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Abstract

Background and 
Aims

Interventional studies in pulmonary arterial hypertension completed to date have shown to be effective in symptomatic patients 
with significantly elevated mean pulmonary artery pressure (mPAP) (≥25 mmHg) and pulmonary vascular resistance (PVR) > 3 
Wood Unit (WU). However, in health the mPAP does not exceed 20 mmHg and PVR is 2 WU or lower, at rest. The ESC/ERS 
guidelines have recently been updated to reflect this. There is limited published data on the nature of these newly defined po-
pulations (mPAP 21–24 mmHg and PVR >2–≤3 WU) and the role of comorbidity in determining their natural history. With the 
change in guidelines, there is a need to understand this population and the impact of the ESC/ERS guidelines in greater detail.

Methods A retrospective nationwide evaluation of the role of pulmonary haemodynamics and comorbidity in predicting survival 
among patients referred to the UK pulmonary hypertension (PH) centres between 2009 and 2017. In total, 2929 patients 
were included in the study. Patients were stratified by mPAP (<21 mmHg, 21–24 mmHg, and ≥25 mmHg) and PVR (≤2 
WU,  > 2–≤3 WU, and >3 WU), with 968 (33.0%) in the mPAP <21 mmHg group, 689 (23.5%) in the mPAP 21– 
24 mmHg group, and 1272 (43.4%) in the mPAP ≥25 mmHg group.

Results Survival was negatively correlated with mPAP and PVR in the population as a whole. Survival in patients with mildly elevated 
mPAP (21–24 mmHg) or PVR (>2–≤3WU) was lower than among those with normal pressures (mPAP <21 mmHg) and 
normal PVR (PVR ≤ 2WU) independent of comorbid lung and heart disease [hazard ratio (HR) 1.36, 95% confidence inter-
val (CI) 1.14–1.61, P = .0004 for mPAP vs. HR 1.28, 95% CI 1.10–1.49, P = .0012 for PVR]. Among patients with mildly 
elevated mPAP, a mildly elevated PVR remained an independent predictor of survival when adjusted for comorbid lung 
and heart disease (HR 1.33, 95% CI 1.01–1.75, P = .042 vs. HR 1.4, 95% CI 1.06–1.86, P = .019). 68.2% of patients with a 
mPAP 21–24 mmHg had evidence of underlying heart or lung disease. Patients with mildly abnormal haemodynamics 
were not more symptomatic than patients with normal haemodynamics. Excluding patients with heart and lung disease, con-
nective tissue disease was associated with a poorer survival among those with PH. In this subpopulation evaluating those 
with a mPAP of 21–24 mmHg, survival curves only diverged after 5 years.
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Conclusions This study supports the change in diagnostic category of the ESC/ERS guidelines in a PH population. The newly included 
patients have an increased mortality independent of significant lung or heart disease. The majority of patients in this new 
category have underlying heart or lung disease rather than an isolated pulmonary vasculopathy. Mortality is higher if co-
morbidity is present. Rigorous phenotyping will be pivotal to determine which patients are at risk of progressive vasculo-
pathic disease and in whom surveillance and recruitment to studies may be of benefit. This study provides an insight into 
the population defined by the new guidelines.

Structured Graphical Abstract

independent of comorbidity. In patients with connective tissue disease without additional comorbidity, mortality was driven by mPAP, 

which may suggest early vasculopathy.  

This UK study supports ESC/ERS Guidelines redefining PH. Newly defined populations have worse survival, independent of confounding 

comorbidities. Rigorous phenotyping is pivotal in determining populations at risk of progressive vasculopathy, in whom increased surveil-

lance and research may be of benefit. This study provides insight into the population defined by the new Guidelines.
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What is the impact on prognosis of the new ESC/ERS Guidelines redefined haemodynamic thresholds (mPAP >20 mmHg and

PVR >2 WU) for the diagnosis of pulmonary hypertension (PH) and pre-capillary PH?

A mPAP 21-24 mmHg and PVR >2-≤3 WU was associated with poorer survival outcomes in a PH referral population. This was

Comorbidity and predictors of mortality among patients with mildly abnormal cardiovascular haemodynamics and the impact of the 2022 ESC/ERS 
Guidelines for the diagnosis and treatment of pulmonary hypertension—insights from EVIDENCE-PAH UK. mPAP, mean pulmonary artery pres-
sure; PVR, pulmonary vascular resistance; RHC, right heart catheterization; WU, Wood Unit.

Keywords Mean pulmonary artery pressure • Pulmonary hypertension • Comorbidity • Haemodynamics

Introduction
Resting mean pulmonary artery pressure (mPAP) does not exceed 
20 mmHg in health,1,2 and pulmonary vascular resistance (PVR) 
does not exceed 2 Wood Units (WU).3 For over four decades, the 

pulmonary hypertension (PH) community has used a cut off for 

mPAP ≥25 mmHg1 for the diagnosis of PH. The 2015 ESC/ERS guide-

lines added PVR >3 WU,4 alongside pulmonary artery wedge pres-
sure (PAWP) ≤ 15 mmHg, for the diagnosis of pre-capillary PH and 
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the 6th World Symposium on Pulmonary Hypertension proposed de-
fining pre-capillary PH a mPAP >20 mmHg, PAWP ≤15 mmHg, and 
PVR ≥3 WU.3,5 This changing view of PH thresholds is reflected in the 
2022 ESC/ERS guidelines, which have lowered the threshold further to 
PVR >2 WU,6 creating a need to understand the implications of this 
change in the newly defined PH and pre-capillary PH population.

The lowering of thresholds has been driven by several studies, particu-
larly in specific subgroups, which found that mildly elevated pulmonary ar-
tery pressures are prognostic.7 For instance, in PH associated with 
connective tissue disease (CTD), mildly elevated pulmonary artery pres-
sure is associated with poorer outcome and progression to classical vascu-
lopathic pulmonary arterial hypertension (PAH).7,8 Similarly in chronic 
thromboembolic disease studies have shown an improvement in symp-
toms and quality of life (QoL) in patients who have received intervention.9

Furthermore, evidence from large cohort and smaller single-centre studies 
suggest that in all-comers prognosis is adversely affected if mPAP10–14 or 
PVR15 are even mildly elevated. These data show the prognostic relevance 
and level of unmet need among patients with mild haemodynamic PH, and 
we now need to fully characterize the phenotypic subtypes. To date, there 
have been no large multi-centre systematic studies of adequately pheno-
typed patients with mildly elevated pulmonary pressures and associated 
outcome among patients referred to PH centres.

EVIDENCE-PAH UK is a UK cohort national study that aims to 
phenotype and determine drivers of outcome in patients with mild ele-
vations in pulmonary artery pressure and PVR. This study focuses on 
patients newly defined as having PH that was referred to and systemat-
ically evaluated in all UK tertiary PH centres between 2009 and 2017.

The aims of this article are (i) to evaluate survival in patients with 
mildly abnormal pulmonary haemodynamics referred to PH centres; 
(ii) to determine if comorbidity affects outcome; and (iii) to use cardio-
vascular haemodynamics from right heart catheterization to further 
stratify mild elevations in mPAP.

Methods

Study population
All seven adult tertiary PH centres across the UK were included in this study 
(Freeman Hospital, the Golden Jubilee Hospital, Hammersmith Hospital, 
Royal Brompton Hospital, Royal Free Hospital, Royal Hallamshire 
Hospital, and the Royal Papworth Hospital). Each centre maintains a com-
prehensive database of all right heart catheterizations, which is collected 
prospectively and submitted to the UK National Audit of Pulmonary 
Hypertension. Data collected prospectively for the UK national audit be-
tween January 2009 and December 2017 were analysed to determine 
the size and nature of the population with mildly elevated pulmonary 
haemodynamics and the associated impact on survival determined from 
the NHS digital database. Where additional clinical data were missing 
from the database, data were retrospectively collected on healthcare re-
cords review.

The primary study population comprised all patients in whom right heart 
catheterization showed a mPAP <21 mmHg and mPAP 21–24 mmHg irre-
spective of PAWP. For comparison, a stratified random sample of patients 
with a mPAP ≥25 mmHg was included. Sampling was performed by first 
stratifying patients into those amenable to treatment with advanced therap-
ies (Groups 1 and 4 PH) and not amenable (Groups 2 and 3 PH). These two 
groups were further stratified by PVR (<2 WU, 2–<3 WU,  ≥ 3 WU) re-
sulting in six groups. These groups were then randomly sampled with equal 
numbers from each group and overall sample size determined by site feasi-
bility. Exclusion criteria are detailed in the Supplementary data online, 
Table S1.

Haemodynamic data collected in all patients included mPAP, cardiac out-
put (CO), PAWP, and PVR, calculated as mPAP-PAWP/CO (with thermo-
dilution values used for CO, were possible).

Exercise capacity was assessed by either 6-minute walk test or incremen-
tal shuttle walk test. To make the two tests comparable, we utilized the per-
centage of predicted distance16,17 with equations found in Supplementary 
data online, Table S2.

Table 1 Definition of the comorbidities and confounders

Lung disease was defined as an abnormality identified on lung function and/or imaging of the lungs and/or a multidisciplinary team (MDT) diagnosis of lung disease.

(i) A reduced FEV1/FVC ratio <.7, FEV1 < 60% predicted was considered obstructive lung disease.18,19

(ii) A FEV1/FVC ratio >.7 and reduced FVC <70% was considered restrictive disease18,19 based on trial data specific to pulmonary hypertension.

(iii) A TLCO <45% in non-scleroderma population and <32% for the scleroderma population was considered as evidence of lung disease where a 
diagnosis of pulmonary veno-occlusive disease was not made.

Left heart disease was defined by recognized standards on echocardiography suggestive of left heart disease; diastolic dysfunction, systolic dysfunction, left 
ventricular hypertrophy, and significant valvular heart disease.

(i) A high probability of diastolic dysfunction was defined by enlarged left atrial size and mitral Doppler measurements suggestive of diastolic dysfunction 
(E/e′ ≥ 14, E/A ratio >2). Intermediate probability of diastolic dysfunction was defined as E/e′ > 14 and E/A > 2 on mitral Doppler measurements and no 
left atrial dilatation.20

(ii) Systolic dysfunction was defined as a either LVEF <45%, (preferentially by biplane echocardiography), or if by visual estimation, moderate to severe LV 
systolic dysfunction.

(iii) Significant left ventricular hypertrophy was defined significant increase in wall thickness (IVSD >1.5 cm).

(iv) Significant valvular disease was based on echo parameters, more than moderate left-sided valvular stenosis, regurgitation, or clinical multidisciplinary 
decision.

(v) Where echo data were not available, MDT decision outcomes were used or if patients had ≥3 clinical cardiovascular risk factors; atrial fibrillation, 
arterial hypertension, diabetes, body mass index ≥30 kg/m2, and/or known coronary artery disease.21,22

Connective tissue disease was defined by clinical diagnosis by American College of Rheumatology criteria and/or auto-immune profile.23

FEV1, forced expiratory volume in one second; FVC, forced vital capacity; LVEF, left ventricular ejection fraction; TLCO, transfer factor for carbon monoxide.
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Quality of life scores were collected by either Cambridge Pulmonary 
Hypertension Outcome Review (CAMPHOR) or emPHASIS-10 scores 
(emPHASIS-10 scores were only introduced after 2015).

Population characteristic recording (defining 
confounders)
Contemporaneous baseline clinical data were collected from electronic 
health records no earlier than 1 year before the baseline catheterization 
or 3 months after the baseline catheterization. Clinical data and investiga-
tions included functional class, QoL scores, exercise tests, echocardio-
grams, lung function tests, lung imaging (computed tomography and 
perfusion scanning), and N-terminal pro-B-type natriuretic peptide. These 
data were also used to identify confounding comorbidities, which included 
co-existing lung18,19 and heart disease.20–22 Connective tissue disorders23

were identified as a contributing comorbidity that might lead to progression 
to Group 1 PAH. Definition of confounders is found in Table 1.

Mortality data
Data obtained from NHS Digital and the UK Office for National Statistics 
(ONS) provided mortality data. All causes of mortality were included 

with a cut-off date of 1st December 2021. Mortality was defined as time 
to death in days from index right heart catheterization to death.

Statistical analysis
Analyses were performed on R studio (for Microsoft Windows version 
2022.02.2+485). Patients were grouped by their baseline haemodynamics 
on right heart catheterization mPAP <21 mmHg, 21–24 mmHg, and 
≥25 mmHg and PVR (≤2 WU, PVR >2–≤3 WU, and PVR >3 WU), based 
on the 2022 ESC/ERS guidelines. It should be noted that the analysis of the 
PVR groups is slightly different to that indicated at recruitment as the study 
was designed prior to the latest guidelines. Continuous variables data are 
presented in medians and quartiles. Categorical variables data are presented 
in percentages. Comparison between mPAP groups in demographic and 
clinical characteristics at baseline, one-way analysis of variance was used 
for continuous variables. For categorical variables, Fisher’s exact test was 
used. We utilized two-sided P-values. Significance level is considered as 
P-value of <.05.

Kaplan–Meier curves were used to demonstrate unadjusted survival 
curves for all-cause mortality. Log-rank tests were used to compare un-
adjusted mPAP and PVR groups for significance with pairwise tests adjusted 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Baseline demographics

mPAP <21 mmHg  
(n = 968)

mPAP 21–24 mmHg  
(n = 689)

mPAP ≥25 mmHg  
(n = 1272)

Overall  
(n = 2929)

P-value

Age 60.0 [48.0–71.0]a,b 65.0 [54.0–73.0]c 67.0 [57.0–74.0] 65.0 [53.0–73.0] <.000001

Gender

Female 665 (68.7%) 454 (65.9%) 809 (63.6%) 1928 (65.8%)

Male 303 (31.3%)b 235 (34.1%) 463 (36.4%) 1001 (34.2%) .04164

Ethnicity

White 701 (80.1%) 521 (81.2%) 985 (83.8%) 2207 (82.0%)

Asian 71 (8.1%) 54 (8.4%) 74 (6.3%) 199 (7.4%)

Black 51 (5.8%) 48 (7.5%) 76 (6.5%) 175 (6.5%)

Other 52 (5.9%) 19 (3.0%) 41 (3.5%) 112 (4.2%) P = NS

WHO functional class

I 73 (9.1%) 23 (3.6%) 10 (0.8%) 106 (3.9%)

II 297 (36.8%) 205 (32.3%) 169 (13.6%) 672 (25.0%)

III 418 (51.9%) 390 (61.4%) 964 (77.6%) 1773 (66.1%)

IV 18 (2.2%) 17 (2.7%) 100 (8.0%) 135 (5.0%) P = NS

CAMPHOR

Symptoms 11.0 [6.5–17.0] 11.0 [6–17.0] 12.0 [8–17.0] 12 [7.0–17.0] .06478

Activity 9.00 [4–15.0]b 11.0 [6–16.0]c 12.0 [7–18.0] 11.0 [6.0–16.0] <.000001

QoL 9.00 [2.25–15.0]b 8.00 [3–15.0]c 10.0 [5–16.0] 9.5 [4.0–16.0] .00938

emPHasis-10 score 26.0 [15.0–34.0] 23.0 [10–30.5]c 28.0 [16–37.0] 25.0 [15.0–35.0] .01711

% of predicted walking distance 64.8 [45.49–80.42]a,b 60.2 [39–77.6]c 45.6 [27–66.4] 55.9 [33.0–73.7] <.000001

Borg Dyspnoea scale 3.00 [2.0–5.0]b 3.00 [2.0–5.0]c 4.00 [3.0–5.0] 4.0 [2.0–5.0] <.000001

For continuous variables expressed in median [IQR]. n and missing values can be found in Supplementary data online, Table S6. 
CAMPHOR, Cambridge Pulmonary Hypertension Outcome Review; NS, not significant. 
aP-value <.05 between mPAP <21 mmHg and mPAP 21–24 mmHg. 
bP-value <.05 between mPAP <21 mmHg and mPAP ≥ 25 mmHg. 
cP-value <.05 between mPAP 21–24 mmHg and mPAP ≥ 25 mmHg.
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using the Benjamini–Hochberg method. Cox-proportional hazard regres-
sion was used to adjust mortality for potential confounders individually (de-
fined in Table 1) as well as age and gender, expressed as hazard ratios (HR) 
with 95% confidence intervals (CI). The proportional hazards assumption 
was tested using by analysing the association between the Schoenfeld resi-
duals and time. Analysis was run across all mPAP groups and PVR groups, 
we ran the same survival analysis adjusting for confounders in populations 
of interest; mPAP 21–24 mmHg and PVR >2–≤3 WU, as defined in the 
2022 ESC/ERS guidelines.6

Results
Study population
A total of 2929 patients were included in the study, with 968 patients 
(33.0%) in the mPAP <21 mmHg group, 689 patients (23.5%) in the 
mPAP 21–24 mmHg group, and 1272 (43.4%) in the stratified mPAP 
≥25 mmHg group. The PH diagnoses for patients within mPAP 
≥25 mmHg are described in Supplementary data online, Table S3.
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Table 3 Cardiac haemodynamics

mPAP <21 mmHg  
(n = 968)

mPAP 21–24 mmHg  
(n = 689)

mPAP ≥25 mmHg  
(n = 1272)

Overall  
(n = 2929)

Right atrial pressure (mmHg) 5.00 [3.0–7.0] 6.00 [4.0–8.0] 10.0 [7.0–14.0] 7.00 [4.0–10.0]

Mean pulmonary artery pressure (mmHg) 17.0 [15.0–19.0] 23.0 [22.0–24.0] 36.0 [29.0–46.0] 24.0 [19.0–34.0]

Pulmonary arterial wedge pressure (mmHg) 9.00 [7.0–11.0] 12.0 [9.0–14.0] 14.0 [10.0–19.0] 11.0 [8.0–14.0]

Cardiac output (l/min) 5.20 [4.2–6.3] 5.10 [4.3–6.2] 4.90 [3.7–6.3] 5.10 [4.0–6.3]

Mixed venous oxygen saturation (%) 73.0 [68.6–77.0] 71.8 [67.3–75.5] 67.7 [60.5–73.0] 70.4 [65.0–75.0]

Pulmonary vascular resistance (WU) 1.46 [1.1–2.0] 2.12 [1.5–2.8] 3.72 [2.4–7.9] 2.27 [1.5–3.7]

Total pulmonary resistance (WU) 3.23 [2.6–4.0] 4.38 [3.6–5.3] 7.26 [5.1–11.4] 4.63 [3.4–7.0]

Cardiac index (l/min.m2) 2.84 [2.4–3.4] 2.77 [2.3–3.3] 2.58 [2.1–3.2] 2.73 [2.2–3.3]

Stroke volume (ml) 69.1 [56.6–86.6] 71.3 [57.7–88.9] 64.8 [49.5–84.5] 68.6 [54.0–86.1]

Stroke volume index (ml/m2) 38.6 [31.9–46.2] 39.0 [31.7–45.9] 34.3 [26.7–43.3] 37.4 [30.3–45.2]

Pulmonary arterial compliance (ml/mmHg) 3.63 [2.8–4.9] 3.23 [2.6–4.2] 2.04 [1.2–2.9] 2.78 [1.7–3.8]

n and missing values can be found in Supplementary data online, Table S6.
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Table 4 Presence of comorbidities

mPAP <21 mmHg  
(n = 968)

mPAP 21–24 mmHg  
(n = 689)

mPAP ≥25 mmHg  
(n = 1272)

Overall P-value

Lung diseasea

No 633 (67.4%) 364 (53.7%) 575 (45.8%) 1572 (54.7%)

Yes 306 (32.6%)b,c 314 (46.3%)d 681 (54.2%) 1301 (45.3%) <.000001

Left heart diseasea

No 691 (75.2%) 440 (68.3%) 617 (50.5%) 1748 (62.8%)

Yes 227 (24.7%)b,c 204 (31.7%)d 604 (49.5%) 1035 (37.2%) <.000001

Lung and/or left heart diseasea

No 440 (48.6%) 204 (31.8%) 262 (21.2%) 906 (32.5%)

Yes 466 (51.4%)b,c 437 (68.2%)d 975 (78.8%) 1878 (67.5%) <.000001

Connective tissue diseasea

No 606 (62.6%) 446 (64.7%) 895 (70.4%) 1947 (66.5%)

Yes 362 (37.4%)c 243 (35.3%)d 377 (29.6%) 982 (33.5%) .0003119

n and missing values can be found in Supplementary data online, Table S6. 
aDefined in Table 1. 
bP-value <.05 between mPAP <21 mmHg and mPAP 21–24 mmHg. 
cP-value <.05 between mPAP <21 mmHg and mPAP ≥25mmHg. 
dP-value <.05 between mPAP 21–24 mmHg and mPAP ≥25 mmHg.
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Figure 1 Unadjusted effect of mean pulmonary artery pressure on survival.
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Table 5 1, 3, and 5-year mortality across mean pulmonary artery pressure groups

mPAP <21 mmHg (n = 968) mPAP 21–24 mmHg (n = 689) mPAP ≥25 mmHg (n = 1272) P-value

1-year mortality

Alive 927 (95.8%) 644 (93.5%) 1114 (87.6%)

Deaths 41 (4.2%)a,b 45 (6.5%)c 158 (12.4%) <.000001

3-year mortality

Alive 866 (89.5%) 586 (85.1%) 865 (68.0%)

Deaths 102 (10.5%)a,b 103 (14.9%)c 407 (32.0%) <.000001

5-year mortality

Alive 771 (82.6%) 488 (72.3%) 664 (52.7%)

Deaths 162 (17.4%)a,b 187 (27.7%)c 595 (47.3%) <.000001

Missingd 35 (3.6%) 14 (2.0%) 13 (1.0%)

aP < .05 between mPAP <21 mmHg and mPAP 21–24 mmHg. 
bP < .05 between mPAP <21 mmHg and mPAP ≥25 mmHg. 
cP < .05 between mPAP 21–24 mmHg and mPAP ≥25 mmHg. 
dMissing as 5-year follow-up not complete.
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Baseline characteristics
The median age of the whole population was 65 (interquartile range 53– 
73) years with age increasing significantly with each increment in mPAP 
group (P < .000001; Table 2). Exercise performance evaluated using per-
centage predicted distance also worsened significantly with each incre-
ment of mPAP group (P < .000001; Table 2). The majority of QoL scores 
deteriorated significantly with incrementing mPAP group (P < .01; 
Table 2), with the exception for CAMPHOR symptoms scores 
(P = .06) that trended toward a difference (Table 2). Baseline invasive 
haemodyanmics demonstrate worsening haemodynamics with each in-
cremental mPAP group, with an increasing right atrial pressure and total 

pulmonary resistance, decreasing mixed venous saturation, CO, cardiac 
index, stroke volume, and pulmonary arterial compliance (Table 3).

In the mPAP 21–24 mmHg group, 68.2% (n = 437) had comorbid 
lung and/or left heart disease, compared to 51.4% (n = 466) in the 
mPAP <21 mmHg group and 78.8% (n = 975) in the stratified mPAP 
≥25 mmHg group. Comorbid lung disease was present in 32.6% of 
mPAP <21 mmHg patients, 46.3% of mPAP 21–24 mmHg patients, 
and 54.2% of stratified mPAP ≥25 mmHg patients (P < .000001; 
Table 4). Left heart disease was present in 24.7%, 31.7%, and 49.5% 
of patients in the three mPAP groups, respectively (P < .000001). A de-
tailed breakdown of the investigations can be found in Supplementary 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 6 Adjusted mortality for confounders across mean pulmonary artery pressure groups

Adjusted for lung 
diseasea n = 2873

Adjusted for heart 
diseasea n = 2783

Adjusted for CTDa  

n = 2929
Adjusted for lung  
and heart diseasea  

n = 2736

Adjusted for  
all comorbiditiesa  

n = 2736

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

mPAP 21– 
24 mmHg

1.30 (1.10–1.53) .00179 1.44 (1.22–1.70) .0000191 1.41 (1.20–1.66) .0000257 1.36 (1.14–1.61) .000442 1.37 (1.15–1.62) .000330

mPAP 
≥25 mmHg

2.29 (1.99–2.63) <.000001 2.48 (2.15–2.86) <.000001 2.58 (2.26–2.95) <.000001 2.24 (1.94–2.60) <.000001 2.30 (1.98–2.66) <.000001

aAdjusted for age/sex.

Figure 2 Unadjusted effect of pulmonary vascular resistance on survival.
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data online, Tables S4 and S5, with n and missing values in 
Supplementary data online, Table S6. CTD was present in 37.4%, 
35.3%, and 29.6% in the three mPAP groups, respectively, with no signifi-
cant difference between mPAP <21 mmHg and mPAP 21–24 mmHg 
(P = .38); however, significant difference between mPAP 21–24 mmHg 
and the stratified mPAP ≥25 mmHg (P = .02).

Association between mPAP group and 
survival
During the observation period (median of 6.1 years of follow-up, range 
0–13 years), there were 1383 deaths (47.2%). 30.8% of the mPAP 
<21 mmHg group, 43.3% of the mPAP 21–24 mmHg group, and 
61.8% of the mPAP ≥25 mmHg group died during follow-up. Primary 
cause of death, obtained from death certification from NHS digital, 
can be found in Supplementary data online, Table S7.

Figure 1 shows the Kaplan–Meier curves for the three mPAP groups 
with worsening survival for each increment in mPAP group (pairwise 
comparison significant across all groups—P < .000001). At 1 year, 
4.2% of patients had died in the mPAP <21 mmHg group, 6.5% in 
the mPAP 21–24 mmHg group, and 12.4% in the mPAP ≥ 25 mmHg 
group. At 5 years, 17.4% had died in the mPAP <21 mmHg group, 
27.7% in the mPAP 21–24 mmHg group, and 47.3% in the mPAP 
≥25 mmHg group (P < .000001; Table 5).

On Cox-proportional hazard regression, excess mortality in the 
mPAP 21–24 mmHg and >25 mmHg groups remained significant 
(compared to the mPAP <21 mmHg group) after adjustment of lung 
disease, left heart disease, CTD, age, and gender (P < .002 in all cases; 
Table 6). However, there was a statistically significant relationship be-
tween the Schoenfeld residuals and time (P = .00016), suggesting a 
time-dependent coefficient that does not meet the proportional ha-
zards assumption. Therefore, we also separately performed subgroup 
non-parametric analysis for patients with heart disease, lung disease, 
and CTD (see Supplementary data online, Figure S1A–C). In the heart 
disease and CTD patients, Kaplan–Meier curves demonstrate a worse 
survival outcome with each incremental mPAP group, and pairwise 
comparisons were significant across all mPAP groups (see 
Supplementary data online, Figure S1B and C, P < .03). In patients with-
out heart and lung disease, there was also worsening mortality with 
each increment of mPAP group (see Supplementary data online, 
Figure S1D) with significant pairwise comparison across all groups 
(P = .013). However, in patients with lung disease alone, there was 
no significant difference in outcome between mPAP <21 mmHg and 
mPAP 21–24 mmHg groups (see Supplementary data online, 
Figure S1A P = .72), although the mPAP ≥25 mmHg group did have 
worse outcome (P < .000001). To further understand the impact of 
lung disease across the mPAP groups, Kaplan–Meier curves (see 
Supplementary data online, Figure S2A–C), for transfer factor for carbon 
monoxide (TLCO) were constructed which demonstrated that TLCO 
<45%, confers a poorer survival across all mPAP groups (P < .000001).

Association between PVR and survival 
outcomes
In the whole population, 1253 (42.8%) had a PVR ≤2 WU, 735 (25.1%) 
had a PVR >2–≤3 WU, and 941 (32.1%) had a PVR >3 WU. Kaplan– 
Meier survival curves (Figure 2) reveal a stepwise worsening of unadjust-
ed survival with each increase in PVR group with pairwise comparison 
being statistically significant across all groups (P < .000001). Excess 
mortality (compared to PVR ≤2 WU) remained significant for PVR 
>2–≤3 WU, and PVR >3 WU, when individually adjusted for lung 
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disease, left heart disease and CTD, age, and gender (P < .0014 in all 
cases; Table 7). However, the proportional hazard assumption was 
not met with an association between the Schoenfeld residuals and time 
(P = .00016). Consequently, we also performed subgroup analysis 
for patients with heart disease, lung disease, and CTD. Kaplan– 
Meier curves in lung disease alone, heart disease alone, and CTD 
alone, demonstrate a worse survival outcome with each incremental 
PVR group. Pairwise log-rank comparison is significant across all 
groups (P < .047; Supplementary data online, Figure S3A–C). 
Kaplan–Meier curve analysis of PVR groups among patients without 
evidence of heart or lung disease (see Supplementary data online, 
Figure S3D), reveals worsening survival with each increase in PVR 
group, statistically significant with pairwise comparison across all 
groups (P = .0038).

Stratification in the mPAP 21–24 mmHg 
population
Of the 689 patients with a mPAP 21–24 mmHg, 315 patients (45.7%) 
had a PVR ≤2WU, 231 patients (33.5%) had a PVR >2–≤3 WU, and 
143 patients (20.8%) had a PVR >3 WU. Stratifying this group by 
PVR, Kaplan–Meier curves reveal that a PVR >2–≤3 WU confers high-
er mortality compared to a PVR of ≤2 WU, but lower than among pa-
tients with a PVR >3 WU (Figure 3) with pairwise comparisons being 
statistically significant across all groups (P < .03).

There is no significant difference in survival with increases in mPAP de-
fined by integer increases in mPAP, an mPAP of 24 mmHg did not confer 

worse survival compared to patients with a mPAP 21 mmHg (P = .91; 
Supplementary data online, Figure S4) or stratified by PAWP (PAWP 
<12 mmHg, 12–15 mmHg,  > 15 mmHg) (P = .34; Supplementary data 
online, Figure S5).

In the mPAP 21–24 mmHg group, Cox-proportional hazard regres-
sion confirmed excess mortality in the PVR >2–≤3 WU and PVR >3 
WU group was independent of lung disease, left heart disease, CTD, 
age, and gender (P < .05; Table 8). Proportional hazard assumption 
was met (P = .66). Kaplan–Meier survival curves in the absence of 
lung and heart disease reveal a significant difference for patients with 
a PVR >2 WU, separating at 4 years (see Supplementary data online, 
Figure S6).

Within the subgroup with a mPAP 21–24 mmHg, 68.3% (n = 438) 
had heart and/or lung disease. Kaplan–Meier survival curves demon-
strate that the presence of a lung disease, left heart disease, and/or 
CTD confers higher mortality (P < .004), compared to patients who 
have no lung, heart, or CTD (see Supplementary data online, 
Figure S7A).

Comparing this to patients with a mPAP <21 mmHg, Kaplan–Meier 
survival curves show no significant difference between patients with 
CTD, in the absence of co-existing lung and heart disease, compared 
to patients without CTD, and no lung and/or heart disease (P = .15; 
Supplementary data online, Figure S7B). For comparison, mPAP ≥  

25 mmHg, Kaplan–Meier survival curves reveal a significant difference 
in survival in the presence of all comorbidity and risk factors 
(P = .000028; Supplementary data online, Figure S7C).

Figure 3 Unadjusted effect of pulmonary vascular resistance on survival in patients with a mean pulmonary artery pressure 21–24 mmHg.
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Stratification in the PVR >2–≤3 WU 
population
Of the 735 patients with a PVR >2–≤3 WU, 182 patients (24.8%) had a 
mPAP <21 mmHg, 231 patients (31.4%) had a mPAP 21–24 mmHg, 
and 322 patients (43.8%) had a mPAP ≥25 mmHg. Kaplan–Meier 
curves (Figure 4) show a worsening mortality with increasing pressure 
group, and pairwise comparisons were significant for all group compar-
isons (P = .02).

Within subgroup PVR >2–≤3 WU, 23.5% (n = 173) patients did not 
have evidence of lung and/or heart disease. Using Cox-proportional 
hazard model within the PVR >2–≤3 WU subgroup, mPAP 21– 
24 mmHg and mPAP ≥25 mmHg remained significant independent 
predictors of mortality, when adjusting for lung disease, left heart dis-
ease and CTD, age, and gender (P = .005; Table 9). Proportional hazard 
assumption was met (P = .61).

Impact of the 2022 ESC/ERS guideline 
definition
Retrospectively redefining the PH groups by haemodynamic criteria 
based on the 2022 ESC guideline definition of PH, we find that of the 
patients with a mPAP 21–24 mmHg who were previously diagnosed 
at not having PH, 53.3% are now classified as having pre-capillary PH, 
11.3% are classified as having isolated post-capillary PH, 1% are classi-
fied as having combined post-capillary PH, and 34.4% have unclassifiable 
PH (Table 10).

Discussion
To our knowledge, EVIDENCE-PAH UK is the first study aiming to 
understand the impact of the new ESC/ERS guidelines on a national co-
hort specific to PH. In this study, we confirm that among patients re-
ferred to PH centres the finding of a mPAP 21–24 mmHg or PVR 
>2–≤3 WU confers an adverse prognosis even in the absence of con-
founding lung and heart disease (Structured Graphical Abstract). This sup-
ports the changes made by the new ESC/ERS guidance in its definition 
of pre-capillary PH. Most patients referred to PH centres with a mPAP 
21–24 mmHg and PVR >2–≤3 WU have comorbid lung or heart dis-
ease and may therefore represent Groups 2 or 3 patients rather 
than a primary vasculopathy.

This study provides a UK national perspective on the newly included 
cohort of PH patients based on updated ESC/ERS guidelines in a real-life 
population referred to PH services. The population presented here re-
presents the typical PH referral population in contrast to the landmark 
Veteran study which evaluated a predominantly heart failure population, 
with an overwhelming male bias (96.6%).11 PAH registry data show fe-
male predominance in patients diagnosed with PAH,24–27 as found in 
the population presented here.

There was no difference in patient’s subjective assessment of symp-
toms score; WHO, CAMPHOR symptoms, Borg score during exercise 
tests, between patients who had a mPAP <21 mmHg and mPAP 21– 
24 mmHg. These observations suggest symptomatic status does not 
discriminate between haemodynamic groups, despite differing progno-
sis. All patients referred to PH services have a high symptom burden, 
which is associated with an increased mortality even among those in 
whom haemodynamic findings were normal.

With the new 2022 ESC/ERS Guidelines, lowering the thresholds for 
diagnosis of pre-capillary PH to a mPAP >20 mmHg and PVR >2 WU 
(and a PAWP ≤15 mmHg), it is important to understand this 
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population in greater detail. This study focuses on these mild elevations 
of haemodynamics; mPAP 21–24 mmHg and PVR >2–≤3 WU and the 
interplay with comorbidities. Observed survival across all mPAP groups 
is consistent with data published in the literature.10–14 We show a 
mPAP of 21–24 mmHg confers poorer survival outcomes compared 
to patients with normal pulmonary artery pressure (mPAP 
<21 mmHg).

We used standard investigations used in common clinical practice to 
further phenotype this population, to identify conditions that may act 
as contributors to mortality in this population. mPAP 21–24 mmHg re-
mained an independent predictor of mortality when adjusting for signifi-
cant lung, left heart disease, age, and gender in the presence of mildly 
elevated PVR (PVR >2–≤3 WU). This excess mortality within the 
mPAP group 21–24 mmHg, in certain subgroups might be influenced 
by associations, for instance with chronic thrombo-embolic disease, 
and is associated with malignancy,9 while patients with a multisystem dis-
ease such as CTD, may have a poor prognosis due to organ involvement 
other than pulmonary vasculopathy. Understanding causality requires 
further evaluation.

Analysis of the population free of evidence of lung or heart disease 
reveals an inverse association between mPAP and survival. The 
Kaplan–Meier curves suggest similar survival between those with nor-
mal haemodynamics and those with a mPAP between 21–24 mmHg 
for the first 4 years after catheterization, thereafter diverging. It is 
tempting to consider this as evidence of a progressive vasculopathy in 

this population and certainly justifies close follow-up of patients in 
this group.

With the new ESC/ERS guidelines, PVR will play a key role in 
stratification in patients with a mPAP 21–24 mmHg as well as those 
with a mPAP ≥25 mmHg. Pulmonary vascular resistance is a pre-
dictor of mortality in the whole study population and within those 
with a mPAP 21–24 mmHg. This supports previous published data 
that suggest even mild elevations in PVR are associated with a 
poorer survival outcome.15 The data presented here further sup-
port even mildly elevated PVR as an important predictor of survival 
amongst the newly defined subgroup of patients with a mPAP 21– 
24 mmHg.

The leading causes of death in CTD are PAH and lung disease.28–30

Our study shows that among CTD patients referred to PH centres, 
in the absence of lung and/or heart disease, survival is directly associated 
with mPAP. The presence of CTD without comorbidity does not con-
fer a worse survival outcome in patients with a normal pulmonary ar-
tery pressure (mPAP <21 mmHg); however, a mPAP 21–24 mmHg 
in the presence of isolated pre-capillary PH in patients with CTD 
does impact survival, Kaplan–Meier curves separating after 5 years, 
prior to this the survival curves are similar to that of patients with no 
CTD, heart or lung disease but normal haemodynamics. This again sug-
gests a progressive vasculopathy, and prospective surveillance of these 
patients should be recommended, since this group may benefit from 
early intervention.31

Figure 4 Unadjusted effect of mean pulmonary artery pressure on survival in patients with a pulmonary vascular resistance >2–≤3 WU.
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The presence of heart or lung disease, alone or in combination, is as-
sociated with poorer survival outcomes irrespective of PH severity. 
Excluding ‘comorbidity’ plays a vital role when making a diagnosis of 
PAH at lower thresholds. Large registry studies demonstrate the chan-
ging demographics in PAH, with older and more comorbidity present in 
a real-life population, resulting in diagnostic and treatment chal-
lenges.21,32 Our study shows within the subgroup mPAP 21– 
24 mmHg, only 31.8% of patients did not have underlying heart of 
lung disease. Given the updated guidelines, many more patients 
with ‘early’ PH are likely to be identified at PH centres. We have 
shown that this is a very heterogeneous population, potentially 
only a minority having a true vasculopathy, thus recruiting to inter-
ventional studies in this population may prove challenging. 
Including a minority of patients with a mPAP of 21–24 mmHg could 
simply reduce the signal-to-noise ratio without providing any real 
evidence of efficacy among the newly included subpopulation, for ex-
ample, the UNISUS of high dose vs. usual dose macitentan 
(NCT04273945), while in studies dedicated to this population it 
may prove challenging to recruit only those without comorbidity 
(ESRA study, NCT05339087).

Pulmonary arterial hypertension is a progressive disease, associated 
with poor prognosis despite advances in therapy. Patients often have a 
delay between symptom onset and diagnosis of PAH, registry data sug-
gesting close to 2 years.32,33 Diagnosis is often late in the disease pro-
cess. At diagnosis, patients are highly symptomatic with a World Health 
Organization functional Class III/IV and exhibit high-risk criteria on risk 
stratification.25,33,34 The updated diagnostic criteria provide an oppor-
tunity to identify patients earlier thus encouraging close monitoring and 
inclusion in studies. There are risks to be navigated. Pulmonary hyper-
tension clinicians must avoid treatment without evidence. We must 
avoid mis-labelling patients with heart and lung disease as having PAH 
and undertreating the primary pathology. Finally, we must determine 
how to manage the psychological and social impact of diagnosing but 
not treating patients with PAH given the terrible prognosis of untreated 
PAH.

Limitations
This study has several limitations. Firstly, the referral population is a 
large and heterogeneous population. By the time referral is made to 
PH services, patients are often a sicker population with multiple co-
morbidities that may affect survival across mPAP groups. Sampling of 
mPAP ≥25 mmHg was limited to allow for site feasibility during the 
coronavirus disease 2019 pandemic and introduces selection bias. By 
design, the mPAP ≥25 mmHg population was stratified to include pa-
tients with Groups 2 and 3 PH as well including patients labelled as 
PAH using the 2009 definition which did not require the PVR to be ele-
vated, thus the comparator population included a large proportion that 
does not meet the standard PAH definition of patients included in the 
pivotal interventional trials. In a large retrospective cohort study, miss-
ing data and data errors are unavoidable, we made attempts to minim-
ize this by training and verification checks and regular queries to 
individual sites. Exclusion of missing PVR values may exclude patients 
where right heart catheterizations were performed early in the eligibil-
ity period or patients with extremely severe PH where a complete pro-
cedure could not be performed. In the design of the study, we set a 
haemodynamic threshold (PVR 2–<3 WU) as the upper limit of nor-
mal. To understand the impact of the ESC guidelines, we analysed as 
per newly defined threshold, PVR >2–≤3 WU. Fluid and exercise chal-
lenge was irregularly utilized and documented with significant variation 
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of use, lack of standardization, and interpretation. Patient participation 
in investigational trials may lack full documentation, especially amongst 
patients who did not previously meet the new criteria for pre-capillary 
PH. Although standardized investigations were used to assess clinical 
data, in non-quantitative measures, there is always risk of introducing 
bias despite best efforts to standardize care across the UK.

Conclusion
Patients referred to PH services who have a mPAP of 21–24 mmHg or 
a PVR of >2–≤3 WU have an increased mortality compared to those 
with normal haemodynamics, even in the absence of comorbidity. The 
population is very heterogeneous, most having heart or lung comorbid-
ity, requiring comprehensive assessment to ensure that any underlying 
pathology is identified and treated. Interventional studies in this popu-
lation must focus on the group with a ‘true’ vasculopathy; however, gi-
ven the relatively late divergence in mortality we have found, 
demonstrating improvement in mortality and possibly morbidity may 
prove difficult.
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Table 10 Pulmonary hypertension classification based on 2015 and 2022 ESC/ERS guideline definitions

mPAP <21 mmHg  
(n = 968)

mPAP 21–24 mmHg  
(n = 689)

mPAP ≥25 mmHg  
(n = 1272)

Overall  
(n = 2929)

2015 ESC/ERS guideline definition

Pre-capillary pulmonary hypertensiona 0 (0%) 0 (0%) 757 (59.5%) 757 (25.8%)

Isolated post-capillary pulmonary hypertensionb 0 (0%) 0 (0%) 395 (31.1%) 395 (13.5%)

Combined post-capillary pulmonary hypertensionc 0 (0%) 0 (0%) 120 (9.4%) 120 (4.1%)

No pulmonary hypertension 968 (100%) 689 (100%) 0 (0%) 1657 (56.6%)

2022 ESC/ERS guideline definition

Unclassified pulmonary hypertensiond 0 (0%) 237 (34.4%) 43 (3.4%) 280 (9.6%)

Pre-capillary pulmonary hypertensiona 0 (0%) 367 (53.3%) 714 (56.1%) 1081 (36.9%)

Isolated post-capillary pulmonary hypertensionb 0 (0%) 78 (11.3%) 175 (13.8%) 253 (8.6%)

Combined post-capillary pulmonary hypertensionc 0 (0%) 7 (1.0%) 340 (26.7%) 347 (11.8%)

No pulmonary hypertension 968 (100%) 0 (0%) 0 (0%) 968 (33.1%)

a2015 ESC/ERS criteria; mPAP ≥25 mmHg, PAWP ≤15 mmHg. 2022 ESC/ERS criteria; mPAP >20 mmHg, PVR >2 WU, PAWP ≤15 mmHg. 
b2015 ESC/ERS criteria; mPAP ≥25 mmHg, PAWP >15 mmHg, DPG, diastolic pulmonary gradient <7 mmHg and/or PVR ≤3 WU. 2022 ESC/ERS criteria; mPAP >20 mmHg, PVR ≤2 
WU, PAWP >15 mmHg. 
c2015 ESC/ERS criteria; mPAP ≥25 mmHg, PAWP >15 mmHg, DPG ≥7 mmHg and/or PVR >3 WU. 2022 ESC/ERS criteria; mPAP >20 mmHg, PVR >2 WU, PAWP >15 mmHg. 
d2022 ESC/ERS criteria; mPAP >20 mmHg PVR ≤2 WU, PAWP ≤15 mmHg.
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