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Pulmonary arterial hypertension (PAH) is a chronic disease that is associated with 
a significant and progressive limitation of exercise tolerance. The pathophysiological 
mechanisms of exercise intolerance during exercise are complex, multifactorial, and 
in fact not limited to the pulmonary circulation and the right ventricle. Disturbance 
of autonomic nervous function leads to an enhanced chemosensitivity, as well as 
respiratory and peripheral muscle weakness, and systemic endothelial dysfunction, 
which together play important roles in PAH pathophysiology and symptomatology. 
This article is focused on the different pathophysiological mechanisms of exercise 
intolerance in PAH, their interactions, and their relevance for clinical practice.

INTRODUCTION
Pulmonary arterial hypertension (PAH) 
is a primary disease of the pulmonary 
vasculature, which is caused by primary 
structural changes of the pulmonary 
arteries. These changes lead to an 
elevation of pressure and resistance in 
the precapillary part of the pulmonary 
vasculature, and are therefore character-
ized by a chronic increase in right ven-
tricular afterload (increased pulmonary 
vascular resistance)1 and loss of pulmo-
nary vascular capacitance,2 potentially 
leading to right ventricular failure and 
death. Additionally, the efficiency of 
alveolar gas exchange of oxygen and 
carbon dioxide (CO2) is significant-
ly impaired. Exercise limitation and 
dyspnea are among the most frequent 
and distressing symptoms of PAH.3 In 
most cases, exercise capacity is limited 
by a circulatory (heart and/or blood 
vessel) exhaustion, and not by a lack of 
breathing (airway) reserve. In addition, 
autonomic nervous dysfunction leading 
to an enhanced chemosensitivity, respi-
ratory and peripheral muscle weakness, 
and systemic endothelial dysfunction 
play additional and perhaps equally 
important roles in PAH pathophysiolo-
gy and symptomatology.

This article focuses on the many 
pathophysiological mechanisms of ex-

ercise intolerance in PAH, their inter-
actions, and their relevance for clinical 
practice.

FUNCTIONAL AND 
METABOLIC CHANGES IN THE 
PULMONARY CIRCULATION 
DURING EXERCISE IN 
HEALTHY SUBJECTS
In contrast to the systemic circulation, 
the pulmonary circulation is a low-pres-
sure and high-compliance system at 
rest and during exercise. While systolic 
blood pressure in the systemic circu-
lation rises by about 0.33 mm Hg/W4 
during exercise in healthy subjects and 
reaches age-dependent peak values of 
204 to 213 mm Hg in men and 173 to 
192 mm Hg in women,5 the pulmonary 
vasculature remains a low-pressure cir-
cuit even at an increased cardiac output 
in normal individuals. The increase 
in pulmonary arterial mean pressure 
(mPAP) during exercise is dependent on 
age and pulmonary blood flow; howev-
er, mPAP rarely exceeds 30 mm Hg in 
healthy subjects.6 At progressing exercise 
levels and elevated cardiac output, a 
modest decrease in total pulmonary 
resistance and a very modest decrease 
in pulmonary vascular resistance can be 
observed.7 The most recent definition 
of “exercise pulmonary hypertension” 

by the European Respiratory Society7 
is based on the relationship between 
mPAP and cardiac output. According 
to this reference, an abnormal hemody-
namic response to exercise is defined by 
the presence of a resting mPAP below 
25 mm Hg with an increase in mPAP to 
> 30 mm Hg during exercise, with total 
pulmonary resistance > 3 Wood units.

These physiological considerations 
suggest that in normal individuals, an 
increase in cardiac output must be asso-
ciated with a significant pulmonary va-
sodilatation and an increase in the total 
pulmonary vascular cross-sectional area; 
in other words, with exercise, a signifi-
cant recruitment of additional pulmo-
nary vascular bed and thus recruitment 
of additional lung areas participating in 
gas exchange occurs.

Gas exchange during exercise is 
regulated by arterial CO2 levels, re-
flecting acid-base balance.8,9 Minute 
ventilation(V̇E) is closely and neces-
sarily linked to CO2 output (V̇CO2) 
during exercise. At the beginning of 
exercise, an improvement of ventilato-
ry efficiency is the norm. The ratio of 
V̇E to V̇CO2 decreases, as venous CO2 
content excessively rises due to elevated 
exercise metabolism and—at the same 
time—CO2 is more efficiently exhaled 
due to an improved perfusion and 
additional recruitment of alveolar areas. 
Nadir values are reached at higher levels 
of exercise, at or near the respiratory 
compensation point.10 In general, the 
lowest V̇E/V̇CO2 relationship during 
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exercise is considered to be the preferred 
noninvasive method to estimate ventila-
tory efficiency.

Another important parameter reflect-
ing ventilatory efficiency is the end-tid-
al partial pressure of carbon dioxide 
(PETCO2). It is the highest alveolar 
PCO2 during the respiratory cycle, ap-
proaching the mixed venous PCO2.

11 An 
improved efficiency of pulmonary CO2 
elimination during incremental exercise 
intensity leads to an increase in PETCO2, 
also reaching peak values at the respira-
tory compensation point. Both PETCO2 
and the V̇E/V̇CO2 relationship reflect 
the matching of ventilation to perfusion 
during exercise.

EFFECT OF STRUCTURAL 
PULMONARY VASCULAR 
DAMAGE IN PRECAPILLARY 
PULMONARY HYPERTENSION
From a pathology point of view, PAH is 
an obstructive pulmonary panvasculop-
athy,12 with loss and obstructive remod-
eling of the pulmonary vascular bed, 

leading to stiffening of large, lobar, or 
segmental pulmonary arteries. Addition-
ally, distal arteries may be affected by me-
dial hypertrophy or hyperplasia, fibrosis, 
and thrombotic or plexiform lesions.13 
Both the loss of small pulmonary arteries 
in the micrometer range and a reduced 
elasticity in the larger pulmonary arteries 
contribute to an elevation of pulmonary 
vascular resistance and the mPAP/cardiac 
output slope.7 As a consequence, car-
diac output cannot be increased during 
exercise without an excessive increase of 
pulmonary arterial pressure. If the right 
ventricle (RV) is not able to overcome 
this pressure elevation, pulmonary blood 
flow will not adequately increase during 
exercise in PAH patients, potentially 
leading to a relative underfilling of the 
left ventricle (LV), systemic hypoten-
sion, and reduced systemic perfusion. In 
addition, due to the loss of pulmonary 
vascular bed and diminished perfusion of 
ventilated lung areas seen in PAH, central 
venous CO2 is eliminated with a higher 
minute ventilation compared to healthy 

subjects. Thus, there is an elevated ven-
tilatory requirement for any given CO2 
output during exercise.

The pathophysiological changes of the 
pulmonary circulation during exercise in 
PAH are summarized in Figure 1.

Impairment of Pulmonary Blood Flow 
Increases With Exercise
Early works reported that cardiac output 
can increase 4- to 5-fold during exer-
cise, while pulmonary arterial pressure 
may rise to about 2 to 3 times that of 
the resting value in healthy subjects.14 
More recent studies have consistently 
reported increases in pulmonary arterial 
pressure with a concomitant increase in 
cardiac output. As a result, total pulmo-
nary resistance and pulmonary vascular 
resistance actually decrease (slightly) 
during exercise.6,7,15 An mPAP/cardiac 
output slope (total pulmonary resis-
tance) of more than 3 Wood units (240 
dynes · sec · cm−5) has been suggested for 
defining an abnormal hemodynamic 
response to exercise.7

Figure 1: Overview of the pathophysiological mechanisms that may become relevant during exercise in pulmonary arterial hypertension patients.
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Normal RV function is primarily 
determined by RV afterload. The RV 
ejection fraction is inversely correlated 
to pulmonary arterial pressure.16 As 
the pulmonary circulation is normally 
a high-compliance and low-resistance 
system, the RV adapts to changes in vol-
ume rather than to changes in pressure.17 
With rising pulmonary vascular resis-
tance, a decline in RV stroke volume is 
seen, which is significantly steeper than 
the decline in LV stroke volume.18 Addi-
tionally, “ventricular interdependence” 
may become relevant. A flattening or a 
leftward shift (toward the LV) of the 
interventricular septum may reduce LV 
transmural filling pressure and/or restrict 
diastolic LV filling, potentially influenc-
ing systemic perfusion.19 In summary, 
the increased circulatory demand during 
exercise, and the relatively sudden rise 
in pulmonary arterial pressure resulting, 
poses a hemodynamic challenge for the 
RV,20 potentially impeding the requisite 
increase in cardiac output.

Based on these pathophysiological 
considerations, it is obvious that the 
increase of cardiac output needed in 
PAH patients during exercise requires 
significantly more energy than in normal 
individuals. Because the RV may not 
be able to adequately increase stroke 
volume during exercise, cardiac output is 
particularly dependent on the ability to 
increase heart rate in these patients.

Previous studies have consistently 
demonstrated that flow-related hemo-
dynamic abnormalities have prognostic 
relevance. At rest, stroke volume index 
is an independent predictor of survival 
in patients with idiopathic, drug- or 
toxin-induced, or heritable PAH21 and 
in patients with scleroderma-associated 
PAH.22 Wensel et al23 showed that peak 
systemic blood pressure during exer-
cise, reflecting LV filling, was a strong 
and independent predictor of survival. 
In a cohort of patients with PAH and 
chronic thromboembolic pulmonary hy-
pertension, the pressure-flow relation-
ship predicted transplant-free survival 
and correlated with established markers 
of disease severity and outcome.24 As 
exact measurement of cardiac output 
during exercise is technically demand-
ing, data on the quantification of the 
cardiac output increase in PAH patients 

are limited. Immediately after modest 
exercise (30 W constant work rate), 
magnetic resonance imaging (MRI) 
data show that peak aortic blood flow 
is similar between PAH patients and 
matched controls, however with a sig-
nificantly lower stroke volume and—as 
a compensation mechanism—a sig-
nificantly steeper heart rate increase in 
PAH patients.25 In that study, real-time 
cardiac MRI was able to unmask de-
pleted contractile reserves. In contrast 
to healthy control subjects during acute 
normobaric hypoxia, PAH patients had 
a lower peak cardiac index, were not 
able to augment stroke volume index, 
and showed an impaired RV reserve, 
despite comparable resting function to 
controls.26

The Pulmonary Ventilation/Perfusion 
Relationship
Patients with PAH and other forms of 
relevant precapillary pulmonary vascu-
lopathy, such as chronic thromboembolic 
pulmonary hypertension, hyperventilate 
at all metabolic states, potentially even 
during sleep.23,27-29 Due to the nature 
of the disease, with lung areas that are 
normally ventilated but poorly perfused, 
these patients do not perform gas ex-
change with normal efficiency. Com-
pared to healthy subjects, a significantly 
higher amount of minute ventilation is 
needed to eliminate any given amount 
of CO2. As CO2 levels are the major 
driver of ventilation during exercise,8,9 
inefficient CO2 elimination must trigger 
an additional ventilatory drive. Early 
works showed preservation of match-
ing of alveolar ventilation to perfusion, 
suggesting an active redistribution 
mechanism of alveolar ventilation as a 
compensation mechanism.30 Howev-
er, in most cases this compensation is 
not sufficient to achieve a normal, or 
physiological, V̇E/V̇CO2 relationship 
during exercise. Unlike healthy subjects, 
this ventilatory inefficiency in PAH 
patients is evident by their inability to 
improve ventilatory efficiency during 
exercise; the V̇E/V̇CO2 relationship is in 
fact elevated at rest, and does not decrease 
during exercise. Concomitantly, PETCO2 
is significantly reduced at rest, and does 
not increase during exercise in PAH 
patients. Patients with more advanced 

PAH may even show a continuous in-
crease of the V̇E/V̇CO2 relationship and 
a continuous decrease of PETCO2 during 
exercise.27,28

Ventilatory inefficiency in terms of 
the V̇E/V̇CO2 relationship and PETCO2 
may be considered for the differential 
diagnosis of ventilatory versus circulato-
ry/pulmonary vascular limitation. A low 
ventilatory efficiency (high V̇E/V̇CO2 
relationship, low PETCO2 at the anaer-
obic threshold), together with sufficient 
breathing reserve, hypocapnia, and a 
high positive gradient between arterial 
and end-tidal PCO2 (P(a-ET)CO2) may 
indicate a significant pulmonary vascular 
component of exercise limitation.31,32

While elevated V̇E/V̇CO2 relation-
ships may be explained by reduced lung 
perfusion and an increase of dead space 
ventilation in the affected areas, hypo-
capnia demonstrates that there is an ad-
ditional component of hyperventilation 
present and visible already at rest.33 Re-
cent studies have shown that autonomic 
nervous system disturbances may play an 
important role in ventilatory inefficien-
cy, and that there may be an additional 
component of increased chemoreceptor 
sensitivity leading to hyperventilation in 
PAH.34 Farina et al35 demonstrated that 
ventilatory responses to brief periods 
of inspiratory hypoxia and steady-state 
hyperoxic hypercapnia in subjects with 
PAH were about twofold greater than 
in matched controls.29,35 According to 
this study, hyperventilation in PAH is 
explained by a combination of increased 
dead space ventilation and an enhanced 
sensitivity of chemoreceptors.

Skeletal Muscle Dysfunction in PAH
The pathophysiology of exercise lim-
itation in PAH is not limited to the 
RV, the pulmonary circulation, and 
the autonomic nervous system. Exer-
cise intolerance in PAH is a complex 
phenomenon, additionally involving 
weakness of respiratory36 and peripheral 
muscles.37,38 Patients with significant 
chronic cardiopulmonary exercise limita-
tions will undergo a process of progres-
sive muscular deconditioning, affecting 
exercise capacity and quality of life. The 
mechanisms of muscle deconditioning 
are not yet completely understood. The 
dysfunction of sarcomers, the smallest 
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contractile unit in the muscle, may play 
a significant role in PAH.39-41

Specific medical PAH therapy alone 
has been shown to improve submaxi-
mal exercise tolerance reflected by an 
improvement in 6-minute walking dis-
tance. However, in several clinical trials 
with pulmonary vasodilator therapy 
for the treatment of PAH, peak oxygen 
uptake as an endpoint was negative.42,43 
Despite recognized limitations in meth-
odology,44 the results from these studies 
might indicate that maximal exercise 
tolerance (peak oxygen uptake) in PAH 
may only be significantly improved by 
a combination of medical therapy and 
supervised exercise training.

Systemic Endothelial Dysfunction in PAH
Patients with PAH have abnormal sys-
temic vascular endothelial dysfunction, 
demonstrated by impaired flow-medi-
ated dilation in the peripheral circula-
tion,45,46 likely mediated by reductions 
in endothelial-derived nitric oxide and 
prostaglandins47,48 and adenosine,49 as 
well as proinflammatory cytokines50 and 
increased sympathetic nerve activity.51 
These abnormalities are associated with 
abnormal skeletal muscle structure and 
performance52,53 and therefore likely 
contribute to the exercise impairment 
seen in PAH patients.

CONCLUSION
The pathophysiology of PAH during 
exercise is complex, as the interface 
between the lung, the pulmonary circu-
lation, and the heart is affected by the 
disease. Exercise limitation is a multi-
factorial phenomenon. It is attributable, 
but not limited, to an impaired increase 
in cardiac output, a significant reduction 
in ventilatory efficiency and an increase 
in dead space ventilation, and enhanced 
chemosensitivity as well as a progressive 
weakness or deconditioning of respirato-
ry and/or peripheral muscles. The non-
invasive diagnostic evaluation of these 
mechanisms may be technically chal-
lenging in clinical practice, limiting their 
use for routine workup. Nevertheless, 
the knowledge of the pathophysiological 
mechanisms that limit exercise may be 
helpful for differential diagnosis and the 
serial follow-up of PAH patients as well 
as for the design of future clinical trials.
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