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Pulmonary vasculature in COPD: The silent component

ISABEL BLANCO, Lucilla PICCARI AND Joan Albert BARBERÀ

Department of Pulmonary Medicine, Hospital Clínic and August Pi i Sunyer Biomedical Research Institute (IDIBAPS); University of
Barcelona and Biomedical Research Networking Center in Respiratory Diseases (CIBERES), Madrid, Spain

ABSTRACT

Chronic obstructive pulmonary disease (COPD) is char-
acterized by airflow obstruction that results from an in-
flammatory process affecting the airways and lung
parenchyma. Despite major abnormalities taking place
in bronchial and alveolar structures, changes in pulmo-
nary vessels also represent an important component of
the disease. Alterations in vessel structure are highly
prevalent and abnormalities in their function impair
gas exchange and may result in pulmonary hyperten-
sion (PH), an important complication of the disease
associated with reduced survival and worse clinical
course. The prevalence of PH is high in COPD, particu-
larly in advanced stages, although it remains of mild to
moderate severity in the majority of cases.
Endothelial dysfunction, with imbalance between
vasodilator/vasoconstrictive mediators, is a key deter-
minant of changes taking place in pulmonary vascula-
ture in COPD. Cigarette smoke products may perturb
endothelial cells and play a critical role in initiating vas-
cular changes. The concurrence of inflammation, hyp-
oxia and emphysema further contributes to vascular
damage and to the development of PH.
The use of drugs that target endothelium-dependent
signalling pathways, currently employed in pulmonary
arterial hypertension, is discouraged in COPD due to
the lack of efficacy observed in randomized clinical tri-
als and because there is compelling evidence indicating
that these drugs may worsen pulmonary gas exchange.
The subgroup of patients with severe PH should be ide-
ally managed in centres with expertise in both PH and
chronic lung diseases because alterations of pulmonary
vasculature might resemble those observed in pulmo-
nary arterial hypertension. Because this condition en-
tails poor prognosis, it warrants specialist treatment.

Key words: hypoxia, obstructive disease, pulmonary circulation,
pulmonary remodelling, targeted pulmonary arterial hypertension drugs.

Abbreviations: ABG, arterial blood gas; AMP, adenosine
monophosphate; bid, twice a day; cGMP, cyclic guanosine
monophosphate; CI, cardiac index; COPD, chronic obstructive pul-
monary disease; DLCO, diffusing capacity of the lung for carbonmon-
oxide; EMP, endothelial microparticles; eNOS, endothelial NO
synthase; EP, end point; ET-1, endothelin-1; FC, functional class;
GOLD, Global Initiative for Chronic Obstructive Lung Disease; HPV,
hypoxic pulmonary vasoconstriction; LTOT, long-term oxygen ther-
apy; LVRS, lung volume resection surgery; mPAP, mean pulmonary
artery pressure assessed by right heart catheterization; NO, nitric ox-
ide; PaO2, partial arterial oxygen concentration; PAP, pulmonary ar-
tery pressure; PDE-5, phosphodiesterase-5; Peak VO2, oxygen
consumption at peak exercise; PH, pulmonary hypertension; PVR,
pulmonary vascular resistance; qd, one a day; RCT, randomized clini-
cal trial; RV, right ventricle; SMC, smoothmuscle cells; sPAP, systolic
pulmonary artery pressure estimated by echocardiography; tid, three
times a day; VA/Q, ventilation–perfusion; VEGF, vascular endothelial
growth factor; 6MWD, distance covered in the 6-min walk test.

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is
characterized by airflow obstruction that results from
an inflammatory process affecting the airways and
lung parenchyma. Despite major abnormalities taking
place in bronchial and alveolar structures, changes in
pulmonary vessels also represent an important com-
ponent of the disease. Alterations in vessel structure
and abnormalities in their function impair gas ex-
change and may result in pulmonary hypertension
(PH), which is a relevant complication in the natural
history of the disease, as it is highly prevalent and as-
sociated with reduced survival and worse clinical
course.
The etiologic and pathogenic mechanisms responsi-

ble for pulmonary vascular abnormalities in COPD
have been extensively investigated in recent years.
Studies in human cohorts and in experimental models
have revealed a crucial role for endothelial damage in
the pathogenesis of PH in COPD. Cigarette smoke
products have been identified as major factors in the
initiation of pulmonary vascular abnormalities. These
observations have coincided with the development of
drugs that target the vasodilator/vasoconstrictor
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imbalance between endothelium-derived mediators
and that have shown to be of great efficacy in patients
with pulmonary arterial hypertension.
In this review, we recap the current knowledge on

the clinical impact of pulmonary vascular abnormali-
ties in COPD; we examine their potential mechanisms
and causative agents and discuss the results of recent
studies with endothelium modulating agents in this
condition.

WHAT IS THE CLINICAL IMPACT OF
PULMONARY HYPERTENSION IN COPD?

Prevalence
Pulmonary hypertension is defined by the abnormal in-
crease of pulmonary artery pressure (PAP). Despite the
upper normal limit of mean PAP being 20mmHg,1,2

current guidelines define PH by a mean PAP
≥25mmHg.3 Assessment of PAP requires right heart
catheterization. InCOPD, themajority of hemodynamic
studies involving a large number of subjects have been
performed in patients with advanced disease (stage IV
of the Global Initiative for Chronic Obstructive Lung
Disease (GOLD) classification),4–6 candidates to either
lung transplantation or lung volume reduction surgery.
In this group, the prevalence of PH is very high, affecting
more than one third of patients (Figure 1).
Two recent studies have reported the prevalence of

PH in patients with less severe disease. In a study con-
ducted in 98 patients, Hilde et al.7 reported a prevalence
of PH of 5%, 27% and 53% in COPD GOLD stages II, III
and IV, respectively. Portillo et al,8 in a study conducted
in 139 COPD patients, reported a prevalence of PH of
7%, 25% and 22% GOLD stages II, III and IV defined
by spirometry, respectively (Figure 1).
In most cases, PH is of mild-to-moderate severity,

with mean PAP <35mmHg. Severe PH is rarely seen
in COPD. In a retrospective study conducted in 998
COPD patients, Chaouat et al.9 identified only 27 pa-
tients with PAP >40mmHg. Whereas 16 of them had
another disease, which could have been causing PH,
in 11 (1.1% of the whole group), COPD was the only

cause. The latter group of patients hadmoderate airway
obstruction (forced expiratory volume in 1s 50% pre-
dicted), severe hypoxemia, hypocapnia and very low
carbon monoxide diffusing capacity. Similar results
were obtained byThabut et al.6who identified, in a clus-
ter analysis, a subgroup of COPD patients characterized
by moderate impairment of airway function and high
levels of PAP, along with severe arterial hypoxemia.
These findings indicate that there is a reduced subset
of COPD patients with severe PH that share some clini-
cal featureswith idiopathic PAH.10 The prevalence of se-
vere PH in COPD varies between series, depending on
the severity of the disease and the cut-off PAP used to
define it, but is generally less than 5% of cases.

Current guidelines classify PH in COPD into three
groups: COPD without PH, COPD with PH and
COPD with severe PH (Table 1).3 The latter group
is defined by a mean PAP ≥35mmHg and/or a
cardiac index <2 L/min/m2, on the basis of the re-
duced prevalence of patients with these character-
istics among COPD patients.

In patients withmild-to-moderate disease, the prev-
alence of PH is low.7,8 However, in these patients, PH
might not be present at rest but develop during exer-
cise. Hilde et al.7 showed that themajority of COPDpa-
tients present abnormal physiological hemodynamic
responses during exercise, with an increase of PAP of
similar magnitude in patients with and without PH at
rest. In their study, 58% of patients without PH at rest
developed abnormal increases of PAP, as assessed by
the relationship increase of PAP/increase of cardiac
output.7 Portillo et al.8 showed an abnormal increase
of PAP during exercise in 71% of patients. Patients with
exercise-induced PH are more prone to develop rest-
ing PH in the subsequent years.11 Therefore, particular
attention should be paid to these patients as they may
suffer greater vascular impairment in their lungs.

Prognosis
The presence of PH is a strong predictor of mortality in
COPD, survival being inversely related to the severity of
PH.9 Furthermore, echocardiographic signs of right
ventricular dysfunction and electrocardiographic signs
of right ventricular hypertrophy12 or right atrial over-
load13 are also predictive of survival.

In addition to the prognostic significance in relation
to survival, the presence of PH in COPD is associated
with poor clinical evolution and more frequent use of
healthcare resources. A mean PAP >18mmHg is one
of the best predictors of increased risk of hospitalization
for COPD exacerbation.14 Furthermore, Wells et al.15

Figure 1 Reported prevalence of pulmonary hypertension, defined
by a mean pulmonary artery pressure >25mmHg assessed by right
heart catheterization, according to the spirometric Global Initiative for
Chronic Obstructive Lung Disease (GOLD) stage in chronic
obstructive pulmonary disease patients (data obtained from
References4–8). PAP, pulmonary artery pressure.

Table 1 Classification of pulmonary hypertension in COPD

COPD without PH PAP <25mmHg
COPD with PH PAP ≥25mmHg (with supplemental

O2 if needed)
COPD with severe PH PAP ≥35mmHg (with supplemental

O2 if needed) or PAP ≥25mmHg with
low CI (<2 L/min/m2)

CI, cardiac index; COPD, chronic obstructive pulmonary disease;
PAP, pulmonary arterial pressure; PH, pulmonary hypertension.
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showed that the enlargement of the pulmonary artery
diameter, as assessed by a pulmonary artery/aorta
(PA :A) ratio >1 in the computed tomography scan,
was associated with future exacerbation episodes re-
quiring hospitalization and that this ratio outperformed
many established risk factors for exacerbation. Accord-
ingly, COPD patients with an abnormal pulmonary vas-
cular bed might have lesser functional reserve to
overcome the changes that occur during exacerbation
episodes and are at greater risk for hospitalization.
Pulmonary hypertension in COPD progresses over

time, and its severity correlates with the degree of air-
flow obstruction and the impairment of pulmonary
gas exchange. The rate of progression of PH is slow,with
an average PAP increase of 0.6mmHg/year.10 Because
PAP is only moderately elevated and its rate of progres-
sion is slow, the right ventricle (RV) has time to adapt to
such a modest increase in afterload. When PAP is
chronically elevated, the RV dilates, and both end-
diastolic and end-systolic volumes increase. The stroke
volume of the RV is usually maintained, whereas its
ejection fraction decreases. Yet, in clinically stable pa-
tients, RV contractility lieswithin normal limits irrespec-
tive of the PAP value. Decreased RV contractility in
COPD has been observed only during exacerbation ep-
isodes in patients presentingmarked peripheral edema.
In clinically stable COPD, peripheral edema is not a

sign of RV failure because it might be present in pa-
tients without evidence of reduced cardiac output.10

In COPD, peripheral edema results from a complex in-
teraction between the hemodynamic changes and the
balance between edema-promoting and edema-
protectivemechanisms. In patients with PH associated
with chronic respiratory failure, both hypoxemia and
hypercapnia aggravate venous congestion by further
activating the sympathetic nervous system, already
stimulated by right atrial distension. Sympathetic acti-
vation decreases renal plasma flow, stimulates the
renin–angiotensin–aldosterone system and promotes
tubular absorption of bicarbonate, sodium and water.
Vasopressin also contributes to edema formation. It is
released when patients become hyponatremic and its
plasma levels rise in patients with hypoxemia and
hypercapnia.

WHAT ARE THE MECHANISMS OF
PULMONARY HYPERTENSION IN COPD?

Potential underlying mechanisms of PH in COPD in-
clude (i) increased vascular tone, (ii) arterial narrowing
due to the remodelling of the vessel wall, (iii) reduced
pulmonary vascular cross-sectional area, (iv) thrombo-
sis and (v) blood hyperviscosity. These differentmecha-
nisms may concur in the same patient and determine
the severity of PH. Underlying these mechanisms are
a number of biological, structural and functional
changes that take place in the pulmonary vasculature
of COPD patients.

Endothelial dysfunction
Endothelial cells play a crucial role in regulating vascu-
lar homeostasis.16 In pulmonary vessels, endothelial

cells contribute to the reduced vascular tone,17 regu-
late the adaptation of the vessels to increased flow18

and modulate hypoxic vasoconstriction.19,20 As in
other pulmonary hypertensive states, endothelial dys-
function of pulmonary arteries plays a crucial role
in the pathogenesis of PH in COPD. Endothelial dys-
function of pulmonary arteries has been shown at
different degrees of COPD severity, in both patients
with end-stage COPD who underwent lung trans-
plantation21 and patients with mild-to-moderate
disease who underwent surgical lobectomy.22 The im-
pairment of endothelial function is associated with or
results from changes in the expression or balanced re-
lease of vasoactive mediators with vasodilator proper-
ties, such as nitric oxide (NO) or prostacyclin and
mediators with vasoconstrictive properties, such as
endothelin-1 (ET-1) or angiotensin.
The expression of endothelial NO synthase (eNOS)

in pulmonary arteries, which is diminished in patients
with idiopathic PAH,23 is also reduced in patients with
COPD,24 and in smokers without airflow obstruction25

(Figure 2). Further, Nana-Sinkam et al.26 have shown
diminished expression of prostacyclin synthase in pul-
monary arteries in patients with severe emphysema.
Similarly, Tuder et al.27 have demonstrated loss of ex-
pression of prostacyclin synthase in endothelial cells
of pulmonary arteries in patients with associated forms
of PH. Giaid et al.28 showed that the expression of ET-1
in pulmonary arteries was increased in both primary
and secondary forms of PH. However, studies in pa-
tients with mild-to-moderate COPD or severe em-
physema have failed to show differences in ET-1
expression in pulmonary arteries when compared with
nonsmokers.24,25 Although, the latter finding could be
due to the fact that patients evaluated in these series
did not have PH. Furthermore, the expression of some
growth factors (vascular endothelial growth factor,
VEGF)29 or their receptors (transforming growth
factor-β type II receptor)30 is up-regulated in pulmo-
nary arteries of COPD patients (Figure 2).
Taken together, there is compelling evidence showing

that COPD is associated with perturbed endothelium,
not only in the pulmonary vasculature but also in sys-
temic vessels. Such a state of altered endothelial function
might predispose COPD to cardiovascular events,31

which are a common cause of death in this disease.32

In addition to changes in vasoactive mediators and
growth factors, COPD patients present structural dam-
age in pulmonary endothelium. Areas of cell denuda-
tion and detachment between endothelial cells have
been shown in pulmonary arteries of COPD patients.33

Furthermore, patients with COPD show increased
numbers of circulating endothelial microparticles
(EMP),34,35 which are small membrane-bound vesicles
(0.1–1μm diameter) released by endothelial cells after
activation or apoptosis.36 Such an increase of circulat-
ing EMP may reflect endothelial damage in COPD. In-
deed, the number of circulating EMP further increases
during exacerbation episodes and correlates with the
severity of airflow obstruction.37 Along this line, COPD
patients also show reduced numbers of bone marrow-
derived circulatingprogenitor cells.38–40 These cells play
a key role in the repair process of damaged endothe-
lium and are closely related to endothelial function.41

Pulmonary hypertension in COPD 3
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Endothelial dysfunction in COPD is not restricted to
pulmonary vasculature as it has also been shown in sys-
temic arteries.39,42,43

Vascular remodelling
Remodelling of pulmonary vessels is a major determi-
nant of PH in COPD. The most prominent feature of
pulmonary vascular remodelling in COPD is the en-
largement of the intimal layer in muscular arteries,
which is more pronounced in small arteries with a di-
ameter of less than 500μm22,44,45 (Figure 2). Intimal hy-
perplasia is produced by the proliferation of cells that
express smoothmuscle α actin and other mesenchymal
markers like vimentin46 (Figure 2). In addition, there is
deposition of elastic and collagen fibres.46 Pulmonary
vascular remodelling is apparent in patients with differ-
ent degrees of COPD severity, and the presence of PH
does not seem to be associated with greater derange-
ment of the vessel structure.47 Changes in the tunica
media are less conspicuous, and the majority of studies
have failed to show striking differences in the thickness
of the muscular layer in COPD patients, as compared
with controls.22,44,45,47

The extent of pulmonary vascular lesions correlates
with the severity of PH. Whereas in patients with
mild-to-moderate PH, vascular lesions are character-
ized by the intimal reaction with fibrous vascular oc-
clusion, patients with severe PH may show complex
vascular lesions including plexiform and angiomatoid
lesions similar to those observed in PAH.48

Remodelling of pulmonary arteries is not restricted
to patients with an established diagnosis of COPD.

Indeed, intimal hyperplasia46 and muscularization of
small pulmonary arteries,49 of similar magnitude than
in COPD, also occur in heavy smokers with normal
lung function. In fact, studies in experimental models
of COPD indicate that pulmonary vascular changes an-
tecede the development of emphysema.49,50

Emphysema
Derangement of the pulmonary vascular bed as a con-
sequence of emphysema may contribute to the devel-
opment of PH. A recent study by Peinado et al.51 in
explanted lungs of patients with severe COPD who
underwent lung transplantation showed that those
who had PH (of mild-to-moderate severity) showmore
severe morphologic signs of pulmonary emphysema,
as compared with patients without PH. Interestingly,
the degree of vascular remodelling was similar. These
observations suggest that the concurrence of pulmo-
nary emphysema with vessel remodelling might ex-
plain the development of severe PH in some COPD
patients. In fact, Adir et al.52 described a subgroup of
patients with severe emphysema and normal airflow
rates presenting with severe PH.

WHAT ARE THE CAUSATIVE AGENTS OF
PULMONARY HYPERTENSION IN COPD?

Hypoxia has been classically considered themain path-
ogenic mechanism of PH in COPD. However, its role
has been reconsidered because pulmonary vascular

a

dc

b

Figure 2 Pulmonary vascular changes in chronic obstructive pulmonary disease. (a) Pulmonary muscular artery stained with orcein stain
showing prominent intimal hyperplasia and narrowing of the lumen caused, in part, by abundant elastin deposition. (b) Immunostaining for -
smooth muscle actin revealing intimal proliferation of smooth muscle cells. (c) Immunostaining with monoclonal antibody against CD8 revealing
CD8 T-lymphocyte infiltrate in the arterial adventitia. (d) Staining for vascular endothelial growth factor, which is increased in the arterial wall.
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remodelling and endothelial dysfunction can be ob-
served in patients with mild COPD who do not have
hypoxemia and in smokers with normal lung func-
tion53 and because long-term oxygen therapy does
not fully reverse PH or the pulmonary vascular le-
sions.48 Furthermore, the relationship between arterial
PO2 and PAP is very weak, and arterial oxygen tension
only accounts for 8% of the PAP.4 In addition, the char-
acteristics of pulmonary vascular remodelling in COPD
differ substantially from those seen in individuals living
at high altitude.54

We strongly believe that cigarette smoke exposure
may explain the vascular changes observed in smokers
and the majority of COPD patients,53 although it might
be insufficient to produce PH or severe PH, which
occur only in a proportion of patients. Evidence
supporting this contention derives from observations
made in ‘healthy’ smokers and from experimental
studies in animal models. Studies conducted in
smokers without airflow obstruction have shown that
these individuals present remodelling in pulmonary ar-
teries,22 impairment of endothelial function,22 reduced
expression of eNOS,25 increased VEGF expression,29 in-
flammatory cell infiltrate55,56 and gene expression of
cytokines and angiogenic mediators,57 which are indis-
tinguishable from those seen in patients with mild-to-
moderate COPD and clearly differ from nonsmokers.
In addition, experimental animal models chronically
exposed to cigarette smoke develop pulmonary vascu-
lar changes similar to those seen in COPD patients; en-
dothelial dysfunction,58 vessel remodelling, vascular
inflammation59 and PH.58 In these animal models, cig-
arette smoke exposure induces changes in gene expres-
sion of VEGF, VEGF receptor-1, ET-1 and inducible
NOS,49 mediators that regulate vascular cell growth
and vessel contraction and are likely involved in the
pathogenesis of pulmonary vascular changes of COPD.
Interestingly, changes induced by cigarette smoke
exposure in pulmonary vessels antecede the develop-
ment of pulmonary emphysema.49 Furthermore, expo-
sure of pulmonary artery endothelial cells to cigarette
smoke extract causes an irreversible inhibition of eNOS
activity, which is due to diminished protein content
and mRNA.60 Cigarette smoke contains a number of
products that have the potential to produce endothe-
lial injury, among those the aldehyde acrolein seems
to play a prominent role.26

Interestingly, individuals exposed to biomass smoke
show structural changes in pulmonary arteries similar
to those observed in smokers,61 suggesting similar
mechanisms of pulmonary vascular impairment. It is
of note that PH appears to be more prevalent in sub-
jects exposed to biomass smoke than in cigarette
smokers62 and that exposed subjects present endothe-
lial dysfunction in systemic vessels.63

With this underlying disturbed endothelial function,
hypoxia may act as a contributing factor that may fur-
ther promote the development of PH. Indeed, in
guinea pigs, the concomitant exposure to cigarette
smoke and hypoxia resulted in a greater increase of
PAP and right ventricle hypertrophy than either stimu-
lus alone.64 Hypoxia may induce the proliferation of
smoothmuscle cells (SMC) and fibroblasts in the vessel
wall,65 although the proliferative effects of hypoxia on

SMCs are enhanced in the presence of mitogenic fac-
tors released by endothelial cells or fibroblasts.65 Ac-
cordingly, endothelial damage induced by cigarette
smoke and the subsequent imbalance among vasoac-
tive and angioproliferative mediators may conform
the substrate where hypoxic stimulus may further in-
duce proliferative responses in SMCs and promote
the development of PH.
Damaged pulmonary endothelium not only may

predispose to the development of PH but also to the
progression of emphysema. Indeed, in recent years,
the concept of impaired endothelial cell survival has
emerged as a critical factor in the pathogenesis of em-
physema.35,66,67 Thomashow et al.35 have recently
shown that the number of circulating EMP of an apo-
ptotic origin was significantly associated with percent
emphysema in COPD patients. Whether emphysema
represents the lung expression of a generalized endo-
thelial disorder or whether increased levels of EMP
resulting from endothelial apoptosis in patients with
emphysema may act as signalling elements capable
of producing endothelial damage remains a matter of
debate.31 Interestingly, a recent study in rodents
chronically exposed to cigarette smoke has shown that
soluble guanylate cyclase stimulation, which is the tar-
get enzyme for NO in SMCs, not only prevents pulmo-
nary vascular remodelling and the development of
pulmonary hypertension, but also the progression of
pulmonary emphysema,68 thereby suggesting a close
relationship between vascular changes and the forma-
tion of emphysema by alterations in the NO–cyclic
guanosine monophosphate pathway axis.
Patients with COPD and also smokers without airflow

obstruction showan increasednumber of inflammatory
cells infiltrating the adventitia of pulmonary muscular
arteries, largely constituted by activated T lymphocytes
with a predominance of the CD8+ T cell subset.55,69

The number of neutrophils, macrophages and B lym-
phocytes is minimal and does not differ from control
nonsmokers. The role of inflammation on pulmonary
vascular changes in COPD remains to be established,
but recent evidences in PAH suggest that inflammation
may play a significant role in the pathogenesis of PH.70

Accordingly, the initial event in the natural history of
PH in COPD appears to be the injury of pulmonary en-
dothelium by cigarette-smoke products or inflamma-
tory cytokines. Endothelial damage results in the
abnormal synthesis and release of vasoactive media-
tors that impair endothelium-dependent vasodilation
and favours the action of factors that promote the pro-
liferation of SMC and extracellular matrix deposition.53

All these changes may contribute to intimal hyperpla-
sia in pulmonary vessels resulting in the reduction of
the arterial lumen and the increase of pulmonary
vascular resistance (PVR). Arteries with endothelial
dysfunction are more susceptible to the action of addi-
tional factors. Among those, sustained arterial hypox-
emia and alveolar hypoxia in poorly ventilated lung
units play a crucial role, because they may induce fur-
ther endothelial impairment and vessel remodelling,
either directly or through VEGF-dependent mecha-
nisms, thus amplifying the initial effects of cigarette
smoke products.71 Finally, the loss of the pulmonary
capillary bed in patients with severe emphysema may
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further contribute to increase PVR and eventually re-
sult in severe PH.

ASSESSMENT OF PULMONARY
HYPERTENSION

Recognition of PH in COPD is difficult, especially in its
mildest form, because symptoms due to PH, such as dys-
pnea or fatigue, are difficult to differentiate from the clin-
ical picture of COPD. Furthermore, the identification of
some clinical signsmay be obscured by chest hyperinfla-
tion or the large swings in intrathoracic pressure. Usu-
ally, the main suspicion is based on the presence of
peripheral edema, but, as discussed above, in COPD this
may not be a sign of right ventricular failure. Cardiac
sounds may be disturbed by the presence of bronchial
rales or overinflated lungs and the typical auscultatory
findings of PH are uncommon in COPD patients.
Severe PH should be suspected in COPD patients

presenting dyspnea and exercise intolerance dispro-
portionate to the severity of airflow impairment, espe-
cially if these symptoms are accompanied by severe
hypoxemia, hypocapnia andmarkedly reduced carbon
monoxide diffusing capacity9 (Figure 3).
Echocardiography is themost useful non-invasive di-

agnostic tool for the initial assessment of patients with
suspected PH. Indications for echocardiography in
COPD patients include the clinical suspicion of signifi-
cant PH and to rule out concomitant left heart disease,
which is frequently associatedwith COPD andmay also
produce PH. Nevertheless, the diagnostic accuracy of
echocardiography for detecting PH in COPD is low.72,73

As recently reported, a PA : A ratio>1 on com-
puted tomography scan outperforms echocardiog-
raphy for diagnosing resting PH in patients with
severe COPD.74

Pulmonary hypertension is confirmed by right
heart catheterization, but it is not routinely recom-
mended in the assessment of patients with COPD.
Confirmatory right heart catheterization is indi-
cated in candidates being put forward for surgical
treatments. These include patients undergoing
lung volume reduction surgery and bullectomy,
those with suspected severe PH potentially amena-
ble to targeted therapy and, in general, in those
conditions where the results of the hemodynamic
assessment will determine treatment options
(Figure 3).

IMPLICATIONS FOR TREATMENT

In patients with associated PH, COPD should be op-
timally treated according to existing guidelines.75

Treatments addressed to ameliorate PH in COPD in-
clude long-term oxygen therapy (LTOT) or vasodila-
tor therapy.

Long-term oxygen therapy
It has been convincingly shown that LTOTprevents the
progressive increase of PAP in patients with COPD and
that when administered more than 18h/day, it
decreases progressively PAP.76 LTOT also improves
survival, although this effect is unrelated to the amelio-
ration of pulmonary hemodynamics. Survival benefit
seems to be greater in patients presenting a significant
decrease in PAP during the acute oxygen administra-
tion (acute responders).77 Despite such beneficial ef-
fects of LTOT, PAP rarely returns to normal values,
and the structural abnormalities of pulmonary vessels
persist.48

Figure 3 Diagnostic approach to pulmonary hypertension in chronic obstructive pulmonary disease. Definition of abbreviations: RV, right ventricle;
ABG, arterial blood gas; DLCO, diffusing capacity of the lung for carbon monoxide; PH, pulmonary hypertension; LVRS, lung volume resection
surgery; RCT, randomized clinical trial.
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Conventional vasodilators
Calcium channel blockers have been extensively evalu-
ated for the treatment of PH in COPD. The acute ad-
ministration of nifedipine has been shown to reduce
PAP and increase cardiac output in COPD patients
studied both at rest and during exercise.78However, ni-
fedipine inhibits hypoxic pulmonary vasoconstriction
(HPV), a physiologic mechanism that reduces perfu-
sion in poorly ventilated or nonventilated lung units
and diverts it to better ventilated units, thereby restor-
ing ventilation–perfusion (VA/Q) equilibrium and
increasing arterial PO2. Because HPV plays an impor-
tant role in regulating gas exchange in COPD, the ad-
ministration of nifedipine to these patients results in
worsening of VA/Q relationships and decrease of par-
tial arterial oxygen concentration (PaO2).

78 Further-
more, clinical results of long-term treatment with
calcium channel blockers in COPD have been
disappointing.71

In a recent randomized, double-blind, placebo-
controlled study, 1-year treatment with the
angiotensin-II antagonist losartan also failed to provide
significant benefit on systolic PAP, exercise capacity or
symptoms in patients with COPD-associated PH.79

Selective pulmonary vasodilators such as inhaled ni-
tric oxide (NO) also worsen VA/Q distributions and de-
crease PaO2 due to the inhibition of HPV.19 The
combined administration of low NO doses and oxygen
during 3months was compared with oxygen alone in a
randomized study. Combined NO and oxygen caused
a greater decrease in PAP and PVR than oxygen alone,
without decreasing arterial oxygenation.80 Yet, due to
the complexity of NO delivery, no further studies have
extended these initial findings.

Endothelium modulating agents
Current therapy of PAH is based ondrugs that target sig-
nalling pathways between the endothelial cells and
smooth muscle cells. Three signalling pathways are
current targets for PAH treatment: the NO–cyclic gua-
nosine monophosphate pathway, the prostacyclin–
cyclic adenosine monophosphate pathway and the
endothelin-1 pathway (Table 2). The use of these agents
(phosphodiesterase-5 (PDE-5) inhibitors, guanylate cy-
clase stimulators, prostanoids and ET-1 receptor antag-
onists,) has been shown to improve symptoms, exercise
performance, pulmonary hemodynamics and survival
in some forms of PAH. Considering that the pathogene-
sis of PH in COPD shares some common pathways with
that of PAH, it is conceivable that drugs thatmay correct
the endothelial vasoconstrictor–dilator imbalance could
be of clinical benefit in COPD.

Acute effects
The acute administration of intravenous epoprostenol
to patients with a COPD exacerbation reduced PVR,
but it also worsened arterial oxygenation.81 Two stud-
ies have assessed the acute effects of inhaled iloprost
in COPD. In one uncontrolled study conducted in pa-
tients with an estimated systolic PAP of 41mmHg,
the administration of 5-μg iloprost increased 6-min
walk distance and improved arterial oxygenation.82 In

contrast, in a placebo-controlled study, the adminis-
tration of 10-μg iloprost reduced oxygen consumption
in a cardiopulmonary exercise test, and 20-μg iloprost
worsened gas exchange at rest.83

The acute effects of 20 and 40-mg sildenafil were
assessed in COPD patients with PH, both at rest and
during exercise.84 Both sildenafil doses improved pul-
monary hemodynamics at rest and during exercise, al-
though PaO2 decreased at rest due to increased VA/Q
mismatching due to the inhibition of HPV.84

In summary, studies of acute effects of prostanoids
and PDE-5 inhibitors indicate that these drugs worsen
gas exchange in COPD.

Long-term effects
A number of uncontrolled studies, conducted in re-
duced number of subjects, have evaluated the long-
term effects of PAH targeted therapy in patients with
COPD-associated PH.71 The number of randomized,
controlled studies in this condition is limited
(Table 3).
The effects of the dual-ET-1 receptor antagonist

bosentan were evaluated in a group of COPD pa-
tients with systolic PAP estimated by echocardiogra-
phy ranging between 20 and 42mmHg.85 At the end
of 3-month treatment, there were no changes in
exercise tolerance or systolic PAP, whereas arterial
oxygenation significantly worsened in the group
treated with bosentan85 (Table 3). Valerio et al.86

evaluated the effects of adding bosentan to conven-
tional COPD treatment in 32 patients with COPD-
associated PH using a randomized, unblinded
design. At the end of an 18-month period, patients
who received bosentan showed improved hemody-
namics and exercise tolerance, compared with

Table 2 Endothelium modulating agents used for the treat-
ment of pulmonary arterial hypertension

Signalling pathwayswith vasodilator and antiproliferative effects
a) Nitric oxide–cyclic GMP pathway

a.1.) Phosphodiesterase-5 inhibitors
—Sildenafil
—Tadalafil

a.2.) Soluble guanylate cyclase stimulators
—Riociguat

b) Prostacyclin–cyclic AMP pathway
Prostanoids

—Epoprostenol
—Iloprost
—Treprostinil
—Selexipag

Signalling pathways with vasoconstrictor and proliferative
effects

Endothelin-1 pathway
Endothelin-1 receptor antagonists

—Ambrisentan
—Bosentan
—Macitentan

AMP, adenosine monophosphate; GMP, guanosine
monophosphate.
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control subjects, without deterioration of gas
exchange.86

The effects of PDE-5 inhibitors in COPD-
associated PH have been recently evaluated in four
randomized clinical trials (Table 3). Rao et al.87 eval-
uated the effects of sildenafil (20mg tid) in 33 pa-
tients with COPD and an estimated systolic PAP of
50mmHg. After 12-week treatment, patients receiv-
ing sildenafil showed a substantial increase in 6-
min walk distance (+191m) and a significant de-
crease of systolic PAP.87 In contrast, Lederer et al.88

did not find any significant effect on exercise toler-
ance in 10 COPD patients without PH treated with
sildenafil (20mg tid) during 1month, using a cross-
over design. At the end of the treatment period, pa-
tients receiving sildenafil showed worsened arterial
oxygenation and quality of life.88 In a randomized,
placebo-controlled study, Blanco et al.89 evaluated
the effects of 3-month treatment with sildenafil
(20mg tid), added to pulmonary rehabilitation, in
60 patients with severe COPD and mild-to-moderate
PH. Sildenafil treatment did not improve the results
obtained with rehabilitation alone on exercise toler-
ance and quality of life.89 In a recent randomized,
placebo-controlled clinical trial, conducted in 120
COPD patients with moderate PH (estimated mPAP
30mmHg), 12-week treatment with tadalafil (10mg
qd) did not produce any significant effect on 6-min
walk distance.90

In summary, the treatment of choice in patients
with PH associated with COPD who are hypoxemic
is LTOT. The use of conventional vasodilators or
PAH targeted therapy in patients with COPD and
moderate PH is currently discouraged based on
the lack of efficacy observed in the majority of ran-
domized clinical trials conducted so far, and be-
cause there is compelling evidence indicating that
these drugs may worsen pulmonary gas exchange.
The subgroup of patients with severe PH should
be ideally managed in centres with expertise in
both PH and chronic lung diseases and included
in randomized, controlled trials if available.
Targeted PAH therapy might be considered in pa-
tients with severe PH in a compassionate basis
due to the poor prognosis of this condition, with
careful monitoring of gas exchange and inclusion
in prospective registries.

‘TAKE HOME’ MESSAGES FOR THE
CLINICIANS

1 Pulmonary hypertension is a common complica-
tion of COPD, particularly in advanced disease, as-
sociated with greater mortality and worse clinical
course. It is usually of mild-to-moderate severity
and progresses slowly, with preserved right ven-
tricular function. Only a reduced subgroup of pa-
tients (3–5%) may present severe PH, with mean
PAP >35mmHg and/or low cardiac index.

2 The distinction betweenGroup 3 PHor the presence
of PAH (Group 1) in a patient with a prevalent dis-
ease such COPD might be difficult in patients who
present severe PH, particularly if airflow obstruction
is mild or moderate.

3 Patients presenting symptoms that exceed those ex-
pected by the airflow impairment should be further
evaluated by echocardiography, although its diagnos-
tic performance is lower than in other forms of PH.
Confirmatory right heart catheterization is indicated
in candidates to surgical treatments (lung volume re-
duction surgery, bullectomy or lung transplant),
suspected severe PHpotentially amenable to targeted
therapy and, in general, in those conditions where
the result of the hemodynamic assessment will deter-
mine treatment options.

4 The treatment of choice for patients with COPD and
associated PH who are hypoxemic is long-term oxy-
gen therapy.

5 Drugs approved for PAH or conventional vasodila-
tors are not recommended in COPD patients with
mild-to-moderate PH because they may impair gas
exchange and because of their lack of efficacy shown
in randomized controlled trials.

6 COPD patients with severe PH should be referred to
a centre with expertise in PH and lung diseases and
ideally included in randomized controlled trials.
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Table 3 Targeted therapy for pulmonary arterial hypertension in COPD in randomized clinical trials

Author (year) n Drug, dose Follow-up PH, status Primary EP Achieved?

Rao (2011) 33 Sildenafil, 20mg tid 12weeks Yes, sPAP 53mmHg 6MWD Yes
Lederer (2012) 10 Sildenafil, 20mg tid 4weeks Excluded 6MWD, Peak VO2 No
Blanco (2013) 60 Sildenafil†, 20mg tid 3months Yes, mPAP 31mmHg Endurance time No
Goudie (2014) 120 Tadalafil, 10mg qd 12weeks Yes, mPAP 30mmHg Δ6MWD No
Stolz (2008) 30 Bosentan, 125mg bid 12weeks No, sPAP 35mmHg Δ6MWD No
Valerio (2009) 32 Bosentan‡, 125mg bid 18months Yes, mPAP 37mmHg PAP, FC, 6MWD Yes

†Added to pulmonary rehabilitation.
‡Unblinded.
PH, pulmonary hypertension; EP, end point; sPAP, systolic pulmonary artery pressure estimated by echocardiography;mPAP,mean pulmonary

artery pressure assessed by right heart catheterization;6MWD, distance covered in the 6-minwalk test; Peak VO2, oxygen consumption at peak
exercise; PAP, pulmonary artery pressure; FC, functional class; tid: three times a day; qd: one a day; bid: twice a day.
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Supplementary Figure S1. Receiver operating curve of flow-mediated dilation (FMD) and pulse wave velocity 

(PWV) to detect the presence of pulmonary vascular disease (PVD) in the subject cohort. a) FMD <4.5% of 

baseline diameter was identified as the best predictor of PVD (sensitivity 77%, specificity 75%; area under the 

curve, AUC, 0.815); b) PWV >10.35 m/s was identified as the best predictor of PVD (sensitivity 87%, specificity 

72%; AUC 0.803). 

 

 

 









Mechanisms of hypoxaemia in severe pulmonary hypertension
associated with COPD

To the Editor:

Pulmonary hypertension (PH) is a frequent complication of COPD, with a poor prognosis, especially in its
severe form [1]. Accordingly, current guidelines distinguish patients with severe PH from those with
moderate PH [2]. Patients with COPD and severe PH often present with worse hypoxaemia than those with
moderate PH, despite having milder airflow obstruction [3–5]. The mechanisms underlying severe
hypoxaemia in these patients have not been elucidated. This study aimed to analyse the determinants of
hypoxaemia in severe PH associated with COPD by assessing ventilation/perfusion (VA/Q) relationships
with the multiple inert gas elimination technique (MIGET).

We retrospectively analysed 88 COPD patients who underwent simultaneous assessments of pulmonary
haemodynamics and VA/Q distributions with MIGET in our laboratory. Patients were grouped as: without PH
(mean pulmonary artery pressure (mPAP) ⩽20 mmHg or pulmonary vascular resistance (PVR) ⩽2 Wood
units (WU)); moderate PH (mPAP >20 mmHg, PVR 2.5–5.0 WU and pulmonary artery wedge pressure
(PAWP) ⩽15 mmHg); and severe PH (mPAP >20 mmHg, PVR >5 WU and PAWP ⩽15 mmHg). Studies
were performed as previously described [6]. In a subgroup of 51 patients, measurements were repeated while
breathing 100% oxygen to assess the effects of inhibiting hypoxic pulmonary vasoconstriction (HPV).

The dispersion of perfusion (logSD Q) and ventilation (logSD V) distributions were used as indices of
VA/Q mismatch (normal: logSD Q <0.60, logSD V <0.65). The difference between retention and excretion
(R−E*) for each inert gas was computed and the whole R−E* of all gases (DISP R−E*, normal <3) was
used as an overall descriptor of VA/Q inequality. The amount of blood flow in units with low VA/Q ratio
(0.005–0.1) or non-ventilated areas (shunt), and the amount of ventilation in units with high VA/Q ratio
(10–100) or non-perfused areas (dead space) were computed. The difference between measured arterial
oxygen partial pressure (PaO2

) and that predicted by the MIGET (Pr-Ms PaO2
) was used to assess

alveolar-to-capillary diffusion limitation to oxygen.

Groups were compared with an independent samples Kruskal–Wallis one-way analysis of variance for
continuous variables, post hoc Dunn’s test for pairwise comparisons, and chi-square test for categorical
variables. Comparisons between room air and oxygen breathing were performed with a paired-samples t-test.
A p-value <0.05 was considered significant. The study was approved by the hospital ethics committee.

The groups had similar age and sex distribution. Patients with severe PH had less airflow obstruction than
those with moderate or without PH (figure 1a), and lower carbon monoxide diffusing capacity (median
(interquartile range) 29 (23–37), 44 (28–58) and 46 (28–61) % predicted for severe, moderate and without
PH, respectively; p<0.05). Pulmonary haemodynamic profiles are shown in figure 1a.

Patients with severe PH had significantly lower PaO2
and numerically lower mixed-venous partial pressure

of oxygen (PvO2
) than the other groups (figure 1a). They also had greater impairment of VA/Q

relationships, with the highest DISP R−E* (17.3 (13.7–24.4)) and logSD Q values, and an increased
proportion of shunt (figure 1a and b). No differences in logSD V, high VA/Q units or dead space
were observed. The PaO2

was fully explained by the severity of VA/Q mismatching, without differences in
Pr-Ms PaO2

.

Copyright ©The authors 2023.

This version is distributed under
the terms of the Creative
Commons Attribution Non-
Commercial Licence 4.0. For
commercial reproduction rights
and permissions contact
permissions@ersnet.org

Received: 3 March 2022
Accepted: 12 May 2023

Shareable abstract (@ERSpublications)
Severe hypoxaemia, characteristic of COPD with severe pulmonary hypertension, is due to a
combination of greater ventilation–perfusion mismatch, increased intrapulmonary shunt and
reduced PvO2

, with negligible hypoxic pulmonary vasoconstriction regulation https://bit.ly/3Wnzpik

Cite this article as: Piccari L, Blanco I, Torralba Y, et al. Mechanisms of hypoxaemia in severe
pulmonary hypertension associated with COPD. Eur Respir J 2023; 62: 2300463 [DOI: 10.1183/
13993003.00463-2023].

https://doi.org/10.1183/13993003.00463-2023 Eur Respir J 2023; 62: 2300463

EUROPEAN RESPIRATORY JOURNAL
RESEARCH LETTER
L. PICCARI ET AL.



80

*

a)

60

40

20

0

F
E

V
1
 %

 p
re

d

80

60

d)

40

20

0

P
a

O
2
, m

m
H

g

W
it

h
o

u
t 

P
H

S
e

ve
re

 P
H

V
e

n
ti

la
ti

o
n

C
a

rd
ia

c 
o

u
tp

u
t

P
vO

2

V
A/

Q
 m

is
m

a
tc

h

In
te

ra
ct

io
n

 

P
vO

2
-V

A/
Q

Interaction 

VA/Q ineq-PvO2

26%

20%

54%

VA/Q ineq.

PvO2

*
60

*

40

20

0
m

P
A

P
 m

m
H

g

*

15

*

10

5

0

P
V

R
 W

o
o

d
 u

n
it

s

*
*

4

*

3

1

2

0

C
I L

·m
in

–
1
·m

–
2

*

100

*

75

50

25

0

P
a

O
2
 m

m
H

g

*
40

30

10

20

0

P
vO

2
 m

m
H

g

1.5

*

1.0

0.5

0.0

lo
g

S
D

 Q

*

15

*

5

10

0

S
h

u
n

t 
(%

 o
f 

ca
rd

ia
c 

o
u

tp
u

t)

*

5

*

*

–5

0

–10

–15

�m
P

A
P

 m
m

H
g

2.5

*

–2.5

0.0

–5.0
�P

V
R

 W
o

o
d

s 
U

n
it

s

*

#

#

#

#

#

c)

b)

1.0

0.0

0.5

–0.5

–1.0

�C
I L

·m
in

–
1
·m

–
2

0.6

0.0

0.2

0.4

–0.2

�l
o

g
S

D
 Q

#

#

18

15

e)

12

9

6

3

0

D
iff

e
re

n
ce

 in
 P

a
O

2
 

N
o

 P
H

-S
e

ve
re

 P
H

 (
m

m
H

g
) 

0.8

0.5

0.6

0.7

0.4

0.2

0.3

0.1

0.0
0.001 0.1 10 0.01 10 100 100

Dead
space
24%

Shunt
0.9%

VA/Q ratio

Moderate PH

B
lo

o
d

 f
lo

w
 (

 )
 a

n
d

 v
e

n
ti

la
ti

o
n

 (
 )

, 

L·
m

in
–

1

Dead
space
30%

Severe PH

Shunt
17%

B
lo

o
d

 f
lo

w
 (

 )
 a

n
d

 v
e

n
ti

la
ti

o
n

 (
 )

, 

L·
m

in
–

1

1.0

1.2

1.4

0.8

0.4

0.6

0.2

0.0
0.001 0.1 10 0.01 10

VA/Q ratio

Dead
space
25%

No PH

Shunt
1.9%B

lo
o

d
 f

lo
w

 (
 )

 a
n

d
 v

e
n

ti
la

ti
o

n
 (

 )
, 

L·
m

in
–

1

0.4

0.5

0.6

0.3

0.2

0.1

0.0
0.001 0.1 10 0.01 10 100

VA/Q ratio

Without PH

Moderate PH

Severe PH

https://doi.org/10.1183/13993003.00463-2023 2

EUROPEAN RESPIRATORY JOURNAL RESEARCH LETTER | L. PICCARI ET AL.



Breathing 100% O2, mPAP and PVR decreased to a greater extent in the severe PH group (figure 1c). The
increase in PaO2

was significantly less in patients with severe PH (348 (228–485) mmHg) than in patients
with moderate or without PH (498 (443–512) and 505 (474–532) mmHg, respectively; p<0.05). VA/Q
relationships worsened (increased logSD Q) in patients without PH and with moderate PH, but not in those
with severe PH (figure 1c). The amount of shunt remained unchanged in all groups.

Our study shows that, in COPD patients with severe PH, the marked impairment of gas exchange is
explained by the concurrence of severe VA/Q mismatch, with a prominent amount of blood diverted to
areas with low VA/Q ratio and shunt, lower PvO2

and a poor contribution of HPV to VA/Q matching. This
profile differs from that usually seen in COPD [7, 8], which we corroborated in patients without PH, and
with moderate PH. Since the severe PH group had less airflow limitation, further worsening of VA/Q
relationships is likely due to changes in pulmonary vasculature. In fact, pulmonary vascular remodelling is
associated with the severity of VA/Q mismatching in COPD [9] and some features observed in the severe
PH group (areas of very low VA/Q and shunt) concur with those shown in idiopathic pulmonary arterial
hypertension [10]. We hypothesise that in COPD patients with severe PH, pulmonary vascular
abnormalities add to changes in small airways and lung parenchyma, further increasing the VA/Q
imbalance due to airflow obstruction. Of note, patients with severe PH had a significant amount of shunt,
the origin of which is not apparent since they did not have obvious areas of alveolar occupation or
collapse. Potential explanations include: a patent foramen ovale, although this was ruled out with contrast
echocardiography in the majority of patients with severe PH; loss of peripheral vascular bed [11] that
could divert blood to poorly ventilated units, further decreasing their VA/Q ratio; or the hypothetical
presence of anastomoses between pulmonary and bronchial vessels bypassing the pulmonary capillaries,
similar to those described in pulmonary arterial hypertension [12].

We explored the quantitative contribution of factors determining PaO2
, using the MIGET algorithm, in

patients with severe PH, as compared to those without PH [13] (figure 1d). The principal factor,
accounting for 54% of the difference in PaO2

, was reduced PvO2
; the remaining 46% was explained by

greater VA/Q mismatch and shunt, which also determine lower capacity to counterbalance the effect of a
diminished PvO2

(figure 1e). This analysis highlights the important role of PvO2
, determined by cardiac

output, in modulating PaO2
in PH [14].

VA/Q relationships (logSD Q) significantly worsened on 100% oxygen in patients without PH or with
moderate PH, but not in those with severe PH, who instead presented a significant decrease in mPAP and
PVR. This suggests that HPV did not contribute substantially to maintaining VA/Q balance in COPD with
severe PH. Presumably, greater endothelial dysfunction in severe PH may reduce the ability to finetune the
matching of perfusion to alveolar ventilation [9]. The lack of deterioration of VA/Q relationships when
releasing HPV with oxygen in COPD patients with severe PH may suggest that pulmonary vasodilators
might not adversely affect gas exchange in this group. Indeed, controlled trials of pulmonary vasodilators
in COPD patients with severe PH have not reported oxygenation worsening [15].

This study is limited by the relatively small sample size of the severe PH group, which is a rare condition,
although it was sufficiently robust to detect significant differences in gas exchange determinants, which

FIGURE 1 a) Airflow obstruction, pulmonary haemodynamics and gas exchange measurements breathing room air in patients with COPD without
pulmonary hypertension (PH), with moderate PH and with severe PH. b) Representative plots of the distribution of blood flow and ventilation as a
function of the ventilation/perfusion (VA/Q) ratio on a logarithmic scale in COPD patients without PH, with moderate PH and with severe PH. Closed
symbols indicate blood flow and open symbols ventilation. The amount of shunt and dead space are expressed as percentage of cardiac output
and minute ventilation, respectively. c) Changes in pulmonary haemodynamics and gas exchange measurements breathing 100% oxygen in COPD
patients without PH, with moderate PH and with severe PH. d) Quantitative contribution of determinants of hypoxemia in COPD patients with
severe PH. Green bar shows the average arterial oxygen partial pressure (PaO2

) predicted by the multiple inert gas elimination technique (MIGET)
algorithm in patients without PH and the dark blue bar that of patients with severe PH. Light blue bars show the PaO2

predicted by the MIGET in
patients with severe PH if their ventilation, cardiac output, mixed-venous partial pressure of oxygen (PvO2

) and VA/Q distribution data had been
those of patients without PH. The last light blue bar reflects the effect of the concurrence of higher PvO2

with more homogenous VA/Q distributions,
as seen in patients without PH. e) Schematic representation of the relative contribution of different factors on the difference in PaO2

between
patients with severe PH and those without PH. Boxplots (a, c) show the median and the interquartile range, whiskers mark the 5th and 95th
percentiles. *: p<0.05 compared with the other group; #: p<0.05 compared with the value breathing room air in the same group. FEV1: forced
expiratory volume in the first second; mPAP: mean pulmonary artery pressure; PVR: pulmonary vascular resistance; CI: cardiac index; logSD
Q: dispersion of the distribution of blood flow (normal <0.6) that reflects the severity of VA/Q mismatch; shunt: perfusion of unventilated lung units.
Δ denotes the change between measurements at room air and those breathing 100% oxygen (c).
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was its main goal. Another limitation is the absence of imaging in many patients, which could have
informed on the parenchymal derangement, due to the retrospective nature of the study.

In conclusion, our study shows that patients with severe PH associated with COPD present distinctive
features in pulmonary gas exchange that may contribute to characterising this clinical phenotype. In these
patients, severe hypoxaemia is caused by the combination of greater VA/Q mismatch, increased
intrapulmonary shunt and reduced PvO2

, along with a negligible role of HPV in preserving VA/Q matching.
From a practical point of view, these results suggest that pulmonary vasodilators might not be detrimental
to gas exchange in this population; theoretically, they could even improve it by increasing cardiac output.
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