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Preface

Several years ago, Roberto Carbone began working on a book which would deal
exclusively regarding pulmonary hypertension in interstitial lung disease. He asked
Drs. Baughman and Bottino to join in this effort as editors and we solicited chapters
from experts around the world on this subject. This led to the first edition of
Pulmonary Arterial Hypertension in Interstitial Lung Disease which was published
in 2010. In this edition, Dr. Baughman and Carbone are joined by Dr. Steven Nathan
as the third co-editor.

Since that time, several studies have been published regarding the diagnosis and
management of pulmonary hypertension in interstitial lung disease. The terminol-
ogy has changed and pulmonary arterial hypertension is reserved for WHO group 1
patients. Pulmonary hypertension in interstitial lung disease is categorized as either
group 3 (e.g. idiopathic pulmonary fibrosis) or group 5 (e.g. sarcoidosis). Thus, we
have changed the title of our second edition to Pulmonary Hypertension in
Interstitial Lung Disease.

In addition to a new title and new co-editor, we have asked our contributors to
provide a new version of their respective chapters, not just an update of the prior
chapters. For many of the chapters, we sought new authors who have contributed to
these respective areas.

The book is divided into two main sections. The first section deals with general
principles of diagnosis and management of pulmonary hypertension in interstitial
lung disease (PH ILD). Dr. Carbone and colleagues start with a chapter detailing the
radiographic imaging seen in various interstitial lung diseases, with insights into
how the pattern on high resolution computer tomography (HRCT) scan may help
determine the underlying interstitial lung disease. Since patients with significant
pulmonary hypertension are poor candidates for surgical biopsy or even broncho-
scopic biopsy, many of the PH ILD patients are diagnosed based on HRCT. Dr.
Engel describes the findings on heart catheterization which characterize pulmonary
hypertension. This includes separating precapillary pulmonary hypertension from
pulmonary hypertension due to left ventricular dysfunction. Although pulmonary
pathology may not be available as part of the initial assessment of PH ILD, studies
of pathology from biopsies and explanted lungs have provided insights into the
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viii Preface

cause(s) of pulmonary hypertension associated with specific interstitial lung dis-
eases. This is detailed in the chapter by Dr. Nunes and colleagues.

The last two chapters of the general section focus on therapy. Dr. Nathan’s group
provide a review of the evidence supporting various medical managements for treat-
ing pulmonary hypertension in different interstitial lung diseases. In the past few
years, some drugs have been shown not only to be ineffective for pulmonary hyper-
tension associated with idiopathic pulmonary fibrosis but also to be potentially harm-
ful. This is not a universal finding, since therapy for pulmonary hypertension with
interstitial lung disease associated with scleroderma and sarcoidosis has had positive
results. One potential treatment for PH ILD is transplant. Dr. Cordova and colleagues
have reviewed this option in the last chapter in the general considerations section.

The second half of the book deals with specific interstitial lung diseases. Dr.
Wells’ group provide details regarding managing pulmonary hypertension in
patients with idiopathic pulmonary fibrosis and other idiopathic interstitial lung dis-
eases. Dr. Baughman and colleagues discuss the evaluation and treatment of
sarcoidosis-associated pulmonary hypertension. Dr. Selman’s group discuss pulmo-
nary hypertension in patients with hypersensitivity pneumonitis. Dr. Highland and
colleagues discuss pulmonary hypertension in interstitial lung disease associated
with connective tissue disorders. Dr. Shlobin’s group then address several other
interstitial lung diseases associated with pulmonary hypertension.

We believe this book will provide a framework for future studies in what is an
important aspect of managing both interstitial lung disease and pulmonary
hypertension.

The editors wish to thank Stephanie Westendorf for all her help and support for
this project.

Cincinnati, OH, USA Robert P. Baughman
Genoa, Italy Roberto G. Carbone
Falls Church, VA, USA Steven D. Nathan
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Chapter 1
Radiographic Imaging in Interstitial Lung
Disease and Pulmonary Hypertension

Roberto G. Carbone, Assaf Monselise, and Giovanni Bottino

Introduction

Interstitial lung diseases (ILD) is a heterogeneous group of over 200 different dis-
eases of unknown and known cause with common functional characteristics (restric-
tive physiology and impaired gas exchange) and a common final pathway, eventually
leading to irreversible fibrosis [1-5].

In this chapter, the radiographic imaging of the more common conditions of ILD
is reviewed, and in particular, Idiopathic Interstitial Pneumonias (IIP), in relation to
the presence of pulmonary hypertension, is discussed. A special emphasis is placed
on the role of high-resolution computed tomography (HRCT) findings in associa-
tion with Pulmonary Hypertension (PH) [6-9].

In 2002, the ATS/ERS multidisciplinary panel proposed a classification of IIP
that comprises clinical-pathological entities such as Idiopathic Pulmonary Fibrosis.

(IPF), Nonspecific Interstitial Pneumonia (NSIP), Respiratory Bronchiolitis-
associated Interstitial Lung Disease (RB-ILD), Cryptogenic Organizing Pneumonia
(COP), Acute Interstitial Pneumonia (AIP), Desquamative Interstitial Pneumonia
(DIP), and lymphoid interstitial pneumonia (LIP) [1].
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IPF is the most common subset IIP occurring most frequently in patients older
than 50 years of age, limited to the lower lungs, and associated with a histological
pattern termed usual interstitial pneumonia (UIP). Symptoms include dry cough,
progressive dyspnea, and finger clubbing that usually precede presentation by
6 months [10-18]. Physiological examination shows crackles over the lower lungs
specific for IPF with a high level of accuracy near 100%. In our opinion, only two
approaches would allow an earlier diagnosis of IPF: (a) assessment of Velcro crackles
by lung auscultation and (b) screening using HRCT [4, 12, 18-20].

Pulmonary Hypertension in Interstitial Lung Disease

PH is defined as a mean pulmonary artery pressure ( P pa ) > 25 mmHg at rest with a
pulmonary capillary wedge pressure <15 mmHg and/or a pulmonary vascular resis-
tance >3 Wood units [3, 8, 9, 21]. Pulmonary vascular disease is characterized by
progressive obliteration and remodeling of the pulmonary arteries, resulting in loss of
vascular reserves and the development of precapillary PH. The normal pulmonary
circulation is a low resistance, high capacitance circuit with the ability to accommo-
date the entire cardiac output at low arterial pressure [21]. Assessment of pulmonary
vasculature can be made by HRCT. In particular, the measurements of parenchymal
vessel diameter, the absolute size of the main PA, and the ratio of the PA diameter
(d-PA) to the diameter of the ascending aorta (d-AA) have been shown to correlate
with mPAP. Assessment of the d-PA/d-AA ratio has become a widely accepted quick
and easy sign for the assessment of PH on HRCT [21]. Two studies have shown that
increased PA size may not be reliable for detecting PH in patients with fibrotic lung
disease [22, 23]; nevertheless, a correlation between d-PA/d-AA ratio and mPAP was
demonstrated in the pulmonary fibrosis group, suggesting this may still be a useful
HRCT sign. Segmental artery size has been shown to correlate with mPAP, although
not closer than the mean d-PA/d-AA ratio. In HRCT, enlarged main pulmonary artery
(>29 mm) or an increased diameter of pulmonary artery as compared with the aorta
can be seen in patients with moderate to severe PH [3, 21].

In long-standing severe PH, calcifications of the pulmonary arteries usually
affecting the main right or left pulmonary arteries and less commonly the lobar
pulmonary arteries may be present. This finding is usually but not invariably associ-
ated with irreversible vascular disease.

Recently, a composite index of HRCT and echocardiographic measurements,
d-PA/d-AA ratio, and right ventricular systolic pressure (RVSP) have been shown to
correlate with mPAP better than either test alone [3]. Moreover, the gold standard
using right heart catheterization (RHC) is not always practicable [12, 24]. The
World Health Organization (WHO) classification of PH categorizes PH due to
chronic lung disease such as ILD under group 3 and it is the second most common
cause of PH in the Western world [3]. Currently, available studies suggest that PH is
present in up to 70-90% of patients with advanced COPD, showing at most mild
PH, and in 50% of patients with IPF. RVSP is estimated >45 mmHg in up to 50% of
patients with combined pulmonary fibrosis and emphysema. Even though group 3 PH
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is usually mild to moderate in severity, it has important clinical and prognostic
implications. Notably, the presence of PH in the setting of chronic hypoxic lung
disease is associated with worsened exercise capacity, impaired quality of life, and
a higher incidence of primary graft dysfunction after lung transplantation. Indeed,
the presence of PH is associated with worse survival [3].

There are many reports of PH complicating the course of the more common ILD,
such as IPF, connective tissue diseases associated with ILD, and conditions within
WHO group 5, such as sarcoidosis. What is surprising though is the relative paucity
of data on PH complicating the course of other forms of ILD [25]. In advanced
fibrosis, markers of pulmonary vascular disease, including elevated pulmonary vas-
cular resistance, are strongly predictive of early mortality. Noninvasive pulmonary
vascular markers are desirable for accurate prognostic assessment [24, 26-28].

Chest X-ray in Interstitial Lung Disease with Pulmonary
Hypertension

Radiologic evaluation of dyspneic patients by means of chest X-ray is often a diagnos-
tic challenge since dyspnea may arise from either pulmonary, cardiac, hematological,
muscular, or neuropsychiatric diseases [29]. However, most dyspneic patients have
pulmonary disease and dyspnea is the main symptom of IPF [1, 7, 10].

While chest-X-ray cannot be considered the primary imaging modality to evalu-
ate patients with IPF, it can be used to roughly assess the extension of the disease
and to exclude major complications [3]. In IPF study approximately 10% of patients
with histologically proven disease have a normal chest X-ray [3]. In such cases,
HRCT will reveal evidence of the disease with a sensitivity of 88% as reported by
Orens et al. [30]. Chest-X-ray findings may be consistent with congestive heart fail-
ure or could be partly explained by superimposed acute thromboembolic disease.
Furthermore, the relative hyperlucency of the right lung base along with the ectasia
of the interlobar artery represents the Westermark sign which is highly predictive of
pulmonary thromboembolic disease [31].

Although chest X-ray may provide clues of PH, the sensitivity of this procedure
is low. Enlarged central pulmonary artery (>15 mm) and elongated retrosternal
contact of the right ventricle are typical findings [3].

HRCT in IPF with Pulmonary Hypertension

The role of HRCT finding in ILD is (i) to detect ILD in patients with normal or
equivocal chest X-ray, (ii) to focus the differential diagnosis in patients with
obvious but nonspecific chest X-ray abnormalities, (iii) to guide the site of lung
biopsy, and (iv) to evaluate disease reversibility [1-5]. Ideally, the diagnosis
should be supported by surgical lung biopsy (SLB), but this may be not being per-
formed in patients at high risk, such as those with significant pulmonary hypertension.
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Recent guidelines have tried to identify those patients in whom the risks of SLB
may outweigh the benefits of establishing a definite diagnosis of IPF [1, 2]. On the
basis of BTS guidelines [2], when clinical, serological, and instrumental (physio-
logical functional) tests have excluded other common causes of ILD, the diagnosis
of IPF is based on HRCT findings combined with procedures as described by the
composite physiological index (CPI) levels by Wells [2], making SLB unnecessary.
By contrast the lack of a known cause of ILD represents a key factor for SLB in the
diagnostic process [1, 2, 8—10]. Also, the presence of a subpleural honeycombing
with minimal ground glass, especially in someone over the age of 60 with progres-
sive fibrosis in older patients (>70 years), has a high likelihood of IPF.

In cases where the HRCT shows a predominant reticular pattern of involvement
of the lung parenchyma with scattered lobular areas of ground-glass attenuation and
upper lobe predominance, chronic hypersensitivity pneumonitis is a common cause,
especially in advanced lung disease.

While these findings can also be observed in other ILD, such as chronic hypersen-
sitivity pneumonia [32] and collagen vascular disease [33], the patient does not refer
any domestic or professional exposure, and serological tests may result negative.
However, while the upper lobe predominance of such a reticular pattern cannot be
considered a typical finding of IPF [1, 2, 10, 11], it was indeed described by
Hunninghake et al. in 85% of patients with IPF vs. 31% of those with other intersti-
tial pneumonia [34]. In fact, the predominance of reticular densities over the areas of
ground-glass attenuation does represent a typical finding of IPF when it is confined
to both lung bases and associated with traction bronchiectasies and honeycombing—
indeed this may be considered diagnostic for IPF (Fig. 1.1a, b).

In IPF patients, the HRCT findings of pulmonary arterial enlargement may occur
even in the absence of PH due to the presence of fibrosis; therefore, it is an unreli-
able sign of PH in IPF patients [21]. However, PH is common in patients with
IPF. Nadrous et al. [35] observed that PH was frequent in advanced IPF and corre-
lated with both low diffusing capacity of the lung for carbon monoxide and low
resting arterial oxygen tension. In a retrospective analysis of consecutive pretrans-
plant IPF patients undergoing RHC, Lettieri et al. [36] found that PH was present in
approximately one-third of the study population, and that even moderate increases
of mean PAP (25 mmHg) correlated with increased mortality. Nathan et al. [37]
found that echocardiographic assessment of systolic PAP was not a sufficiently
accurate test for the assessment of PH, as nearly a third of patients with normal
systolic PAP measured by echocardiography had PH by RHC. As noted earlier, the
combination of echo and HRCT may enhance the sensitivity for PH, although the
specificity may still be low.

HRCT in NSIP with Pulmonary Hypertension

The most difficult IIP to distinguish from a UIP is NSIP. In contrast to UIP, the
dominant feature of NSIP on HRCT imaging is basilar, subpleural, symmetrical,
bilateral ground-glass opacity. The latter may be the sole feature in nearly one-third
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Fig. 1.1 (a and b) Idiopathic pulmonary fibrosis (IPF) histologically proved usual interstitial
pneumonia (UIP). HRCT shows extensive reticular opacities in the lung bases, and subpleural
honeycombing with traction bronchiectasis and an increase of interlobular septal thickening espe-
cially in the lower lobes (arrows)

of patients with NSIP (Fig. 1.2a—c). A peculiar pattern in which the peripheral
ground-glass opacity and reticulation spares the immediate subpleural region of
lung has been considered suggestive of NSIP (Fig. 1.2d). Irregular linear and reticular
opacities are often present in patients with NSIP, and these opacities become
increasingly coarse as the fibrotic elements become more pronounced on histopath-
ological specimens. Traction bronchiectasis is often visible and also becomes
increasingly prominent as the fibrosis progresses. The radiographic features for
NSIP are somewhat tenuous and there was significant disagreement between radi-
ologist on the presence or absence of NSIP vs. surgical lung biopsy (Flaherty).

Data on the prevalence and clinical features of PH in idiopathic NSIP are sparse;
in this setting, the level of PH is usually mild to moderate in an echocardiographic
study. The mean systolic PAP in this group was 30.2 mmHg. Severe PH has only
rarely been described in idiopathic NSIP [37].

HRCT in Respiratory Bronchiolitis and Interstitial Lung
Disease (RB-ILD)

Respiratory bronchiolitis (RB) is a histopathologic lesion found in cigarette smokers
and is characterized by the presence of pigmented intraluminal macrophages within
first- and second-order respiratory bronchioles [20]. It is usually asymptomatic.
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Fig. 1.2 (a—c) Nonspecific interstitial pneumonia (NSIP) histologically proven. HRCTs at three
levels show reticular opacities and traction bronchiectasis. (d) HRCT shows reticular and ground-
glass opacities which are symmetrical, predominant in lung bases and at the periphery of the lungs
(arrows)

RB associated with Interstitial Lung Disease (RB-ILD) and Desquamative
Interstitial Pneumonia (DIP) are best regarded as a part of a continuum of smoking-
related lung injuries (Fig. 1.3a—c) [38, 39]. Patients with asymptomatic respiratory
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c

Fig. 1.2 (continued)

bronchiolitis generally show mild centrilobular nodularity and small patches of
ground-glass opacity. In RB-ILD, both of these findings particularly that of ground-
glass opacity become more extensive. HRCT findings of RB-ILD are at least par-
tially reversible in patients who stop smoking.
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Fig. 1.3 (a—c) Desquamative Interstitial Pneumonia (DIP) histologically proven. HRCT show
peripheral ground-glass consolidations in the lower lobes and traction bronchiole ecstasies
(arrows)
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Cc

Fig. 1.3 (continued)

HRCT in Cryptogenic Organizing Pneumonia (COP)
with Pulmonary Hypertension

COP is also usually radiographically distinct from UIP, most commonly presenting
as parenchyma consolidation which is present in 90% of patients. Ground-glass
opacity or nodules that frequently regress with treatment. In up to 50% of patients,
the consolidation is peripheral or peribronchiolar in distribution, and is more com-
monly encountered in the lower lobes (Fig. 1.4a and b) [40, 41]. The ATS/ERS
Classification [1] recommends the term COP for idiopathic disorders avoiding
bronchiolitis obliterans organizing pneumonia (BOOP) because it might cause mis-
leading. However, for the latter now is preferred the definition of organizing pneu-
monia (OP) and characterized by the presence of a patchy areas of organizing
pneumonia [3].

Several variant presentations of COP have been described. In 15% of patients,
COP may present as multiple masses, often with poorly circumscribed margins and
an air bronchogram.

Patients with COP may also show the “reverse ground-glass halo” sign, or “atoll”
sign, on HRCT imaging (Fig. 1.5a—c).

This finding consists of a nodular area of increased attenuation consisting of
peripheral consolidation surrounding central ground-glass attenuation. While this
finding is not specific for COP, nodules with this morphology are suggestive of COP
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Fig. 1.4 (a) Cryptogenic obstructing pneumonia. HRCT shows irregular nodular opacities and
peripheral ground-glass consolidation. Some of the small nodules in the lower lobes appear centri-
lobular in location in combination with bronchiectasis. (b) Patchy subpleural area and peribron-
chial consolidation
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Fig. 1.5 (a—c) Patients with COP show the “reverse ground-glass halo” sign, or “atoll” sign, on
HRCT imaging

in the appropriate clinical setting. However, a perilobular pattern of linear increased
attenuation has been described. PH has only rarely demonstrated in OP and when
present PAP is moderate.

HRCT in Acute Interstitial Pneumonia (AIP) with Pulmonary
Hypertension

HRCT features can distinguish AIP from UIP. The typical HRCT features of AIP
are bilateral, multifocal, or diffuse areas of ground-glass opacity and consolidation,
usually without pleural effusion. No zonal distribution is identifiable, although the
consolidation is often dependent on location. HRCT findings often reflect the stage
of the disease and underlying histopathological process. During the organizing
phase of the disease, HRCT findings consistent with evolving fibrosis are often
present, including traction bronchiectasis, linear and reticular abnormalities, and
architectural distortion. Among survivors, HRCT scans show clearing of most
abnormalities, but foci of reticulation, parenchymal distortion, cystic change, or
honeycombing may remain (Fig. 1.6a—c) [42—44]. Because AIP usually manifests
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Fig. 1.6 (a and b) Acute Interstitial Pneumonia (AIP). HRCT show bilateral, multifocal, or diffuse
areas of ground-glass opacity and consolidation without pleural effusion (arrows). (¢) Presence of
honeycombing with traction bronchiectasis

as acute hypoxemic respiratory failure, it does not enter into the clinical differential
diagnosis of the other IIP [45]. By contrast with PH present rarely in OP, in AIP PH
shows a severe PAP interesting the 50% of patients because of AIP is considered a
severe lung disease with the presence of damage alveolar diffuse and a high mortality
risk [46].
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C

Fig. 1.6 (continued)

HRCT in Desquamative Interstitial Pneumonia (DIP)

HRCT findings show ground-glass opacities present on HRCT images in all cases
of DIP. These are due to the spatially homogeneous accumulation of intra-alveolar
macrophages and alveolar septal thickening [38]. The abnormality has a lower zone
and peripheral distribution in the majority of cases. Irregular linear opacities and a
reticular pattern are frequent but are limited in extent and are usually confined to the
lung bases. Honeycombing is uncommon, but well-defined cysts may occur within the
areas of ground-glass opacity [2, 47, 48]. The cysts are usually round, thin walled, and
less than 2 cm in diameter; the ground-glass opacities usually regress with treatment.
DIP is associated with a radiological and/or pathological pattern not compatible with
UIP and may be the first clinical manifestation of a connective tissue disease.

Therefore, if the diagnosis of IPF is considered it is necessary to systematically
look at extra pulmonary signs and biological markers in order to eliminate a connec-
tive tissue disease. If signs, symptoms, or biological abnormalities suggesting a
connective tissue disease occur during the course of the disease, the diagnosis of
IPF should be challenged. Biological markers of an inflammatory syndrome or an
extra pulmonary disorder should also be measured.

The investigation of infectious agents, in particular by bronchoalveolar lavage
(BAL), may be justified. Examinations that aim to identify a lymph proliferative
disorder (protein electrophoresis, immunoelectrophoresis, urinary immunofixation,
or cryoglobulinemia) are justified if an ILD other than IPF is suspected.
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HRCT in Lymphocytic Interstitial Pneumonia (LIP)

HRCT findings of LIP are variable, but their lymphatic distribution along the
peribronchovascular interstitium, interlobular septa, and within the visceral pleura
distinguishes this entity from UIP [49].

Lymphoid interstitial infiltration along the centrilobular bronchus, within the
center of the secondary pulmonary nodule, will produce centrilobular nodules on
the HRCT scan. These nodules often show ground-glass attenuation and are one of
the more common manifestations of LIP on HRCT scanning (Fig. 1.7a—c).
Sometimes these ground-glass attenuation centrilobular nodules may become con-
fluent and HRCT scans will then show multifocal areas of ground-glass opacity in
patients with LIP (Fig. 1.7d).

HRCT and PH in the Complications of ILD
IPF and Superimposed Acute Thromboembolic Disease

IPF and superimposed acute thromboembolic disease is a well-known complication
of former accounting for up to 3% of deaths from the disease [36]. While a recent
population-based study claims that interstitial lung fibrosis may indeed result from
a long-standing clinically occult pulmonary thromboembolism [50], there seems to
be no doubt that in some patients the thromboembolic event is superimposed on a
preexistent interstitial disease which was not clinically suspected and was first doc-
umented by HRCT.

A diagnosis of acute pulmonary thromboembolism can be first suggested by bed-
side echocardiography and initially ruled out by lung perfusion scintigraphy show-
ing multiple segmental defects in both lungs but scored as a “low probability” scan
in view of the chest X-ray findings. Indeed, it is well known that the diagnostic
accuracy of this technique may be impaired in presence of diffuse parenchymal lung
disease [51]. Thromboembolic disease was then clearly depicted by contrast-
enhanced multidetector computed tomography (MDCT) angiography which showed
marked ectasia and nonhomogeneous enhancement of the right pulmonary artery,
with evidence of an embolus at the emergency of its lower lobar branch as best
shown by the coronal reformatted MIP image. As MDCT angiography is currently
regarded as the “gold standard” for pulmonary embolism [52], CT findings were not
further investigated and the patient was put on an anticoagulant.

MDCT angiography, however, revealed signs of chronic pulmonary arterial
hypertension resulting from IPF as both the pulmonary trunk and left pulmonary
artery appeared ectasic (>25 mm) but normally patent. As far as the pathophysiol-
ogy of arterial pulmonary hypertension is concerned, both obstructive and restric-
tive lung diseases may result in alveolar hypoxia with chronic hypoxic
vasoconstriction and vascular remodeling resulting in increased resistances in the
pulmonary circulation [53].
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a|

Fig. 1.7 (a—c) Lymphocytic Interstitial Pneumonia (LIP) histologically proven. HRCTs show mil-
limeter center-lobular and peripheral lobular nodules (d) LIP. A combination of different HRCT
patterns: ground-glass, nodular thickening of the peribronchovascular regions and patchy area of
ground-glass opacity showed by arrows number 1, 2, 3, respectively
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Fig. 1.7 (continued)
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HRCT in Acute Exacerbation of IPF and Pulmonary
Hypertension

Acute exacerbation is increasingly recognized as an important and relatively common
complication of IPF. Diagnostic criteria of acute exacerbation comprise previous or
concurrent diagnosis of IPF; unexplained worsening or development of dyspnea
within 30 days, HRCT demonstrating new parenchymal opacity on a background of
reticular or honeycomb pattern consistent with UIP; exclusion of alternative causes,
including infection, left heart failure, or identifiable cause of acute lung injury
[54-56]. In this context, Matsushita S, et al. [57] evaluated a change in the size of the
main pulmonary (PA) artery in patients with acute exacerbation of interstitial pneu-
monia (IP). Twenty-nine patients underwent computed tomography at baseline and
at the time of acute IP exacerbation for the measurement of the diameters of the main
PA and the ascending aorta. The diameter of the main PA was significantly larger at
the time of acute IP exacerbation than at baseline, which might reflect the alterations
in pulmonary circulation.

HRCT in Combined Pulmonary Fibrosis and Pulmonary
Emphysema (CPFE)

The HRCT studies have permitted the identification of the coexistence of pulmo-
nary fibrosis and emphysema (CPFE) [58]. The former centrilobular involves the
lower lobes, while the latter involves the upper lobes of the lung. The most common
CPFE is IPF. Patients are smokers and prevalently male, with the physiological
functional tests characterized by preserved lung volumes and markedly reduction of
the lung transfer of CO. CPFE may be due to pure coincidence, a cohabitation
where smokers develop emphysema and for an unknown reason develop an ILD.
Both conditions may be related to a common environmental mechanism. HRCT
pattern suggestive of NSIP is characterized by basal ground-glass opacities and/or
reticular pattern, often with traction bronchiectasis and bronchiole—ectasis without
or with minimal honeycombing in more advanced disease. For this reason, HRCT
finding of NSIP is similar to IPF.

The CPFE prognosis is worse than that of IPF especially when significant PH is
evaluated and not only for the presence of pulmonary emphysema with a higher
level of mortality risk (HR = 4.09) [59].

Any pharmacological treatment for PH in CPFE except for long-term oxygen
treatment is not recommended. The high prevalence of PH complicating CPFE has
a devastating impact on the natural history of the disease [59] and renders imperative
the need for clinical trials.
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Cardiogenic Pulmonary Edema

Patients with IPF show an increased prevalence of ischemic heart disease. Kizer
et al. [60] found a significantly increased frequency of coronary artery disease
detected at angiography in patients with end-stage fibrotic lung disease, including a
subset with IPF, compared with patients with other end-stage lung diseases.
Mortality and autopsy studies have reported cardiovascular causes of death in
between a fifth and a quarter of patients with IPF [61]. Therefore, it is not surprising
that cardiogenic pulmonary edema is a common cause of acute deterioration in
patients with IPF [62]. The presence of profuse septal thickening on HRCT (an
uncommon finding in uncomplicated IPF) with patchy ground-glass opacity and
pleural effusions suggests cardiac failure as the cause of deterioration.

Orphan Lung Diseases and Pulmonary Hypertension

Langerhans Cell Histiocytosis (LCH) is a rare bronchiolitis disorder developing exclu-
sively in young smokers [63—65]. HRCT imaging is useful for the diagnosis of this
disease showing nodules with centrilobular distribution, cavitated nodules (thick
walled cysts), and thin walled cysts which are typical for this disease (Fig. 1.8) [66-70].

Fig. 1.8 Langerhans cell histiocytosis. HRCT pattern shows nodules with centrilobular distribution,
cavitated nodules (thick walled cysts), and thin walled cysts which are typical for this disease.
Nodules can be with a general size range of 10-20 mm
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Development of severe PH is very common in end-stage disease in patients referred
for lung transplantation and appears to be more frequent compared to other end-stage
chronic lung diseases [71, 72].

Additionally, PH prevalence is higher than that reported at baseline (38%)
increasing to 86% in IPF, with respect to 50-90% at end stage of disease in COPD
at the time of lung transplantation [58].

Granulomatosis with polyangiitis (Wegener’s) is a rare autoimmune disorder
that is characterized by necrotizing granulomatous inflammation and vasculitis
affecting predominantly the small vessels [73]. HRCT imaging shows lung nod-
ules and mass that can be cavitated or consolidated: pulmonary infiltrates (alveo-
litis) and ground-glass opacities (Fig. 1.9a, b) [50, 74]. The presence of PH is
correlated with a poor outcome [75]. Pulmonary amyloidosis nodules are uncom-
mon in Sjogren’s disease (sicca syndrome), a chronic organ-specific autoimmune
disease characterized by lymphocytic infiltration of the salivary and lacrimal
glands [76]. HRCT identifies multiple pulmonary nodules, some of them in the
mediastinum (Fig. 1.10), which show intense uptake on PET-CT scan (Fig. 1.10).
The final diagnosis is obtained by a histopathological evaluation of a biopsied
nodule, showing peribronchial and perivascular lymphoid nodular hyperplasia,
with perivascular and interstitial amyloid deposits seen with Congo red dye (Fig.
1.10) [76]. PH is rare and observed in advanced systemic disease [77].
Lymphangioleiomyomatosis (LAM) is a multisystemic disorder affecting preva-
lently females in their reproductive years with a prevalence of one per 400,000
adult females [78, 79]. LAM is characterized by progressive cystic lung destruc-
tion, lymphatic abnormalities, and abdominal tumors and on HRCT imaging the
cysts are distributed diffusely and bilaterally throughout normal lung parenchyma
(Fig. 1.11) [80]. PH is relatively common in patients with severe pulmonary
involvement [78-80].

Behget disease is a multigenetic inflammatory systemic disorder of unknown
etiology. Clinical features include oral and genital ulcers, ocular inflammation, skin
lesions, as well as articular, vascular, neurological, pulmonary, gastrointestinal,
renal, vascular, and genitourinary manifestations [81]. On HRCT imaging pleural
thickening, major fissure thickening, emphysematous changes, bronchiectasis,
parenchymal bands, and parenchymal nodules are the most important abnormalities
(Fig. 1.12).

Takayasu arteritis (TA) is an inflammatory arteritis affecting large vessels,
especially aorta, its main branches, and the pulmonary arteries (119).
Arteriography is considered the gold standard for the diagnosis of TA; however,
18 FDG-PET could be an effective imaging modality to estimate the disease
activity (Fig. 1.13a, b) [81].

Data on PH for Behcet’s and Takayasu’s in combination with HRCT findings of
various ILD and COPD are reported with the incidence of PH in Table 1.1.
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Fig. 1.9 (a and b) Wegener’s granulomatosis. HRCT shows opacities mono or bilateral that can
be cavitated (arrows) in close correlation with the bronchovascular tissue. In this patient, PET-CT
total body scan shows a good regression of disease after 6 months of treatment with steroid and
cyclophosphamide
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Fig. 1.10 (a—c) Sjogren’s disease. HRCT shows multiple pulmonary nodules, some of them in the
mediastinum, confirmed by PET-CT scan total body. The histological evaluation of biopsied nod-
ules identifies pulmonary amyloidal nodules

Fig. 1.11 Lymphangioleiomyomatosis. HRCT shows diffuse bilateral with cysts with thick and
irregular walls with a reticular aspect (Courtesy S Harari)
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Fig. 1.12 Behcet diseases histologically proven. HRCT shows parenchymal nodules especially in

the lower right lobe

Table 1.1 HRCT findings in various ILD, and COPD with reported incidence of pulmonary

hypertension

ILD—COPD
IPF
IPF and emphysema

AIP

LCH > 35 mmHg
LCH > 45 mmHg
COpP

BEHCET’s
TAKAYASU’s

COPD

HRCT findings
Reticular pattern honeycombing

Basal ground glass opacity without
honeycombing bullae upper lobes

Bilateral multifocal ground glass opacity

Cavitated nodules

Pavitated nodules

Parenchyma consolidation ground glass
opacity

Pleural and major fissure thickening
bronchiectasis

CT angiography shows abnormality of
lung or vessels

Pulmonary
hypertension incidence
%

36
55

74

7
45
48

5,11
50

36
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Fig. 1.13 (a—e) Takayasu arteritis histologically proven. PET-CT scans may be useful tools for

disease monitoring
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Glossary

AIP Acute interstitial pneumonia

ANCA Antineutrophil cytoplasmic antibodies

ATS American thoracic society

BAL Bronchoalveolar lavage

BHL Bilateral Hilar lymphadenopathy

BOOP Bronchiolitis obliterans organizing pneumonia

BTS British thoracic society

COP Cryptogenic organizing pneumonia

COPD Chronic obstructive pneumonia disease

CPFE Combined pulmonary fibrosis and pulmonary emphysema

CTD Connective tissue disease

DIP Desquamative interstitial pneumonia

ERS European respiratory society

FDG-PET 18 F-fluoro-2- deoxy-D-glucose Positron emission tomography

HLA HLA class II alleles (HLA class II can form a complex with anti-
genic proteins and T-cell receptors to provide the first signal for
T-cell activation) have been frequently reported as being involved in
the development of sarcoidosis

HRCT High-resolution computed tomography

1P Idiopathic interstitial pneumonias

ILD Interstitial lung disease

IPF Idiopathic pulmonary fibrosis

LCH Langerhans cell histiocytosis

LIP Lymphoid interstitial pneumonia

MIP Maximum intensity projection

mPAP Mean pulmonary arterial pressure

MDCT Multidetector computed tomography

MRI Magnetic resonance imaging

NSIP Nonspecific interstitial pneumonia

op Organizing pneumonia

PAH Pulmonary arterial hypertension

PET-CT F-18 fluorodeoxyglucose Positron emission computed tomography

PH Pulmonary hypertension

PVOD Pulmonary veno-occlusive disease

RB-ILD Respiratory Bronchiolitis-associated interstitial lung disease
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RVSP Right ventricular systolic pressure

RHC Right heart catheter

SLB Surgical lung biopsy

SPECT/CT Single photon emission computed tomography/computed tomography
WHO World Health Organization

U.L Uptake index

uIlp Usual interstitial pneumonia
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Chapter 2
Invasive Techniques for Diagnosis of PH

Peter J. Engel

Introduction

During the past two decades, there has been significant progress in the diagnosis
and treatment of pulmonary hypertension. As a result of several World Symposia,
the definition and classification of PH has been revised and refined. PH is now con-
sidered to exist in five diagnostic WHO Groups, with 12 drugs now FDA approved
for use only in WHO Group 1, also known as pulmonary arterial hypertension or
PAH (see Chap. 6).

Accurate classification of PH is essential to the selection of appropriate therapy,
since treatment with PAH-specific drugs may be ineffective or even harmful in
patients with WHO Group 2 PH (PH due to left heart disease); conversely, treatment
of patients with WHO Group 1 PH with drugs for Group 2 PH will be ineffective at
best. It has been hoped that a noninvasive method of could be used for guiding the
diagnosis and treatment of PH, but right heart catheterization (RHC) has remained
the gold standard for assessing PH. The distinction between precapillary (WHO
Groups 1, 3,4, and 5) and postcapillary (WHO Group 2) PH is vital and depends on
not only clinical history and echocardiogram, but most importantly on RHC. In
addition, RHC is the only technique that provides crucial information regarding the
load imposed on the right ventricle in PAH and the response of the right ventricle to
this burden. This chapter will summarize the use of cardiac catheterization in evalu-
ating the patient with suspected PH.
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Methodological Considerations

RHC can generally be performed safely, even in patients with severe pulmonary
hypertension. In one multicenter retrospective study of more than 7000 RHC (70%
of which were done from the internal jugular approach) performed in patients with
severe PH at experienced centers, the rate of serious complications was 1.1% and
the procedure-related mortality rate was 0.05% [1].

Certain technological considerations need to be addressed before proceeding to
acquisition and interpretation of RHC data. Although the most accurate information
regarding ventricular function are obtained with high-fidelity catheters and manipula-
tion of loading conditions (e.g., inferior vena balloon occlusion to reduce right ven-
tricular preload) to construct pressure—volume loops (champion ref), these methods are
not feasible in most catheterization laboratories. Fluid-filled catheters therefore remain
the standard for invasive assessment of patients with suspected PH. Flow-directed bal-
loon-tipped catheters are used and are inserted in either the femoral or the internal jugu-
lar vein and advanced to the right atrium, the right ventricle, the main pulmonary artery,
and the wedge position in a smaller pulmonary artery. Since an accurate measurement
of the pulmonary artery wedge pressure (PAWP) is of paramount importance (see
later), the zero reference level should be chosen to represent the pressure in the center
of the left atrium. Failure to do so could result in misclassification and inappropriate
treatment of patients with PH. In a study of 196 patients referred to a PH clinic for
RHC, various zero reference levels were tested against computed tomography-derived
location of the left atrium. It was found that the midthoracic line (measured between the
level of the catheterization table and the skin above the sternum) reflected the position
of the left atrium most consistently [2], suggesting that this is the most appropriate zero
reference level for RHC in patients with suspected PH. Intravenous sedation prior to
the procedure is generally unnecessary and may result in respiratory depression,
hypoxia, and pulmonary vasoconstriction. Supplementary oxygen is given when
needed to maintain systemic O, saturations above 90%.

Intravascular volume status prior to RHC is an important consideration. On the
one hand, when patients are volume overloaded, pulmonary artery pressure may be
considerably higher than in the euvolemic state. On the other hand, when patients
with postcapillary PH are vigorously diuresed, PAWP may normalize, leading to
hemodynamics more consistent with precapillary PH. Our general practice is to
withhold diuretics as tolerated for 47 days prior to RHC in patients with clinical
risk factors for postcapillary PH. When diuretics have not been withheld and PAWP
is found to be unexpectedly low, measurements can be repeated after rapid infusion
of 0.5 L of normal saline or ringer’s lactate.

Measurements and Definitions

Measurements made at RHC along with normal values are listed in the table. The
mean pulmonary artery pressure in normal is 14 + 3 mmHg, with the upper limit of
normal being 20 mmHg. The accepted definition of pulmonary hypertension per se
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is a mean pulmonary artery pressure (MPAP) greater than or equal to 25 mmHg. It
has not yet been determined what the significance is of mean PA pressure between
20 and 25 mmHg, formerly referred to as “borderline PH.”

Cardiac output (CO) is a pivotal parameter in determining prognosis and therapy
of PH and may be measured by either one of two methods, namely, the thermodilu-
tion method or the Fick method. Although these two methods of measuring CO
correlate closely with one another, there may be significant differences between the
two in any given patient. In one study of 198 patients, many of whom had PAH,
studied with RHC, about 36% of patients had greater than 20% difference in CO
between the two methods. [3]. Fick CO is measured by dividing O, consumption by
the arteriovenous O, difference. Although the A-VO, difference is measured directly
during RHC, the O, consumption is usually an estimated value derived from tables.
This method of CO measurement is termed the indirect Fick method, as opposed to
the direct Fick method, which involves direct measurement of oxygen uptake, rarely
done in routine cardiac catheterization. For this reason, it was stated in the proceed-
ings of the Fifth World Symposium that thermodilution is the preferred method for
CO measurement in PH [4]. The thermodiluton method has been found to be accu-
rate even in the presence of significant tricuspid regurgitation and low cardiac out-
put states [5].

Pulmonary vascular resistance (PVR) is defined as:

PVR = MPAP-PAWP/Cardiac output

The numerator in this equation is also known as the transpulmonary gradient
(TPG), which is generally considered to be a reflection of the presence of pulmo-
nary vascular disease when its value exceeds 12—-15 mmHg.

Solving this equation for PA pressure:

MPAP = PVR X cardiac output + PAWP.

Since PAWP is used as a surrogate for left atrial pressure or LVEDP, it can be
seen that PA pressure is a variable which is influenced by flow, downstream pres-
sure, and resistance in the vascular bed such that PA pressure rises with increase in
left atrial pressure, PA flow (cardiac output), or pulmonary vascular resistance.

Patients with PH generally fall into one of the following hemodynamic profiles:

1. Precapillary PH is defined as MPAP greater than or equal to 25 mmHg accompa-
nied by a PAWP less than or equal to 15 mmHg. Pulmonary vascular resistance
(PVR) in these patients is greater than 3 Wood U., and often much higher than
this. When precapillary PH is complicated by right ventricular failure, the car-
diac index is low (usually less than 2.2 L/min/m?), the mean right atrial pressure
is elevated (greater than 12 mmHg), and the PVR is usually greater than 7 Wood
U. Precapillary PH is found in WHO Groups 1 (PAH), 3 (PH due to lung dis-
ease), 4 (chronic thromboembolic PH), and 5 (conditions with multifactorial
pathogenesis, including sarcoidosis). The distinction between these groups can-
not be made from RHC and depends upon results of other tests including pulmo-
nary V/Q scan, pulmonary function testing, and chest CT scan, among others.
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. Postcapillary PH is found only in WHO Group 2 (PH owing to left heart disease,

including systolic and diastolic left ventricular dysfunction and left-sided valvu-
lar disease) and is defined by a MPAP greater than or equal to 25 mmHg and
PAWP >15 mmHg. PVR is usually normal to slightly increased.

. A subset of patients with PH have a condition variably referred to as “mixed” PH

or “combined pre- and postcapillary pulmonary hypertension,” usually found in
patients with long-standing left ventricular dysfunction. These patients are found
at RHC to have MPAP >25 mmHg, PAWP >15, and PVR >3 Wood U.

. Another group of patients with PH have “high flow” PH. These individuals have

MPAP >25 mmHG, PAWP generally less than 15 mmHg, and high cardiac output
and PVR <3 Wood U. This combination of findings can be seen in anemia, liver
disease, and congenital heart disease with left-to-right shunt such as atrial septal
defects. Detection of this condition requires measurement of O, saturation of a
blood sample from the pulmonary artery (SvO,), which is important to include
routinely during RHC. In cases where SvO, is unexpectedly high (e.g., >78%), a
formal oxygen saturation run from superior vena cava to pulmonary artery is essen-
tial to detect left-to-right intracardiac shunt. SvO, is also useful as a method of
resolving discrepancies between Fick and thermodilution cardiac output, as SvO, is
markedly reduced in patients with low cardiac output. Since SvO, rises with admin-
istration of supplemental oxygen, it is desirable to perform RHC on ambient air.

As noted earlier, the critical factor in distinguishing between precapillary PH and

postcapillary PH is the accurate measurement of the PAWP, which is used as a sur-
rogate for left ventricular filling pressure. Unfortunately, it is not at all uncommon
during RHC that erroneous values for PAWP are obtained. This can result in mis-
classification of PH, which could result in ineffective and potentially harmful ther-
apy. Apart from appropriate selection of the zero reference level and consideration
of volume status, there are several other important factors in assuring that PAWP has
been measured accurately:

1.

Most or all pressures measured at RHC are measured at end expiration [6]. In a
study of 61 patients referred for evaluation of PH and studied with right and left
heart catheterization, the use of digitized mean PAWP (commonly reported on
routine RHC) tended to underestimate the simultaneously measured end-
expiratory left ventricular end-diastolic pressure, which would have resulted in
misclassification of 27% of these patients as having precapillary PH (PAH) when
the diagnosis was in fact postcapillary PH (PH related to heart failure with pre-
served ejection fraction) [7]. However, some controversy exists regarding this
practice. Le Varge et al. [8] studied 329 patients with RHC and characterized
patients as having precapillary or postcapillary “phenotypes” based on clinical
and echocardiographic features, and found that 29% of patients who were felt to
have the precapillary phenotype would have been misclassified as having post-
capillary PH if the diagnosis were based on end-expiratory wedge pressure
alone. This experience underscores the need to base PH classification on a com-
prehensive view of clinical as well as hemodynamic features.
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2. In cases of partial occlusion of a small pulmonary artery by the balloon-tipped
catheter, there may be continued flow around the catheter tip, resulting in a
wedge pressure which may substantially overestimate left atrial pressure. Such
partial occlusion tracings often bear little resemblance to “true” wedge pressure
measurements, but in some cases may mimic a valid PAWP tracing. Figure 2.1
illustrates such a case. Figure 2.1a shows the pressure tracing with the balloon
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inflated, followed by deflation of the balloon with the PA waveform demonstrat-
ing severe PH. If the original “wedge” pressure had been accepted, the diagnosis
of postcapillary PH would have been made. However, the absence of any gradi-
ent between PA diastolic pressure and wedge pressure led to suspicion that the
wedge pressure measurement was factitious, and repositioning of the catheter,
shown on Fig. 2.1b, resulted in a more acceptable wedge pressure tracing and
establishment of the accurate diagnosis of precapillary PH.

. As demonstrated in the earlier case, the most important factor in identifying an

incorrect wedge pressure is heightened awareness of the features of a correctly
measured wedge pressure and a certain degree of skepticism regarding unexpect-
edly high wedge pressure values. In the earlier case, this involved observation of
the normalized gradient between diastolic PAP and PAWP (DPG). The DPG
should widen greatly in precapillary PH, the presence of which may be sus-
pected on the basis of clinical, ECG, and echocardiographic findings. It should
be emphasized that the most accurate wedge pressure measurement is the lowest
reading with an atrial waveform with identifiable “a” and “v”” waves and “x” and
“y” descents (see right side of Fig. 2.1) with noticeable respiratory variation. In
cases where the wedge pressure reading is high, confirmation of its accuracy
may be obtained by drawing a blood sample from the catheter tip in the wedge
position and measuring O, saturation of the sample, which should be signifi-
cantly higher than the SvO,, usually greater than 90%. In these cases, it is impor-
tant to remove and discard at least 3 mL of “dead space” blood before obtaining
the blood gas sample. When erroneous wedge pressure tracings are suspected it
may be useful to deflate the balloon and advance the catheter slightly and rein-
flate the balloon.

. When doubt remains regarding the accuracy of the wedge pressure measure-

ment, direct measurement of left ventricular end diastolic pressure with left heart
catheterization should be performed. De Oliveira et al. studied 105 patients with
PH with right and left heart catheterization and found that PAWP less than or
equal to 15 mmHg was a dependable estimate of left ventricular end diastolic
pressure. However, 39% of patients with PAWP greater than 15 mmHg actually
had left ventricular end diastolic pressure less than 15 mmHg, which would have
resulted in misclassification of these patients as having postcapillary PH when
the diagnosis was actually PAH [9].

Resting Hemodynamics and Prognosis in PH

Among the measurements made during RHC, the PA pressure itself has the least
impact on prognosis and survival. In fact, patients with congenital heart disease and
Eisenmenger syndrome often have the highest PA pressures and have the best prog-
nosis when compared to other forms of PAH. Since the most common cause of
clinical deterioration and death in PAH (and some other forms of PH) is right ven-
tricular failure, it is not surprising that the parameters on RHC which have the
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greatest influence in selection of therapy are those which reflect right ventricular
function. The REVEAL Registry risk score calculator analyzed data from a registry
of over 3000 patients with PAH and focused on 500 patients with incident PAH
(diagnosed within 3 months of enrolment). Cardiac index below 2.0 and right atrial
pressure greater than 20 mmHg were found to be major factors in determining risk
of death. Similar findings were noted in the NIH registry data [10]. In clinical prac-
tice, a markedly reduced mixed venous O, saturation (e.g., <50%) correlates with
low cardiac output and worsened prognosis. Patients with PAH, PVR >7 Wood U.,
cardiac index <2.0, and right atrial pressure >15 mmHg should be considered can-
didates for aggressive therapy, often including parenteral prostanoids.

The response of pulmonary hemodynamics to targeted drug therapy for PAH
may also be used to help assess prognosis in this disease. Tiede et al. [11] studied
122 patients treated for PAH and compared baseline hemodynamics to those after
an average of 4 months of therapy with various guideline-directed PAH drugs.
Transplant-free survival at a mean of 4.7 years was significantly better in those
patients in whom treatment resulted in short-term increase in CO by >0.22 L/min
and decrease in PVR by more than 2 Wood U.

PH “Out of Proportion”

In discussions of PH associated with underlying conditions such as chronic lung
disease (CLD) or left heart disease (PH/LHD), the term “out of proportion” has
commonly been used to describe individuals in whom the degree of PH is greater
than would be expected. This term eluded precise definition and was abandoned as
part of the 5th World Symposium on PH. In the case of chronic lung diseases such
as chronic obstructive lung disease, interstitial lung disease, or combined pulmo-
nary fibrosis and emphysema, the terms “CLD without PH” (MPAP <25 mmHg),
“CLD with PH” (MPAP >25 mmHg), and “CLD with severe PH” (MPAP >35 mmHg
or MPAP >25 mmHg and CI <2.0) have been suggested [12]. This schema is based
upon the fact that many if not most patients with CLD have mild PH, but a relatively
small minority of these patients have MPAP in excess of 3540 mmHg.

PH has been considered to be “out of proportion” to left heart disease (so-called
reactive PH) when TPG is >12 mmHg. However, TPG increases are known to be
affected by factors other than vascular remodeling, such as cardiac output, left atrial
pressure, and pulmonary artery compliance and distensibility [13]. One large study
evaluated 1094 patients with PH/LHD and found that among patients with
TPG >12 mmHg, survival was better and pathologic findings of pulmonary vascular
remodeling were less advanced in those with a gradient between PA diastolic pres-
sure and PAWP (DPG) of less than 7 mmHg [14]. Based on these considerations,
the recommendation was made that the diagnosis of “out of proportion” PH/LHD
be abandoned, replaced by classification of PH/LHD into two groups: “isolated
postcapillary PH” (MPAP >25 mmHg, PAWP >15 mmHg, TPG >12 mmHg, and
DPG <7 mmHg) and “combined postcapillary and precapillary PH”
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(MPAP >25 mmHg, PAWP >15 mmHg, TPG >12 mmHg, and DPG >7 mmHg)
[15]. Although DPG >7 mmHg may be a valid marker of pulmonary vascular
remodeling in PH/LHD and is associated with greater functional impairment [16],
two studies have not shown any value of this parameter is assessing prognosis in
PH/LHD. Tedford et al. [17] retrospectively studied 5827 patients undergoing
hemodynamic evaluation for heart transplant and found no effect of DPG >7 on
posttransplant survival. Similarly, Tampakakis et al. [18] retrospectively analyzed
hemodynamic data on 1236 patients with nonischemic cardiomyopathy and found
that DPG >7 mmHg did not predict worsened survival.

Interventions During RHC

Exercise

Since patients with PH are generally symptomatic with exertion and not at rest,
there has been considerable interest in the evaluation of hemodynamics with exer-
cise, particularly as it regards the detection of exercise-induced PH. It has long been
known that PAP rises with exercise in normal subjects. The definition of PH included
a mean PA pressure >30 mmHg with exercise until the publication of the Fourth
World Symposium on Pulmonary Hypertension in 2009. However, this definition
was abandoned in the absence of substantive data in the literature on the normal
response of intracardiac pressures to exercise.

Although exercise response of PAP has not yet been reintroduced into the defini-
tion of PH, there has been some clarification of exercise hemodynamics in normals.
Kovacs et al. [19] reviewed the literature on normal individuals studied with
RHC. While gender, use of upright vs. supine exercise, use of treadmill vs. cycle
ergometry, and upper vs. lower extremity exercise influenced normal values slightly
or not at all, the authors found that age played a major role in the hemodynamic
response to exercise. Normal resting values at RHC varied little with age, but mea-
surements during light exercise were quite different when younger individuals were
compared with individuals older than 50 years (see Table 2.1). The upper limit of
normal for mean PAP during light exercise in healthy individuals over 50 was found
to be 46 mmHg and frequently exceeded 30 mmHg. Since the rise in CO with a
given workload may vary, it is best to describe the response of PA pressure to exer-
cise in relation to CO rather than to workload. In younger healthy subjects, the rise
in mean PAP was about 1 mmHg per L/min increase in cardiac output whereas in
subjects over 50, the relationship between mean PAP and CO was steeper, amount-
ing to about 2.8 mmHg per L/min rise in CO. In older healthy subjects, exercise
resulted in significant rises in PAWP, with some readings in excess of 20 mmHg. In
all age groups, the normal response to exercise included a slight decrease in PVR
and TPR [20]. This decrease in resistances is explained by vascular recruitment and
distensibility of the resistance vessels in the pulmonary circulation, which averages
about 2 mm in diameter per mmHg rise in mean PAP [21].
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Table 2.1 Normal values in RHC

Rest Exercise
Normal values Age >50 | Light Heavy Age >50
Heart rate 76 £ 14 103 £ 14 170 + 14
Cardiac output (L/min) 7323 15+4 20+ 4
Cardiac index (L/min/m?) 41+13
PA systolic (mmHg) 21 +4
PA diastolic (mmHg) 9+3
PA mean (mmHg) 14+3 15+4 21 +£4 25+6 29 + 8
Right atrial mean (mmHg) 3+£2
PAWP (mmHg) 8+3 9+4 15+8 17+ 6°
SvO, (%) 68-75
PVR (Wood U) 1.0£0.5 0.7+0.2 0.6+0.2 0.8+0.2
TPR (U) 25=+1
DPG (mmHg) <7
TPG (mmHg) <12

4PA pressure in older individuals was measured with light exercise only

The definition of exercise pulmonary hypertension (including both pulmonary
arterial and pulmonary venous hypertension) has become clearer in more recent
studies. Herve et al. [22] studied 169 patients with effort dyspnea and normal hemo-
dynamic parameters at rest on right heart catheterization. Patients were exercised
utilizing supine bicycle ergometry to exhaustion. Patients with left heart disease
(identified by PAWP >20 mmHg with exercise) and those with pulmonary vascular
disease could be differentiated with great accuracy from controls without heart or
lung disease using the criterion of total pulmonary resistance (TPR = MPAP/CO)
rising to >3.0 Wood units with exercise in addition to a rise in MPAP to >30 mmHg
with exercise. These criteria did not lose their accuracy regardless of age or sex. The
distinction between patients with exercise PH and normal also could be made with
these criteria regardless of workload, suggesting that the exercise protocol could be
stopped at lower workloads, as long as MPAP rises above 30 mmHg at a cardiac
output less than 10 L/min.

In the context of the elucidation of normal responses to exercise, the concept of
exercise-induced PAH was felt to be an important part of the effort to identify an
earlier phase of PAH, with the hope that earlier therapy could prevent its progres-
sion. Tolle et al. [23] examined 406 individuals with dyspnea on exertion with inva-
sive hemodynamics and cardiopulmonary exercise testing. Though most of the
patients were found to have pulmonary venous hypertension, there was a subgroup
of 93 patients in whom resting MPAP was <25 mmHg and exercise resulted in
MPAP >30 mmHg, PAWP <20, and PVR >1 Wood U. These patients were felt to
have exercise-induced pulmonary arterial hypertension. Although these individuals
were felt to have an early stage of PAH, there has been no longitudinal study of
these subjects to suggest that they progressed to resting PAH.
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Exercise-induced PH has also been observed in other clinical settings. Saggar
et al. [24] studied 80 patients with scleroderma with resting and exercise RHC. Of
these, 57 had normal resting hemodynamics. Supine lower extremity cycle ergome-
try was performed in these patients. Of these, nine patients were identified who had
“exercise PH,” consisting of exercise MPAP >30 mmHg, PAWP <18 mmHg, and
TPG >15 mmHg. Despite normal hemodynamics at rest, these patients had higher
TPG, PVR, and MPAP at rest than did the rest of the study group. It was postulated
that these patients might be suitable for trials of early treatment with PAH-specific
drugs. Borlaug et al. [25] studied 55 patients with dyspnea, normal left ventricular
ejection fraction, and normal resting hemodynamics. With supine bicycle exercise
or arm exercise, 32 patients were found to have HFpEF as defined by PAWP at
exercise >25 mmHg; 88% of these were found to have exercise-induced PH (defined
as MPAP >30 mmHg), related mainly to elevated PAWP. To date, no randomized
controlled studies of treatment with PAH-specific drugs in patients with exercise
induced-PH have been published.

Exercise RHC may also serve to clarify the nature of PH in patients with mild PH
at rest. We studied 35 patients with dyspnea and mild-moderate PH (MPAP
20—40 mmHg) and normal PAWP at rest. With light arm exercise, 14/35 patients had
arise in PAWP to levels >20 mmHg, indicating the presence of pulmonary venous
(postcapillary) hypertension (presented at ISHLT 2009). These patients would have
been classified as having precapillary PH (PAH) based on resting hemodynamics.
Figure 2.2 illustrates the recordings of right heart pressures at rest and with exercise
in one such patient.

Exercise RHC may also aid in assessing the prognosis in an individual with rest-
ing hemodynamics consistent with PAH. Chaouat et al. [26] studied 55 patients with
incident PAH (median MPAP 51 mmHg) with light exercise (median workload
20 W) prior to initiation of therapy. They found that prognosis in these patients cor-
related with exercise response, with >50% increase in cardiac index with exercise
predicting improved survival after a median follow-up period of 18 months.

Fluid Challenge

Observation of hemodynamic changes in response to volume expansion has been of
interest since the description by Bush et al. [27] of a group of patients with occult
constrictive pericarditis whose filling pressures rose strikingly with rapid infusion
of 1L normal saline solution. It had previously been thought that a rise in PAWP
beyond 15 mmHg with rapid saline infusion indicated the presence of pulmonary
venous hypertension [28]. However, in a study of 60 individuals without heart dis-
ease, the response to fluid challenge was found to be more complex [29]. Healthy
subjects were given up to 2 L saline infusion over approximately 20 min while
invasive hemodynamics were measured. PAWP was found to rise to 20 = 3 mmHg
and was above 15 mmHg in the great majority of subjects. For any given volume of
saline infused, the rate of rise of PAWP was higher in women over the age of 50
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years than in younger women and men of all ages. Cardiac index, MPAP, and TPG
rose significantly with rapid saline infusion. In a group of 11 patients with HfpEF
studied with smaller volumes of normal saline, the rate of rise of PAWP was found
to be higher than in normal individuals.

Thus, although the response of PAWP to volume challenge is different in pulmo-
nary venous hypertension than in normals and can yield useful information during
RHC, a cutoff value for defining elevated left ventricular filling pressures cannot be
identified. In addition, lack of standardization of volume and rate of infusion and
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Fig. 2.2 (continued)

volume status at the onset of infusion, as well as gender and age influence on PAWP
response prevent fluid challenge from becoming a definitive diagnostic tool in the
analysis of the patient with suspected PAH.
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Vasodilator Challenge

Since the demonstration more than 20 years ago by Rich et al. [30] that the small
subset of patients with PAH who respond to vasodilators during RHC have improved
survival when treated with calcium channel blockers, acute administration of vaso-
dilators has become a standard part of the evaluation of patients with PH during
RHC. Various agents have been used for this purpose, including inhaled nitric oxide
(iNO), intravenous adenosine, and intravenous epoprostenol. The latter agent is not
well tolerated when administered acutely in increasing doses. A head-to-head com-
parison of intravenous adenosine with iNO in 39 patients with PAH showed that
iNO was more sensitive than intravenous adenosine in identifying vasoreactive PH
and was also better tolerated [31]. Although iNO has become the agent of choice for
detection of vasoreactivity in PAH, there is data to support the use of inhaled ilo-
prost as well [32]. A generally accepted definition of vasoreactive PH includes a
decrease in MPAP by 10 or more mmHg to a level less than 40 mmHg with no
change or an increase in CO.

Vasoreactivity testing is more important in some forms of PH than in others. It is
considered essential in initial RHC in patients with idiopathic PAH, in order to
identify the subset of patients who can be managed long term with calcium channel
blockers; repeat RHC with vasodilator should be considered in these patients to
verify persistent vasoreactivity, as a certain proportion of these patients are found to
have lost this quality at 12 months after initiation of calcium channel blocker ther-
apy [33]. Vasoreactivity testing is considered of much less importance in patients
with PAH related to connective tissue disease, in whom a positive response to iNO
is distinctly uncommon. In fact, the only two patients in the literature in whom pul-
monary edema occurred with iNO both had scleroderma, one of whom had intersti-
tial lung disease at autopsy [34]. Vasoreactivity testing is generally not performed in
patients with PH and interstitial lung disease.

Administration of iNO during RHC may yield information beyond the presence
or absence of vasoreactivity. Adverse effects of iNO in patients with left ventricular
dysfunction have been described [35]. This response can be used for diagnostic
purposes when PH related to diastolic dysfunction (HFpEF) is suspected. Figure 2.3
illustrates one such patient, whose baseline PAWP is borderline at baseline with
dramatic rise in PAWP and change in waveform with iNO.

Conclusion

Despite significant advances in evaluation of right ventricular structure and function
utilizing noninvasive techniques such as echocardiography and magnetic resonance
imaging, RHC remains the gold standard for evaluation of patients with suspected
PH. PH is optimally evaluated and treated when the strengths of invasive and non-
invasive techniques are allowed to complement one another. RHC is uniquely
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equipped to establish the presence of PAH, distinguish PAH from PH/LHD, deter-
mine the severity and nature of the hemodynamic burden, assess prognosis, and
guide therapy.
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Chapter 3
Pathology of Vascular Changes in Interstitial
Lung Diseases

Hilario Nunes, Peter Dorfmiiller, Yurdagul Uzunhan, Dominique Valeyre,
Jean-Francois Bernaudin, and Marianne Kambouchner

Introduction

Interstitial lung diseases (ILDs) embrace a heterogeneous group of disorders with
diverse clinical outcomes. ILDs are classically separated into four categories: (i)
ILDs of known cause, such as those in relation with occupational or environmental
exposures, drugs, connective tissue diseases (CTDs), or vasculitis; (ii) idiopathic
interstitial pneumonias (IIPs); (iii) sarcoidosis; and (iv) particular forms of ILDs,
such as pulmonary Langerhans cell histiocytosis (PLCH), lymphangioleiomyoma-
tosis (LAM), chronic idiopathic eosinophilic pneumonia [1]. More frequent ILDs
are sarcoidosis, CTD-associated ILDs, hypersensitivity pneumonitis, and the
chronic fibrosing IIPs, including idiopathic pulmonary fibrosis (IPF) and nonspe-
cific interstitial pneumonia (NSIP).
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The lung interstitium is the primary site of injury in ILDs, with diverse combina-
tions of inflammation and fibrosis. However, because of anatomic proximity, the
disease process is not restricted to the interstitium and also encompasses the air-
spaces, peripheral airways, and vessels [1]. Accordingly, the pathobiologic mecha-
nisms leading to the parenchymal remodeling and fibrosis in ILDs may also
contribute to structural and functional alterations in the pulmonary vasculature. The
vascular morphologic changes are extremely protean in ILDs, ranging from nonspe-
cific abnormalities secondary to chronic hypoxic vasoconstriction and/or destruc-
tion of the capillary bed to specific involvement, which may affect all types of
pulmonary vessels. These changes may be subclinical or result in a variable degree
of pulmonary hypertension (PH).

The prevalence and severity of PH vary according to the nature of ILD and dis-
ease advancement [2, 3]. In the updated clinical classification of PH, ILDs fall under
group 3 (“PH due to lung diseases and/or hypoxia”) [4]. Group 5 has been created
for “PH with unclear and/or multifactorial mechanisms” in which are included sev-
eral ILDs, i.e., sarcoidosis, PLCH, LAM, neurofibromatosis, and vasculitis [4]. This
distinction from group 3 is justified by the complexity of vascular involvement for
these disorders, with some patients exhibiting severe PH insufficiently explained by
functional disturbances. PH has a substantial impact on survival of patients with
ILDs. In the absence of patent PH, pathologic vascular changes may still have prog-
nostic implications. From a pathogenetic perspective, vascular involvement may
also reflect a role in ILDs onset and progression.

This article attempts to describe the pathology of vascular changes observed in
ILDs and reviews the most recent literature regarding the pathogenic significance of
vascular involvement in this setting. It focuses on the ILDs in which vascular
involvement is common and/or clinically relevant, in particular IPF, systemic scle-
rosis (SSc)-associated ILD, sarcoidosis, and PLCH.

General Considerations

Normal Microanatomy of the Pulmonary Circulation

There are two parallel circulations in the lung, the bronchial and the pulmonary
circulation, but to our knowledge, in contrast to the pulmonary circulation, the
involvement of the bronchial circulation has not been reported in ILDs. The archi-
tecture of the pulmonary vasculature is designed to offer a high compliance and low
resistance network of arteries and veins connected to an extensive capillary bed
confined within the interalveolar septa [5, 6]. Pulmonary arteries (PAs), capillaries
and veins, are connected in series. As a result, arteries and arterioles upstream of the
capillaries are referred to as the precapillary vessels and those distal, veinules, and
veins, as postcapillary vessels [5, 6].



3 Pathology of Vascular Changes in Interstitial Lung Diseases 47

Despite thinner walls than their systemic analogous, the PAs and veins are simi-
larly constituted of three concentric tunicae. The intima, the inner tunica in contact
with the blood, consists of a single layer of endothelial cells (ECs), i.e., the endothe-
lium, lying on a basement lamina with subendothelial connective tissue in larger
vessels. The media, the middle tunica, is composed of various amounts of vascular
smooth muscle cells (VSMCs), elastic fibers, and connective tissue, depending on
the type of vessel. The adventitia is the outer tunica abutting the perivascular tissue.
Multiple different cell types contribute to normal vascular function and response to
injury. (For an up to date extensive review see [5].)

Normal Pulmonary Arteries

The composition of the arterial wall varies from the proximal artery trunk to the
smallest extraalveolar arteries [7].

— The intima is mainly composed of the endothelium. Its thickness ranges from 1
to 16% of the total wall thickness. ECs are multifunction highly specialized cells,
which in particular secrete factors that maintain the tone of media VSMCs.

— The media is constituted of various amounts of VSMC:s, elastic fibers, and extra-
cellular matrix providing structural support, vasoreactivity, and elasticity. In
comparison to systemic arteries, the media is thin, i.e., 1-3% of the external
diameter to 5-10% in less than 100 pm arteries. It varies largely along the arterial
tree, and classification of PAs is based on the presence of elastic lamina and the
degree of muscularity of the medial layer. Elastic and transitional arteries
(>1000 pm external diameter) extend from the hilum to nearly halfway along the
bronchial tree. They possess distinctive concentric sheets of elastic fibers, embed-
ded with VSMCs. Muscular PAs (100—1000 pm external diameter), mostly intra-
lobular, accompanying bronchioles are composed of a thin layer of VSMCs
sandwiched between well delimited internal and external elastic lamina. Terminal
arterioles (<100 pm external diameter) originate from muscular arteries and con-
tain a partial layer of VSMCs that gradually disappear until the arterial wall
consists of elastic lamina and endothelium. Into the acinus some arterial branches
are partially muscular while others are nonmuscular arteries/arterioles.

— The adventitia represents approximately 15% of the external diameter of normal
PAs and is larger than 50 pm in diameter [6]. It is a critical regulator of vessel
wall function, considered as the principal injury-sensing tissue of the vessel wall
[7]. Preacinar arteries are embedded in the loosely organized bronchovascular
bundles which in addition encompass airways and lymphatics. In contrast,
intraacinar arteries have an intimate relationship with the surrounding alveolar
spaces. In case of injury, the heterogeneous population of resident fibroblasts is
activated and undergoes a variety of functional changes with consequences on
the arterial wall.
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Normal Pulmonary Veins

Pulmonary veins duplicate the arterial branching tree but they run independently
within the interlobular septa at the periphery of the acinus and lobule. Therefore, the
first orders of veins may be defined as preseptal veins. Their microanatomy share
similarities to arteries but with thinner walls offering a lower resistance. The media
of pulmonary veins is thinner than comparably sized arteries and contains more
extracellular matrix collagen and less VSMC:s. Intimal thickening may be observed
with aging [8].

Hemodynamic Consequences

Histologically, the PAs have thinner walls and far less VSMCs than their systemic
analogous. This confers a high distensibility to the pulmonary circulation, which
explains its striking ability to accommodate large, i.e., fivefold, increases in cardiac
output with only modest increases in pulmonary arterial pressure (PAP) as may
occur during exercise. Besides, there is a recruitment phenomenon, with the open-
ing of capillaries that were previously collapsed at rest. Therefore, PH requires
~80% of the vascular bed to be compromised while depending largely of the vascu-
lar segments affected [6]. The major site of resistance to pulmonary blood flow
resides at the level of small muscular or partially muscular arteries and arterioles.
Variations of caliber in these vessels normally regulate pulmonary vascular resis-
tance (PVR) and allow the redistribution of blood flow, which is critical for optimiz-
ing ventilation and perfusion matching. Alveolar hypoxia is the major determinant
of active changes in PVR. It causes vasoconstriction at the level of precapillary
arterioles, which are exposed to the same gas tensions that prevail in the adjacent
alveolar spaces [6].

Angiogenesis

Angiogenesis is the physiological or pathological process of new capillary blood
vessel sprouting and growth from preexisting vasculature. It is distinct from vascu-
logenesis, the process of de novo formation of blood vessels from the differentiation
of precursor cells into ECs that predominantly occurs during embryogenesis.
Angiogenesis is the chief architect of tissue injury, repair, and healing responses,
which can be beneficial or detrimental depending upon context. Thus, this mecha-
nism may be critical in fibrotic ILDs [9-11]. The homeostatic control of angiogen-
esis, which attempts to maintain an ideal number of capillaries per unit of lung
volume, depends on the simultaneous regulation of stimulatory (angiogenic) and
inhibitory (angiostatic) factors.
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Vascular Remodeling

It is obvious that the different forms of PH present with either a predominance of
arterial remodeling or venous remodeling or a variable contribution of both [12]. In
chronic lung diseases, including ILDs, the structural changes that are believed to
underlie the development of PH can be roughly separated into two processes: first,
remodeling of the resistance PAs and, second, a reduction or rarefaction in the total
number of blood vessels in the lung [13, 14]. The major stimuli that are responsible
for these changes are chronic alveolar hypoxia, sustained vasoconstriction, chronic
inflammation, and excessive shear stress [13, 14]. In chronic lung diseases, vascular
changes can be observed even in the absence of overt PH [13, 14].

Arterial Remodeling

Arterial changes can diversely associate [6, 12, 15] (Fig. 3.1)

Fig. 3.1 Examples of pulmonary arterial lesions observed in usual interstitial pneumonia (UIP) (a,
b) and nonspecific interstitial pneumonia (NSIP) (e—f) (hematoxylin and eosin staining): (a, b) a
concentric medial hypertrophy and paucicellular intimal thickening is observed on sections of
pulmonary arteries; note the histopathology background characteristic of UIP (original x100), (c)
small artery in a biopsy of NSIP showing a marked intima remodeling with intravascular and peri-
vascular inflammatory infiltrate (original x200), (d—f) pulmonary arteries observed in a biopsy of
systemic sclerosis-associated NSIP showing plexiform lesions with obliteration of the lumen in d
and e (original x400)
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— Intimal lesions: by reducing the luminal area these can be considered as a critical
factor in the increase of the PVR in PH. Two forms of intima thickenings may be
observed: (i) cellular intimal fibrosis with proliferation/accumulation of fibro-
blasts and myofibroblasts; (ii) concentric laminar intimal collagen-rich fibrosis;
eccentric intimal fibrosis corresponding to organized wall-adherent thrombi or
sequelae of vasculitis; (iii) plexiform lesions with proliferation of endothelial
cells and fibroblasts (Fig. 3.1d—f).

— Medial remodeling: medial hypertrophy and muscularization of arterioles is the
earliest most common alteration. It involves muscularized arteries (ranging
between 70 and 500 pm in diameter), and precapillary intraacinar vessels (below
70 pm in diameter). Medial thickening has been observed in the lung of normal
individuals exposed to cigarette smoke.

— Adventitial remodeling: there is growing evidence that the adventitia plays a role
in the regulation of pulmonary vascular function, particularly through inflamma-
tion and fibroblastic activation. Such mechanisms may be of major importance in
ILD-associated PH.

Venous Remodeling

The pulmonary veins may be narrowed by luminal obstruction by intimal fibrosis
most commonly eccentric, loose, and paucicellular [16]. Interlobular septal veins may
be muscularized and manifest an arterialized pattern. This can be associated with a
marked capillary distention into periseptal alveoli and even capillary multiplication
(pulmonary capillary hemangiomatosis) (Fig. 3.2) [16]. Occult pulmonary hemor-
rhage occurs frequently in pulmonary veno-occlusive disease (PVOD), probably due
to postcapillary obstruction, with large amounts of hemosiderin found in alveolar
macrophages and type 2 pneumocytes as well as deposits in the interstitium [16].

Pathology of Vascular Changes in ILDs

Evaluation of Vascular Changes in ILDs

In ILDs, lung biopsy examination is mostly focused on parenchymal lesions allow-
ing its classification. In contrast with lung tissue studies in PAH, there is still no
protocol for the evaluation of vascular lesions in PH associated with disorders of the
respiratory system. Accurate assessment necessitates evaluation of all different
blood vessels, preacinar and intraacinar arteries, capillaries, intraacinar and postaci-
nar, as well as lymphatics and surrounding tissue. Elastic stains are essential.
Pathologists must be aware of the various artifacts mainly due to the absence of
inflation at the time of fixation.
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Fig. 3.2 Examples of capillary hemangiomatosis with exuberant proliferation of endothelial cells
(a, b; hematoxylin and eosin staining; original x400). Note in b the medial muscularization of
intraacinar arteries

IPF

IPF is the most frequent chronic fibrosing IIP that afflicts primarily the elderly and
has a devastating mortality. The prevalence of PH increases with the level of func-
tional impairment, with estimated rates of approximately 5% in IPF patients with
mild disease and 32-46% in those referred for lung transplantation [2, 3]. PH is
more frequent in cases of combined pulmonary fibrosis and emphysema, which is
thought to be a distinct IPF phenotype [17]. PH is indicative of a worse prognosis in
IPFE. IPF is included in group 3 of the clinical classification of PH [4]. However, PH
cannot be explained exclusively by chronic hypoxic vasoconstriction and/or vascu-
lar rarefaction, in particular in patients with severe PH.

IPF is associated with the pathologic appearance of usual interstitial pneumonia
(UIP), with the primary feature being patchy involvement of lung parenchyma with
areas of fibrosis alternating sharply with areas of less affected or normal parenchyma
[18]. There is evidence of marked fibrosis, with architectural distortion and some-
times honeycombing, which often is more pronounced in the subpleural and parasep-
tal parenchyma. The presence of convex subepithelial foci of proliferating fibroblasts
and myofibroblasts at the leading edge of fibrosis (so-called fibroblast foci) is char-
acteristic of UIP. When present, Interstitial inflammation is usually mild [18].

Vascular Remodeling and Angiogenesis in IPF
The vascular changes seen in IPF are believed to be related to the effect of chronic

alveolar hypoxia with subsequent vascular remodeling and to the reduction of the
distal vascular bed by fibrosis. However, these mechanisms cannot account for the
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broad assortment of structural alterations observed, which can affect all sections of
the pulmonary vasculature, including the lung microvasculature [19, 20]. More than
five decades ago, Turner-Warwick et al. first reported the presence of aberrant vas-
cularization in IPF, with anastomoses between the systemic (bronchial and/or pleu-
ral arteries) and the pulmonary circulation [21]. Over the last years, this issue has
been the subject of growing literature and nicely reviewed in several papers [9—11].

Arterial remodeling range from isolated medial hypertrophy and intimal thicken-
ing, to complete occlusion of distal PAs and, finally, fibrous atrophy and destruction
of affected vessels. Newly formed vessels are also described. Strikingly, vascular
remodeling and angiogenesis show a spatially and temporally heterogeneous distri-
bution, paralleling the patchy involvement characteristic of UIP. Overall, there is a
reduction in microvessel density, which worsens with the severity of pulmonary
fibrosis [22]. However, whereas minimal vascularity is noted in the most fibrotic
zones (fibroblastic foci are almost devoid of capillaries), adjacent normal paren-
chyma is highly vascularized [23, 24]. In honeycombing, the newly formed vessels
display an abnormal phenotype, appearing large and dilated, with a lack of elastin
layer, which result in reduced vascular compliance [24, 25].

So far, only few studies have correlated vascular changes with pulmonary hemo-
dynamics in IPF [19, 20, 25]. Judge et al. have quantified microvessel density using
CD31 immunostaining in the explanted lung from 13 IPF patients [25]. Vascular
changes were evidenced in all cases. Neovascularization was significantly increased
in areas of cellular fibrosis compared to distant normal lung and significantly
decreased in areas of honeycombing. No relationship was found between FVC or
DLCO and microvessel density in cellular fibrotic or honeycombing areas, corrobo-
rating the fact that lung function is a relatively poor surrogate of vascular involve-
ment in IPF. Conversely, there was a significant inverse link between mPAP and
microvessel density in honeycombing areas but not in cellular fibrotic areas [25].
The authors suggested that vascular changes in honeycombing areas, which were
reminiscent of PAH, with medial hypertrophy and intimal fibrosis of the muscular
PAs and intimal fibrosis of the pulmonary veins, may contribute most significantly
to increased PVR, while the neovascularization observed in cellular fibrotic areas
may represent an adaptive proliferative change in response to altered PVR rather
than a primary event. Alternatively, these findings may indicate that the reduction of
the vascular bed by fibrosis plays an important role in the pathogenesis of IPF-
associated PH [25].

Two interesting studies have specifically assessed the postcapillary pulmonary
system involvement in IPF [19, 20]. Colombat et al. analyzed the lung transplant
specimens from 26 IPF patients, with particular attention to vessels in architecturally
preserved lung areas using hematoxylin—eosin, iron, and elastin stainings, and cor-
related vascular changes with pulmonary hemodynamics [20]. Remarkably, the
major finding in nonfibrotic zones consisted of occlusion in pulmonary venules and
preseptal veins, which was present in 65% of cases and associated with alveolar
capillary multiplication and/or muscularization of arterioles in the majority. In these
cases with occlusive venopathy, lung parenchyma always exhibited at least moderate
diffuse iron deposition in the interstitium and alveolar macrophages. Compared with
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venous involvement, there were only minor changes in muscular PAs, with no plexi-
form lesions [20]. Yet, the authors failed to find any significant relationship between
venous/venular changes in nonfibrotic zones and mPAP, so that the role of these
abnormalities remains speculative [20]. Kim et al. measured alveolar septal capillary
density using hematoxylin—eosin, elastin, and CD34 stainings as well as iron deposi-
tion in the nonfibrotic zones from surgical lung biopsies (SLB) or explants of 154
IPF patients, and examined their relation with the degree of PH [19]. Both pathologic
features were associated with right ventricular systolic pressure at echocardiography,
independent of lung function or fibrosis extent [19]. These findings advocate the
potential role of postcapillary remodeling in the development of PH.

Angiogenic and Angiostatic Imbalance in IPF

As alluded to earlier, it is now recognized that in IPF both increased capillary den-
sity and vascular rarefaction are seen in the same lung at different sites according to
the extent of tissue fibrosis [9—11]. It appears likely that the delicate balance between
angiogenic and angiostatic factors is disrupted in the fibrotic milieu, with a probable
temporal and spatial variation in the expression of these mediators, in keeping with
the vascular heterogeneity observed [9—11]. Numerous vascular biologic molecules
and signaling pathways have been incriminated in humans with IPF and/or experi-
mental models of pulmonary fibrosis [9—11]. An imbalance in the expression of
angiogenic (CXCLS5, CXCL8) and angiostatic (CXCL10, CXCL11) chemokines
has been demonstrated, with contradictory results [24, 26-30], as well as an imbal-
ance between other angiogenic (vascular endothelial growth factor (VEGF), inter-
leukin (IL)-8), and angiostatic [pigment epithelium-derived factor (PEDF)] factors
[23]. Other mechanisms include increased endothelin-1 (ET-1) [31-34], which
enhances the neovascularization through induction of VEGF, dysregulation of end-
ostatin [35, 36], a potent inhibitor of angiogenesis, and the angiogenic angiopoietin
axis [37]. The most widely investigated mediator is VEGF, the prototypical angio-
genic factor. VEGF levels are reduced in the bronchoalveolar lavage (BAL) of IPF
patients [38, 39]. Densely fibrotic regions of the IPF lung, especially fibroblastic
foci, show a lack of VEGF expression, which is paralleled by augmented expression
of PEDF [23, 24, 40]. In contrast, VEGF is overexpressed in the highly vascularized
areas of relatively preserved lung [23, 24, 40].

Possible Shared Pathogenic Mechanisms between IPF and PH

The possible shared pathogenic mechanisms between IPF and PH are summarized
in Fig. 3.3. This concept of a particular relationship between pulmonary fibrogene-
sis and vascular remodeling/angiogenesis is in line with the results of two recent
studies analyzing gene expression in isolated pulmonary arterioles from IPF patients
using laser capture microdissection and microarrays. Patel et al. demonstrated that
IPF patients who are free of PH have a similar gene signature to those with
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Fig. 3.3 Shared pathogenetic mechanisms between idiopathic pulmonary fibrosis and pulmonary
hypertension

coexistent PH, with an exaggerated expression of mediators of SMVCs and ECs
proliferation, as compared to controls, suggesting the existence of preclinical pul-
monary vascular disease [41]. Interestingly, Hoffmann et al. showed that, even
though COPD-associated PH and IPF-associated PH exhibit similar pathologic vas-
cular remodeling, differential gene expression is observed in PA profiles, suggesting
that the two conditions are based on distinct mechanisms [42].

IPF is an alveolar epithelial cells (AECs)-driven disorder, with aberrant crosstalk
between AECs and fibroblasts [43]. Ageing-related susceptible lung is targeted by
repetitive environmental microinjuries, including cigarette smoking, silent micro-
aspiration, and chronic herpes virus infections. Noticeably, Calabrese et al. have
suggested that herpes virus infection may be involved in pulmonary vascular remod-
eling and PH complicating IPF [44]. Also, tobacco is known to be a risk factor for
men with PAH [45], as well as in pulmonary veno-occlusive disease [46].
Microinjuries provoke AECs apoptosis and damage of basement membranes, fol-
lowed by increased vascular permeability and exudation of fibrin [43]. Abnormally
activated AECs produce diverse mediators, inducing the formation of fibroblast and
myofibroblast foci through the proliferation of resident mesenchymal cells, attrac-
tion of circulating bone marrow-derived progenitors of fibroblasts (fibrocytes), and
stimulation of epithelial-to-mesenchymal transition [43]. These foci secrete exces-
sive amounts of ECM, resulting in progressive parenchymal remodeling [43].
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Several cytokines and growth factors have a critical role in this context, such as
transforming growth factor (TGF)-8, platelet-derived growth factor (PDGF), con-
nective tissue growth factor (CTGF), ET-1, and angiotensin (Ag) II [43]. With a
decreased production of VEGEF, this environment may also induce ECs apoptosis
and/or dysfunction, two key events in vascular remodeling [9-11]. ECs dysfunction
leads to decreased production of vasodilators like NO and prostacyclin and increased
release of Ag II, thromboxan A2, ET-1, favoring vasoconstriction and VSMCs pro-
liferation [9—11]. Another relevant contributor to PH is the reduction in cross-
sectional vascular area due to thrombotic vessels obstruction [47]. Indeed, a
procoagulant state is generated [43]. The alveolar fibrin clots due to impaired intra-
alveolar fibrinolysis may provide a nidus for fibroblast chemotactic migration and
proliferation as well as for neovascularization [43]. In addition to ECs apoptosis or
dysfunction, a transdifferentiation of these cells to mesenchymal cells is described
and may contribute to both pulmonary vascular remodeling and fibrogenesis [48].
Of interest, this concept of endothelial-to-mesenchymal transition has also recently
been shown in PAH [49]. The available evidence also strongly supports the role of
enhanced oxidative stress in the pathogenesis of the two processes via myofibroblast
accumulation, vasoconstriction, VSMCs proliferation, and ECs alterations [47].

More recently, several studies have been published on the role of circulating
endothelial progenitor cells (CECs) and endothelial progenitor cells (EPCs) in the
pathogenesis of IPF. It has been suggested that CECs actively participate in the
intense remodeling of the pulmonary vasculature in IPF patients. The abundance of
CECs and EPCs may indeed reflect the balance between vascular and parenchymal
injury/repair with reconstitution of the damaged vascular bed [50, 51]. EPCs repre-
sent a subset of bone marrow-derived stem cells with two subtypes. Late EPCs may
differentiate into mature ECs and repair injured blood vessels while “early EPCs”
(i.e., EPCs that grow into colony forming units on fibronectin following 5-7 days
culture) may have angiogenic potential by secreting cytokines such as VEGF and
thereby enhance the angiogenic process [52, 53]. Early EPCs levels are reduced in
IPF patients. Reduced EPCs numbers have been associated with persistent fibrotic
changes in humans following lung injury. Reduced numbers of EPCs may impair
normal mechanisms of lung repair. Furthermore, EPCs may act synergically with
circulating fibrocytes [54]. These bone marrow-derived mesenchymal progenitor
cells involved in IPF are recognized as indicators of a poor prognosis [55]. These
cells (fibrocytes and EPCs), recruited by SDF-1/CXCR4 axis in fibrotic areas, have
also both been implicated in angiogenic dysregulation observed in IPF [54].

Influence of Angiogenesis/Vascular Remodeling on Pulmonary
Fibrogenesis and Vice Versa

It is tempting to speculate that pulmonary fibrogenesis and angiogenesis/vascular
remodeling share pathogenic mechanisms and that one process may influence, gen-
erate, or perpetuate the other. However, published studies are conflicting. For exam-
ple, the group of Farkas et al. has elegantly demonstrated in a rat model of pulmonary
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fibrosis that the local VEGF deficit in fibrotic regions was directly associated with
rarefaction of microvascularization, thickening of the PA media, and mPAP eleva-
tion through ECs apoptosis. Administration of VEGF ameliorated PH but concomi-
tantly aggravated pulmonary fibrosis via angiogenesis and interplay with TGF-B.
Another study by Richter et al. demonstrated that endostatin was elevated in IPF
patients” BALF and plasma and that this antiangiogenic peptide inhibited AECs
wound repair, promoting apoptosis and reducing cell viability in vitro [36]. In a
study by Almudéver et al., the plasma levels of tetrahydrobiopterin (BHA), the
cofactor of NO synthase (NOS), were low in IPF patients while oxidative stress and
nitrotyrosine expression was high. In rats, administration of the BH4 precursor
sepiapterin attenuated bleomycin-induced pulmonary fibrosis, vascular remodeling,
and PH by increasing plasma BH4, decreasing plasma nitrotyrosine, and increasing
vascular endothelial NOS [56]. Furthermore, both TGF-f and ET-1 induced
endothelial-to-mesenchymal transition by decreasing BH4 and endothelial NOS
expression. In vitro, sepiapterin increased endothelial BH4 and inhibited endothelial-
to-mesenchymal transition in human PA ECs [56].

In humans, several agents targeting vascular pathways have been proposed for
the treatment of IPF. The results with two dual ET-1 receptor A and B antagonists,
Bosentan [57] and Macitentan [58], were negative. Ambrisentan, an ET-1 receptor
A antagonist, has proven to be harmful in IPF patients, with a worse progression-
free survival and an augmented rate of respiratory hospitalizations [59]. With regard
to known complications after vasodilative PAH-specific therapy in PVOD patients,
the earlier suggested involvement of pulmonary veins in IPF might be a pivotal
negative factor, too [60]. An ex vivo/in vitro study by Milara et al. demonstrated that
Sildenafil, a phosphodiesterase 5 inhibitor, had prominent anticontractile and anti-
remodeling role in patients with IPF-associated PH [61]. This drug did not show
benefit in terms of 6-min walk distance and lung function in patients with advanced
IPF [62], but it may be associated with better preservation of exercise capacity as
compared with placebo in those with right ventricular systolic dysfunction [63].
Nintedanib, an intracellular inhibitor of multiple receptor tyrosine kinases, includ-
ing VEGF receptor, has demonstrated to reduce the decline in lung function of IPF
patients with mild-to-moderate disease [64].

In summary, IPF is associated with variegated vascular lesions, including pro-
found modifications in lung microcirculation. The pathobiology underlying pulmo-
nary fibrogenesis and angiogenesis/vascular remodeling is closely intertwined but
published results regarding their reciprocal influence are controversial. Although it
is now clear that the framework of the two processes has temporal and spatial het-
erogeneity, the significance of such striking heterogeneity in vessels turnover
remains elusive. Are vascular changes central to abnormal tissue repair and thereby
to progressive fibrogenesis or a peripheral consequence of pulmonary fibrosis? Is
angiogenesis an integral part of a protective antifibrotic strategy of the lung in
response to the vascular regression observed in severely fibrotic areas to support
AECs regeneration? Is this compensatory mechanism trying to limit progressive
fibrogenesis actually harmful, leading to the development of PH?
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SSc-Associated ILD

SSc is an autoimmune disease, characterized by three pivotal aspects, obliterative
and proliferative microvascular involvement, activation of the immune system, and
increase of ECM deposition in the skin and internal organs. ILDs and PAH are the
two most serious manifestations of disease, responsible for the majority of deaths of
SSc patients. SSc-PAH is included in group 1 of the clinical classification of PH,
and PH complicating ILD in group 3 [4]. However, a subset of patients, the propor-
tion yet to be determined, have a particular phenotype of SSc lung disease, specifi-
cally ILD and associated PH that is disproportionate to the degree of pulmonary
fibrosis [2, 3]. This severe PH may be related to concomitant pulmonary vascular
disease. The prognosis of patients with a phenotype of both ILD and PH is particu-
larly grim [65, 66].

The most frequent pathologic pattern of ILD involvement is NSIP. A NSIP pat-
tern comprises varying degrees of alveolar wall inflammation or fibrosis, the key
feature being the temporal uniformity of lesions, which contrasts to the heteroge-
neous/patchwork involvement observed in UIP. A UIP pattern is less common in
SSc-associated ILD [67].

Vascular changes occur at an early stage in SSc [47, 68]. Autoimmunity plays an
important role, as suggested by the presence of a number of autoantibodies in the
serum of patients with SSc, including autoantibodies against ECs surface proteins.
These cause ECs injury and apoptosis, followed by an inflammatory response; a
procoagulant state; and release of profibrotic growth factors such as TGF-f§, PDGF,
CTGEF, and ET-1, which induce intimal proliferation and adventitial fibrosis leading
to vessel obliteration. Angiogenesis is deeply dysregulated. The initial inflammation
is accompanied by enhanced angiogenic response, as reflected by elevated levels of
circulating VEGF. In late stage, there is an overall antiangiogenic environment, with
reduced capillary density [47, 68].

Whereas vascular changes have been extensively described in patients with SSc-
associated PAH [47, 68-70], there is relatively little knowledge about vascular
changes in patients with SSc-associated ILD, in the presence or absence of PH. De
Carvalho et al. have systematically compared the vascular and interstitial processes
between idiopathic and SSc-associated NSIP. The vessels from lung biopsy speci-
mens were evaluated by semiquantitative analysis for different levels of arterial
occlusion: grade I, isolated hypertrophy of the arterial media; grade II, proliferative
intimal lesions; grade III, total occlusion of arterial lumen by fibrous tissue; and
grade IV, plexiform lesions. Also, the collagen and elastic fibers were quantified in
septal interstitium and in preacinar arteries. Unexpectedly, there were no differences
in the degree of arterial occlusion between groups or in collagen content of the vas-
cular interstitium. Conversely, the content of septal collagen and elastic fibers, as
well as the elastic fibers in the vascular interstitium, was higher in the SSc-associated
ILD. This difference in the intensity of elastostic process may indicate the role of
autoimmune inflammatory mechanisms affecting the elastic fiber system [71]. The
same group demonstrated that alterations in the epithelium and vasculature differ in
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the pathogenesis of SSc-associated NSIP and idiopathic NSIP [72]. In fact, the lung
biopsies from patients with SSc-associated NSIP showed a lower epithelial cell
density and a decreased microvascular density (ECs CD34 expression), whereas
those with idiopathic NSIP had reduced type II pneumocytes and Clara cells.
Furthermore, the vascular activity measured by VCAM expression was much higher
in SSc-associated NSIP, suggesting a greater inflammatory component [72].
Vascular density and activity were negatively correlated. DLCO/VA, which is con-
sidered as the best functional marker of vascular disease, was more compromised in
SSc-NSIP and a direct association was found between vascular density and DLCO/
VA [72]. These findings suggest two different profiles of parenchymal—vascular
interactions in SSc-NSIP and idiopathic NSIP in response to injury, by repair and
remodeling and by repair and regeneration, respectively [72]. Consistently with this
reduced microvascular density, patients with SSc-associated ILD have diminished
concentrations of VEGF in BAL [73].

Several pathogenic mechanisms may be common between fibrogenesis and
angiogenesis/vascular remodeling in SSc, among them endothelial-to-mesenchymal
transition. It has been demonstrated that cells coexpressing ECs (CD31 and von
Willebrand factor) and mesenchymal markers (a-smooth muscle actin or type I col-
lagen) are present in the endothelium of small PAs from patients with SSc-associated
ILD, suggesting that myofibroblasts of endothelial origin may contribute to the pro-
duction and accumulation of subendothelial fibrotic tissue in the affected vessels
that in turn result in their luminal obliteration [74].

Sarcoidosis

Sarcoidosis is a systemic disorder of unknown etiology characterized by the forma-
tion of immune granulomas in involved organs, essentially the lungs [75]. PH
touches 1-6% of unselected sarcoidosis patients [2, 3]. Although PH can occur in
the absence of patent pulmonary involvement, it is much more frequent in advanced
lung disease, with a prevalence of 73.8% in patients listed for transplantation [2, 3].
Sarcoidosis is included in group 5 from the clinical classification of PH [4]. In fact,
the mechanisms of sarcoidosis-associated PH are diverse: chronic hypoxic vasocon-
striction and/or loss of capillary bed following scar tissue accumulation, extrinsic
compression of central pulmonary vessels, pulmonary vasculopathy, porto-
pulmonary hypertension, and left heart dysfunction may all play a role [76].

Sarcoid granulomas are formed of clusters of epithelioid and giant cells encir-
cled by a rim of lymphocytes and fibroblasts. A peripheral fibrous ring of varied
thickness surrounds the lesions that have a tendency to coalesce, resulting in typical
fibrotic nodules [75]. The distribution of sarcoidosis granulomas tends to follow the
lymphatics, i.e., peribronchovascular spaces, interlobular septa, and subpleural con-
nective tissue [75].
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Vascular Changes in Pulmonary Sarcoidosis

Three seminal studies have assessed comprehensively the incidence and features of
pulmonary vascular involvement in sarcoidosis [77-79]. While bronchial blood ves-
sels are rarely affected, granulomatous involvement seems to be very common in
the pulmonary circulation [77-79]. Granulomatous angiitis has been described in
53% of transbronchial lung biopsy specimens [77], 69% of open lung biopsies [79],
and 100% of autopsy cases [78]. This may occur in any radiographic stage with an
equal distribution between upper and lower lobes, and with an extent that is roughly
correlated to parenchymal granulomas. Although granulomatous involvement can
be seen at all levels, from large branches of PAs to venules, it clearly predominates
on the venous side (Fig. 3.4a) and in small vessels [77-79]. Overall, there is evi-
dence of venous involvement only in 65-67% of cases, both venous and arterial
involvement in 24-31% and arterial involvement only in 8-11% [77-79].
Granulomas invade the vasculature of elastic PAs in 30% of cases, muscular PAs in
55%, arterioles in 60%, venules in 65%, and interlobular veins in 58%.

Fig. 3.4 Examples of pulmonary vascular lesions observed in granulomatous interstitial lung dis-
eases: sarcoidosis (a, b) and Langerhans cell histiocytosis (¢, d) (hematoxylin and eosin staining;
original x400): (a) an epithelioid granuloma (asterisk) in close contact with the thickened media
of a pulmonary vein (V), (b) illustrates the close relationship between granulomas (asterisk) and
the lymphatics (arrow) in the vicinity of pulmonary arteries or veins, (¢, d) show pulmonary arter-
ies (arrows) lesions with marked medial (¢) or intimal (d) thickening associated with characteristic
histiocytic granuloma (Fig. 3.1c; asterisk) or perivascular inflammation (Fig. 3.1d)
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In both PAs and veins, the distribution of granulomas is segmental and prepon-
derant at the bifurcation of the vessels [77-79]. There is neither fibrinoid necrosis,
nor polymorphonuclear leucocyte infiltration. Granulomas have a tropism for the
outer wall of arteries and veins, being mainly localized in the adventitia and the
outer section of the media, with focal dissociation of elastic fibers and destruction
of the external elastic lamina, as well as around the vasa vasorum [77-79]. In mus-
cular arteries, granulomas commonly appear along the bronchovascular bundles.
Arterioles and venules reveal focal disruption of lamina elastica with occasional
obstruction [77-79].

In many cases, both granulomatous vascular involvement and its healed lesions
coexist in the same lung at different stages [77-79]. Destruction of vascular archi-
tecture can be noted, with loss of media and marked mural and adventitial fibrosis,
contributing to luminal narrowing [77-79]. Fibrosis in the venous walls has a ten-
dency to extend into the interlobular space whereas arterial granulomas evolve into
fibrosis along the bronchovascular sheaths [77-79].

Nodular lesions, which are formed by the coalescence of numerous granulomas
and surrounding lymphocyte inflammation or fibrosis, can incorporate blood vessels
and provoke the occlusion of the lumen with subsequent ischemia and eosinophilic
necrosis [77-79]. This may represent one of the mechanisms of pulmonary cavita-
tions that are sporadically encountered in sarcoidosis [80]. Noncaseating epithelial
cell granulomas, granulomatous angiitis, and necrosis are the pathological hallmarks
of necrotizing sarcoid granulomatosis, the taxonomical position of which has long
been argued between a truly independent entity and a variant of sarcoidosis [81].

The intimate relationships between granulomas and their supplying lymphatic
(Fig. 3.4b) or blood microvascular networks have been investigated by Kambouchner
et al. using antipodoplanin, anti-CD34, and anti-CD31 immunostainings in surgical
lung biopsies from patients with pulmonary sarcoidosis [82]. While granulomas
were closely associated with lymphatics, blood capillaries were rarely seen in the
vicinity of lesions, stopping at the boundaries of the fibrous ring bordering granulo-
mas [82]. These observations support the role of airborne particles drained by the
lymphatics in the emergence of sarcoidosis granulomas. Conversely, sarcoidosis
granulomas can be considered avascular structures, the center of which is therefore
subjected to hypoxia. In this hypoxic context, TGF-f, one of the cytokines secreted
by sarcoid granulomas, may exert a synergistic action on collagen production by
fibroblasts and contribute to the perigranuloma fibrotic progression [82]. This
absence of angiogenesis is at variance with the expected findings, in light of the
high levels of VEGF in BAL reported in sarcoidosis [83], and in epithelioid cells
detected by immunohistochemistry and in situ hybridization [84].

Vascular Changes in Sarcoidosis-Associated PH
Despite extremely frequent vascular involvement in sarcoidosis, clinically signifi-

cant PH is intringuily rare. In the autopsy series of 40 cases by Takemura et al., all
had vascular involvement but only 4 had right heart overload [78]. The reasons why
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a proportion of sarcoidosis patients will eventually develop this complication remain
obscure, with only few publications providing pathologic descriptions of sarcoidosis-
associated PH.

Proliferative arteriopathy with plexiform lesions can exist but is exceedingly rare.
The complex changes detailed earlier may result in occlusive vasculopathy and,
when sufficiently extensive, ultimately lead to PH. Reflecting the venous predilec-
tion of vascular granulomatous involvement, a PVOD-like disease is recognized as a
cause of sarcoidosis-associated PH [76, 85-87]. The occlusive narrowing of venules
and interlobular septal veins by widespread granulomas can mimic PVOD, which
has been pathologically authenticated in few cases with active sarcoidosis and PH
[85-87]. Besides, Nunes et al. reported an intrinsic venopathy in explanted lungs
from 5 patients with fibrotic sarcoidosis and severe PH [76]. This venopathy con-
sisted of marked occlusive intimal fibrosis and recanalization, together with chronic
hemosiderosis and iron deposition in elastic lamina in all cases. In opposition, arte-
rial changes were minor with no evidence of plexiform or thrombotic lesions.
Scattered granulomas were present in veins in 4 cases whereas arterial granulomas
were seen in only 2 cases and neither venous nor arterial granuloma could be found
in one patient [76]. These observations suggest the existence of an intrinsic venopa-
thy, which may be an indirect consequence of granulomatous process through the
production of various cytokines and growth factors implicated in vascular remodel-
ing. For example, it has been demonstrated that levels of ET-1 in plasma and BAL
fluid are elevated in some, albeit not all, sarcoidosis patients [88, 89].

Pulmonary Langerhans Cell Histiocytosis (PLCH)

PLCH is a rare smoking-related disorder that predominantly affects adults aged
2040 years. It may regress either spontaneously or after smoking cessation [90]. In a
minority of patients, PLCH may progress to end-stage lung disease [90]. Although the
occurrence of PH is exceptional in patients with early PLCH, it is a common event in
the course of advanced lung disease (more than 90% of candidates for lung transplan-
tation) [2, 3]. PLCH is included in group 5 of the clinical classification of PH [4].

While PLCH has traditionally been classified as an ILD, the foremost pathology
is that of an inflammatory and destructive bronchiolitis [90]. The pathologic hall-
mark of PLCH is the presence of stellate nodules composed of large numbers of
Langerhans cells (LC) admixed with other inflammatory cells, in particular eosino-
phils, often organized as loosely formed granulomas in terminal or respiratory bron-
chioles. Bronchiolocentric lesions may be accompanied by variable lung interstitial
inflammation and pigmented alveolar macrophage accumulation in alveolar spaces.
More advanced stages are characterized by cystic lung destruction and fibrotic scar-
ring of small airways [90].

There is very little pathologic data on vascular involvement in PLCH. Though
generally not marked in early stages, vascular changes seem relatively frequent
[91-93]. These are usually observed within regions of prominent involvement with
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an extension of PLCH inflammation to the walls of small- to medium-sized PAs
adjacent to bronchioles in the center of pulmonary lobules (Fig. 3.4c, d) [91-93].
Despite the bronchiolocentric distribution of PLCH lesions, interlobular septal
veins may also be affected [91-93].

The development of PH has been ascribed to the presence of intense and wide-
spread vasculopathy. Fartoukh et al. analyzed the lung samples from 12 patients
with PLCH-associated PH and found that all of them exhibited changes involving
both small- to medium-sized intralobular PAs and interlobular septal veins [94].
Involvement of the intralobular PAs consisted of proliferative arteriopathy with inti-
mal fibrosis and medial hypertrophy, leading to arterial obliteration in 60% of cases
[94]. There was no evidence of plexiform or thrombotic lesions. Involvement of the
interlobular septal veins consisted of intimal fibrosis, medial hypertrophy, and
obliteration in 75% [94]. Aspects of PVOD-like were detected in one-third of the
patients, with venular obliteration, hemosiderosis, and capillary dilatation [94]. On
the other hand, LC infiltration of a vessel was seen in only one case and vascular
abnormalities were noted in areas remote from nodular lesions in half of the patients
[94]. In the six patients from whom two subsequent lung specimens (before and
after the occurrence of PH) were available, the vasculopathy worsened, whereas
parenchymal and bronchiolar lesions remained relatively steady [94]. Consistently,
patterns of postcapillary involvement have been identified in two cases of the series
by Le Pavec et al. [95]. These observations suggest that intrinsic vasculopathy may
be a central process in advanced PLCH.

Remarkably, in contrast to sarcoidosis, PLCH-associated PH has almost not been
reported in the absence of long-standing lung disease probably owing to the differ-
ent distribution of granulomas between the two disorders (primarily bronchiolocen-
tric versus lymphatic). Instead, the venopathy observed in PLCH-associated PH
resembles that of fibrotic sarcoidosis and may share similar pathogenesis.
Granulomas may have an indirect role through the production of various cytokines
and growth factors implicated in vascular remodeling. For example, a number of
these mediators can be released by granulomas of PLCH such as PDGF, TGFp, IL1,
and IL6. Cigarette smoke is a known inducer of pulmonary vascular remodeling
[96] and may also contribute to the development of PH in PLCH.
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Chapter 4
Treatment of Pulmonary Hypertension
in Interstitial Lung Disease

Christopher S. King and Steven D. Nathan

Introduction

The interstitial lung diseases (ILD) are a heterogeneous group of disorders charac-
terized by diffuse pulmonary parenchymal infiltrates. The prognosis of ILD varies
among the specific etiologies, but frequently results in substantial morbidity and
mortality. For example, idiopathic pulmonary fibrosis (IPF), the commonest form of
the idiopathic interstitial pneumonias, has a median survival of only 2.5-5 years [1,
2]. The pharmacologic therapy of ILD varies with the underlying cause, but gener-
ally focuses on attenuating inflammation and resultant fibrosis through the use of
corticosteroids, alternative immunosuppressant agents, and antifibrotics for
IPE. Although frequently prescribed, the data supporting the utility of pharmaco-
logic therapy in ILD is limited. Recent landmark trials of pirfenidone and ninte-
danib in IPF, while representing a major advance in the treatment of IPF, illustrate
this point [3, 4]. The mean change in forced vital capacity (FVC) over 52 weeks was
—235 mL for pirfenidone versus —428 mL for placebo while the adjusted annual
rate of change with nintedanib was —114.7 mL versus —239.9 mL for placebo [3,
4]. It appears that even with the availability of these agents, the relentless downhill
course of IPF will continue, as will the search for further therapeutic targets.

The treatment of pulmonary hypertension (PH) is an attractive potential target
for therapy in ILD. PH has been reported to complicate the course of many ILDs
including IPF, sarcoidosis, pulmonary Langerhans cell histiocytosis (PLCH), con-
nective tissue disease-associated ILD (CTD-ILD), and chronic hypersensitivity
pneumonitis [5, 6]. The development of PH is associated with decreased exercise
tolerance as measured by six-minute walk testing (6MWT) and cardiopulmonary
exercise testing, increased oxygenation desaturation on exertion, and reduced
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survival [7-10]. A number of studies have examined the response to pulmonary
vasodilator agents in PH complicating ILD (PH-ILD). However, no study has con-
clusively demonstrated benefit from the use of vasodilator therapy in PH-ILD. In
the following chapter, we will examine the arguments both for and against pharma-
cologic treatment of PH-ILD, review the results of prior studies, and discuss poten-
tial pitfalls in trial design that may explain the negative results of studies thus far.
We will then provide a guideline for the treatment of PH-ILD based on the authors’
clinical experience.

Rationale to Treat

Reasonable arguments can be made both for and against the treatment of
PH-ILD. Proponents of treatment point to the paucity of effective treatments for
fibrotic lung disease, coupled with the availability of numerous pulmonary vasodi-
lator therapies with demonstrated efficacy in World Health Organization (WHO)
Group 1 PH, as compelling reasons to pursue therapy [11]. This argument can be
countered by the fact that, as of yet, no randomized, controlled trial (RCT) has con-
clusively demonstrated clinical benefit from the treatment of PH-ILD with pulmo-
nary vasodilators.

The development of PH-ILD is associated with significantly reduced exercise
tolerance and increased dyspnea in comparison to ILD patients with similar pulmo-
nary function and demographics [12]. PH-ILD also substantially impacts mortality.
Lettieri, et al. found that patients with IPF and right heart catheterization (RHC)
documented PH, had a 1-year mortality of 28% versus 5.5% in those without PH
[9]. In a study by Nadrous and colleagues, patients with IPF with right ventricular
systolic pressures greater than 50 mmHg on transthoracic echocardiography (TTE)
were demonstrated to have a 1-year mortality > 50% [13]. PH has also been associ-
ated with increased mortality in sarcoidosis and systemic sclerosis [14, 15]. Given
the association of the development of PH with adverse outcomes, it seems plausible
that the treatment of PH may improve symptomatology and survival. This hypoth-
esis only holds true if PH-ILD is a “maladaptive” phenomenon that becomes the
primary driving force for outcomes, rather than a surrogate marker for severity of
disease (Fig. 4.1). If PH develops as a consequence of obliteration of the pulmonary
vasculature due to progressive fibrosis, this likely represents an “adaptive” phenom-
enon unlikely to respond to vasodilator therapy. There may be a subset of patients
with PH-ILD that develop PH that is “disproportionate” to the fibrotic burden of
their disease. In the case of “disproportionate” PH (DPH), the pathophysiology
underlying the development of PH is likely distinct from those with proportionate
disease and may be amenable to therapy. This concept with be explored further later
in the chapter.

There is frequently concern that pulmonary vasodilator therapy in PH-ILD has
the potential to cause adverse outcomes. Theoretically, pulmonary vasodilators may
“un-do” hypoxemic pulmonary vasoconstriction in the areas with the most severe
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Fig. 4.1 Development of disproportionate pulmonary hypertension. Graphical depiction of the
concept of disproportionate pulmonary hypertension. The curve depicts the temporal clinical
course of a patient with interstitial lung disease (the x-axis). Over time, the mean pulmonary artery
pressure (mPAP) and pulmonary vascular resistance (PVR) increase as the forced vital capacity
(FVC), diffusing capacity of the lung from carbon monoxide (DLco), and six-minute walk test
distance (6MWD) decrease. At inflection point A, outcomes and functional limitation are driven
more by pulmonary hypertension than parenchymal lung disease. This is the point where “dispro-
portionate pulmonary hypertension” has developed

parenchymal disease, leading to ventilation—perfusion (V/Q) mismatch and hypox-
emia. In a small, open-label trial by Ghofrani, et al., worsened V/Q mismatch and
oxygenation was seen in patients with PH-ILD treated with intravenous epopros-
tenol; however, those treated with oral sildenafil actually demonstrated improved
V/Q matching and gas exchange [16]. Similar favorable effects on systemic oxy-
genation were seen in a small study of inhaled iloprost and a large RCT of sildenafil
in IPF [17, 18]. Worsening of V/Q mismatch and systemic oxygenation does not
necessarily equate to lack of efficacy. If pulmonary vasodilator therapy improves
pulmonary hemodynamics leading to an increased cardiac output and increased tis-
sue oxygen delivery, then patients may feel better and have improved exercise toler-
ance despite decreased oxygen saturations. This concept is supported in a recent
study by Hoeper and colleagues evaluating the response to riociguat in
PH-ILD. Subjects in this trial experienced decreased arterial oxygen saturation, but
increased mean cardiac output, decreased pulmonary vascular resistance (PVR),
and improved mixed venous oxygen saturation [19]. Another potential concern with
vasodilator therapy in interstitial lung disease is the possibility of causing pulmo-
nary edema due to pulmonary veno-occlusive disease. Indeed, the distribution of the
fibrosis may result in patchy areas of pulmonary veno-occlusive like lesions.
Distinguishing patients who have a preponderance of such lesions might be impor-
tant in excluding patients who are predisposed to a deleterious response to pulmo-
nary vasoactive therapy. It is gratifying however that reports of overt pulmonary
edema due to PH-ILD therapy are rare [20].
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Results of Prior Studies

Numerous studies have been completed assessing the response to pulmonary vaso-
dilator therapy in PH-ILD. The majority are small and unblinded with inherent limi-
tations. Table 4.1 summarizes the published trials to date [16—19, 21-47]. Several
studies have been conducted in PH associated with sarcoidosis. Two small RCTs
found improvements in mean pulmonary artery pressure (mPAP) and PVR with the
dual endothelin receptor antagonist (ERA) bosentan, but no significant improve-
ment in 6MWT distance [40, 43]. An open-label trial of ambrisentan in sarcoidosis
demonstrated improvements in WHO functional class in patients who completed
the full 24-week trial, but the study had a dropout rate of >50% with a high inci-
dence of reported side effects [42]. Le Pavec and colleagues published a retrospec-
tive series of 14 patients with PLCH and PH treated with various vasodilator
therapies. In the 12 patients with follow-up data available, 67% had an improvement
in functional class and 45% improved their 6 MWT distance by >10% [36]. A small
open-label trial of bosentan in systemic sclerosis ILD and PH suggested benefit in
6MWT distance and WHO functional class; however, a larger RCT of bosentan in
163 patients with systemic sclerosis ILD failed to demonstrate a significant improve-
ment in 6MWT distance [37, 38]. It should be noted however that patients in this
study did not necessarily have PH.

The majority of reasonably powered RCTs of PH-ILD have been conducted in
IPF patients. The results with ERAs in this population have been disappointing thus
far. The BUILD-1 study examined the effects of bosentan in 158 patients with
IPF. Bosentan failed to demonstrate superiority over placebo in increasing 6MWT
distance at 12 months. However, a trend toward delay in time to death or disease
progression was observed with bosentan (HR = 0.613; 95% CI, 0.126-0.789,
p=0.119) [24]. The follow-up BUILD-3 study again compared bosentan to placebo
in a larger RCT of 616 patients. No improvement was seen in the primary endpoint
of time to disease progression or death or in secondary endpoints including health-
related quality of life or dyspnea [25]. A smaller RCT of bosentan in 60 patients
with idiopathic pulmonary fibrosis and RHC-confirmed PH failed to demonstrate
improvements in pulmonary hemodynamics, symptoms, or functional capacity
[34]. The MUSIC trial of macitentan therapy in IPF also failed to demonstrate an
improvement in the primary endpoint of change in FVC [27]. The ARTEMIS-IPF
study of ambrisentan was terminated early for lack of efficacy and the potential for
harm with the suggestion of increased respiratory hospitalizations and risk of dis-
ease progression [26]. It should be noted that the earlier trials of ERA therapy in IPF
were evaluating purely the antifibrotic effects of the drugs rather than specifically
targeting PH-ILD in this population. ARTEMIS-PH, a study evaluating the effects
of ambrisentan in IPF patients with PH confirmed via RHC, was terminated early by
the sponsor after a subgroup analysis of patients with PH in the ARTEMIS-IPF
failed to demonstrate a positive signal [48]. Most recently, the RISE-IIP trial of
riociguat in patients with idiopathic interstitial pneumonia was terminated early for
suggestion of increased risk of death and serious adverse events in the treatment arm
in comparison to the placebo group [46].



71

4 Treatment of Pulmonary Hypertension in Interstitial Lung Disease

(panunuoo)
syuow ¢ Jo dn-mofjoj ueaw [JeUSp[IS atr
KJIOTX0) POIL[I-JUSWIBAI) ON 19A0 DA 10 LAMIAQ UT QUI[O9p ON uejudsog | ¢] aanoadsonay | 10T [82] 'Te 10 conIN -ard
Hd DA ut a3ueyd
ym sjuaned uo pasnoog JoON Jo jutodpus Arewrrid 19)[e 03 pafTe] UBJUOIIOBIN | 8T 109! €102 [£2] 'Te 1o nySey AdI
uorssaigord
9sBAsIp 0} oW ur dFueyd SuruasIOM TEOTUI[O O} dWT) Ul
ou ‘Hd yia siuaned g¢ up | A9edyJe Jo e[ 10] A[Ied PARUILIOL, | UBUSSLIqUY | TG LDd| €10T [92] ‘T2 10 nySey AdI
yjeap 10
SUIUASIOM ] 0} SW UO 199JJd ON uejussod | 019 LOd | T110¢ [sz] Te 10 Sury ddI
uorssardord aseasip
10 yeap pake[op 01 pudrL, LMIN9 da01dwr 0} pafreg uejuesod | 8¢S LOd | 800¢ [+2] Te 10 Sury ddl
2100s eoudsAp
D4 VHAN "LAAA9 Ul S0USISHIP ON isoxdogr | [6 LOd | LO0C (] T8 10 BMory ddI
93ueyoxo se3 Jo Suruasiom oN upjuasog | I eqe-uado | £00T [€2] ‘Te 30 Joyjunn AdI
21008
S10¢ 10 LA UT QUAISJIP ON [JeUSPIIS | 6T 1Od| 010C [zc] 18 10 uosyoer ddI
100 pue
uonermes uasAxo paroxdury | 907 Aq LMING dA01dwWr 0) pafIeg [Jeudpis | 081 LDd| 010 [81] e 10 uewWSIZ AdI
sAep 16 Jo dn-mo[[oJ UBTPIN %0¢< £q LAY posoxdwr 9/6 [JRUSP[IS | 1 Paer-uedo | £00T [12] ‘T8 39 prefjoD ddI
SliEliiiie) SINsoY Aderoyy,| sid ugisop ApmS | IO 10Je31SoAU] QseasIp
3un|

aseasip unj fennsiaul ul Adeioy) ojefiposea Areuownd jo saipm§ [°f IqRL



C.S. King and S.D. Nathan

72

eruoxodAl
SHWW ¢¢ < Jvduw pey [[V INOIA SOTUBUADPOWDY .w?o&:M [runsoxdary, Sl [Pqe-uedQ | 10T [s€] e 10 1e33eg aTr
Kyoedeos reuonouny 1o ‘swoydwks
Hd pauwliguos DHY ‘SOIUEUAPOUIAY UO JO3JJd ON uejussog 09 LOd | vI0C [¥€] Te 19 90D aTr
(S = u) [yerepeL,
(c=u [eUOneAISSqO le€]
AN 10 LMIN9 Ut 95ueyd oN UAd Pasealdap pue Q7 pasealouf [Jeuaplis 0l ‘Pqe-uedo | +10T ‘[& )0 uBLLISWIWIZ a
POsLaIOUT SNOUSA-PIXIW INq dvdquw jou
POsBAIOP UOTRINIES [BLI)MY nq JYAd pue QD paaoxduy Jen3100Ty 7 [Pqe-uado | €10T [61] ‘Te 30 1odooy a1
uonerndod pasoxdur
Hd pax1w papnpout Apmg AN ‘PAUSSIOM 20UBISIP TMING UBjuasLIquIy 1T [Pqe-uedQ | 110C [z€] e 19 yosapeg an
AN Tomo[ pue LMY pasorduy [JBUSP[IS G1| eAnoadsoney | 010T [1€] Te 19 210D aTr
syquowr ¢1—¢
dVdW pasearoaq LAIN9 paaoxduy [JBUSP[IS S aanoadsonay | 600z | [0€] Te 10 vewdey) aTr
(6 = u) ueyuasog
ws< (01 =u)
Q0ueISIP LN posoxdwt 61/GT [ouasoxdody 61| @andadsonay |  800T [6T] Te 10 TreUIN aTr
Suryojewr uoneuadAxo pue [ouysoxdoda
O/A pauasiom urpAsesord Surgoyewr O/A paoxdut [yeudpyrg 10 [yeuap[rs 91 Paer-uadg | 7oz | [91] Te 1o ruegoyn aTr
A3ueyoxX9 | PIO[BYUI PUB AT
se3 Areuowrynd paroxduwr ur [ouoysoxdodyg (1]
paynsaz sproue)soid pafeyuy OPIXO0 JLIIN 8 Pqel-uadQ | 6661 ‘[8 19 DISMAYIS|O atl
SliEliiiie) SINsoY Aderoyy,| s ugisop ApmS | IO 10Je31SoAU] ENE=N 1)
3un|

(ponunuod) Ty AqeL



73

4 Treatment of Pulmonary Hypertension in Interstitial Lung Disease

uoneziuesIQ YI[edH PHIOM OHM ‘uoisnjiod/uone[nuaa gj/A ‘9seasip Sun| [eNNSIAIUI SISOI
-9[0S OTWRISAS (77]-9SS ‘UOTIBZIIANAYILD JIeay WS DY ‘el PI[[ONUOD ‘PAZIWOpURI 7)Y ‘douer)sisal Jenosea Areuowind YA J ‘SIS0IA001SIY [[0 SueyIo3ue|
Areuownd g7)74 ‘uorsudradAy Areuownd g4 ‘sisoiqy Areuownd ;74 ‘1onqmyur ¢ aserdisarpoydsoyd 1¢-7q4 9 Jo Anpenb 700 ‘emssaid A191re Areuowrnd
ueow Jyqu ‘sisoiqy Areuownd onyedorpr /g7 ‘eseasip Sunj fennsioul (7777 ‘Aioeded [eIIA padIo} DA ‘SSE[d [euonouny H,f ‘Isiuoeiue 10)dodar urjRyopud
V4 ‘oseasIp Suny [ennsINUI PAJRIOOSSE-ISLISIP ONSSI} 9ANUU0D (77]-LD ‘Indino oerpies 0 ‘opndod onomineu ureiq gyg 1593 J[em aInurw-xis 1M /9

uonouny Junj ur UIOP UO J93JJ2 ON uejuesog | 6 [Pqel-uado | 1102 [6€] Te 1@ eAning | QTII-9SS
LMINY ut judwaaordur oN uejuesoq | €91 1Od| 010C [8€] T2 ploges | ATI-9SS
aanoadsoxd [L€] TR 30
Od OHM Pue LAING paaoiduy uejuesoq | 8 ‘Pqef-ued0 | 900T qewnS-peiy | d'II-9SS
(T=u
S$-ddd + vVdd
(1=u
prouejsoxd
parequp
ponoxdwt YAJ pue Jvdw (9.9 | (€ =1) S-AAd
UuoTRUa3AX0 JO JuruasIom oN ur paaoxdur sse[d [euonouny OHA Q=u)yvid | ¥I aanpadsonay | 710z | [9¢] ‘Te 10 ooaed o HDO1d
WiIey 10§ A[Ied PIIRUTULIA, N3Oy | L] IDd| 910T [97] dIT-ASTY atl
duq paseardap ‘L MIN9 paSueyou 16-9ad | 811 @andadsonay |  GI10T [Sp] T8 10 simarg aTr
SJUAWIWOD) SRR Kderoyy,| sid ugisop ApmS | Ieox 10Je31SoAU] QseasIp
Sung




74 C.S. King and S.D. Nathan

The most encouraging study of vasodilator therapy in PH-ILD to date is the
STEP-IPF study. This RCT compared sildenafil with placebo in a population of
patients with advanced IPF. The study enrolled only patients with single breath dif-
fusing capacity (DLCO) < 35% predicted [18]. Based on experience from previous
studies, approximately 50% of the patients in this study would have PH [49].
Although the study failed to demonstrate a difference in the primary endpoint of a
>20% increase in 6BMWT distance, sildenafil improved a number of secondary end-
points including quality-of-life measures, arterial oxygen saturation, and DLCO
[18]. There was also a trend toward a mortality benefit at 24 weeks in the treatment
arm (p = 0.07) [18]. A subgroup analysis of data from STEP-IPF performed by Han
and colleagues found that in patients with right ventricular systolic dysfunction on
TTE, sildenafil resulted in a preservation of exercise capacity as measured by the
6MWT [50]. Clearly, the current medical literature on vasodilator therapy in
PH-ILD has significant limitations; however, the studies to date provide proof of
concept of PH-ILD as a potential therapeutic target.

Selecting the Appropriate Population to Treat

As summarized earlier, studies of vasodilator therapy for PH-ILD to date have
shown glimmers of potential but have failed to conclusively demonstrate benefit.
Improper patient selection for therapy may be a reason for this. Longitudinal study
of IPF patients demonstrates that the majority of patients with IPF will develop PH
as their lung disease progresses [51]. It has also been shown that lung volume mea-
surements alone cannot predict the development of PH in advanced lung disease,
suggesting that factors other than progressive fibrosis cause PH in some advanced
lung disease patients [49]. In summary, PH frequently develops over time with pro-
gressive respiratory failure and worsening parenchymal disease; however, there is
also a distinct population of patients who develop PH with lesser degrees of paren-
chymal involvement. This implies that discrete pathophysiologic mechanisms aside
from pulmonary parenchymal destruction may contribute to the development of
PH-ILD. In affected patients, exhausted circulatory reserve from PH may drive
exercise limitation and mortality, rather than the ventilatory and gas exchange limi-
tations that invariably accompany fibrotic lung disease. It is in this population of
PH-ILD patients that treatment with pulmonary vasodilator theoretically has the
greatest potential for benefit.

The concept of DPH can be loosely defined as elevations in pulmonary pressures
associated with parenchymal lung disease that are greater than would be expected for
the degree of parenchymal lung destruction. Exact definitions for DPH remain elu-
sive and the term DPH has been discouraged in the most recent PH guidelines given
the lack of a consensus definition [52]. The guidelines suggest instead the term “ILD
with severe PH” for an mPAP >35 mmHg or an mPAP >25 mmHg with an associ-
ated cardiac index (CI) of less than 2.0 L/min [52]. The appropriateness of a single
threshold value for defining DPH is not well validated. The traditional definition of
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PH as an mPAP >25 mmHg is frequently applied to PH-ILD, but lesser mPAP
thresholds are also associated with adverse outcomes [53]. Perhaps the mPAP at
which PH becomes “disproportionate” is variable and dynamic with higher pressure
thresholds for more severe restrictive disease. More likely, it is not a numerical
threshold that should define “disproportionate” PH, but rather the physiologic conse-
quences of the increased afterload. It may be that DPH occurs when PH leads to right
heart decompensation. This concept is supported by the subgroup analysis of the
STEP-IPF trial, in which treatment with sildenafil preserved exercise capacity in
patients with IPF and evidence of right ventricular systolic dysfunction on TTE [50].
Despite this hypothesis, the precise patient population who might benefit from the
treatment of PH-ILD remains unknown. Based on the limited available data, a trial
of closely monitored therapy might be reasonable in PH-ILD patients, where PH
appears to be a key factor driving exercise limitation, especially if there is evidence
of right ventricular dysfunction or a depressed CI. Carefully designed RCTs focused
on the enrollment of patients with DPH will be required to delineate the appropriate
threshold for initiation of vasodilator therapy in PH-ILD.

Treatment of Pulmonary Hypertension in Interstitial
Lung Disease

The treatment of PH-ILD can be divided into three major categories: primary,
adjunctive, and PH-specific therapies. Primary therapy is focused on the underlying
ILD. Delaying progression of the underlying lung disease will aid in maintaining
functional status and oxygenation as well as curtailing the factors perpetuating the
PH. It should be noted that with the exception of steroids for stage 2 and 3 sarcoid-
osis and select patients with CTD-ILD, systemic therapy has not been demonstrated
to improve hemodynamics in PH-ILD [54, 55]. Whether new antifibrotic therapies
for IPF will alter the natural history of PH-ILD in this condition remains to be deter-
mined. Given the high mortality associated with the development of PH-ILD, lung
transplantation may afford a survival benefit. Appropriate candidates should be
referred for lung transplantation evaluation and potential listing at the time of
diagnosis.

Adjunctive therapies are focused on mitigating comorbid conditions and conse-
quences of lung disease. Resting and exertional hypoxemia should be sought and
corrected with supplemental oxygen. Active smokers should be counseled on tobacco
use with aggressive smoking cessation interventions implemented when appropriate.
Sleep-disordered breathing should be investigated and appropriately treated with
weight loss and continuous positive airway pressure (CPAP) ventilation. Notably,
CPAP has been demonstrated to reduce pulmonary pressures in patients with OSA
[56]. Heart failure with preserved ejection fraction (HFpEF) and coronary artery
disease are common comorbidities in patients with ILD [57]. Appropriate medical ther-
apy and cardiology referral should be instituted for these conditions when present.
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Table 4.2 Factors suggestive .
of pulmonary hypertension in
interstitial lung disease

Dyspnea “out of proportion” to
pulmonary function test results

* New desaturations despite stable
lung volumes

*  Dico <35% predicted

e FVC/D,oratio >1.5

¢ Ratio of main pulmonary artery to
aorta diameter >1 on CT

e Desaturation <88% on room air on
6MWT

¢ Distance <200 meters on 6MWT

* Pulse rate recovery <13 beats/min
following 6MWT

* Elevated pro-BNP

6MWT six-minute walk test, CT com-
puted tomography, D, ¢, diffusing capac-
ity of the lung for carbon monoxide,
FVC forced vital capacity, pro-BNP pro-
hormone of brain natriuretic peptide

Fibrotic lung disease is a risk factor for venous thromboembolism which should be
sought and treated in the appropriate clinical context [57]. Interestingly, coumadin
was found to be harmful in a study as a primary therapy for IPF; nonetheless, antico-
agulation should not be withheld in IPF or other fibrotic disease patients in the con-
text of documented thromboembolic events [58]. Finally, advanced lung disease is
frequently complicated by deconditioning. Clinicians should consider patient refer-
ral for pulmonary rehabilitation, which has been demonstrated to improve quality of
life and exercise tolerance in this population [59].

The role for PH-specific therapies in PH-ILD remains poorly defined. To date, no
pulmonary vasodilator therapy has been approved for the treatment of
PH-ILD. Despite this, it is reasonable to screen for PH in patients with ILD and
persistent dyspnea which may be accompanied by one or more of the following: a
markedly reduced DLCO (<35% predicted), reduced significantly compromised
6MWT distance (<200-300 m), desaturation <88%, or an impaired pulse rate recov-
ery after 6MWT [5]. Table 4.2 provides a list of findings suggestive of
PH-ILD. Screening is typically performed by TTE, although this test can be techni-
cally challenging and suffers from imperfect accuracy in advanced lung disease [60].
Confirmatory RHC should be performed if there is the clinical suspicion for PH
warranting this [5]. There are many factors that can contribute to the clinicians’ level
of suspicion for PH. These can be used in a Bayesian fashion to decide if the suspi-
cion is high enough to warrant RHC. Before recommending a RHC, it is important
to have an appreciation for how the results of this test might potentially alter the
patient’s management. This encompasses not only the decision to institute vasoac-
tive therapy but also includes obtaining potentially important prognostic information
as well the discovery of other treatable conditions. Specifically, RHC may reveal
evidence of volume overload or heart failure with preserved ejection fraction
(HFpEF), which may warrant diuretic and other therapies. The decision to pursue a
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Table 4.3 Treatment of pulmonary hypertension in interstitial lung disease

Primary therapies (Interventions to improve the interstitial lung disease)

* Antifibrotic therapy for IPF Key points

(pirfenidone, nintedanib) * Does not improve pulmonary hemodynamics
e Immunosuppression for directly in most ILD

CTD-ILD

» Steroids, alternative agents
for sarcoidosis

Adjunctive therapies

*  Oxygen Key points
* Smoking cessation e Helps maintain functional status and oxygenation
* Treatment of sleep-disordered e May curtail factors exacerbating PH

breathing

e Pulmonary Rehabilitation

Pulmonary hypertension specific therapies

* Diuretics Key points

* Pulmonary Vasodilators * Pulmonary vasodilator therapy has not been
conclusively demonstrated to improve outcomes in
PH-ILD

* Should only initiate vasodilator therapy for PH-ILD
in a clinical trial or at a center with expertise in the
treatment of PH

ILD interstitial lung disease, PH pulmonary hypertension

trial of vasodilator therapy should be guided by the clinician’s sense as to what the
primary driver of the patient’s symptomatology is. If PH-ILD is deemed to be the
primary factor responsible for limited exercise tolerance, it may be reasonable to
institute a trial of therapy with a pulmonary vasodilator. In doing so, a baseline
6MWT should be performed to establish an objective means of assessing response
to therapy. Patients should be closely monitored for worsening hypoxemia and the
development of pulmonary edema. If vasodilator therapy is initiated outside the set-
ting of a clinical trial, it should be done only at experienced centers with expertise in
treating PH. Current data is too limited to make specific recommendations regarding
individual agents or dosing regimens. Based on existing data in IPF patients, the use
of agents targeting the nitric oxide pathway such as sildenafil is likely preferable to
the ERA class of agents. Given the paucity of data supporting the use of vasodilator
therapy in PH-ILD, every effort should be made to enroll patients into available
clinical trials. Table 4.3 provides a summary of recommended the recommended
treatment for pulmonary hypertension in interstitial lung disease.

Treatment of Pulmonary Hypertension in Sarcoidosis

Many clinicians believe sarcoid-associated PH (SAPH) is a distinct clinical entity
which warrants a separate discussion from other forms of PH-ILD. Numerous eti-
ologies can lead to the development of SAPH including fibrosis-associated oblitera-
tion of the vascular bed, pulmonary vascular compression by mediastinal
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lymphadenopathy, granulomatous arteritis, pulmonary veno-occlusive disease,
hypoxia-induced pulmonary vasoconstriction, portopulmonary hypertension sec-
ondary to sarcoid liver disease, and left ventricular dysfunction [61]. Given the
myriad of possible etiologies resulting in SAPH, RHC is mandatory to delineate the
cause and severity of PH (Fig. 4.2).

Similar to other forms of PH-ILD, the optimal management of SAPH remains
controversial. There is fairly universal agreement that appropriate adjunctive thera-
pies including oxygen supplementation, smoking cessation, vaccinations, and treat-
ment of sleep-disordered breathing should be instituted. The role of corticosteroids
as a primary treatment of SAPH is debated, with reports of both benefit and harm

Fig. 4.2 CT imaging of pulmonary hypertension in interstitial lung disease. Both CTs show an
enlarged pulmonary artery (red arrow) as compared to the ascending aorta (yellow arrow). The
patient in CT (a) has combined pulmonary fibrosis and emphysema, while CT (b) is from a patient
with sarcoidosis
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[62]. It has been suggested that specific subgroups, including those with active
inflammation or compression of the proximal pulmonary arteries by adenopathy,
may derive benefit, while those with marked fibrosis are unlikely to improve [62].
Numerous studies of pulmonary vasodilator therapy for SAPH have been under-
taken; however, their small size and surrogate primary endpoints limit the ability to
draw conclusions as to the efficacy of treatment with these agents. Several case
series have reported on the efficacy of PDE-5 inhibitors in SAPH [63—-65]. In the
largest of these retrospective reports, Keir and colleagues found that treatment with
sildenafil in 29 SAPH patients led to improved functional class and echocardio-
graphic parameters [64]. Two case series have reported on the efficacy of prostanoid
therapy in SAPH [47, 66]. A series of 15 patients treated with inhaled iloprost found
a significant improvement in quality of life and improved hemodynamics in 6/15
(40%) of the patients [47]. The most studied class of pulmonary vasodilators in
SAPH are the ERAs. A prospective, open-label trial evaluated ambrisentan in 21
patients with SAPH over 24 weeks. No difference in 6 MWT distance or symptoms
was found, and less than half the patients were able to tolerate therapy for the study
duration [42]. In the only RCT of vasodilator therapy for SAPH completed to date,
35 patients were treated with bosentan for 16 weeks. Treated patients demonstrated
a reduction in mPAP and PVR, but bosentan therapy failed to improve the 6BMWT
distance [43]. Table 4.4 provides a summary of prospective studies of pulmonary
vasodilator therapy in sarcoid-associated pulmonary hypertension.

The available data suggests that pulmonary vasodilator therapy can improve the
hemodynamic profile of patients with SAPH. Whether these hemodynamic improve-
ment translate into sustained improvements in functional capacity and patient out-
comes remains to be seen. At this time, there are no approved therapies for the
treatment of SAPH. If treatment of SAPH with vasodilator therapy is undertaken, it

Table 4.4 Prospective studies of pulmonary vasodilator therapies in sarcoidosis

Investigator | Year | Study design Pts | Therapy Results Comments
Baughman 2006 |RCT 35 | Bosentan Decreased No change in
et al. [40] mPAP and 6MWT
PVR
Baughman 2009 | Prospective, 15 | Iloprost Decreased
et al. [47] open-label mPap in ~1/3
Judsonetal. |2011 | Prospective, 21 | Ambrisentan | In those High dropout
[42] open-label completing rate
study,
improved
WHO
functional
class
Baughman 2006 |RCT 35 | Bosentan Improved No change in
et al. [43] PVR and 6MWT
mPAP

O6MWT six-minute walk test, mPAP mean pulmonary artery pressure, PVR pulmonary vascular
resistance, RCT randomized, controlled trial, WHO World Health Organization
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should be done so in the context of a clinical trial or at an expert center with experi-
ence in the management of this complex disorder.

Future Directions

Further clinical trials assessing the response to pulmonary vasodilator therapy are
required. Careful attention to study design is essential in determining the optimal
population for the treatment of PH-ILD. Clinical trialists will need to select an
appropriate hemodynamic threshold for pulmonary pressures and the maximal
amount of permissible parenchymal disease in order to isolate a population of
patients with DPH most likely to respond to vasodilator therapy. Selection of appro-
priate endpoints for such studies is of paramount importance as well. Consideration
could be given to composite endpoints which can capture disease worsening from a
number of aspects rather than individual endpoints such as 6MWT distance, hospi-
talizations, and mortality. The authors recommend the referenced review article to
readers interested in a more thorough discussion of issues surrounding clinical trial
design in PH-ILD [48].

Conclusion

PH-ILD is associated with significant morbidity and mortality. Given the limited
treatment options available for ILD, the treatment of PH in this population is an
enticing therapeutic target. Clinicians should maintain a high index of suspicion for
PH-ILD, particularly in patients with a markedly reduced DLCO, pronounced oxy-
gen desaturation, or severe exercise limitation. Provision of supplemental oxygen
and appropriate evaluation for and treatment of comorbid conditions such as sleep-
disordered breathing, HFpEF, coronary artery disease, and venous thromboembo-
lism are of paramount importance. Numerous studies exist evaluating the use of
pulmonary vasodilator therapy in PH-ILD, but no clear benefits have been conclu-
sively demonstrated in RCTs. In order to study an enriched population, the concept
of DPH will require clearer understanding and definition. Targeting this patient
population in future RCTs is necessary to address the complex issue of the role of
pulmonary vasoactive agents.
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Chapter 5
Lung Transplantation in Interstitial Lung
Disease

Cynthia Kim, Francis Cordova, and Yoshiya Toyoda

Overview

Advanced interstitial lung disease (ILD) that failed medical therapy is a common
indication for lung transplantation. The first successful lung transplantation was
performed in a patient with idiopathic pulmonary fibrosis. With the implementation
of the lung allocation score in 2005, idiopathic pulmonary fibrosis has surpassed
chronic obstructive pulmonary disease as the most common indication of lung
transplantation. In the context of lung transplantation, interstitial lung diseases can
be broadly grouped into idiopathic interstitial pneumonias, interstitial lung disease
due to connective tissue disease (CTD), and pulmonary sarcoidosis with or without
pulmonary hypertension. Idiopathic pulmonary fibrosis is the most common of the
idiopathic interstitial pneumonia, followed by nonspecific interstitial pneumonia.
The most common interstitial lung disease due to connective tissue disease that
leads to lung transplantation is scleroderma-associated ILD. Others forms of ILD-
CTD include rheumatoid arthritis, mixed connective tissue disease, and dermato-
myositis/polymyositis.

Interstitial lung diseases confer certain challenges not usually seen in other forms
of advanced lung disease that warrant lung transplantation. For instance, IPF can
lead to acute exacerbation even with relatively preserved lung function. Acute IPF
exacerbation can lead to severe hypoxemia requiring mechanical ventilatory sup-
port and in some instances even the need for extracorporeal membrane oxygenator
(ECMO). This can lead to deconditioning, hemodynamic instability, and
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extrapulmonary organ dysfunction that will rapidly push the patient out of the trans-
plant window. Patients are often delisted from the active transplant list until they
recover. ILD-CTD is often associated with significant extrapulmonary dysfunction
that may negatively impact the patient status as a good lung transplant candidate. A
good example of this is the presence of severe esophageal dysfunction in patients
with scleroderma. Another common comorbidity in this subgroup of patients is the
presence of pulmonary hypertension that increases the risk of allograft dysfunction
during the immediate postoperative period. In addition, significant coronary artery
disease is often uncovered during prelung transplant evaluation even in patients who
are asymptomatic. All these pretransplant issues need to be recognized and addressed
during pretransplant evaluation in order to minimize postoperative complications
and optimize posttransplant outcome. In this chapter, we will discuss when to refer
patients with ILD for lung transplant, recognized common comorbidities commonly
associated with ILD especially pulmonary hypertension and esophageal dysfunc-
tion, discussed the use of ECMO as bridge to transplant, and expected clinical
outcome.

Pretransplant Considerations

Timing of Transplant Referral

In general, patients with end-stage lung disease should be considered for referral if
there is a high risk of death within 2 years and high probability of surviving after the
transplant at least for 5 years [1]. However, it is difficult to make this determination
clinically and a significant amount of variation in both presentation and clinical prac-
tice exists. The severity and complexity of this disease is reflected in the fact that this
group of transplant recipients has a high mortality rate on the transplant list. It should
be important to note, especially to the patients with interstitial lung disease, that
referral for transplantation is a separate process from listing for transplantation.

The recommendations regarding referral of IPF patients for transplant evaluation
state that it should occur as soon as there is radiographic or histopathologic evi-
dence of UIP or fibrosing NSIP. This is in recognition of the poor prognosis associ-
ated with this disease, variable clinical progression, and few alternative treatment
options. The median survival of patients with UIP is 2-3 years from diagnosis; how-
ever, there are a number of patients with preserved lung function who rapidly dete-
riorate from acute exacerbation. Additionally, it is difficult to determine which
patients will follow a normal trajectory versus those that will experience an acceler-
ated decline. Though there are no validated clinical prediction tools for IPF, recog-
nized factors that influence survival include advanced age, low or declining
pulmonary function, and concurrent pulmonary hypertension. In addition, a referral
should be made with any symptoms of lung compromise such as requirement for
oxygen or even the sensation of dyspnea. The full criteria are listed in Table 5.1.
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Table 5.1 ILD [1]

Timing of referral for | 1. Histopathologic/radiographic evidence of UIP/NSIP regardless of
transplant lung function

. FVC <80, DLCO <40
. Any dyspnea or functional limitation attributable to lung disease

. Any oxygen requirement even if only on exertion
. Decline in FVC >10% during 6 months of follow up
. Decline in DLCO >15% during 6 months of follow up

. Desaturation <88%, <250 m on 6 MW of >50 m decline in 6 MW
over 6 month period

Timing of listing

W N =AW N

N

. Pulmonary hypertension on RHC or echo

5. Hospitalization due to respiratory decline, pneumothorax, or acute
exacerbation

Since there are not any good clinical predictor equations for the other interstitial
lung diseases, the recommendations for referral are the same as those for IPF pro-
vided they have received a reasonable trial of medical therapy. Listing these indi-
viduals for transplant varies by transplant center but largely depends upon
demonstration of disease progression or instability. The suggested criteria are also
listed in Table 5.1.

Comorbidities
Pulmonary Hypertension

Pulmonary hypertension is a common sequela of advanced interstitial lung disease.
The etiology of secondary pulmonary hypertension is varied and could be due to
progressive parenchymal destruction and loss of vascular bed, the presence of con-
comitant vasculitis, or hypoxic-induced pulmonary vasoconstriction. In many ILD,
the presence of PAH portends poor outcome and often heralds the onset of acceler-
ated decline in functional capacity. Indeed the diagnosis of pulmonary hypertension
should trigger referral to lung transplant center. The severity of pulmonary hyper-
tension often dictates whether the patients should receive double or single lung
transplant or even combined heart/lung transplant in the presence of overt right
heart failure.

Fibrotic sarcoidosis traditionally has similar wait-list mortality similar to IPF but
historically has been less likely to receive transplantation [2]. Since wait-list mortal-
ity does not correlate linearly with lung function, it is difficult to determine appropri-
ate listing times and there is even less data regarding long-term outcomes with fibrotic
sarcoidosis as there is with IPF [3]. Known factors that portend mortality in this
population include African American race, the presence of pulmonary hypertension,
and oxygen use—all indicative of advanced lung disease [4]. Similarly, another cen-
ter’s experience found that a right atrial pressure >15 mmHg was associated with
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worsened mortality [5]. Extrapulmonary sarcoid involvement should be well defined
prior to transplantation. Some experts have suggested that neurosarcoidosis may
present a barrier to transplantation if severe. Additionally, a second organ transplant
may be considered for patients with cardiac or hepatic sarcoidosis [6].

Scleroderma patients should also be referred early due to more rapidly progres-
sive disease and high incidence of pulmonary hypertension. In fact, pulmonary
fibrosis and pulmonary hypertension are the leading causes of death in systemic
scleroderma (SSc) [7]. The systemic nature of scleroderma has led to an idea that
these patients perform relatively poorly posttransplant. However, one center has
demonstrated similar 2- and 5-year mortality rates as compared to other transplant
recipients [8, 9] and show similar rates of acute and chronic rejection as compared
to other ILD transplant recipients [10, 11]. However, the authors’ caveat is that these
results depend on very careful patient selection. Relative contraindications include
significant skin breakdown from severe cutaneous disease, a creatinine clearance of
less than 50, severe reflux disease and aspiration, and cardiac involvement with
arrhythmia. In some centers, an esophageal dysfunction with aperistalsis on manom-
etry is an absolute contraindication to transplant. The unique role of esophageal
disorders in pretransplant recipients will be discussed in more detail later. Of the
patients that do receive transplantation, the 30-day mortality is ~15%, largely due to
graft failure, hemorrhagic stroke, cardiac events, and bacterial infection [12].

Pulmonary hypertension can complicate any interstitial lung disease and has
been associated with worsened exercise tolerance independent of lung function,
higher mortality, and a risk for acute exacerbations of IPF [13, 14]. Studies show
that PH can complicate up to 30-46% of IPF patients on right heart catheterization
testing and do not necessarily correlate with measures of lung function [15-17].
Elevated b-type natriuretic peptide and elevated pulmonary vascular resistance both
predict early mortality in patients with interstitial lung disease [18, 19]. In addition,
some have found a linear correlation between mean right atrial pressure and mortal-
ity in IPF [16]. Analysis of the REVEAL database showed that those with CTD-
PAH had worse 1-year. survival, higher BNP, and lower 6 MW distances as compared
to those with idiopathic disease. In addition, those with systemic sclerosis have the
worst prognosis of the group despite having similar hemodynamics [20].

While the widespread use of pulmonary vasodilators has significantly decreased
the rate of transplantation for pulmonary arterial hypertension (OPTN 2012 report),
these medications have not been able to accomplish the same for ILD-related pul-
monary hypertension. Studies with vasodilators in IPF with PH have shown incon-
sistent improvements in symptoms without any improvement in mortality [21-23].
While presence of pulmonary hypertension is an indication to list someone with
interstitial lung disease, many felt that the lung allocation score did not adequately
reflect the disease severity of this group. This was also reflected in the fact that PAH
patients awaiting transplant have similar wait-list mortality as ILD patients but
receive fewer organs. To adjust for this, the lung allocation score was modified in
early 2015 to include markers such as mean right atrial pressure, cardiac index, and
bilirubin level. A high priority allocation program in France for PH led to signifi-
cantly decreased wait-list mortality. Future reports will show if the adjusted LAS
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has had a similar impact in here in the United States. With regards to treatment of
CTD-PAH related to systemic lupus erythematosus, mixed connective tissue dis-
ease, or Sjogren’s syndrome can improve with steroids or immunosuppressive ther-
apy whereas scleroderma-PAH usually does not respond to immunotherapy [24].

Esophageal Dysfunction

There has been a lot of data describing the high frequency of gastroesophageal
reflux and probable microaspiration in end-stage lung disease as a likely trigger of
lung fibrosis pretransplant and a cause of bronchiolitis obliterans syndrome (BOS)
posttransplant. Changes in transdiaphragmatic pressure and possible vagal nerve
damage that accompany lung transplant seem to exacerbate this problem as well.
One study found that in patients with GERD who had bilateral lung transplant or
retransplantation had more delayed gastric emptying and impaired esophageal
motility as compared to unilateral transplant recipients [33]. Most centers consider
severe untreated GERD and esophageal dysmotility as a contraindication to trans-
plantation. However, small single-center series have demonstrated that surgical cor-
rection of GERD with fundoplication can be safely performed both pre- and
posttransplant [35] while another center demonstrated slower progression of BOS
and fewer episodes of acute rejection in the posttransplant population who had
received surgical correction [36]. In a report of 23 patients with scleroderma-ILD,
with 12 of 23 patients had esophageal dysfunction, there was no difference in sur-
vival and incidence of chronic allograft rejection when compared to other forms of
non-connective tissue disease-related interstitial lung disease. Interestingly, the rate
of acute rejection was lower in patients with scleroderma. The authors attributed
this success to multidisciplinary and proactive care of these patients [11]. It is also
our view that successful lung transplantation can be performed in carefully selected
scleroderma patients with esophageal dysfunction. Depending on the pulmonary
reserve of a particular patient, fundoplication can be performed before or after lung
transplantation. Postoperatively, patients with marginal respiratory status often
require prolonged NPO and enteral support is initiated through a gastrojejunostomy
tube. It is important to note that these patients are cared for by a multidisciplinary
team that include speech therapist, nutritionist, gastroenterologist with particular
interest in esophageal diseases, transplant physicians, and surgeons.

Contraindications

Lung transplantation is a morbid procedure with many contraindications to candi-
dacy. Examples of absolute contraindications include recent malignancy, chronic
infection, and acute medical instability such as sepsis or acute myocardial infarc-
tion. However, as our experience with lung transplantation grows, relative
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contraindications such as age, obesity, and infection with hepatitis C and HIV are
being called into question. There is even growing experience with double organ
transplantation, which can change the absolute contraindication of untreatable end-
organ dysfunction into a relative one.

The recommendations published by ISHLT list 65 years of age as an upper limit
for transplantation consideration. However, as life expectancy and experience with
transplantation grows, the percentage of transplant recipients over the age of 65 has
grown to 24.4% in the 2014 OPTN report. Though these patients are more likely to
have comorbidities and have traditionally had worse mortality posttransplant, other
studies have shown posttransplant quality of life is similar in all age groups [25]. In
fact, pretransplant diagnosis was more important than age in determining quality of
life measured, even in the small cohort of patients older than 70. Another study found
that decline in functional status trajectory posttransplantation was equal in patients
over 65 as for younger patients [26]. The 5-year survival rate for all comers after lung
transplantation is roughly 65%, a figure that lags behind that for other organs and
makes lung transplantation in essence a palliative procedure in which quality of life
is just as important as time of life extended. If this is the case, then there seems to be
less reason to exclude older individuals from receiving transplantation. This mirrors
our own center’s experience with older transplant recipients receiving equal quality-
of-life improvement and survival as those younger than 65 years.

Both being underweight and overweight have been associated with an increased
risk of death after lung transplantation [27] as well as increased risk of primary graft
dysfunction in the early posttransplant period [28]. Obesity is also considered a risk
factor for concurrent coronary artery disease and other comorbidities that can com-
plicate transplantation. However, some centers have demonstrated equivalent prog-
nosis for overweight patients (BMI 25-29) as normal weight patients [29].
Additionally, an analysis of 9073 adult lung transplant recipients after adoption of
the LAS in 2005 shows that adjusted 1-year mortality for patients of normal weight
(BMI 18.5-24.9), overweight (BMI 25-29.9), and class I obesity (BMI 30-34.9)
were similar, suggesting that there may be a subpopulation patients with higher
BMI that can safely undergo transplantation. That same analysis showed a signifi-
cant increase in mortality with underweight individuals. Fortunately, weight is
largely a modifiable risk factor that may be addressed during the referral process
with aggressive nutrition management.

Bridge Therapies to Transplant

Recently, pirfenidone and nintedanib were approved as treatments for idiopathic pul-
monary fibrosis by decreasing the rate of decline in lung function as compared to
placebo [30, 31]. Pirfenidone is an oral antifibrotic agent whereas nintedanib is a tyro-
sine kinase inhibitor that blocks multiple targets including vascular endothelial growth
factor (VEGF), fibroblast growth factor (FGF), and platelet-derived growth factor
(PDGF). While neither medication can reverse fibrosis, the stabilization of disease and
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reduction in disease progression can potentially prolong the transplant window for
these patients with high wait-list mortality. Since these drugs are so new, little is known
about the effect of these drugs on lung transplant recipients. There are rat models
showing that pirfenidone may even be useful after transplant to limit acute lung
allograft injury, presumably through suppression of TNF-a, reduced neutrophil recruit-
ment, and iron accumulation [32]. Small case series have demonstrated that recipients
undergoing lung transplantation while on pirfenidone did not have any problems with
wound healing or anastomosis breakdown despite the supposed suppression of TGF-b.
Other institutions have shown no increased episodes of acute or chronic rejection in
patients on pirfenidone pretransplantation [33]. There has also been interest in initiat-
ing these medications posttransplantation to manage progressive fibrosis in the remain-
ing lung or as a treatment for restrictive CLAD [34]. As our experience with these
medications grows, there will need to be protocols and research addressing the appro-
priate role for these medications both before and after lung transplantation.

Mechanical bridges to transplantation include invasive ventilation and extracor-
poreal life support. Transplantation of patients who are mechanically ventilated is
controversial due to worsened survival postoperatively. However, these patients
simultaneously represent the sickest candidates who have the most urgent need for
transplantation. One single-center retrospective analysis showed that survival in
patients who required mechanical ventilation without extracorporeal support was
57% at 1 year and escalating therapy and higher simplified acute physiology (SAPS)
scores were associated with worse outcome [35]. Recently, there has been increas-
ing experience with extracorporeal support as an alternative to mechanical ventila-
tion which allows the candidate to be awake, non-intubated, and participate in
physical therapy while awaiting transplantation [36, 37]. Both veno-venous and
veno-arterial ECMO have been employed in this group [38]. In addition, ECMO has
also been used successfully for patients with right heart failure from pulmonary
hypertension [39]. There has also been experience with a pumpless form of ECS
called Novalung that has primarily been employed in cases of refractory hypercap-
nia in patients awaiting lung transplantation. ECMO also plays a role posttransplant
for the treatment of severe PGD [40]. An analysis of UNOS registry from 1987 to
2008 showed that unadjusted survival of transplant recipients who had received
mechanical ventilation, ECMO, and no support at 1 year was 62, 50, and 79%,
respectively. The authors concluded that while transplantation is worse after
mechanical support, it is not prohibitively so and additional risk factors should be
considered in deciding to list candidates for transplant. Of note, patients with inter-
stitial lung disease with acute hypoxemic respiratory failure who were treated with
mechanical ventilation and ECMO support who were deemed not a candidate for
lung transplant have extremely poor prognosis with mortality of 93% [41].

In our lung transplant program, 22 patients received ECMO support as bridge to
lung transplantation between February 2012 and October of 2015. The most com-
mon recipient diagnosis was acute IPF exacerbation in 18 of 22 listed patients. The
average ECMO duration was 15.6 + 14 days (range 1-60 days). All patients received
veno-venous ECMO except for three patients who required VA ECMO for hemody-
namic instability and suboptimal oxygenation with VV ECMO. The mean lung
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allocation score was 89 + 5. Nine of 22 patients received double lung transplanta-
tion and one patient received combined heart lung transplantation. The duration of
mechanical ventilation posttransplant was 27 + 26 days, and length of ICU and hos-
pital stay were 32 + 16 and 58 + 33 days, respectively. The 1-year survival was
100%. We believed that ECMO is an acceptable option as a bridge to lung trans-
plantation in select group of patients with severe hypoxemic respiratory failure who
failed mechanical ventilation. Its major limitation is finding an appropriate donor
organ before the onset of ECMO-related complications. In our experience, factors
that may affect difficulty in locating an appropriate donor include small stature, high
panel reactive antibodies, and blood type B and AB.

Operative Considerations

Type of Procedure
Single versus Double Lung Transplant

In general practice, there is a preference for bilateral lung transplant when possible,
although the clinical benefit of two versus one lung is controversial. An analysis of
UNOS registry showed no survival benefit for single versus bilateral lung transplan-
tation when adjusted for baseline differences in COPD patients after the LAS era.
Interestingly, those receiving a bilateral transplant seemed to do worse their first
year with a higher incidence of primary graft failure whereas those with a single
lung transplant had an overall shorter median survival with a higher incidence of
death from cancer [42]. Often single lung recipients continue to experience prob-
lems from the progressive pathology of the remaining lung. However, issues such as
organ shortage, donor and recipient characteristics sometimes necessitate a unilat-
eral lung transplant. A retrospective review of the OPTN database from 2005 to
2007 showed that patients listed for bilateral lung transplant were more likely to die
on the transplant list and less likely to receive a transplant [43]. One analysis of
UNOS showed that younger patients tended to have better survival with a single
lung transplant; however, there was no difference when adjusted for survival at
1-month posttransplant [44]. A retrospective series found that scleroderma patients
tended to perform better at 1 year with bilateral lung transplantation; however, this
difference was not significant [45].

In the case of concurrent pulmonary hypertension, combined heart-lung trans-
plantation has also been performed. In general, reasons to consider a combined
heart-lung transplant over a lung transplant would be irreversible myocardial dys-
function or congenital defects with irreparable valvular or chamber defects in con-
junction with lung disease. Most patients with secondary hypertension related to
lung disease do well with just lung transplantation with the expectation that the right
ventricle will recover provided there is no infarct or fibrotic change [1]. One group
found that bilateral lung transplant recipients had similar survival to those with
heart-lung transplant with the caveat that sicker patients were preferentially given a
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heart—lung transplant [46]. Patients with right heart failure who received single lung
transplantation tended to have worse outcomes due to reperfusion injury of the
transplanted lung and higher incidence of primary graft dysfunction, but it can be
accomplished successfully [47]. There is even a case report of a child in Japan who
received a living-donor single-lobe lung transplantation for PAH with good graft
function 6 years posttransplant [48]. In our center, there has been success with sin-
gle lung transplant in patients with mild to moderately elevated pulmonary pres-
sures (MAP <35 mmHg) provided the transplanted lung is slightly larger.

In the case of coronary artery disease or valvular defects, concurrent cardiac
surgery at the time of lung transplantation is an alternative. Options include a surgi-
cal bypass at the time of transplantation or stent with a period of antiplatelet therapy
prior to transplantation. In general, PCI is reserved for single lung transplant recipi-
ents whose coronary anatomy may not be accessible through a unilateral thoracot-
omy whereas double lung transplant recipients receive bypass surgery; however,
this decision generally requires an individualized multidisciplinary discussion.
Single-center retrospective experiences show that both approaches result in compa-
rable outcomes posttransplant in the appropriately selected patient [49-51], although
concurrent cardiac surgery may be associated with longer ICU stays and prolonged
mechanical ventilation postoperatively [50, 51]. Interestingly, one group noted that
long-term freedom from atrial fibrillation more commonly occurs after double than
single lung transplant [52].

Posttransplant Considerations

Immunosuppression

The current era of transplantation is made possible by the advances in immuno-
modulation. Immunosuppressive medications posttransplant consist of induction
medications given at the time of surgery and maintenance therapy that is gradually
introduced and maintained for the duration of the allograft. Currently, the main
induction medications may include a CD-52 antibody named alemtuzumab
(Campath) and an anti-IL-2 receptor antibody named basiliximab (Simulect) that are
given in conjunction with high-dose corticosteroids. Postoperatively, maintenance
immunosuppression is maintained with a three-drug regimen, the backbone of which
is a calcineurin inhibitor combined with prednisone, and an antimetabolite [53].

Primary Graft Dysfunction

Primary graft dysfunction (PGD) after lung transplantation is defined as noncardio-
genic pulmonary edema occurring within the first 72 h after surgery (Table 5.2).
PGD is the leading cause of early posttransplant mortality [54] and is associated
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Table 5.2 Grades of primary graft dysfunction

Grade 0 PaO,/F10, ratio > 300 mmHg, no radiographic evidence of edema

Grade 1 PaO,/F10, ratio > 300 mmHg, radiographic evidence of edema on CXR
Grade 2 PaO,/FIO, ratio—200-300 mmHg, radiographic evidence of edema on CXR
Grade 3 PaO,/FIO; ratio < 200 mmHg, radiographic evidence of edema on CXR

with increased long-term mortality [28] and long-term rejection [55]. The risk fac-
tors vary between studies and many have been inconsistently identified, but com-
mon donor risk factors include older donor age and long ischemic time. Commonly
implicated recipient risk factors in most studies included elevated mean pulmonary
artery pressures and diagnosis of diffuse parenchymal lung disease [28, 54, 56]. The
strongest data appears to support recipient pulmonary hypertension as a risk factor;
with risk increasing with higher pulmonary pressures [57]. Interestingly, elevated
pulmonary artery pressures may also contribute to graft dysfunction of renal trans-
plants recipients [58].

Infection

After PGD, non-CMYV infection is a major cause of death in the first month and
year posttransplant [59]. Infection can be acquired from the donor, the hospital, or
can be reactivation of latent recipient infection. One retrospective series found a
donor infection rate of 52%, divided between graft colonization, contamination of
preservation fluids, and donor bacteremia in order of prevalence. Despite such fre-
quent contamination, the clinical infection rate was 7.6%, of which the majority
was from failure of their prophylaxis regimen [60]. Lung transplant recipients
experience one of the highest rates of invasive aspergillosis of the solid organ trans-
plants [61], and routine antifungal prophylaxis is an essential part of posttransplant
care. However, significant variation exists in the type and length of regimens [62].
Unlike bacterial infections that appear rapidly, invasive fungal infections tend to
occur 3 months after transplant [63]. Lung transplant also carries a higher risk of
reactivation tuberculosis as compared with other solid organ recipients, which
often carries a higher mortality due to delayed diagnosis and difficulty with regi-
men selection and adherence [64].

CMYV is one of the most common and important causes of posttransplant infec-
tion and complications. Pretransplant donor and recipient CMV antibodies are key
predictors of subsequent infection and therefore of long-term survival and rejec-
tion [65-67]. Survival stratified by CMV status is the poorest when the donor is
positive for CMV regardless of the recipient’s status, and best when neither the
donor nor recipient is positive for CMV. Standard early prophylaxis with antivirals
leads to improved outcomes and extra screening of blood transfusions is required
for recipients who are CMV negative [68, 69]. Late CMV disease may occur after



5 Lung Transplantation in Interstitial Lung Disease 95

discontinuation of prophylaxis and does contribute to increased mortality and graft
loss in all solid organ transplants [70, 71]. There are two main strategies regarding
CMYV management posttransplant, one of universal prophylaxis and one of routine
surveillance and preemptive therapy. Expert consensus favors universal prophy-
laxis in high-risk patients, defined as donor positive/recipient negative patients,
due to better graft survival and clinical outcomes in small comparison studies [65].
Resistant CMV infections tend to manifest as tissue invasion rather than viremia
and cannot necessarily be detected with serum viral loads. Resistance is most com-
monly conferred by UL97 kinase mutations that confer ganciclovir resistance,
whereas the UL54 DNA polymerase mutation may confer resistance to all known
antivirals.

Allograft Dysfunction

Acute lung rejection is classified as either cellular or humoral rejection and typi-
cally occurs commonly within the first 6 months but can occur any time posttrans-
plant. Since clinical findings of rejection are nonspecific, diagnosis depends upon
transbronchial biopsy and histologic evidence of acute rejection. Acute cellular
rejection has a well-established histologic grading system; however, antibody-
mediated rejection is more difficult to establish histologically and largely depends
on evidence of rising titers of donor-specific antibodies, positive C4d stain on
biopsy, and evidence of allograft dysfunction. Treatments of acute rejection include
high-dose corticosteroids and adjustment of immunosuppressive medications.

Obliterative bronchiolitis (OB), a form of chronic rejection, is a major limitation
for prolonged survival after lung transplantation. Histologically, OB is character-
ized by fibrous obliteration of the small airways and manifest clinically as progres-
sive airflow obstruction known as bronchiolitis obliterans syndrome (BOS). Several
risk factors, namely, primary graft dysfunction, CMV mismatch, presence of donor-
specific HLA antibodies, recurrent acute cellular rejections, and gastroesophageal
reflux have been implicated in the development of OB. Recently, restrictive allograft
syndrome, a form of chronic allograft dysfunction that is characterized by simulta-
neous decline in both FVC and FEV1, and fibrotic changes on the upper lobe with
associated bronchiectasis is increasingly recognized, accounting for 25 to 35% of
chronic lung allograft dysfunction [72, 73]. Chronic lung allograft dysfunction
(CLAD) is a new term to encompass the different chronic rejection phenotype.
Obstructive CLAD and restrictive CLAD are used to described BOS and restrictive
allograft syndrome, respectively [74]. Why some patients develop obstructive while
others develop restrictive CLAD is unclear. Unfortunately, there is no effective ther-
apy for CLAD. Some treatments that may lead to stabilization or partial recovery of
lung function include escalation of immune-modulating agents, chronic macrolide
treatment, aggressive treatment of gastroesophageal reflux disease including fundo-
plication, and photopheresis [75].
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Lung Function and Exercise Capacity

Patients who received bilateral lung transplant, in the absence of early graft dys-
function or airway complications, will achieve a normal or near normal spirometry.
Similarly single lung transplant recipients can also expect approximately 60—70%
of predicted normal lung function. In patients with interstitial lung disease, the
forced vital capacity at the time of lung transplantation is usually between 30 and
50% of predicted. Consequently, smaller donor lungs are often used and the
improvement in posttransplant spirometry depends on the size of the donor lung
[76]. On occasion, lobar lung transplant or reduction pneumoplasty can be per-
formed to accommodate larger donor lung. This improvement in lung function after
lung transplant usually peaked within 1 year postsurgery. However, despite normal
lung function in patients with double lung transplant, the improvement in exercise
capacity is similar to patients who received single lung transplant [77]. The subop-
timal improvement in exercise capacity compared to normalization of the lung func-
tion after bilateral lung transplant has been attributed to myopathy associated with
immune suppression medications principally calcineurin inhibitors. Patients are
advised to maintain regular exercise program to maintain muscle strength and mini-
mize the effect of drug-induced myopathy.

Survival

Lung transplantation is the only therapy that has been shown to improve survival in
patients with IPF. Overall, the median survival following lung transplantation is
5.7 years. The survival at 1 year is 80% and 5 year is 54%. Overall, the median
survival for double lung transplant is significantly better compared to single lung
transplant (7.1 vs. 4.5 years p < 0.001). The primary indication for lung transplant
has significant impact on posttransplant survival. The median survival for patients
with interstitial lung disease post lung transplant is lower compared to patients with
COPD and cystic fibrosis.

Over the last several years, the number of double lung transplant performed
worldwide is increasing while the number of single lung transplants performed has
plateaued. This is due in part to the better long-term survival conferred by double
versus single lung transplant especially in younger recipients. The perceived sur-
vival benefit of double versus single lung transplant recipients may in part due to
patient selection since younger and healthier patients often received double lung
transplant. In recent analysis of the UNOS registry data after the implementation of
the lung allocation score, and adjusted for propensity score, double lung transplant
was associated with better graft function and survival when compared to single lung
transplant in patients with idiopathic pulmonary fibrosis [78]. In contrast, earlier
analysis of the same database that included the pre-LAS data that there is no sur-
vival advantage with double compared to single lung transplant due to higher hazard
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ratio for death within the first year posttransplant [42]. Interestingly, there was no
difference in survival at 5 years between single and double lung transplant in
patients with COPD [78]. The issue with single versus double lung transplant goes
beyond survival advantage given the scarcity of the donor organ and the wait-list
death between 10 and 20%. In most transplant programs, double is preferred over
single lung transplant in younger patients (<60 years old), in patients with moderate
to severe pulmonary hypertension, and in the presence of chronic infection related
to bronchiectasis.

In patients with CTD-ILD, extrapulmonary involvement is common and can lead
to denial of lung transplant as treatment option. This is especially true in patients
with systemic sclerosis with esophageal involvement. Recurrent aspirations can
lead to early graft dysfunction and obliterative bronchiolitis. In a systematic review
of posttransplant outcome in patients with scleroderma, the reported survival range
at 1 (59-93%) and 3 years (46-79%) is wide and likely reflect differences in patient
selection, the extent and severity of extrapulmonary comorbidities, and posttrans-
plant care among centers. Recurrence of pulmonary fibrosis in the lung allograft has
not been reported. The authors concluded that the short- and intermediate-term sur-
vival in patients with scleroderma is comparable to patients with idiopathic pulmo-
nary hypertension and other forms of interstitial lung disease [ 79]. Other investigators
reported no difference in survival in patients with interstitial lung disease associated
with rheumatoid arthritis and scleroderma compared to patients with IPF [80].

Using the UNOS registry data covering the period of 1991-2009, the survival
outcome in CTD-associated ILD was compared to patients with IPF and COPD. The
most common ILD-associated CTD included scleroderma (61%), rheumatoid
arthritis (13%), polymyositis/dermatomyositis (12%), mixed connective tissue dis-
ease (8%), systemic lupus erythematosus (4%), and Sjogren’s disease (2%). The
1-year survival for ILD-CTD (73%) was significantly lower compared to IPF (78%)
and COPD (83%). The difference in survival was accounted by an increase in mor-
tality at 6 months with a relative risk of 1.7 compared to COPD. The survival
advantage narrows at 5 years (CTD-ILD-46%, IPF—47%, and COPD 50%). The
increase in mortality within the first year was thought to be due to increased risk of
graft dysfunction due to the presence of comorbidities particularly esophageal dys-
motility, gastroesophageal reflux disease, neuromuscular weakness, and thrombo-
embolism. Other preoperative factors such as the use of prednisone and other
immune suppression therapy may contribute to higher initial perioperative risk. Of
note, the rate of acute graft rejection was not increased [81].

Quality of Life

Improvement in the quality of life is one of the major goals of lung transplantation.
The significant improvement in lung function after lung transplantation allows
resumption of normal life style in majority of lung transplant recipients. Indeed,
lung transplantation improves health-related quality of life in patients with
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end-stage lung disease [82]. In a recent prospective cohort study evaluating the
impact of age and diagnosis on health-related quality-of-life benefit following lung
transplantation, Singer and others found that older recipients also achieved substan-
tial gain in quality of life after lung transplantation and that age accounts for mini-
mal variability in quality-adjusted survival. Recipient with cystic fibrosis has the
highest gain in health-related quality of life, followed by patients with chronic
obstructive lung disease and interstitial lung disease [25]. Overall, the improvement
in health-related quality of life after lung transplantation is several magnitudes
higher compared to other therapies for advanced lung disease including lung volume
reduction surgery.

Conclusion

Lung transplantation is an important treatment option for patients with interstitial
lung disease, especially with few available alternatives. Though significant advances
have been made in the science of transplantation, it remains a complex procedure
with many complications and considerations.
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Chapter 6
Pulmonary Hypertension in Idiopathic
Interstitial Pneumonias

Simon Bax, Athol Wells, Laura Price, and John Wort

Introduction

The classification of the idiopathic interstitial pneumonias (IIPs) has recently been
updated by the ATS and ERS [1] (Table 6.1). Idiopathic pulmonary fibrosis (IPF) is
the most common of the IIPs, and data from existing registries suggest that IPF
accounts for 17-37% of all interstitial lung disease (ILD) diagnoses [2, 3]. Although
estimates of the true incidence and prevalence of IPF are hampered by different
methodologies used in epidemiological studies. IPF is a heterogeneous disease with
some patients experiencing slow progressive disease, others a much more rapidly
progressive disease and others still experiencing periods of stability punctuated by
accelerated decline within acute exacerbations. Median survival is just 2-3 years
[4]. It is appreciated that the development of pulmonary hypertension (PH) within
IPF is common and its development has a dramatic effect both on morbidity and
mortality. The desire to improve prognosis and quality of life in patients with I1P-
associated PH (IIP-PH) who unfortunately at present have no clinically proven
intervention to do so drives clinical research within this difficult area. The study of
PH within IIP has predominantly focused upon IPF or mixed patient groups with IIP
(which are predominantly made up of IPF patients). Therefore, this chapter focuses
predominantly on PH within the IPF population.
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Table 6.1 Revised ATS/ERS
classification of idiopathic
interstitial pneumonias [1]

Major idiopathic interstitial pneumonias

Idiopathic pulmonary fibrosis

Idiopathic nonspecific interstitial pneumonia

Respiratory bronchiolitis-interstitial lung disease

Desquamative interstitial pneumonia

Cryptogenic organising pneumonia

Acute interstitial pneumonias

Rare idiopathic interstitial pneumonias

Idiopathic lymphoid interstitial pneumonia
Idiopathic pleuroparenchymal fibroelastosis

Unclassifiable idiopathic interstitial pneumonia

Prevalence

The prevalence of PH in interstitial lung disease ILD is difficult to quantify, both in
IPF and in other ILDs. In IPF, it varies greatly according to the severity of pulmo-
nary fibrosis in studied cohorts, with a range of 10-78% in published series. Series
with a higher prevalence, ranging from 30 to 45%, consist of reports in patients
listed for lung transplantation [5-8], with the presence of PH rising from 38% at
initial investigation to 78% at the time of transplantation [8]. By contrast, in the
patient cohort enrolled in the ARTEMIS placebo-controlled trial of ambrisentan in
mild-to-moderate IPF, right heart catheterisation disclosed that 10% of patients had
PH, mostly categorised as Group 3 PH [9]. Thus, PH in IPF includes a subgroup in
which PH is a manifestation of advanced ILD, a second subgroup in which PH can
be viewed as disproportionate to the severity of ILD, and a significant proportion in
which this distinction cannot be made with confidence. It is telling that in IPF, and
in ILD in general, the presence of PH has no overall association with the severity of
pulmonary function impairment or the severity of pulmonary fibrosis on computed
tomography (CT) [5, 10, 11].

The prevalence of PH has not been studied in the other idiopathic interstitial pneu-
monias (IIPs), but relevant observations have been made in interstitial lung disease
associated with connective tissue disease (CTD-ILD), a group of disorders in which
all of the IIP histological patterns have been reported. In systemic sclerosis (SSc), the
frequency of PH is strongly linked to autoantibody status. Disproportionate PH, akin
to isolated PAH, is strongly associated with anti-centromere antibody positivity
whereas PH secondary to extensive interstitial fibrosis occurs most often in SSc
patients with anti-topoisomerase positivity [12]. This observation is highly relevant to
IIPs other than IPF. A significant proportion of patients previously classified as hav-
ing an IIP can be viewed as having an occult connective tissue disease (“interstitial
pneumonitis with autoimmune features’), with the presence of disproportionate PH
(“multi-compartment disease”) contributing to the definition of this syndrome [13].
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The importance of selection bias in influencing PH prevalence in IPF, other IIPs
and ILDs in general cannot be overstated. In 246 consecutive Japanese patients with
sarcoidosis, the prevalence of pulmonary artery systolic pressure (PASP) >40 mm
Hg on Doppler echocardiography was only 5.6% [14] but in a cohort of sarcoidosis
patients limited by chronic exertional dyspnoea, the mean pulmonary artery pres-
sure (mPAP) at right heart study exceeded 25 mmHg in 47% of 53 patients [15].
This dichotomy applies also to IPF and other IIPs in the distinction between
unselected patients and those with major exercise limitation.

Another important limitation in current prognostic and diagnostic PH series is
that in advanced interstitial lung disease, a definitive diagnosis of IPF using current
diagnostic guideline criteria cannot be made in a significant proportion of IPF
patients. Current series can be subdivided into those containing patients with defi-
nite IPF (i.e. with the exclusion of many IPF patients not meeting formal diagnostic
criteria) and those containing patients with “fibrotic IIP” (i.e. IPF in most cases, but
with minority subgroups of fibrotic NSIP and unclassifiable fibrotic disease). Both
approaches have merits and studies of both types are cited in this review.

Prognostic Significance

PH is a malignant prognostic determinant in ILDs, with outcomes studied most
frequently in IPF. In an echocardiographic series, median survival was 4.7 years and
4.1 years in IPF patients with echocardiographic PASP of 0-34 mmHg and
35-49 mmHg, respectively, but was only 0.7 years in patients with PASP>50 mmHg
[16]. In a cohort containing IPF patients listed for lung transplantation, mortality
was 28.8% in those with PH at right heart study compared to 5.5% in those without
PH [5]. PH is particularly frequent and has a very poor outcome when IPF coexists
with emphysema, probably due to the combined impact of two processes and con-
sequent overall severity of lung disease. In reports of patients with combined pul-
monary fibrosis and emphysema, survival of only 30% at 1 year and very poor
survival associated with a PASP>75 mmHg have been reported [17, 18].

In patients with IPF undergoing right heart catheterisation, short- not intermediate-
term mortality was most strongly linked to increases in pulmonary vascular resis-
tance (PVR) and was also strongly associated with increased mean pulmonary
artery pressure and the severity of right ventricular dysfunction on echocardiogra-
phy (but not to other echocardiographic variables) [19]. These observations were
mirrored in a cohort of ILD patients, including a minority with IPF: early mortality
was much more strongly linked to a marked increase in PVR than to any other vari-
able at right heart catheterisation or on echocardiography [20]. Recently, increased
pulmonary vascular resistance estimated by Doppler echocardiography has been
shown to predict mortality in ILD patients [21].

The importance of recognising left heart disease as a contributor to PH has yet
to be studied definitively in IPF and other IIPs. However, accumulated clinical
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experience and reported experience in sarcoidosis PH, taken together, indicate the
likely prognostic significance of concurrent cardiac disease. In one sarcoidosis
series, outcomes were significantly better in patients with PH due to left heart dis-
ease than in the remaining patients with PH, reflecting the efficacy of therapies
used to treat left ventricular dysfunction and underlining the importance of distin-
guishing between these two major PH subgroups [22]. In IPF patients with PH
associated with mild-to-moderate disease, an important minority subgroup has
WHO Group 2 PH (i.e. PH associated with left heart disease) [23].

Mortality is linked, both in IPF and in other ILDs, to a number of non-invasive
markers associated with PH, other than echocardiography. The prognostic signifi-
cance of elevated brain natriuretic peptide (BNP) levels was first explored in 176
patients with a mixture of chronic pulmonary diseases including a large subset with
ILDs of various types [24]. Severe PH (mPAP >35 mm Hg) was diagnosed in over
25% of cases: increasing BNP levels were a risk factor for mortality, independent of
pulmonary function impairment or hypoxaemia. In a cohort of 90 patients with a
mixture of ILDs, higher BNP concentrations were associated with increased mortal-
ity independent of age, gender and pulmonary function impairment [25]. In this
study, patients with BNP > 20 pmol/L had a 14-fold increase in mortality over
patients with BNP < 4 pmol/L. In a review of 131 IPF patients undergoing echocar-
diography and BNP measurement, increased BNP levels were predictive of mortal-
ity with no independent added prognostic value provided by echocardiographic data
[26]. It should be stressed, however, that this marker of PH is also a marker of car-
diac disease in general, with increased mortality associated with elevated BNP lev-
els in all three series likely to reflect the combined impact of PH and other forms of
cardiac disease.

Pulmonary artery size on high resolution computed tomography (HRCT) appears
to be a predictor of IPF mortality. In a population of 98 IPF patients, increases in the
pulmonary artery diameter/ascending aorta diameter ratio (PA:A ratio) were associ-
ated with increased mortality [27]. Patients with a PA:A ratio >1 had a strikingly
higher risk of death or transplant, with this threshold found to be an independent
adverse prognostic indicator (hazard ratio approximately 4.0).

Pulmonary function variables influenced by the presence of PH also have major
prognostic significance in IPF and in other ILDs. The malignant prognostic signifi-
cance of resting hypoxia has long been recognised. More specific to PH is a reduc-
tion in DLco disproportionate to measurements of lung volume. In a fibrotic IIP
series, baseline gas transfer coefficient levels (Kco, synonymous with DLco adjusted
for VA) were associated with increased early and overall mortality [28]. In two
fibrotic IIP series, a six-month decline in Kco was predictive of increased mortality,
independent of FVC levels, in two fibrotic IIP series [28, 29] and was associated
with an increased likelihood of the development of echocardiographic PH [28].

Severe desaturation during a six minute walk test has been associated with
increased mortality in fibrotic IIP, with a desaturation threshold of 88% identified as
a malignant prognostic determinant [30, 31]. Differences in mortality above and
below this threshold appear to mirror differences in mortality in IPF patients with
and without PH.
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Diagnosis

The importance of right heart catheterisation (RHC) as a reference standard for the
diagnosis of PH applies to PH in patients with ILD. The considerable variability
between centres in the threshold for performing RHC is likely to reflect the absence
of evidence of treatment benefits from targeted PH treatments in the context of ILD.
However, the prognostic significance of proven PH in IPF and other ILDs may be
highly influential in determining the timing and priority of lung transplantation.
Furthermore, a definite PH diagnosis allows patients to be considered for enrolment
in treatment trials or for consideration of targeted therapy on compassionate grounds
and in these contexts, the identification of concurrent left heart disease has major
management implications. For all these reasons, accurate algorithms are needed in
which non-invasive evaluation leads to the appropriate use of diagnostic RHC. The
difficulty confronting the ILD clinician is that no single non-invasive test is suffi-
ciently accurate, in isolation, to provide a confident prediction of findings at RHC.
Therefore, it is necessary to integrate findings from a number of tests before pro-
ceeding to invasive evaluation.

Correlations between echocardiographic findings and RHC data have been
examined in a number of series. In IPF, depending upon the PASP threshold exam-
ined against RHC data, positive predictive values for PH vary between 35% and
65% (46% if PASP>50 mmHg) with negative predictive values ranging from 65 to
80%. The high false-positive rate indicates that echocardiographic PH is more likely
to represent a true positive when the pretest likelihood is high and does not support
the routine use of echocardiography at baseline in screening for PH [32]. This con-
clusion is compatible with echocardiographic-RHC correlations in the largest series
published in chronic lung disease, including a large patient subset with a mixture of
ILDs [7]. Of 374 patients referred for consideration of lung transplantation, 25%
with measurable PASP were considered to have echocardiographic PH
(PASP>45 mmHg). At RHC, it transpired that the diagnosis of PH was falsely posi-
tive in 48% and that on other, echocardiography overstated PASP by approximately
10 mmHg, although underestimation also occurred in a minority. These findings are
broadly similar to those reported in SSc, the other ILD in which echocardiographic-
RHC correlations have been examined. Importantly, a consistent finding in a num-
ber of reports is that echocardiographic identification of right ventricular dilatation
or dysfunction is an invaluable ancillary diagnostic sign, increasing the likelihood
that PH is severe.

In an early PH diagnostic study of serum BNP in ILD, BNP levels were increased
in 20/39 cases and correlated with increases in mPAP, and reductions in the six-
minute walk distance and cardiac output [31]. A BNP threshold of 33 pg/mL had an
ROC area under curve of 96% in identifying severe PH (mPAP>35 mm) but this
pilot finding in an underpowered cohort requires further evaluation before BNP
increases can be used with precision to nuance the perceived likelihood of
PH. Currently, accumulated experience indicates that serum BNP estimation may
be most helpful when levels are normal and, thus, well below thresholds generally
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associated with PH in published data. This view is strongly supported in a recent
mixed ILD cohort, in which a NT-proBNP <95 ng/L at initial diagnostic evaluation
precluded a positive echocardiographic screen for PH [33].

The ancillary CT signs of an increase in the absolute size of the main pulmonary
artery [34, 35] and in the ratio of the pulmonary artery diameter to the diameter of
the ascending aorta (the PA:A ratio) [36] have both been shown to correlate with
increases in the mPAP in general PH cohorts. However, increases in pulmonary
artery diameter are not reliably linked to the presence of PH in ILD. In a cross-
sectional study of 65 patients with advanced IPF, the diameter of main pulmonary
artery did not differ significantly according to the presence or absence of PH [11].
However, in a study of 77 patients with chronic lung disease, including 45 with vari-
ous forms of ILD, mPAP levels correlated with the PA:A ratio and were most
strongly linked to a composite index containing the PA:A ratio and echocardio-
graphic PASP [37]. The discordance between these two series indicates that the
reliability of ancillary HRCT signs of PH may depend upon the severity of underly-
ing pulmonary fibrosis.

In IPF, most pulmonary function variables do not differ significantly between
patients with and without PH. DLco levels are only a modestly reliable guide to the
likelihood of PH as they are influenced by both pulmonary vasculopathy and pul-
monary fibrosis. A reduction in DLco that is disproportionate to lung volumes, as
captured by a reduction in Kco or an increase in the FVC/DLco ratio has yet to be
explored definitively in IPF, although in one IPF cohort, PH was more frequently
present when the DLco level was less than 30% and when the FVC level was >70%
[6]. However, in SSc, increases in the FVC/DLco ratio have consistently been asso-
ciated with an increased likelihood of PH, including in patients with overt pulmo-
nary fibrosis [38—40]. This finding that was validated in the prospective DETECT
study, in which an algorithm to screen for PH, with a view to selecting patient to
undergo RHC, was developed (although it should be stressed that only a minority of
patients in this study had clinically significant ILD) [41]. More data are required to
evaluate the role of the Kco and FVC/DLco ratio in providing ancillary evidence of
PH in ILD, with concurrent smoking-related emphysema likely to be a major con-
founder [42], an important consideration in IPF.

Six-minute walk data, including the walk distance and severity of oxygen desatu-
ration, are influenced both by pulmonary vasculopathy and by the severity of pul-
monary fibrosis. In a cohort with advanced interstitial lung disease of various types,
the six minute walk distance was observed to be significantly reduced, and the
severity of oxygen desaturation significantly increased, in patients with PH at RHC
[43]. Abnormal heart rate recovering following a six minute walk test was predictive
of the presence of PH at right heart study in an IPF cohort [44]. However, no dis-
crete diagnostic threshold in any single variable has been validated in a subsequent
study. Six-minute walk data are probably most helpful diagnostically when there is
an absence of major exercise intolerance or oxygen desaturation, reducing the like-
lihood of underlying PH.

Overall, the use of non-invasive tools to select ILD patients for RHC is an impre-
cise exercise. The most widely used approach currently is to base investigation on
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patients considered to be at higher risk of PH based on the severity of ILD and
worsening exercise intolerance. It then appears logical to reconcile findings from a
number of tests including echocardiography, HRCT, pulmonary function variables,
six-minute walk data and serum BNP estimation.

Pathogenesis of PH in ITP

The current classification of PH associated with ILD (including IIP) is based on
perceived common pathophysiology leading to the development of PH; it stresses
the presence of lung fibrosis and hypoxia being the major contributory factors [45].
There are several criticisms of this simplified view: First, although ablation of pul-
monary vessels (“vascular rarefaction”) due to parenchymal destruction is clearly
important, there is no direct relationship between the level of fibrosis (and therefore
rarefaction), as determined by pulmonary function tests [6, 46] or CT parameters
[11], and haemodynamic measurements of pulmonary artery pressure or pulmonary
vascular resistance (PVR). Second, most patients with IIP who develop PH are not
sufficiently hypoxaemic to explain the level of rise of pulmonary pressure. The
pathogenesis of PH in IIP (and other ILDs) is therefore likely to be more complex
and includes other causes such as the balance between rarefaction and angiogenesis,
true pulmonary vascular remodelling, chronic pulmonary vasoconstriction (other
than due to hypoxia), mechanical causes, such as shear stress, as well as important
co-morbid conditions such as pulmonary embolism, sleep-disordered breathing and
left-sided heart disease.

Rarefaction and Angiogenesis

The observation that vascular remodelling occurred in pulmonary fibrosis was first
made in 1963 by Turner-Warwick who demonstrated anastomoses between the sys-
temic and pulmonary micro-vasculature associated with neovascularisation within
areas of fibrosis [47], while other studies have reported an overall reduced vascular
density [48]. Subsequently, it has been accepted that both phenomena occur in differ-
ent areas of the same lung [49, 50]. Increased vascularity is seen at the active inter-
face between fibrosis and normal lung parenchyma, and decreased vascularity within
areas of fibrosis with abnormally dilated vessels within areas of honeycombing [49].
Indeed, new vessel formation has been shown to be maladaptive with increased irreg-
ularity and dilatation [51], and lacking an elastin layer may therefore demonstrate
decreased compliance [49], potentially contributing to an increased PVR.

It is not clear what role neovascularisation plays in progression of fibrosis, if any,
or whether it remains a by-product of active inflammation. Neovascularisation itself
appears to be controlled by a host of angiostatic and angiogenic factors perhaps
under the influence of master regulators such as hypoxia initiation factor (HIF) [52]
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and nuclear factor (NF)-kB [53]. The main factors include vascular endothelial
growth factor (VEGF) [54], angiopoetin-1(Ang-1) [55], transforming growth factor
(TGF-B1) [56], endostatin [57, 58], pigment epithelium-derived factor (PEDF) [50]
and angiopoetin-2 (Ang-2) [55], with their angiogenic or angiostatic roles in IIP
summarised in Table 6.2. It is likely that angiogenesis in IIP occurs in response to
the observed reduction in capillary density [47], which relates to rarefaction,
hypoxic pulmonary vascular remodelling and other causes. This is supported by
studies showing that increasing angiostatin levels resulted in reduction of VEGF
and led to a worsening of hypoxic PH [59], whereas VEGF overexpression pro-
tected against hypoxic PH [60].

Pulmonary Vascular Remodelling

Pulmonary vascular remodelling refers to hyperplasia of the cellular components of
the vascular wall, which results in structural wall changes and resulting decreased
vascular distensibility and compliance. The layers involved include the intimal layer
composed of endothelial cells, the smooth muscle layer or media and the intersti-
tium composed of fibroblasts and extracellular matrix components. As mentioned
earlier, hypoxic pulmonary vascular remodelling is likely in all patients with alveo-
lar hypoxia, but further to this, there is heterogeneity in the pattern of remodelling
seen in IPF. Farkas et al. reported vessels with isolated medial hyperplasia, vessels
with intimal lesions, vessels obstructed with scar tissue and plexiform lesions [61].
Furthermore, it appears that the extent of these changes correlates with the disease
activity in surrounding areas [61]. Although the exact pathogenesis of remodelling
seen is not known it is likely to be related to a number of factors:

1. Chemokines and cytokines released from damaged/apoptotic endothelial cells,
such as endothelin (ET-1), platelet-derived growth factor (PDGF), angiotensin
(AT) IT and TGF-B1 [61-65];

2. The same factors may be released from the surrounding fibrotic milieu;

. Increased levels of oxidative stress [66];

4. Reduced production of vasodilators and anti-proliferative molecules such as
nitric oxide (NO) and prostacyclin (PGL) [61, 62, 64, 67];

5. Increased production of vasoconstrictors and mitogens such as ET-1, thrombox-
ane and AT-II [62, 64];

6. Finally, there is evidence for endothelial cell to mesenchymal cell transition a
source for increased numbers of myofibroblasts or vascular smooth muscle cells
in remodelled vessels [68-70].

(O8]

The relative contribution of remodelled vessels to the overall PH phenotype in
patients with PH-IIP is crucial as these are potentially amenable to treatment in the
same way that pulmonary vasodilators are used to treat pulmonary arterial hyperten-
sion (PAH). In fact, this hypothesis has led to a series of clinical trials with variable
results to date (see Treatment Section).
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Table 6.2 Angiogenic and
angiostatic factors in [IP-PH

Angiogenic Angiostatic
VEGEF [54] Endostatin [57, 58]
Ang-1 [55] Ang-2 [55]
TGF-p1 [56] PEDF [58]

The balance between angiogenic and angiostatic factors
appears to be important in IIP and appears to vary within areas
of the lung. For example, in IPF, VEGF is reduced in broncho-
alveolar lavage (BAL) samples from patients from fibrotic
regions of the lung and within fibroblastic foci, yet increased in
areas of neoangiogenesis (see text later). Pigment epithelium-
derived factor (PEDF) is a multifunctional secreted protein that
has angiostatic properties and is increased in the fibroblastic
foci of IPF patients, with elevated levels been found in BAL
samples compared to controls [50]. TGF-p1 has been shown to
be co-localised with PEDF in IPF specimens within the overly-
ing epithelium of the fibroblastic focus and within areas of
honeycombing, and TGF-P1 increases PEDF expression within
fibroblasts [50]. Angiopoetin-1(Ang-1), a critical protein
involved in vascular development, stabilises blood vessels by
promoting interaction between endothelial cells and surround-
ing extracellular matrix. Decreased levels of Ang-1 levels have
been found in the BAL of IPF patients versus controls [55].
Finally, raised serum levels of endostatin (an angiogenesis
inhibitor) are found in patients with IPF [58]. The overall bal-
ance therefore seems to favour angiostasis at least within areas
of fibrosis. The relationship with this an PH has been suggested
by Farkas et al. who demonstrated in rat models of IPF that
VEGEF levels inversely correlated with pulmonary arterial pres-
sure and endothelial cell apoptosis, and that restoration of
VEGEF reduced endothelial apoptosis, increased vascularisa-
tion and lowered pulmonary artery pressure [61]

VEGF vascular endothelial growth factor, Ang-/ angiopoe-
tin-1, TGF-f$1 transforming growth factor, PEDF pigment
epithelium-derived factor, Ang-2 angiopoetin-2, BAL broncho-
alveolar lavage

Potential Vasoactive Mediators and Growth Factors

ET-1

ET-1 is responsible for both vasoconstriction and the growth of vascular smooth
muscle cells [64]. Levels of ET-1 have found to be increased in the lungs of patients
with IPF, with expression strongest in fibrotic areas [71, 72]. Furthermore, in the
same patient group, there is a positive correlation of ET-1 concentration in periph-
eral blood samples of patients with pulmonary pressures [73].



112 S. Bax et al.

VEGF

As its name suggests VEGF is an angiogenic growth factor responsible for endothelial
cell migration during angiogenesis and is important in endothelial cell survival and
proliferation; its transcription is mainly induced by hypoxia and TGF-f1 [74, 75]. In
keeping with VEGF controlling neoangiogenesis in areas of vascular rarefaction, VEGF
levels are increased on immunohistochemistry staining in these areas [49]. VEGF is
however reduced in broncho-alveolar lavage fluid from fibrotic regions and especially
in fibroblastic foci [49, 50, 76]. Indeed, endothelial cell apoptosis correlates with
reduced vascular density and decreased capillary branching [48—50] in these areas.

TGF-p

TGF-B is a profibrotic growth factor, predominantly secreted by macrophages, epi-
thelial cells and fibroblasts [77]. TGF-f1 is likely to contribute to local endothelial
cell apoptosis and therefore vascular rarefaction. It also has the potential to cause
muscularisation of local pulmonary arteries [50, 78-80].

PDGF

PDGF expression is present on fibroblasts, epithelial cells and platelets [81]. It
causes fibroblast proliferation and migration, and also activation of vascular smooth
muscle cells and fibroblasts which results in muscularisation and fibrosis of the
intimal and adventitial layers [82].

Hypoxia-Related Mechanisms

Although we have argued that hypoxia is not the prime driver of PH in patients with
IIP, it cannot be ignored and will certainly factor in patients who have severe paren-
chymal fibrotic disease, or in those having an acute exacerbation, and may occur
intermittently during sleep-disordered breathing or physical exertion. Detailed
review of the mechanisms of hypoxia-related vascular remodelling is out of the
scope of this chapter and the reader is encouraged to read the recent review by
Welsh and Peacock [83].

Sleep-Disordered Breathing

Nocturnal hypoxia is very common in IIP with the majority of prospective studies
being performed in IPF; the incidence of obstructive sleep apnoea (OSA) varying
from 59 to 90% [84-86]. In fact, nocturnal desaturation is common even in the



6 Pulmonary Hypertension in Idiopathic Interstitial Pneumonias 113

absence of OSA [87]. Patients with IIP are vulnerable to nocturnal desaturation due
to the fact that many patients are on the steep portion of the oxygen—haemoglobin
dissociation curve and small changes in arterial oxygen tension result in a large
decrease in oxygen saturation; more severe nocturnal hypoxaemia is seen in patients
with lower daytime PaO, and oxygen saturations [88—90]. Episodes of alveolar
hypoventilation induced, in particular, by REM sleep may also play a role in increas-
ing nocturnal hypoxia [91]. Disproportionate nocturnal desaturation has been found
in patients with mild ILD and correlated with signs of PH on echocardiogram [92],
as well as being an independent predictor of prognosis [84, 92].

Elevated levels of ET-1 have been demonstrated in the blood of patients with ILD
and significantly higher levels were found in patients with elevated pulmonary pres-
sures. Levels of ET-1 were measured during sleep and rose in all patients during
episodes of desaturation below 90% and correlated with PaO, and pulmonary arte-
rial pressure which was measured simultaneously [93]. Repetitive short episodes of
hypoxaemia have been demonstrated to increase PVR [94], which may lead to vas-
cular remodelling and propagation of PH. Intermittent nocturnal hypoxia may also
reset peripheral chemoreceptors lowering the hypoxic drive and worsening daytime
hypoxia, further exacerbating the development of PH.

Left-Sided Heart Disease

The prevalence of left ventricular systolic and diastolic dysfunction increases with
advancing age and advancing co-morbidities. Diastolic dysfunction is often over-
looked although it has been shown to have a median prevalence of 36% (range
15.8-52.8%) in individuals over the age of 60 [95]. It is an important consideration
in patients with IIP given the demographic of patients with the condition. Limited
studies have looked specifically in IIP. However, a small, echo-based study (n = 44)
identified significant LV diastolic dysfunction in 91% of patients with IPF and
found no evidence of LV diastolic dysfunction in controls, who were age and sex
matched [96]. Furthermore, in a study evaluating the prevalence of pulmonary
hypertension in a lung transplant population with IPF (mean FVC 54.6% + 17.3%)
16.1% demonstrated an elevated pulmonary capillary wedge pressure on RHC [6].
In terms of an underlying aetiology, in patients under evaluation for lung transplan-
tation, 28.8% of 73 patients with IPF had evidence of coronary artery disease, which
was associated with worse outcome [97].

Thrombosis

Large epidemiological studies have suggested an association between IPF and vascu-
lar thrombotic diseases such as deep vein thrombosis (DVT) and pulmonary embo-
lism (PE) [98-100]. For example, a recent large-scale epidemiological study analysing
mortality data demonstrated a 34% higher risk of a venous thromboembolism (VTE)
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in IPF patients above the background population, and IPF patients with a VTE died
earlier than those with IPF alone [74.3 versus 77.4 years in females (p < 0.0001); 72.0
versus 74.4 years in males (p < 0.0001)] [100]. Supporting these studies, there appears
to be a hypercoagulable state in animal models of IPF [101] and patients with IPF
[102]. Tissue factor, a trigger of the extrinsic clotting pathway, is raised in BAL of
patients with biopsy-proven IPF [102, 103]; plasminogen activator inhibitors are also
raised, indicating reduced thrombolysis [103]. In addition, platelets are activated in
patients with IPF [104] and d-dimer levels raised [105, 106], suggesting ongoing
activation of coagulation and fibrinolysis. A small prospective trial performed base-
line and follow-up CT pulmonary angiograms (CTPA) at 3 months in IIP patients
without symptoms of PE, where one-third of the patients had evidence of pulmonary
emboli on either their baseline or follow-up CTPA [107]. Although no studies as yet
document the prevalence of PE in patients presenting with PH-IIP, the observed
increase in PE in IIP suggests that this co-morbidity should certainly be excluded in
any IIP patient being worked up for PH.

Treatment of IIP-PH

Background

Recent progress has been made in the management of IPF with the use of pirfeni-
done and nintedanib which reduces the rate of decline in FVC by approximately
half in patients with mild-to-moderate disease [108, 109] and a lower risk of subse-
quent decline in FVC or death in individuals who have progressed on treatment
[110]. Unfortunately, at present there is no specific therapy approved for PH associ-
ated with IIP, and the evaluation of pulmonary vasodilators in IIP-PH has been
punctuated by clinical trials showing a lack of effect on primary outcomes.

The Fifth World Symposium of Pulmonary Hypertension and the European
Society of Cardiology/European Respiratory Society PH guidelines [45], and the
ATS/ERS guideline for the management of IPF do not advocate the routine use of
pulmonary vasodilators [111] in IIP-PH, but suggest further clinical trials before
recommendations can be made; however, both advocate optimisation of the under-
lying disease process and oxygen therapy as the main clinical interventions. In addi-
tion, measures to identify and treat co-morbidities that may contribute to a pulmonary
hypertensive phenotype should be made.

Basic Principles of Treatment of PH Associated with IIP
Oxygen Therapy

Results from the landmark oxygen trials conducted in patients with COPD [112,
113] have been extrapolated to formulate recommendations for oxygen therapy in
many chronic respiratory conditions such as ILD and PH [114]. Without any more
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specific, up to date studies these recommendations apply therefore to patients with
IIP and PH. Patients with IIP-PH should be evaluated for the need for oxygen ther-
apy at rest, on exercise and overnight. As a general rule oxygen saturations should
be kept above 90% at all times. In addition, patients should be warned about the risk
of travelling to high altitudes (>1500 m) and should be considered for fitness to fly
tests for air travel.

Prevent and Treat Exacerbations

Acute exacerbation in IIP represents a period of rapid worsening of symptoms and
decline in pulmonary function and is the most common cause of deterioration and
death in IPF [115, 116]. Many of the consequences of an acute exacerbation, such
as worsening gas exchange, and cytokine release from infection, will potentially
lead to increases in pulmonary pressures as well as right ventricular dysfunction. In
addition, pulmonary hypertension has been demonstrated to be associated with a
higher risk of developing an acute exacerbation and poorer survival [117]. The
cause of an acute exacerbation is often not clear and is usually attributed to infection
[118], be it viral or bacterial, although an association with air pollution [119] and
micro-aspiration [120] has also been demonstrated.

The treatment of an acute exacerbation in IPF is focused upon supportive mea-
sures (accepting that no proven intervention exists), such as oxygen therapy, non-
invasive ventilation, broad-spectrum antibiotic therapy and careful control of fluid
balance. The international evidence-based guidelines on the management of IPF
make a weak recommendation for using corticosteroids in an acute exacerbation of
IPF [4], stating that they should be used in the majority of patients based upon anec-
dotal reported benefits and the extremely high mortality associated with an acute
exacerbation of IPF. Antifibrotic therapy should be continued if already in use
although not commenced during an acute exacerbation [121]. It is desirable although
challenging to try and prevent future exacerbations through a combination of annual
influenza vaccination in addition to strep pneumonia vaccination and consideration
of prophylactic antibiotics when infections are recurrent.

Recognition and Treatment of Coexistent Co-morbidities
Sleep-Discorded Breathing/Nocturnal Desaturation

As mentioned in the Pathogenesis Section, nocturnal desaturation and OSA are
common in IIP and likely contribute to the development of PH. Overnight oxim-
etry should be performed in all patients with a clinical suspicion of IIP-PH and
sleep studies performed where the history/examination is suggestive of coexistent
OSA.
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Left Heart Disease

Similarly, ischaemic heart disease and systemic hypertension are common in the
patients with IIP-PH. This may lead to left ventricular diastolic dysfunction, which
may be a significant driver of PH in these patients. Therefore, all attempts should be
made through history, examination and investigations to recognise and treat causes
of left heart dysfunction in patients with IIP-PH. ECG and echocardiography are
particularly important in terms of investigation as well as careful review of systemic
blood pressure. Patients with suspected ischaemic heart disease should be referred
to a cardiologist. Systemic blood pressure should be kept under meticulous control
and addition of a diuretic may be necessary.

Pulmonary Embolism

Due to the increased prevalence of VTE in IIP as described earlier, it is advisable
that IIP patients presenting with pulmonary hypertension, or those with clinical
deterioration but stability in fibrosis, be investigated for occult pulmonary emboli.
Clinical risk scores to predict PE in large populations include the Wells score, with
an area under curve (AUC) of 0.778 (95% CI 0.740-0.818, p = <0.001), and the
revised Geneva score with an AUC of 0.693 (95% CI 0.653-0.736, p = <0.001)
[122]. The same scores evaluated in a small study in patients with ILD (n = 57, 27
of which had IIP), demonstrate an AUC 0.720 = 0.083(CI 0.586-0.831), and
0.704 = 0.081(CI 0.568-0.817) for the Wells score, and revised Geneva score,
respectively [107]. The findings suggest clinical risk scores may play a role in pre-
dicting pretest probability of coexistent PE, although larger studies in the IIP popu-
lation are required. The appropriate modality of imaging unfortunately remains
undefined in this population, and most patients undergo a CTPA. In a retrospective
review of 130 patients with diffuse interstitial lung disease, CTPA was demonstrated
to provide adequate opacification of the pulmonary arteries down to the segmental
level, whereas in controls without significant parenchymal lung disease was ade-
quate to the sub-segmental level [123]. A recent, small retrospective study evaluated
the concordance between CTPA and ventilation perfusion Single Photon Emission
Computed Tomography imaging (V/Q-SPECT) in 22 patients with ILD who had
clinically deteriorated. In this small study, CTPA detected proximal PE reliably, and
the negative VQ scans were also negative on CTPA. V/Q picked up more sub-
segmental defects than on CTPA, some of which may have related to areas of fibro-
sis, although the addition of low dose CT did not, at least in this study, improve the
diagnostic accuracy [124]. In practice and previous studies do suggest, however,
that the comparison of VQ with areas of fibrosis on CT is useful to determine the
aetiology of smaller perfusion defects [125].

In terms of management, at present there is debate as to whether patients (who
have a “normal cardiorespiratory reserve’) with single sub-segmental defects might
benefit from anticoagulation, and a wide variation in clinical practice occurs. A
recent general review suggests that withholding anticoagulation may be appropriate
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in patients who are informed, have negative lower limb Doppler’s, are low risk and
can have close follow up [126]. Patients with IIP-PH are a high-risk group and
anticoagulation is advised. Unfortunately, the choice of anticoagulant is also con-
tentious. Of note, a double-blind, randomised, placebo-controlled trial evaluated a
potential survival benefit with warfarin (INR target 2.0 to 3.0) in IPF patients (all-
comers). An early safety review revealed not only a lack of benefit, but also that
warfarin carried a significantly higher risk of death or decline in FVC by 10% or
greater [106]. This increased mortality related to warfarin is postulated to relate to
an increased risk of acute exacerbations [127].

We recommend that IIP patients who develop PH due to IIP be evaluated with
CTPA (where no contraindications exist) in their workup. In some cases, especially
in those with less extensive fibrosis, consider additional V/Q SPECT where clinical
suspicion remains high, accepting that there may be false positives especially in
sub-segmental vessels. We advocate anticoagulation with novel oral anticoagulants
(where appropriate) for all individuals with PE including isolated sub-segmental
PE, especially in view of minimising drug interactions. Anticoagulation should be
long term unless a clear and reversible provoking factor is present.

Evidence for the Use of Pulmonary Vasodilators

Although the current guidelines do not recommend the routine use of pulmonary
vasodilators in patients with IIP-PH, it is worth reviewing the current data. This is
summarised in Table 6.3.

Phosphodiesterase Type-5 Inhibitors (PDE-5)

PDE-5 inhibitors (sildenafil and tadalafil) inhibit the degradation of cyclic guano-
sine monophosphate, which is synthesised by soluble guanylate cyclase in response
to nitric oxide (NO), leading to pulmonary vasodilation [22].

There is relevant recent basic science evidence supporting the use of sildenafil in
IIP. An ex vivo study of the pulmonary arteries of 18 healthy donors, 9 IPF patients,
8 IPF-PH patients and 4 PH patients was performed to evaluate the vascular effects of
sildenafil [128]. Sildenafil relaxed pre-contracted pulmonary arteries in healthy
donors and non-PH IPF samples more than in IPF-PH and PH samples. This effect
was increased in the presence of an intact endothelium. In addition, sildenafil pre-
vented a TGF-B-induced mesenchymal/myofibroblast phenotype in human pulmo-
nary artery endothelial cells and human pulmonary artery smooth muscle cells, with
associated down-regulation of endothelial markers (including eNOS, VEGF) and
upregulation of pulmonary PDES5 expression. The same authors also demonstrated in
a rat model of bleomycin-induced pulmonary fibrosis and pulmonary hypertension
that administration of sildenafil did not worsen ventilation perfusion matching [128].
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Sildenafil has been evaluated in several small, non-randomised, open label popu-
lations with proven IIP-PH. First, a small open-label trial (16 patients, 7 with IPF)
compared the vasodilatory effects of oral sildenafil and IV prostacyclin after nebu-
lised nitric oxide (10-20 ppm) and demonstrated a 32.5% reduction in PVR (CI:
—10.2 to —54.1), with sildenafil. The use of IV prostacyclin was associated with an
increased V/Q mismatch and decreased arterial oxygenation, whereas oral sildenafil
(and inhaled nitric oxide) maintained V/Q matching and increased arterial oxygen-
ation [129]. Second, another small open-label trial evaluated the effect of sildenafil
on 6-minute walk distance (6MWD), and included 14 patients with IPF and PH
confirmed by RHC. Eleven patients were able to complete the screening and post-
treatment 6MWT. More than half (57%) of the patients improved their 6G MWD by >
20%, although there was no control group for comparison. The treatment (over a
median follow up of 91 days) was generally well tolerated [130]. Third, a small
retrospective review of was also performed in 15 patients with ILD and PH con-
firmed by either RHC or echocardiography. Following 6 months of sildenafil serum
BNP levels were significantly lower and 6MWD improved although there was no
change in echocardiographic systolic pulmonary pressure, arterial oxygen satura-
tion or pulmonary function tests [131]. Finally, a small observational pilot study of
PDE-5 inhibitors sildenafil or tadalafil in ILD (10 patients, 6 with IPF), importantly
in patients with severe degrees of PH but milder degrees of ILD, with evaluation of
invasive haemodynamics both at baseline and follow up. Cardiac index was shown
to increase significantly and PVR fall with treatment, although no difference was
seen in 6MWD, BNP or PFT with treatment [132]. Although a small study, this is
an important one to demonstrate haemodynamic improvement in the ‘severe
PH-milder lung disease’ phenotype.

The largest experience of sildenafil in IIP to date has been the double-blind, ran-
domised, placebo-controlled STEP-IPF study. PH was not formally tested for, but
the advanced nature of the IPF (DLCO <35%) made its coexistence likely. The
primary outcome in this study was a 20% improvement in 6MWT, which was not
met. However, several secondary outcome measures were met including an improve-
ment in DLCO, partial pressure of oxygen and oxygen saturations, as well as quality
of life measures. An improvement in the former three suggests that sildenafil was
having a direct effect on the pulmonary vasculature [133].

All patients underwent a pre-enrolment echocardiogram to exclude significant
aortic stenosis as an exclusion factor. Evaluation of the pre-enrolment echo was pos-
sible in 119 of 180 patients, and the interaction between right ventricular systolic
dysfunction (RVSD) and the effect of sildenafil was evaluated. Patients with RVSD
who were on sildenafil experienced a lesser drop (99.3 m p = 0.01) in their 6 MWD
than patients with RVSD who were on placebo [134]. (The minimal clinical impor-
tant difference for S MWD in IPF has been demonstrated to be 24—45 m [135]). As
well as preserving 6MWD, quality of life scores (St Georges Respiratory
Questionnaire) also improved in the sildenafil-treated group [134].

Recently, a retrospective study (using an international registry COMPERA) eval-
uated patients with IIP and compared them with IPAH patients. There were 151
incident IIP diagnosed patients, who were significantly older than the IPAH patients
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and had more severely affected lung function (mean DLCO 28.5% predicted for ITP
patients versus 50.1% in IPAH). Patients with IIP had lower mean pulmonary artery
pressure 37 mmHg versus 45 mmHg, than patients with IPAH, although 79% of the
IIP-PH patients met the “severe” PH criteria. Ninety-five per cent of the IIP-PH
patients were treated with a single pulmonary vasodilator, 88% of which were a
PDESi. Treatment was associated with a 24.5 m improvement in 6 MWD in IIP-PH
versus 30 m in IPAH patients, and functional class improved in 22.4% in IIP-PH
and 29.5% of IPAH. Patients who improved their 6MWD by at least 20 m or
improved in functional class had a better prognosis than patients who did not despite
almost identical haemodynamics at baseline. Patients with severe PH were no more
likely to show improvements with treatment than patients with lower invasive pul-
monary pressures. Interestingly, the authors of this study point out that the primary
endpoint from STEP-IPF (increase in 6MWD by 20%) would have been met by
31% within the IIP-PH cohort [136].

Endothelin Receptor Antagonists

Endothelin-1 (ET-1) is a potent vasoconstrictor and promoter of vascular smooth
muscle cell proliferation; its role in the pathogenesis of pulmonary arterial hyper-
tension is firmly established [137]. ET-1 is also profibrotic [138], and elevated levels
have been demonstrated in patients with IIP [73, 139] and levels have been shown
to correlate with pulmonary arterial pressure and in a negative fashion with arterial
oxygen content in a small group of patients [73]. ET-1 therefore seems like a very
attractive target to prevent progression of the underlying fibrotic process within the
lungs and attenuate the development of pulmonary vascular disease.

Endothelin receptor antagonists (ERAs) have been evaluated in a similar fashion
to sildenafil in an attempt to prevent time to deterioration in IPF in patients without
PH. BUIILD-3 was a large randomised placebo-controlled trial which showed
bosentan to be well tolerated in HRCT and biopsy confirmed IPF although no dif-
ference was demonstrated with placebo in time to IPF worsening or death (hazard
ratio, 0.85 95% CI, 0.66-1.10) [140]. Another study (MUSIC) evaluated 178
patients with biopsy diagnosed IPF (FVC > 50% predicted and DLCO > 30%) in a
prospective randomised double-blind placebo-controlled study using macitentan.
There was no difference in the primary outcome (change in FVC from baseline up
to month 12) or any of the secondary outcomes [141]. Artemis-IPF was a ran-
domised double-blind placebo-controlled trial evaluating the role of ambrisentan in
IPF and IPF-PH. The study was stopped following interim analysis as ambrisentan-
treated patients were more likely to meet the pre-specified criteria for disease pro-
gression. Ten per cent of the group had pulmonary hypertension and sub-analysis of
this group demonstrated similar findings although the study was not fully powered
for all endpoints in this subgroup [9].

The bosentan in pulmonary hypertension-associated fibrotic idiopathic intersti-
tial pneumonia (B-PHIT) was the first randomised, double-blind placebo-controlled
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study evaluating PH-specific treatment in IIP-PH. The study failed to show any
difference in invasive pulmonary haemodynamics, functional capacity, 6 MWD or
QOL scores between placebo and bosentan, and subgroup analysis could not dem-
onstrate a group that benefited [142]. However, there was no deterioration in oxygen
saturation or oxygen requirement in the study period.

These trials demonstrate a lack of benefit with bosentan and macitentan and the
potential for harm with ambrisentan and they are therefore not recommended for
use in IIP or IIP-PH.

Prostanoids

Prostacyclin (PGI,) and its analogues are members of the prostanoid family. PGI,
inhibits platelet activation and acts as a potent vasodilator. PGI, also displays anti-
inflammatory and anti-proliferative properties.

Studies involving prostanoids have been small, non-randomised and limited to a
short follow-up period with focus on invasive haemodynamics. In one study with 8
ILD patients (only one of which had IPF) with severe underlying pulmonary fibrosis
found that inhaled iloprost caused pulmonary vasodilatation with maintenance of
gas exchange and systemic arterial pressure whereas intravenous prostacyclin
resulted in a significant drop in systemic arterial pressure and a marked increase in
ventilation—perfusion mismatching [143].

Guanylate Cyclase Stimulators

Riociguat is a soluble guanylate cyclase stimulator that can synergise with endoge-
nous NO or act independently of NO. It has been shown to improve exercise capac-
ity and haemodynamics in patients with PAH [144]. In a pilot study (open-label,
non-blinded, non-randomised) to assess safety and tolerability in patients with
mild-to-moderate ILD but moderate-to-severe PH (n = 23, 82% of patients had
underlying IIP), riociguat was well tolerated, with 2 of the 23 patients discontinuing
the treatment prematurely. In terms of efficacy, PVR decreased, and cardiac output
increased, with mean pulmonary pressure remaining unchanged, likely due to a
higher cardiac output offsetting the effect of pulmonary vasodilation [145]. As a
result of these promising findings a randomised, double-blind placebo-controlled
trial on efficacy and safety of riociguat in IIP-PH (RISE-IIP) was commenced in
2014 [146]. Unfortunately, this study has recently been halted prematurely due to
increased mortality in the treatment arm. Bayer has recommended that riociguat is
not used in this patient group.

In summary, the treatment of IIP-PH is challenging, and evidence of benefit with
specific interventions is eagerly awaited to improve patient outcome. PDE-5 inhibi-
tors appear to be the most likely class of drug to improve outcome in IIP-PH,
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although which patients stand to benefit and at which the stage of the disease (i.e.
prior to development of PH or with onset of right ventricular dysfunction) remain
unclear.

Conclusion

PH is commonly encountered in IIP and the likelihood of coexistent PH increases
as the underlying disease progresses, although its presence is not reliably linked to
disease characteristics, which confounds non-invasive detection and underscores
the importance of invasive evaluation for confirmation where appropriate. The
development of PH is associated with decline in functional status and dramatically
worsens prognosis. The underlying aetiology of PH in IIP remains poorly defined
and is multifactorial; further study to help develop novel treatment options is highly
desirable. The management of PH within IIP at present is predominantly supportive
in terms of evaluating for and treating hypoxaemia and other contributory causes of
PH. At present there is no evidence to support the use of pulmonary vasodilators,
although this remains a very active research area.
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Chapter 7
Sarcoidosis-Associated Pulmonary
Hypertension: Diagnosis and Treatment

Robert P. Baughman and Elyse E. Lower

Introduction

Sarcoidosis-associated pulmonary hypertension (SAPH) is included in Group 5 of
the World Health Organization (WHO) categories of pulmonary hypertension [1].
Group 5 was established to include a variety of conditions with multifactorial patho-
genesis of pulmonary hypertension that cannot meet the criteria of the other four
categories. Group 5 is often problematic as SAPH and several other conditions in
this group often have features of some of the other four WHO diagnostic groups and
more than one may coexist in the same patient. SAPH is an important consideration
in a known sarcoidosis patient who has persistent dyspnea.

Causes of SAPH

Several potential factors are noted in Table 7.1 that can lead to pulmonary hyperten-
sion in a sarcoidosis patient. Left ventricular dysfunction can elevate the pulmonary
artery occluding pressure (PAOP) to greater than 15 mmHg (PH/LVD). This can be
the result of reduced left ventricular ejection fraction (LVEF) from sarcoidosis car-
diomyopathy [2, 3]. In addition, sarcoidosis patients may experience heart failure
with preserved ejection fraction (HF-PEF). The reduced LVEF can be verified by
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Table 7.1 Causes of e Cardiac
pulmonary hypertension in
sarcoidosis

— Cardiomyopathy with reduced LVEF
— Heart failure with preserved ejection fraction

¢ Vascular

— Granulomatous angiitis (arterial and venous)

— Pulmonary veno-occlusive disease

— Compression of pulmonary vasculature

— Intimal fibrosis and medial hypertrophy

¢ Parenchymal lung disease
— Pulmonary fibrosis with obliteration of lung tissue

* Hypoxia-induced pulmonary hypertension

* Systemic disease

— Sarcoidosis-associated cirrhosis and
portopulmonary hypertension

cardiac imaging such as MRI which may also identify infiltration of the myocar-
dium with preserved LVEF [4]. Diastolic dysfunction may occur due to granuloma-
tous infiltration of heart or comorbidities of sarcoidosis such as diabetes or systemic
hypertension [5]. In one study of 130 persistently dyspneic sarcoidosis patients [6],
right heart catheterization revealed PH/LVD in 20 patients (Fig. 7.1). Of these, only
seven (35%) had documented reduced left ventricular systolic function. The sur-
vival was significantly better for those with PH/LVD than those patients with pre-
capillary PH [6].

Vascular disease from sarcoidosis can also create pulmonary hypertension.
Intimal fibrosis, medial hypertrophy, and changes in vascular tone have been
reported with SAPH [7, 8]. Additionally granulomatous angiitis has also been
reported. One study of open lung biopsies in 128 sarcoidosis patients identified
some form of angiitis in 88 (69%) patients [9]. Venous disease was seen in over 90%
of the angiitis cases with a third experiencing both arterial and venous involvement.
In contrast, arterial involvement alone was seen in less than 10% of angiitis cases.
A similar finding was reported in explants from sarcoidosis patients undergoing
lung transplant [10]. Pulmonary veno-occlusive disease (PVOD) can be found [10]
and its presence has clinical implications, since patients with PVOD may develop
pulmonary edema when treated with some pulmonary vasodilators such as pros-
tanoids [11]. While PVOD has been reported in up to a third of patients with SAPH
[10], pulmonary edema associated with prostanoid therapy is much less frequently
encountered [12, 13].

Direct compression of the pulmonary vasculature can also lead to pulmonary
hypertension. Although simple hilar adenopathy may be causing direct compres-
sion, pulmonary hypertension is more likely associated with mediastinal fibrosis
[14, 15]. While direct compression was felt to be a rare complication [14—16] one
prospective series found 8 of 72 (11%) sarcoidosis patients had severe proximal
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130 Sarcoidosis patients
with persistent dyspnea

No PH
Normal PA mean
Normal PAOP
N=60

PH/LVD
Elevated PA pressure,
Elevated PAOP
N=20

PH without LVD
Elevated PA pressure,
Normal PAOP
N=50

3 (5.5%) Died *

3 (15%) Died

18 (36%) Died

Fig. 7.1 Outcome of right heart catheterization of 130 sarcoidosis patients with persistent dys-
pnea. Patients were divided into three groups: No PH: normal PA mean and PAOP pressure, PH/
LVD: elevated PA mean and PAOP, and PH without LVD: elevated PA mean and normal PAOP.
(Asterisk) The observed mortality for all three groups was significantly higher for those with ele-
vated PA mean and normal PAOP [6]

pulmonary artery stenosis [17]. In that series, patients were evaluated with echocar-
diography and computer tomographic pulmonary angiography, and all SAPH cases
were confirmed by right heart catheterization. Not all cases of fibrosing mediastini-
tis are due to sarcoidosis. In one series of fibrosing mediastinitis-associated pulmo-
nary hypertension, only half of cases were due to sarcoidosis [15]. Other conditions
to consider include infections such as histoplasmosis and tuberculosis as well as
mediastinal radiation [15, 18].

Pulmonary fibrosis occurs in 10-20% of sarcoidosis patients [19, 20]. The
fibrosis may lead not only to destruction of lung parenchyma but also pulmonary
vasculature involvement (Fig. 7.2). In addition to fibrosis, airway distortion, trac-
tion bronchiectasis, and emphysematous changes may be seen [21]. The destruc-
tion of lung tissue can also lead to hypoxia, which can further contribute to
pulmonary hypertension. While patients with SAPH often have pulmonary fibro-
sis, a significant proportion of patients with SAPH have less advanced chest X-ray
changes [22, 23]. Not all patients with SAPH have fibrotic chest x-ray. Figure 7.3
compares the Scadding chest X-ray stage [19] of patients with and without SAPH
in two large series of sarcoidosis patients evaluated for pulmonary hypertension
[22, 23].

Sarcoidosis is a multiorgan disease which affects the liver in at least 25% of sar-
coidosis patients [24, 25]. While most cases are mild [24], severe liver involvement
with cirrhosis can occur [26]. Cirrhosis due to sarcoidosis rarely develops hepato-
pulmonary syndrome and pulmonary hypertension [27, 28].

Because the clinical scenarios can vary greatly, expert evaluation is required to
determine the exact cause of the pulmonary hypertension in sarcoidosis patients.
This evaluation includes pulmonary function testing, chest imaging, laboratory
evaluation, and right heart catheterization.
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Fig. 7.2 Chest X-ray and computer tomography of sarcoidosis patient with pulmonary fibrosis
and sarcoidosis-associated pulmonary hypertension
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Fig. 7.3 The Scadding chest X-ray stage [19] of patients with and without SAPH for two large series
of sarcoidosis patients evaluated for pulmonary hypertension (New York [23] and Cincinnati [22]

Frequency of SAPH

The frequency of pulmonary hypertension in sarcoidosis depends on the studied
population. Table 7.2 reveals the prevalence of SAPH in the general sarcoidosis
population [29-32], moderate to severely dyspneic sarcoidosis patients [6, 12, 23,
33], or sarcoidosis patients listed for lung transplant [34, 35]. Most studies include
patients with both precapillary and left ventricular dysfunction. As shown in
Fig. 7.1, about 20% of patients with SAPH have elevated pressures due to left ven-
tricular disease [6]. Screening for pulmonary hypertension was performed by vari-
ous methods in these studies and in only a few studies did all patients underwent
right heart catheterization [6, 34, 35]. In other studies, screening was performed by
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Table 7.2 Prevalence of pulmonary hypertension in sarcoidosis®

Clinic Percentage with SAPH (%) ‘ Diagnosis confirmed by
All patients in clinic
Kyoto [32] 6 Echocardiography
London [43] 11 Right heart catheterization
Detroit [30] 16 Right heart catheterization
Riyadh [29] 20.8 Echocardiography
Persistently dyspneic patients
Milan [33] 55 Right heart catheterization
New York [23] 52 Echocardiography
Chicago [12] 56.5 Right heart catheterization
Cincinnati [6] 60* Right heart catheterization
Lung transplant list
Washington [35] 72 Right heart catheterization
Copenhagen [34] 79 Right heart catheterization

4Includes both precapillary and pulmonary hypertension due to left ventricular dysfunction

echocardiography with a right heart catheterization performed only to confirm pul-
monary hypertension [23, 29-31]. Other studies reported only echocardiography
results. Regardless of the screening technique used, the overall prevalence of SAPH
was similar for each of these groups.

As revealed in Table 7.3, several of Table 7.2 studies examined potential risk
factors for SAPH. Many of the features were studied in some but not all reports.
The “typical” patient with SAPH will have pulmonary fibrosis, a reduced diffusing
capacity of the lung for carbon monoxide (DLCO), and desaturation with exercise.
In one large registry of SAPH, a significant negative correlation was identified
between DLCO percent predicted (Fig. 7.4a) and PA mean but no significant rela-
tionship was seen between FVC percent predicted and PA mean (Fig. 7.4b). This
probably reflects that the reduction in DLCO is usually more prominent than the
reduction in lung volume [31]. This “out of proportion” reduction in DLCO has
also been noted in scleroderma-associated pulmonary hypertension [36]. It is not
clear whether this ratio may also be useful in identifying sarcoidosis patients with
SAPH.

Diagnosis of SAPH

The first step in detecting SAPH is simple: think about it. Pulmonary hypertension
often presents with nonspecific symptoms including dyspnea. Because sarcoidosis
is a multifaceted disease, reduced exercise capacity may be due to multiple causes,
such as parenchymal or airway lung disease, direct cardiac dysfunction, skeletal
muscle disease, neurologic disease, or even fatigue or depression [37]. Our approach
in diagnosing SAPH is detailed in Table 7.4.
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Table. 7.3 Ffratures o * Pulmonary fibrosis on chest X-ray [23, 31-33]
assoc?ated with sarcoidosis- * Reduced forced vital capacity [6, 23, 30, 32]
associated pulmonary

* Reduced DLCO [6, 23, 30-32]

hypertension
¢ Reduced six minute walk distance [30, 41, 66]
* Hypoxemia especially after six minute walk test
[30, 66]
e Older age [31]
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Fig. 7.4 (a) There was a significant negative correlation between the DLCO percent predicted
versus PA mean (Rho = —0.235, p < 0.005). (b) There was no correlation between FVC percent
predicted and PA mean (p > 0.05). Data from registry for sarcoidosis-associated pulmonary hyper-
tension (ReSAPH), presented at American Thoracic Society 2016

The initial evaluation remains questioning about dyspnea, which can be quanti-
fied by standardized questionnaires [38]. One commonly used system is the
American Thoracic Society/Medical Resource Council questionnaire, which allows
one to identify mild, moderate, or severe dyspnea. This questionnaire has adequately
stratified patients with sarcoidosis or idiopathic pulmonary fibrosis [39, 40]. Another
standard questionnaire is the Borg score, which is often used in conjunction with the
six minute walk (6MW) test. The 6MW walk is also useful for evaluating dyspnea.
The 6MW distance is shorter in patients with SAPH [41]. Hypoxia, especially with
exertion, is a common feature [30] and should lead to further evaluation for
SAPH. The hypoxia from pulmonary hypertension is often due to shunting, which
may be worsened with vasodilator therapy [8]. Clinically significant worsening of
shunting is relatively rare after vasodilator therapy [42]. Hypoxia may also be due
to underlying parenchymal lung disease from the sarcoidosis.

As shown in Fig. 7.4a, there is a negative correlation between DLCO and PA
mean pressure [22, 43]. In addition, SAPH is more frequently encountered in
patients with a disproportionate reduction in DLCO [36]. A reduced DLCO is a
strong predictor of pulmonary hypertension, especially in a patient without pulmo-
nary fibrosis [31].
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Table 7.4 Evaluation for possible sarcoidosis-associated pulmonary hypertension

e [nitial evaluation: Presence of one or more feature

— Complaint of moderate or greater dyspnea with exertion

— Hypoxia at rest or with exercise

— Reduced DLCO out of proportion to reduction of lung volumes

— Significant pulmonary fibrosis on chest roentgenogram

Computer tomography scan showing significant pulmonary fibrosis

e Screening: Presence of one or more feature from Initial Evaluation leads to

— Echocardiography showing estimated systolic pulmonary artery pressure of greater than
35 mmHg

— Evidence of right ventricular dysfunction

Echocardiography

Magnetic resonance imaging

— Six minute walk

Desaturation by more than 5%

— Computer tomography scan showing either

Main pulmonary artery to aorta ratio of greater than one

Main pulmonary artery >29 mm

» Confirmation and classification of pulmonary hypertension: If any screening tests positive

— Right heart catheterization

As shown in Fig. 7.3, patients with SAPH are far more likely to have pulmo-
nary fibrosis on chest X-ray than the general sarcoidosis population [23, 33].
However, there is considerable overlap and the lack of pulmonary fibrosis does
not rule out pulmonary hypertension [22, 31]. Pulmonary fibrosis can also be
detected by computer tomography (CT) scanning. The CT scan can be very sensi-
tive to minimal scarring as a residual for sarcoidosis. Walsh et al. proposed that
the presence of 20% or more fibrosis on CT scan be considered significant pulmo-
nary fibrosis [20].

The presence of one or more of the features listed in Table 7.4 during initial
evaluation is present, one should proceed with screening for pulmonary hyperten-
sion. The two tests most commonly used to screen for pulmonary hypertension are
echocardiography and 6MW test. While less commonly employed as an exclusive
screening tool, the results of CT scan may also be a useful screening test.

The echocardiogram is the most commonly used noninvasive tool for assessing
for pulmonary hypertension regardless of cause. However, the echocardiogram has
been shown to have significant limitations in patients with interstitial lung disease
including sarcoidosis, with PA systolic pressure often over- or underestimated [44,
45]. However, for patients with an estimated PA systolic pressure of >50 mmHg,
most will have significant pulmonary hypertension by catheterization [6, 45]. In
addition, one study of SAPH found that an elevated PA systolic pressure by echo-
cardiogram of 50 mmHg or more was associated with increased mortality [6]. It is
important to remember that the echocardiogram is not able to distinguish between
precapillary and postcapillary pulmonary hypertension.
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Right ventricular function can also be assessed noninvasively and the presence of
right ventricular dysfunction is suggestive of SAPH [33]. The tricuspid annular
plane systolic excursion (TAPSE), a well-described measure of right ventricular
performance which can be measured by echocardiography and has been shown to
be abnormal in some cases of SAPH [43]. Magnetic resonance imaging (MRI) has
also been reported as effective in assessing right ventricular dysfunction [46]. A
recent study evaluated RV function in 50 consecutive sarcoidosis patients undergo-
ing cardiac MRI for clinical reasons [47]. Using sensitive measures of RV dysfunc-
tion, the investigators found abnormal results in more than half of the patients
studied. RV dysfunction was most common in patients with parenchymal lung dis-
ease, left ventricular dysfunction, and pulmonary hypertension, but four patients
had no cause identified [47].

The 6MW test is another commonly used test to assess dyspnea and screen for
pulmonary hypertension and is shorter in SAPH than other sarcoidosis patients [41].
However, there is considerable overlap. This is in part because of the multiple fac-
tors in sarcoidosis that can affect exercise performance including parenchymal lung
disease, muscle involvement, and fatigue from the sarcoidosis [37]. Another test for
screening for pulmonary hypertension is desaturation during the 6MW test [30].
However, not all SAPH patients desaturate [41] so this test cannot be used to exclude
pulmonary hypertension.

As computer tomography (CT) has been applied more widely to advanced pul-
monary disease, information regarding possible pulmonary hypertension can be
assessed [48]. The size of the pulmonary artery can be readily evaluated by the CT
scan. A main pulmonary artery of greater than 29 mm or a PA main to aorta ratio of
greater than one has been proposed as highly suggestive of pulmonary hypertension
[49] including those with interstitial lung disease [50]. In sarcoidosis, the presence
of an increased ratio can suggest pulmonary hypertension [51] but the ratio does not
seem to correlate with the level of pulmonary hypertension [22].

If one or more of the screening tests are supportive of pulmonary hypertension, one
should confirm the diagnosis with right heart catheterization. There are several rea-
sons to perform a right heart catheterization. It has been shown that the prognosis is
significantly different between those with precapillary pulmonary hypertension and
pulmonary hypertension due to diastolic dysfunction [6]. Right heart catheterization
also allows one to accurately characterize cardiac output and determine pulmonary
vascular resistance. These are important aspects of prognosis and treatment of SAPH.

Treatment

The treatment of SAPH can follow the general approach summarized in Fig. 7.5.
The first step is to treat hypoxia either at rest or with exercise with supplemental
oxygen. Patients with sarcoidosis also have an increased risk for sleep apnea and
nocturnal desaturation [52, 53]. Nocturnal desaturation is associated with increased
mortality in interstitial lung disease [54]. Treatment may improve symptoms and
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Oxygen + Diuretics

- . - Evaluate for pulmonary artery stenosis and possible
Treat underlying inflammation of sarcoidosis —— P v v P

stenting
IV Prostanoids
ERAs
PDE-5 inhibitors
Inhaled prostanoids
| |
Response:
Continue therapy No response
|
| |
FVC>50% predicted FVC<50%
Try combination Consider lung transplant

Fig.7.5 Proposed algorithm for treating precapillary sarcoidosis-associated pulmonary hyperten-
sion. IV intravenous, ERAs endothelin receptor antagonists, PDE-5 phosphodiesterase 5, FVC
forced vital capacity

outcome. Diuretic therapy may also improve symptoms of right heart dysfunction in
patients with pulmonary hypertension.

One should also evaluate for pulmonary artery stenosis. Mediastinal adenopathy
and fibrosis can lead to pulmonary hypertension and can often be detected by CT
scan. In some cases, there may be some response to anti-inflammatory therapy such
as glucocorticoids [14, 16]. However, anti-inflammatory therapy does not improve
the vascular narrowing in all cases [14, 15]. Some of these patients may respond to
pulmonary artery stenting and/or steroids [55]. In one study of 32 patients with
SAPH identified by echocardiography, eight (25%) had large vessel narrowing [17].
The authors treated these patients with dilation/stenting and corticosteroids. All
patients were doing well at least 3 months after interventional treatment.

The recommendations for pharmacologic treatment of SAPH are based on case
series and examining the results of treatment trials in other pulmonary hypertension
conditions [56]. Many of the older agents for idiopathic pulmonary hypertension
have been studied in SAPH, but there is limited information regarding newer agents.

Prostacyclins: Intravenous epoprostenol was the first drug to be shown to effec-
tively treat precapillary pulmonary hypertension [57]. This regimen is usually
reserved for patients with moderate-to-severe pulmonary hypertension because of
toxicity and cost [49]. For SAPH, there have been reports of intravenous epopros-
tenol for both short-term [8] and long-term treatment [12, 13]. Fisher et al. [13]
began six SAPH patients with epoprostenol and five were still on treatment more
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than 1 year later. Two patients had severe complications during initiation of therapy:
one had a cardiac arrest and the other required mechanical ventilation. The second
patient experienced pulmonary edema, possibly due to a component of veno-
occlusive disease as part of the SAPH. Nonetheless, that patient was eventually able
to tolerate long-term therapy with epoprostenol. This overall positive response was
confirmed by a recent, retrospective study by Bonham et al. [12] They treated 13
patients with prostaglandins, 7 with epoprostenol, and 6 with trepostinil, with 9 of
13 still alive after 1 year of therapy. Repeat catheterizations were performed on 10
of 13 patients. There was a significant improvement in cardiac output and pulmo-
nary vascular resistance but not in mean pulmonary artery pressure. The authors did
not comment on changes in 6MW distance.

Inhaled iloprost has also been studied in SAPH. Use of iloprost in SAPH has
been limited because of the high rate of complications (mostly cough). In one pro-
spective study of 22 patients treated with inhaled iloprost [58], only 15 completed
the full 16 weeks of therapy. In that study, repeat right heart catheterization demon-
strated improved hemodynamics in only six of these patients and only three patients
improved their 6B MW distance by more than 30 m. However, most patients reported
an improvement in quality of life in this open-label trial.

Endothelin receptor antagonists (ERA): Bosentan has been the most widely studied
ERA in treatment for SAPH. This includes retrospective case series employing the
drug as a single agent [22, 59, 60] or in combination with other agents [22, 43, 60].
A double-blind, placebo-controlled trial of bosentan as single agent for SAPH has
been reported [42]. There was a significant improvement in both mean pulmonary
artery pressure and pulmonary vascular resistance for the bosentan-treated patients
with no change for the placebo group. Unfortunately, there was no significant
improvement in the 6MW distance during the 16 weeks of the study. Also, there
were no significant changes in quality of life measures after treatment with bosentan
compared to the placebo-treated group.

Ambrisentan is another ERA reported as a treatment for SAPH [43]. In a pro-
spective, open-label trial of ambrisentan for SAPH, Judson et al. reported an
improvement in reported quality of life but no change in 6MW distance after
24 weeks of therapy [61]. In a study of patients with idiopathic pulmonary fibrosis,
ambrisentan was associated with worse outcome compared to placebo [62].

PDE-5 inhibitors: The use of sildenafil and tadalafil has been reported in some case
series in SAPH [43, 60]. In one retrospective series, sarcoidosis patients listed for
lung transplant who were found to have SAPH were treated with sildenafil had
improvement in mean pulmonary artery pressure [34]. This study did not find a
significant change in the 6MW distance. On the other hand, two groups have
reported on the use of sildenafil alone or in combination with other agents [43, 60].
While not reporting on the outcome of treatment with sildenafil exclusively, the
authors found that their “real world” use of this drug was associated with an overall
improvement in various parameters including pulmonary hemodynamics [60],
6MW distance [43, 60], and TAPSE [43].

Overall outcome of pharmacologic treatment of SAPH: To date, there is no clear-cut
PAH-specific therapy that has proven efficacy or approval for treatment of
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Table 7.5 Outcomes improved by pharmacologic treatment of SAPH

Class/Drug ‘ Evidence Results
Prostacyclines
Epoprostenol CS [12, 13] Clinical improvement [7, 13]
CR [7, 8] Improved hemodynamics [12]
Inhaled iloprost PCS [58] Improved hemodynamics [58]

Improved quality of life measures [58]

Endothelin receptor antagonists

Bosentan DBPC [42] Clinical improvement [22, 43, 60]
CS [22, 43, 60] Improved hemodynamics [42]
Ambrisentan PCS [61] Improved quality of life measures [61]
Phosphodiesterase inhibitor
Sildenafil ‘ CS [34] ‘ Improved hemodynamics [67]
Combination drug therapy
Various drugs CS[12, 22,43, Clinical improvement [12, 22, 43, 60]
60] Improved hemodynamics [60]

Improved 6MW distance [12, 43, 60]

CS case series, CR case reports, PCS prospective case series, DBPC double blind, placebo con-
trolled

SAPH. Nonetheless, a meta-analysis found that pharmacologic treatment of SAPH
was associated with improvement in pulmonary hemodynamics and quality of life
[63]. Table 7.5 lists various potential treatments for sarcoidosis with some of the
outcomes. Improvement in clinical status was reported in almost all reports. Some
studies performed repeat right heart catheterization and found improved hemody-
namics in some but not all patients. In two series, measures of right ventricular
dysfunction such as TAPSE and N-terminal pro-B type natriuretic peptide were
reported as improved [12, 43].

In some series, quality of life instruments were used to assess response to ther-
apy. Quality of life instruments may be useful in assessing the impact of therapy.
There is no agreement on a single quality of life instrument specific for pulmonary
arterial hypertension [64]. In the reported studies of treatment for SAPH, improve-
ment in quality of life using the general instruments short form 36 (SF-36) and Saint
George Respiratory Questionnaire (SGRQ) has been reported in two open-label
prospective trials [58, 61]. However, there was no significant improvement in qual-
ity of life compared to placebo in the only double-blind trial reported to date in
SAPH using these instruments [42]. Future trials using more specific questionnaires
may provide more information.

Changes in pulmonary hemodynamics have not always led to improvement
in 6MW distance. The three studies that reported an improvement in 6MW dis-
tance were all retrospective studies in which the clinicians changed therapy
based on initial response [12, 43, 60]. The treatment used in these studies is
consistent with recommendations for treatment of group 1 pulmonary arterial
hypertension [49].
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Fig. 7.6 Tipping point for Tipping point for response to
when treatment for SAPH treatment
pulmonary hypertension
will be no longer effective Pulmonary Pulmonary
due to extent of pulmonary hypertension Fibrosis
fibrosis
70% 50% 30%
Pulmonary Pulmonary
Fibrosis hypertension

In those studies reporting an improvement in 6MW distance [12, 43, 60], not all
patients had improved 6MW distance. A reduced forced vital capacity (FVC) is an
independent risk factor for reduced 6MW distance [41]. For patients with a very low
FVC, the treatment of pulmonary hypertension will have little impact on their clini-
cal outcome and 6MW distance. On the other hand, those with minimal fibrosis will
likely respond to pulmonary hypertension therapy as assessed by 6MW distance.
Figure 7.6 proposes that there is a “tipping point” in the degree of pulmonary fibro-
sis in patients with SAPH. In the study by Barnett et al., patients with a FVC %
predicted above the median (51%) were much more likely to improve their 6MW
distance with treatment of pulmonary hypertension [60]. In an open-label extension
of the bosentan trial SAPH, Culver et al. reported that a subgroup of patients had a
>50 m improvement in 6MW distance after 32—48 weeks of treatment with bosen-
tan [65]. All the patients who responded had an initial FVC of 60%.

In conclusion, recognition of SAPH requires that one think of the diagnosis. A
right heart catheterization should be considered in all cases of potential
SAPH. Treatment of SAPH should consider issues such as pulmonary artery nar-
rowing and severely reduced lung tissue. Further trials regarding the impact of ther-
apy for SAPH are needed.
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Chapter 8
Hypersensitivity Pneumonitis

Moisés Selman, Ivette Buendia-Roldan, Carmen Navarro,
and Miguel Gaxiola

Introduction

Hypersensitivity pneumonitis (HP), also known as extrinsic allergic alveolitis, is a
complex syndrome of varying intensity, clinical presentation, and natural history [1, 2].
Numerous provocative agents have been described around the world, including,
mammalian and avian proteins, fungi, thermophilic bacteria, and certain small
molecular weight chemical compounds (Table 8.1). Importantly, new HP antigens
are being constantly described. For example, in the last 15 years evidence accumu-
late supporting that Mycobacterium avium complex (MAC), often from hot tub
exposure, may provoke the disease [3, 4]. Therefore, in the presence of acute respi-
ratory illness or a patient with a clinical behavior of an interstitial lung disease,
clinicians should always consider HP in the spectrum of the differential diagnosis
and should carefully search for any potential source of HP-related antigens.

The incidence and prevalence of HP remains largely unknown. Much of the epi-
demiological information has been derived from studies of farmers and bird fanciers
and primary from acute cases. Both, prevalence and incidence of HP vary consider-
ably around the world, depending upon disease definitions and diagnosis, intensity
of exposure to offensive antigens, geographical and local conditions, cultural prac-
tices, and genetic risk factors. Farmer’s lung disease is one of the most common
forms of HP, affecting variable percentages of the farming population. For example,
the mean annual incidence of farmer’s lung among the entire farming population
(standardized for age and sex to the total population in Finland in 1975) was 44 per
100,000 persons in farming [5]. However, more recent studies indicate that the inci-
dence of farmer’s lung is now in decline [6].
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Table 8.1 Identified agents that cause hypersensitivity pneumonitis

Disease

Antigen

Source

Fungal and bacterial

Farmer’s lung

Saccharopolyspora rectivirgula,
Thermoactinomyces vulgaris,
Absidia corymbifera

Moldy hay, grain, silage

Mushroom worker’s lung

Thermoactinomyces sacchari

Moldy mushroom compost

Malt worker’s lung

Aspergillus fumigatus,
Aspergillus clavus

Moldy barley

Woodworker’s lung

Alternaria sp., wood dust

Oak, cedar, and mahogany
dust, pine and spruce pulp

Maple bark strippers’ lung

Cryptostroma corticale

Moldy maple bark

Cheese washers’ lung Penicillium casei Moldy cheese
Sewage worker’s lung Cephalosporium Sewer
Sequiosis Pullularia Moldy sawdust
Stipatosis Aspergillus fumigatus Esparto fibers
Suberosis Penicillium frequentans, Cork dust

Aspergillus fumigatus

Harwood lung

Paecilomyces

Hardwood processing plant

Bagassosis

Thermoactinomyces sacchari

Moldy sugarcane

Sauna taker’s lung

Aureobasidium sp., Pullularia

Contaminated sauna water

Ventilation/humidifier lung

Thermoactinomyces vulgaris,
Thermoactinomyces sacchari,
Thermoactinomyces candidus

Contaminated forced-air
systems; water reservoirs

Metal working fluid-
associated HP

Mpycobacterium immunogenum

Metal working fluids

Sax lung

Candida albicans

Saxophone

Hot tub lung

Mycobacterium avium complex

Hot tubs; swimming pools,
whirlpools

Summer-type pneumonitis

Trichosporon cutaneum

Contaminated old houses

HP in peat moss processing
plant workers

Monocillium sp. Penicillium
citreonigrum

Peat moss processing plants

Animal proteins

Pigeon breeder’s disease

Avian droppings, feathers, serum

Parakeets, budgerigars,
pigeons, chickens, turkeys

Furrier’s lung

Animal-fur dust

Animal pelts

Animal handler’s lung;
Laboratory worker’s lung

Rats, gerbils

Urine, serum, pelts proteins

Pituitary snuff taker’s lung

Pork

Pituitary snuff

Chemical compounds

Pauli’s reagent alveolitis

Sodium diazobenzene sulfate

Laboratory reagent

Chemical worker’s lung

Isocyanates; trimellitic

Polyurethane foams, spray

anhydride paints, special glues
Epoxy resin lung Phthalic anhydride heated epoxy resin
Pyrethrum pneumonitis Pyrethrum Insecticide




8 Hypersensitivity Pneumonitis 147

A study estimating the incidence of HP in the UK showed that between 1991 and
2003 the incident rate for this disorder was stable at approximately 0.9 cases per
100,000 person-years [7]. Data from a European survey suggest that HP constitutes
4-13% of all interstitial lung diseases [8]. In general, the prevalence of HP is diffi-
cult to estimate accurately because it represents a group of syndromes with different
causative agents, and because epidemiologic studies lack uniform diagnostic crite-
ria. Overall, the prevalence and incidence of HP are low, in part because a number
of individuals with mild HP are not detected and patients with subacute and chronic
disease are misdiagnosed as suffering other type of interstitial lung disease.

It is well known that HP occurs more frequently in nonsmokers than in cigarette
smokers under similar risk exposure [9-11]. However, when the disease occurs in
smokers it seems to be characterized by an insidious and chronic presentation with
a worst clinical outcome [12].

Pathogenic Mechanisms

The pathogenesis of HP is complex and probably involves the coexistence of genetic
and/or environmental risk factors with the exposure to the offending HP antigen.
The nature of the genetic predisposition is unknown, but susceptibility associated to
the major histocompatibility complex (MHC) class II alleles has been reported [13].
More recently, it was shown that HP patients had a significant increase in the fre-
quency of the immunoproteasome catalytic subunit (PSMB8) KQ genotype as well
as of the allele Gly-637 and the genotypes Asp-637/Gly-637 and Pro-661/Pro-661
of the subunit of the transporter associated with antigen processing TAP1 compared
to matched controls [14, 15]. PSMBS participates in the degradation of ubiquiti-
nated proteins generating peptides presented by MHC class I molecules while TAP
transports peptides for loading on to class I MHC molecules that present them to
cytotoxic T lymphocytes.

Some other host processes may also contribute as a risk factor. In this context, it
has been recently reported that female HP patients show increased frequency of
microchimerism, that is, the presence of circulating cells transferred from one
genetically distinct individual to another [16]. In this study, fetal microchimeric
cells was also revealed in bronchoalveolar lavage and lung tissues of HP patients
demonstrating that these cells traffic to and home the lungs. However, the putative
role of these microchimeric fetal cells in the HP lungs is presently unknown,
although they seem to increase the severity of the disease.

Viral infections involving common respiratory viruses, primarily Influenza A,
and the exposure to a second inhalatory injury (i.e., pesticides) may also have a
promoting effect enhancing the development of HP [17, 18].

The mechanisms of hypersensitivity lung damage involve both humoral and cel-
lular processes depending on the clinical presentation. Inflammation in the acute
episodes seems to be provoked by immune-complexes deposit, which may explain
the 4-8 h late onset of symptoms after massive antigen inhalation. Supporting this
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concept are the findings of activated complement components, activated blood neu-
trophils, and bronchoalveolar lavage neutrophilia in patients with acute HP and in
those studied few hours/days after antigen inhalation challenge [19-21].

By contrast, subacute and chronic HP appears to be mediated by an exaggerated
T-cell-mediated response and actually, a striking increase of T-lymphocytes charac-
terizes this disorder. The mechanisms implicated in the T-cell alveolitis are not com-
pletely understood but appear to include increased T-cell recruitment and migration,
increased proliferation in the local microenvironment, and decreased programmed
cell death [1, 22-26]. A recent global gene expression study identified a variety of
genes typically associated with inflammation, T cell activation, and immune
responses in the lungs of patients with subacute/chronic disease [27]. Genes related
to T-lymphocyte activation included Src-like-adaptor 2, CD2, components of the T
cell receptor complex (CD3-D, and -E), and the alpha chain of CD8. Likewise,
MHC class II transactivator, the master regulator of MHC class II expression, and
several genes encoding MHC class I and II molecules were also overexpressed.
Several chemokines such as CXCL9 and CXCL10 which are involved in the recruit-
ment of activated T cells and NK cells were upregulated. CXCR4 and CCRS5 and
their ligands CCL5 and CCL4 were overexpressed as well suggesting that the
recruiting/homing program for lung lymphocytes involves multiple chemokines.

Clinical Behavior

The clinical features of the disease are usually similar, regardless of the type of the
inhaled dust. In general, three overlapping clinical forms are recognized: acute, sub-
acute, and chronic [1]. The nature of the antigen, as well as the intensity and fre-
quency of antigen exposure influences the clinical presentation.

Acute HP

This form of HP usually follows a heavy exposure to an offending agent. Acute
presentation is characterized by an abrupt onset of symptoms few hours after inter-
mittent and intense antigen exposure. Patients present fever, chills, dyspnea, chest
tightness, and dry or mildly productive cough. Removal from exposure to the pro-
voking antigen results in improvement of symptoms within hours to days and com-
plete resolution of clinical and radiographic findings within several weeks. However,
the disease often recurs after the next inhalation of the causative antigen.
Occasionally, respiratory failure mimicking adult respiratory distress syndrome
may occur requiring intensive unit care management [28]. Acute HP behaves simi-
lar to an acute respiratory infection provoked by virus or mycoplasma [1]. In farm-
ers, the differential diagnosis must include the organic dust toxic syndrome (ODTS)
provoked by exposure to bacterial endotoxins and fungal toxins of moldy hay [29].
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In contrast to patients with acute HP, ODTS patients have no precipitins to antigens
of molds and usually present with normal clinical findings upon respiratory exami-
nation and chest radiographs. ODTS is usually self-limiting, with symptoms rarely
exceeding 36 h.

Subacute HP

Subacute HP is characterized by progressive dyspnea and cough occurring during
weeks or few months after continued exposure. Patients often display fever, fatigue,
anorexia, and weight loss. Some improvement of symptoms is noticed if patients
avoid further exposure, but takes longer than with the acute form of the disease
(weeks to months), and usually pharmacological treatment is necessary.

Chronic HP

Chronic HP may exhibit different clinical behaviors [30-34]. One subgroup of
patients evolves to interstitial lung fibrosis after recurrent acute episodes (chronic
recurrent HP); other subgroup of patients presents slowly progressive chronic
fibrotic disease with no history of acute/subacute episodes (chronic insidious HP),
and finally a third subgroup may progress to a chronic obstructive lung disease. The
reasons for these different outcomes (fibrosis versus emphysema) are unknown but
it may be related with the characteristics of the inhaled antigen, the type of exposure,
cigarette smoking status, and the genetic background. Pulmonary fibrosis is the gen-
eral outcome of chronic HP induced by avian antigens while emphysematous lung
lesions are observed in farmers exposed to thermophilic bacteria and fungi.
Subacute HP as well as chronic recurrent and insidious HP may mimic virtually
any interstitial lung disease and the diagnosis may be extremely difficult. Differential
diagnosis of subacute HP includes some lung infections such as miliary tuberculosis
or histoplasmosis, as well as noninfectious granulomatous lung disorders like sar-
coidosis. Also, several idiopathic interstitial pneumonias such as lymphoid intersti-
tial pneumonia, cryptogenic organizing pneumonia, and idiopathic nonspecific
interstitial pneumonia should be considered. Chronic HP (primarily the insidious
form) may be misdiagnosed as idiopathic pulmonary fibrosis (IPF) or other advanced
fibrotic lung disorder if a careful history and specific studies are not carried out [30,
31]. In this context, a recent study has shown that almost half of the patients previ-
ously diagnosed as IPF were subsequently diagnosed with chronic hypersensitivity
pneumonitis, and most of these cases were attributed to exposure of occult avian
antigens from commonly used feather bedding [32]. The authors conclude that
chronic HP can be diagnosed in patients with clinical and HRCT findings of usual
interstitial pneumonia meeting any one of the following three criteria: (1) Positive
bronchial challenge testing (this criterion is reinforced by often coinciding with



150 M. Selman et al.

positivity of specific IgG). (2) Specific IgG positivity and surgical lung biopsy sam-
ple compatible with HP or greater than 20% lymphocytes in BAL fluids. (3) Surgical
lung biopsy sample or explanted lung showing histopathological features or charac-
teristics of subacute HP [32].

Tachypnea and bibasilar dry crackles are common findings in any clinical pre-
sentation of HP. Patients with chronic insidious or recurrent HP may develop digital
clubbing, pulmonary arterial hypertension, and even Cor pulmonale [1, 35].

Chest Imaging

The chest radiograph is useful to know that the patient has some kind of interstitial
lung disease. However, it is generally nonspecific. Also, the sensitivity of chest
radiographs for detecting HP seems to have steadily declined over the last decades
[36], and patients with acute and occasionally mild subacute HP may exhibit normal
chest x-ray. When abnormal, chest radiographs show nodular opacities with ground-
glass attenuation in acute/subacute presentations while the chronic stages are char-
acterized by a predominantly reticular pattern which may evolve to honeycombing
changes.

Findings on High-Resolution Computed Tomography (HRCT)

Acute HP is characterized by a diffuse and hazy increase of parenchymal density
(ground-glass attenuation) and occasionally by patchy or widespread air space con-
solidation [33]. Patients with subacute HP show areas of ground-glass opacities,
small poorly defined centrilobular nodules, and mosaic attenuation (Fig. 8.1a, b;
[37-39]). A CT scan obtained at the end of expiration is useful to detect patchy air
trapping images. The micronodular pattern consists of poorly defined micronod-
ules, usually of less than 5 mm in diameter, with a centrilobular distribution that
affect both the central and peripheral portions of the lung. Chronic fibrotic HP is
characterized by the presence of reticular opacities superimposed on findings of
subacute HP. Reticulation may evolve to honeycombing, mainly in chronic patients
that show slowly progressive (insidious) disease [Fig. 8.2, [30, 40]]. In these cases,
the disease may mimic idiopathic pulmonary fibrosis. Patients with chronic farm-
er’s lung show more frequently emphysematous changes than interstitial fibrosis
[33, 34]. HRCT features that best differentiate chronic HP from NSIP included
evidence of secondary lobular areas of decreased attenuation and vascularity, exten-
sive upper lobe involvement, and the presence of centrilobular nodules. In contrast,
findings that best differentiated NSIP includes relative subpleural sparing, absence
of centrilobular ground-glass nodules, absence of honeycombing, and lack of air
trapping. Finally, findings that best distinguish IPF from chronic HP include honey-
combing without subpleural sparing or centrilobular nodules [41].
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B

Fig. 8.1 (a) High-resolution computed tomography image showing bilateral poorly defined cen-
trilobular nodules and ground-glass opacities in a HP patient with subacute presentation. (b)
HRCT illustrates ground-glass opacities and areas of decreased attenuation (mosaic pattern) that
are typical findings in subacute disease

Fig. 8.2 HRCT scan of a patient with chronic HP. It can be observed bilateral reticular opacities,
traction bronchiectasis, and subpleural microcysts. Idiopathic pulmonary fibrosis is the usual dif-
ferential diagnosis

Physiologic Abnormalities

The main purpose of the pulmonary function tests is to determine the severity of the
lung impairment. HP is characterized by a restrictive ventilatory defect with a
reduction of forced vital capacity and total lung capacity [42]. The static expiratory
pressure—volume curve is downward and rightward shifted of the normal curve,
showing a decrease in lung compliance over the entire range of the reduced inspira-
tory capacity [43]. However, these changes are neither specific nor diagnostic for
HP because similar abnormalities are revealed in most interstitial lung diseases.
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Patients display impaired gas exchange characterized by hypoxemia which usu-
ally worsens with exercise and increased alveolar-arterial oxygen gradient [P(A-a)
02]. Patients with mild disease or in the early stages may present normoxemia at
rest, but exercise always reveals hypoxemia. Diffusing capacity of carbon monoxide
(DLo) is typically reduced being a good predictor of arterial oxygen desaturation
during exercise.

Some degree of obstruction of the peripheral airways, as suggested by a decrease
in the maximum to mid-flow rates and in the ratio of dynamic to static lung compli-
ance, may be present due to bronchiolitis [44]. However, small airways obstruction
is usually not detected by functional tests [45]. Nevertheless, in chronic farmer’s
lung, functional defects reflecting airways obstruction and emphysematous lesions
can be noticed [34].

The correlation between pulmonary functional abnormality and the severity or
prognosis of HP is poor. Patients with a severe decrease in lung volume and DLcq
may recover fully, whereas others with relatively mild functional abnormalities at
the onset of disease may develop progressive pulmonary fibrosis or airway obstruc-
tion and emphysematous changes [1].

Hemodynamic Measurements

Several studies dealing with the effect of lung inflammation/fibrosis on pulmonary
arterial vessels, hemodynamic, and cardiac function in HP have been recently
reported. Previously (mostly from case reports), a marked pulmonary arterial hyper-
tension (PAH) has been found in acute/subacute patients, where pulmonary embo-
lism was suspected [46-50]. In an old study dealing with ten HP patients and
performed with right heart catheterization, it was found that all patients had PAH
and increased pulmonary arterial resistance [51]. Abnormal pulmonary artery dia-
stolic pressure/pulmonary wedge pressure difference was noticed in most of the
patients. Hemodynamic abnormalities correlated with arterial oxygen saturation
and furthermore, a significant improvement was observed after oxygen breathing.
Interestingly, all patients showed vascular abnormalities on samples of lung tissues.
Most of them displayed medial hypertrophy in arteries and arterioles while in some
of them cellular intimal proliferation in the smallest muscular arteries and intimal
fibrosis were also seen. The study was performed in Mexico City at 2240 m altitude,
and the authors concluded that alveolar hypoxia produced by HP, presumably
enhanced by living at a high altitude, provoke pulmonary hypertension.

Other studies dealing with the histopathologic changes in HP have also reported
vascular abnormalities including intimal hyperplasia and some muscle hypertrophy
in chronic cases [52].

In our center we reviewed the clinical records of 87 patients with chronic HP in
which an echocardiography was performed as part of their clinical evaluation. One-
third of the patients exhibited increased pulmonary artery systolic pressure (Fig. 8.3).
Higher defect in gas exchange was the only parameter that correlated with the
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Fig. 8.3 Echocardiography
in HP patients showing
tricuspid insufficiency and
increased pulmonary artery
systolic pressure (a) and
dilatation and hypertrophy
of right ventricle (b) o b b e _ﬁ-u_-‘_
]

PASP 45 mmHg

Table 8.2 Oxygen saturation in patients with and without pulmonary arterial hypertension

Without PAH (n = 57) With PAH (n = 30) P
PaO, (mmHg) 50+ 10 45+9 0.03
Rest Sp0,% 85+7 80+9 0.01
PASP 25 +4.7 51+18.3 0.0001

PaO, arterial pressure of oxygen, SpO, pulse oximetry, PASP pulmonary artery systolic pressure

presence of PAH (Table 8.2). Alveolar hypoxia may lead to vasoconstriction of small
pulmonary arteries (hypoxic pulmonary hypertension) and right heart failure.
Hypoxic pulmonary vasoconstriction contributes to ventilation—perfusion matching
in the lung by diverting blood flow to oxygen-rich areas. With prolonged hypoxia,
small pulmonary arteries suffer a process described as pulmonary vascular remodel-
ing characterized primarily by thickening of the smooth vascular layer with neo-
intima formation, medial thickening, inflammatory cell recruitment, and endothelial
dysfunction. Both hypoxic vasoconstriction and architectural remodeling contribute
to the development of progressive pulmonary hypertension.

It is important to take into account, however, that our study was performed with
echocardiography that compared with right heart catheterism may give inaccurate
measurement of systolic pulmonary artery pressure, mainly in patients with
advanced lung disease leading to considerable overdiagnosis of pulmonary hyper-
tension [53].
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In a similar study, 73 patients with chronic HP and available Doppler echocar-
diography data were evaluated. Pulmonary hypertension (sPAP > 50 mmHg) was
detected in 14 patients (19%) and was associated with a greater risk of death.
Patients with pulmonary hypertension were older and had a significantly decreased
Pa0,. There was a weak correlation between pulmonary function parameters and
the underlying sPAP, for FVC, FEV,, and PaO, and inversely with PaCO, [54].

A more recent study assessed the hemodynamic changes in chronic HP by right
heart catheterization. A prevalence of 44% of precapillary pulmonary hypertension
was observed and the correlation with the pulmonary function tests suggested that
the severity of pulmonary hypertension is proportional to the severity of lung altera-
tions because it was more frequent among patients with lower lung function and
hypoxemia [54]. Moreover, the dynamic exercise evaluation using cardiopulmonary
exercise testing showed that patients with precapillary PAH had lower values than
did the patients without PAH for FVC, DLCO, and PaO, [55].

Diagnostic Appraisal and Additional Tools for Difficult Cases

In general, the criteria for HP diagnosis should include a high index of suspicion by the
clinician when dealing with an interstitial lung disease. In any case of an acute respiratory
illness, or a subacute/chronic ILD, clinicians should always consider HP in the spectrum
of the differential diagnosis and should carefully search for any potential source of
HP-related antigens. Although the disease seems to be less frequent in children, it should
be considered in any child with recurrent or unexplained respiratory symptoms [56, 57].

A key consideration in acute HP is the important improvement of a flu-like syn-
drome after removing the patient from the suspected environment and worsening
after reexposure. Similar improvement although less dramatic can be also observed
in the subacute form.

In a multicenter study that included a cohort of 400 patients (116 with HP and
284 with other interstitial lung disease), six significant clinical predictors of HP
were identified [58]: (1) exposure to a known offending antigen, (2) positive pre-
cipitating antibodies to the offending antigen, (3) recurrent episodes of symptoms,
(4) inspiratory crackles on physical examination, (5) symptoms occurring 4-8 h
after exposure, and (6) and weight loss.

As mentioned, HRCT plays a central role for diagnosis. The acute form is char-
acterized by ground-glass attenuation and confluent opacities. The subacute form is
distinguished by centrilobular nodules, areas of ground-glass attenuation, a mosaic
perfusion pattern, and air trapping on expiratory imaging. The chronic phase is
characterized by irregular reticular opacities superimposed to some subacute
changes and with associated architectural distortion.

Following are other important tests to evaluate patients with suspected HP:

Specific antibodies: Precipitating IgG antibodies against the offending antigens can be
identified in the patient’s serum. However, a percent of exposed but asymptomatic
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individuals (mostly with a high degree of exposure) may also have positive serum
precipitins [59-62]. Perhaps more important from the clinical point of view is that in
a number of patients with chronic insidious HP circulating specific antibodies are not
detected [30]. Therefore, the absence of serum precipitins does not rule out HP while
the presence of them does not rule in. Ideally, it will be better to obtain a sample of the
suspected causative agent from the original source and test it against the patient’s
blood.

Bronchoalveolar lavage (BAL): BAL may give important supportive evidence for
diagnosis of HP because it is a highly sensitive tool to detect the alveolitis [1, 27,
63, 64]. The disease (in any of its clinical presentations) is characterized by a
remarkable increment of lymphocytes, usually greater than 30% and often exceed-
ing 50% of the inflammatory cells recovered (Fig. 8.4). However, as mentioned for
the presence of specific antibodies, the presence of an alveolar lymphocytosis by
itself does not establish the diagnosis because asymptomatic, exposed individuals
can also have increased numbers of lymphocytes in their BAL [65]. Also, similar
levels can be found in infectious and noninfectious granulomatous diseases such as
sarcoidosis, berylliosis, or miliary tuberculosis.

It is the general belief that the main lymphocyte subset that increases is the CD8*
with the subsequent decrease of BAL CD4*/CD8* ratio to less than 1.0 [66].
However, a number of studies have found that CD4+ T-cells are increased with the
consequent increased CD4+/CD8+ ratio [67, 68]. Several circumstances seem to
explain this variability including the clinical form (acute, subacute, or chronic),
cigarette smoking habit, type/dose of inhaled antigen, and the time elapsed since
antigen exposure. A predominant increase of CD8+ seems to occur in nonsmokers

Fig. 8.4 Bronchoalveolar lavage from a patient with subacute HP. Most of the obtained cells are
lymphocytes (hematoxylin & eosin, original magnification 20x)
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with acute/subacute HP, while an increase of CD4+ is frequently found in smokers
or those with chronic/fibrotic forms of the disease.

BAL neutrophils are usually elevated in acute cases and after recent antigen
exposure [69]. Therefore, an increase in BAL lymphocytes and neutrophils in a
patient with an acute respiratory syndrome is strongly indicative of HP. Also, a
modest but significant increase of neutrophils is detected in advanced disease [70].

As well, several studies have reported slight but considerable increase of plasma
cells mainly after recent exposure [71]. This finding together with the increase in
T-lymphocytes may help to distinguish HP from others ILD [72]. Also, a small but
significant increase of mast cells has been reported in HP [73, 74].

Antigen-induced lymphocyte proliferation: In vitro proliferation of peripheral and
bronchoalveolar lymphocytes to avian antigens has been assayed for diagnostic and
research purposes [30, 75]. Importantly, this test resulted to be positive in more than
90% of the recurrent and insidious cases of chronic pigeon breeder’s disease where
the presence of circulating antibodies may be negative [30]. Experiments also dem-
onstrated that a positive stimulation index was usually 2.0 or higher. In a more
recent study, it was found that antigen-induced lymphocyte proliferation in periph-
eral blood or bronchoalveolar lavage cells was positive in all the studied patients
with chronic HP presumably caused by feather duvets [76].

Lung biopsy: Histopathological confirmation of the diagnosis is required in a num-
ber of subacute and chronic cases. It is critical that the pathologist is informed when
HP is being considered; the findings are often subtle and must be interpreted with
knowledge of the clinical presentation. This is particularly important because we
now know that a relatively large number of patients with subacute or chronic HP
may exhibit a different histological pattern, including nonspecific interstitial pneu-
monia [NSIP, [77]], cryptogenic organizing pneumonia (COP), or even usual inter-
stitial pneumonia (UIP)-like changes.

Classical histopathologic findings include small, poorly formed noncaseating
bronchiolocentric granulomas (Fig. 8.5a, b; [78]). These poorly defined aggregates of
epithelioid macrophages are often associated with multinucleated giant cells. There
is also a patchy mononuclear cell infiltration (predominantly lymphocytes and plasma
cells) of the alveolar walls, typically in a bronchiolocentric distribution. Bronchiolar
abnormalities are usually present although they may differ according to the type of
HP. Thus, in farmer’s lung it has been described proliferative bronchiolitis obliterans
[79], while in pigeon breeder’s disease peribronchiolar inflammation/fibrosis with
smooth muscle hypertrophy and extrinsic narrowing of the small airways are usually
found [45]. Occasionally, classic BOOP-like lesions are described [80, 81].

Chronic stage is characterized by variable degrees of interstitial fibrosis (Fig.
8.6a, b). In these cases, the presence of giant cells, poorly formed granulomas, or
inflammatory features of subacute HP may corroborate the diagnosis of HP [30, 31,
82]. It has been proposed that three different patterns of fibrosis may occur: (a)
predominantly peripheral fibrosis in a patchy pattern with architectural distortion
and fibroblast foci resembling usual interstitial pneumonia, (b) temporal and geo-
graphic homogeneous interstitial fibrosis resembling fibrotic NSIP, and (c) irregular
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Fig. 8.5 (a) Photomicrograph of histopathologic specimen of a patient with subacute hypersensi-
tivity pneumonitis showing diffuse, chronic lymphocytic inflammatory infiltrate (H&E 10x). (b)
Another patient with subacute disease showing a granulomatous lesion with several multinucle-
ated giant cells (H & E, 40x)

Fig. 8.6 (a,b)
Photomicrographs of
histopathologic samples
from two patients with
chronic HP showing
collagen deposit [(a)
Masson’s trichrome, 10x]
and honeycomb changes
[(b) H & E, 10x]. It can be
noticed the vascular
remodeling (arrows). There
is moderate inflammatory
infiltrate and a small
granuloma [(b) curved
arrow]

peribronchiolar fibrosis [83]. Other features of chronic HP are alveolar epithelial
cell hyperplasia and thickened arterioles [84]. Recently, our group reported that
chronic HP may display seven morphological patterns including the “typical” one
(characteristics already discussed), nonspecific interstitial pneumonia (NSIP-
pattern), usual interstitial pneumonia (UIP-like pattern), mixed pattern, organizing
pneumonia (OP-like pattern), airway-centered interstitial fibrosis (ACIF-pattern),
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and nonclassified. UIP-like patients exhibited the worst survival rate while NSIP-
like pattern showed the best survival [85].

Inhalation challenge test: Reexposure of the patients to the environment of the sus-
pected agent may be recommended. Inhalation challenge in the hospital is not gen-
erally performed because lack of standardized antigens and limited access to a
specialized setting to conduct the study. A positive challenge is characterized by
fever, malaise, headache, peripheral and BAL neutrophilia, and decrease of FVC
and/or oxygen saturation 8—12 h after exposure [75, 86, 87]. Inhalation challenge
must be rigorously controlled to avoid an exaggerated reaction. In addition, the
patient should be monitored closely for at least 24 h. Occasionally, the patient may
present a two-stage reaction with an immediate, transient wheezing and a decrease
in the FEV1 which is followed in 4-6 h by decrease in FVC, fever, and
leukocytosis.

In our experience, false-positive results are obtained in approximately 15% of
patients with other ILD but not in avian antigen exposed subjects, suggesting that
provocation test can identify patients with HP in the majority of the cases [86]. In
another more recent study, specific provocation test was performed in 59 patients with
HP induced by avian antigens, and in 20 healthy pigeon keepers and 20 patients with
diffuse interstitial lung disease other than HP as controls. The test was positive in 54
of the 59 patients with bird breeder’s lung and negative in all controls; the authors
concluded that the test had a sensitivity of 92% and a specificity of 100% [88].

Treatment and Prognosis

Early diagnosis, and identification and avoidance of the inciting antigen exposure
are vital in the management of HP. In acute form avoidance alone may be sufficient
intervention. In a study, no recurrence of summer-type HP was noticed when the
colonization by 7. cutaneum, the causative agent, was eliminated from the domestic
environment. By contrast, recurrence was observed in all patients who resided in
homes that were not cleaned or in homes where cleaning was not adequate [89]. In
occupationally exposed individuals, the risk of HP can be reduced by adapting mod-
ern practices and conditions that reduce the content of causative antigens.
Nevertheless, in chronic fibrotic HP patients subsequent antigen avoidance may not
reverse the disease and some of them show progressive worsening and eventually
die from the disease.

Prednisone is indicated in subacute/chronic presentations, although long-term
efficacy of these agents has yet to be determined. An optional approach consists of
0.5 mg per kg per day of prednisone for a month, followed by a gradual reduction
until a maintenance dose of 10—15 mg per day is reached. Prednisone is discontin-
ued when the patient is considered to be healed (or after a substantial improvement
of symptoms and functional abnormalities) or when there is no clinical and/or func-
tional response. Inhaled corticosteroids have been suggested for acute/subacute
cases but long-term experience is insufficient.
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Reports in pediatric HP are scanty. In one study, monthly courses of high dose of
intravenous methylprednisolone were used [90]. Additionally, oral prednisolone
was employed in most cases, and according to severity, other immunosuppressive
drugs such as azathioprine or cyclosporine were added. Most children improved,
and no mortality was observed. In chronic advanced HP in adults, we also have
explored the combination of prednisone plus azathioprine with some encouraging
results. However, there is no solid published experience so far.

Since pulmonary hypertension may negatively influence the outcome, treatment
with antihypertensive drugs such as sildenafil or iloprost may be considered on
individual basis.

Progressive lung scarring that characterizes chronic advanced HP has no effec-
tive therapy, and lung transplantation should be recommended [1]. In a recent study,
the survival posttransplant was evaluated in chronic HP and compared with IPF
[91]. Survival at 1, 3, and 5 years after lung transplant was significantly better in HP
(96%, 89%, and 89% versus 86%, 67%, and 49% in IPF). HP subjects manifested a
reduced adjusted risk of death compared to IPF subjects. Interestingly, the diagnosis
of hypersensitivity pneumonitis was made at explant in 16% of the patients empha-
sizing the diagnostic complexity of this disease when clinicians face a patient with
chronic advanced interstitial lung disorder.

The prognosis of this disease for patients displaying the acute and subacute pre-
sentations is favorable (in the absence of further exposure) and most patients heal or
display a significant improvement with some residual respiratory functional abnor-
malities remaining.

By contrast, patients with chronic HP, primarily pigeon breeder’s disease, may
evolve to interstitial fibrosis showing a high rate of mortality with median survivals
of 5 and 7 years, respectively [31, 92].

Patients with farmer’s lung, mainly those that experience recurrent acute
attacks, develop more often a syndrome similar to chronic obstructive pulmonary
diseases with airflow obstruction and emphysema, but survival data are unavail-
able [34, 93].
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Chapter 9

Interstitial Lung Disease-Associated
Pulmonary Hypertension in the Connective
Tissue Disorders

Debabrata Bandyopadhyay, Tanmay S. Panchabhai, and Kristin B. Highland

Abbreviations and Acronyms

6MWD  Six-minute walk distance

6MWT  Six-minute walk test

AA Ascending aorta

Ao Aorta

ANA Antinuclear antibodies

APAH  Associated pulmonary arterial hypertension
¢GMP  Cyclic guanyl monophosphate

CTD Connective tissue disease

CTGF  Connective tissue disease-associated growth factor
CTPA  Coaxial tomography with pulmonary angiogram
DAD Diffuse alveolar damage

DIP Desquamative interstitial pneumonia
DLco Diffusion capacity
ET Endothelin

FVC Forced vital capacity
HRCT  High resolution coaxial tomography

ILD Interstitial lung disease
IGF Insulin-like growth factor
LIP Lymphocytic interstitial pneumonia
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MCTD Mixed connective tissue disease
MPAD Main pulmonary artery diameter
mPAP Mean pulmonary artery pressure
MRI Magnetic resonance imaging
NO Nitric oxide

NSIP Nonspecific interstitial pneumonia
NT Pro-BNP  N-terminal B-type natriuretic peptide
0) Organizing pneumonia

PA Pulmonary artery

PAH Pulmonary arterial hypertension
PDGF Platelet-derived growth factor
PH Pulmonary hypertension
PM/DM Polymyositis/dermatomyositis
PVR Pulmonary vascular resistance
RA Rheumatoid arthritis

RNP Ribonucleoprotein

sGC Soluble guanyl cyclase

SLE Systemic lupus erythematosus
SSc Systemic sclerosis

TGF B Transforming growth factor beta
TR Tricuspid regurgitation

uIlp Usual interstitial pneumonia
VMI Ventricular mass index
Introduction

Pulmonary hypertension (PH) is an incurable condition that is associated with high
morbidity and morbidity. In most cases, PH eventually leads to right ventricular
hypertrophy followed by dilation, right ventricular failure, and death. PH is com-
mon in connective tissue diseases (CTD) and portends a poor prognosis. Although
CTD-associated pulmonary arterial hypertension (CTD-APAH) is an important
subgroup within Group 1 [1] pulmonary arterial hypertension, it is important to
recognize that all groups of PH can occur in the setting of connective tissue disease
(Table 9.1). Since interstitial lung disease (ILD) is also a common contributor to
morbidity and mortality in the CTDs, this chapter will focus on the challenge of
Group 3 pulmonary hypertension, which carries the worst prognosis.

PH and ILD are common in scleroderma/systemic sclerosis (SSc) [2, 3] and have
equal weight in the most recent classification scheme for SSc. The survival of SSc
patients with combined PH and ILD is particularly grim, with a fivefold increase in
mortality compared to isolated SSc-associated PAH [2, 4]. Pulmonary involvement
is also common in the other connective tissue diseases and an important cause of
morbidity and mortality. Unfortunately, there is a striking paucity of data in the
published literature across the other CTDs. Therefore, the key features seen in con-
nective tissue disease-associated interstitial disease-related pulmonary hypertension
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Table 9.1 Updated clinical classification of pulmonary hypertension 2013

1. Pulmonary arterial hypertension (PAH)
1.1. Idiopathic PAH
1.2.  Heritable PAH
1.2.1. BMPR2
1.2.2. ALK, Endoglin, SMAD9, CAV1, KCNK3
1.2.3. Unknown
1.3.  Drugs and Toxins induced
1.4. Associated with
1.4.1. Connective tissue disease
1.42. HIV
1.4.3.  Portal hypertension
1.4.4. Congenital heart diseases

1.4.5. Schistosomiasis

1.5. Persistent pulmonary hypertension of newborn

1" Pulmonary veno-occlusive disease/pulmonary capillary hemangiomatosis
1" Persistent pulmonary hypertension of new born (PPHN)

2. Pulmonary hypertension due to left heart disease

2.1.  Systolic dysfunction
2.2. Diastolic dysfunction

2.3.  Valvular heart disease

2.4. Congenital/acquired/left heart inflow/outflow tract obstruction, congenital
cardiomyopathies

3. Pulmonary hypertension due to lung diseases and/or hypoxia

3.1.  Chronic obstructive pulmonary disease

3.2. Interstitial lung disease
3.3. Mixed restrictive and obstructive pulmonary disease
3.4. Sleep-disordered breathing

3.5. Alveolar hypoventilation disorders
3.6. Chronic exposure to high altitude

3.7. Developmental anomalies

4. Chronic thromboembolic pulmonary hypertension (CTEPH)

5. Pulmonary hypertension with unclear multifactorial mechanisms

5.1.  Hematologic disorders, e.g., myeloproliferative diseases, chronic hemolytic anemia,
splenectomy

5.2.  Systemic disorders, e.g., sarcoidosis, Langerhans cell histiocytosis,
lymphangioleiomyomatosis

5.3.  Metabolic disorders, e.g., glycogen storage diseases, thyroid disorders

5.4. Others, e.g., fibrosing mediastinitis, chronic renal failure, segmental PH

Adapted from Simonneau et al. Updated clinical classification of pulmonary hypertension. J Am
Coll Cardiol. 2013 Dec 24; 62(25 Suppl: D34-41)
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(CTD-ILD-PH) highlighted in this chapter are mostly obtained from the evidence
gathered in systemic sclerosis. Inevitably extrapolation of studies to other CTDs in
regards to pathogenesis, clinical evaluation, and treatment is necessary despite
inherent differences in these conditions [5].

Interstitial Lung Disease in the CTDs

ILD is a heterogeneous group of disorders characterized by interstitial inflammation
and/or fibrosis, leading to restrictive pulmonary physiology and impaired gas
exchange. Most parenchymal abnormalities are easily appreciated on high-
resolution computed tomography (HRCT) chest, characterized by reticulation,
ground-glass opacities, traction bronchiectasis, and honeycombing [6]. ILD is more
commonly seen in SSc, rheumatoid arthritis (RA), polymyositis/dermatomyositis
(PM/DM), mixed connective tissue disorder (MCTD), and less frequently in sys-
temic lupus erythematosus (SLE) or Sjogren’s syndrome (SS). ILD has a variable
relationship with the extrapulmonary manifestations of the CTDs and can be a pre-
senting manifestation in all forms of CTD, with classifiable CTD usually occurring
within several years. However, it can also have a “forme fruste” presentation, often
known as lung dominant CTD or autoimmune featured ILD akin to the rheumato-
logic diagnosis of “undifferentiated connective tissue disease.”

Nonspecific interstitial pneumonia (NSIP) is the most common histopathologic
pattern seen in the CTDs with the exception of rheumatoid arthritis, which is more
commonly associated with usual interstitial pneumonia (UIP). Other histologic clues
for a CTD-associated ILD (CTD-ILD) include dense perivascular collagen, exten-
sive pleuritis, lymphoid aggregates with germinal centers, prominent plasmacytic
infiltration, and fewer fibroblastic foci [7, 8]. Lymphocytic interstitial pneumonia
(LIP), organizing pneumonia (OP), diffuse alveolar damage (DAD), and desquama-
tive interstitial pneumonia (DIP) have also been described in the CTDs [4].

The risk factors for development of ILD in different CTDs are presented in Table
9.2. The survival in CTD-ILD is considered better than in idiopathic pulmonary
fibrosis and is dictated by the underlying histopathology and extent of disease with
patients having organizing pneumonia or limited extent (<20% of involvement on
HRCT) NSIP having the best prognosis and patients with extensive extent of NSIP,
UIP, or DAD having the worse prognosis [9].

CTD-Associated Pulmonary Hypertension

Pulmonary hypertension is associated with all the connective tissue diseases, most
frequently in SSc. Given the systemic nature of connective tissue diseases, CTD—
PH may span WHO groups 1 through 4 and often is considered “multifactorial”
with features of several groups. In addition, pulmonary veno-occlusive disease
(PVOD) can be seen in CTD, which is characterized by the additional intimal
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Table 9.2 Risk factors Risk factors for severe ILD in SSC patients [48, 49]
predisposing to ILD in CTD

patients

e Male gender

¢ African American race

* Early disease stage (<5 years)
e Cardiac involvement

* Preexisting pulmonary fibrosis,

* Presence of dyspnea,

e Higher avascular scores on nailfold capillaroscopy,
* Esophageal dysfunction

* Anti-Scl-70 antibody (anti-topoisomerase)
Risk factors for ILD in SLE patients [50]

* Long-standing disease

* Presence of SS-A antibody

Risk factors for severe ILD in RA [51]

e Male gender,

e Late onset RA,

* History of tobacco use,

e Positive ANA and high titer rheumatoid factor
Risk factors for ILD in PM/DM [52]
¢ Female gender

* Arthralgias/polyarthritis

* Presence of antisynthetase antibodies (e.g., Jo-1), and
anti-Ro/SSA antibody

proliferation and fibrosis of the intrapulmonary veins and venules. The development
of PH is a well-recognized complication of interstitial lung diseases and the pres-
ence of high titers of certain autoantibodies make the CTD patients susceptible to
increased risk of developing ILD-PH [3, 10-14] (Table 9.3).

The exact prevalence of ILD-associated PH (ILD—PH) in connective tissue dis-
eases is not known and likely varies greatly according to underlying CTD and data
regarding CTD-ILD-PH are sparse; most observations are extrapolated from the
evidence obtained from SSc patients. In a single-center analysis of 619 SSc patients,
22.5% had isolated ILD, 19.2% had isolated PH, and 18.1% had combined ILD and
PH [15]. In a survey of community-based rheumatology clinics, patients with SSc
and ILD tended to have higher pulmonary artery pressure than those without ILD
[10]. In another retrospective case series [10] of scleroderma-ILD, the prevalence of
pulmonary hypertension was 45% and of these, 25% of SSc patients with ILD had
a mean pulmonary artery pressure (mPAP) >35 mm Hg suggesting the possibility
of coexisting pulmonary arterial hypertension since the mPAP in the setting of ILD
is generally <35 mm Hg. The presence of an elevated mPAP was associated with a
lower survival rate [10]. Data from the PHAROS registry revealed that ILD-PH
patients in SSc are more likely to be female and Caucasian with an average age at
presentation of 50 years. Other risk for actors for the development of ILD-PH in
SSc includes late onset SSc, disease duration of more than 10 years, presence of
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Table 9.3 Higher titers of High titers of autoantibodies frequently present with
certain autoantibodies lead to ILD-associated PH in CTD patients
development of ILD-

e SSc-anti Scl70 antibody, Nucleolar speckled
ANA (U3RNP), Topoisomerase antibody

¢ SLE-anticardiolipin antibody without evidence of
thromboembolism, anti-sm antibody

*  MCTD-U1RNP antibody

associated PH in CTD

telangiectasias, and severe Raynaud phenomenon [15]. At baseline, these patients
are frequently a more advanced WHO functional class than isolated PAH with simi-
lar hemodynamics. They often have diffuse cutaneous form of scleroderma, unlike
isolated PAH, which is more commonly seen in limited cutaneous SSc [16, 17].

In a series of SLE patients with PH, 8.3% had associated ILD and 20% had a
combination of pulmonary embolism, left heart disease along with ILD [11].
Patients presenting with ILD-PH in SLE tended to have a longer duration illness
than in those with just PAH. In MCTD patients, progressive ILD tends to be more
frequently associated with PH and these patients generally have predominant mani-
festations of SSc. PH in RA is most commonly due to ILD, in which case prognosis
is grim. In a series of 146 RA patients, 6% had PH, which was thought to be second-
ary to significant ILD [18]. PH in RA-associated ILD typically develops after a
prolonged course of illness, suggesting a protracted subclinical inflammation, pos-
sibly similar to the mechanism accounting for the high cardiovascular death seen in
these patients.

Etiopathogenesis

The concept regarding etiopathogenesis of ILD—PH has evolved in recent times.
Histologically, in CTD-ILD-PH, the pulmonary parenchymal disease leads to iso-
lated medial hypertrophy in the precapillary pulmonary arterial bed with or without
concurrent intimal fibrosis. Since the distal pulmonary vasculature resides inside the
interstitium, the underlying pathologic process that characterizes ILD would also
affect these pulmonary vessels in most cases. The potential “unifying pathogenic
mechanism” of developing interstitial fibrosis and pulmonary vascular remodeling
include oxidant—antioxidant imbalance, specifically a lack of glutathione, which
promotes fibrogenesis and inhibits vasodilation. The oxygen-free radicals and lack
of antioxidants are attributed to apoptosis of alveolar cells and fibroblast prolifera-
tion. The inflammatory injury also leads to damage of epithelial cells and basement
membranes, leading to fibrin exudation, fibroblast activation, and proliferation.
Tumor growth factor (TGF-f), platelet-derived growth factor (PDGF), insulin-like
growth factor 1 (IGF 1), and connective-tissue growth factor (CTGF) also play an
important role in this respect. For example, in SSc-associated ILD—PH, gene poly-
morphism of CTGF and autoantibodies to PDGF have been described [56].
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Fig. 9.1 Unifying etiopathogenic mechanism of development of ILD and pulmonary hyperten-
sion. /L interleukin, LPA Lipopolysaccharide, TGF transforming growth factor, CTGF connective
tissue growth factor, /GF Insulin like growth factor, sGC soluble guanylate cyclase, NO nitric
oxide, cGMP cyclic guanylate monophosphate

The unbalanced oxidative stress also leads to inactivation of soluble guanylyl
cyclase (sGC), and the inhibition of its potent vasodilatory and antifibroproliferative
effects via the sSGC-NO-cGMP pathway [14, 19, 20]. Another common pathway to
fibrosis and PH is endothelin 1 (ET-1). Endothelin-1 is not only a potent pulmonary
vasoconstrictor but also a growth factor for endothelial cells and myofibroblasts. In
experimental models, overexpression of ET1 has been noted in pulmonary fibrosis
in addition to pulmonary hypertension. The ET-1 type-A receptor has been found to
induce TGF-B1 and subsequent fibrosis. This “unifying mechanism” cascade lead-
ing to development of pulmonary fibrosis and pulmonary hypertension is illustrated
in Fig. 9.1.

Clinical Manifestations

The clinical features of CTD-ILD-PH are nonspecific including progressive dys-
pnea, oxygen desaturation, fatigue, and functional limitations, which are often
worse because of the combination of PH and ILD; often in excess of what would be
expected from pulmonary function testing or parenchymal abnormalities. In advance
stages, patients may present with symptoms of presyncope or syncope, chest pain,
and peripheral edema due to cor pulmonale.
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The physical examination has features of both pulmonary hypertension and
interstitial lung disease. A loud P2 due to increased pulmonary artery pressure and
a right ventricular heave suggesting right ventricular hypertrophy may be appreci-
ated. Additionally, there may be an apical mid-diastolic rumble and a left paraster-
nal holosystolic murmur, both increasing in inspiration due to a dilated pulmonary
artery and tricuspid regurgitation, respectively. With advanced PH, patients may
develop signs of right heart failure including elevated jugular venous pressure with
prominent V waves with rapid y descent, right-sided S3 and/or S4, tender pulsatile
hepatomegaly, ascites, and peripheral edema. In addition, frequently patients have a
resting tachycardia and cardiac cachexia [10]. The presence of end-inspiratory
crackles is associated with the presence of interstitial lung disease.

A complete detailed physical may

suggest the presence of an underlying CTD. For example, the presence of telan-
giectasias, digital ulcerations/pits, calcinosis, sclerodactyly, and/or more proximal
skin thickening suggests a diagnosis of scleroderma. The presence of a rash, alope-
cia, keratoconjunctivitis sicca, arthritis, and/or proximal muscle weakness are other
clues indicating the presence of an underlying connective tissue disease.

Diagnostic Strategy

Despite a high prevalence of PH complicating ILD in the CTD patients, diagnosis
often gets delayed due to the inherent difficulty in detecting PH in the context of
ILD. The clinical symptoms such as dyspnea, fatigue, and poor exercise tolerance are
nonspecific, so the detection of PH in ILD patients relies on a high index of suspicion.
Profound exercise desaturation during 6 min walk testing (6MWT) is a hallmark for
the presence of PH in ILD patients. Nonetheless, concomitant musculoskeletal
involvement, particularly pain, confounds the utility of 6MWT in CTD [21].

A restrictive ventilatory defect can also be seen in both PH and ILD, although the
defect is typically mild in isolated PAH and more substantial in interstitial lung
disease. A low diffusion capacity (DLco) may be seen in either PH or ILD. In SSc,
a low DLco <40% is a highly sensitive screen for the presence of PH and a FVC/
DLco ratio >1.6 strongly suggests the presence of PH in a background of interstitial
fibrosis. Interestingly, the absolute DLco value does not correlate with the severity
of PH in these patients [10, 14, 16].

The chest X-ray in CTD-ILD-PH may demonstrate features of pulmonary
hypertension including central pulmonary artery dilation with peripheral pruning
and dilated right-sided chambers in addition to reticulation and infiltrates due to
ILD (Fig. 9.2) [22]. High-resolution chest computed tomography (HRCT) has the
ability of simultaneously assessing the degree of parenchymal lung disease and has
been used to predict the presence of concomitant pulmonary hypertension. In a
retrospective study analyzing the relationship between PH and ILD, a mean pulmo-
nary artery diameter (MPAD) greater than 2.9 cm had a sensitivity of 87% and
specificity of 89% in predicting the presence of PH [23]. Similar results have been
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Fig. 9.2 Chest X-ray of a
systemic sclerosis patient
showing reticulo-nodular
opacities in keeping with
interstitial lung disease. It
also demonstrates enlarged
cardiac silhouette
prominent central
pulmonary vasculature,
consistent with pulmonary
hypertension

shown in patients with patients with SSc with combined ILD-PH, although results
were attenuated by a low % forced vital capacity [24]. A ratio of main PA to ascend-
ing aorta diameter greater than one (MPA/AA >1) correlates strongly with presence
mPAP >20 mm of Hg [25]. Interestingly, these radiographic correlations for pres-
ence of PH have not been reproduced in other studies in the context of ILD [26, 27].

Cardiac MRI variables such as ventricular area and diameter ratios, right ven-
tricular mass, ventricular mass index (VMI), size of pulmonary artery, and pulmo-
nary artery/aorta ratio (PA/Ao) have greater diagnostic and prognostic utility in
CTD patients with suspected PH, compared to HRCT. However, it is an expensive
tool and its clinical value in assessing CTD-ILD-PH is yet to be determined [28].

The eletrocardiogram (ECG) may demonstrate right atrial enlargement, right
ventricular hypertrophy, and right axis deviation as well as rhythm abnormalities,
most commonly supraventricular in origin (Fig. 9.3). A low voltage ECG may be
seen in the setting of a pericardial effusion, which is not uncommon in patients with
CTD. Although ECG is frequently abnormal, it is not sensitive or specific enough
as a screening tool.

Although the transthoracic echocardiogram is still the best screening tool to detect
PH associated with CTD-ILD [29], the measurement of the systolic pulmonary
artery pressure (SPAP) in patients with advanced lung diseases may be misleading
[30, 53]. PH is likely if the tricuspid regurgitant (TR) jet velocity is >3.4 m/s and/or
the systolic pulmonary artery pressure (SPAP) is >50 mm of Hg. PH may also be
possible if the TR jet velocity is 2.8—3.4 m/s and systolic SPAP >36 mm of Hg if there
are other associated features such as increased dimensions of right heart chambers,
increased right ventricular (RV) wall thickness, RV hypokinesis, dyskinesia of the
interventricular septum, and/or a dilated main pulmonary artery [29]. In general, the
sensitivity and specificity of Doppler-estimated SPAP in predicting PH ranges from
0.79 to 1.0 and 0.6 to 0.98, respectively [10]. In a retrospective study, right ventricu-
lar dilatation on echocardiogram predicted early mortality patients with
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Fig. 9.3 EKG demonstrating cor pulmonale due to pulmonary hypertension. It shows tall peaked
P-wave in lead II, consistent with right atrial enlargement and positive tall QRS deflection in lead
V1 due to right ventricular hypertrophy

ILD. Moreover, SSc patients with PH often have disproportionately severe RV dys-
function; in fact severe RV depression may even be seen without associated PH [31].
Although echocardiogram can aid in predicting PH in ILD patients, it should not be
solely relied upon. In ILD patients, a composite index of CT scan measured MPAD
and SPAP on echocardiogram predicts PH better than each parameter alone [32].

Serum biomarkers are also useful in determining and prognosticating PH in ILD
patients. An elevated B-type natriuretic peptide (BNP) and N-terminal pro-BNP
(NT pro BNP) have been found to be an accurate predictor for the presence of PH
in ILD. An NT pro-BNP level >240 pg/ml has a 90% specificity for detecting PH in
SSc patients, and serial changes in NT pro-BNP also correlate with survival [33].
However, it should not be viewed in isolation as pro-BNP may remain elevated in
other causes of CTD-related PH such as cardiac dysfunctions or in patients with
renal insufficiency.

The gold standard for the diagnosis of pulmonary hypertension remains the right
heart catheterization (RHC) and is useful in excluding PH due to elevated left-sided
filling pressure (Group 2 PH), which is also commonly seen in CTD. The RHC can
also be used prognostically. In patients with diffuse fibrotic lung diseases, early mor-
tality is strongly linked to an elevated pulmonary vascular resistance (PVR) [30].

Prognosis

Although most of the published cohorts of CTD—PH involved SSc patients, limited
data suggests similar outcomes in other CTDs. The presence of PH is an important
predictor of mortality in CTD patients. This adverse prognosis is further
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compounded by coexisting ILD. Even in the modern treatment era, the outcome in
CTD-ILD-PH is depressingly low. In a retrospective analysis of SSc patients who
developed ILD-PH, the 1-, 2-, and 3-year mortality was 29%, 61%, and 79%,
respectively, in spite of PH-specific therapy [34]. The predictors of adverse outcome
included a low arterial oxygen tension and poor kidney function. A RHC-based
study in SSc patients has reported that the 3-year survival with isolated PAH is 45%
whereas for ILD-PH, it is only 28%. Little is known regarding the survival of ILD—
PH in other CTDs. Mitto and coworker noted median survival of 34 months in a
case series of patients with CTD-ILD-PH, although the majority of his patients
were SSc [2]. Interestingly, in this series, the SSc patients had a worse survival than
the other CTD cohorts. Age greater than70 years, male gender, NYHA functional
class 4, severely reduced DLco (<39%), reduced 6MWD, impaired renal function,
presence of pericardial effusion, and a low mixed venous oxygen saturation are risk
factors for a poor prognosis in SSc Group 3 PH [35-37, 54, 55].

Management

Although the survival of patients with CTD-associated PAH has improved in the
modern treatment era, the response to PH specific therapy is disappointing in ILD-
related PH. The major focus of treatment in ILD-PH is the management of the ILD
with immunosuppression. Inflammation is also felt to play a vital part in the devel-
opment of PH secondary to the CTDs; and small studies have suggested that immu-
nosuppressive therapy with combined cyclophosphamide and corticosteroids is
associated with clinical improvement in PH due to SLE, MCTD, and demonstrated
by an improvement in WHO functional class, distance walked in 6MWD, as well as
mPAP [38]. There are also case reports suggesting pulmonary arterial hypertension
in SLE improves with rituximab therapy [39], and rituximab is currently under
investigation for SSc-associated PAH [40] and is of interest for the treatment of
SSc-associated ILD. Further research is needed to ascertain the exact role of immu-
nosuppression in these subsets of patients given the paucity of data investigating the
role of immunosuppression for combined ILD and PH in CTD patients.

In advanced lung diseases, chronic hypoxemia leads to vasoconstriction of the
pulmonary vasculature, thus worsening PH. The use of supplemental oxygen to
maintain an oxygen saturation above 90% is recommended. Lifestyle recommenda-
tions also have an important role in management of CTD—PH. Those include smok-
ing cessation, counseling against pregnancy, reduced salt intake, immunization
against influenza, and pneumococcal pneumonia. These patients are prone to suffer
from anxiety and depression, so often need a psychosocial support. In CTD-PAH,
exercise training, as an add-on to medical therapy, has been found to improve exer-
cise capacity, quality of life, and 3-year survival rate [41, 42]. Studies are needed to
assess similar efficacy of exercise training in CTD-ILD-PH. The role of anticoagu-
lation in CTD-PH is unclear as patients may have an increased bleeding risk from
intestinal telangiectasia. There are no data supporting anticoagulation in CTD-—
ILD-PH. Patients should be appropriately diuresed.
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There was initial enthusiasm for the use of PAH-specific vasoactive medications
in CTD-PH-ILD due to the common linkage in etiopathogenesis. In a retrospective
analysis of 70 SSc ILD-PH patients, PH therapy with prostanoids, phosphodiester-
ase-5 inhibitors and endothelin receptor antagonists did not show any clear-cut ben-
efit in terms of WHO functional class, 6o MWD, and pulmonary hemodynamics [43].
Small clinical studies suggest that PAH-specific therapies may be associated with
worsening hypoxemia due to V/Q mismatch. Nevertheless, inhaled iloprost and oral
sildenafil have been found to decrease pulmonary vascular resistance without sig-
nificantly reducing arterial oxygen tension in a small study [10]. In another small
series of CTD-ILD-PH, both sildenafil and bosentan were well tolerated [2].
Intravenous or subcutaneous treprostinil has also been suggested to be efficacious
in ILD-related PH for improving pulmonary hemodynamics and 6MWD [35].
However before treatment recommendations can be made, larger multicenter pro-
spective randomized placebo-controlled trials in CTD-ILD-PH are required.

Lung Transplantation

Lung transplantation is being offered more frequently in CTD patients with ILD
and/or PH, given the limited efficacy of conventional medical therapy. Since the
inception of the lung allocation score (LAS), CTD-ILD patients receive additional
points upon development of PH because of their worse prognosis. Many centers are
reluctant to perform lung transplantation in CTD patients because of the concomi-
tant involvement of other organs, particularly esophageal dysfunction that is
believed to contribute to allograft dysfunction. Although other organ dysfunction is
not an absolute contraindication for lung transplantation in CTD patients, it does
portend a higher risk for posttransplant complications [36]. In SSc, transplant out-
comes have been shown to be similar in carefully selected patients with ILD and/or
PH, compared to patients with idiopathic pulmonary fibrosis and idiopathic PAH
with a 72% and 55% 2-year and 5-year survival, respectively [37, 44]. Similar
results have been reported in a small series of a heterogeneous population of con-
nective tissue disorders undergoing lung transplantation [45].

Future Directions

The shared etiopathogenesis of pulmonary fibrosis and PH has led to management
focus on addressing increased expression of growth factors. As a result, imatinib, a
PDGEF inhibitor, has been tested in experimental models and the subsequent results
of Phase II trials are encouraging in this respect, although associated with increased
adverse events [46]. Riociguat, a guanylate cyclase stimulator increasing production
of NO, has a great potential for use in ILD-associated PH and is currently being
investigated [47]. Research is also ongoing assessing the efficacy of the antifibrotic
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drugs, such as nintedanib, in SSc. These agents may be beneficial in treating both
the underlying ILD as well as vascular remodeling due to fibroproliferation of the
pulmonary vasculature.

Conclusion

PH is frequent in CTD-ILD, particularly in SSc and the presence of PH along with
ILD leads to a fivefold increase in mortality. These patients generally have a subop-
timal response to conventional PH therapies and robust data regarding the use of
aggressive immunosuppressive therapy or PAH-specific therapy are lacking.
Nevertheless, some patients may benefit from PAH-specific therapy and/or immu-
nosuppressive therapies in order to control PH as well as ILD. However, because of
the disappointingly poor prognosis, patients candidacy for lung transplantation
should be evaluated.
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Chapter 10
Pulmonary Hypertension in Rare
Parenchymal Lung Diseases

Oksana A. Shlobin and Steven D. Nathan

Introduction

This chapter summarizes data published on pulmonary hypertension (PH) in rare
parenchymal lung diseases including Pulmonary Langerhan’s Histiocytosis,
Lymphangioleiomyomatosis, Neurofibromatosis 1, Cystic Fibrosis, and several oth-
ers. These diseases have widely differing etiologies and pulmonary pathophysiol-
ogy changes; however, all of them may be complicated by the development of
PH. These conditions often share similar mechanisms responsible for the develop-
ment of PH, but in some, there are also unique elements that may be contributory.
Figure 10.1 summarizes the various mechanisms that may account for the develop-
ment of PH.

PH in Pulmonary Langerhans’s Histiocytosis (PLCH-PH)

Pulmonary Langerhans’s cell histiocytosis (PLCH) (also known as histiocytosis X
and previously called Eosinophilic Granuloma (EG)) is an uncommon lung disease
which affects primarily young adults, almost exclusively with a history of current or
prior cigarette smoking [1]. Rarely, patients with PLCH have systemic manifesta-
tions (Langerhan’s cell histiocytosis) with involvement of the skin, lymph nodes, as
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well as the liver, spleen, bone marrow, thymus, and the central nervous system [1].
Systemic disease is not associated with history of smoking.

The true incidence of the disease is unknown. In adults, the incidence is esti-
mated to be one to two cases per million adults. A male predominance has been
described in some case series, while the incidence appears to be higher in whites of
northern European descent than in blacks [2].

The true incidence and prevalence of PLCH are unknown. In a 5-year prospec-
tive study in 20 pulmonology centers in Belgium, 3% of 360 patients with intersti-
tial pneumonia had LCH [3]. A survey of discharge diagnoses in large hospitals in
Japan over a 1-year period found 160 cases of PLCH, with the crude prevalence of
the disease estimated at 0.27 and 0.07 per 100,000 in males and females, respec-
tively [4]. Although not comprehensive and with inherent bias, these data confirm
that PLCH is relatively rare. The prevalence of PLCH is, however, probably under-
estimated because some patients exhibit no symptoms or experience spontaneous
remission, and histological findings are nonspecific in the advanced forms. No
occupational or geographic predisposition has been reported but tobacco smoke is
thought to be a major etiologic factor.

The Langerhans cell, a differentiated cell of the monocyte—macrophage line, is the
pathologic cell type of PLCH. It is characterized by pale staining cytoplasm, a large
nucleus and nucleoli, and, on electron microscopy, classic pentalaminar cytoplasmic
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inclusions or Birbeck granules (X-bodies). Langerhans cells also demonstrate positive
immunohistochemical staining for S100 protein (sensitive but not specific feature).
Another characteristic is the strong presence of CD1 antigen on the cell surface, a
feature not observed in other cells of histiocytic origin. Langerin, the most specific
stain, is not routinely performed and not widely available. In the lung, early inflamma-
tory lesions surround the smaller bronchioles and usually contain a mixture of eosino-
phils, lymphocytes, and neutrophils, with eosinophils not being a dominant cell type,
thus making EG a misnomer [5].

Three pathologic features frequently seen along changes specific to pulmonary
Langerhans cell histiocytosis include smoking-related changes:

a. Pseudo-desquamative interstitial pneumonia (DIP) which is characterized by the
accumulation of alveolar macrophages in the pulmonary parenchyma between
the typical lesions containing Langerhans cells.

b. Respiratory (“‘smokers”) bronchiolitis which is characterized by pigmented mac-
rophages filling the lumen of bronchioles and the surrounding alveolar spaces.

c. Intraluminal fibrosis which is characterized by alveolar obliteration and the
development of intraluminal buds) [6, 7].

The disease course of PLCH is variable with approximately one quarter of the
cases undergoing spontaneous regression, one half maintaining a stable disease
state, and the remaining quarter developing progression to end-stage disease. This
is characterized by chronic respiratory failure with irreversible airflow obstruction,
hypoxemia, and less commonly hypercapnia [8, 9]. PH, as defined by right heart
catheterization, is a common complication of end-stage PLCH [10]. Most reports
pertaining to PH in PLCH have been gleaned from cohorts of patients evaluated for
lung transplantation [11] although the development of PH in patients with stable
disease has also been described [12].

Pathologically, a vasculopathy comprised of lesions that affect small airways can
involve both pulmonary arterioles and venules, including pulmonary veno-occlusive
disease (PVOD)-like lesions [12]. Although the pathogenesis remains unclear, it is
postulated to involve vascular remodeling with diffuse medial hypertrophy, intimal
fibrosis, and/or proliferation of smooth muscle cells (Figs. 10.2 and 10.3). These
pathologic changes may be due to or independent of parenchymal changes, second-
ary to the effects of chronic hypoxemia, and/or related to the abnormal production
of inflammatory cytokines and growth factors (Interleukin-1, Interleukin-6, tumor
growth factor beta, and platelet-derived growth factor (PDGF)) [13-15].

In advanced PLCH, right heart catheterization (RHC)-confirmed PH occurs with
a reported prevalence of 92-100% [11, 16]. The majority of these patients (65—
75%) have severe PH with a mean pulmonary arterial pressure (mPAP) over
35 mmHg. Therefore, the prevalence and severity of PLCH-PH seems to be higher
than in other chronic respiratory diseases [15].

PH usually develops years following the diagnosis of PLCH; however, there are
also instances of a simultaneous diagnosis of PLCH with PH [16]. A report from the
largest published cohort from the French registry of PLCH patients showed that the
patients were diagnosed with PH an average of 11 years post-PLCH diagnosis. In
this registry, a total of 29 patients were described, 60% of whom were male with a
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Fig. 10.2 This image shows a normal bronchiole and accompanying artery. Note that the diameter
and caliber of the artery is similar to that of the airway, when normal (H&E, 40x)

Fig. 10.3 This artery shows concentric fibrointimal thickening and significant medial hypertro-
phy, typical of hypertensive changes (H&E, 200x)

mean age of 43 years, and most had functional class II/IIl symptoms. Their mean
six-minute walk test (6(MWT) was 355 m while their hemodynamic profile included
a mean right atrial pressure (RA) of 5 mmHg, mPAP of 45 mmHg, mean cardiac
index (CI) of 3.2 L/min/m?, and a mean pulmonary vascular resistance (PVR) of 6.9
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Table 10.1 Response to PAH therapy in PLCH-PH patient cohort
Short-term Long-term
Measurements Baseline follow up follow up P Value P Value
WHO functional class I-I1I/ | 1/11 6/6 4/6 12 37
III-1V, No.
6MWT, m 376 =96 403 £ 74 415 +90 25 .20
Hemodynamics
Mean BP, mmHg 102 +24 98 + 15 90+ 13 57 .20
RAP, mmHg 8+4 6+4 8x5 18 .59
PCWP, mmHg 11+4 10+3 11+3 40 71
mPAP, mmHg 56 = 14 45+ 12 43 +11 .03 .04
CO, L/min 5517 6.4+1.7 69+1.1 .08 <.01
Cardiac index, L/min/m?> 2.9 +0.8 3.4+08 3.6+0.5 .09 <.01
PVR, dyne/s/cm’ 701 +£239 1469 =210 348 + 104 .01 <.01
Oxygen requirement in 37+x2.1[3] 120x3.5[3] [20+x34]3] .20 .20
patients on oxygen at
baseline, mean + SD (No.),
L/min

Adapted from Le Pavec J, Lorillon G, Jais X, et al. Pulmonary Langerhans Cell Histiocytosis-
Associated Pulmonary Hypertension Pulmonary Langerhans Cell Histiocytosis: Clinical
Characteristics and Impact of Pulmonary Arterial Hypertension Therapies. Chest 2012;
142(5):1150-1157

wood units (Table 10.1). The patients had obstructive physiology with moderate-to-
severe airflow obstruction, air trapping, and a severely reduced single breath diffus-
ing capacity for carbon monoxide (DLco) [16].

Predictors of PH development in PLCH have not yet been described, as no for-
mal comparison exists between patients with and without PH. In the French registry,
a decrease in the DL, along with a moderate reduction in the FEV 1, appeared to
be temporally related to the development of PH [16]. However, it does make intui-
tive sense that predictors of PH with demonstrated utility in other more common
forms of diffuse parenchymal lung disease would have a role in predicting the pres-
ence of PH in PLCH. These predictors include a reduced 6MWT distance, desatura-
tion, echocardiography (ECHO) findings, and elevated brain natriuretic peptide
(BNP or pro-NT BNP), all of which could play a role in predicting the presence of
PH in PLCH.

PH complicating the course of patients with PLCH appears to have significant
ramifications. When PH is present, impairment in exercise capacity is likely primar-
ily due to a vascular rather than a parenchymal limitation [9]. Survival in PLCH-PH
remains poorly defined due to the small number of patients available for study.
Outcomes of PLCH-PH (based on ECHO findings) patients suggest a median sur-
vival between 7.6 and 50 months [17, 18]. Not surprisingly, worsening of symptoms
as measured by World Health Organization (WHO) functional class was found to be
significantly associated with death in the French registry cohort (p = .03) [16].
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The same registry reported 1-, 3-, and 5-year survivals of 96, 92, and 73%,
respectively, although approximately half the patients received PAH-specific ther-
apy which could have influenced these outcomes [16] (Table 10.1).

The treatment of PLCH-PH has not been standardized. There are theoretic con-
cerns with the empiric treatment of PH in PLCH with PAH medications. Specifically,
as there is a high incidence of pulmonary venular obstruction, there is the inherent
risk of pulmonary edema when the right ventricle is unloaded. Also, there might be
worsening in oxygenation as a result of increased ventilation/perfusion imbalance
due to inhibition of hypoxic pulmonary vasoconstriction [19]. Therefore, the use of
PAH-specific therapies has previously been thought to be hazardous [12]. Fourteen
patients from the French Registry received PAH therapies, ten of whom were placed
on an endothelin receptor antagonist (ERA), five on a phosphodiesterase 5 inhibitor
(PDES5i), with 2 of 15 receiving upfront combination therapy. Five patients (35%)
ultimately received a second PAH agent, either instead of or in combination with the
initial drug. Follow-up assessment was available in 12 of the treated patients at a
mean of 5.5 £ 2.5 months after baseline. WHO functional class improved by at least
one in eight patients (67%), while five subjects (45%) demonstrated >10% increase
in 6GMWT, three (27%) of whom demonstrated >20% improvement. All 12 patients
who underwent a follow-up RHC showed significant improvements in mPAP, PVR,
and CI in comparison to their baseline measurements. This improvement in hemo-
dynamics was sustained over time based on a third invasive evaluation performed
16 + 4 months after baseline in ten patients (Table 10.1). These improvements were
associated with a trend toward a better survival (p = .09) [16]. During a median
observation period following the initial RHC of 35 months (range 2.7—130 months),
five patients died and six underwent lung transplantation at a mean interval of
43 + 30 months and 20 + 15 months, respectively. In addition to this Registry data,
there have been several other case reports attesting to the successful use of PAH
specific therapy (bosentan and sildenafil) for PLCH-PH [20, 21].

PH in Lymphangioleiomyomatosis (PH-LAM)

Lymphangioleiomyomatosis (LAM) is a rare multisystem disease occurring almost
exclusively in women of reproductive age. The term sporadic LAM is used for
patients with pulmonary LAM not associated with tuberous sclerosis complex
(TSC). TSC is characterized by germ line mutations, whereas the majority of LAM
patients have biallelic mutations in the TSC1 or TSC2 genes [22].

The incidence and prevalence of pulmonary LAM are unknown. Based on data
from the LAM registry, there are approximately 1300 known patients with LAM in
North America [23]. Given the prevalence of TSC, however, it is estimated that at
least 8000—10,000 women have cystic lung lesions consistent with LAM. Caucasians
are afflicted much more commonly than other racial groups. LAM has rarely been
reported in men, almost always in association with definite or probable TSC [23].
The pathogenesis is also unknown with some data suggesting a role for loss of



10 Pulmonary Hypertension in Rare Parenchymal Lung Diseases 187

Fig. 10.4 1In this example a LAM lesion is seen involving peribronchiolar lymphatics. The adja-
cent artery is normal (H&E, 100x)

tumor suppression functions of certain cellular proteins (e.g., hamartin, tuberin) or
abnormalities in enzymes involved in the synthesis of catecholamines [24]. However,
it is not clear how defects in these proteins result in LAM. LAM does not develop
prior to puberty; it is extremely rarely postmenopause and is exceedingly rare in
males. This predilection suggests that estrogen may have a pivotal role in disease
progression, although probably not pathogenesis. Estrogen and progesterone recep-
tors have been demonstrated in a subpopulation of the atypical smooth muscle
(LAM) cells and appear to be downregulated by hormonal therapy [25].

Both sporadic and TSC-associated pulmonary LAM are characterized pathologi-
cally by interstitial collections of LAM cells and perivascular epithelioid cells
around bronchovascular structures extending into the interstitium (Fig. 10.4). These
result in tortuous and dilated lymphatics and venules as well as cyst formation.
Hemosiderosis is common and is a consequence of clinically insignificant hemor-
rhage due to the rupture of dilated and tortuous venules [26].

Immunohistochemistry stains for melanocytic markers such as human melanoma
black 45 (HMB-45), Melan-A, tyrosinase, microphthalmia transcription factor, and
muscle markers such as smooth muscle actin, pan-muscle actin, muscle myosin, and
calponin are typically positive [24]. In addition, immunohistochemical evaluation
of lung tissue from LAM patients demonstrates immunoreactivity of LAM cells for
vascular endothelial growth factor-D (VEGF-D), which is a lymphangiogenic fac-
tor. This observation correlates with several reports of elevated serum VEGF-D lev-
els in LAM patients with lymphatic involvement [27].

Radiographically, pulmonary involvement typically manifests as diffuse thin-
walled cysts, ranging from 0.1 cm to several centimeters in diameter [28]. The
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thoracic duct is frequently thickened and dilated. Clinically, most patients present
with progressive dyspnea on exertion. Spontaneous pneumothorax, chylothorax,
and PH are other pulmonary manifestations. Extrathoracic involvement includes
lymphangioleiomyomas (benign neoplasms of lymphatic vessels that appear as cys-
tic masses in the mediastinum, retroperitoneum, or pelvis), chyloperitoneum, renal
angiomyolipomas, and meningiomas.

There is a paucity of data on PH complicating LAM. It is thought to be rare, with
areported prevalence of 7% in LAM patients across a wide spectrum of disease [29].
In with more advanced disease, specifically those LAM patients being evaluated for
lung transplantation, the prevalence has been reported as high as 45-100% [30, 31],
suggesting that the prevalence increases with worsening of the underlying disease
process. In the French series [29], a comparison of those patients with and without
PH revealed no difference between the two groups in age, menopause status, smok-
ing history, imaging, occurrence of renal tumors, pneumo and/or chylothoraces, or
association with tuberous sclerosis complex. However, study subjects with PH had
more pronounced airflow obstruction, lower DL¢o, and a shorter distance and more
desaturation on 6MWT. There was no correlation with physiological disease severity
and PH was therefore also seen in patients with preserved lung volumes. PH was
mild to moderate (mean mPAP ~32 mmHg) in severity and generally occurred with
a preserved cardiac output (5.4 = 1.9 L/min) without evidence of right heart failure.

The pathogenesis of PH in LAM is not completely understood. As in other
advanced lung diseases, chronic hypoxia with pulmonary hypoxic vasoconstriction
may play a role. Interestingly, in a study of six patients, no correlation between
hemodynamic parameters and the partial pressure of oxygen was demonstrated
[32], most likely due to the very small cohort studied. Vascular bed obliteration due
to parenchymal destruction and vascular compression from obstructive physiology
may also occur. On the cellular level, involvement of the PA walls by characteristic
HMB-45 positive cells may contribute to the pathogenesis, potentially via activation
of the mammalian target of rapamycin (mTOR) signaling [33].

The presence of PH has significant clinical implications for LAM patients. In
one study, the estimated pulmonary artery systolic pressure (sPAP) during peak
exercise assessed by TTE had a negative correlation with oxygen saturation.
Moreover, increases in SPAP were noted during low-level exercises fairly com-
monly [34]. In the French series [29], patients with PH had significantly more dys-
pnea, day-to-day limitations, and were all categorized as NYHA functional class 3
or 4. Almost a quarter of the patients died or underwent lung transplantation within
2 years of PH diagnosis; indeed, the transplant-free probability of survival was 87%
at | year, 78% at 2 years, and 56% at 3 years [29].

There is a paucity of data on the treatment of PH associated with LAM. In the six
patient series earlier, all participants received oral PAH-specific therapy with a signifi-
cant benefit seen in their hemodynamic profile as manifest by the mean mPAP decreas-
ing from 33 = 9 to 24 + 10 mmHg with a decrease in the PVR from 481 + 188 to
280 =79 dyn/w/cm= [29]. At this time, the treatment of PH in LAM cannot be routinely
recommended and if considered should be undertaken at a tertiary PH referral center.
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PH in Neurofibromatosis 1 (PH-NF1)

There are three major clinically and genetically distinct forms of neurofibromatosis:
neurofibromatosis types 1 and 2 (NFl and NF2) and schwannomatosis.
Neurofibromatosis (NF1), or von Recklinghausen disease, is an autosomal domi-
nant genetic disorder with an incidence of approximately 1 in 2600 to 1 in 3000
individuals, with half of the cases categorized as familial and the rest sporadic or
so-called Segmental NF1. The de novo postzygotic mutations occur primarily in
paternally derived chromosomes with the likelihood of de novo NF1 increasing
with advanced paternal age [35].

NF1 develops as the result of mutations in the NF1 gene located at chromosome
17q11.2 with complete penetrance but highly variable expression. NF1 encodes
neurofibromin which is expressed in many tissues, including the brain, kidney,
spleen, and thymus. Neurofibromin is a guanosine triphosphate hydrolase (GTPase)-
activating protein (GAP) and belongs to the ras p21 protein family that downregu-
late the cellular proto-oncogenes and are important determinants of cell growth and
regulation as well as activators of a number of signaling pathways [36].

NF1 a multisystem disease characterized by café-au-lait spots, Lisch nodules
(iris hamartomas), and neurofibromas with distinctive axillary and/or groin freckles
on physical examination [35]. Very rarely, NF1 patients may develop PH, pulmo-
nary artery stenosis, and interstitial lung disease. Interstitial lung disease is probably
the most common manifestation and radiographically most often presents as cystic
or bullous changes or a mosaic pattern of attenuation [37].

The pathogenesis of NF-1-associated PH is unknown. Pathologically, PAH-
like plexiform lesions, intimal thickening and fibrosis, and hyperplasia of
smooth muscle wall have all been described [38—40]. On a molecular level, it
has been postulated that NF1 facilitates vascular remodeling via interactions
with PDGF, Ras, mTOR, and extracellular signal-related kinase activities result-
ing in proliferative signaling and misguided angiogenesis [41, 42]. Unlike in
some cases of familial PAH, no bone morphogenic protein receptor 2 (BMPR?2)
point mutations or large size allele rearrangements have been identified in sev-
eral case studies [38, 40].

PH seems to develop late in the course of NF1, but the true prevalence is
unknown. Most reported patients are >50 years of age and are predominantly
female. In one series, a median delay from the time of diagnosis of 44 years was
noted [39]. When PH is diagnosed, patients usually have moderate-to-severe dis-
ease with mildly decreased cardiac outputs and signs of right heart failure.
Patients tend to be very symptomatic with NYHA class 3 symptoms and severely
decreased exercise tolerance as demonstrated by a median 6MWT distance of
only 180 m from one study. Lung volumes can be normal, obstructive, or restric-
tive in nature, but the DL is always decreased out of proportion to other pulmo-
nary function tests parameters [38]. Several case reports of NF1-PH treatment
show very limited efficacy [38, 39].
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PH in Cystic Fibrosis (PH-CF)

Cystic Fibrosis (CF) is a most common multisystem autosomal recessive progres-
sive disease in Caucasian population, with a frequency of 1 in 2000-3000 live births
in the United States. It is increasingly recognized in non-Caucasian population and
occurs in approximately 1:9200 Hispanics, 1:10,900 Native Americans, 1:15,000
African Americans, and 1:30,000 Asian Americans, with prevalence estimates
expected to increase with improved newborn screening and increasing recognition
of nonclassic presentations of the disease [43]. According to the 2013 CF Foundation
Registry Report published in 2014, the median survival for CF patients in the United
States is 40.7 years [44], a significant increase over the last two decades.

CF is caused by mutations in a single large gene located on chromosome 7 that
encodes the CF transmembrane conductance regulator (CFTR) protein, with clini-
cal disease development predicated by disease-causing mutations in both copies of
the CFTR gene [45]. CFTR functions as a regulated chloride channel, which in turn
may regulate the activity of other chloride and sodium channels at the cell surface.
To date, the CF Mutation Database lists more than 1900 different mutations with
disease-causing potential, with delta F508 (being the most common mutation [46]).

Mutations of the CFTR are divided into five different classes: defective protein
production (Class I), defective protein processing (Class II), defective regulation
(Class III), defective conduction (Class 1V), and reduced amounts of functional
CFTR protein (Class V). Class I-III mutations are thought to cause more severe
disease than the others, although genotype—phenotype correlations are weaker for
pulmonary manifestations compared to pancreatic insufficiency phenotypes [46,
47]. Delta F508 is a Class II mutation and accounts for 70% of disease-causing
alleles in the United States. Over 50% of CF patients are homozygous and 90% are
heterozygous for delta F508. Finally, in up to 20% of patients, inconsistency in
phenotypic expression of the disease is thought to be in part a result of action of
gene modifiers (such as transforming growth factor-beta 1 and mannose-binding
lectin) that are not directly related to the CFTR gene but nevertheless affect the
severity of clinical disease manifestations [48].

Traditionally, patients with the typical form of CF were described as having
“classic” CF with clinical disease in one or more organ systems, an elevated sweat
chloride test, and lungs being the most commonly affected organ. Approximately
20% of CF patients have the “nonclassic” phenotype and fulfill the diagnostic crite-
ria of CF but have normal or intermediate sweat chloride tests [49]. Presently, their
diagnosis is most often confirmed by gene sequencing. It is increasingly recognized
that there is a wide spectrum of disease severity in CF. Patients with a nonclassic
clinical phenotype tend to be diagnosed later, usually have less severe pulmonary
disease, no gastrointestinal involvement, and genetically, a higher frequency of
unusual CFTR mutations [50].

Pulmonary manifestations of adult CF develop due to thickened and viscous air-
way secretions as a consequence of the abnormal transport of chloride and sodium
across the respiratory epithelium. This results in chronic bronchiectasis and coloni-
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zation of the airways by a variety of pathogens, most commonly Pseudomonas aeru-
ginosa and Staphylococcus aureus. Clinically, patients typically present with a
chronic productive cough and progressive dyspnea. Radiographically, hyperinflation
and bronchiectasis are seen, while PFTs show progressive obstructive physiology
with concomitant hyperinflation. Pulmonary function abnormalities may be detect-
able even in the absence of clinical symptoms. The severity of the disease tends to be
variable due to differences in CFTR genotypes interacting with various individual
factors. For those with a more aggressive phenotype, the disease progresses to severe
obstruction, hypercapneic and hypoxic respiratory failure invariably ensues [51, 52].

Over the last decade, the treatment of the pulmonary manifestations of CF has
undergone a period of rapid evolution, characterized by several innovations that
have collectively resulted in an improved quality of life and increased longevity
[53]. These advances include targeted treatment with IV and cycled inhaled antibi-
otics, chronic azithromycin use for its inflammatory properties in patients colonized
with Pseudomonas, aggressive airway clearance with inhaled hypertonic saline,
DNase, and most recently CFTR modulators [54, 55].

Pulmonary Hypertension in association with cystic fibrosis (CF) is categorized
under Group III PH according to the fifth World PH Symposium classification, under
the subgroup of “Other pulmonary diseases with mixed restrictive and obstructive
patterns.” As CF progresses, many patients succumb due to hypercapneic and/or
hypoxemic respiratory failure [56], with PH a common accompanying factor. The
prevalence of PH-CF depends on the age of the recipient, possibly gender, severity of
the lung disease, as well as the methodology and definition used for the diagnosis
[56-59]. In the adult CF population, most existing data is from patients with severe
underlying parenchymal disease who are often on the transplant waiting list. This
might explain the seemingly high reported prevalence range of 25-91% [60, 61].

The pathophysiology of PH in CF has not been fully elucidated. As in other inter-
stitial lung diseases, chronic alveolar hypoxemia due to lung destruction, ventilation/
perfusion mismatch, right to left shunt, progressive destruction of pulmonary vascu-
lar bed, air trapping with vessel compression, and/or persistent increase in cardiac
output are all thought to play a role [62—66]. As a consequence of the dysfunctional
CFTR, chronic respiratory tract infections, as well as the accompanying local and
systemic inflammatory-immune response result in greater systemic inflammation
which in turn has been demonstrated to cause vascular endothelial dysfunction [65].
Human vascular endothelium itself also expresses the CFTR protein channel [67].
Therefore, it is conceivable that dysfunctional ion regulation could result in compro-
mised control of calcium concentrations in the smooth muscle resulting in a decrease
in systemic NO production and lower NO bioavailability locally [65]. Other contrib-
uting factors include CF-related porto-pulmonary hypertension, obstructive sleep
apnea (OSA), hypothyroidism, heart failure with preserved ejection fraction, as well
as an increased incidence of venous thromboembolic events [57, 68, 69].
Histologically, intimal proliferation, subintimal fibrosis, and muscularization of pul-
monary arterioles have all been described (Figs. 10.5 and 10.6).
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Fig. 10.5 There is bronchiolectasis with mucostasis, consistent with cystic fibrosis. The accompa-
nying artery (top center) is abnormal and shows eccentrically thickened fibrointimal cushion with
mild inflammation (H&E, 40x)

Fig. 10.6 This artery shows mild medial hypertrophy and fibrointimal thickening. The adjacent
bronchiole is inflamed, although mucostasis is not evident (H&E, 100x)
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Several prospective studies have investigated the function of the right ventricle
(RV) in pediatric patients with CF [70, 71]. Interestingly, the presence of RV dys-
function in patients with no or mild obstructive disease without the presence of PH
has been reported. The reasons for this finding are still unclear, as usually the devel-
opment of PH precedes RV dysfunction. It has been postulated that chronic airway
inflammation, direct involvement of the heart by the disease itself, and upregulation
of neurohormones may be responsible for this finding. In addition, a small study
examining exercise hemodynamics in a cohort of CF patients with moderate
obstructive disease (FEV1 of 43 + 11%) reported a significant increase in mPAP
with stationary bicycle exertion. Although baseline characteristic showed only
mildly elevated PAPs at rest (mean mPAP of 27.8 + 4.9 and PVR 3.15 + 0.3), they
appeared to be increase significantly with activity (mean mPAP 47.2 + 5.4 and PVR
12.8 £ 0.6) in 75% of the cohort [66].

To date, no large studies have examined the hemodynamic characteristics of CF
patients with concomitant PH across the spectrum of underlying disease severity. An
ECHO cohort of 109 adult CF patients showed that ~38% of patients had a trans-
tricuspid pressure gradient above 30 mmHg. Patients with severe obstructive disease
had the highest prevalence of ECHO-derived PH. The presence of PH also correlated
with rest, exercise, and nocturnal need for supplemental oxygen. In a multiple step-
wise regression model, the forced expiratory volume at 1 s and partial pressure of
oxygen were the only two variables demonstrated to correlate with the presence of
PH [72]. Radiographic parenchymal disease severity assessed by the modified Brody
score does not correlate to CT scan signs of pulmonary hypertension in CF patients
[73]. However, it has been shown in other disease that CT scan evidence of PH is
only loosely correlated with RHC data. Indeed, in CF no study as yet has correlated
radiographic extent of parenchymal disease to RHC-derived hemodynamic data.

The majority of the published studies that have examined the effect of PH in CF
are based on retrospective analyses of large databases or patient cohorts being eval-
uated for lung transplant. Most studies conclude that the presence of PH has a nega-
tive impact on survival; notably different hemodynamic variables and cut points
have been employed in these studies including various levels of the mPAP, the sys-
tolic PAP and PVR. The largest study to date was based on a retrospective evalua-
tion of a UNOS cohort of 2781 CF patients listed for transplant. A multivariate Cox
analysis identified that there was a significant risk of death associated with both
mild (mPAP >25 mmHg, hazard ratio (HR) of 1.757; 95% confidence interval (CI)
1.367-2.258)) and severe PH (mPAP >35 mmHg, HR 2.284; 95% CI 1.596-3.268)
[59]. Another analysis of a cohort of 179 CF lung transplant candidates at a single
center demonstrated that the presence of any PH in 7.8% of the cohort was associ-
ated with worse survival while on the transplant list. A receiver operating character-
istic curve demonstrated that sensitivities and specificities for predicting 1-year
mortality differed based on the cut-off point of the mPAP (>25 mmHg 70.2% and
69.7%, respectively, >35 mmHg 17.5 and 97%, respectively) [74]. As in other
parenchymal diseases, it is not entirely clear whether PH is a marker of advanced
disease or a driver of the outcomes. It is arguably likely that severe PH or PH with
resultant right ventricular dysfunction is what ultimately affects mortality. Indeed,
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one study demonstrated that the presence of RV dysfunction, rather than PH, was
more common in CF patients who died (51%) compared to those who survived
(21%) while awaiting lung transplantation [75].

By virtue of their young age and natural disease progression, many CF patients
ultimately advance to the point of requiring lung transplantation. A recent study of
831 CF patients from the UNOS database assessed the impact of pretransplant PH
on posttransplant outcomes, and demonstrated that neither the presence nor severity
of pretransplant PH negatively affected posttransplant survival [58].

Although there is data supporting that the presence of PH is associated with worse
outcomes in CF, no placebo-controlled trials have been conducted to determine if the
treatment of PH improves either morbidity or mortality. As with other parenchymal
diseases, if PH is a reflection of underlying disease severity, its treatment might not
necessarily improve outcomes. However, if PH is a driver of mortality, its treatment
may prove beneficial. The potential deleterious effects of treating PH in the setting of
CF, such as increased ventilation—perfusion mismatching with worsened hypoxemia,
have been raised as a possibility. There is a paucity of data with only several case
reports and one small case series describing the safe administration and functional
improvement in PH CF patients treated with PDES5 inhibitors +bosentan and inhaled
iloprost [76-78]. In one case report, with PH only assessed by ECHO (RVSP of
41 mmHg at rest and 74 mmHg with exercise at baseline), following 4 months of
treatment with low-dose sildenafil, the 6MWT distance increased from a baseline of
488—671 m, and the RVSP decreased to 28 mmHg at rest and 55 mmHg with activity
[76]. Another case report described both functional and hemodynamic improvement
after a 4-month treatment course with inhaled iloprost. Pulmonary vascular resis-
tance and cardiac output both improved by 23 and 38%, respectively, and WHO
functional class changed from 3 to 2 [77]. A case series of three patients evaluated
the safety of oral vasodilator therapy with RHC-proven PH (two treated with PDES
inhibitors and one with combination sildenafil and bosentan) and demonstrated no
worsening in oxygenation in any of the patients [78].

Rare Reports of PH in Rare Diseases with ILD Manifestations

Occasional cases of PH have been reported in the literature in diseases such as anti-
neutrophil cytoplasmic antibodies (ANCA)-associated systemic vasculitis with
parenchymal involvement [79, 80], systemic primary amyloidosis without cardiac
but with pulmonary involvement [81, 82], asbestosis-related lung disease [83], sili-
cosis [84], and coal worker’s pneumoconiosis [85]. Most papers describe either
single cases or small case series employing different methods for diagnosis. It is
therefore difficult to draw any conclusions on causal relationship and the true inci-
dence of PH in the earlier diseases.

Two papers describe a total of five patients with ANCA-associated vasculitis
(one with microscopic polyangiitis and the rest with Wegener’s). All patients pre-
sented with hemodynamically severe disease and right heart failure [79]. Several
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improved with Wegener’s specific therapy, while one patient was treated with intra-
venous epoprostenol and improved significantly. It has been speculated that the
development of PH may be caused by small vessel vasculitis with subsequent endo-
vascular fibrosis and microvascular in situ thrombosis.

A single center case series of five patients with systemic amyloidosis-associated
interstitial lung disease and concomitant PH diagnosed either by RHC or ECHO
reported a mortality of 100%. However, none of the patients were treated with a
PAH medication and all were reported to have died from cardiac causes [81]. The
authors postulated that microvascular obstruction and resultant endothelial dysfunc-
tion due to amyloid deposits in the pulmonary tree resulted in the development of
PH. Whatever the pathogenesis of PH in the context of amyloidosis, this obviously
portends a very poor prognosis.

One retrospective chart review of 48 patients with coal workers’ pneumoconiosis
examined the relationship between radiological abnormalities, pulmonary function
tests, and PH. In this study, PH was defined by a RHC-derived mPAP of >20 mmHg
and found that it could be present even in radiographically apparent but clinically
asymptomatic disease. The author reported that spirometric abnormalities correlated
with the radiographic appearance of emphysema, while the presence of PH was
directly related to the extent of pneumoconiotic nodules. Presumably these nodules
may result in obliteration of the vascular bed which may explain this correlation [85].

Conclusion

As with most other forms of diffuse parenchymal lung disease, the development of
PH appears to portend a poor prognosis in all of the described conditions. Whether
the presence of PH has a causal relationship with mortality or simply represents a
marker of disease severity remains unclear. Patients with underlying parenchymal
lung disease with concomitant PH remain an intriguing population with regards to
their treatment and no clear guidelines exist on if and when to implement therapy.
Randomized controlled trials are needed in an effort to better identify subgroups
that would benefit from treatment, however such studies are extremely difficult to
conduct given the very small afflicted patient populations. If treatment of PH is
being considered in any of these patient populations, then it is best undertaken in the
context of a tertiary referral center with expertise in PH.
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