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and emphysema and some possible phenotypes such as connective tissue
disease associated with ILD and PH, the identification of further phenotypes of
PH in ILD has thus far proven elusive. This statement reviews the current
evidence on the pathogenesis, recognized patterns, and useful diagnostic tools
to detect phenotypes of PH in ILD. Distinct phenotypes warrant recognition if
they are characterized through either a distinct presentation, clinical course,
or treatment response. Furthermore, we propose a set of recommendations for
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INTRODUCTION

Pulmonary hypertension (PH) is a common and under-
recognized complication of interstitial lung disease (ILD)
that has a great impact on morbidity"* and mortality.*
ILD is a heterogeneous group of diseases,” and the
development of PH in its context can also take many
forms; specifically, there are distinct clinical entities

A Distinct clinical presentation

e Family history, genetic or congenital
syndromes
e Environmental exposure
*  Symptoms and signs
e Pulmonary function
e Lung volumes
* Dl
e Gas exchange

ILD-PH

future studies that might enable the recognition of new phenotypes.

endophenotype, histology, idiopathic pulmonary fibrosis, pathophysiology, pulmonary

under the umbrella of PH associated with ILD (ILD-PH),
with yet more likely to be defined in the future. Crucially,
specific phenotypes of ILD-PH should only be discerned
if there are distinct differences in how they present,
behave, or respond to treatment (Figure 1). A number of
retrospective studies have attempted to define such
phenotypes, but a systematic and structured approach
has been lacking with most of these descriptions’®

* Biomarkers, e.g.: BNP or NT-ProBNP PhenOthe L. . )
. . Distinct clinical course
* Exercise tolerance, e.g.:
*  6MWT or shuttle test N1 * Progression
ENCRET] ¢ Rate
» Imaging (extension and distribution), e.g.: * Pattern
* Parenchymal changes ¢ Complications (respiratory
o Rl g failure, clinical worsening etc.)
* Echocardiographic and cMRI features
* RV morphology & function * Responseto treatment.
e Right atrium, pericardium ‘ PuIr.n.onar.y vasodilators
. : * Antifibrotics
* Hemodynamic profile
\° Histopathological findings on lung biopsy / . Survival )
T
BASELINE TIME

FIGURE 1

Proposed elements to define phenotypes in PH associated with ILD. These elements are not all necessary to establish a

phenotype, but simply constitute traits that might be distinct in phenotypes of ILD-PH. The arrows indicate how baseline might influence
traits observed with progression of disease and vice versa, considering that the diagnosis of PH may be established when both ILD and PH
are already advanced in the clinical course. 6MWT, 6-minute walking test; BNP, brain natriuretic peptide; cMRI, cardiac magnetic
resonance imaging; CPET, cardio-pulmonary exercise test; DLCO, diffusion of carbon monoxide; ILD, interstitial lung disease; NT-ProBNP,
N-terminal pro-brain natriuretic peptide; PH, pulmonary hypertension; RV, right ventricle.
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which have predominantly been undertaken in idio-
pathic pulmonary fibrosis (IPF)."° Therefore, although
the association of fibrotic or inflammatory lung diseases
with pulmonary vascular abnormalities leads to a high
burden of symptoms and poor outcomes, there is still
much to elucidate in this broad group of diseases.’

The purpose of this work by the IDDI PVRI PH-
Group III workstream is to summarize our current
understanding of the pathogenesis and provide evidence
and descriptions of different phenotypes in ILD-PH. It is
hoped that this will provide a foundation and framework
for descriptions of emerging phenotypes and distinct
clinical entities through future observational studies and
prospective clinical trials.

PATHOGENESIS

The mechanisms leading to PH and those driving ILD are
incompletely understood; how these two processes may
combine and to what extent they are linked is an area
that requires further research.

In the setting of ILD, PH has traditionally been
attributed to fibrotic destruction of the lung parenchyma,
leading to loss of pulmonary vascular bed and impaired
gas exchange which, due to hypoxic pulmonary vaso-
constriction (HPV), contributes to increased pulmonary
vascular resistance (PVR). A similar mechanism of
parenchymal and blood vessel destruction has histori-
cally been invoked for the development of PH in the
context of chronic obstructive pulmonary disease
(COPD). However, it is now known that some degree
of endothelial impairment and arterial remodeling is
present in both diseases and this appears to be at least
partly independent from hypoxia and destruction of lung
parenchyma. Furthermore there is genetic, molecular,
and histopathological evidence that pulmonary vascular
remodeling is likely caused by different molecular
mechanisms in COPD as opposed to IPF.'! Indeed, even
when considering ILD-PH alone, the pathogenetic
mechanisms at play are probably much more complex
than previously recognized (Table 1).

Molecular and genetic pathways

Aside from the loss of vessels or HPV, there is increasing
evidence of pulmonary vascular disruption including
endothelial dysfunction, imbalance between pro- and
antiangiogenic pathways, and other molecular and
genetic abnormalities which may all result in pulmonary
vascular remodeling. Recent research into the complex
genetic, molecular, and cellular mechanisms underlying
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pulmonary vasculopathy in ILD might allow the identifi-
cation of one or more endophenotypes, defined as the
linking of genetic and phenotypical traits in a particular
subgroup. Potential mechanisms of PH in ILD (Table 1),
some important in the pathogenesis of pulmonary
arterial hypertension (PAH), are discussed below.

Mura et al.'® used microarray to compare the gene
expression of lung tissue from ILD patients with and
without PH, describing specific gene signatures for
patients with ILD who did not develop PH (defined by
a mean pulmonary artery pressure, mPAP, <20 mmHg)
and for those who developed severe PH (mPAP
240 mmHg). They found that ILD patients without PH
mainly had a “proinflammatory” gene signature, while
ILD patients with severe PH had a “pro-proliferative”
gene signature. Interestingly, this finding was not
confirmed in a study”* focusing on gene expression from
isolated pulmonary distal vasculature, possibly because it
included a wide spectrum of PH severity. Another
group'” has shown that in lungs of patients with ILD-
PH, both fibrotic and non-fibrotic areas exhibited
increased thickness of the pulmonary vessel wall,
compared with ILD patients without PH."* In the same
study, which also used a rodent Group 3 PH model of
combined bleomycin and monocrotaline inducing both
fibrosis and PH respectively, the authors detected
increased expression of the transcription factor Slug
and its target, the prolactin-induced protein (PIP); the
latter being responsible for inducing pulmonary arterial
smooth muscle cell proliferation.'””> Slug was indeed
upregulated in macrophages, showing the involvement of
cells beyond those strictly pertaining to the lung
vascular wall.

Animal models may indeed help understand how the
shift from a functionally intact to a diseased pulmonary
circulation occurs in ILD patients.'>**** Farkas et al.*
used a rodent model of pulmonary fibrosis obtained by
overexpressing transforming growth factor 1 (TGF{1).
This model showed decreased expression of vascular
endothelial growth factor (VEGF) and of its receptor,
leading to endothelial cell apoptosis and lower vascular
density. While the replacement of VEGF reduced these
phenomena, it also resulted in increased fibrosis.
Interestingly, in a bleomycin-induced mouse model of
lung fibrosis, VEGF overexpression attenuated rather
than worsened lung fibrosis.?® This disparate response in
different animal models perhaps speaks to the difficulties
of identifying the best models to emulate human disease.

Other disruptions of the VEGF pathway, specifically
the mutation of the kinase insert domain receptor (KDR)
gene, which is a VEGF receptor, have also been
described?' in patients with PAH who also had a low
diffusing capacity (DLco) and mild ILD, thus perhaps
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TABLE 1 Pathogenetic mechanisms of pulmonary hypertension associated with interstitial lung disease.

Citation Model
Disequilibrium of pro- and antiangiogenic pathways

Ruffenach et al.'? Murine model of PH-PF

Farkas et al.?®

TGFp1
Wu et al.** Human lung tissue and murine
bleomycin-monocrotaline model
Lambers et al.'® Murine model of PF

Molecular and genetic abnormalities

Mura et al.'®
gene expression

Chen et al."” Human lung tissue

1.18

Jiang et a Murine bleomycin model

1.19

Thoré et a Human PAH families

Hernandez-Gonzalez et al.*°

1'21

Eyries et a Human PAH families

Murine model of PF overexpressing

Human lung tissue: microarray

Findings

t Vascular wall thickness in fibrotic and nonfibrotic areas of
PH-PF patient lungs compared to non-PH-PF patients.
Role of macrophages and Slug/PIP axis

| Expression of VEGF, increased cell apoptosis, + vascular
density. Replacement of VEGF: 1 fibrosis

T Activation and expression of checkpoint kinases 1/2 in
fibroblast and PASMC: proliferative and apoptosis-
resistant endophenotype. Reversible after inhibition

Antifibrotic action of treprostinil. I Recruitment of fibrocyte
to sites of vascular remodeling

NoPH-PF: proinflammatory gene signature, PH-PF: pro-
proliferative gene signature

| Expression of BMPR2 isoform A in macrophages and
PASMC of IPF and IPF-PH versus normal lung samples.
Different miRNA profile

| Expression of the BMP9/BMP2/SMAD pathway.
Regression of lesions after recombinant BMPR9

TBX4 mutation in patients with PAH and ILD, small patella
syndrome, and congenital heart disease

KDR mutations associated with PAH and ILD

Abbreviations: BMP2, bone morphogenetic protein 2; BMP9, bone morphogenetic protein 9; BMPR2, bone morphogenetic protein receptor type-2;

ILD, interstitial lung disease; IPF, idiopatic pulmonary fibrosis; IPF-PH, idiopathic pulmonary fibrosis with pulmonary hypertension; KDR, kinase insert
domain receptor gene; NoPH-PF, pulmonary fibrosis without pulmonary hypertension; PAH, pulmonary arterial hypertension; PASMC, pulmonary arterial
smooth muscle cells; PH, pulmonary hypertension; PH-PF, pulmonary fibrosis with pulmonary hypertension; PIP, prolactin-induced protein; TBX4, T-box
transcription factor 4; TGF1 f, transforming growth factor $1; VEGF, vascular endothelial growth factor.

providing a link between a specific gene mutation and a
clinical phenotype. Intriguingly, family members who
were asymptomatic mutation carriers had intermediate
reductions in DLco but no ILD or PAH, while family
members without KDR mutation had normal DLco and
normal lung morphology. Thus, it is possible that the
development of PH requires a second hit in patients with
KDR mutations. In any event, it remains unclear whether
the presence of ILD and a severely reduced DLco
associated with KDR mutations results in carriers being
predisposed to the development of either PAH or
ILD-PH.

Another study'* combining human lung tissue from
patients with IPF (with and without PH, as evaluated
through echocardiography and the size of pulmonary
artery on CT scan) and two animal models (bleomycin
mouse and bleomycin-monocrotaline rat models),
observed increased DNA damage as well as increased

expression and activation of checkpoint kinases 1/2 in
lung fibroblasts and pulmonary artery smooth muscle
cells, leading to a hyper-proliferative and apoptosis-
resistant endophenotype. Notably, pharmacological inhi-
bition of the checkpoint kinases 1/2 pathway attenuated
both lung fibrosis and pulmonary artery remodeling.
Progress in understanding the genetic architecture of
PH is most advanced in heritable and idiopathic PAH.
Pathogenic mutations in the bone morphogenetic protein
receptor type-2 (BMPR2) are associated with PAH in
families with a history of the condition being found as
well as de novo mutations in patients with idiopathic
PAH.”’ The expression of BMPR2 is reduced in most
forms of clinical and preclinical PH even in the absence
of mutations. BMPR2 is a member of the TGF-f3 signaling
pathway. The current working hypothesis is that reduced
BMPR?2 activity creates an imbalance in BMP-TGF-{ in
favor of TGF-B, leading to inflammation and
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angiogenesis.”® Intriguingly, several studies have linked
these genetic anomalies to the development of ILD-PH. A
parallel human-murine study'’ unveiled reduced expres-
sion of BMPR2 in myofibroblasts and pulmonary
arterioles from fibrotic lesions of explanted IPF lungs,
compared to normal lung samples, as well as increased
expression of IL-6 and phosphorylated STAT3 (p-STAT3)
in the same regions. Both these findings were more
prominent in IPF patients with PH than in patients with
IPF alone. Furthermore, BMPR2 expression was
inversely correlated, and IL-6 expression directly corre-
lated with mPAP, and microRNAs downregulating
BMPR2 were increased differently in IPF patients with
and without PH. Blocking IL-6 and p-STAT3 reduced
expression of those microRNAs, which in the bleomycin
murine model allowed expression of BMPR2 and
attenuated lung fibrosis and vascular remodeling. Other
authors'® have reported reduced expression of the BMP9/
BMP2/SMAD signaling pathway and apoptosis of pul-
monary vascular endothelial cells in the same bleomycin
murine model, resulting in the development of PH.
Interestingly, pulmonary vascular changes were pre-
vented by the administration of recombinant human
BMP9 protein. This evidence suggests that restoring the
BMPR2-TGF- equilibrium might be an interesting
therapeutic strategy in patients with IPF-PH and possibly
in some other forms of ILD-PH. Importantly, targeting
BMP-TGF-f signaling by sotatercept (an activin receptor
type IIA-Fc [ActRIIA-Fc] fusion protein) resulted in a
promising reduction in PVR in patients receiving back-
ground therapy for PAH, in a Phase 2 study.”® These
findings have since been validated with clinical end-
points in the Phase 3 STELLAR study.*

Patients bearing mutations of the gene for T-box
transcription factor 4 (TBX4) may develop PAH alongside
small patella syndrome (which presents with impaired
development of the lower limbs), congenital heart
disease and cognitive deficits. The mode of inheritance
is autosomal dominant, and PAH typically develops with
incomplete penetrance. The disease can manifest either
in childhood or in adult life. In two recently published
case series,'”° patients with TBX4 mutations frequently
had mild obstructive or restrictive spirometric patterns,
DLco reduction, and pulmonary abnormalities on imag-
ing (emphysema, mosaic distribution, septal lines,
micronodules, and ground-glass opacity), with one
patient initially being diagnosed with nonspecific inter-
stitial pneumonia (NSIP) based on the imaging aspect.
Some patients manifest combined emphysematous or
interstitial abnormalities with plexiform lesions and
arterial vasculopathy typical of PAH in the lung tissue.

Finally, recent promising pharmacological data®® may
explain the possible role of the endothelium in triggering

on Access

epithelial fibrotic changes, based on the direct antifibro-
tic action of treprostinil,'>*" iloprost,** soluble guanylate
cyclase modulators,*® and other vasodilators observed in
animal models. However, these findings remain to be
further validated in the clinical setting. This might infer
that not only does fibrosis drive pulmonary vascular
remodeling but also that pulmonary vascular dysfunction
might promote the development of fibrosis.

Histopathology

In patients with ILD, histological changes occur at any
level of the pulmonary vascular tree, from the main
arteries to arterioles, as well as including the capillaries
and pulmonary veins.”* In addition, there are changes
involving all layers of the vessel wall thus constituting a
“panvasculopathy.” Interestingly, the number of capil-
laries is increased in non-fibrotic areas and reduced where
fibrosis is more prominent.>**> This finding is associated
with the presence of PH in ILD*® and has also been
observed in systemic sclerosis (SSc)-related fibrosis with
PH.Y’ Notably, all the vascular changes, such as hypertro-
phy and/or hyperplasia of the three arterial wall layers
and pulmonary-bronchial anastomoses, can be found in
ILD patients with and without PH but they are generally
more pronounced in ILD-PH patients.'*** While promi-
nently increased vascular wall thickness may be found in
arteries, arterioles, and venules in fibrotic areas, non-
fibrotic areas show a pattern characterized by occlusion of
pulmonary venules, muscularization of arterioles, and
capillary multiplication®® (Figure 2). In contrast to these
findings, a recent study applied the Heath & Edward's
histological grading to pulmonary vascular lesions of
explanted end stage fibrotic ILD lungs. The findings
included a widespread arterial vasculopathy which was
not correlated with the hemodynamic or functional
severity of the underlying lung disease®’; however, the
sites of examination (fibrotic vs. non-fibrotic areas) were
not specified. Interestingly, almost half of the patients had
evidence of vascular occlusion with intimal fibrosis and in
one-fifth plexiform lesions were evident; the latter being
traditionally considered a hallmark of WHO group 1 PAH
pathology.***°

The distinction between progressive vascular rarefac-
tion due to increasing fibrotic disease versus the
development of pulmonary vascular changes indepen-
dent of fibrosis is a key pathogenic factor that is yet to be
fully understood. Indeed, while it is commonly held that
fibrosis drives the development of vascular changes
either directly or indirectly, could the opposite hold true
and vascular changes drive the development of fibrosis in
a feedback loop?
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FIGURE 2 Pulmonary vascular disease histology in interstitial lung disease. On the left panel, a histologic section of explanted lung
tissue from a patient with idiopathic pulmonary fibrosis (IPF) who underwent lung transplant, showing marked concentric arterial medial
hypertrophy (arrows) (Haematoxylin & Eosin, x100). On the right panel, explanted lung tissue of a patient with IPF without pulmonary
hypertension (mean pulmonary artery pressure of 20 mmHg and pulmonary vascular resistance 1.5 wood units, pulmonary arterial wedge
pressure 10 mmHg; data obtained 4 months before transplant) but showing signs of venous occlusion. With permission and many thanks to

Dr. H. Mani (Inova Fairfax Hospital).

In summary, the existence of more than one vascular
phenotype seems likely given that vascular changes are
not necessarily seen in areas of fibrosis and are not
related to the severity of the fibrotic lung disease.
Furthermore, the sequence of pathogenetic events for
interstitial and vascular changes in the lungs is more
complex and likely more interlinked than previously
thought.

PHENOTYPES OF PH IN ILD

Despite the molecular, genetic, and histological
evidence for disruption of the pulmonary vasculature
presented above, detection of separate clinical phe-
notypes has proven more elusive. Whether PH
associated with specific forms of ILD should be
regarded as distinct phenotypes is open to debate.
We have chosen to regard them as such since their
pathogenesis and impact from and on the primary
disease are likely different. In this section, we
summarize a number of entities including combined
lung fibrosis and emphysema which constitutes a
largely recognized phenotype of ILD-PH; PH associ-
ated with connective tissue and autoimmune diseases,
an association that many clinicians consider of special
importance; PH in lymphangioleiomyomatosis
(LAM); and the largely unrecognized association
between post-tuberculotic lung disease and PH.
Finally, we describe tests and tools that might be
useful to identify phenotypes of ILD-PH in future
research, as well as previously described subtle
patterns and associations which might serve as a
blueprint for the identification of future phenotypes.

Recognized and possible phenotypes of
ILD-PH

Combined pulmonary fibrosis and
emphysema (CPFE)

CPFE is a tobacco-related form of ILD characterized by
the presence of upper-lobe emphysema and lower-lobe
fibrosis (most commonly, but not exclusively, IPF), with
the minimal extent of emphysema or fibrosis that
qualifies for this diagnosis yet to be definitively
established.”* It is a rare syndrome with an unknown
prevalence in the general population. However, it has
been observed in 0.04%—10% of imaging for lung cancer
screening, and is not uncommon among the idiopathic
interstitial pneumonias (26%—54%), with a broad range
in IPF patients (8%—67%).*' CPFE is complicated by PH
in 30%—50% of cases,** which is severe in 68% of
patients.*® There is often relative preservation of airflow
and lung volumes as measured by pulmonary function
tests, but arterial oxygen and DLco are severely
reduced.’” There tends to be an inverse correlation
between the extent of fibrosis in lung imaging and the
DLco.** The presence of severe PH and an FVC < 50%
are independent predictors of survival, regardless of the
presence of emphysema.*> Compared to patients with
IPF*® or COPD* alone, the severity of PH is increased in
CPFE patients, but the likelihood of PH is not increased
in CPFE patients compared to IPF patients with a
matched extent of disease.*®

There is increasing recognition that many clinical
entities exist within the umbrella term of CPFE,
including distinct fibrosing ILDs (UIP, fibrotic NSIP,
smoking-related interstitial fibrosis, and desquamative
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interstitial pneumonia) and varying emphysema types
(e.g., “thick-walled, large cysts variant,” bullae etc.)
including their extent and distribution.*! It is unknown
whether these different presentations have an influence
on the development or severity of PH; in other words,
whether they constitute distinct phenotypes within the
broader phenotype of PH associated with CPFE.

Connective tissue and autoimmune disease
associated with ILD

PH in the context of autoimmune disease associated
with pulmonary fibrosis is a complex clinical entity
where an aggressive form of PH*®*° combines with a
severe complication of autoimmune disease, that
is, pulmonary fibrosis. PH frequently complicates
SSc and mixed connective tissue disease and is
classified under Group 1 PAH; the most common
type of SSc complicated by Group 1 PAH is limited
SSc. If SSc, more commonly in the diffuse form,
presents with significant pulmonary interstitial
involvement, some may categorize it as Group 3 PH.
PH can also manifest in interstitial pneumonia with
autoimmune features,”’ where a form of ILD is
associated with some features but not the full criteria
for an autoimmune disease. In patients with SSc
presenting with ILD and PH, there is no association
between the extent of ILD on imaging and the severity
of pulmonary hemodynamics.’* In one study, patients
with pulmonary fibrosis and PH associated with an
autoimmune disease had increased survival after
the administration of PAH-targeted therapy, com-
pared with ILD-PH patients without autoimmune
disease.”® On the contrary, no apparent physiologic
differences in response to pulmonary vasodilator
treatment were found comparing SSc-ILD with PH
patients and SSc-PAH>* patients. This latter study also
found that patients with SSc-ILD associated with PH
had worse survival than SSc-PAH patients, albeit they
have better survival than IPF patients with associ-
ated PH.”’

The clinical features of PH in the context of
autoimmune conditions are influenced by a triad of
intertwined pathogenic events in the lung tissue:
autoimmunity, fibrosis and/or proliferation, and
vasculopathy (Figure 3). The three phenomena are
associated with varying degrees of inflammation.
Even though ILD-PH associated with autoimmune
disease is not an established phenotype, the argument
for differentiating it hinges on the difference in its
clinical behavior and prognosis® compared to ILD-
PH without autoimmune disease.”’

ulmonary Circulation

[Opon Accoss:

Symptom
burden

Inflammation

Autoimmunity

time

FIGURE 3 Autoimmune disease, lung fibrosis, and
vasculopathy. Autoimmune diseases share with lung fibrosis and
pulmonary vascular diseases a variable component of inflammation
which, in these entities, plays an important role both in
pathogenesis and in symptoms burden. As the disease progresses,
fibrosis and pulmonary vasculopathy may affect symptoms more
prominently.

Post-tuberculosis PH

It is estimated that there were 155 million survivors of
tuberculosis alive in 2020, many of whom will meet the
criteria for post-tuberculosis lung disease (PTBLD).*®
PTBLD is currently defined as “Evidence of chronic
respiratory abnormality, with or without symptoms,
attributable at least in part to previous tuberculosis.””’
Globally, residual respiratory impairment is estimated to
occur in one-fifth of tuberculosis survivors and is more
common in low-income countries.”® PTBLD may involve
the large and small airways as well as parenchyma, and
present with either obstructive or restrictive physiology.
Chest imaging may demonstrate a spectrum of findings
including parenchymal fibrosis, cavities, and destruction,
as well as residual pleural disease.® PH has been well
described after tuberculosis,’® however the true preva-
lence is not known, primarily due to lack of access to
both echocardiography and right heart catheterizations
in settings where PTBLD is most prevalent.’’ One
Chinese Registry of 693 patients with Group 3 PH found
previous tuberculosis to account for 38.8% of cases.®
Data also suggests that compared to other causes of
Group 3 PH, post-tuberculosis PH patients may have
both higher 1-year mortality (31.6% vs. 10.0%; p = 0.059)
and more frequent readmission rates (78.9% vs. 43.8%;
p =0.009).%

The mechanisms of post-tuberculosis PH are not
clear, neither is it clear whether it should be considered
in Group 3 or Group 5, analogous to other
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granulomatous diseases such as sarcoidosis. Like other
forms of ILD-PH, the correlation of raised pulmonary
artery pressures with extent of radiological parenchymal
destruction is not robust.®* Further, there is evidence of
an association between chronic thromboembolic PH and
previous tuberculosis, even in settings with relatively low
incidence of tuberculosis,’” highlighting a potentially
more complex pathogenesis. Since most post-tuberculosis
PH occurs in low- and middle-income countries,
advocacy will be needed to determine its burden,
mechanisms, and optimal management. The void of
information about post-tuberculosis PH underscores the
huge unmet need with much work needed and strongly
encouraged in this area.

Lymphangioleiomyomatosis (LAM)

LAM is a cystic lung disease affecting female patients,
where the disruption of the lung parenchyma is caused
by the proliferation of smooth muscle cells (called LAM
cells) along the lymphatic network of the thorax and
abdomen. Among other complications such as pneumo-
thorax, chylous effusions, and benign renal tumors, PH
may develop and is classified within Group 3 PH. The
prevalence of PH in LAM varies widely from around 8%
in general cohorts®®® to as high as 45% in pretransplant
patients.”® PH is severe in approximately 20% of cases®®
and is associated with worse dyspnea and exercise
tolerance,®® right heart failure, and haemoptysis.68
Vascular remodeling and infiltration by LAM cells in
the pulmonary artery walls has been described in a small
series®® and is among the possible pathophysiologic
mechanisms, together with airflow obstruction and
hypoxia. LAM patients with PH have a lower mean
FEV, and DLco than those who do not develop PH,
indicating that PH intervenes at a more advanced stage of
the lung disease. The interval between LAM and PH
diagnosis is about 9 years on average. Furthermore,
within the PH group there is a direct correlation between
mPAP or PVR and FEV;, DLco, and K¢o, suggesting that
once PH arises, its progression might develop in parallel
to the underlying lung disease. The value of mPAP also
correlates with the PA/aorta ratio and PA diameter.”

Clinical tools and tests to identify
phenotypes
Symptoms and signs

There is little research describing the clinical presenta-
tion of ILD-PH or change in symptoms heralding the

onset of PH in patients with ILD; most data on symptoms
and signs emanates from retrospective cohorts. One
study’' found that shortness of breath, fatigue, and
swelling were the most frequently reported symptoms,
while cough was mentioned when patients were
prompted.

From a clinical standpoint, experts concur that the
appearance of symptoms and signs of right heart failure
should prompt screening for PH in ILD patients.””
However, by this time patients typically have more
severe hemodynamic impairment. Therefore more subtle
clues, like change in severity or quality of dyspnea,” may
help raise the index of suspicion for PH in patients who
have still not reached this late stage of vascular disease.
An increase in oxygen requirements, especially in
combination with stable lung volumes,”* might also alert
the physician to intervening pulmonary vascular disease.

It is unknown whether distinct symptoms and signs
are more characteristic of any specific phenotype of ILD-
PH, although it is somewhat doubtful that different
fibrotic or hemodynamic phenotypes will manifest with a
distinct clinical picture. Symptoms have a strong impact
on quality of life and on the physical and emotional
status of the patient and should therefore play a
prominent role in the selection of outcome measures in
future trials of PH-ILD.

Respiratory function

Fibrosis and hemodynamic status exist in a complex
interplay. In IPF, the prevalence of PH appears to
increase with increasing severity of the IPF; specifically,
it has been described in 15% with mild to moderate
restriction but increasing to 84% in those with more
advanced disease.>’*’> However, the severity of the
hemodynamic impairment does not seem to be related to
the severity of the underlying fibrosis.”® This is also
confirmed by studies failing to detect a strong correlation
between pulmonary function and severity of PH. In a
classic study,” a retrospective analysis of IPF patients
showed a poor correlation between FVC, DLco, FVC/
DLco, and PH severity.” The best predictors of the
presence of PH, albeit with low sensitivity and specificity,
were DLco <30% and FVC/DLco ratio >1.5. Several
scores to predict mPAP from pulmonary function tests,”’
sometimes combined with other noninvasive parame-
ters’®”? have been developed; however, these tools still
require further external validation in larger cohorts.®
Data derived from the ARTEMIS-IPF trial,”* investigat-
ing ambrisentan in mild-moderate IPF (FVC 250% and
<5% honeycombing), found that of the 14% patients with
PH one-third had a mPAP 235 mmHg, a commonly held
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threshold for severe PH in lung disease.'® Data mining of
registries have also tried to shed some light on the
relationship between lung function and pulmonary
hemodynamics. In one such analysis of pretransplant
IPF patients,””> 46% had PH, of whom 37% had mPAP
<40 mmHg and 9% had mPAP 240 mmHg. However,
FVC values for those with no PH, moderate PH, and
severe PH were very similar (50%, 48%, and 51% of
predicted, respectively).””

The use of inhaled pulmonary vasodilator treatment
in ILD-PH®*'"®? highlights the relevance of V,/Q relation-
ships.®* It is known from classical studies in IPF that V,/
Q mismatching accounts for 80% of hypoxemia.®> While
there are theoretic reasons why V,/Q relationships might
be worsened with systemically administered vasodilators,
this has not borne out as an issue in the few large clinical
trials to date. However, it is unknown whether there are
specific phenotypes of ILD-PH patients which due to
their pathophysiology develop more V,/Q mismatch
than others. If that was the case, these phenotypes would
find greater benefit from an inhaled formulation, which
should theoretically enable more blood flow to better
ventilated areas,®® as opposed to a systemic vasodilator
which may worsen V,/Q mismatch.

The effect of PH on lung volumes is not known; while
PAH patients often present with mild restrictive physiol-
ogy, it is unclear if the presence of PH per se influences
lung volumes to any extent in the context of ILD.
However, it is notable that there is a very poor
correlation between pulmonary pressures and the FVC
in patients with ILD. It is possible that evaluating the
hemodynamic profile of patients at the time of ILD
diagnosis might shed some light on the role of the
pulmonary vasculature in the restrictive physiology,
while serial hemodynamic assessments would provide
even more insight, as demonstrated in small series of IPF
patients.®’

Exercise tolerance

Patients with ILD typically experience worsening ex-
ercise tolerance and when pulmonary vasculopathy
occurs, it impairs exercise even further. In one study of
IPF patients awaiting lung transplant,”” as many as one-
fifth of patients with severe PH (mPAP >40 mmHg) had
six-minute walking test (6MWT) distances of less than
45m, compared to 14% in the mild-moderate PH group
(mPAP >25mmHg) and 10% in the group without PH.
Furthermore, a persistently high heart rate 1min into
recovery after a 6MWT has prognostic implications in
IPF and is somewhat predictive of PH, albeit with low
sensitivity (52%) and moderate specificity (74%).%®

on Access

Interestingly, in one study”> of the 6MWT conducted in
ILD patients with or without PH, the final oxygen
saturation <88% was predictive of worse outcome, while
distance was not. In another study of ILD patients with
and without PH, the PVR was able to independently
predict the distance walked in the 6MWT.*® The
difference in distance walked during the 6MWT might
be even more relevant in severe PH (mPAP
>35mmHg),” in comparison to patients without PH or
those with mild PH. It is very likely that the impairment
of exercise tolerance in ILD-PH patients is multifactorial
being that the parenchymal lung disease, the pulmonary
vascular dysfunction, comorbidities, and deconditioning
all may play varying roles. Larger, ideally prospective
studies might be necessary in ILD-PH to better determine
the exact role of all the variables available through the
6MWT in predicting outcomes in these patients. The
variables include not only the distance, but also oxygen
needs, desaturation nadir, heart rate recovery, and the
Borg dyspnea score.

In IPF, ventilatory efficiency during exercise, ex-
pressed by VE/VCO,, has been shown’’"** as the best
predictor of PH during cardiopulmonary exercise testing
(CPET). This parameter together with the peak oxygen
consumption were able to discriminate®® abnormal
response to exercise in ILD patients, which might be a
hallmark of early pulmonary vasculopathy. Two small
studies by the same group”>® found that patients with
severe PH (mPAP 240 mmHg) had lower peak end-tidal
carbon dioxide pressure and higher peak VE/VCO, on
exercise, compared to patients without PH and moderate
PH. However, the use of CPET is challenging in larger,
late stage studies. Furthermore, in clinical practice the
use of CPET is commonly limited to patients not
requiring high oxygen supplementation, making the
findings less applicable to more hypoxemic patients.

Imaging

Echocardiography remains the cornerstone of screening
in all PH Groups. In addition to further risk stratifying
for the presence of PH,”” it allows for an assessment of
the possible severity, as well as being an important tool to
exclude group 2 PH through the evaluation of the left
heart and by ruling out significant valvular disease.”®
Despite its usefulness as a screening and follow-up tool,
echocardiography is burdened by interobserver variabil-
ity and inaccuracy of measurements of the right
ventricular (RV) systolic pressure, potentially leading to
the misdiagnosis of PH in patients with lung disease in
the absence of a confirmatory right heart catheterization
(RHC).°®**? In the latest ESC/ERS guidelines, the ratio of
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tricuspid annular plane systolic excursion/systolic pul-
monary artery pressure, an indirect measure of RV-
pulmonary vascular coupling, has emerged as a useful
tool for risk stratification in PAH at baseline.”® If there is
uncoupling in ILD-PH, this is likely a measure of severity
rather than a distinct phenotype.'® However, it is
unknown whether certain phenotypes of ILD-PH might
present more typically with uncoupling or any other
features of altered RV function. Indeed, there is no
evidence that a particular echocardiographic profile is
associated with a specific phenotype of ILD-PH, although
this question has not been specifically investigated.

Experience with cardiac magnetic resonance imaging
(cMRI) in ILD-PH is limited, but two recent studies in
ILD cohorts mostly comprised of UIP and fibrotic NSIP
patients have provided interesting clues into the features
of RV function observed through cMRI. In comparison to
healthy controls, both ILD patients with and without PH
have increased RV end-systolic and end-diastolic indices
and reduced RV ejection fractions, with ILD-PH patients
having the lowest values.'”’ Unsurprisingly, it was
shown that depressed RV function was associated with
poorer survival. Furthermore, compared to controls, RV
longitudinal strain is progressively impaired in ILD
patients without PH, and in ILD-PH patients compared
to those without PH. Differences in RV strain have been
shown to have implications for short term outcomes.'%*
These data suggests that progressive RV impairment
commences even before the development of hemodyna-
mically measured PH and continues to overt RV failure
with the establishment of PH. Whether this characteristic
may be more prevalent or associated specifically with
certain subtypes of ILD, such as UIP and fibrotic NSIP,
remains to be investigated.

Screening for PH with CT scans has attractive appeal
as it is a cornerstone test in the diagnosis and follow-up
of patients with ILD. Similarly, CT scans can raise
suspicion for PH or RV failure in patients with other
chronic lung diseases, such as COPD'® and cystic
fibrosis.'**

The quest to identify a simple marker of PH on CT
imaging of ILD patients has been elusive. Two studies
report pulmonary artery size to be significantly greater in
patients with ILD-PH compared to those without PH.>*
Another report'® described pulmonary artery enlarge-
ment in CT scans of pulmonary fibrosis patients both
with and without PH, deeming this to be an unreliable
sign. Indeed, multiple studies have shown a poor
correlation between PA measurement per se and PH in
the setting of known pulmonary fibrosis.'°® Zisman et al.
found no relationship between fibrosis and mPAP on
thoracic CT scans of advanced IPF patients,® and the
same was observed in a mixed cohort of fibrosing

idiopathic pneumonias.®® Nonetheless, an increased
PA/aorta ratio, together with other signs of increased
pressure in the right ventricle, has been deemed useful in
triggering the suspicion of PH in ILD patients based on
expert consensus.’” The incidental finding of an enlarged
PA on CT scan has been suggested as a trigger for
screening of PH in ILD patients in a recent statement
from the Fleischner Society.'®’

Despite these prior studies, further research looking
for the correlation between imaging and hemodynamic
profiles should be undertaken in each specific ILD
subgroup. This especially appears to be the case in
complex entities such as CPFE. Indeed, a post-hoc
analysis of the RISE-IIP study, in which riociguat was
shown to be harmful in patients with PH associated with
idiopathic interstitial pneumonias,'®® demonstrated that
the deleterious signal appeared to emanate from those
patients with CPFE, and especially from those in whom
emphysema predominated. The lesson from this is that
clinical trials should consider CT scan imaging at
inclusion to control for potential confounding factors.
In addition, this highlights the importance of the type
and amount of disease burden in the outcome of
randomized controlled trials in ILD-PH. The advent of
imaging software that enables better characterization and
objective scoring of the parenchymal abnormalities as
well as pulmonary vascular volume quantification'®”
may shed light on specific morphology phenotypes
within the spectrum of ILD-PH. Artificial intelligence
(AI) and in particular machine learning might help the
identification of previously unrecognized patterns.''”

While most data about ILD-PH has emerged from
studies of IPF cohorts, the implications of PH complicat-
ing other diseases may be equally relevant. In the case of
NSIP, the link between the disease and PH is confounded
by the high proportion of NSIP cases in patients with
underlying connective tissue disease. However, in
idiopathic NSIP there is evidence that PH may be present
in about one-third of patients.'’ In patients with chronic
hypersensitivity pneumonitis (chronic HP), precapillary
PH may also be quite common (44%)''* and similarly
appears to be associated with a worse prognosis.'*?
Furthermore, one study of chronic HP patients demon-
strated that an increased PA/aorta ratio on CT is
associated with worse survival.''*

Hemodynamic profiles

The 6th World Symposium on Pulmonary Hypertension
proceedings recommended RHC in ILD patients being
evaluated for lung transplantation as well as referral to a
PH expert center in cases where there is suspicion of
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severe PH. In the latter case, enrollment of the patient in
a clinical trial, or individualized off-label treatment
might be considered. The 2022 ESC/ERS guidelines™
have further suggested that RHC be considered when the
results might help phenotyping, influence management
or when PAH or chronic thromboembolic PH is
suspected.

Once it develops, the propensity is for PH in ILD to
worsen over time with estimates of mPAP increase in IPF
varying widely, from between 1.8 mmHg per year''” to
3.8 mmHg per month.*” Any level of PH is associated
with reduced survival."''*"1'8 In fact, levels of mPAP
below the current cut off definition of PH are also
associated with reduced exercise capacity and poorer
outcomes,”'® indicating that there is a continuous
relationship between an increasing mPAP and mortal-
ity." Recently, it has been suggested that the threshold for
the diagnosis for PH be lowered to mPAP >20 mmHg
with a PVR 22 WU,”® which likely will lead to capturing
patients at an earlier stage of pulmonary vascular
disease'*’; this new threshold also has strong physiologi-
cal basis.'*""'?* It is unclear whether patients meeting the
mPAP threshold of >20mmHg with and without
increased PVR present different phenotypes; however,
it is likely that an increased PVR may also be able to
discriminate ILD patients with a true vasculopathy. The
question is not merely academic, as the identification of a
PVR threshold may facilitate the characterization of a
hemodynamic profile at major risk of worse out-
comes.'**'** In a recent paper,'* describing a large
ILD-PH cohort from the COMPERA Registry, mPAP did
not discriminate worse prognosis while PVR >4 WU was
associated with worse survival and >8 WU had the
highest discriminatory power. However, there are caveats
to this analysis; first, this population was not proportion-
ately representative of less severe cases (median PVR was
7.6 WU, range 6.0—10.6); more than a quarter of patients
had CPFE; it is unclear how many patients had
documented CT imaging and all patients received
vasodilator treatment. Based mostly on this study, the
2022 ESC/ERS PH guidelines suggested using a PVR cut-
off >5 wood units to define severe PH, with the added
benefit of homogenizing the severity threshold of Group
3 PH with that of Group 2 PH.

Another group which might represent a distinct
phenotype includes those IPF patients with mPAP
<21 mmHg but with PVR 23 WU: in the United Network
for Organ Sharing database, they represented 3.6% of IPF
patients listed for lung transplantation. Although this
group does not meet the current definition of PH,
patients had worse survival compared to the IPF group
without PH."*° It is worth noting that comorbidities are
common in ILD’>'*!?® and may be associated or

on Access

contribute to an increased PVR. Postcapillary PH is
found in 5%—20% of patients’*'*” and may coexist with
precapillary PH, arguably constituting a different pheno-
type and possibly having an impact on pulmonary
vasodilators efficacy and tolerability. These issues also
have important implications for clinical trial design,
since the most recent definition of ILD-PH was not
employed in the few clinical trials to date.®'™®*

Just as the significance of various hemodynamic
groups remains uncertain, the broader question of why
some patients with mild IPF develop severe PH’* and
other patients with severe fibrosis never do is yet to be
answered. In addition, while the hemodynamic threshold
for PH as a predictor for poor survival may be low, the
cause of death in ILD-PH populations remain poorly
studied.

DISCUSSION

The first question to address is: what constitutes a
phenotype of PH in ILD? There is not one straight
answer to this problem. From a practical point of view,
one might argue that a phenotype is any distinct entity
that has a somewhat unique clinical course, regardless of
the underlying ILD or hemodynamic compromise. A
recent example of this phenotyping approach is the
definition of “progressive pulmonary fibrosis”'*® as an
umbrella term for all the fibrotic ILDs that have the
propensity for a progressive course.'”’ On the other
hand, a PH-COPD pulmonary vascular phenotype'®'*°
has previously been described'*'** where the common
traits are baseline characteristics and not the subsequent,
often dismal clinical course. These characteristics include
relatively mild airflow obstruction, a severely reduced
DLco, severe hypoxemia, and associated severe PH.
Phenotypes may also be defined by a differential
response to therapy. These approaches, specifically the
definition of a phenotype according to characteristics at
diagnosis, clinical course, or treatment response, may
also not be mutually exclusive.

In the case of ILD-PH the disconnect between
respiratory function tests, imaging characteristics and
hemodynamic profiles suggests that the PH is driven to
an extent by factor(s) beyond just the burden or severity
of the fibrosis. There could be, for example, a genetic
predisposition involving different gene mutations or
epigenetics changes, influencing aberrant pathways that
contribute to the development of PH. The intrinsic
characteristics of the specific ILD in question (IPF, NSIP,
or other) may also play a role, as may environmental and
even social factors. Cigarette smoking, a common risk
factor to some forms of ILD (IPE,'** CPFE,*' PLCH,"**
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smoking-related pulmonary fibrosis etc.) has been
implicated in vascular remodeling and reduced NO
production at the endothelial level, leading to endothelial
dysfunction'**; but tobacco use might be just one of
many intervening environmental agents alongside air
pollution,****” exposure to chemicals’*® and others.
These environmental factors may be further com-
pounded by social and economic factors: higher exposure
of low-income households to chemical substances and air
pollution, reduced availability of healthy lifestyle choices
such as exercise and salubrious diet, reduced access to
medical care among others. All these could contribute to
the clinical presentation and subsequent course. Indeed,
a complex interaction of all these elements may
ultimately be responsible in determining the phenotypic
expression of PH in the context of ILD (Figure 4).

The nature, evolution, and interaction of these
distinct processes may determine the subsequent impact
on patients and their outcomes. Indeed, the vascular
derangements superimposed on the fibrotic disease
process might become the predominant determinant of
the patients course.'* Thus, parenchymal and vascular
changes may not necessarily progress in a predictable
and colinear fashion; in patients with a profibrotic
predisposition there might be more fibrosis progression,
while in those with a more “pro-angiogenetic” geno-
type'® the clinical picture of PH might predominate. A
recent registry publication'*® has described a group of
idiopathic PAH patients with minimal fibrosis on CT
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scan and no impairment of lung volumes, but very low
DLCO and a positive smoking history, presenting very
similar outcomes to patients with Group 3 PH. The
presence of PH and ILD in this group of patients reflects
a “pro-angiogenetic” phenotype of ILD-PH that likely
exists on a continuum between Group 1 and Group 3 PH.
Thus, fibrosis and vasculopathy may exist across a
multidimensional spectrum (Figure 5).

The inextricable link between the vasculature and
fibrosis in ILD has potential therapeutic implications, as
highlighted by the somewhat surreptitious finding of an
improved FVC (compared to placebo) in patients treated
with sildenafil**! or inhaled treprostinil** in independent
double-blind randomized controlled studies.

One key issue in unraveling the interplay between
fibrosis and vascular derangement in ILD patients is the
fact that vascular remodeling may precede the develop-
ment of clinically measurable PH.** The implications of
pre-PH vasculopathy are as uncertain as their progres-
sion to PH. While the development of PH has a profound
impact on outcomes,'**'*” it is conceivable that the lung
vasculopathy may be a treatment target even before the
hemodynamic threshold for PH is reached, as shown by
loss of vascular homeostasis even in IPF patients without
PH.!” Given the continuum of the pulmonary vasculo-
pathy, whatever the definition of PH, this is a somewhat
arbitrary threshold that might include patients who do
not warrant therapy and exclude others who might.
Should we disconnect the concept of a distinct

FIGURE 4 Mechanisms involved in the
development of ILD and PH. This figure
illustrates some of the potential mechanisms
that may lead to the development of PH and ILD
in its different forms. The disparate nature of the
factors implicated, from prebirth development to
exposures throughout life may in part explain
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the variability in clinical presentation and
Sex & other Y P

possibly the existence of different
phenotypes. AIP, acute interstitial pneumonia;
CHP, chronic hypersensitivity pneumonitis;
CPFE, combined pulmonary fibrosis and
emphysema; CTD-ILD, connective tissue disease
associated-ILD; DIP, desquamative interstitial
pneumonia; ILD, interstitial lung disease; IPF,
idiopathic pulmonary fibrosis; LAM,
/ﬁ‘ lymphangioleiomyomatosis; LIP, lymphocytic
interstitial pneumonia; NSIP, nonspecific
interstitial pneumonia; PH, pulmonary
hypertension; PPFE, pleuroparenchymal fibro-
elastosis; TB, tuberculosis.
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lay on the tri-dimensional spectrum. CPFE, combined pulmonary fibrosis and emphysema; ILD, interstitial lung disease; PH, pulmonary

hypertension.

hemodynamic threshold with that of treatment in ILD-
PH, favouring instead the notion of a “ILD wvasculo-
pathy”? The late stages of the disease course in which PH
is usually diagnosed in ILD and the associated poor
prognosis, as well as the muted response in those who
access treatment later in the disease,'** support efforts
aimed at the earlier detection of a vasculopathy. In this
scenario, the lowering of the threshold for the definition
of PH in the new ESC/ERS guidelines®™ should be
helpful, as is the reintroduction and new definition of
exercise PH, which might foster studies earlier in the
course of ILD. Until then, the earlier treatment of a
vasculopathy in the context of ILD remains speculative
and requires further prospective studying. A key point is
identifying ILD populations (and subpopulations) that
future studies should consider. First and foremost, it is
paramount that study populations are identified and
described comprehensively and consistently, hence the
importance of defining distinct phenotypes. Based on the
existing studies, prior shifting definitions have made
conclusions sometimes difficult to draw from pooled
studies.”* Thus far most of the previous research in ILD-
PH has focused on IPF and there is very little data on the
phenotypical differences of PH in the context of other
progressive fibrosing and inflammatory forms of ILD.
Previous studies of PH in ARDS and other acute lung
inflammatory conditions might provide a roadmap for
comparison of inflammatory and fibrosing ILD pheno-
types which might shed light onto the relative roles of
inflammation and fibrosis on the pulmonary vasculature.

SUMMARY OF
RECOMMENDATIONS

 The role of registries and consortia. Because of the low
prevalence of each diagnostic group within ILD-PH,
data sharing across institutions and countries is
integral to providing sufficiently large cohorts to best
discern phenotypes. For this reason, the creation of
consortia, national and international registries, and
other data repositories is strongly encouraged. To
achieve this, great efforts need to be made to facilitate
the exchange of data, within the appropriate legal
framework and ultimately always protecting pa-
tients' right to privacy. Similarly, future clinical trials
should build in provisions to allow access to
patients’ data (including CT scan images) beyond the
scope of a single study, to maximize the benefit of
information that may only be fully realized in
combination with other data sets.

+ Globalization: Greater efforts, including grant propos-
als and pharmaceutical support to better define and
hopefully provide treatments for common, yet under-
served phenotypes that are most prevalent in low- and
middle-income countries (such as post-TB PH), are
strongly encouraged.

« Which analyses should be applied to discern pheno-
types? An unbiased approach to determining pheno-
types and endophenotypes may be achieved with
machine learning and Al in general: practical applica-
tions of this approach include the study of genetics,
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epigenetics, proteomics, metabolomics, and imaging
repositories. This may enable cluster analyses to
provide evidence of clinical phenotypes, such as it
has been applied to PAH,"**'** especially with regard
to survival, risk profiling and therapy.

« Which specific imaging techniques are advisable?
Imaging techniques should include traditional semi-
quantitative and quantitative measures of the paren-
chymal lung disease with efforts to better characterize
patterns and geographical distribution. Cardiac volu-
metrics and 4D flow data as well as studies of
functional imaging are also needed. Imaging-based
Al creating algorithms through CT and MRI data
might better predict which patients have PH. These
should ideally be compared with RHC, as well as
evaluated for their prognostic accuracy and therapeu-
tic decision making in ILD-PH. Moreover, for both
traditional semiquantitative as well as Al-based
research, multi-institutional and international data
are strongly encouraged to mitigate bias; therefore,
the building of international collaborations and
consortia is again encouraged to allow for the sharing
of data and images.
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