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Abstract
Pulmonary hypertension is a common compli-
cation of many chronic respiratory diseases.
The mechanisms contributing to the develop-
ment of pulmonary hypertension in this con-
text are multiple and go beyond chronic
hypoxic vasoconstriction. Outcomes are uni-
versally worsened when pulmonary hyperten-
sion complicates chronic respiratory disease.
Treatment strategies target the underlying dis-
ease, as pulmonary vasodilator therapy has
proven largely ineffective in trials to date.
This chapter summarizes current understand-
ing of the epidemiology, pathophysiology, and
treatment of pulmonary hypertension as it
relates to a spectrum of chronic respiratory
diseases.
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IIP Idiopathic interstitial pneumonia
ILD Interstitial lung disease
IPF Idiopathic pulmonary fibrosis
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LTOT Long-term oxygen therapy
LV Left ventricle
LVRS Lung volume reduction surgery
NF Neurofibromatosis
NO Nitric oxide
NSIP Nonspecific interstitial pneumonia
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PAH Pulmonary arterial hypertension
PaO2 Arterial partial pressure of oxygen
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PDE5 Phosphodiesterase-5
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PM/DM Polymyositis/dermatomyositis
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PVR Pulmonary vascular resistance
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RVSP Right ventricular systolic pressure
SLE Systemic lupus erythematosus
SS Sjogren’s syndrome
SSc Systemic sclerosis
TAPSE Tricuspid annular plane systolic

excursion
TGF-β
RII

Transforming growth factor beta
receptor II

TGF-β Transforming growth factor beta
TSC Tuberous sclerosis
UIP Usual interstitial pneumonia
V/Q Ventilation/perfusion
VEGF Vascular endothelial growth factor
WHO World Health Organization

Introduction

Elevated pressure in the pulmonary circulation
can complicate a diverse group of respiratory dis-
eases. When measured mean pulmonary arterial
(PA) pressure reaches or exceeds 25 mmHg, the
respiratory disease has been complicated by pul-
monary hypertension (PH). In this context, the
term PH does not refer to a specific pathological

diagnosis, but instead describes the sequelae of a
spectrum of pulmonary (and cardiac) pathologies.
As might be expected from a diverse group of
diseases, varied mechanisms contribute to PH,
including loss of vascular surface area, increased
pressure in the pulmonary venous circulation,
mechanical obstruction of the pulmonary vessels,
or hypoxia-mediated pulmonary vasoconstriction.
The latter concept is covered extensively in a
separate chapter (▶Chap. 162, “Hypoxic Pulmo-
nary Hypertension”) and will not be addressed in
detail here. However, it is important to remember
that chronic hypoxia is a nearly universal compli-
cation of the described disorders, and its effects
are likely to exacerbate the mechanisms contrib-
uting to pulmonary pressure elevation described
below. The present chapter will attempt to address
a broad spectrum of respiratory disorders causing
PH and will use prototypical examples to describe
current understanding of PH in these disorders.
Diagnosis, pathogenesis, and management of PH
will be discussed.

Importance of PH in Respiratory
Disease

Chronic respiratory disease is a common cause of
PH, present in 25.9 % of all US patients who died
from PH between 2000 and 2002 (Hyduk
et al. 2005). Alternatively, the prevalence of PH
in respiratory disease is quite variable, and precise
estimates have been constrained by limited
population-based hemodynamic data and variabil-
ity in the parameters and methods used to define
PH. In general, PH appears to be more common in
advanced respiratory disease, regardless of the
underlying diagnosis. For example, PH preva-
lence increases with disease severity in idiopathic
pulmonary fibrosis (IPF), from 8.1 % at initial
evaluation (Hamada et al. 2007) to 30–40 % at
the time of transplant evaluation or referral to
tertiary care (Lettieri et al. 2006; Nathan
et al. 2007). Moreover, early identification of PH
can be challenging in patients with chronic respi-
ratory disease. The cardinal symptoms of PH,
namely, increased dyspnea and reduced exercise
capacity, are generally associated with the
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underlying respiratory disorder. Physical exami-
nation findings may not be present until severe
right ventricular (RV) pressure overload or failure
has developed, and the sensitivity of early nonin-
vasive screening modalities may be limited by the
underlying pulmonary disease. Transthoracic
echocardiography is perhaps the best initial non-
invasive study to screen for PH in chronic lung
disease, and provides useful two-dimensional
estimates of RV chamber size, wall thickness,
systolic pressure (RVSP), and left heart function
during initial assessment. However, image analy-
sis may be limited by hyperinflation or parenchy-
mal lung abnormalities. Notably, a well-defined
tricuspid regurgitant jet (necessary for RVSP esti-
mation) was present in only 20 % of chronic lung
disease patients in one recent study (Burgess and
Bright-Thomas 2002). Not surprisingly, the cor-
relation between estimated RVSP and pulmonary
pressures measured by right heart catheterization
is poor in advanced lung disease (Arcasoy
et al. 2003). In a study of patients with advanced
COPD referred for lung volume reduction sur-
gery, echocardiographic RVSP estimates detected
PH with a sensitivity of only 60 % and specificity
of 74 % (Fisher et al. 2007). Tricuspid annular
plane systolic excursion (TAPSE) appears to be an
accurate measure of RV function in PH patients,
including those with PH secondary to chronic
respiratory disease (Forfia et al. 2006). Newer
techniques, including three-dimensional echocar-
diography, tissue Doppler ultrasonography, and
ultrasound strain imaging, may increase our abil-
ities to noninvasively screen for PH in patients
with chronic lung disease and have been recently
reviewed (Mertens and Friedberg 2010).

Pulmonary function testing may be useful in
predicting PH when respiratory symptoms
worsen. Isolated reductions in DLCO have been
associated with PH in IPF, sarcoidosis, and sys-
temic sclerosis (SSc) (Steen et al. 1992; Nadrous
et al. 2005; Nunes et al. 2006). However, a
reduced DLCO is not predictive of elevated PA
pressure in COPD patients (Gartman et al.
2012). Objective measures of diminished exercise
capacity may reveal a diagnosis of PH in chronic
lung disease. There is a modest negative correla-
tion between six-minute walking distance

(6MWD) and estimated systolic pulmonary arte-
rial (PA) pressure in COPD patients (Gartman
et al. 2012), and significant reductions in 6MWD
have been reported in IPF patients with moderate
to severe PH (Leuchte et al. 2004). Cardiopulmo-
nary exercise testing (CPET) may be more useful
in the detection of increased PA pressure in
patients with chronic respiratory disease (Arena
et al. 2011). Increased dead space ventilation,
reduced ventilatory efficiency, and reductions in
end-tidal CO2 measurements with exercise have
been associated with PH in COPD and ILD
(Holverda et al. 2008; Vonbank et al. 2008; Glaser
et al. 2009).

Regardless of the underlying respiratory diag-
nosis, the development of PH is universally asso-
ciated with worsened outcomes. In COPD, even
modest increases in mean PA pressure (greater
than 20 mmHg) have been correlated with
reduced survival (Oswald-Mammosser et al.
1995; Weitzenblum et al. 1981). Patients with
advanced IPF complicated by PH had a 1-year
mortality of 28 %, while those without PH had
5.5 % 1-year mortality (Lettieri et al. 2006). In
sarcoidosis, PH is an independent predictor of
mortality (Shorr et al. 2003), and the hazard ratio
for death in patients with PH was estimated to be
10.4 when compared to patients without PH
(Baughman et al. 2010). In patients with systemic
sclerosis (SSc)-associated interstitial lung disease
complicated by PH, there was a fivefold increased
risk of death when compared to SSc patients with
pulmonary arterial hypertension (PAH), despite
the notoriously poor survival in this population
(Mathai et al. 2009).

Despite its apparently high prevalence and uni-
versal association with increased morbidity and
mortality, current guidelines generally recom-
mend against routine administration of
PH-specific (pulmonary vasodilator) therapy for
PH associated with chronic respiratory diseases.
There is, in general, a lack of evidence demon-
strating clinical benefit, and in some cases the use
of pulmonary vasodilators has led to worsened
ventilation/perfusion (V/Q) matching and wors-
ening respiratory symptoms. However, not all PH
associated with chronic respiratory diseases
should be approached from the same perspective,
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and in some cases the PH appears to be “out of
proportion” to the severity of the underlying lung
disease. Conceptually, this may be due to direct
involvement of the underlying disease on the pul-
monary vasculature or to exaggerated pulmonary
vascular remodeling and/or vasoconstriction in
response to the underlying parenchymal disease.
The general consensus among experts in the field
is that patients with “out of proportion” PH may
be considered for a carefully monitored trial of
pulmonary vasodilator therapy.

Pathophysiology of PH Development
in Respiratory Disease

The pathophysiology of PH in chronic respiratory
disease is complex and multifactorial. Multiple
mechanisms contribute to impede the generally
low resistance to flow through the pulmonary
circulation. Through varied mechanisms, chronic
respiratory diseases have direct and indirect path-
ogenic effects on the pulmonary circulation
(Fig. 1). These complex interactions can be con-
ceptually simplified into alterations that result in

a) increased pulmonary vascular resistance (PVR)
and b) dysfunctional heart-lung interactions.

Direct Effects on the Pulmonary
Circulation

Increased PVR is the primary precipitant of PH in
chronic respiratory disease. As one might antici-
pate, the mechanisms contributing to increase
PVR are varied, and specific mechanisms may
contribute differentially in each disorder. In gen-
eral, narrowing of the pulmonary vasculature
from hypoxic pulmonary vasoconstriction con-
tributes to increase PVR in most of these disor-
ders. The mechanisms will not be addressed in
detail here, though a brief accounting is warranted.
Alveolar hypoxia induces rapid vasoconstriction of
small, precapillary pulmonary arteries to preserve
V/Q matching and minimize arterial oxygen
desaturation. The mechanisms of hypoxic pulmo-
nary vasoconstriction have been reviewed (Archer
and Michelakis 2002) and involve alterations in
potassium and calcium flux in smooth muscle
cells, resulting in contraction and increased vascu-
lar tone. Pulmonary vasoconstriction can be further
exacerbated by hypercapnia and acidemia in
COPD (Enson et al.1964) or by increased sympa-
thetic activity driven by intermittent hypoxemia
(as in obstructive sleep apnea) (Sajkov and
McEvoy 2009). However, mechanisms beyond
hypoxic vasoconstriction clearly exist, as correla-
tions between PA pressure and systemic oxygena-
tion have not been robust (Girgis and Mathai
2007). While these observations may reflect indi-
vidual differences in the capacity for hypoxic
pulmonary vasoconstriction, other mechanisms
appear to play a significant role.

Most prominently, pulmonary vascular
remodeling is a critical determinant of PVR in
patients with chronic respiratory disease. This
remodeling includes, to varying degrees, all layers
of the pulmonary vasculature (intima, media, and
adventitia). Pathological remodeling in chronic
hypoxia (both human disease and animal models)
is characterized by neo-muscularization of arteri-
oles, medial hypertrophy of small muscular arter-
ies, and intimal thickening and fibroelastosis

Fig. 1 Mechanisms of pulmonary hypertension develop-
ment in chronic respiratory disease. RV right ventricle, PA
pulmonary artery, CH chronic hypoxia
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(Penaloza and Arias-Stella 2007). These patho-
logical changes are the hallmark of PH associated
with chronic respiratory diseases, with lesser
degrees of intimal and adventitial remodeling
observed. However, the remodeling effects asso-
ciated with chronic hypoxia are insufficient to
describe all pulmonary vascular remodeling asso-
ciated with chronic respiratory disease. Endothe-
lial cell dysfunction, EC apoptosis, and increased
proliferation of multiple cell types (endothelial,
smooth muscle, and fibroblasts) appear to play
prominent roles in the vascular remodeling pro-
cess (Budhiraja et al. 2004; Farkas and Kolb
2011). In addition, thromboembolic lesions can
further impede pulmonary vascular flow and fre-
quently complicate chronic lung diseases like
COPD (Tillie-Leblond et al. 2006; Rizkallah
et al. 2009), sarcoidosis (Minai et al. 2010), and
IPF (Panos et al. 1990).

Inflammation contributes prominently to the
pathogenesis of many respiratory diseases, and
inflammation of the pulmonary vasculature is
another mechanism contributing to the increase
PVR in many of these disorders. In PAH, inflam-
matory cell infiltrates (including macrophages,
dendritic cells, and lymphocytes) have been
described surrounding characteristic plexiform
lesions (Tuder et al. 1994), and alterations in circu-
lating levels of various cytokines, chemokines, and
growth factors have been reported (Hassoun
et al. 2009). Similar inflammatory processes appear
to be relevant in PH associated with chronic respi-
ratory disease. In COPD, inflammatory infiltrates
composed primarily of activated T-lymphocytes
have been described in the adventitia of muscular
pulmonary arteries (Peinado et al. 1999), and
increased expression of growth factors (vascular
endothelial growth factor, VEGF; transforming
growth factor-β, TGF-β) and their receptors
(TGF-β RII) been measured in remodeled pulmo-
nary arteries (Santos et al. 2003; Vignola et al.
1997; Beghe et al. 2006). Perivascular fibrosis
and vascular inflammation have been described in
the pulmonary arteries and veins of patients with
chronic sarcoidosis (Diaz-Guzman et al. 2008;
Rosen et al. 1977; Takemura et al. 1991). In IPF,
elevated TGF-β levels are presumed to contribute
to both endothelial cell apoptosis and smooth

muscle cell hypertrophy, thereby significantly
influencing pulmonary vascular remodeling
(Farkas et al. 2011).

Finally, when functional lung parenchyma is
lost through tissue destruction (e.g., emphysema)
or fibrosis (e.g., IPF), associated vascular beds are
also lost, contributing to a reduction in the overall
vascular surface area. Although extensive paren-
chymal destruction necessary for this mechanism
to increase PVR independently, it must be remem-
bered that parenchymal and vascular loss occurs
in conjunction with hypoxic pulmonary vasocon-
striction, vascular remodeling, and vascular
inflammation, and these additive mechanisms are
all likely to contribute to PH development in
chronic respiratory disease.

Indirect Effects on the Pulmonary
Circulation

Chronic respiratory disease can also influence
the development of PH through indirect
(nonvascular) effects on the pulmonary circula-
tion. Associated changes in lung volume (hyper-
inflation and underinflation) may contribute to
increase PVR. Obstructive lung disease, fre-
quently complicated by air trapping and hyperin-
flation, may promote classical “zone 1”
physiology (alveolar pressure exceeds pulmonary
capillary pressure, resulting in capillary collapse).
Less commonly, widespread atelectasis (e.g.,
chronic hypoventilation) may result in low lung
volumes and de-recruitment of associated pulmo-
nary capillaries (Forfia et al. 2013). Lung hyper-
inflation may also increase right atrial pressure,
leading to reduced venous return and subsequent
reductions in RV preload (Forfia et al. 2013). In
COPD patients, hyperinflation has been directly
correlated with reduced atrial chamber size, global
RV dysfunction, and reduced left ventricular
(LV) filling (Watz et al. 2010). In addition, highly
negative pleural pressures may be necessary to
facilitate ventilation in advanced respiratory dis-
ease. These highly negative pleural pressures
reduce intrathoracic pressure and increase LV
wall stress during ejection (Buda et al. 1979),
potentially resulting in left atrial hypertension
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and increased pulmonary venous pressures.
Indeed, many risk factors for left heart dysfunc-
tion (diastolic or systolic) are frequently present as
comorbidities in patients with chronic respiratory
disease, especially those associated with cigarette
smoking. Similarly, intrinsic RV dysfunction
(though rare in most chronic respiratory diseases)
may further exacerbate the clinical consequences
of increased PVR through worsened coupling of
RV contractility with the pulmonary circulation.
Increased blood viscosity due to chronic hypoxia-
induced polycythemia may also contribute to
increased PVR in chronic respiratory disease.

PH in Specific Respiratory Diseases

As outlined above, PH may arise from diverse
mechanisms in chronic respiratory disease,
though the consequences of PH development are
universally unfavorable. The following sections
will describe current understanding of PH in the
context of specific respiratory disorders, including
pathogenesis, outcomes, and treatment. Although
it is not possible to cover all respiratory diseases
that have been reported to be associated with PH,
the paragraphs below highlight diagnoses that are
a) commonly encountered and b) more frequently
associated with PH in the medical literature. Since
most clinical trials of PH-specific therapies have
focused on patients without underlying respira-
tory diseases, much of the available evidence is
limited to small trials and case series.

Interstitial Lung Diseases

The term ILD is used to describe a diverse group
of disorders characterized pathologically by an
accumulation of cells or fibrotic tissue in the inter-
stitial spaces of the lung parenchyma. Pulmonary
inflammation and/or fibrosis represents the final
common pathway for lung damage (Danoff
et al. 2007). Greater than 150 disorders have
been associated with the development of ILD,
and PH has been described in many of these. A
conceptual framework for consideration of the
varied spectrum of ILD has been proposed

(Fig. 2) (Danoff et al. 2007). Using this frame-
work, the present chapter will focus on idiopathic,
connective tissue disease-associated granuloma-
tous and heritable ILDs, as most investigation
into associated PH has been focused on these
diagnoses.

Idiopathic ILD
This group of disorders has been described as the
idiopathic interstitial pneumonias (IIP) in major
consensus guidelines (ATS/ERS 2002). Idiopathic
pulmonary fibrosis (IPF) is the prototypical diag-
nosis in this class and is characterized radiograph-
ically by patchy reticular opacities, generally with
peripheral and basilar distribution, and often asso-
ciation with volume loss, traction bronchiectasis,
and honeycombing (Fig. 3). Histologically, IPF is
defined by a pattern described as usual interstitial
pneumonia (UIP), characterized by patchy areas
of architectural destruction, fibrosis (often with
honeycombing), and scattered fibroblastic foci
(ATS/ERS 2002). Similarly, the pulmonary vas-
culature displays heterogeneous abnormalities in
IPF. Vessel density is reduced in areas of fibro-
blastic foci and honeycombing (Colombat
et al. 2007), while increased vascularity has been
described in non-fibrotic areas (Ebina et al. 2004;
Cosgrove et al. 2004; Simler et al. 2004). Abnor-
mal vascular morphology has been described in
areas where capillary surface area is relatively
preserved (Colombat et al. 2007). Expression of
angiogenic and angiostatic mediators appears to
be altered in IPF lungs (Ebina et al. 2004;
Cosgrove et al. 2004), and similar molecular
changes have been directly linked to increased
endothelial cell apoptosis and PH development
in animal models (Farkas et al. 2009). In addition,
increased expression of a number of inflammatory
mediators (interleukin-6, TGF-β, endothelin-1)
has been demonstrated in the pulmonary vascula-
ture of IPF patients with PH (Rubens et al. 2001;
Yamakami et al. 1997; Lesur et al. 1994).

Pulmonary hypertension prevalence increases
with IPF severity, from 8.1 % at initial evaluation
(Hamada et al. 2007) to 30–40 % at the time of
transplant evaluation or referral to tertiary care
(Lettieri et al. 2006; Nathan et al. 2007). In one
study, 86 % of IPF patients had PH by RHC at the
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time of lung transplantation (Nathan et al. 2008).
Although the prevalence is much higher in
advanced disease, early IPF can be complicated
by PH, with a reported prevalence of

approximately 10 % IPF patients with an average
FVC ~ 70 % in one study (Raghu et al. 2013).
Interestingly, 5 % of this cohort also had an ele-
vated pulmonary artery wedge pressure,
reinforcing the importance of comorbid diagnoses
in PH development. In general, PH associated
with IPF is mild, and approximately half of
patients have a mean PA pressure of less than or
equal to 30 mmHg (Lettieri et al. 2006). However,
in advanced disease, severely elevated PA pres-
sures (mean >40 mmHg) were noted in 2–9 % of
IPF patients awaiting lung transplant (Lettieri
et al. 2006; Shorr et al. 2007).

Development of PH is uniformly associated
with increased morbidity and mortality in IPF
patients. Patients with advanced IPF complicated
by PH had a 1-year mortality of 28 %, while those
without PH had 5.5 % 1-year mortality (Lettieri
et al. 2006). Even modest increases in PA pressure
are predictive of reduced long-term survival in
IPF patients (Hamada et al. 2007). In terms of
morbidity, IPF patients with PH have been

Fig. 3 Chest CT findings of idiopathic pulmonary fibro-
sis.White arrowheads denote peripheral reticular opacities,
while white arrow denotes traction bronchiectasis (Image
courtesy of Dr. Stanley Siegelman, Department of Radiol-
ogy, Johns Hopkins University)

Fig. 2 Conceptual framework for considering the varied
causes of pulmonary fibrosis and interstitial lung disease.
The included diagnoses are not inclusive of all respiratory
disorders associated with interstitial lung disease. RA rheu-
matoid arthritis, SLE systemic lupus erythematosus, BAC
bronchoalveolar carcinoma, NF neurofibromatosis, IPF
idiopathic pulmonary fibrosis, RB-ILD respiratory

bronchiolitis-interstitial lung disease, DIP desquamative
interstitial pneumonia, NSIP nonspecific interstitial pneu-
monia (Adapted with permission from Lippincott Williams
andWilkins/Wolters Kluwer Health: Danoff SK, Terry PB,
and Horton MR, A clinician’s guide to the diagnosis and
treatment of interstitial lung diseases, Southern Medical
Journal, Vol. 100)
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shown to have reduced oxygenation and exercise
capacity when compared with IPF patients with-
out PH (Lettieri et al. 2006; Nathan et al. 2007).

Treatment options are limited for IPF patients
with PH, and early referral to a transplant center
should be considered. IPF is poorly responsive to
currently available therapies, and current guide-
lines recommend against immunomodulatory
medications in the majority of IPF patients
(Raghu et al. 2011). These therapies are likely to
have limited value in mitigating associated PH,
which usually develops in advanced disease when
fibrotic remodeling has already developed. Treat-
ment with pulmonary vasodilators is not routinely
recommended (Hoeper et al. 2009), primarily due
to lack of definitive evidence demonstrating effi-
cacy and potential for worsening V/Q matching
and hypoxemia. Limited data on PDE5
(phosphodiesterase-5) inhibitors (which inhibit
pulmonary cyclic guanosine monophosphate
catabolism) in IPF are conflicting. While an initial
open-label trial of sildenafil in IPF patients with
PH showed improvements in 6MWD after
12 weeks of therapy (Collard et al. 2007), a recent
randomized clinical trial failed to replicate these
findings (Zisman et al. 2010). Patients with severe
IPF treated with sildenafil reported less dyspnea
and had improved PaO2 and DLCO when com-
pared to placebo, though potential effects of sil-
denafil on pulmonary hemodynamics were not
reported (Zisman et al. 2010). Data supporting
beneficial effects of endothelin receptor antago-
nists (ERA) has been similarly disappointing.
Despite early retrospective data suggesting an
increase in 6MWD in a small cohort of IPF
patients with PH (Minai et al. 2008), the findings
were not sustained. Furthermore, a randomized,
placebo controlled trial (BUILD) failed to show
an increase in exercise capacity in IPF patients
treated with bosentan (King Jr. et al. 2008),
while two additional randomized controlled trials
using the selective ERA ambrisentan (ARTEMIS,
ARTEMIS-PH) were stopped early due to lack of
efficacy (Ruggiero et al. 2012). Intravenous pros-
tacyclins have been associated with worsened
V/Q matching in patients with ILD (Ghofrani
et al. 2002). There is also a theoretical risk of
precipitating pulmonary edema in some ILD

patients with intravenous prostacyclin analogues,
as pulmonary veno-occlusive lesions have been
described in several pulmonary disorders, includ-
ing IPF, sarcoidosis, pulmonary Langerhans cell
histiocytosis, and SSc-associated ILD (Shlobin
and Nathan 2011). Small studies have demon-
strated that inhaled forms of prostacyclin therapy
may not be associated with significant systemic
hypotension or increased shunting, while
acutely improving pulmonary hemodynamics
(Olschewski et al. 1999). However, longer-term
data in randomized clinical trials demonstrating
significant benefit are not currently available.

Connective Tissue Disease-
Associated ILD
Interstitial lung disease is a common manifesta-
tion of many connective tissue diseases (CTD).
Some have proposed the hypothesis that IIPs actu-
ally represent “formes frustes” of lung-specific
autoimmune disease (Cottin 2006). Most com-
monly, clinically significant ILD has been associ-
ated with systemic sclerosis (SSc; reported
prevalence �40 % (Highland et al. 2007)), poly-
myositis/dermatomyositis (PM/DM; reported
prevalence �30 % (Schwarz 1998)), rheumatoid
arthritis (RA; reported prevalence �10 %
(Turesson et al. 2003)), Sjogren’s syndrome (SS;
reported prevalence 8–38 % (Olson et al. 2012;
Papathanasiou et al. 1986)), and systemic lupus
erythematosus (SLE; 5-year incidence �4 %
(Bertoli et al. 2007)). Uniformly, subclinical
radiographic disease has a higher prevalence in
each of these CTDs.

While there is some variability to the radio-
graphic pattern of disease, the ILD is most often
consistent with nonspecific interstitial pneumonia
(NSIP) (Fig. 4). This pattern is characterized pre-
dominantly by ground-glass opacities, though
peripheral reticulations and traction bronchiecta-
sis may be present (ATS/ERS 2002). The lung is
usually diffusely involved, though abnormalities
are more prominent peripherally and at the bases.
Subpleural sparing is a highly specific feature for
NSIP (Jawad et al. 2012). Unlike IPF,
honeycombing is rare and when present is gener-
ally mild. Histologically, NSIP may demonstrate
primarily cellular inflammation, primarily
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fibrosis, or a combination of the two. Cellular
NSIP is generally characterized by chronic lym-
phocytic interstitial inflammation. In primarily
fibrotic NSIP, fibrosis is temporally homoge-
neous, and fibroblastic foci are not present
(in distinction to UIP, above) (ATS/ERS 2002).
Distinction between IPF and fibrotic NSIP can
only be made pathologically.

The prevalence of PH in CTD-associated ILD
is not known, given the rare nature of both dis-
eases. In general, there is a paucity of information
regarding the prevalence of PH in NSIP (of any
etiology). In terms of CTD-associated ILD-PH,
most attention has been focused on patients with
systemic sclerosis (SSc-ILD-PH). Chang
et al. reported a prevalence of 18.1 % in one
large cohort of SSc patients, with higher preva-
lence estimates among those with more severe
restrictive ventilatory abnormalities (Chang
et al. 2003). Risk factors associated with

ILD-PH included older age and diffuse cutaneous
involvement (Chang et al. 2003). When compared
to SSc patients with PAH, the SSc-ILD-PH phe-
notype was associated with male sex, smoking,
diffuse cutaneous disease, and a reduced preva-
lence of the anti-centromere antibody (Launay
et al. 2011). The severity of PH associated with
ILD in SSc patients appears to be than in other
interstitial diseases and is similar to that observed
in SSc patients with PAH. In one study, 68 % of
SSc patients with ILD-PH had amean PA pressure
of �35 mmHg, and the average mPAP for the
ILD-PH cohort (42 mmHg) was not different
from a comparative cohort of SSc patients with
PAH (45 mmHg) (Launay et al. 2011).

Despite similarities in hemodynamics, out-
comes are uniformly worse for SSc-ILD-PH
patients when compared to SSc-PAH patients.
We have observed dramatic reduction in survival
at 1 year (82 vs. 87 %), 2 years (46 vs. 79 %), and

Fig. 4 Chest CT findings of nonspecific interstitial pneu-
monia. Serial sections throughout the chest demonstrate
peripheral ground-glass opacities with diffuse

parenchymal involvement (Images courtesy of
Dr. Stanley Siegelman, Department of Radiology, Johns
Hopkins University)
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3 years (39 vs. 64 %) after diagnosis in SSc-ILD-
PH patients compared to SSc-PAH patients,
despite better baseline hemodynamic indices
(Mathai et al. 2009). These survival differences
are likely related to a lack of response to current
PH-specific therapies in SSc patients with
ILD-PH. Unfortunately, these patients are rou-
tinely excluded from clinical trials of
PH-specific therapy, so limited data exists. How-
ever, one retrospective analysis from 2 indepen-
dent cohorts of SSc-ILD-PH patients treated with
pulmonary vasodilator therapy showed no
improvement in any clinical parameter, including
functional class, exercise capacity, or hemody-
namics (Le et al. 2011). Subgroup analyses
showed no benefits in those with more severe
disease (mean PA pressure �40 mmHg). More
importantly, reductions in arterial oxygen satura-
tion (likely associated with pulmonary vasodilator
therapy) were associated with reduced survival in
SSc-ILD-PH patients. Given the apparent lack of
efficacy of currently available therapies and the
dramatically reduced survival in SSc-ILD-PH
patients, lung transplantation should be an early
consideration in this group, barring other prohib-
itive comorbidities.

Granulomatous ILD
A spectrum of diffuse parenchymal lung disorders
can be attributed to granulomatous inflammation.
Hypersensitivity pneumonitis (HP), sarcoidosis,
and pulmonary Langerhans cell histiocytosis
(PLCH) have all been associated with the devel-
opment of PH. Although these disorders differ
significantly, excessive granuloma formation dis-
rupts tissue architecture and impairs pulmonary
function in each (Morgenthau and Padilla 2009).
HP represents a complex spectrum of disease that
manifests as an exuberant allergic (type III and
type IV hypersensitivity) reaction to a wide
variety of environmental antigens. In chronic
HP, the prevalence of PH (diagnosed by echo
with a PASP > 50 mmHg) has been estimated at
19 % (Koschel et al. 2012). Sarcoidosis and
PLCH are multisystem disorders with prominent
pulmonary manifestations. PH associated with
these diagnoses is classified as WHO Group V
(PH with unclear multifactorial mechanisms)

(Simonneau et al. 2009) and appears to be a fairly
prevalent complication. PH prevalence in sarcoid-
osis has been estimated to be as high as 74 % in
patients awaiting lung transplantation (Shorr
et al. 2003) and as high as 92–100 % in patients
with severe PLCH (Kiakouama et al. 2010; Lazor
et al. 2009; Dauriat et al. 2006; Fartoukh
et al. 2000). Most attention has been focused on
sarcoidosis-associated PH in this group, with
fewer studies regarding PLCH and HP.

The pathophysiology of sarcoidosis revolves
around chronic inflammation mediated by
T-lymphocytes and macrophages. Granulomas
are noted predominantly in a lymphatic distribu-
tion, placing them in close proximity to pulmo-
nary arteries and veins. Granulomatous
inflammation of the pulmonary arteries is com-
mon and may involve the adventitia, media, or
intima (Diaz-Guzman et al. 2008). In addition,
assessment of the pulmonary microvasculature
in sarcoidosis demonstrates reduced vessel den-
sity in regions of granulomatous fibrosis, intimal
proliferation, and adventitial fibrosis (Farkas
et al. 2011). Less commonly, plexiform lesions
are observed. Increased endothelial cell prolifera-
tion is noted less frequently than in SSc-ILD-PH
(Farkas et al. 2011). Multiple additional factors
are likely to contribute to the pathology of PH in
sarcoidosis, including hypoxic pulmonary vaso-
constriction, granulomatous inflammation of
larger pulmonary arteries, and sarcoidosis-related
LV systolic and/or diastolic dysfunction. Impor-
tantly, pulmonary venous involvement is common
(Diaz-Guzman et al. 2008), potentially contribut-
ing a PVOD-like phenotype.

The onset of PH in sarcoidosis is a poor prog-
nostic factor. One study estimated the relative risk
of death in sarcoidosis PH patients to be 10-fold
higher than in those with sarcoidosis but no PH
(Baughman et al. 2010). Moreover, hemodynamic
indices associated with PH (increased RA pres-
sure, mean PAP) have been shown to predict
increased mortality among sarcoidosis patients
awaiting lung transplant (Arcasoy et al. 2001;
Shorr et al. 2003). Unfortunately, medical thera-
pies have not demonstrated consistent improve-
ments in PH associated with sarcoidosis.
Immunosuppressive therapy with glucocorticoids
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has shown improvement in pulmonary hemody-
namics in some cohorts (Gluskowski et al. 1990;
Baughman et al. 2006; Nunes et al. 2006),
though these small trials have been unable to
demonstrate reliable means for prediction of
patients who might benefit from corticosteroids.
Reports demonstrating the efficacy of pulmonary
vasodilator therapy have been similarly inconsis-
tent. One small retrospective review assessed
response to PH-specific therapies in sarcoidosis
patients with severe PH at two large referral
centers (Barnett et al. 2009). After a median of
11 months of therapy, New York Heart Associa-
tion (NYHA) functional classification had
improved in 9 of 22 treated patients, while exer-
cise capacity increased and mean PA pressure
improved significantly among those receiving
PH-specific therapies. Improvements in exercise
capacity were more robust in patients with rela-
tively preserved lung function (FVC > 51 %).
While these studies suggest potential benefit for
pulmonary vasodilators in some patients with PH
complicating sarcoidosis, it remains difficult to
predict who might benefit. Given the impressive
mortality risk associated with PH in patients with
sarcoidosis, we generally recommend early lung
transplant referral.

PLCH, though classically characterized as an
ILD, actually has pathology more consistent with
an inflammatory bronchiolitis in early stages (Suri
et al. 2012). Loosely formed granulomas concen-
trate around small airways, and there is variability
in the degree of interstitial involvement. The
majority of cases include vasculopathy of medium
and small pulmonary arteries and veins (Fartoukh
et al. 2000), with intimal fibrosis and medial
hypertrophy. These vascular lesions are fre-
quently observed in lung regions unaffected by
parenchymal changes, and PVOD may be present
in up to one-third of patients. Vascular infiltration
by Langerhans histiocytes appears to be rare
(Fartoukh et al. 2000). PH has been associated
with poor survival in PLCH (Fartoukh et al.
2000; Harari et al. 1997; Chaowalit et al. 2004),
and definitive data regarding medical therapies
does not exist. While the parenchymal disease
will regress in some patients after smoking cessa-
tion, the effects of smoking cessation on PH have

not been reported. The use of immunosuppressive
medications in PLCH has not been universally
effective (Suri et al. 2012). One small case series
described significant improvements in pulmonary
hemodynamics, exercise capacity, and WHO
functional classification in patients treated with
pulmonary vasodilator therapies without worsen-
ing hypoxemia or precipitating pulmonary edema
(Le et al. 2012). Alternatively, lung transplanta-
tion for PLCH has been associated with good
outcomes, despite a nearly 20 % disease recur-
rence and a high prevalence of severe PH prior to
transplant (Dauriat et al. 2006). While careful
pulmonary vasodilator trials at experienced cen-
ters may be considered in these patients, early
consideration for lung transplantation is
recommended.

Heritable ILD
Lymphangioleiomyomatosis (LAM) and neurofi-
bromatosis I (NF) are heritable, multisystem dis-
orders occasionally complicated by PH. Little is
known about the significance of PH development
in these disorders, though recent observational
studies have begun to shed some light on PH
in LAM.

LAM is a disorder affecting women of repro-
ductive age and is characterized by proliferation
of abnormal smooth muscle cells carrying a muta-
tion in the tuberous sclerosis (TSC) genes. Lung
involvement is characterized by diffuse cystic
parenchymal disease, recurrent pneumothoraces,
and pleural effusions (Fig. 5). Abnormal smooth
muscle cells proliferate along the pulmonary lym-
phatics and have recently been demonstrated in
the pulmonary arterial walls (Cottin et al. 2012).
PH prevalence in this population is unknown, but
appears to range from 7 % (as assessed by echo
>35 mm) (Taveira-DaSilva et al. 2007) to 45 % in
patients awaiting lung transplantation (assessed
by right heart catheterization; (Reynaud-Gaubert
et al. 2008). Reported severity is generally mild,
with two studies demonstrating average mean
PAP in the 32–33 mmHg range (Cottin et al.
2012; Reynaud-Gaubert et al. 2008). The etiology
of elevated PA pressures is thought to be multi-
factorial, including chronic hypoxia, disruption of
pulmonary vascular capacitance by cystic lesions,
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and the aforementioned infiltration of abnormal
smooth muscle cells in pulmonary arteries (Cottin
et al. 2012). The clinical relevance of PH in LAM
patients is uncertain. Lower DLCO, more severe
hypoxemia, and decreased exercise capacity have
been described in patients with LAM and PHwhen
compared to LAM patients without PH (Cottin
et al. 2012), although it is unclear whether these
differences are a cause or consequence of associ-
ated PH. Cottin et al. (2012) described a two-year
survival of 94% among 20 LAM patients with PH,
and 78 % of them were transplant-free during this
interval. Six patients in this observational study
also received pulmonary vasodilator therapies
(ERAs and PDE5 inhibitors), which were associ-
ated with significant reductions in mean PA pres-
sure and PVR without worsening hypoxemia.
However, these effects were not accompanied by
significant improvements in cardiac function,

exercise capacity, dyspnea. Overall, the signifi-
cance of PH in LAM remains uncertain.

Obstructive Lung Disease

Obstructive lung disease is extremely common and
includes a number of disorders that result in
increased resistance to airflow. As noted above,
the most important disorder in this classification
in terms of PH is COPD, with less being known
about the role of PH in asthma, cystic fibrosis,
bronchiolitis obliterans, or bronchiectasis.
Recently, the high prevalence of PH in combined
obstructive and restrictive disease (chronic pulmo-
nary fibrosis and emphysema, CPFE) has been
recognized. Chronic hypoxemia appears to be the
prominent precipitant of PH in these disorders,
though additional mechanisms do play a role.

Fig. 5 Chest CT findings of lymphangioleiomyomatosis.
Serial sections throughout the chest demonstrate diffuse
parenchymal involvement. Black arrow denotes

pneumothorax. White arrowheads denote multiple paren-
chymal cysts (Images courtesy of Dr. Stanley Siegelman,
Department of Radiology, Johns Hopkins University)
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Chronic Obstructive Pulmonary Disease
COPD is a chronic inflammatory disorder of
small airways that leads to airflow limitation,
impaired gas exchange, and parenchymal loss
(in emphysema). Hypoxemia results from
impaired V/Q matching and is compounded by
the loss of alveolar surface area for diffusion in
emphysema. Prevalence estimates for PH in
COPD range from 30 % to 70 % (Minai
et al. 2010), with PH being more common in
patients with advanced disease. In one trial of
patients with severe emphysema evaluated for
lung volume reduction surgery, 61.4 % of
patients had a mean PA pressure greater than
20 mmHg (Scharf et al. 2002). As this value
represents the upper limit of normal resting
mean PA pressure (Badesch et al. 2009), many
investigators have used this value to define PH in
COPD, despite the higher mean PA pressure
required to define PAH and PH in other chronic
respiratory diseases (25 mmHg). Given the
reduced survival noted in COPD patients with a
mean PA pressure greater than 20 mmHg
(Weitzenblum et al. 1981), this definition may in
fact be appropriate. In general, PH associated with
COPD is of mild severity, and PA pressures ele-
vated out of proportion should prompt evaluation
for other contributing diagnoses (obstructive sleep
apnea, left ventricular dysfunction, and chronic
thromboembolic disease). However, there is a sub-
group of COPD patients that appears to be at risk
for development of more severe PH despite stable
lung disease. This group accounted for 1.1 % of all
COPD patients undergoing hemodynamic evalua-
tion in one large retrospective analysis (Chaouat
et al. 2005) and has a unique clinical phenotype
characterized bymild to moderate airways obstruc-
tion, severely reduced DLCO, and severe hypox-
emia. In addition, more severe PH can develop
during COPD exacerbations, associated with
increased V/Q mismatch, reduced PaO2 (Barbera
et al. 1997), and, in some cases, increased right
ventricular filling pressures (Weitzenblum
et al. 1994). Observed changes in right ventricular
end-diastolic pressure were associated with devel-
opment of peripheral edema, CO2 retention,
decreased arterial oxygen saturation, and increased
mean PA pressure.

Development of PH in COPD is associated
with increased mortality. While the survival ben-
efit of long-term oxygen therapy (LTOT) in
COPD has been recognized since the early
1980s (Medical Research Council Working Party
1981; Nocturnal Oxygen Therapy Trial Group
1980), mean PA pressure was shown to be highly
predictive of long-term survival in COPD patients
on LTOT (Oswald-Mammosser et al. 1995). Only
36 % of patients with a PA pressure greater than
25 mmHg survived for 5 years compared with
62 % of patients with PA pressure less than
25 mmHg.

As noted above, the primary pathological
mechanism driving PH in COPD is chronic hyp-
oxia related to impaired V/Q matching. Chronic
hypoxia results in remodeling of the pulmonary
vasculature and hypoxic pulmonary vasoconstric-
tion. Loss of alveolated lung tissue, as occurs in
emphysema, may result in loss of pulmonary cap-
illary surface area, thereby increasing the PVR.
This is supported by the negative correlation
observed between diffusing capacity for carbon
monoxide (DLCO) and mean PA pressure in
patients with severe COPD (Matsuoka et al.
2010). Impaired gas exchange may lead to chronic
hypercapnia, and pulmonary vasoconstriction can
be exacerbated by hypercapnia and acidemia in
COPD (Enson et al. 1964). Mechanical compres-
sion of extra-alveolar vessels by lung hyperinfla-
tion had previously been assumed to contribute to
increased PVR, though recent evidence does not
support this hypothesis (Falk et al. 2007). How-
ever, lung hyperinflation and associated increas-
ingly negative pleural pressures required for
ventilation may increase both right and left heart
filling pressures, as described above.

Treatment for most patients with PH secondary
to COPD should focus on optimizing manage-
ment of the underlying airways obstruction, with
goals of improving V/Q matching, reducing work
of breathing, and limiting chronic hypoxemia.
Inhaled bronchodilators, anticholinergics, and
corticosteroids remain the mainstay of therapy.
These drugs, alone or in combination, have been
shown to improve FEV1 and reduce exacerbation
frequency in COPD (Calverley et al. 2007;
Tashkin et al. 2008). Short-acting β-agonists and
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inhaled anticholinergics modestly reduce PA pres-
sures during exercise in COPD patients, appar-
ently by improving respiratory mechanics and
lowering cardiac filling pressures (Saito
et al. 1999). Oral theophylline has been associated
with improved PA pressure, PVR, and cardiac
index in COPD patients (Matthay 1987), though
these effects are strongly dependent on blood
levels, even within the therapeutic range (Mols
et al. 1993). Theophylline is used infrequently in
COPD patients due to the narrow therapeutic win-
dow, and drug clearance may be reduced in
patients with diminished cardiac output. LTOT
appears to be an effective treatment to combat
PH development in COPD patients. In one study,
COPD patients using supplemental oxygen for at
least 15 h daily did not develop the increased PA
pressure and PVR observed in COPD patients
who did not receive LTOT (Medical Research
Council Working Party 1981). More recently,
LTOT was shown to stabilize the mean PA pres-
sure in patients with severe COPD over a 6-year
course, despite progressive declines in PaO2 and
FEV1 (Zielinski et al. 1998). LTOT minimizes
acute hypoxic pulmonary vasoconstriction and
prevents further pulmonary vascular remodeling.
As pulmonary hemodynamic parameters stabilize
but do not improve with LTOT, it is unlikely that
pulmonary vascular remodeling is reversed.

In general, pulmonary vasodilator therapies are
not recommended for management of PH associ-
ated with COPD. Although some therapies can
transiently improve hemodynamics, none has
demonstrated long-term efficacy. More impor-
tantly, many PH-specific therapies have been
associated with worsened V/Q matching and hyp-
oxemia in COPD patients, potentially worsening
long-term outcomes. Inhaled nitric oxide
(NO) has been successfully used in clinical trials
to improve hemodynamics and exercise capacity
in patients with COPD-associated pulmonary
hypertension. COPD patients who used inhaled
NO, in addition to supplemental oxygen, showed
significant improvements in mean PA pressure,
PVR, and cardiac output (Vonbank et al. 2003).
Importantly, inhaled NO improved V/Q matching
and stabilized PaO2 during exercise in patients
with COPD-associated PH (Roger et al. 1997).

However, the need for continuous inhalation
makes this therapy too cumbersome to be consid-
ered practical. COPD patients with PH showed an
acute reduction in resting and exercise-induced
mean PA pressure and increased cardiac output
during exercise following sildenafil administra-
tion (Blanco et al. 2010). However, sustained
treatment with sildenafil (3 months) did not
improve exercise capacity or quality of life in
these patients (Blanco et al. 2013). Bosentan has
been evaluated in a randomized, controlled trial of
PH patients with severe or very severe COPD
(Stolz et al. 2008). The results were disappointing,
as patients treated with 12 weeks of bosentan
therapy showed no improvement in 6MWD or
pulmonary hemodynamics. Bosentan-treated sub-
jects had a reduced PaO2 and a widened alveolar-
arterial oxygen gradient and reported a reduced
quality of life when compared to subjects in the
placebo arm (Stolz et al. 2008). The selective
ERA ambrisentan did not improve 6MWD in
COPD patients with PH in the ARIES-3 trial
(Badesch et al. 2012). Acutely, intravenous pros-
tacyclin analogues have been shown to improve
mean PA pressure, PVR, and cardiac output in
patients with COPD-associated pulmonary hyper-
tension (Naeije et al. 1982). However, they have
also been associated with worsened V/Qmatching
in COPD patients, particularly those with acute
respiratory failure (Archer et al. 1996). Prostacy-
clin analogue administration through an inhaled
route may mitigate the limiting issues with V/Q
mismatch and hypoxemia. COPD patients with
PH were recently shown to have improved V/Q
matching, a reduced alveolar-arterial oxygen gra-
dient, and longer 6MWD after an acute treatment
with the inhaled prostacyclin iloprost (Dernaika
et al. 2010). Future studies showing sustained
functional or hemodynamic effects with longer
treatment courses would be encouraging.

Finally, lung volume reduction surgery
(LVRS) has been considered a potentially useful
therapeutic option for PH in obstructive lung dis-
ease owing to theoretical benefits of minimizing
thoracic hyperinflation. However, while LVRS
was shown to improve respiratory mechanics
and increase PaO2, there was no improvement in
hemodynamic indices in patients undergoing
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LVRS compared to those treated medically
(Criner et al. 2007). Therefore, despite theoretical
benefits, no data support routine referral for LVRS
in patients with PH associated with chronic lung
disease.

Combined Pulmonary Fibrosis
and Emphysema
Recently, a distinctive clinical entity characterized
by concomitant obstructive and restrictive lung
disease and highly associated with PH has been
described. This syndrome, combined pulmonary
fibrosis and emphysema (CPFE), is defined by
characteristic radiographic findings (upper lobe
predominant emphysema and lower lobe fibrosis;
Fig. 6), pulmonary function testing (relatively
preserved lung volumes and spirometry, with
severely reduced DLCO), and increased resting
and exercise-induced hypoxemia (Cottin
et al. 2005; Mejia et al. 2009). Importantly, PH
appears to be highly prevalent in CPFE, estimated
to complicate 50–90 % of cases (Cottin
et al. 2005; Mejia et al. 2009). Retrospective ana-
lyses have suggested that PH is usually severe
(mean PA pressure >40 mmHg; (Cottin
et al. 2010) and that survival is markedly reduced
(estimated at 60 % 1-year survival) (Cottin
et al. 2010). These estimates would suggest that
survival is worse than that for COPD patients with
PH and at least as severe as IPF patients with
PH. CPFE has generally been associated with
male gender and smoking (Mejia et al. 2009),
though more recently it has been associated with

a variety of CTDs (Cottin et al. 2011). Of these,
RA and SSc were most common, and PH was
limited to those with SSc. In general, it appears
that PH is less prevalent in CTD patients with
CPFE than in idiopathic CPFE, suggesting that
PHmay be related to the underlying CTD (and not
the lung parenchymal disease) in this population.
There are extremely limited data on specific ther-
apies for CPFE or for PH in patients with CPFE.
One retrospective analysis showed that pulmo-
nary vasodilator therapy did not improve survival
in CPFE patients with PH (Cottin et al. 2010).
However, as this diagnosis becomes increasingly
recognized, the need for rigorous, prospective
analyses of PH-specific therapies in CPFE will
likely be necessary. At present, early referral for
consideration of lung transplantation appears to
be the most appropriate management option.

Summary and Conclusions

PH is a relatively common complication of a
spectrum of chronic respiratory diseases.
Although chronic hypoxia is an important contrib-
utor in most cases, a variety of additional mecha-
nisms may contribute to increase pulmonary
pressures. Early identification of PH in patients
with chronic respiratory disease can be challeng-
ing, and the prognostic implications of PH devel-
opment are uniformly poor. Treatment of the
underlying respiratory disease should be the pri-
mary focus of, as PH-specific therapies have not

Fig. 6 Chest CT findings of combined pulmonary fibrosis and emphysema. At left, upper lobe emphysema is noted by
white arrowheads. At right, peripheral reticular opacities are denoted in the lung bases by black arrows
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consistently demonstrated benefit and in many
cases have demonstrated the potential for harm.
In some cases, however, patients with chronic
respiratory disease and PH will have symptom-
atic improvement from pulmonary vasodilator
therapies. Identifying those likely to benefit
remains a challenge. Although treatment in clin-
ical trials would provide the most information,
limited options are currently available. In gen-
eral, treatment with PH-specific therapies should
be conducted in experienced centers where
adverse effects can be closely monitored and
early transplant referral can be made when
appropriate.
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