the absence of specific support. Several answers will be provided in the coming years by a number of studies, such as the SERENADE trial (a study evaluating whether macitentan is an effective and safe treatment for patients with HFpEF and pulmonary vascular disease).

Concerning PH-LHD, only those with a transpulmonary gradient ≥ 12 mmHg or a diastolic pressure gradient ≥ 7 mmHg (also called combined pre-and postcapillary PH) were included, and they are known to have the worst prognosis [START_REF] Gerges | Diastolic pulmonary vascular pressure gradient: a predictor of prognosis in "out-of-proportion" pulmonary hypertension[END_REF].

The monocentric and retrospective aspects of our study limit the interpretation of results. Indeed, secondary to important missing data, many echocardiographic and clinical variables did not show any significant differences between each PH subgroup and phenogroup.

Whether or not the higher mortality rate of phenogroup 3 was driven only by ILD or by other conditions of the PH-LD subgroup is unknown. One way to answer this would be to perform a sensitivity analysis. However, it is statistically irrelevant to exclude patients with ILD because of the limited number of patients in phenogroup 3 (n = 47).

Conclusions

Our study highlights the epidemiological changes in patients with PH over the last two decades.

Machine learning is a modern and innovative approach to identifying patients with PH who are at risk, regardless of traditional PH classification. PH prognosis is driven more by comorbidities than membership of a particular PH subgroup; those with the "KHI triad" (simultaneous kidney, heart [coronary artery disease] and ILD comorbidities) had a 1-year reduction in life expectancy. Specific targeted therapy in this phenogroup should be evaluated prospectively. 
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 2 , right ventricular diameters in right ventricular-focused apical four-chamber view [in cm]) and systolic function (tricuspid annular plane systolic excursion [TAPSE; in mm]; tricuspid S' wave velocity by tissue Doppler [in cm/s]), right atrial area (in cm 2 ), pulmonary systolic pressure (tricuspid regurgitation peak velocity [TRPV; in m/s]) and pericardial effusion presence were measured and recorded. At each inpatient visit, patients underwent a physical examination (New York Heart Association [NYHA] functional class and signs of heart failure were collected), a 12-channel electrocardiogram, a 6-minute walking distance test and biological tests for N-terminal pro-B-type natriuretic peptide (NT-proBNP), creatinine, haemoglobin and arterial blood gases. All patients were discussed by the PH team, then classified as having PAH, PH secondary to left heart disease (PH-LHD), PH secondary to lung disease (PH-LD), CTEPH or unclear PH, and treated according to the guidelines [1]. Regarding PH-LHD, only those patients with a transpulmonary gradient ≥ 12 mmHg or a diastolic pressure gradient ≥ 7 mmHg were included, whereas for PH-LD, only those with mean PAP ≥ 35 mmHg or mean PAP ≥ 25 mmHg and cardiac index < 2.0 L/min/m 2 were included.

Figure 1 .

 1 Figure 1. The heat map. Columns represent individual variables (25 selected phenotypic domains); rows represent individual study participants (pulmonary hypertension cohort). Red indicates increased value of a phenotype; blue indicates decreased value of a phenotype. AF: atrial fibrillation; CAD: coronary artery disease; CKD: chronic kidney disease; COPD: chronic obstructive pulmonary disease; ILD: interstitial lung disease; LVEF: left ventricular ejection fraction; NYHA: New York Heart Association; O2: oxygen; PAP: pulmonary artery pressure; PAWP: pulmonary arterial wedge pressure; PVR: pulmonary vascular resistance; RAP: right atrial pressure; RV: right ventricular.

Figure 2 .

 2 Figure 2. Three phenogroup dendrogram. Red represents phenogroup 1, green phenogroup 2 and blue phenogroup 3.

Figure 3 .

 3 Figure 3. Hazard ratio plots. A. Hazard ratio for the primary endpoint (death from any cause) for each pulmonary hypertension (PH) subgroup compared with pulmonary arterial hypertension (PAH). B. Hazard ratio for the primary endpoint (death from any cause) for each phenogroup compared with phenogroup 1. CTEPH: chronic thromboembolic PH; PH-LD: PH secondary to lung disease; PH-LHD: PH secondary to left heart disease; U-PH: unclear PH.

Figure 4 .

 4 Figure 4. Kaplan-Meier curves for 4-year all-cause mortality stratified by phenogroup. Between phenogroup 1 and 3: hazard ratio 1.98, 95% confidence interval 1.01-3.88; log-rank P = 0.046.
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