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INTRODUCTION

Traditional randomized clinical trials (RCTs) are recog-
nized as powerful tools for developing scientific evidence
regarding therapeutic interventions. RCTs guide regula-
tory approval of new drugs and devices, and they are the
foundation of clinical guidelines. Yet RCTs recruit highly
selected populations and manage them in controlled
settings, which makes it difficult to generalize the results
of RCTs to larger, diverse populations encountered in
clinical practice." Increasingly, clinicians, regulators,
payers, and the pharmaceutical industry recognize the
utility of real-world evidence (RWE) to complement the
knowledge gained from RCTs.”

Recent legislation and regulatory mandates have acceler-
ated RWE generation.>* In the United States (US), the 21st
Century Cures Act, passed by Congress in 2016, required the
Food and Drug Administration (FDA) to develop a
framework for evaluating RWE to support drug approval
and postapproval evaluations. In response, the FDA has
based several drug approvals on RWE.>° Similarly in Europe,
the European Medicines Agency (EMA) has advocated for
the use of RWE in regulatory decision making and has
accepted RWE when evaluating new marketing authoriza-
tion applications and extensions of indications.”

Since the First World Symposium on Pulmonary
Hypertension (WSPH) convened in 1973, the under-
standing of pulmonary hypertension (PH) and, more
recently, disorders grouped in the clinical classification
of pulmonary arterial hypertension (PAH), have
benefited greatly from RCTs and analyses of real-world
data (RWD). RCTs provided the evidence necessary for
regulatory approval of 15 PAH-specific medications.
RWD fueled the derivation and validation of risk
stratification tools®™® used to assess patients diagnosed
with PAH, and RWD provided the key data for current
treatment guidelines for PAH patients who show
vasoreactivity at the time of a diagnostic right heart
catheterization.'”'  Similarly, RWD from registries
yielded additional insights into the safety, side effects,
and efficacy of PAH-specific medications not identified
during RCTs.'> Analyses of RWD also provided an
understanding of the natural history, epidemiology,
healthcare delivery practices, quality of life, and long-
term outcomes related to large and diverse PAH patient
cohorts over decades.'*™"”

It is against this backdrop that we explore the
continuing role that RWD plays in our understanding
of PH. In the sections that follow, we review RWD
sources, discuss challenges and opportunities when using
RWD sources to study PH populations, and identify
resources needed to support the generation of meaning-
ful RWE for the global PH community.

DEFINITIONS AND DATA
SOURCES

RWE is clinical evidence regarding the use and potential
benefits or harms of an intervention derived from the
analysis of RWD (Table 1). RWD is defined as informa-
tion relating to patient health status or healthcare
delivery that is routinely collected through a wide variety
of sources. For this discussion, we limit ourselves to the
main data sources defined by regulatory authorities:
administrative claims data, electronic health records
(EHRs), registries, and patient-generated data outside of
clinical trials.>* Appropriate analysis of RWD requires a
fundamental understanding of the purpose and strengths
and weaknesses of the varied sources of RWD (Table 2).

Administrative claims data

Administrative claims data are generated within a
healthcare system to reimburse medical services. Every
patient encounter generates claims data that include
diagnostic and procedural codes for services rendered in
inpatient and outpatient settings and pharmacy dispens-
ing data. Because these data are generated for billing and
not patient care, administrative claims lack important
clinical, laboratory, and functional health information
that are relevant for analyzing populations. Furthermore,
coding included on claims for reimbursement purposes
may not always reflect the medical condition of a patient.
Despite these limitations, claims data provide an
opportunity to evaluate morbidity related to procedures,
medical treatments, and other healthcare resource
utilization.”*** In some countries, population-level vital
statistics registries can also be linked to claims databases
or to other RWD sources using unique identifiers, which
can permit mortality analyses.”®*® Claims data also
provide large sample sizes with longitudinal follow-up to
generate RWE related to adherence to medical care
plans. Moreover, claims data may contain information on
practice patterns not captured by other sources of RWD.

EHRs

EHRs represent longitudinal data in an electronic format
that are collected during the routine delivery of health-
care. EHRs capture a broad group of patients, and EHRs
are widely available in developed countries.?***3%32
Furthermore, a patient's EHR often includes data from
all facets of their inpatient and outpatient care, including
laboratory results, medication records, pathology reports,
procedures, and clinical notes. As such, EHRs allow a very
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TABLE 1 Definition of RWD and RWE by FDA and EMA.
FDA*

RWD: Data relating to patient health status and/or the
delivery of healthcare routinely collected from a
variety of sources

RWE: Clinical evidence about the usage and potential benefits
or risks of a medical product derived from analysis of RWD

ulmonary Circulation
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EMA*
RWD: Routinely collected data relating to a patient's health status

or the delivery of healthcare from a variety of sources other
than traditional clinical trials

RWE: Information derived from analysis and/or synthesis of RWD

Abbreviations: EMA, European Medicines Agency; FDA, Food and Drug Administration; RWD, real-world data; RWE, real-world evidence.

granular examination of a patient's medical profile.
However, since the primary intent of EHR data is to
facilitate individual patient management rather than
research, missing data remains a limitation of EHRs.

Registry data

Patient registries are collections of data for a group of
people who share a common characteristic (e.g., PAH).>
Patient registries capture clinical data uniformly over
time to evaluate the incidence and prevalence, demo-
graphics, and outcomes of real-world patients with the
condition of interest. Patient registry cohorts are large
and generally more diverse than populations enrolled in
RCTs, but registry data are uncontrolled and observa-
tional. Consequently, registry data may be biased by
patient selection and reporting, missing data, and
analytic errors.

Patient-generated health data (PGHD)

PGHD are created, recorded, or gathered by or from
patients. Examples of PGHD include biometric data*
obtained from wearable or implantable devices and data
gathered from social media. While medical use of
data from social media is limited, use of biometric data
generated from wearable and implantable devices has
garnered much attention, stimulated, in part, by the need
for remote monitoring during the COVID pandemic.
Advances in digital technology created a plethora of
PGHD from wearable devices such as smartwatches and
activity trackers. These personal wearables capture
important biometric data, including heart rate, ECG,
oxygen saturation, sleep quality, and step count/activity,
which may provide a more comprehensive picture of
patients than episodic measurements made in clinics and
hospitals. A recent review describes (1) wearable devices
and associated machine learning (ML) techniques, (2)
research studies that have investigated the role of
wearable devices in the early detection and treatment
of cardiovascular conditions (e.g., atrial fibrillation or

heart failure), and (3) some of the challenges and
opportunities related to the use of PGHD from wearable
devices.*

Although noninvasive biometrics generate a wealth
of data, the use of these data remains limited by several
concerns. For example, the tendency of individuals to
modify their behavior when they are being observed (the
Hawthorne effect) may limit the value of biometric data
collected from wearables and other readily visible
sources. Biometric data from implantable devices may
overcome the Hawthorne effect, but implantable devices
introduce risks that must be counterbalanced by clear
clinically relevant benefits.*®

Regional and global resource disparities also limit
the value of PGHD. Many sources of biometric RWD
require access to expensive devices and platforms,
such as devices paired with smartphones, reliable
internet access, and a stable power grid, which are
widely available in resource-rich regions but are not
feasible or practical for implementation in resource-
poor environments, introducing systemic bias to the
collection of these data.

GENERAL CHALLENGES WHEN
UTILIZING RWD

There are general challenges related to the utilization
of RWD.?*?*3%31 RWD are often large, difficult to
locate and access, and potentially cost-prohibitive to
process and use. EHR data are the most resource-
intensive source of RWD with respect to data
extraction, curation, and validation. Investigators
may require data engineering and analysis resources
to clean and restructure data from source systems,
engineer features through methods like natural
language processing (NLP), and implement analytic
methods that scale effectively to process large
heterogeneous data sets. These steps can significantly
inflate the total costs of RWD acquisition and
utilization.>” Furthermore, legal, regulatory, and
financial barriers may limit the availability and use
of some of the largest sources of EHR and claims data
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(e.g., Veterans Administration database, Centers for
Medicare & Medicaid Services). Without pre-existing
agreements or significant financial resources, it
remains difficult to obtain and utilize RWD from
large national sources of RWD, a limitation not
unique to the US.**3°

Regulations and laws concerning the acquisition,
transfer, and utilization of RWD differ.2?"25:30-32:39
These regulations and laws can have significant
implications for the use of RWD. For example, the
types of RWD available to researchers and the rules
governing the use of these data differ markedly
between countries, particularly for informed consent,
opt-in versus opt-out of data collection, and anonymi-
zation. Such differences in national regulations and
laws impair the integration of RWD from multiple
national sources.

A related concern involves data privacy and patient
rights, as RWD often contains personal health informa-
tion that may not be adequately anonymized, creating a
conflict between data transparency and patient privacy.
Concerns regarding patient privacy, data security, and
disclosure of sensitive health information not only affect
the acquisition and use of RWD but also vary across
geographic locations.

One final challenge relates to the lack of standard-
ization of data formats.>>”>>3"*? This lack of stan-
dardization significantly complicates the ability to
share, integrate, and analyze RWD. Further com-
pounding the problem, many sources of RWD are
electronic, and they are acquired on unique proprie-
tary platforms that compete directly in free markets.
Competing proprietary platforms often limit or
actively discourage effective communication with
one another. The lack of harmonization between
different RWD sources, combined with heterogenous
standards for data entry and formatting, is currently
the greatest challenge in the use of RWD.

Fortunately, the US federal government recently
took an important step to address the challenge of
standardization. The Office of the National Coordina-
tor for Health Information Technology issued a
regulation that addressed both the technical obstacles
and the economic problems caused by the competitive
nature of the US healthcare system. The regulation
requires providers to share EHRs, and it provides stiff
financial penalties as consequences for EHR vendors
and health information networks that obstruct infor-
mation exchange. Similar initiatives are underway to
allow for EHR interoperability across the European
Union.*>*" Even with these steps to advance stan-
dardization in Europe and the US, adoption of global
standards for RWD is likely years away.

on Access

CHALLENGES WHEN UTILIZING
RWD TO STUDY PH

There are several unique challenges to consider when
using RWD to study PH. First, the diagnosis of PH
requires accurate measurement of pulmonary hemo-
dynamics during right heart catheterization. These
measurements are fundamental for the physiologic
classification of PH.** Misclassification of PH diagnoses
remains a common problem, and RWD sources such as
EHRs are not designed to assess the quality and accuracy
of hemodynamic data.

Second, definitions of PH and pulmonary vascular
disease (PVD) have evolved.'*** PH was once diag-
nosed when right heart catheterization confirmed a
mean pulmonary artery (PAmean) pressure of at least
25mmHg. In 2018, the Task Force on Hemodynamic
Definitions of the sixth WSPH modified this definition to
include patients with a PAmean pressure >20 mmHg.
Another revised definition accompanied the 2022 Eur-
opean Society of Cardiology (ESC)/European Respiratory
Society (ERS) Guidelines for the Diagnosis and Treat-
ment of PH wherein the definition of PVD was changed
from a pulmonary capillary wedge pressure (PCWP) <15
mmHg with a pulmonary vascular resistance (PVR) 23
Wood units to a PCWP <15 mmHg with PVR 22 Wood
units.*> These changes in the definitions challenge
investigators who collect and analyze RWD to study PH
and PVD.

Third, the clinical classification of PH based on RWD
remains challenging. The classification of PH has evolved
from the early differentiation of PH into primary PH and
secondary PH to the current World Health Organization
(WHO) clinical classification of PH. These changes in the
clinical classification require investigators to make
careful adjustments when analyzing and reporting data,
as illustrated by Frost et al.*® Furthermore, the non-
specific signs and symptoms of PH and the presence of
related comorbidities, such as chronic obstructive pul-
monary disease or chronic pulmonary emboli, challenge
analysis of patients with PH because these patients often
have mixed causes of PH. In the PVDOMICS study,
preliminary analysis showed that over a third of patients
had mixed causes of PH and could not be assigned to a
single WSPH group.*’

Fourth, the diagnostic tests required to establish the
clinician's classification of PH may confound investiga-
tors seeking to use RWD for the study of PH. Several tests
are recommended in addition to diagnostic right heart
catheterization, including ventilation and perfusion lung
scans, high-resolution chest computed tomography,
pulmonary function tests, and infectious and immuno-
logic tests, to identify potential etiologies of PH. A survey
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of centers in the US showed that guideline-recommended
tests were often not completed.*® Outside of the US,
resource disparities, operator preference, and even social
and cultural attitudes surrounding certain tests (e.g.,
blood testing for human immunodeficiency virus [HIV]
or hepatitis C virus is stigmatized in certain regions of
the world) may foster incomplete evaluation of PH.

Recent efforts to study PAH have exposed several of
these challenges for the use of RWD. A study to estimate
the global prevalence, incidence, and mortality of PAH
reported a 175-fold variation in the estimated incidence
and a 40-fold difference in the estimated prevalence of
PAH across 37 countries.*” While these differences may
exist in part due to local/regional factors, such as the
higher prevalence of methamphetamine use-related PAH
in the Western world and the higher prevalence of
congenital heart disease-related PAH in developing
countries, the authors concluded that no known risk
factor was of sufficient strength to explain this extreme
variability. Rather, these variations occurred due to a
lack of a generalized approach to the diagnosis and
classification of PAH.

CURRENT STATUS OF RWD IN PH
AND OPPORTUNITIES FOR
IMPROVEMENT

Administrative claims data

It is well documented that the use of administrative
claims data in a PH population is primarily limited by
challenges related to aligning the International Classifi-
cation of Diseases, 10th Revision, Clinical Modification
(ICD-10-CM) diagnostic codes with the five clinical
classification groups of the WSPH.>® Several algorithms
have been developed to improve discrimination of
patients with PAH in claims data.’®>* A systematic
review of PAH algorithms concluded that ICD codes
alone performed poorly, with positive predictive values
ranging from 3.3% to 66.7%.”° Algorithms that are
multicomponent and include the presence of PAH
medications, diagnostic codes, and procedural codes
improve performance.’>>*>* The development and vali-
dation of algorithms outside of Group 1 PH are especially
challenging in part because therapies approved for the
treatment of PAH are used on and off-label for the
treatment of other PH groups (e.g., PH in interstitial lung
disease, chronic thromboembolic pulmonary hyper-
tension [CTEPH]). Compounded with the lack of
specificity in diagnostic codes, researchers are limited
in their ability to discriminate patients within the
five clinical classification groups in claims data. While

some attempts have been made to develop algorithms for
Groups 3 and 4 PH,>*° additional work is needed and
validation through medical record review will be
required. Further, an opportunity may exist for clinical
experts to define the standards for coding in their
specialty by collaborating with the standard-setting
organizations.

EHRs

The granular nature of EHRs has provided several areas
of opportunity for PH researchers. As one example, EHRs
can be used to evaluate prescribing patterns and clinical
monitoring of patients with Group 3 PH, as demon-
strated by Johnson et al.’® Perhaps the most exciting
opportunity for EHRs lies in the application of ML
techniques to better identify PH populations. In a
multistage ML experiment, Schuler et al. demonstrated
that the successive application of random forest models
can be used in combination with human validation to
create clean training cohorts of patients with PAH that
were large enough to train ML-based case definitions.”’
Furthermore, Schuler et al. demonstrated that these
definitions could be applied to an EHR database to create
cohorts that identify additional patients with known risk
factors for PAH.”” This highlights the possibility that
such approaches could be used to find PAH further
upstream in the diagnostic process and more effectively
create site-based registries. Given the different clinical
care processes that might exist at each site, such
algorithms may not be generalizable to all expert PH
centers.

Registry data

Among RWD sources available to investigators, national
PH registries have contributed the most RWE (Table 3),
particularly for patients diagnosed with PAH or CTEPH.
In the 1980s, the US National Institutes of Health
Primary Pulmonary Hypertension (PPH) Registry estab-
lished the natural progression of PPH (primarily
idiopathic PAH [IPAH] and heritable PAH) in an era
preceding the advent of PAH-targeted therapies.’®>
Subsequently, RWD generated from thousands of
patients enrolled in PH registries around the world
provided crucial long-term epidemiologic data,*® %2
including the identification of a significant increase in
median survival from 2.8 years at the end of the 20th
century to more than 7 years in a more contemporary
treatment era.'>*® RWD also changed the early belief
that IPAH (formerly known as PPH) develops primarily
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in young women without comorbidities*® by showing
that IPAH also affects older women and men with
cardiovascular comorbidities.’®*> RWD from PH regis-
tries also were instrumental in the derivation and
validation of PAH risk assessment tools that are now
emphasized in guidelines for the treatment of PAH,*>%*
including the ESC/ERS, the French or COMPERA 2.0
noninvasive method, and the US REVEAL 2.0 and
REVEAL Lite scores.”*>%>7¢7

Although the majority of registry data describe
populations of adult PH patients, pediatric registries of
patients with PH have provided important insights
into the nature and natural history of PH in
children.'®*"""'?” These registries have shown the
importance of PH caused by lung disorders in children.
One contemporary pediatric registry, the Pediatric
Pulmonary Hypertension Network (PPHNet) Registry,
reported that PH due to lung disorders such as
bronchopulmonary dysplasia constituted more than
one-half of the registry population.'"!

Registry data also create opportunities to enrich
current and future PAH clinical trials."*® Event-driven
primary endpoints are increasingly used in PAH clinical
trials, substantially increasing the size, duration, and
cost of these trials. The FDA has advocated the use of
prognostic enrichment of event-driven clinical trials by
preselecting a patient population with an increased
likelihood of experiencing the trial's primary endpoint.
Risk assessment tools, derived from RWD, identify
patients who are likely to experience a clinical worsen-
ing event for trial enrichment.

RWD from PH registries have also allowed the
analysis of treatment patterns within risk groups,
retrospective validation of guidelines, and generation
of innovative and often complex treatment strategies for
future RCTs."**'*° For example, a retrospective analysis
of French registry data suggested a benefit of initial
combination therapy in intermediate-risk, but not low-
risk, patients diagnosed with PAH.'”® Furthermore,
analysis of data from French referral centers suggested
that initial triple-combination therapy, including a
parenteral prostanoid, was associated with improved
survival in treatment-naive patients at high risk for
mortality,'* in line with a previous RWD pilot study.'**

In addition to the contributions of past and current
registries, more work is needed to address the paucity of
registry data in regions with limited resources. As
illustrated by investigators in sub-Saharan Africa and
South America,"*>'** alternative algorithms to identify
disease may be required. Nevertheless, investigators
have already provided important data to allow the
international community to better understand unique
challenges and opportunities to advance the diagnosis

Number of patients®

970
87
15,742°

Number of centers®
8, global

21
8

Duration and study design
prospective

2020-ongoing, retrospective and

2018, prospective
2018, prospective

Group 1 PH and Group 4 PH, children

Study cohort/eligible age®

Group 1 PH
All PH groups

(Continued)
pulmonary arterial hypertension; N/A, not applicable; PAH, pulmonary arterial hypertension; PH, pulmonary hypertension; PAPUCO, Pan African Pulmonary Hypertension Cohort; PPHNet, Pediatric Pulmonary

Hypertension Network.

Abbreviations: CHD, congenital heart disease; CTD, connective tissue disease; CTEPH, chronic thromboembolic pulmonary hypertension; HPAH, heritable pulmonary arterial hypertension; IPAH, idiopathic
“Unless otherwise indicated, the number of patients reflects the population reported in the initial publication of the registry data; subsequent publications may have different patient counts reflecting changes in

enrollment over time.
Reflects population reported on the website as of May 2022; as the registry is ongoing, the patient count will continue to change.

“Eligible age is noted for those registries that list specific age criteria in the methodology section of the referenced publications.

9dReflects population reported in a March 2022 article; as the registry is ongoing, the patient count will continue to change.

"The number of centers enrolling patients may change over time for those registries that are ongoing.

TABLE 3
Registry (reference)
Poland (BNP-PL)'**
Poland'®
PVRI GoDeep'?®
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and treatment of PH in regions with limited
resources.'%®'**135 For example, the Pan African Pulmo-
nary Hypertension Cohort, a multinational registry of
254 consecutive patients diagnosed with PH from
nine centers in four African countries, describes baseline
characteristics and three-year survival of an HIV-infected
cohort newly diagnosed with PH and identifies the
common concurrence of chronic lung disease (tubercu-
losis) and hypoxia with HIV-associated PAH.

More work is also needed to provide data from
registries that enroll patients diagnosed with Groups 2, 3,
and 5 PH, as well as PH due to a combination of
disorders (e.g., chronic lung disease and chronic pulmo-
nary embolism).

To further address these unmet needs, the Pulmonary
Vascular Research Institute (PVRI) established the
Global Deep Phenotyping PH Meta-Registry (PVRI-
GoDeep; NCT05329714). PVRI-GoDeep is poised to
become a global hub and RWD mart for PH research.
This meta-registry is expected to encompass >25,000
patients with PH spanning all continents, offering rare
geographical and ethnic profiles of patients affected by
PH. The architects of GoDeep developed a strategy a
priori to address the global disparities in PH epidemio-
logic data, employed a standardized framework and strict
diagnostic criteria, and leveraged multiple EHR data sets
to create a large, robust source of PH RWD. Although
PVRI-GoDeep investigators faced multiple challenges
(Table 4), the ongoing success of PVRI-GoDeep demon-
strates how careful planning can effectively overcome
many challenges, create a novel source of PH RWD, and
lay the groundwork for generating high-quality RWE
that directly informs improvements in the care of PH
patients.'*®

Patient-generated biometric data

Unlike patient registries that have an established role in
understanding PH, patient-generated RWD from biomet-
ric sources have only recently begun to contribute to the
study of PH. Many available metrics, such as heart rate
variability, heart rate recovery, step count, exercise
intensity, and accelerometry, have been explored in
relation to PH disease severity, and outcomes but are yet
to be incorporated into risk stratification models.'****°
The 6-min walk distance (6MWD), an established metric
for clinical trials of PAH therapies, can now be measured
at a point in time or estimated longitudinally by several
smart devices and applications with relative accuracy and
reliability."*°

Accelerometry is a new source of patient-generated
data for PH populations. In a recent study of pediatric

patients with PAH, Zijlstra et al. found that physical
activity, as assessed by accelerometers, correlated with
indices of disease severity (including 6MWD) and
predicted clinical deterioration.'*’ Given the importance
of quantifying PH patients’ functional limitations, accel-
erometry may yield complementary or surrogate infor-
mation for 6MWD.>>'*! A recent decision by the FDA to
accept accelerometry as a primary endpoint for a phase 3
clinical trial shows that accelerometry has the potential
to become a common endpoint for PH clinical
trials.'*>'*?

Similarly, implantable devices may provide valuable
RWD to advance the understanding and care of patients
with PH. For example, the CardioMEMS heart failure
system, an implantable pulmonary artery pressure
monitor, records changes in pulmonary artery pressure.
Investigators tested CardioMEMS in patients with PH
due to left heart disease. The CHAMPION and MEMS-
HF trials independently demonstrated that management
guided by CardioMEMS reduced pulmonary artery
pressure and reduced heart failure hospitalizations in
patients with left heart failure.'** %

More recent data suggest opportunities to apply data
from CardioMEMS in the management of precapillary
PH. Benza and colleagues implanted CardioMEMS in 26
patients with PAH with WHO functional class III
symptoms. The study had no device-related short- or
long-term serious adverse events.'**'*’ CardioMEMS
provided data regarding variability and trends in pulmo-
nary artery pressure and other calculated measures
(proprietary algorithm) and was able to identify pre-
hospitalization changes in stroke volume, cardiac output,
and pulmonary artery pressure as a patient developed
right ventricular failure.*® The presence of CardioMEMS
reduced the use of invasive right heart catheterization by
50%,"*° and it was also used to successfully transition
three patients from intravenous treprostinil to oral
selexipag in the home setting.'*® As implantable hemo-
dynamic monitoring gains interest, increased use in
clinical trials (such as the ongoing ARTISAN trial
[NCT05203510]) and clinical settings will proffer more
information and clarity on how to use RWD from
implantable devices like CardioMEMS.

RESOURCES NEEDED TO PROVIDE
MEANINGFUL RWE TO THE
GLOBAL PH COMMUNITY

RWD clearly provides opportunities to enhance our
understanding of PH and improve care for patients with
PH. However, innovative solutions are still necessary to
overcome the challenges inherent to the acquisition and
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TABLE 4 Successful approaches and remaining challenges of PVRI-GoDeep registry initiative.

RWD challenge Approach
Regulatory/legal « Multiple stakeholders involved in steering
landscape committee

Centralized database

Multiple large data » Local processing at each site followed by
sources automatic anonymization and addition to
central database

Data security/privacy » Data protection via anonymization
« Electronic encryption for data transfer

Data standardization « Common parameter list for “essential” data
» Local and central data validation strategies

Remaining barriers

Data transfer between institutions and across borders

Integration with multiple EHR platforms

Data access use rules for data sharing and utilization

Heterogeneity in data sources and practice patterns
across sites (e.g., magnetic resonance imaging or
right heart catheterization)

Abbreviations: EHR, electronic health record; PVRI, Pulmonary Vascular Research Institute; RWD, real-world data.

use of RWD. Here we offer specific recommendations to
improve current RWD data sources, discuss newer
methodologies to generate RWE, and discuss opportuni-
ties for the expansion of regulatory policies that will be
vital to generate high-quality RWE for the global PH
community.

Recommendations to improve current 3.
RWD sources for PH populations

1. Support global PH registries: Currently, there are PH
registries in individual countries and multinational
registries.'>" Past registries overrepresented Western
countries and underrepresented other regions of the
world. Global PH registries can provide a better
understanding of the epidemiology of PH worldwide,
address global disparities in PH care, and foster global
collaborative research. PVRI has begun this work by 4.
establishing the GoDeep initiative as a platform that
can be continuously supported and improved.

2. Ensure harmonization and integrity of data collection:
Specific data dictionaries and standards must be
established to define quality control, data validation,
and transparency of data-processing methods. A novel
approach in this regard is to adopt a common data
model (CDM) that dictates the organization of tables,
standard vocabularies, and mappings used within an
observational health data set (Figure 1). By organizing
data in identical ways, data do not need to move 5.
across organizational firewalls to be analyzed collect-
ively. Analysis code, configured against the CDM, can
be distributed among participating centers and
executed behind an organization's firewall, at which
point only the aggregate, inherently deidentified
results are shared. This approach -circumvents

obstacles to data movement across firewalls and
allows large cohorts to be studied rapidly. For
example, a CDM approach characterized 4.5 million
COVID patients across three continents and demon-
strated the hazard of combining azithromycin and
hydroxychloroquine early in the pandemic.">* Within
the PH community, investigators have already con-
verted registries into CDM formats.">

Develop a standard software platform for data collec-
tion: Such tools must be processed, handled, and
stored in accordance with Regulation (EU) 2016/679
(General Data Protection Regulation) and be compli-
ant with FDA 21 CFR Part 11 to protect personal data
from unauthorized or unlawful access, disclosure,
dissemination, alteration, or destruction or accidental
loss. PAHTool is a commercially available database
software that is already used by several registries
worldwide for data collection.'>*

Include medical imaging in future electronic databases
of clinical data: This requires the exchange of
extensive image data, image processing, and storage
of results. Normal picture archiving and communica-
tion systems are used to store and retrieve data
following institutional regulations, but picture archiv-
ing and communication systems are not designed for
clinical research. Innovative solutions for managing
the storage, retrieval, and processing of medical image
data should include features specific to clinical
research.

Support development and adoption of EHRs in low-
and middle-income countries (LMICs): Fewer than half
of all countries have a national EHR system,'>> and
adoption in LMICs is often limited to specific
programs for infectious diseases.'>® The WHO pub-
lished guidance in 2006 on EHR implementation in
developing countries that details the necessary
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FIGURE 1 Proposed flow chart of mapping data from three different pulmonary hypertension registries into a CDM (3). This figure was

reproduced under Creative Commons 4.0 International License. CDM, common data model; ETL, extract, transform, load; OMOP,

observational medical outcomes partnership; QA, quality assurance; QC, quality control; SAP, statistical analysis plan; SDTM, study data

tabulation model; UAT, user acceptance testing. Source: Biedermann et a

functions and features of an EHR system, the required
workforce training to implement an EHR, and the
technological infrastructure essential for implementa-
tion. Yet EHR implementation in LMICs remains a
work in progress, and there is limited research on
evidence-based implementation strategies to enable
the successful integration of EHRs into health
systems.'””'*® Continued research to understand
barriers and facilitators to EHR adoption in LMICs
will be vital to support efforts to build and scale EHRs
effectively.

. Support WHO efforts to optimize the use of health service
data to affect PH outcomes: Based on several surveys
during recent years, the WHO has provided guidance
about the optimization of health service data, including
(a) data use for policy and action, (b) data and evidence to

1153

drive policy and planning, (c) data access and sharing,
and (d) strong country-led governance of data (Figure 2).
Such a large and comprehensive data set exchange across
databases represents an opportunity to improve our
understanding of patients’ phenotypes, expanding the
collection of meaningful information for all PH
categories.

Methods to improve RWD analysis for PH
populations

Advanced computational methods that replicate human
cognitive processes are being developed and applied
across the spectrum of human medicine, from the
development of diagnostics and therapeutics to



PULMONARY CIRCULATION

13 of 24

Low- and middle income countries
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High income countries

FIGURE 2 Comparison of capacities regarding ability of countries to provide data for policy and action uses. Source: World Health

Organization. Map Production: Public Health Information and Geographic Information Systems (GIS).

population health management and healthcare regula-
tion. Broadly referred to as artificial intelligence (AI),
these emerging technologies can serve as powerful tools
to improve data quality and expand the applicability of
RWD in PH.

ML refers to the development of algorithms that learn
from input data to automatically make predictions or infer
patterns in complex data. Once developed, these ML
algorithms can be used as decision-support tools. The
potential applications of ML to RWD in PH are nearly
endless. For example, ML algorithms have been created to
more accurately identify PH and PH subgroups within EHR
and claims data,””'* to detect patients with PH earlier in
their disease course using commonly collected clinical
data,’®'®" to improve PH risk stratification,"”> and to
automate echocardiogram interpretation.'®> ML algorithms
could expand relevant expertise to low-income countries and
other areas with expert provider shortages. Despite the
promises of ML, more work is required to validate
performance characteristics, expand generalizability, and
improve the transparency of ML algorithms.'**

NLP is a collection of automated methods that can be
used to extract unstructured data (e.g., clinical notes,
imaging reports) and translate them into structured data
elements, substantially reducing the time required for
manual expert review. NLP is particularly relevant for
RWD sources, as more than 80% of EHR data are
unstructured.'® NLP has been applied in a variety of
clinical contexts, including detecting potential adverse
drug events not identified through standard reporting

systems,'®®

ibility,"®” and improving the identification of diseases,
among others. While NLP has been widely employed in
other cardiovascular and pulmonary diseases,'® at
present, its use in PH remains limited.

Robotic process automation uses automation technology
to perform repeated tasks, speeding processing time and
reducing human error. In the context of RWD, robotic
process automation can be used to quickly capture, interpret,
and process large volumes of data from RWD sources,
including EHRSs, claims data, mobile applications, or social
media.

Combining AI technologies can create even more
powerful tools to harness RWD in PH. For example, robotic
process automation could be used to extract and process
waveforms from right heart catheterizations in EHR data,
which could then be combined with other clinical data and
fed into ML algorithms to predict the presence of PH and
determine PH subgroups. As the research community
continues to expand and refine these technologies, their
value in utilizing RWD in PH will continue to grow.

screening candidates for clinical trial elig-
168

Opportunities to improve regulatory
policies to support the acquisition, use,
and value of RWD

There are many opportunities to improve regulatory policies
to support the acquisition, use, and value of RWD. For
example, data from RCTs should be shared, particularly in
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rare diseases. Existing research data can be utilized to
answer questions beyond those planned in the original
study, to analyze outcomes that were not included in the
primary analysis, to enable individual participant data meta-
analysis, and to investigate new methodologies for analyzing
data. In addition, published results can be independently
validated. However, data ownership, the confidentiality of
personal information, and data protection represent areas of
concern that may prevent data sharing. For this purpose,
detailed methods for creating deidentified, anonymized data
sets in compliance with current data protection laws have
been previously described.'”® Further, clear regulations are
needed that define data ownership.

In the field of PH research, patient-level pooled analyses
of deidentified data sets from RCTs have been per-
formed.'’*'? However, clinical trial data sets are not
uniformly available upon request. Mandatory submission
of deidentified clinical trial data from RCTs as part of
submissions to regulatory agencies (e.g., FDA, EMA, Health
Canada) would create resources for expanded use of
RCT data.

Recently, global regulatory agencies endorsed a joint
statement calling for international collaboration to enable
the generation and use of RWD and RWE for regulatory
decision making."”> However, challenges remain, including
heterogeneous data sources, different levels of data quality,
and various governance models for data sharing and access.
Global networks such as the Data Analytics and Real-World
Interrogation Network (DARWIN EU) are currently under
construction to address these challenges.

Although RWD from international sites can be valuable,
the fitness of international RWD for use in regulatory
decision making is limited by important differences in
healthcare systems. Challenges in PAH recognition and
management are well-reported in LMICs."*> For example,
PH-left heart disease (Group 2 PH) was the most common
cause in PH registries from LMICs."* Thus, using data from
other countries for regulatory decision making might require
additional analyses that consider the differences in medical
practice, healthcare delivery, and data reliability. Further-
more, for a rare disease such as PAH, the ability to draw
causal inferences from RWD/RWE requires robust metho-
dologic approaches to account for the variability of data
sources and the relatively small effect size of treatments
in PAH.

SUMMARY AND
RECOMMENDATIONS

Over the past 50 years, RWD has contributed greatly to
our understanding of the epidemiology, risk stratifica-
tion, and treatment of PH. RWE complements data from

RCTs. Recent regulatory support has elevated the
importance of RWD sources, including administrative
claims data, EHRs, registry data, and PGHD, in the
modern healthcare environment. The increasing reliance
upon RWD and RWE will require the development of
meaningful quality standards for study designs. Recent
legal and regulatory requirements mandate new ap-
proaches to gathering, storing, protecting, and analyzing
RWD. The collection, storage, and analysis of RWD will
require that investigators overcome both general chal-
lenges and challenges specific to the study of PH.

Development of CDM and AI applications and
expansion of EHRs to LMICs are among the most
important steps necessary to advance global under-
standing and treatment of PH. Moving forward, multi-
stakeholder participation is necessary to accelerate the
understanding of PH disease states among initiatives that
further develop the framework necessary for the respon-
sible collection, analysis, interpretation, and sharing
of RWD.
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