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ABSTRACT: Expiratory flow limitation is the pathophysiological hallmark of chronic obstructive

pulmonary disease (COPD), but dyspnoea is the most prominent and distressing symptom. Acute

dynamic hyperinflation (DH), which refers to the temporary increase in operating lung volumes

above their resting value, is a key mechanistic consequence of expiratory flow limitation and has

serious mechanical and sensory consequences. In flow-limited patients, pharmacological

interventions using bronchodilating agents act by improving dynamic airway function:

enhancing lung emptying and reducing lung hyperinflation. Besides bronchodilators, other

factors that reduce the ventilatory demand at a given level of exercise or interventions that aim to

improve lung emptying or to reduce resting levels of hyperinflation decrease the rate of

development of DH in COPD patients. The different nonpharmacological intervention strategies

that aim to reduce lung hyperinflation are summarised in the present article, as well as the

different underlying mechanisms contributing to lung deflation. The following interventions are

systematically reviewed in the present article: breathing supplemental oxygen or low-density gas

mixtures of helium and oxygen, pulmonary rehabilitation and noninvasive positive pressure

ventilation. Pulmonary rehabilitation and noninvasive pressure ventilation reduce the DH; the

effects of heliox-breathing and hyperoxia are more variable. These nonpharmacological interven-

tions have importantly contributed to the present understanding of the role of hyperinflation in

COPD patients.
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C
hronic obstructive pulmonary disease
(COPD) is characterised by airflow lim-
itation. This reduction in expiratory flow

is the pathophysiological hallmark of COPD and
is partially reversible with bronchodilation [1].
Flow limitation is the consequence either of an
increase in pulmonary compliance or airway
resistance. In COPD, lung compliance is increased
as a consequence of emphysematous parenchymal
destruction with subsequent loss of lung elasticity,
which reduces the elastic recoil pressure that is
available to drive air out of the lung during
expiration.Theincrease inairwayresistance occurs
largely due to changes in the smaller conducting
airways, which undergo remodelling in response
to chronic inflammation [2, 3].

As COPD progresses, patients become function-
ally limited as a result of exertional breath-
lessness. The pathophysiological mechanisms
that contribute to exercise limitation and dys-
pnoea in COPD are complex and multifactorial,
and can be considered as the consequence of
abnormalities of the respiratory, cardiovascular,
neuromuscular and neurosensory systems.

Detailed physiological studies during exercise in
patients with COPD have demonstrated that even
in patients with less severe disease, increased
ventilatory demands and increasing minute venti-
lation (V9E) with exercise can lead to dynamic
increases in end-expiratory lung volume (EELV)
after expiratory flow limitation (EFL) exceeds a
critical level [4, 5]. This is defined as dynamic
hyperinflation (DH): a temporary and variable
increase in EELV above its resting value. In
flow-limited patients, EELV fluctuates widely
between rest and activity, and any increase in
ventilation is associated with DH. In advanced
COPD, expiratory flows may be significantly
limited, even with spontaneous tidal breathing
at rest, and lung emptying is incomplete at the
end of expiration. To track these changes in EELV,
changes in inspiratory capacity (IC) are used
based on the assumption that total lung capacity
(TLC) does not change appreciably during exercise
[6, 7].

Therapeutic interventions that reduce or delay
the development of lung hyperinflation, either at
rest or during exercise, can significantly prolong
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exercise tolerance and reduce exertional breathlessness in
patients with COPD.

Bronchodilators are the first-line pharmacological therapy for
symptomatic patients with COPD. They act to improve
dynamic small airway function and facilitate lung emptying.
These effects may be evident even at rest in flow-limited
patients, with a reduction in resting EELV and a corresponding
increase in IC in response to bronchodilators [8, 9]. The
increase in IC in response to bronchodilation means that tidal
breathing is positioned over the steeper portion of the
pressure–volume curve. Consequently, the efficiency of the
ventilatory pump will be improved and oxygen cost of
breathing will be reduced. Significant relationships exist
between bronchodilation, reduction in operating lung
volumes, symptom improvement during exercise and exercise
tolerance [10–12].

Besides pharmacological interventions with bronchodilators,
factors that reduce the ventilatory demand at a given level of
exercise or interventions that aim to improve lung emptying or
to reduce resting levels of hyperinflation decrease the rate of
development of DH. This delays the onset of critical mechan-
ical limitations that contribute to exercise curtailment, thereby
allowing patients to achieve higher levels of exercise within the
constraints of their pre-existing EFL. These nonpharmacologi-
cal interventions modulating DH will be discussed in more
detail.

THE EFFECTS OF OXYGEN ON DH
Despite the widespread use of oxygen in the treatment of
cardiorespiratory disorders associated with hypoxaemia, the
effects of oxygen on respiratory mechanics under resting
conditions, during exercise and after exercise recovery are
more scarcely documented. Oxygen therapy has been shown to
reduce exertional breathlessness and improve exercise toler-
ance in COPD patients; however, responses to this intervention
are highly variable and are unpredictable in any given
individual [13–19]. These responses to oxygen therapy in
patients with chronic airflow limitation cannot be predicted
from baseline pulmonary function and gas exchange measure-
ments [14, 19, 20], suggesting that oxygen-dependent factors
are instrumental in contributing to exertional symptoms and
exercise limitation.

SWINBURN et al. [21], who administered 28% oxygen through a
face mask for 10 min to 12 hypoxaemic COPD patients, reported
a significant decrease in both severity of dyspnoea and V9E. This
improvement in dyspnoea was generally attributed to a
reduction in the hypoxic drive to breathing. O’DONNELL et al.
[22] analysed factors contributing to relief of exertional
breathlessness during hyperoxia in mildly hypoxaemic
patients with chronic airflow limitation. O’DONNELL et al.
[22] reported that breathing 60% oxygen did indeed
significantly reduce the intensity of exertional breathlessness
and leg effort, and improved exercise endurance compared
with room air. Breathlessness fell in direct proportion to the
reduction in ventilation, indicating that breathlessness was
not diminished at any given level of ventilation during
hyperoxia. The fall in V9E during hyperoxia was strongly
correlated with the fall in blood lactate without changes in
the V9E–lactate slopes. Reduced EELV was not shown to

contribute to improved breathlessness in this study. Based
on these results, O’DONNELL et al. [22] concluded that the
improvement in exertional breathlessness is multifactorial
but occurs in proportion to the decrease in ventilation, which
in turn reflects improved aerobic metabolism at the
peripheral muscle level. The same authors further elaborated
these findings and analysed the effects of hyperoxia on
ventilatory limitation during exercise in a group of patients
with COPD whose exercise was limited primarily by
ventilatory insufficiency. In another study, O’DONNELL et al.
[23] confirmed that oxygen therapy resulted in a reduction in
submaximal ventilation and that this reduction in ventilation
was strongly correlated with a simultaneous reduction in
carbon dioxide production (V9CO2), indicating that oxygen
breathing delayed metabolic acidaemia. Along with the
decrease in ventilation during oxygen, there was an increase
in IC and inspiratory reserve volume (IRV) at rest and
throughout exercise. At isotime during exercise with oxygen,
there was also a significant reduction in the extent of DH;
the fall in hyperinflation was best predicted by the
combination of increase in resting IRV and a decrease in
isotime breathing frequency. The increase in IRV at rest
occurred, in part, as a result of associated reductions in
resting V9CO2 and, in turn, V9E. Oxygen breathing therefore
resulted in a delay in DH during exercise. It is noteworthy
from the wide spectrum of responses to hyperoxia among
the carefully selected subjects of the study of O’DONNELL et al.
[23] that patients with the greatest response to oxygen were
those with the largest reserves for tidal volume (VT) and
flow generation at baseline and were those who had the
greatest reductions in V9E–time and lactate–time slopes
during oxygen. Interestingly, of the patients who stopped
exercise because of dyspnoea during both room air breathing
and oxygen tests, there were no changes in peak measure-
ments of ventilation, operational lung volumes or breathing
pattern [23].

ALVISI et al. [24] demonstrated that in patients with chronic
airflow limitation receiving long-term domiciliary oxygen for
severe hypoxaemia, hyperoxic breathing at rest induced a
significant reduction of ventilation and DH with concurrent
improvement of the dyspnoea sensation. During 30% oxygen
breathing, there was a significant reduction of V9E and VT, and
a concurrent increase of IC. ALVISI et al. [24] confirmed earlier
data [25] that the decrease of V9E was due entirely to a drop in
VT/ inspiratory time (tI) ratio while the tI/total breathing cycle
duration remained unchanged. These data suggest that
hyperoxic breathing reduces ventilation through a reduction
in mean inspiratory flow, while respiratory timing remains
constant. The improvement in IC was explained by the
decrease in VT without a change in expiratory time, allowing
the respiratory system to deflate to a lower end-expiratory
volume.

The combined physiological effects of bronchodilators and
hyperoxia on exertional dyspnoea were recently studied in
normoxic COPD patients [26]. PETERS et al. [26] reported that
breathing 50% oxygen was associated with reduced V9E as a
result of reduced breathing frequency, with minimal change in
VT or IC. Reduced frequency reflected prolongation of both tI

and expiratory time but correlated most closely with the
increase in tI. There was no change in the inspiratory duty
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cycle. In accordance with the results of previous data of the
research group, only seven out of the 16 patients studied had
reduced operating lung volumes in response to hyperoxic
breathing [22, 26].

The physiological interactions of the combined intervention of
bronchodilation and oxygen breathing resulted in additive
effects on exertional dyspnoea and exercise endurance time.
However, the net effect of the combination on exercise V9E was
neutral: the decrease in V9E as a result of decreased breathing
frequency during hyperoxia was counterbalanced by the
increase in V9E as a result of increased VT secondary to
bronchodilation [26].

SOMFAY et al. [27] analysed the dose dependence of oxygen
administration on DH in nonhypoxaemic COPD patients. The
time course of dynamic changes in operational lung volumes
was evaluated throughout constant work-rate exercise while
breathing different oxygen concentrations. In the COPD
patients, 30% oxygen significantly decreased both the EELV
and end-inspiratory lung volume (EILV), with an additional
mild decrease with 50% oxygen; higher oxygen concentrations
did not cause further decreases in lung volumes. Thirty per
cent oxygen breathing also decreased the V9E and respiratory
rate significantly, with an additional milder drop in breathing
frequency with 50% oxygen. At isotime of the constant work-
rate exercise tests, oxygen breathing was associated with a
doubling of IRV, as VT did not change. SOMFAY et al. [27]
postulated that this leads to decreased encroachment on the
flat portion of the pressure–volume relationship and thereby to
a substantially reduced work of breathing. The plateauing in
the dose–response relationship was related to the plateauing in
receptor responsiveness at higher oxygen concentrations [27].

Recent studies analysed the effects of oxygen on recovery from
exercise in patients with COPD: in daily clinical practice,
oxygen is widely used to control acute dyspnoea and to help
breathlessness resolve more rapidly. These reports concluded
that oxygen after exercise has no influence on the rate of
symptomatic recovery [28–30].

Although supplementary oxygen does reduce DH more
rapidly than breathing room air after exercise stops, this
improvement in respiratory mechanics neither translates into a
significant reduction in the degree of dyspnoea at any time
after exercise nor influences the rate at which symptoms
resolve [30].

Based on the previously reported studies, it can be concluded
that hyperoxia resulted in an attendant reduction in ventilation
during exercise and that this reduced ventilation is linked to
reduced metabolic acidosis. The effects of hyperoxia on DH are
manifested by a considerable interpatient variability with
reduction of hyperinflation in a subset of patients, characterised
by greater baseline airway obstruction, greater ventilatory
constraints during exercise and poorer exercise performance
with steeper dyspnoea/V9E slopes [26].

THE EFFECTS OF REHABILITATION ON DH
The goals of pulmonary rehabilitation programmes are to
reduce symptoms, improve activity and daily function, and
restore the highest level of independent function in patients
with respiratory diseases [31]. Pulmonary rehabilitation is

generally considered as an evidence-based intervention to
improve exercise performance and to reduce symptoms of
dyspnoea [32].

Improvements of exercise tolerance have been estimated from
incremental exercise tests, constant work-rate tests or free-walk
testing. In incremental exercise tests, improvements in peak
work-rate, as well as in peak oxygen uptake, have been
reported [33–36]. The pooled effect size of all randomised
controlled studies of the results of pulmonary rehabilitation on
the 6-min walk distance is 49 m [33]. Different studies have
reported significant changes in endurance exercise time after
pulmonary rehabilitation [36–40].

Recently, PORSZASZ et al. [41] demonstrated that after exercise
training there is a marked increase in constant work endurance
associated with reduced DH in the majority of subjects. This
reduction in DH was shown to be correlated with a reduced
breathing frequency, indicating that a decrease in breathing
frequency through exercise training reduces and delays the
development of DH. Interestingly, this decrease in breathing
frequency was significant at isotime but disappears at the end
of exercise. Based on these data, it can be concluded that
decreased DH may, in part, mediate the improvement in
exercise endurance by delaying the attainment of a critically
high inspiratory lung volume [41].

Respiratory muscle training can be part of the pulmonary
rehabilitation programme. It would be particularly interesting
to distinguish the effects of training on the intrinsic strength
and endurance of the respiratory muscles from changes in the
breathing pattern adopted in response to loading. In a study
evaluating the feasibility of high-intensity respiratory muscle
training in moderate-to-severe COPD, it was found that
respiratory muscle strength, as well as muscle endurance,
significantly improved [42]. In the same study, it was reported
that following training, equivalent workloads were achieved
with higher VT and lower respiratory frequency without
changes in V9E. The fall in respiratory frequency was a conse-
quence of increased expiratory time, as tI was unchanged. The
increased VT was achieved by an increase in mean inspiratory
flow. However, EELV remained close to resting functional
residual capacity (FRC) and did not change through respira-
tory muscle training [42].

HELIOX BREATHING AND DH IN COPD
The use of helium–oxygen mixtures (usually 80% helium and
20% oxygen, also called heliox) for the treatment of COPD was
introduced in 1935 by BARACH [43]. Maximal flow carried
through the airways is determined by their size and
compliance at the choke point, as well as by physical gas
properties [44]. The density of heliox mixture is about one-
third of that of air, while heliox is 1.13 times as viscous as air.
This kinematic viscosity (viscosity/density) of the gas mixture
is determined for the distribution of turbulence and hence
respiratory resistance when factors other than the physical
properties of the inspired gas remain unchanged [45]. The
tendency for turbulence is related to the linear velocity, to the
diameter of the tube and to the density of the gas mixture. In
COPD patients who exhibit tidal EFL and DH at rest, heliox
breathing would be expected to increase maximal expiratory
flow (MEF) with a concomitant decrease of DH if the
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flow-limiting segment is located in the central airways. In
contrast, if the flow-limiting segment is located in the peripheral
airways, the viscous flow-limiting mechanism should prevail as
a consequence of the laminar flow regimen in these smaller
airways based on Reynolds’ number [46, 47]. The comparison of
MEF–volume curves while breathing air and heliox was
originally used as a test for the early detection of peripheral
airway obstruction [48]. Controversial effects of heliox breathing
have previously been reported on respiratory resistance [46, 49].

Also controversial is the effect of heliox breathing on DH.
Some authors found no significant reduction in FRC with
heliox, while others reported either a substantial fall in FRC [50]
or a reduction in EELV without a significant increment in EILV
and increases in maximal V9E during heliox breathing [51].

PECCHIARI et al. [52] studied the effects of heliox breathing on
DH in COPD patients, classified as flow limited and non-flow
limited based on the outcome of negative expiratory pressure
(NEP) application. Patients were classified as either non-flow
limited if the application of NEP increased expiratory flow
over the entire range of the control VT or flow limited if the
control and test expiratory flow–volume loops were super-
imposed. PECCHIARI et al. [52] reported that heliox had no effect
on DH in all COPD patients who were flow limited while
breathing air at rest, independent of posture. Heliox breathing
did not change the breathing pattern in these patients.
Breathing pattern was changed only in patients who were
non-flow limited while breathing air and whose heliox
expiratory flows with NEP were higher while breathing heliox
than while breathing air, reflecting a density-dependent
decrease in airway resistance [52]. The absence of effects of
heliox breathing in the flow-limited patients indicates that the
flow-limiting segment is located in peripheral airways, where
flow is limited by the viscous mechanism and MEF is
independent of gas density. These data fit with previously
reported data of the effects of heliox breathing on the
impedance spectrum of the respiratory system in COPD [46].

The effect of heliox on lung hyperinflation, dyspnoea and
exercise endurance capacity was recently reported [53]. At rest,
heliox breathing did not induce significant changes in lung
mechanics and gas-exchange variables, with the exception of a
small increase in the forced expiratory volume in one second.
However, mean exercise duration increased significantly
during heliox breathing versus air. At isotime, this was
associated with a significant increase in IC, IRV and IC/V9E,
and, even at peak exercise, VT, IC, MEF, V9E and V9E/V9CO2

were significantly higher during heliox than during air
breathing. Analysis of operational volumes during exercise
revealed a significant reduction in DH by heliox [53].

In conclusion, it seems that heliox breathing has limited effects
on lung volumes under resting conditions, particularly in flow-
limited patients. Heliox breathing has the potential to improve
high-intensity exercise endurance capacity in moderate-to-severe
COPD patients, but further studies are needed to demonstrate this
positive outcome in different COPD populations.

NONINVASIVE VENTILATION AND HYPERINFLATION
IN COPD
Noninvasive positive pressure ventilation (NPPV) has attained
an important role in the treatment of COPD with acute

respiratory failure by avoiding intubation and prolonging
survival [54–57]. Controversy remains regarding the effective-
ness of long-term home ventilation in patients with hypercap-
nic but stable COPD [58], and particularly on the mechanisms
underlying positive outcomes. The ability of NPPV to reduce
hyperinflation was suggested more than a decade ago [59] but
has only been investigated more intensely in recent studies.

DIAZ et al. [60] studied 36 stable hypercapnic COPD patients in
a two-arm, single-blinded, randomised study of active NPPV
versus sham NPPV. After a 2-week run-in period, NPPV was
applied for 3 h?day-1, 5 days a week. The authors reported that
a high-level inspiratory pressure setting led to significant
increases in VT and expiratory time, as well as a significant
reduction in diaphragmatic loading. The NPPV group exhib-
ited significant reductions in FRC and residual volume (RV),
and a mild decrease in TLC, whereas FEV1, forced vital
capacity (FVC) and forced mid-expiratory flow increased.
After NPPV, RV was reduced more than TLC, resulting in a
mean increase in FVC, and FRC was found to be reduced more
than TLC, resulting in an increase in IC. Changes in carbon
dioxide tension were strongly related to changes in dynamic
intrinsic positive end-expiratory pressure, and changes in both
parameters were closely related to changes in several lung
function parameters, including changes in lung volumes, such
as FRC and IC. The study by DIAZ et al. [60] clearly illustrates
that short-term application of NPPV to stable hypercapnic
patients with COPD decreases lung hyperinflation and that the
concomitant reduction of hypercapnia is related to the
decrease in lung hyperinflation. The most evident explanation
for the significant reduction in lung volumes after NPPV put
forward by the authors is the marked increase in expiratory
time during NPPV, favouring the emptying of slow lung units.
Another explanation for the decrease in lung hyperinflation
could be an improvement in airway resistance secondary to a
persistent correction of hypoxia, a reduction in airway wall
oedema or recruitment of normal lung, previously collapsed
by hyperinflated emphysematous areas with a consequent
increase in airway tethering [60].

The findings of DIAZ et al. [60] were more recently confirmed
by a retrospective explorative study in 46 patients with stable
COPD [61]. This study demonstrated that long-term applica-
tion of NPPV in stable COPD patients resulted in a decreased
hyperinflation in terms of a reduction in RV/TLC, thereby
improving IC. This reduction in hyperinflation was accom-
panied by a significant and sustained amelioration of daytime
blood gas tensions, and particularly a decrease in carbon
dioxide tension [61].

Based on the results of both studies, it can be concluded that in
well-characterised COPD patients, NPPV results in reduction
in hyperinflation and an increase in IC, and that this deflation
may play a central role in the beneficial effects of NPPV in
stable COPD.

CONCLUSIONS
The main consequence of EFL in COPD is lung hyperinflation.
During activity, acute-on-chronic hyperinflation has serious
sensory and mechanical consequences and is a key concept
in activity limitation in COPD. Discovery of this link has
developed new physiologically based strategies to reduce
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hyperinflation and improve exercise tolerance for patients with
COPD. DH can be reduced either by improving airflow during
expiration or by reducing the rate of breathing to increase the
time for expiration. Heliox breathing aims to reduce resistance
and increase MEF by changing the kinematic viscosity of the
inspired gas. Particularly in flow-limited patients, heliox
breathing has a limited effect on lung volumes under resting
conditions, suggesting that the flow limitation in these patients
is largely located in the peripheral airways. Further studies are
needed, focusing particularly on the potential of heliox
breathing to improve high-intensity exercise endurance capa-
city, to demonstrate beneficial effects of this costly and
cumbersome intervention in COPD patients. Hyperoxia in
COPD patients is associated with a fall in ventilation that is
strongly correlated with a delayed metabolic acidaemia.
However, the effects of hyperoxia on DH show a considerable
interpatient variability. Pulmonary rehabilitation reduces DH
by decreasing breathing frequency and delaying the develop-
ment of DH. Noninvasive pressure ventilation in hypercapnic
patients reduces lung hyperinflation, particularly by increasing
the expiratory time, thereby favouring the emptying of slow
lung units.

This spectrum of nonpharmacological interventions has signifi-
cantly contributed to a firm understanding of the role of hyper-
inflation in chronic obstructive pulmonary disease patients.
Further studies are needed to confirm current observations in
broader groups of chronic obstructive pulmonary disease
patients before new strategies can be recommended to improve
exercise tolerance in these patients.
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