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Abbreviations

6 MW	 6 minute walk
CHD	 Congenital heart disease
CI	 Cardiac index
COMPERA	Comparative Prospective Registry of Newly 

Initiated Therapies for Pulmonary Arterial 
Hypertension

CTD	 Connective tissue disease
CTEPH	 Chronic thromboembolic pulmonary 

hypertension
DLCO	 Diffusing capacity of the lung for carbon 

monoxide
ERA	 Endothelin receptor antagonist
HIV	 Human immunodeficiency virus
HPAH	 Heritable pulmonary arterial hypertension
IPAH	 Idiopathic pulmonary arterial hypertension
LAS	 Lung Allocation Score
LVEDP	 Left ventricular end-diastolic pressure
MAI	 Million adult inhabitants
NIH	 National Institutes of Health
NYHA	 New York Heart Association

PAH	 Pulmonary arterial hypertension
PAP	 Pulmonary arterial pressure
PAWP	 Pulmonary arterial wedge pressure
PDE5	 Phosphodiesterase 5
PHC	 Pulmonary Hypertension Connection
PVOD	 Pulmonary veno-occulsive disease
PVR	 Pulmonary vascular resistance
QuERI	 Quality Enhancement Research Initiative
RAP	 Right atrial pressure
REHAP	 Spanish Registry of Pulmonary Arterial Hypertension
REVEAL	 Registry to evaluate early and long-term pulmo-

nary arterial hypertension management
RHC	 Right heart catheterization
ROC	 Receiver operator characteristic
SMR	 Scottish Morbidity Record
SPVU	 Scottish Pulmonary Vascular Unit
WHO	 World Health Organization

Pulmonary arterial hypertension (PAH) is a rare and incur-
able disease with an estimated prevalence of 10–25 cases per 
million. As a consequence of chronically elevated right ven-
tricular afterload, patients develop progressive right-sided 
heart failure, which is the primary mode of death. Many 
advances have been appreciated with PAH during the last 
three decades, thanks to improved awareness, more refined 
classification schemes, better understanding and manage-
ment of right-sided heart failure and, most importantly, the 
availability of numerous PAH-specific therapies.

During this period, many observational registries have 
been conducted in different parts of the world, providing a 
global perspective of this rare disease. These efforts have 
characterized the presentation of PAH, documented the 
changing phenotype of PAH patients, updated survival rates 
and identified predictors of death. Some registries have also 
developed predictive equations that estimate survival rates; 
and when eventually validated, could assist clinicians with 
patient assessment and clinical decision-making.
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In this chapter, some general aspects of patient registries 
will be introduced, followed by a review of some of the 
major PAH registries conducted in the last 30 years, empha-
sizing observations on survival and associated risk factors. 
Discussion will center on several predictive equations devel-
oped from four different large registries – National Institutes 
of Health (NIH), French National, Pulmonary Hypertension 
Connection (PHC), and Registry to Evaluate Early and 
Long-term Pulmonary Arterial Hypertension Disease 
Management (REVEAL). Next, the challenges of applying 
these predictive equations in clinical practice will be cov-
ered. Lastly, lessons learned from PAH registries and sur-
vival equations, as they pertain to improving the allocation of 
lungs for transplantation of PAH patients, will be 
introduced.

�Observational Patient Registries

Registries provide information about a select group of 
patients, who ideally, represent individuals with similar dis-
ease characteristics in the general population. A major aim of 
clinical registries is to provide information about the natural 
history and prognosis of the patient cohort. Such registries 
have high generalizability and are especially useful for char-
acterizing populations, assessing the burden of illness, and 
developing prognostic models [1, 2]. However, the observa-
tional nature of registries means that there is neither random-
ization nor a rigorous way to compare effectiveness of 
therapies, and it is difficult to account for confounding vari-
ables [3]. Furthermore, there are no hypotheses at the initia-
tion of a registry, but the breadth of clinical information 
collected makes registries a rich medium for generating new 
hypotheses.

Registries can be used to complement randomized con-
trolled trials in determining outcomes. The Effective Health 
Care Program of the Agency for Healthcare Research and 
Quality defines a patient registry as “an organized system 
that uses observational study methods to collect uniform data 
(clinical and other) to evaluate specified outcomes for a pop-
ulation defined by a particular disease, condition or exposure 
and that serves a predetermined scientific, clinical or policy 
purpose(s)” [1]. Registries describe the natural history of the 
disease and can help determine clinical effectiveness. The 
European Medicine Agency also defines registry as “an orga-
nized system that uses observational methods to collect uni-
form data on specified outcomes in a population defined by a 
particular disease, condition or exposure” [4].

Registries examine the epidemiology of prevalent or inci-
dent cases. Prevalent cases comprise individuals who have 
previously been diagnosed. The term incident refers to cases 
that are newly diagnosed during a pre-defined time period. 
Generally, patients are considered incident on the day of 

diagnosis and prevalent the following day [3]. But, registries 
can differ even in their definition of incident and prevalent 
cases. Methodological differences can account for some 
variation in incidence and prevalence across registries. For 
example, the allowable time elapsed between the diagnostic 
right heart catheterization (RHC) and enrollment in a regis-
try can vary when differentiating an incident from a preva-
lent case. Prevalent patients are enrolled after enduring the 
disease for varying periods of time. This may lead to under-
estimation of true mortality since the sickest patients may 
have already died and not had the opportunity to be enrolled, 
while less severely affected patients survive the pre-
enrollment period to become eligible for a registry. In 
essence, patients who die before study initiation are pre-
cluded from enrollment and patients who survive to study 
initiation are included, leading to an immortal time bias, 
which is a form of survivor bias that potentially inflates sur-
vival estimates. If the mortality rate for a condition were con-
stant over time, as might be encountered in a natural history 
study of a condition without any available interventions, then 
the differentiation between prevalent and incident cases may 
not impact the estimation of mortality. But active treatment 
of PAH patients through management of right ventricular 
failure and PAH-specific medications, has impacted survival 
for many, but not all, individuals. Therefore, it is important to 
understand if a particular registry includes incident and prev-
alent cases because information derived from incident cases 
may not be generalizable to prevalent patients and vice versa.

Each registry defines specific inclusion and exclusion cri-
teria. Although there are no standard inclusion and exclusion 
criteria amongst registries, the goal is to maximize generaliz-
ability, identify clear objectives for data collection, and mini-
mize bias [2, 3]. These criteria vary depending on the 
objective of the registry, such as evaluating only Idiopathic 
Pulmonary Arterial Hypertension (IPAH) or including PAH 
associated with other conditions as most modern PAH regis-
tries have done (Table  20.1). The definition of PAH and 
World Health Organization (WHO) classification of PAH has 
evolved over time, leading to modifications in the inclusion-
exclusion criteria across registries in different eras. For 
example, the NIH registry used a PAWP ≤ 12 mmHg with a 
PAP > 25 mmHg; whereas the REVEAL registry used a pul-
monary arterial wedge pressure (PAWP) or left ventricular 
end-diastolic pressure (LVEDP) ≤ 18 mmHg as an inclusion 
criteria [5, 6]. And even though RHC is the gold standard for 
diagnosis, some have used echocardiographic measurement 
of pulmonary pressures for diagnosis as RHC may be infre-
quently performed within a region [7]. These factors are 
important to recognize when applying the results of a par-
ticular registry to another patient population.

Another key distinguishing design aspect of registries is 
the method of data collection – prospective, retrospective, or 
a mixture of the two. Clearly prospective and standardized 
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Table 20.1  Major PAH registries conducted over the last 30 years

Registry Time period
Year of 
publication

Method of data 
collection

Location (number of 
centers) Number of patients

NIH* [5] 1981–1985 1987 prospective United States (32) 187

French National* [10] 2002–2003 2006 prospective France
(17)

674

PHC* [8] 1982–2004 2007 retrospective United States
(3)

578

2004–2006 prospective

Scottish – SMR [11] 1986–2001 2007 retrospective Scotland 374

Chinese (pre-modern) [7] 1999–2004 2007 prospective China
(1)

72

REVEAL* [6] 2006–2009 2010 prospective United States
(55)

3515

Mayo [9] 1995–2004 2011 prospective United States
(1)

484

Swiss [15] 1999–2004 2011 prospective Switzerland
(9)

222

Chinese (modern) [14] 2008–2011 2011 prospective China
(9)

956

United Kingdom & Ireland [16] 2001–2009 2012 prospective United Kingdom & 
Ireland
(8)

482

Spanish [12] 1998–2006 2012 retrospective Spain
(31)

PAH: 866
CTEPH: 1622007–2008 prospective

PAH QuERI [18] 2005–2007 2013 prospective United States
(60)

791

COMPERA [27] 2007–2016 2013 prospective Western Europe
(28)

1283

Registry Study Cohort Prevalent cases included
Prevalence of PAH 
(per MAI)

Prevalence of IPAH  
(per MAI)

NIH* IPAH, HPAH, Anorexigen- PAH No – –

French National* Group 1 PH, age > 18 years Yes 15 5.9

PHC* Group 1 PH, age > 18 years
IPAH 48 %, CTD 30 %, CHD 11 %

Yes – –

Scottish – SMR Group 1 PH, age 16–65 Yes 26 9

Chinese (pre-modern) IPAH and HPAH Yes – –

REVEAL* Group 1 PH, age > 3 months
IPAH 46 %, CTD 25 %, CHD 10 %

Yes 10.6 0.9

Mayo Group 1 PH, age > 18 years
IPAH/HPAH 56 %, CTD 24 %, other 
20 %

No – –

Swiss Group 1 PH, Group 3 PH, CTEPH Yes – –

Chinese (modern) Group 1 PH, age > 18 years
IPAH 35 %, CTD 19 %, CHD 43 %

No – –

United Kingdom & 
Ireland

IPAH, HPAH, Anorexigen-PAH No 6.6 –

Spanish Group 1 PH, CTEPH, age > 14 years
IPAH 30 %, CTD 25 %, CHD 16 %

Yes 16 4.6

PAH QuERI Group 1 PH
IPAH/HPAH 38 %, CTD 29 %, CHD 
7 %, Drug-exposure 5 %

Yes – –

COMPERA Group 1 PH, age > 18 years No – –

Registries listed by the year of publication. (*) Registries that developed survival prediction equations. NIH National Institutes of Health, PHC 
pulmonary hypertension connection, SMR Scottish Medical Record, REVEAL Registry to evaluate early and long-term pulmonary arterial hyper-
tension disease management, COMPERA comparative, prospective registry of newly initiated therapies for pulmonary hypertension, IPAH idio-
pathic pulmonary arterial hypertension, HPAH heritable pulmonary arterial hypertension, PAH pulmonary arterial hypertension, CTD connective 
tissue disease, CHD congenital heart disease, CTEPH chronic thromboembolic pulmonary hypertension, MAI million adult inhabitants
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data collection is superior, in order to minimize biases and 
missing or inaccurate data, but requires a much greater 
investment in time and resources.

�PAH Registries

PAH Registries have a number of distinguishing character-
istics, including the population recruited, the method of 
data collection, allowance of prevalent patients, era and 
region of data collection, timing of diagnosis, and period of 
observation. Table  20.1 displays the major PH registries 
conducted during the last 30 years. Starting with the land-
mark NIH registry of the early 1980s, PAH registries have 
been analyzed across the globe, allowing for comparison 
between populations in different eras and regions [3]. 
Important prognostic information has also been obtained. 
Systematic clinical surveillance of PAH is important espe-
cially as the field advances the knowledge of pathophysiol-
ogy and therapeutics. Registries have importantly identified 
the changing phenotype of PAH over time. The continual 
reassessment of patient demographics and survival are 
essential in the aging population and in the ever-changing 
climate of improved PAH targeted therapies. New assess-
ments of survival in the modern era helped develop predic-
tive survival equations. Furthermore, epidemiological data 
and practice patterns from different countries with diverse 
healthcare systems and variable availability to expert cen-

ters and drugs provide a more widespread view of the cur-
rent management of PAH.

Several registries that are either historically relevant or 
provide vital survival data in PAH will be spotlighted, includ-
ing ones that have generated equations for predicting sur-
vival [5, 6, 8–13]. Fundamental information about other 
registries, from China, Switzerland, United Kingdom-
Ireland, and the United States (PAH-QuERI) are also listed 
in Tables 20.1 and 20.2 [7, 14–18].

�National Institutes of Health (NIH) Registry

The Patient Registry for the Characterization of Primary 
Pulmonary Hypertension was the first national registry [5]. 
This landmark registry, sponsored by the NIH, began in 1981 
and prospectively collected clinical data on 194 patients 
from 32 centers in the United States with primary pulmonary 
hypertension (corresponding to idiopathic PAH in recent 
classification schemes), familial PAH (now heritable PAH), 
or anorexigen-induced PAH. Prior to the registry, there were 
many questions regarding the epidemiology and natural his-
tory of the disease. Data were collected on patients prospec-
tively according to standardized protocol from July 1981 to 
Sept 1985 and patients were followed through August 1988. 
The registry did not address prevalence of PAH. Pulmonary 
hypertension was defined by catheterization as a mean pul-
monary arterial pressure of >25 mmHg at rest or >30 mmHg 

Table 20.2  Demographic, clinical & hemodynamic characteristics of PAH registries

Registry Age (years) Female (%) FC III-IV (%)
6 MW distance 
(meters) RAP (mmHg) Mean PAP (mmHg) PVRI (WU · m2)

PAH patients

PHC 48 ± 14 77 80 – 11 ± 7 52 ± 14 –

Scottish-SMR 52 ± 12 70 – – – – –

French National 50 ± 15 65 75 329 ± 109 8 ± 5 55 ± 15 21 ± 10

REVEAL 50 ± 14 80 56 366 ± 126 9 ± 6 51 ± 14 21 ± 13

Spanish 45 ± 17 71 69 363 ± 120 9 ± 5 54 ± 16 –

Chinese (modern) 36 ± 13 70 54 378 ± 125 8 ± 5 63 ± 20 25 ± 14

Mayo 52 ± 15 76 55 329 ± 125 13 ± 6 53 ± 14 –

IPAH patients

NIH 36 ± 15 63 75 – 10 ± 6 60 ± 18 26 ± 14

PHC 45 ± 14 75 80 – 11 ± 7 56 ± 13 –

Scottish-SMR 49 ± 11 62 – – – – –

French National 52 ± 15 62 81 328 ± 112 9 ± 5 56 ± 14 23 ± 10

Chinese (pre-modern) 36 ± 12 71 61 – 13 ± 6 69 ± 19 –

REVEAL 50 ± 15 83 55 374 ± 129 10 ± 6 52 ± 13 23 ± 11

Spanish 46 ± 18 73 70 382 ± 117 8 ± 5 55 ± 15 –

Chinese (modern) 38 ± 13 70 66 353 ± 127 8 ± 6 63 ± 15 27 ± 12

Mayo 52 ± 15 76 56 344 ± 125 13 ± 6 55 ± 12 –

COMPERA 65 ± 15 60 91 293 ± 126 8 ± 5 44 ± 12 –

FC functional class, 6MWD six minute walk distance, RAP right atrial pressure, PVRI pulmonary vascular resistance index, mmHg millimeters of 

mercury, WU · m2 Wood Units × meters2
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with exercise. Primary pulmonary hypertension was only 
diagnosed after exclusion of other potential causes of pulmo-
nary hypertension, including collagen vascular disease and 
elevated left-sided filling pressures, defined as pulmonary 
capillary wedge pressure >12  mmHg. Demographic data, 
hemodynamic measures, pulmonary function, and gas 
exchange variables were obtained at baseline and assessed at 
6-month intervals.

There were 187 patients with mean age of 36 ± 15 years 
with a female to male ratio of 1.7:1. Five percent had a history 
of appetite suppressant use and 6 % were familial pulmonary 
hypertension. Female patients tended to have more severe 
symptoms at presentation with 75 % being in New York Heart 
Association (NYHA) functional class III or IV compared 
with 64 % of male patients. The median time from onset of 
symptoms to diagnosis was 2.0 ± 4.9  years (median 1.27). 
This landmark registry helped correlate hemodynamic find-
ings to severity of symptoms and survival. As expected, 
patients with NYHA functional class III or IV symptoms had 
higher mean pulmonary artery pressures, higher right atrial 
pressures and lower cardiac indices compared to less symp-
tomatic patients. By the time of diagnosis, the clinical and 
hemodynamic findings were advanced in most cases.

The NIH registry also characterized mortality and identi-
fied factors associated with survival for this select group of 

PAH patients. Because only incident cases were recruited 
and catheterizations were part of the initial evaluation, the 
date of diagnostic catheterization served as the baseline from 
which survival was measured. The estimated median sur-
vival was 2.8  years [19]. Variables associated with poor 
survival included NYHA functional class III or IV, presence 
of Raynaud’s phenomenon, elevated right atrial pressure 
(RAP), elevated mean pulmonary artery pressure (PAP), 
decreased cardiac index (CI) and decreased diffusing capac-
ity (of the lung) for carbon monoxide (DLCO) (Table 20.3). 
Estimated survival rates at 1-, 3- and 5-years were 68  %, 
48 % and 34 % respectively. By the end of the registry, 106 
of the 194 patients had died, including 26 % with sudden or 
unexpected death and 47  % from right ventricular failure. 
Symptom duration did not correlate with disease severity 
implying that disease progression differs among patients. Of 
the 36 patients (19  %) receiving long-term (non PAH-
specific) medication at study entry, there was no significant 
difference in survival time compared with patients not 
receiving therapy. However, the design of the study did not 
allow for valid assessment of differences in therapeutic inter-
ventions. This study certainly confirmed the poor prognosis 
of patients with pulmonary arterial hypertension.

The NIH registry gave the first national characterization 
of a rare disease with detailed evaluation of symptoms, labo-

Table 20.3  Predictors of mortality

NIH PHC French REVEAL Spanish United Kingdom Mayo COMPERA

Demographics Male X X X X X X
Age X X X X X

PAH etiology Connective tissue 
disease

X X X X X

Porto-pulmonary 
hypertension

X X

Heritable PAH X
Veno-occlusive 
disease

X X

Functional assessment ↑ NYHA or WHO 
functional class

X X X X X

Pulmonary function test ↓ 6 MW distance X X X
↓ DLCO X X

Hemodynamics ↑ RAP X X X X X X
↑ mean PAP X
↓ Cardiac output or 
index

X X X X X X X

↑ PVR or PVRI X X
Biomarkers ↑ BNP or NT-Pro 

BNP
X

Renal insufficiency X
Pericardial effusion X X

(X) indicates that a particular demographic, diagnosis, objective measure, etc. was identified as a predictor of mortality in the corresponding reg-
istry. NYHA New York Heart Association, WHO World Health Organization, 6 MW six minute walk, DLCO diffusing capacity for carbon monox-
ide, RAP right atrial pressure, PAP pulmonary arterial pressure, PVR pulmonary vascular resistance, PVRI pulmonary vascular resistance index, 
BNP brain natriuretic peptide, NT N-terminus
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ratory, imaging and hemodynamic findings as well as pro-
viding prognostic indicators. This registry provided the 
foundation for subsequent studies of PAH.

�French National Registry

The French National Registry is considered the first PAH 
registry in the modern treatment era. Disease-specific ther-
apies were absent at the time of the NIH registry and the 
classification of pulmonary hypertension had changed 
since the late 1980s. In the nearly two decades since the 
NIH registry, prostanoids, endothelin receptor antagonists 
(ERA) and phosphodiesterase-5 (PDE5) inhibitors became 
specifically available for PAH.  Despite these significant 
advances, there had not been a large-scale, national-level 
registry to update clinical and hemodynamic parameters of 
patients, prevalence of the disease or estimates of 
survival.

The prospective registry included 17 university hospitals 
with a total of 674 patients (121 incidence cases, 553 prevalent 
cases) through the French Network on PAH with 3-year fol-
low-up [10]. Adult PAH patients, including idiopathic, famil-
ial, anorexigen-induced, or PAH associated with CTDs, 
congenital heart diseases (CHD), portal hypertension and HIV 
were seen between October 2002 and October 2003. Diagnosis 
was considered to be the time of RHC, which was a pre-requi-
site for enrollment. Because prevalent cases were catheterized 
before study entry, Humbert et al. accounted for immortal time 
bias by using survival estimates and a Cox proportional haz-
ards model from the time of diagnosis. In addition, prevalent 
cases were entered into the risk set in delayed fashion (i.e. left 
truncation), by the same amount of time that had elapsed 
between diagnostic catheterization and registry entry. For 
example, if 12 months had elapsed between an individual’s 
diagnostic catheterization and recruitment into the registry, 
that individual’s subsequent time alive in the registry and con-
tribution to the cohort’s survival estimate did not begin until 
the 12 month point of the cohort’s survival curve and was not 
included in the first 12 months. There were also 121 incident 
cases (newly diagnosed), who were patients diagnosed during 
the registry’s recruitment phase and none of these patients 
were lost to follow-up.

Mean age was 50 ± 15 years, much older than in the NIH 
registry due to a more diverse group of enrolled PAH patients; 
female to male ratio was 1.9. The delay between the onset of 
symptoms and diagnosis was still 27 months. At diagnosis, 
75 % of patients had NYHA functional class III or IV symp-
toms. Hemodynamic evaluation demonstrated severe com-
promise with RAP 8 ± 5 mmHg, mean PAP 55 ± 15 mmHg 
and pulmonary vascular resistance index 20.5 ± 10.2 WU · m2 
with correlation to the NYHA functional class. IPAH com-
prised 39.2  % of patients and familial cases represented 

3.9 % of the population. At that time, epoprostenol, bosen-
tan, iloprost and sildenafil were the available approved thera-
pies. No mandatory specific treatment algorithm was used; 
thus, use of PAH targeted therapies was at the discretion of 
the treating physician.

Prevalence in France was calculated to be 15.0 cases per 
million adults, although a significant range (5–25 cases per 
million population) was noted across regions of the country. 
Unfortunately, this registry identified that despite the 
increased awareness of PAH since the NIH registry 20 years 
prior, patients were still being diagnosed with clinical impair-
ment as severe as during the time of the NIH registry.

The French PAH network followed patients for 3 years 
after study entry and demonstrated 1-, 2- and 3- year sur-
vival of 87 %, 76 % and 67 %, respectively in the overall 
cohort [20]. In a combined incident and prevalence (i.e. 
diagnosed <3 years from study entry) cohort of idiopathic, 
familial and anorexigen-associated PAH cases, survival for 
1-, 2-, and 3-year survival rates were slightly lower, 83 %, 
67  % and 58  % respectively, but still considerably better 
than NIH registry’s estimates [19]. The prevalent patients 
with idiopathic, familial and anorexigen associated PAH 
had higher survival rates than incident patients. Even 
though the registry made efforts to eliminate survivor bias 
(as described earlier), this finding may still reflect such a 
bias. There was better 3-years survival rate in patients with 
congenital heart disease, but poorer survival in CTD; these 
observations were subsequently confirmed by the REVEAL 
registry [21]. Multivariate analysis identified female sex, 
higher six minute walk distances, and higher cardiac output 
at time of diagnosis as independent prognostic factors for 
survival (Table 20.3).

�Pulmonary Hypertension Connection (PHC) 
Registry

The Pulmonary Hypertension Connection registry (PHC) 
was a large U.S. based registry conducted at three sites by 
essentially one group of researchers. From 1982 to 2006, 578 
patients with WHO Group 1 Pulmonary Arterial Hypertension 
were included [8]. The goal was to define clinical character-
istics and prognosis of WHO Group 1 PAH patients and 
compare groups by etiology and across treatment eras.

Patients were segregated into prevalent (1982–2004) ver-
sus incident (2004–2006) groups, with only the latter group’s 
data being collected prospectively. Patients were also com-
pared by treatment era: pre-1996 (before approved thera-
pies), 1996–2002 (only IV epoprostenol) and post-2002 (IV, 
subcutaneous or inhalational prostacyclins, ERAs and PDE5 
inhibitors). Seventy-seven percent of the PHC cohort was 
female, confirming again the female predominance of PAH; 
the only subgroup without female predominance was Human 
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Immunodeficiency Virus (HIV) -associated PAH. The PHC 
registry again recognized that patients with PAH are referred 
to specialty centers far into the disease course, as 80 % of 
patients had NYHA functional class III or IV symptoms at 
presentation.

PHC included all types of Group 1 PAH patients, 
including 44 % idiopathic, 4 % heritable PAH (HPAH) and 
3  % anorexigen, along with several associated PAH 
groups  – 30  % CTD, 11  % CHD, 7  % porto-pulmonary 
hypertension and 1  % HIV-associated PAH.  These fre-
quencies were similar to the French registry, but differed 
from the NIH registry which only included IPAH, HPAH 
and anorexigen-related PAH.  Compared with other sub-
groups, patients with connective tissue disease (CTD) had 
more severe disease: poorer exercise capacity, a worse 
functional class, a higher mean PAP, higher pulmonary 
vascular resistance (PVR) and lower CI.  Meanwhile, 
higher functional class, better exercise capacity, lower 
mean PAP, lowered PVR and higher CI were seen with 
porto-pulmonary hypertension and congenital heart dis-
ease (CHD) -associated PAH.

For the entire cohort, median survival time was 3.6 years. 
The 1-, 3-, and 5- year survival rates were 84 %, 67 % and 
58  %, respectively. The 1-year survival for the incident 
cohort was 85  %, which is similar to the French registry 
(88 % 1 year survival) but improved from NIH registry [10, 
19]. Using Cox proportional hazards analysis, increasing 
age, CTD as the etiology for PAH, higher functional class, 
higher RAP and lower CI were identified as significant and 
independent predictors of mortality (Table  20.3) [22]. In 
essence, PHC confirmed some of the NIH findings but once 
again highlighted how advancements in care had improved 
survival.

�Scottish Registry

The Scottish registry described the epidemiologic features of 
PAH in a population over a prolonged period of time (1986–
2001), by reporting data from the Scottish Morbidity Record 
(SMR) and the Scottish Pulmonary Vascular Unit (SPVU) 
[11]. This retrospective population cohort study used records 
from a national hospitalization database for Scotland; the 
SMR relied on systematic coding of hospital admissions and 
assembled a cohort of 374 incident patients, aged 16–65 
years with diagnosis of IPAH, CTD-PAH or CHD-PAH. The 
overall population prevalence was 52 cases per million. The 
median survival of incident patients with IPAH was 3.8 years 
in females and 5.6 years in males, which is contrary to the 
poorer survival in male patients in the NIH, French, PHC and 
REVEAL registries [8, 19, 20, 23]. These lengthier survival 
times cast doubt on the PAH diagnosis in some of the patients 
from the SMR group.

The incidence and prevalence was also examined from the 
SPVU (1997–2005), which is a national specialist center for 
PAH management and is responsible for diagnosis and treat-
ment of all cases of PAH in Scotland. All patients with PAH 
were diagnosed by standardized protocol, including RHC. The 
prevalence was 26 cases per million adult inhabitants.

The Scottish registry collected epidemiologic data from 
two perspectives. The SMR identified patients simply by 
ICD-9 code. The accuracy of the diagnosis was not con-
firmed by standardized protocol, like the SPVU data. As a 
result, there was a lower prevalence of PAH from the SPVU 
than from the SMR analysis (52 versus 26 cases per million 
adult inhabitants). Even though the data from SMR repre-
sents a survey of inexpert diagnoses, it still suggests that reg-
istries conducted at specialized centers may underestimate 
prevalence rates due to numerous challenges precluding 
some individuals from being evaluated at distant expert-
based referral centers. In addition, the lower prevalence rate 
from SPVU is still significantly higher than the French 
National Registry (26 versus 15 cases per million) [10]. 
Considering these two large national experiences, differ-
ences in prevalence likely exist in various regions of the 
world, but also depend on the method of case identification 
and data collection [24].

�Spanish Registry of PAH (REHAP)

The Spanish Registry of Pulmonary Arterial Hypertension 
(REHAP) examined the prevalence, incidence and survival 
of PAH and chronic thromboembolic pulmonary hyperten-
sion (CTEPH) in Spain from January 1998 to June 2008 
[12]. One of its objectives was to assess the applicability of 
recently developed predictive equations (for survival). 
Demographic, functional and hemodynamic variables were 
evaluated in 866 PAH and 162 patients with CTEPH. Patients 
were diagnosed as incident if diagnostic RHC took placed 
within 6 months of the Registry’s inception. PAH prevalence 
was estimated to be 16 cases per million. The prevalence for 
CTEPH was only 3.2 cases per million. With incident PAH 
cases, the delay between the onset of symptoms and diagno-
sis was 2.2 years and in previously diagnosed patients was 
3.7 years, possibly suggesting some improvement in disease 
awareness over the period of the recruitment. Sixty-nine per-
cent of patients in the PAH group were in WHO functional 
class III or IV, which was similar to the 77 % of the CTEPH 
group. Interestingly, only 30 % of CTEPH patients under-
went pulmonary thromboendarterectomy, the treatment of 
choice for CTEPH. This was also the first registry to describe 
pulmonary veno-occlusive disease (PVOD) within a larger 
PAH cohort. PVOD only made up 1.5 % of the cohort and 
prevalence was estimated to be 0.16 cases per million adults; 
but the authors speculated an underestimation of true preva-
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lence. Patients with PVOD had more severe hypoxemia, 
lower DLCO, absence of vasodilator response and poorer 
survival compared with patients with IPAH.

Observed survival at 1- and 3- years was 87 % and 75 %, 
respectively with no significant differences between the PAH 
and CTEPH cohorts. Corresponding survival in IPAH 
patients was 89 % and 77 % at 1- and 3- years respectively. 
In multivariate analysis, PAH associated with connective tis-
sue disease, portal hypertension and pulmonary veno-
occlusive disease were independently associated with death. 
Again, males, higher WHO functional class, higher mean 
RAP and lower CI were also independent predictors of death 
in PAH (Table 20.3). As defined in their objectives, Spanish 
investigators explored the accuracy of predictive equations 
from NIH, PHC, French National and REVEAL. While esti-
mates from the PHC equation fit fairly well with the REHAP 
observations, significant differences between projected and 
observed survival were noted with the NIH, French, and 
REVEAL equations.

�Registry to Evaluate Early and Long-Term 
Pulmonary Arterial Hypertension Disease 
Management (REVEAL)

REVEAL is the largest PAH registry to date and provided 
updated WHO Group 1 patient demographics in the U.S. The 
observational REVEAL registry also characterized the land-
scape of PAH in the modern era, by enrolling ~3500 patients 
from 54-centers between 2006 and 2009 [6]. Of note, the pub-
lication of REVEAL was prior to the fourth World Symposium 
on Pulmonary Hypertension; therefore, PAH was diagnosed 
based on criteria from third World Symposium on Pulmonary 
Hypertension (i.e. mean PAP > 25 mmHg at rest or >30 mmHg 
with exercise; PAWP or LVEDP ≤ 15  mmHg and PVR > 240 
dyne/s/cm5).

Importantly, REVEAL only included 14  % recently-
diagnosed (incident) cases, whereas 86 % were previously-
diagnosed (prevalent) patients, most of whom were already 
receiving PAH-specific treatment at enrollment. Patients 
must have been diagnosed by catheterization, but REVEAL 
did expand the PAWP cut-off for enrollment to 18 mmHg. 
The higher PAWP facilitated enrollment of a more typical 
‘real-world’ population of PH patients, thus separating it 
from previous registries.

REVEAL explored questions of whether population 
demographics in the current era differ from those encoun-
tered in previous registries. The registry included 2,955 
patients with IPAH, HPAH and PAH- associated with other 
disorders, in contrast to the NIH registry. Prospectively col-
lected data illustrated an older cohort (mean age at diagnosis 
47 years) with an even greater female predominance (3.6:1) 
compared to the NIH registry (mean age 36 years and 1.7:1 

female to male ratio). Compared to the French registry, the 
REVEAL cohort had a higher percentage of obesity (32.5 % 
versus 14.8  % with body mass index ≥ 30  kg/m2) [25]. 
REVEAL also recruited a larger percentage of anorexigen-
related PAH than the NIH or French registries (15.3 % versus 
5  % versus 9/5  %, respectively), which may reflect the 
increasing obesity epidemic in the United States, availability 
of anorexigen compounds in the 1990s and the potential 
latent effects of anorexigen exposure on PAH pathogenesis. 
Hemodynamic parameters at time of diagnosis had not 
changed significantly since the NIH registry. Despite 
increased physician awareness, there was little change in 
severity of PAH at time of diagnosis: 72 % classified as being 
in NYHA functional class III/IV similar to the 70–80  % 
range of other registries, including NIH.  REVEAL essen-
tially followed a large cohort of diverse PAH patients in the 
modern treatment era.

Survival in REVEAL was determined from the date of the 
diagnostic catheterization, similar to the French National 
Registry. Immortal time bias was also addressed in a manner 
similar to the French National Registry, i.e. left-truncation of 
prevalent cases during survival analysis. But unlike the 
French National Registry, REVEAL investigators incorpo-
rated factors for their multivariable predictor analysis from 
the time of registry enrollment and not the time of diagnosis 
(or catheterization) [6, 10, 23, 26]. One-, 3-, 5- and 7- year 
survival estimates were 85 %, 68 %, 57 % and 49 % respec-
tively. In addition, survival in the IPAH/HPAH subset, which 
was matched to NIH registry entry criteria, was 91 %, 74 %, 
65 % and 59 % at 1-, 3-, 5-, 7- years, which was considerably 
higher at all time points than the projected survival from the 
NIH equation [26]. REVEAL identified 19 prognostic vari-
ables, some favorable and some unfavorable, such as sub-
type of PAH, age, PVR, RAP, renal insufficiency, resting 
systolic blood pressure, resting heart rate, brain natriuretic 
peptide, presence of pericardial effusion and DLCO. Similar 
to the French registry, sex, functional class and 6-minute 
walk distance were significant predictors (Table 20.3) [23]. It 
is noteworthy that PVR, and not mean PAP or cardiac output 
was a significant predictor of survival; even though PVR is a 
derived measure (i.e. the ratio of pressure and flow) with 
potential for inaccuracy in certain clinical condition such as 
a low cardiac output state, severe tricuspid regurgitation, etc.

�Mayo Clinic Registry

The Mayo Clinic registry prospectively evaluated 484 
patients with WHO group 1 pulmonary hypertension from 
January 1995 to December 2004 followed at the Mayo Clinic 
pulmonary hypertension specialty clinic in Rochester, MN 
[9]. The objective was to evaluate survival patterns in patients 
with PAH and establish clinical and hemodynamic prognos-
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tic factors. Unlike other modern registries, only newly diag-
nosed or incident cases were included. The time of diagnosis 
was the date of evaluation by the PH physician and generally 
corresponded to the date of the pre-requisite heart catheter-
ization. The mix of PAH patients was broad and similar to 
other contemporary registries, including 56 % percent idio-
pathic, familial or anorexigen-related PAH, 24 % PAH asso-
ciated with CTD and remaining 20  % were congenital 
systemic to pulmonary shunts, portal hypertension and 
HIV. Mean age was 52 years and similar for men and women. 
The mean disease duration from onset of symptoms to Mayo 
Clinic evaluation was 1.8  years. Seventy-one percent of 
patients were in NYHA functional class III/IV. Patients with 
CTDs were older, predominately female, exhibited greater 
markers of disease severity and worse hemodynamic param-
eters than IPAH patients.

Overall cohort’s mean survival was 4.56 years with 1-, 3-, 
and 5-year survival rates of 81.1 %, 61.1 %, 47.9 %, respec-
tively. Males had a poorer prognosis and mortality increased 
by 27 % with every decade of increasing age. Patients with 
PAH associated with CTD had two-fold higher risk of death 
compared to other PAH sub-groups. Higher WHO functional 
class, lower CI and higher RAP were associated with mortal-
ity. Renal insufficiency (serum creatinine level >1.5 mg/dL) 
was also associated with a higher mortality rate. Interestingly, 
the Mayo Registry showed that survival predictions were 
enhanced when the functional class was supplemented by 
additional factors, such as demographics and objective mea-
sures (i.e. labs, 6MW distance, pulmonary function testing, 
echocardiogram, and heart catheterization) (Table 20.3).

�Comparative, Prospective Registry of Newly 
Initiated Therapies for Pulmonary 
Hypertension (COMPERA)

COMPERA is an ongoing European registry started in July 
2007. A total of 1283 PAH patients, including 800 IPAH, 
have been enrolled from 41 pulmonary hypertension centers 
from 7 European countries (Germany, Belgium, Netherlands, 
Italy, Austria, Switzerland, and United Kingdom) [13, 27]. 
All patients were newly diagnosed with PAH and no one 
diagnosed prior to May 2007 was entered. Interestingly, 
median ages of the entire cohort (68 years [IQR 55–75]) and 
the IPAH/HPAH/drug-associated subgroups (71 years [IQR 
55–87]) were considerably higher than other historic or even 
contemporary registries, which in part reflects the changing 
demographics of the PAH population or that COMPERA 
may also be including patients with heart failure with pre-
served ejection fraction (Group 2 PH) rather than traditional 
PAH (or Group 1 PH) patients. The registry also evaluated 
initial PAH treatment and found that the majority of patients 
received PDE5 inhibitors (58  %). Forty-four percent of 

patients were treated with ERAs and 2 % of patients were 
receiving prostacyclin analogues. Forty-five percent of 
patients were treated with combination therapy during fol-
low-up. In multivariable analysis, males, increasing age and 
NYHA functional class IV were independent predictors of 
poor prognosis in IPAH (Table 20.3). COMPERA also uti-
lized registry data to compare survival rates in patients with 
IPAH and other forms of PAH stratified by the use of antico-
agulation [27].

Considering all these registries collectively, several points 
and trends are apparent. PAH remains a very serious and 
lethal condition with the majority of patients being in 
functional class III or IV at the time of diagnosis. PAH 
afflicts women much more than men. The largest PAH sub-
groups remain IPAH and CTD-PAH. The mean age of PAH 
cohorts has increased considerably, partly due to inclusion of 
a more heterogeneous patients, but perhaps also because of a 
burgeoning group of older individuals diagnosed with 
IPAH. The severity of initial cardiopulmonary hemodynam-
ics has changed very little over time. Consistent and signifi-
cant predictors of survival include demographic factors (age, 
males), hemodynamics (RAP, CI) and functional assess-
ments (NYHA or WHO functional class, 6MW distance). In 
particular CTD-PAH and porto-pulmonary PAH patients 
have the poorest survival. Most importantly, survival from 
the registries has improved over time, presumably due to the 
availability of PAH-specific therapies; but a significant 
caveat is the inclusion of prevalent patients into registries 
and the resulting impact of immortal time bias.

�Survival Prediction and Prognosis

One potential use of registry data is to develop risk equations 
that predict mortality or, stated differently, forecast survival. 
Ideally, a predictive equation should have broad applicability 
to diverse patients with the same diagnosis and at different 
times in an individual’s course. And, since some components 
of an equation may not be available, the equation should still 
be usable in the face of some missing data. An equation 
should exhibit good calibration for estimating survival in 
cohorts of patients. But for clinical practice, a survival equa-
tion also needs to reliably discriminate between survivors 
and non-survivors.

PAH registries have generally collected a wide range of 
clinical data, including demographics, physiologic variables 
(e.g. right-heart catheterization data, DLCO), laboratory 
measurements (e.g. BNP), and co-morbidities. These data 
have then been used to create multivariate equations for pre-
dicting survival. The NIH and PHC equations are based 
entirely on the hemodynamic parameters mean PAP, mean 
RAP, and CI [5, 8, 19, 22]. By contrast, the French survival 
equation also included 6 MW distance and sex along with the 
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cardiac output [10, 20]. The REVEAL equation also includes 
hemodynamic measures, but instead of the mean PAP or car-
diac output, PVR and mean RAP were incorporated. 
Importantly, the REVEAL equation also factors in numerous 
non-hemodynamic variables, including demographics, etiol-
ogies of PAH, functional class, laboratory markers, renal 
insufficiency and presence of a pericardial effusion among 
others; all items were found to be significant to the model 
through a multivariate Cox proportional hazards analysis 
(Table 20.4) [21, 23, 28]. Additional details of the four equa-
tions, efforts at their validation, and their respective strengths 
and weaknesses are described below and summarized in 
Table 20.5.

�NIH Equation

As noted earlier, the NIH registry enrolled patients with 
IPAH in an era before modern therapies for pulmonary 
hypertension were available. This model was developed by 
multivariate regression analysis of the variables that inde-
pendently predicted mortality. Estimated percentages of 
patient survival at 1, 3, and 5 years using this equation are 
68 %, 48 %, and 34 %, respectively [19].

	
P t H t

A xyz( )= ( )éë ùû
( )

	

	
H t t t( )= - +éë ùû0 88 0 14 0 01 2. . . 	

	
A xvz e x y o z( )= + -( )0007325 00526 3275.

	

P (t) indicates the patient’s chances of survival and t = 1, 2 or 
3 years

x = mean pulmonary artery pressure
y = mean right atrial pressure
z = cardiac index

Sandoval et  al. demonstrated good correlation between 
survival estimates from the NIH equation and observed sur-
vival in an external cohort of IPAH patients from Mexico in 
essentially the same treatment era as the NIH registry. The 
NIH equation appeared to have greater accuracy when 
applied to the sub-group of patients that were not acutely 
responsive to vasodilators [29]. A number of clinical trials 
have subsequently utilized NIH equation-predicted survival 
as the comparator to the observed survival on that specific 
medication [14, 30–34]. But when applied to more contem-
porary cohorts, the NIH equation has underestimated sur-
vival, even when limited to cohorts of IPAH, HPAH and 
anorexigen patients [14, 23, 35, 36]. This has been attributed 
to change in awareness, updated management strategies, 
availability of PAH-specific therapies, and possibly a change 
in the phenotype of pulmonary hypertension [3]. 

Table 20.4  Predictors of mortality from the REVEAL registry: variable coefficients for the linear component of the Cox model and weighted 
values for the REVEAL risk calculator

WHO Group 1 subgroup Heritable PAH Porto-pulmonary hypertension CTD-PAH
+0.7737 +2 +1.2801 +2 +0.4624 +1

Demographics and co-morbid conditions Male > 60 years Renal insufficiency
+0.7779 +2 +0.6422 +1

NYHA/WHO functional class FC I FC III FC IV
−0.8740 −2 +0.3454 +1 +1.1402 +2

Vital signs SBP < 110 mmHg Heart rate > 92 bpm
+0.5128 +1 +0.3322 +1

6 MW distance ≥440 m <165 m
−0.5455 −1 +0.5210 +1

BNP BNP < 50 pg/ml or NT-Pro 
BNP < 300 pg/ml

BNP > 180 pg/ml or NT-Pro 
BNP > 1500 pg/ml

−0.6922 −2 +0.6791 +1

Echocardiogram Any pericardial effusion
+0.3014 +1

Pulmonary function test % predicted DLCO ≥ 80 % % predicted DLCO ≤ 32 %

−0.5317 −1 +0.3756 +1

Right heart catheterization RAP > 20 mmHg within 1 year PVR > 32 wood units
+0.5816 +1 +1.4062 +2

(+) and (−) numbers are additions and subtractions to the linear component of the REVEAL survival equation. Italicized numbers represent the 
corresponding weighted value for a particular variable in the REVEAL risk calculator. (+) values indicate increased risk of mortality and (−) values 
indicate decreased risk of mortality. CTD connective tissue disease, FC functional class, SBP systolic blood pressure, 6 MW six minute walk, BNP 
brain natriuretic peptide, NT N-terminus, pg/ml pictograms/milliliter, DLCO diffusion capacity for carbon monoxide, RAP right atrial pressure, 
PVR pulmonary vascular resistance
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Improvements to the NIH equation have been proposed from 
data collected by recent PH registries [22, 35].

�French National Registry Equation

Although the French National Registry included patients 
with all types of Group 1 PAH, the equation was developed 
from a subset of incident and prevalent cohorts (diagnosed 
less than 3 years before enrollment) with idiopathic, familial 
or anorexigen-associated PAH (n = 190 – 56 incident and 134 
prevalent), and importantly left out patients with CTD, con-
genital heart disease, portal hypertension, and HIV [10, 20]. 
This subset of patients was chosen to better control for the 
presence or absence of associated conditions that would 
independently affect mortality. For this PAH subgroup, 1-, 
2-, and 3- year survival was 83 %, 67 % and 58 % respec-
tively. The French equation included factors which indepen-
dently influenced survival as determined by the multivariate 
regression model. Probability of survival with this equation 
is estimated as:

	
P t t

x y z( )= − −( ) − + +( )exp . .
exp( . . .

0 02 0 28
0 004 0 98 0 28

	

t = time since diagnosis
x = 6MWD at diagnosis
y = 1 if female, y = 0 if male
z = cardiac output at diagnosis

The French registry has been prospectively validated and 
shown to have adequate predictive power when tested in a 
matched cohort from the U.S.-based REVEAL registry [37]. 
But when tested in the U.K. and Spanish Registries, the French 
equation tended to overestimate the risk of death [12, 38].

�Pulmonary Hypertension Connection (PHC) 
Equation

Similar to the French equation, the PHC equation was devel-
oped to predict survival in a subgroup of patients with idio-
pathic, familial or anorexigen-associated PAH enrolled in the 
PHC Registry [8, 22]. For this subgroup, 1-, 3-, and 5-year 
survival was 91 %, 75 % and 65 % respectively, whereas sur-
vival predicted by NIH equation was 65, 43 and 32  %, 
respectively. Again, these mortality differences likely repre-
sent the recent availability of targeted PAH therapies. PHC 

Table 20.5  Strengths and limitations of the various predictive equations

NIH French National PHC REVEAL

Strengths First national registry 17 expert centers Large center over extended 
period of time

National registry (>50 
centers)

Prospective data collection Derivation cohort similar to NIH Derivation cohort similar to 
NIH

Included all PAH groups

First characterization of the 
disease

Uniform diagnostic criteria Equation allows survival 
prediction over extended 
time

Modeling with clinical 
objective variables

Modeling with clinical 
objective variables

Modeling with clinical objective 
variables

Modeling with clinical 
objective variables

Usefulness for cohort

Usefulness for cohort Usefulness for cohort Usefulness for cohort Incident and prevalent 
cases

Incident and prevalent cases

Equation allows survival 
prediction over extended time

Weaknesses Different standard of care Potential for bias since data set 
included prevalent patients 
diagnosed up to 3 years prior to 
study entry

Only uses hemodynamics Industry sponsored

Lack of advanced imaging 
modalities

Retrospective and 
prospective chart review

Included all PAH groups

Only uses hemodynamics Single center Prevalence may be 
underestimated as not all 
patients enrolled at every 
site

Not updated over time Limited usefulness for 
individual patient

Limited usefulness for 
individual patient

Only valid to predict 1-year 
survival

Limited usefulness for 
individual patient

Not adaptive or able to predict 
the trajectory

Not adaptive or able to 
predict the trajectory

Not adaptive or able to 
predict the trajectory

Not adaptive or able to 
predict the trajectory

Adapted with permission from Thenappan et al. [35]
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equation predicts the probability of survival primarily by 
hemodynamic values:

	
P t e A x,y,z t( )= − ( )

	

A x,y,z e x y z( )= − − + −( )1 270 0 0148 0 0402 0 361. . . .  in non-responders to  
calcium-channel blocker

A x,y,z e x y z( )= − − + −( )3 012 0 0148 0 0402 0 361. . . .  in responders to  
calcium-channel blocker

t = time since diagnosis
x = mean pulmonary arterial pressure (mean PAP)
y = mean right atrial pressure
z = cardiac index

Although only seen in approximately 3 % of patients, an 
acute vasodilator response was noted to be a strong prognos-
tic indicator. Thenappan et al. externally validated the PHC 
and the French equations in a dataset of 449 patients with 
IPAH, HPAH or anorexigen-PAH prospectively assembled 
from four different clinical trials of investigational pros-
tanoid therapy [35].

�REVEAL Prognostic Equation and Risk Score

The REVEAL prognostic equation was derived from vari-
ables independently associated with mortality through multi-
variable analysis (with Cox proportional hazards) in 2716 
patients enrolled in the REVEAL registry [21, 23, 28]. 
Because REVEAL’s enrollment was several-fold larger than 
the other registries, the predictor analysis was much more 
robust, leading to quite a few more predictors. The equation 
predicts 1- year survival as:

	
P S

Z’= ( ) ( )0 1
exp bg

	

S0(1) = baseline survivor function (0.9698)
γ = shrinkage coefficient (0.939)
Z’β = linear component.

The linear component of this complex equation is depen-
dent on 19 variables (Table 20.4). Variables that add to the 
linear component are risk factors (total 15), whereas the ones 
which subtract from it are protective factors (total 4).

Benza et al. validated the prediction equation in a sub-
group of 504 recently diagnosed PAH patients (catheter-
ization <3  months of registry enrollment) from 
REVEAL. Survival estimates from the REVEAL equation 
were stratified into 5 groups, ranging from low to very 
high risk of death; and the model calibrated extremely well 
with observed 1-year survival [21]. The full REVEAL sur-
vival equation also showed good external calibration for 

predicting 1-year survival in a relatively small cohort of 
PAH patients from a single U.S. center [39]. Furthermore, 
the REVEAL risk calculator was developed by assigning 
weighted values to the independent prognostic variables of 
the full survival equation (Table 20.4), in order to develop 
a more facile tool for routine clinical practice. The simpli-
fied risk calculator was also shown to have excellent cali-
bration for predicting 1- year survival across the same 5 
risk groups [40]. Prognostic abilities of the REVEAL risk 
calculator has also been externally validated in a cohort of 
matched patients from the French Registry [39, 41, 42].

�Applying Survival Equations

An important aspect of a risk equation is its intended use – 
projecting survival estimates for cohorts or an individual. As 
described above, the French, PHC and REVEAL predictive 
equations have been shown through external validation to 
provide accurate survival estimates in cohorts of PAH 
patients. However, reliability of these equations for predict-
ing the survival of an individual patient is not robust. For 
example, Sandoval’s analysis demonstrated that the NIH 
equation was highly predictive of which individuals would 
survive (i.e. highly sensitive) but struggled to identify which 
individuals would die (i.e. low specificity) when using a rigid 
survival prediction cutoff of 50 % [29]. In Thenappan’s anal-
ysis, the PHC equation also had high sensitivity for predict-
ing individual’s survival, but again lacked specificity (i.e. 
identifying likely deaths). The NIH equation had high speci-
ficity at the expense of low sensitivity. Meanwhile, the 
French equation predicted individual survival with interme-
diate sensitivity and specificity. Moreover, the area under the 
receiver operator characteristic (ROC) curve for all 3 equa-
tions was similar (only ~0.55), indicating a lack of predictive 
accuracy. The authors concluded that none of these three 
equations could be applied to predicting an individual 
patient’s survival [35].

Benza et al. demonstrated better discrimination of survi-
vors and non-survivors by the REVEAL survival equation 
and the REVEAL risk score through a validation cohort from 
within the REVEAL registry. The probability of concor-
dance (or c-index) was 0.72, thus confirming good discrimi-
nation (of survivors from non-survivors at 1 year) for both 
tools [21]. The c-index, which approximates the area under 
an ROC curves, is a different statistical evaluation of an 
equation’s discriminatory capability. In essence, an equa-
tion’s c-index is the probability that a randomly chosen sur-
vivor will have a higher projected survival estimate than a 
randomly chosen deceased subject; a c-index equaling 1.0 is 
perfectly discriminatory, while 0.5 represents chance predic-
tion [43]. The REVEAL equation was also able to discrimi-
nate effectively when tested for specific subgroups of 
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maximally treated patients (i.e. on parenteral prostanoids), 
newly diagnosed patients, patients with a pulmonary capil-
lary wedge pressure ≤ 12 mmHg (NIH registry definition), as 
well as IPAH/HPAH or other forms of PAH. Cogswell et al. 
demonstrated very good discrimination of 1-year survival, 
using the original REVEAL equation, in their single-center 
cohort of 140 PAH patients with a reported c-index of 0.77. 
The concordance index held up even though there were sig-
nificant differences in the composition of PAH sub-types 
(from REVEAL) and a substantial number of patients with 
missing data for some key variables in the equation [39]. 
Meanwhile, Kane et al. studied the REVEAL risk score in 
the much larger Mayo cohort and determined a comparable 
c-index of 0.71 [9]. Therefore, the REVEAL risk calculator 
has discriminatory power similar to the full survival equation 
and has the potential to be used in everyday clinical practice 
(pending further studies and validation).

Another important test characteristic of predictive equa-
tions is the time-frame for predicting survival. While the 
NIH, French, and PHC equations may not offer as strong dis-
criminatory power as the REVEAL equation or the risk score, 
these older equations are designed to estimate survival as a 
function of time. Therefore, an individual’s survival can be 
estimated at 1, 2 and 3 years, etc. The REVEAL equation and 
simplified risk calculator were designed to estimate survival 1 
year from the point of acquisition of the variables entered into 
the risk calculator. One analysis of the Mayo registry cohort 
did note good discrimination of 5 year survival with the 
REVEAL risk score [9]. In another report though, the dis-
criminatory ability of the full REVEAL equation for predict-
ing 5 year survival was not as good as the 1 year projection, 
and particularly overestimated risk in patients in the interme-
diate risk category [39]. Additional experience is needed 
before the REVEAL equation or risk calculator can be used 
reliably to forecast survival beyond 1 year, especially as ther-
apeutic options in PAH continue to expand.

In total, numerous analyses demonstrate that currently 
available modern survival equations, notwithstanding the 
NIH equation, are best suited to estimate survival in cohorts 
of patients. In addition, the REVEAL survival equation and 
risk score, which are also able to discriminate between survi-
vors and non-survivors, can be used at the individual level but 
are best limited to predicting short term or 1-year survival.

�Challenges to Applying Survival Equations 
in Clinical Practice

�Heterogeneity of PAH

At its core, PAH is a heterogeneous group of disorders that 
share some common pathologic features and, presumably, 
underlying mechanisms of disease. But PAH disorders have 

largely been linked together by a clinical classification sys-
tem based on the severity of hemodynamic derangements, 
clinical presentation, and disease course in the late stages. 
Given the rarity of Group 1 PAH conditions, such as IPAH, 
HPAH, and HIV-associated PAH, it is understandable to 
aggregate data from potentially diverse subgroups. By 
assembling a larger cohort of patients, a registry’s statistical 
power increases and predictive value enhanced. Modern 
PAH registries have incorporated several hundred to several 
thousand PAH patients with the majority of patients having 
either IPAH or CTD-associated PAH, while less frequent 
representation from rarer subgroups such as porto-pulmonary 
HTN, HIV-PAH and CHD-PAH.  But, these subgroups 
behave quite differently and exhibit different survival curves, 
especially in the long-term [21]. Accordingly, caution has to 
be exercised when applying survival equations to rarer PAH 
sub-groups, which sorely need dedicated registries.

Age is an important discriminator of outcome in PAH, 
with older adults faring worse [9, 13, 16, 22, 26]. Furthermore, 
PAH subgroups can also be differentiated by age at PAH 
diagnosis. In the NIH registry of the 1980s, patients with 
IPAH typically presented in the third or fourth decade of life 
with an average age of 36 ± 15 years [5]. PAH patients with 
CHD are often recognized during childhood or present in 
young adulthood, depending on the complexity and size of 
the defect [44]. On the other end of the spectrum, patients 
with systemic sclerosis, which is the most common form of 
CTD-PAH, present much later in life as one large series from 
the United Kingdom demonstrated (mean age of 
63.9 ± 10.5 years) [45]. With more diverse enrollment, mod-
ern PAH registries typically report an average age in the fif-
ties, which is much older than the average age of the more 
homogeneous cohort of IPAH patients entered into the NIH 
registry 30 years ago [5, 6, 8, 10]. Age alone challenges the 
use of older survival equations as the population of PAH 
evolves.

Co-morbidities, which are often associated with the 
underlying disorder implicated in PAH pathogenesis, also 
factor into survival and are often not captured in large regis-
try efforts. For example, renal dysfunction appears to be an 
important predictor of outcome in PAH; in fact, the relatively 
crude creatinine value (as an estimate of renal function) is 
part of the REVEAL risk calculator [9, 21, 46]. However, 
other registries have failed to capture information on renal 
function. Patients with systemic sclerosis not infrequently 
exhibit concomitant pulmonary conditions, such as intersti-
tial lung disease, or cardiac issues, including diastolic dys-
function, arrhythmias and valvular disease, that may impact 
response to PAH therapies and survival [45, 47–49]. 
Individuals with CHD, ultimately develop Eisenmenger’s 
physiology with irreversible pulmonary vasculopathy lead-
ing to right-to-left circulatory shunting and severe chronic 
hypoxemia. Eisenmenger’s syndrome is a multi-system dis-
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order with intrinsic cardiac, hematologic, musculoskeletal, 
renal, and cerebrovascular manifestations [50]. Similarly, 
non-PAH manifestations of liver disease and portal hyperten-
sion, certainly impact the course of patients with porto-
pulmonary hypertension and likely lead to the noticeably 
poor survival of that PAH sub-group [21, 51]. This level of 
comorbidity detail has not been captured in large-scale PAH 
registries and therefore challenge the ability of predictive 
equations to equally forecast survival in diverse PAH sub-
groups, many of which only make up a small portion of reg-
istry enrollment.

�Measurement of Predictors and the Use 
of Survival Equations

The REVEAL survival equation and risk calculator represent 
a significant advancement from earlier risk equations. 
Thanks to a richer body of variables that are entered in the 
REVEAL equations, a more thorough assessment of an indi-
vidual is undertaken, leading to better discrimination of indi-
vidual’s short-term survival. But the cost of implementing 
the equation in routine clinical practice cannot be over-
looked, as the full dataset requires recent data from an echo-
cardiogram, laboratory tests, pulmonary function tests, and 
RHC. This burden of testing will limit use of the equation or 
the risk calculator on a repetitive and longitudinal basis. 
Developers of the risk equation and calculator note that 
absence of some data does not hinder the equation’s ability 
to provide reliable predictions, but its discriminatory value 
does diminish with incremental missing data [23]. Efforts 
are underway to simplify the REVEAL risk calculator with-
out compromising its predictive power, but additional valida-
tion will be needed [41].

Once data are collected, the operational aspects of the 
various equations come into play. None of the equations is 
particularly user-friendly in the routine clinical environment 
and require a fair degree of computation. For this reason, the 
REVEAL risk calculator is much more ideally suited for rou-
tine clinical use as the weighted values for individual risk 
factors can be easily calculated.

Another challenge to applying survival equations stems 
from inaccuracy and variability of the actual variables needed 
to compute survival. The NIH, French, and PHC equations 
rely heavily on hemodynamic measures, such as the cardiac 
output (or index), RAP and PAP. Even the elaborate REVEAL 
risk calculator relies on two key hemodynamic measures, 
RAP and PVR. Although RHC remains critical for diagnos-
ing PAH and assessing prognosis, there are concerns about 
the accuracy and consistency of these fundamental measure-
ments as routine clinical practices vary considerably [52–
54]. Efforts to better standardize hemodynamic measurement 
in PAH have been published [55]. The 6  MW distance is 

another important variable in the French and REVEAL equa-
tions. While the 6 minute walk test is designed to measure an 
individual’s exercise capacity and thereby providing an 
inferential assessment of one’s pulmonary vascular disease 
and right ventricular function, co-morbidities can influence 
the test’s output. This is particularly relevant in older patients 
with peripheral musculoskeletal impairments (e.g. individu-
als with systemic sclerosis), whose walk distance is limited 
by more than just cardio-pulmonary issues. Other factors, 
such as patient’s motivation and cognitive abilities can also 
influence the six minute walk test output. Another frequently 
cited measure is the NYHA or WHO functional class, which 
is a subjectively assigned measure based on somewhat vague 
definitions. One study demonstrated poor inter-grader agree-
ment, even among experts, for assigning functional class in 
PAH patients [56]. As a result of challenges in measuring 
some of these variables that are incorporated into survival 
equations, the generalizability of survival equations into 
diverse clinical settings may be impacted.

Newer and promising measures of cardiac function 
obtained from echocardiography (e.g. tricuspid annular sys-
tolic plane excursion, right ventricular strain, etc.) or cardiac 
MRI (e.g. RV ejection fraction, stroke volume index, myo-
cardial mass, etc.), as well as other exercise indices, such as 
peak oxygen consumption and the heart rate recovery (after 
the 6MWT) among others, have not yet been investigated as 
predictors of survival in large-scale registries. These non-
invasive measures might improve the predictive power and 
discriminatory capabilities of survival prediction equations 
and, in some cases, are more easily attained [57–61].

All of the survival equations and risk calculators rely on 
measurements at a single time-point. None of the equations 
is adaptive and incorporate favorable or unfavorable time-
dependent changes of key clinical measures, e.g. improve-
ment in functional class, % decline in six minute walk 
distance, change in key hemodynamic measures etc., even 
though clinical experience suggests that changes to these 
dynamic measures offer predictive value [59, 62–65]. Using 
relevant trends of key variables in predictive models, intui-
tively, should better track an individual’s or cohort’s trajec-
tory over time.

�Rapidly Evolving PAH Field Leads 
to Antiquated Survival Equations

An important impediment to applying registry-derived pre-
diction equations to clinical practice is the out-datedness of 
registry data, which is especially relevant when a condition’s 
management evolves rapidly. PAH management has been 
transformed dramatically in the last 20 years and most of the 
registries in listed Table  20.1 observed patients in earlier 
eras. PAH-specific therapies were non-existent during the 
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time of the NIH registry. Then, intravenous epoprostenol fol-
lowed by early oral agents had just become treatment options 
during the period of the PHC and French registries. More 
contemporary registries, such as REVEAL and COMPERA, 
mark the beginning of the era of sequential (or “add-on”) 
combination therapy. Accordingly survival rates were dismal 
in the NIH registry with median survival of 2.8 years; but the 
REVEAL Registry reported a median survival of 7 years [19, 
21, 23]. While inclusion of prevalent patients in REVEAL 
(as opposed to only incident cases enrolled in the NIH regis-
try) likely accounted for some of the improvement in median 
survival, the availability of PAH therapies and a better gen-
eral approach to right-sided heart failure also likely influ-
enced the improved survival shown in REVEAL [26].

As of 2015, there are 12 approved PAH therapies in the 
United States, including approval of three new agents 
between late 2013 and early 2014. Moreover, another shift in 
the treatment paradigm will likely occur in 2015, based on 
the increasing number of oral agents and the positive results 
of a large, rigorous study that demonstrated a reduction in 
the risk of “Clinical Failure” with upfront dual oral therapies 
as opposed to (traditional) monotherapy in newly diagnosed 
and treatment naive PAH patients [66]. There is even early 
experience with upfront triple therapy with agents from each 
of the major classes of therapy  – prostanoid, ERA, and 
PDE5-inhibitor in functional class IV patients [67]. Beyond 
the use of PAH specific therapies, management of right ven-
tricular failure and more appropriate use of background ther-
apies, including diuretics, inotropes, anticoagulants and 
calcium-channel blockers have also evolved over the last few 
decades. Therefore, survival estimates displayed in registries 
and their derived prediction equations are pertinent to their 
respective eras, but quickly become outdated as the PAH 
therapeutic landscape continues to evolve with new classes 
of medications and treatment strategies. Accordingly, more 
modern registries have shown that the older NIH equation 
significantly underestimates observed survival [15, 22]. 
These reports should inform clinicians and researchers that a 
survival equation’s clinical application should be in the same 
era of the equation’s originating Registry, in order to assure 
similar therapeutic options and management approaches.

�PAH Is a Global Condition

PAH is a global problem but its makeup is not the same 
around the world. In the U.S., Canada, and Europe, IPAH 
and CTD-related PAH predominate in large patient cohorts 
and in clinical practice. But, CHD-PAH and Schistosomiasis-
associated PAH are much more relevant in under-developed 
regions of the world, including Latin America, Africa, China 
and India. Even though all of these conditions are still viewed 
as PAH under the Nice Classification, PAH cohorts from 

these regions are distinct and their natural history and 
response to treatment are not likely similar [68]. And with 
the exception of two reports from China, all registry-based 
published experiences emanate from the United States or 
Europe (Table 20.1) [7, 14].

PAH patients in under-developed regions of the world 
also face numerous obstacles that patients in more developed 
areas generally do not face, such as access to health-care 
(let  alone experienced PH physicians) and availability of 
expensive and complicated PAH medications. Most Western 
countries, including France, United Kingdom, and Canada, 
have developed a few national PH referral centers, staffed by 
PH experts that have concentrated the care of PAH patients 
originating throughout their respective countries. In the 
United States, such a program is in its infancy, but there are 
many large and small PH Centers throughout the country 
that offer expert management of PH patients [69]. In most 
under-developed countries, expert PH care is offered at only 
a handful of locations; unfortunately, geography and eco-
nomics greatly hinder access to these specialized care cen-
ters. As a result, early disease recognition and appropriate 
comprehensive evaluations, including catheterization, are 
significant challenges [7]. Finally, PAH-specific therapies 
are quite expensive and advanced therapies, namely paren-
teral prostanoids, are extremely complex to administer. Even 
though parenteral prostanoids have tremendous potential and 
are often the treatment of choice for the most compromised 
PAH individuals or for patients failing simpler therapies, 
prostanoid usage is essentially nil in under-developed regions 
of the world due to a combination of exorbitant costs, limited 
understanding of safe infusion practices, or lack of pre-
requisite infrastructure to safely administer [70].

Many of these points are nicely corroborated by efforts in 
China and illustrated through two separate registries, span-
ning altogether a 10 year period from 1999 to 2009 [7, 14]. 
In the first registry, 72 incident or prevalent IPAH and HPAH 
patients were recruited from two facilities between 1999 and 
2004. The majority of patients were diagnosed by echocar-
diogram and 90  % of patients received calcium-channel 
blocker therapy even though acute vaso-responsiveness was 
only confirmed in a few individuals. Survival estimates at 1, 
3, and 5 years were 68.0 %, 38.9 %, 20.8 % respectively [7]. 
In essence, this early Chinese Registry provided natural his-
tory data (i.e. without PAH-specific therapy) on a sub-
population of PAH patients, similar to the NIH Registry 
conducted 15 years earlier. By 2007, a number of PH referral 
centers were established throughout China [14]. Zhang sub-
sequently provided a more modern account of PAH in China 
by reporting on 276 IPAH and CTD-PAH patients, recruited 
from five centers throughout the country between 2007 and 
2009. Even though data collection was retrospective, all 
patients underwent a standardized and comprehensive evalu-
ation including RHC.  Importantly, the mean age for the 
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IPAH cohort in both Chinese registries was in the low 30s, 
similar to the NIH registry but far younger than COMPERA 
[5, 27]. This finding may stem from regional population dif-
ferences but probably also indicates a referral bias against 
older individuals being evaluated at the few PH referral cen-
ters in China. Majority of patients in the modern Chinese 
registry received PAH specific therapy, either a PDE5-I or an 
ERA and only a handful of patients received a calcium chan-
nel blocker, but prostanoids were not utilized due to reasons 
mentioned earlier [14]. Survival estimates for IPAH patients 
improved considerably in the second registry to 92.1 % and 
75.1 % at 1 and 3 years, respectively. Zhang also confirmed 
poorer survival estimates for the CTD-PAH cohort, as 
opposed to IPAH, which has also been shown in other regis-
tries [14].

Significant obstacles, including accuracy of diagnosis, 
limited access to expert PH care and limited availability of 
PAH-specific therapies, especially advanced prostanoids, 
hinder the use of modern survival equations generated from 
resource-laden countries to regions of the world without sim-
ilar resources.

�Use of Risk Calculators for Allocating Lung 
Transplants in PAH

Advances in medical therapies have dramatically improved 
the mortality and quality of life for PAH patients [14, 30–34, 
62, 71–74]. However, the disease remains uniformly fatal, 
and the only curative measure is lung transplantation [75]. 
Scarce donor organs and chronic rejection necessitates that 
resources be carefully allocated to patients with the most 
urgent need and greatest likelihood of successful lung trans-
plantation. For this reason, the Lung Allocation Score (LAS) 
was developed and weighs both wait-list urgency and post-
transplant survival based on disease severity, physiologic 
reserve, and disease subgroup [76].

Evaluations of the LAS system indicate that overall wait 
times and wait-list mortality have decreased, and the total 
number of transplants has increased [77]. However, amongst 
IPAH patients, transplant rates are lower and wait-list mor-
tality higher [78]. This likely reflects the fact that the LAS 
does not include many of the key variables that predict mor-
tality in PAH, such as mean RAP and CI [19, 21, 22, 29]. 
Additionally, the 6 MW distance is included in LAS, but at a 
threshold level so low that it applies to few patients. The 
inability of the LAS to distinguish low- and high-risk IPAH 
patients at least partially reflects the difficulty in clinically 
identifying the sickest IPAH patients.

To address these issues, attempts have been made to mod-
ify the LAS by including key clinical and physiologic vari-
ables [79]. To study the effectiveness of modified prediction 
equations in a transplant population, data were analyzed 

from the Scientific Registry of Transplant Recipients files to 
compare wait-list mortality with predicted mortality. The 
PHC equation and LAS-predicted mortality were compared 
to observed mortality in 827 PAH patients, divided into pre- 
and post-2006 cohorts; the post-2006 cohort was substan-
tially sicker than the pre-2006 cohort. The PHC equation 
underestimated and overestimated survival in the pre- and 
post-2006 cohorts, respectively; the LAS had similar accu-
racy. The authors developed a new equation that included 
elements of the LAS along with 6-MWD, resting oxygen 
requirements, invasive cardiac output, and functional class. 
The new equation outperformed the PHC equation. Among 
CTD-associated and secondary PAH patients, the new equa-
tion outperformed the LAS, but performed similarly in a sub-
group analysis of IPAH patients [80]. These results point to 
the fact that including more relevant variables in predictive 
models of survival can indeed lead to higher accuracy in 
actual transplantable populations. This is similar to what was 
observed in the transformation from earlier PAH survival 
equations to the REVEAL prediction models. However, fine 
tuning of these transplant allocation equations for the PAH 
group and prospective validation are still needed. More 
research is needed to ensure that PAH patients in need of 
lung transplantation are appropriately ranked on wait-lists, 
as transplant offers the greatest chance of survival for the 
most advanced PAH patients, even in patients with systemic 
multi-organ diseases such as scleroderma [81].

�Conclusion

Registries conducted around the world over the last 30 
years have provided a wealth of information about PAH, 
including epidemiologic data, prevalence estimates, sur-
vival statistics, and risk factors for important long-term 
outcomes. These registries have chronicled remarkable 
improvement in outcomes, including survival, but have 
also reaffirmed the ongoing struggles of this incurable 
disease. Survival equations and risk calculators are 
important by-products of registry efforts and, when used 
in the appropriate sub-groups and therapeutic era, have 
proven adept at predicting outcomes of sizable cohorts 
and for producing comparator data to judge various ther-
apeutic interventions. But application of these predic-
tion equations is challenged by the global nature of PAH 
that leads to disparities in care, a rapidly evolving thera-
peutic landscape, and the equations’ limitations for pre-
dicting outcomes at an individual patient level. Progress 
has been made with the development and validation of a 
more robust and clinically relevant REVEAL risk calcu-
lator, but additional enhancements and validation is 
needed. Given how rapidly the PAH field is evolving 
though, it is unclear if a valid and reliable survival pre-
diction tool will ever be widely implemented in clinical 
practice.
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