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Definitions
Abnormal increase in lung volumes is present 
if measurements of functional residual capacity 
(FRC), residual volume (RV), total lung capac-
ity (TLC) or RV/TLC are above the upper 
limits of natural variability [1,2]. Traditionally, 
increase in TLC (preferably measured by body 
plethysmography), exceeding either the higher 
limit of normalcy (HLN), or an empiric 120% 
of predicted is defined as lung overinflation. In 
chronic obstructive pulmonary disease (COPD), 
an abnormally increased TLC is due to static fac-
tors pertaining to alterations in lung and chest 
wall compliance, but sometimes it is dynami-
cally determined. Increase in plethysmographic 
FRC, above either HLN or an empiric 120% of 
predicted, is also believed to indicate clinically 
significant lung hyper inflation. An increase in 
plethysmographic RV, exceeding either HLN or 
an empiric 120% of predicted, is usually termed 
pulmonary gas trapping, which is also signified 
by an increased RV/TLC ratio. Increased gas 
trapping may result from either static or dynamic 

factors or both, and consequently, can change 
with pharmaco logical treatment. Of note, gas 
trapping can occur with or without lung hyper-
inflation and lung overinflation. In practice, val-
ues exceeding 120–130% predicted are deemed 
to be potentially clinically important, but these 
‘cutoffs’ remain arbitrary [3].

The inspiratory capacity (IC) or IC/TLC ratio 
are also used as indirect measures of lung hyper-
inflation. For the purpose of this review, dynamic 
hyperinflation (DH) is defined as a temporary 
and variable increase in end-expiratory lung vol-
ume (EELV; or decrease in IC) relative to the 
resting baseline value when ventilation (V´

E
) 

is acutely increased. The extent of acute DH is 
measured by reduction in IC from the resting 
value [4,5], on the assumption that TLC remains 
constant [6–8]. The corollary of this is, therefore, 
that changes in IC accurately reflect changes in 
EELV during exercise, provided that patients are 
motivated to make maximal inspiratory efforts 
during the measurement; they do not suddenly 
change their breathing pattern in anticipation 
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of the measurement; and they do not suffer from clinically sig-
nificant inspiratory muscle weakness. It should be noted that the 
IC measurement gives only indirect information about changes 
in absolute lung volumes but, nevertheless, provides important 
mechanical information, irrespective of possible minor shifts in 
absolute TLC that may occur. The IC represents the limits for 
tidal volume (V

T
) expansion in patients with expiratory flow limi-

tation and indicates the proximity of the operating lung volume 
to TLC and the upper, alinear extreme of the pressure–volume 
relationship of the respiratory system. When measurements of 
IC are coupled with those of dynamic inspiratory reserve volume 
(IRV; i.e., IC−V

T
), further valuable information is provided about 

prevailing mechanical constraints on V´
E
. In addition, comparing 

changes in IC (or IC/TLC) and IRV (or IRV/TLC) within and 
between patients at a standardized V´

E
 (iso-V´

E
) during exercise 

gives us important information on the mechanical constraints on 
V

T
 expansion that are independent of the level of ventilatory out-

put/demand, therefore reassuring us that any reduction/increase 
in IC or IRV is not simply the result of higher/lower levels of V´

E
.

Natural history of lung hyperinflation in COPD
No longitudinal studies have charted the temporal progression of 
lung volume changes in large populations of patients with COPD. 
However, a recent cross-sectional study in 2265 patients found 
progressive increases in resting gas trapping and lung hyper-
inflation (measured by RV and FRC) across the continuum of 
COPD severity (Figure 1) [9]. In fact, gas trapping and lung hyper-
inflation were shown to occur even in the earliest stages of COPD 
(i.e., Global Initiative for Obstructive Lung Disease [GOLD] 
grade I) [9–12] and increased exponentially with severity of air-
way obstruction (Figure 1) [9,12]. Figure 1 demonstrates that there is 
considerable heterogeneity in FRC and RV across GOLD grades; 
but the vast majority of patients have values that are well above 

the predicted normal values. The magnitude of plethysmographic 
lung volume components (i.e., expiratory reserve volume [ERV], 
RV and FRC) in both healthy individuals and in patients with 
COPD is strongly influenced by body mass: increased BMI is 
associated with lower static lung volume components, regardless 
of the severity of airway obstruction [13].

Smaller physiological studies have confirmed extensive small 
airway dysfunction, increased lung compliance, gas trapping and 
ventilation–perfusion abnormalities in smokers with minor air-
way obstruction, by spirometric criteria [9,14–18]. Gas trapping, 
as assessed by expiratory CT scans, can exist in the absence of 
emphysema and is believed to indirectly reflect small airway dys-
function in mild COPD [16]. In symptomatic patients with mild 
COPD, significant dynamic increases in EELV by approximately 
0.4 l (or reciprocal decreases in IC) have been measured during 
incremental cycle exercise suggesting significant small airway 
dysfunction [10–12]. Similar levels of DH have been reported dur-
ing exercise in the majority of patients with moderate-to-severe 
COPD [12]. Here, the negative mechanical consequences are 
related to the relatively decreased resting IC [12]. In advanced 
COPD, severe lung hyperinflation (i.e., a reduced IC as percent 
predicted or an IC/TLC ratio <25–28%) is a risk factor for exac-
erbation [19,20] and is associated with reduced exercise tolerance 
[21], poor health status and increased respiratory and all-cause 
mortality [19,22].

Physiological consequences of resting lung 
hyperinflation
Lung hyperinflation (static and/or dynamic EELV increase) places 
the inspiratory muscles, especially the diaphragm, at a significant 
mechanical disadvantage by shortening its fibers, thereby compro-
mising its force generating capacity [23]. In the presence of static 
lung hyperinflation, this functional muscle weakness is mitigated, 

Figure 1. There is an exponential relationship between static lung volumes and disease severity. (A) Residual volume and 
(B) functional residual capacity versus forced expiratory volume in 1 s across GOLD grades (I, II and III/IV). The majority of patients 
(including many patients with GOLD grade I) were >120% predicted suggesting evidence of static lung hyperinflation. 
FEV1: Forced expiratory volume in 1 s; GOLD: Global Initiative for Chronic Obstructive Lung Disease; RV: Residual volume. 
(A) Reproduced with permission from [9].
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to some extent, by long-term adaptations such as shortening of 
diaphragmatic sarcomeres [24] and a decrease in sarcomere num-
ber [25], which causes a leftward shift of the length–tension rela-
tionship, thus improving the ability of the muscles to generate 
force at higher lung volumes. In patients with chronic lung hyper-
inflation, adaptive alterations in muscle fiber composition (an 
increase in the relative proportion of slow-twitch, fatigue-resistant 
type I fibers) [26,27] and oxidative capacity (an increase in mito-
chondrial concentration and efficiency of the electron transport 
chain) [24] are believed to preserve the functional strength of the 
over burdened diaphragm [28], making it more resistant to fatigue 
[24,26,29]. In this regard, Similowski et al. demonstrated that the 
reduction in pressure-generating capacity of the inspiratory mus-
cles of stable COPD patients was related to lung hyperinflation 
and that diaphragmatic function in such patients was comparable 
with normal subjects when measurements were compared at the 
same lung volume [28].

Lung hyperinflation means that tidal breathing must take place 
near the upper alinear extreme of the respiratory system’s sigmoi-
dal static pressure–volume relation where there is increased elastic 
load. In addition, an inspiratory threshold loading (auto-positive 
end-expiratory pressure [PEEP] effect) placed on the inspira-
tory muscles occurs when EELV dynamically increases [30–33]. 
High lung volumes in COPD serve to attenuate expiratory flow 
limitation during resting breathing, but this beneficial effect is 
negated if further acute-on-chronic DH occurs during physical 
activity [10–12,30,34–36] infective exacerbation [37–39]. In this latter 
circumstance, acute excessive loading and functional weakness 
of the inspiratory muscles may be linked to respiratory fatigue or 
mechanical failure [37].

Acute dynamic hyperinflation during exacerbations
Acute exacerbations of chronic obstructive pulmonary disease 
(AECOPD) are associated with severe dyspnea, activity restric-
tion, poor perceived health status, accelerated physiological 
impairment and increased mortality [19,20,37–41]. These events 
are associated with worsening expiratory flow reduction, and, 
in many cases, increased ventilatory requirements [37–39]. These, 
in combination, give rise to acute DH and dyspnea [37–39]. The 
impact of AECOPD-associated DH on respiratory physiology 
depends on the baseline (pre-AECOPD) mechanical status of 
the patient and the presence of comorbidities such as cardiovas-
cular disease [37,38]. As already mentioned, acute DH will com-
promise respiratory muscle function by increasing the elastic and 
threshold loads which, together with functional weakening of the 
diaphragm, may precipitate hypercapnic respiratory acidosis [37,38].

The central neural drive to breathe is generally increased during 
AECOPD [42] as a result of concomitant ventilation–perfusion 
inequalities [43]. However, the mechanical/muscular response 
of the respiratory system is substantially blunted because of the 
excessive respiratory muscle loading and the volume restricting 
effect of a sharply reduced IC, reflecting the acute increase in 
EELV [37–39]. The progressive disparity between increased central 
neural drive and the abnormal mechanical response (i.e., neuro-
mechanical uncoupling) probably explains, at least in part, the 

distressing perception of respiratory discomfort that dominates 
AECOPD [37,38]. Two studies showed that improvement in dysp-
nea following AECOPD has been linked to the simultaneous 
progressive improvement in resting IC as dynamic hyperinflation 
decreases [38,39].

Acute DH may also raise intrathoracic pericardial pressures 
(equivalent of tamponade), causing mechanical compression of 
intra-alveolar vessels which, in conjunction with the effects of 
acute hypoxia, may acutely increase pulmonary arterial resist-
ance and pressure [44]. In addition, the wide intrathoracic pres-
sure swings required to overcome the increased mechanical load, 
can compromise left ventricular function [44]. It is not surprising 
that AECOPD is frequently associated with acute cardiac stress, 
especially in those with preexisting ischemic heart disease [45].

Lung hyperinflation & reduced exercise tolerance
In healthy young individuals, V´

E
 increases during exercise by a 

progressive expansion of V
T
 to approximately 60% of the vital 

capacity or 75% of TLC [46–49]. At this operating lung volume, 
the diaphragm muscle fibers are maximally shortened and fur-
ther increases in V´

E
 may be achieved solely through increases 

in breathing frequency. To ensure a progressive and harmonious 
expansion of V

T
, EELV usually decreases leading, therefore, to a 

concurrent increase in IC during exercise [46–49]. The magnitude 
of EELV reduction varies with the type and intensity of exercise, 
with average reductions between 0.3 and 1 l below relaxation vol-
ume of the respiratory system [46–49]. The most important advan-
tage of the decrease in EELV (or increase in IC) during exercise 
is that of allowing V

T
 to increase by encroaching almost equally 

on the ERV and IRV, respectively, without end-inspiratory lung 
volume (EILV = EELV + V

T
) encroaching on the stiffer upper 

portion of the respiratory system’s pressure–volume relationship, 
where there is increased elastic loading [46–49]. Healthy young sub-
jects are able to increase their V

T
 during exercise by encroaching 

on the ERV (thus reducing the EELV) because they have sufficient 
expiratory flow reserve at that lung volume to accommodate their 
V

T
 within the ERV available [46–49]. In other words, the flow rates 

and the volume changes seen during maximal exercise are well 
within the maximal flow-volume loops obtained at rest, showing 
no significant expiratory flow limitation (i.e., impingement of 
tidal flow- volume loops on the maximal flow-volume loop) [46–49].

The situation is different in elderly (but healthy) subjects, in 
whom progressive structural changes in the connective tissue 
matrix of the lung parenchyma cause loss of the static lung elas-
tic recoil pressures, which drive expiratory flow [50–53]. The net 
result of this physiological age-related decline of expiratory flow, 
particularly over the effort-independent portion of the maximal 
expiratory flow-volume curve, is the occurrence of expiratory flow 
limitation. In addition, FRC and RV are usually increased with 
reciprocal decreases of IC and vital capacity, respectively, while 
TLC is generally preserved in the elderly [53,54].

In contrast to youth, elderly individuals are less able to reduce 
EELV (or increase IC) during exercise because of expiratory flow 
limitation [55–57]. At high levels of V´

E
, therefore, reduction in 

dynamic IC can occur as a result of reduced lung emptying and 

Physiological insights into dyspnea & exercise intolerance in COPD patients
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gas trapping. This can constrain V
T
 expansion and increase the 

elastic work on the inspiratory muscles [55–57].
Although older individuals may demonstrate significant ven-

tilatory constraints during exercise [55–57], it is only in highly 
fit older individuals with high peak oxygen consumption and 
V´

E
 that ventilatory constraints may actually limit exercise 

 performance [55,56].
Exercise limitation is multifactorial in COPD, but respiratory 

mechanical impairment and the associated dyspnea are major con-
tributors, particularly in advanced disease [35,44,58–61]. The resting 
IC dictates the limits of V

T
 expansion during exercise in flow-

limited patients with COPD [5,12,34–36,62–65]. Thus, the lower the 
resting IC because of lung hyperinflation, the lower the peak V

T
, 

and thus V
E
, achieved during exercise (Figure 2) [5,12,34–36,62–65]. DH 

further erodes the already diminished resting IC [5,65]. When V
T
 

reaches approximately 70% of the prevailing IC (or IRV: ~10% 

of TLC), there is an inflection or plateau in the V
T
/V´

E
 relation 

(Figure 2) [12,34,36,65]. This critical volume restriction represents a 
mechanical limit where further sustainable increases in V´

E
 are 

impossible [12,34,36,65]. The inability to further expand V
T
 is associ-

ated with tachypnea that has added detrimental effects on inspira-
tory muscle function including: further elastic loading due to 
DH, increased velocity of shortening of the inspiratory muscles 
with associated functional weakness and decreased dynamic lung 
compliance [30,34]. V

T
 restriction may also amplify the relative 

physio logical dead space and further compromise the efficiency 
of CO

2
 elimination [66].

At the limits of exercise tolerance in COPD, central neural 
drive has increased to near maximal values reflecting a four- to 
five-fold increase in carbon dioxide production (V´CO

2
) from 

resting values as a result of the increased ventilation/perfusion 
abnormalities and metabolic acidosis due to lactate and strong 

Figure 2. Tidal volume, breathing frequency, dynamic inspiratory capacity and inspiratory reserve volume are shown 
plotted against minute ventilation (V´E) during constant work rate exercise for each forced expiratory volume in 1 s 
(expressed as percent predicted) quartile. The upper through to lower quartiles (Q1–Q4) represent the mildest to most severe 
groups, respectively. Note the clear inflection (plateau) in the VT/VE relationship, which coincides with a simultaneous inflection in the 
IRV. After this point, further increases in V´E are accomplished by accelerating Fb. Data plotted are mean values at steady-state rest, 
isotime (i.e., 2, 4 min), the VT/V´E inflection point and peak exercise. 
Fb: Breathing frequency; IC: Inspiratory capacity; TLC: Total lung capacity; VC: Vital capacity; VT: Tidal volume 
Reproduced with permission from [12].
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ion accumulation [67–70]. In some patients, critical arterial O
2
 

desaturation during exercise is an additional stimulus to V´
E
 [71]. 

Because of the outlined mechanical abnormalities, the ability of 
the respiratory system to respond to the increased drive is severely 
limited. Theoretically, these collective physiological derangements 
of respiratory mechanics can predispose to inspiratory muscle 
fatigue. However, the evidence that measurable fatigue develops 
in COPD is inconclusive [72,73], even at the limits of tolerance 
[29,74]. Acute-on chronic hyperinflation may also have deleterious 
effects on cardiac performance during exercise [44,75–81], espe-
cially in the setting of excessive expiratory muscle activation that 
limits venous return [82]. The relative importance of such car-
diac impairment in contributing to exercise limitation in COPD 
is uncertain.

Lung hyperinflation, critical volume constraints 
& dyspnea
Dyspnea is a common symptom in patients with COPD and is 
often the proximate cause of exercise limitation [5,12,61,65]. The 
recent American Thoracic Society statement has emphasized 
the multidimensional nature of the symptom in the sensory-
perceptual (intensity and quality), affective distress and impact 
domains [83]. The dominant qualitative descriptors of dyspnea 
in COPD patients at end exercise are the following: increased 
effort (“breathing requires more effort or work”) and unsatisfied 
inspiration (“can’t get enough air in”) [30,34,36,83,84].

Increased sense of effort in COPD is related to an increased cen-
tral neural drive (chemo-stimulation) to the respiratory muscles as 
a result of progressive disruption of normal ventilation/perfusion 
relations and acid–base disturbance during exercise [30,34,36,83,84]. 
Thus, increased perceived effort in COPD patients during activ-
ity partly reflects the higher ventilatory requirements, for a given 
power output, compared with healthy individuals [30,34,36,83,84]. 
In addition, contractile muscle effort is increased for any given 
V´

E
 in COPD because of the increased intrinsic mechanical (elas-

tic/threshold) loading and functional muscle weakness, in part, 
due to DH at rest and during exercise [30,34,36,83,84]. Because of 
these effects, greater neural drive or electrical activation of the 
muscle is required to generate a given force [30,34,36,83,84]. There 
is evidence from animal studies that the amplitude of central 
motor command output (originated from motor cortical and med-
ullary centers in the brain) to the respiratory muscles is sensed 
via neural interconnections (i.e., central corollary discharge) 
between cortical motor and medullary centers in the brain and 
the  somato-sensory cortex [30,34,36,83,84].

The other dominant respiratory sensation in COPD, unsatisfied 
inspiration, may have different neurophysiological under pinnings 
[30,34,36,83,84]. The V

T
/V´

E
 inflection during exercise marks the 

point where dyspnea intensity sharply increases towards the 
end of exercise and the dominant descriptor selected by patients 
changes from increased effort to unsatisfied inspiration (Figure 3) 
[36]. The V

T
 inflection represents the onset of a widening dispar-

ity between increasing central neural drive and the mechanical/
muscular response of the respiratory system [34,36]. In advanced 
COPD, the ratio of respired effort (and presumably central neural 

drive) to V
T
 increases steeply from rest to peak exercise reflecting 

progressive neuromechanical uncoupling of the respiratory system 
(Figure 4) [34,36]. This is in contrast to healthy people, in whom 
this ratio is largely preserved throughout exercise: V

T
 expands 

normally within the linear compliant portion of the respiratory 
system’s pressure–volume relation [30]. Thus, in healthy individu-
als, unsatisfied inspiration is rarely selected as a representative 
descriptor even at the limits of tolerance [30]. It is postulated that 
both increased central corollary discharge (reflecting increased 
activation of motor and medullary respiratory centers) and altered 
afferent sensory information (from an abundance of mechano-
receptors throughout the impaired respiratory system) are cen-
trally processed, integrated and conveyed to consciousness where 
the determination is made that breathing is threatened: vigorous 
inspiratory efforts become unrewarded [30,34,36,83,84]. This threat 
response evokes affective distress (anxiety, fear and panic) that is 
characterized, in brain imaging studies in simulated dyspnea in 
healthy people, by sudden activation of the limbic and  para-limbic 
system [85].

Dyspnea intensity appears to be more closely correlated with 
the change in IRV during exercise than the change in EELV 
(i.e., DH) per se [12,34,36,65]. However, in patients with a low 
resting IC, further acute decreases in IC (increases in EELV) 
can force earlier mechanical limitation and onset of intolerable 
dyspnea [12,34,36,65]. Many previous studies have shown that sense 
of air hunger or unsatisfied inspiration is provoked in healthy 
individuals under any circumstance where normal spontane-
ous V

T
 expansion is constrained (either volitionally or extrinsi-

cally) in the face of normal or increasing central neural drive 
[30,34,36,83,84]. For example, the addition of a chest wall strap to 
constrain V

T
 together with added dead space to stimulate V´

E
 

evokes sensations of unsatisfied inspiration during exercise in 
healthy subjects [86].

Effects of interventions on lung hyperinflation & 
dyspnea
The contention that static and dynamic lung hyperinflation con-
tribute substantially to exercise curtailment in COPD is bolstered 
by several studies that have demonstrated that pharmacological 
lung volume reduction is associated with significant improvements 
in exertional dyspnea and exercise endurance. Other interventions 
that have been shown to decrease resting lung hyperinflation or 
the rate of DH during exercise in COPD include: oxygen, heliox, 
exercise training, biofeedback techniques, lung volume reduction 
surgery and related endoscopic techniques and various combina-
tions of these. These therapies either improve airway conductance 
and lung emptying (bronchodilators, heliox and lung volume 
reduction surgery) or reduce the rate of DH by decreasing V´

E
 

(oxygen and exercise training) or decreasing the respiratory rate 
by increasing expiratory time (biofeedback techniques) or both. 
Besides those strategies directed at reducing EELV and/or the rate 
of DH, reducing respiratory muscle effort via noninvasive ventila-
tion might also have beneficial sensory consequences in COPD. 
This review includes consideration of only pharmacological lung 
volume reduction.

Physiological insights into dyspnea & exercise intolerance in COPD patients



 Expert Rev. Respir. Med. 6(6), (2012)656

Review

Bronchodilator therapy
Bronchodilator responsiveness has traditionally been assessed by 
the forced expiratory volume in 1 s (FEV

1
) [1]. However, changes 

in FEV
1
 do not reliably predict symptom responses, and some 

patients with COPD can achieve significant symptom benefit 
with little or no change in FEV

1
 [4,87–94]. In COPD patients, 

assessment of lung volume responses to bronchodilators prob-
ably has more clinical relevance in light of the associations that 
have been shown between measurements of lung hyper inflation, 
exertional dyspnea and exercise performance [4,34,63,87–94]. All 
classes of short- and long-acting bronchodilators have been 
shown to consistently reduce dynamic lung hyperinflation and 
gas trapping (FRC and RV), with reciprocal increases in IC and 
vital capacity [4,34,63,87–94]. Combinations of different classes of 
bronchodilators have shown additive effects [95,96], the addition 
of an anti-inflammatory to a LABA bronchodilator has also 

been shown to amplify the effects [97–99], and triple therapy 
may result in even further improvements [100,101]. Although the 
effects of sustained bronchodilation on lung deflation have yet 
to be determined, there is potential for even more long-term 
benefit.

There now exists a sound physiological rationale for improve-
ment in dyspnea and exercise tolerance in response to phar-
macological lung volume reduction in patients with COPD. 
By improving airway conductance and the mechanical time 
constants for lung emptying, bronchodilator therapy results 
in lung deflation [34]. By reducing lung hyperinflation at rest 
and throughout exercise, several of its negative mechanical 
consequences are improved: V

T
 during exercise is permitted 

to increase more appropriately in the face of the increased res-
piratory effort (or drive) [34] and elastic loading of the inspira-
tory muscles is reduced which results in a decreased work and 

Figure 3. Qualitative descriptors of exertional dyspnea in chronic obstructive pulmonary disease. (A) Selection frequency of 
the three descriptor phrases evaluated during incremental and constant work rate exercise: increased work/effort (effort), unsatisfied 
inspiration (in) and unsatisfied expiration (out). Arrows indicate the point corresponding to the inflection point of the tidal volume-
ventilation (VT/V´E) relation during exercise. (B) Selection frequency of the dyspnea descriptors collected by questionnaire at the end of 
exercise. Descriptor choices were similar in both tests with dyspnea described predominantly as a sense of ‘inspiratory difficulty’, 
‘unsatisfied inspiration’ and increased ‘work’ of breathing. 
CWR: Constant work rate; INCR: Incremental work rate. 
Reproduced with permission from [36].
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oxygen cost of breathing, with the net effect being a decrease 
in the effort–displacement ratio (Figure 4) reflective of enhanced 
neuro mechanical coupling [34]. These changes have beneficial 
clinical consequences that include increased exercise endur-
ance, decreased exertional dyspnea intensity and a decreased 
 perception of ‘ unsatisfied inspiration’ [34,102].

Small increases in resting IC, in the order of approximately 0.3 l 
or 10–15% predicted, appear to be clinically relevant and have 
been shown to correlate well with improvements in exercise endur-
ance and exertional dyspnea intensity in patients with COPD 
[4,34,63,90,92,102,103]. Improvements in such resting measurements 
of lung hyperinflation are carried through into exercise so that 
dynamic measurements of lung hyperinflation are also improved 
[4,34,63,90,92,102,103]. There is typically a parallel shift downwards in 
plots of operating lung volumes during exercise after a bronchodi-
lator (compared with placebo). Recent mechanistic studies have 
shown that increases in the dynamic IC correlate with increases 
in V

T
 and with decreases in the effort–displacement ratio which, 

in turn, correlate with decreases in dyspnea intensity and increases 
in exercise endurance [34]. The contention that the perception of 
‘unsatisfied inspiration’ is a sensory consequence of the mechan-
ical constraints on V

T
 expansion during exercise in COPD is 

supported by the finding of a decreased selection frequency of 
descriptors alluding to this sensation after a bronchodilator [34,102].

To date, the majority of studies that have evaluated therapeutic 
efficacy in COPD have been performed in patients with advanced 
COPD. Although bronchodilator-induced improvements in static 
lung hyperinflation are greatest in those with the most severe 
disease [9], salutary effects are also seen in patients with milder 
disease [9,104]. A recent mechanistic study in symptomatic patients 
with GOLD grade I COPD showed that a short-acting anti-
cholinergic resulted in modest improvements in airway function 
at rest and during exercise, as well as small reductions in exertional 
dyspnea intensity measured at higher levels of V´

E
 [104]. Although 

these improvements did not translate into a mean increase in 
exercise endurance, it is noteworthy that patients with greater 
baseline levels of lung hyperinflation derived greater symptom 
benefit [104], thus warranting a trial of bronchodilators in this 
subgroup of patients.

Conclusion
Progressive expiratory flow reduction in COPD is associated with 
the development of increasing lung hyperinflation and decline in 
the resting IC. A number of physiological adaptations partially 
preserve diaphragmatic function in the face of chronic hyper-
inflation; but the restrictive mechanical effects of a low IC limits 
the ability to increase V´

E
 during activity. The situation is further 

compounded by the deleterious effects of acute-on-chronic DH. 
This occurs when expiratory flow reduction is abruptly ampli-
fied during AECOPD or when ventilatory requirements suddenly 
increase during exercise in flow-limited patients. During exercise, 
further reduction of the already diminished IC due to DH criti-
cally restricts V

T
 expansion, mechanically loads and weakens the 

inspiratory muscles and forces early respiratory mechanical limita-
tion. In addition, the growing disparity between increased central 

neural drive and the blunted respiratory muscular/mechanical 
response (neuromechanical uncoupling) after the V

T
 inflection 

probably contributes to perceptions of respiratory discomfort 
across its intensity, quality and affective distress domains. The 
corollary is that pharmacological lung volume reduction par-
tially releases V

T
 restriction, unloads the inspiratory muscles and 

improves neuro mechanical coupling, dyspnea and exercise toler-
ance in COPD. Sustained lung deflation with modern pharmaco-
therapy has the potential to delay progressive mechanical deterio-
ration with time, decrease activity restriction and improve survival 
in this population. However, this has yet to be determined.

Expert commentary
COPD is characterized by inflammation of the airways, lung 
parenchyma and its vasculature [14–17]. There is evidence that 
peripheral airways (<2 mm) are initially affected by the inflam-
matory process [15,16], and recent studies have suggested that nar-
rowing and obliteration of these airways may precede the devel-
opment of centrilobular emphysema [15,16,105–107]. The ultimate 
consequence of extensive small airway inflammation is expiratory 
flow limitation: the expiratory flows generated during spontaneous 
tidal breathing represent the maximal possible flow rates than can 
be generated at that lung volume [108]. Tidal expiratory flow reserve 
is critically reduced in COPD because of the reduced driving pres-
sure (reduced static lung recoil) due to destructive emphysema and 
the increased airways resistance due to airway narrowing [108,109].

Figure 4. The relationship between respiratory effort (tidal 
esophageal pressure relative to maximum inspiratory 
pressure, i.e., Pes/PImax) and VT displacement (VT standardized 
as a fraction of predicted VC, i.e., VT/predicted VC), an index 
of neuromechanical coupling, is shown during constant 
work rate exercise after tiotropium and placebo in patients 
with moderate-to-severe chronic obstructive pulmonary 
disease. Compared with placebo, tiotropium enhanced 
neuromechanical coupling throughout exercise in chronic 
obstructive pulmonary disease. Values are means ± standard error 
of the mean. Data from a group of age-matched healthy subjects 
during exercise is also shown. 
VC: Vital capacity; VT: Tidal volume. 
Data for chronic obstructive pulmonary disease patients taken 
from [34] and for healthy normal individuals taken from [30].

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0 10 20 30 40 50 60 70 80

Ventilation (l/min)

P
es

/P
I m

ax
:V

T
/p

re
d

ic
te

d
 V

C

Normal

Placebo
Tiotropium

Physiological insights into dyspnea & exercise intolerance in COPD patients



 Expert Rev. Respir. Med. 6(6), (2012)658

Review

Increase in lung volumes in COPD has static and dynamic 
components. A change in the elastic properties of the lungs due 
to emphysema (i.e., increased lung compliance) resets the relaxa-
tion volume of the static respiratory system to a higher level than 
in age-matched healthy individuals [110]. This has been termed 
static lung hyperinflation. Of note, ‘static’ does not mean ‘at rest’. 
Thus, FRC or the lung volume at the end of resting expiration 
(i.e., EELV; both terms are used interchangeably in this review) 
is increased in COPD patients compared with healthy individu-
als. Thus, an abnormally increased FRC signifies an abnormal 
relaxation volume but mouth pressure at end expiration remains 
atmospheric. Static lung hyperinflation cannot be modified by 
pharmacotherapy, unless such medications can alter the elastic 
properties of lung parenchyma.

A major consequence of the increased compliance and resist-
ance of heterogeneously distributed alveolar units is ineffective 
gas emptying on expiration: the mechanical time constant (i.e., 
the product of compliance and resistance [τ]) for lung emptying is 
therefore prolonged [110]. The net result is that inspiration begins 
before the respiratory system has returned to its relaxation volume 
and, consequently, the inspiratory muscles have to offset a thresh-
old load termed auto or intrinsic PEEP before inspiratory flow 
can begin. Lung hyperinflation is therefore defined as ‘dynamic’ 
(either in the presence or in the absence of static hyperinflation) 
when FRC is abnormally increased (above the relaxation volume 
of the respiratory system in the presence of intrinsic PEEP). The 
extent of dynamic hyperinflation is influenced by the prevail-
ing breathing pattern, the presence of expiratory flow limitation 
and the time-constant abnormalities [111]. Unlike static hyper-
inflation, dynamic hyperinflation can be influenced by pharmaco-
logical treatment. In more severe COPD, these factors can induce 
dynamic hyperinflation even at rest (earlier in the supine position), 
but more frequently it occurs during exercise or exacerbations of 
COPD (AECOPD). Of note, ‘dynamic’ does not mean ‘during 
exercise’.

Five-year view
The natural history of lung hyperinflation in COPD has not been 
studied and we have yet to understand the factors that influence 
the time course of change of the various lung volume compo-
nents. Mild COPD remains an understudied population. We are 
only beginning to understand the mechanisms of dyspnea and 
activity restriction in this population. We need to determine if 
earlier introduction of inhaled pharmacotherapy has long-term 
impact on dyspnea, exercise endurance and measures of respira-
tory mechanics in symptomatic patients with mild COPD. The 
impact of the various clinical COPD phenotypes (predominant 
emphysema vs small airway bronchiolitis, localized vs hetero-
geneous emphysema and others) on dynamic ventilatory mechan-
ics, dyspnea, activity limitation and the response to pharmaco-
therapy has not been adequately studied. We know little about 
the effects of acute regional lung hyperinflation on lung and chest 
wall mechanics, ventilatory muscle recruitment patterns, cardio-
vascular function, cardiopulmonary interactions and pulmonary 
neurosensory reflexes. Lung hyperinflation probably influences 
the interaction between cardiac, ventilatory and locomotor mus-
cles during exercise, but the precise nature of this physiological 
interaction remains contentious.

Acute lung hyperinflation becomes particularly problematic dur-
ing exacerbations of COPD. The question arises whether acute 
regional alveolar overdistention modulates the inflammatory 
response, which could, along with the obvious mechanical stresses, 
lead to permanent destructive changes within the lung parenchyma 
and irreversible step increases in resting hyperinflation. The ques-
tion arises, therefore, whether more aggressive therapeutic lung 
deflation during exacerbations (beyond maximal broncho dilator 
treatment), using interventions such as heliox in conjunction with 
specific noninvasive ventilation strategies, results in better short- 
and long-term clinical outcomes. There is intense interest in newer 
non invasive,  endoscopic, volume reduction procedures (one way 
valves, fenestrations and others) designed to improve regional 

Key issues

• Dyspnea is the major reason for referral for pharmacological treatment and respiratory rehabilitation programs in patients with chronic 
obstructive pulmonary disease (COPD).

• Dyspnea is a subjective experience of breathing discomfort that consists of qualitatively distinct sensations that vary in intensity.

• In COPD, the mechanisms of dyspnea are multifactorial but the combination of increased central neural drive and abnormal dynamic 
ventilatory mechanics is believed to play a central role.

• A growing body of evidence suggests that lung hyperinflation contributes importantly to dyspnea and activity limitation in COPD and, 
moreover, is an important independent risk factor for mortality in this population.

• The mechanisms by which lung hyperinflation gives rise to exertional dyspnea and reduced exercise tolerance are complex, but recent 
mechanistic studies suggest that lung hyperinflation-induced inspiratory muscle loading, restriction of tidal volume expansion during 
exercise and consequent neuromechanical uncoupling of the respiratory system are key components.

• In addition, it has recently been shown that dyspnea intensity rises linearly in the early phase of exercise to reach moderate intensity at 
the tidal volume (VT)/minute ventilation (V´E) inflection, a point corresponding to a critically reduced dynamic inspiratory reserve volume.

• The VT/V´E inflection represents an important mechanical event, after which dyspnea intensity rises more quickly to intolerable levels 
and the dominant qualitative descriptor choice changes from increased work/effort to unsatisfied inspiration.

• The resting inspiratory capacity determines the V´E at which the VT inflection occurs: the smaller the inspiratory capacity, the lower the 
V´E during exercise at which the VT inflection occurs and the earlier the onset of severe dyspnea and unsatisfied inspiration.

• The corollary is that pharmacological and nonpharmacological lung volume reduction partially releases VT restriction, unloads the 
inspiratory muscles and improves neuromechanical coupling, dyspnea and exercise tolerance in COPD.
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deflation in emphysematous lungs. Clinical trials currently under-
way will determine their eventual clinical utility. With modern 
pharmacotherapy, now we have the ability to achieve sustained 
pharmacological volume reduction but know little of the long-term 
consequences with respect to impact on respiratory muscle func-
tion, ventilatory mechanics and cardiovascular function across the 
continuum of COPD. The as yet unanswered question of greatest 
interest to the clinician is: what is the impact of comprehensive 
management (including maximal bronchodilator and lung defla-
tion, exercise training and collaborative self-management) on 
 disease progression, quality of life and survival?

Financial & competing interests disclosure
DE O’Donnell has received research funding via Queen’s University from 
AstraZeneca, Boehringer Ingelheim, GlaxoSmithKline, Merck, Novartis, 
Nycomed and Pfizer; and has served on speakers bureaus, consultation 
panels and advisory boards for AstraZeneca, Boehringer Ingelheim, 
GlaxoSmithKline, Nycomed and Pfizer. The authors have no other rel-
evant affiliations or financial involvement with any organization or entity 
with a financial interest in or financial conflict with the subject matter or 
materials discussed in the manuscript apart from those disclosed.

No writing assistance was utilized in the production of this  
manuscript

References
Papers of special note have been highlighted as:
•• of considerable interest

1 Pellegrino R, Viegi G, Brusasco V et al. 
Interpretative strategies for lung function 
tests. Eur. Respir. J. 26(5), 948–968 
(2005).

2 Quanjer PH, Tammeling GJ, Cotes JE, 
Pedersen OF, Peslin R, Yernault JC. Lung 
volumes and forced ventilatory flows. 
Report Working Party Standardization of 
Lung Function Tests, European 
 Community for Steel and Coal. Official 
Statement of the European Respiratory 
Society. Eur. Respir. J. Suppl. 16, 5–40 
(1993).

3 O’Donnell DE, Laveneziana P. Physiology 
and consequences of lung hyperinflation in 
COPD. Eur. Respir. Rev. 15(100), 61–67 
(2006).

4 O’Donnell DE, Lam M, Webb KA. 
Measurement of symptoms, lung 
hyperinflation, and endurance during 
exercise in chronic obstructive pulmonary 
disease. Am. J. Respir. Crit. Care Med. 
158(5 Pt 1), 1557–1565 (1998).

5 O’Donnell DE, Travers J, Webb KA et al. 
Reliability of ventilatory parameters during 
cycle ergometry in multicentre trials in 
COPD. Eur. Respir. J. 34(4), 866–874 
(2009).

6 Stubbing DG, Pengelly LD, Morse JL, 
Jones NL. Pulmonary mechanics during 
exercise in subjects with chronic airflow 
obstruction. J. Appl. Physiol. 49(3), 
511–515 (1980).

7 Stubbing DG, Pengelly LD, Morse JL, 
Jones NL. Pulmonary mechanics during 
exercise in normal males. J. Appl. Physiol. 
49(3), 506–510 (1980).

8 Vogiatzis I, Georgiadou O, Golemati S 
et al. Patterns of dynamic hyperinflation 
during exercise and recovery in patients 
with severe chronic obstructive pulmonary 
disease. Thorax 60(9), 723–729 (2005).

9 Deesomchok A, Webb KA, Forkert L et al. 
Lung hyperinflation and its reversibility in 
patients with airway obstruction of varying 
severity. COPD 7(6), 428–437 (2010).

10 Guenette JA, Jensen D, Webb KA, Ofir D, 
Raghavan N, O’Donnell DE. Sex 
differences in exertional dyspnea in patients 
with mild COPD: physiological 
mechanisms. Respir. Physiol. Neurobiol. 
177(3), 218–227 (2011).

11 Ofir D, Laveneziana P, Webb KA, Lam 
YM, O’Donnell DE. Mechanisms of 
dyspnea during cycle exercise in 
symptomatic patients with GOLD stage I 
chronic obstructive pulmonary disease. 
Am. J. Respir. Crit. Care Med. 177(6), 
622–629 (2008).

12 O’Donnell DE, Guenette JA, Maltais F, 
Webb KA. Decline of resting inspiratory 
capacity in COPD: the impact on 
breathing pattern, dyspnea, and ventilatory 
capacity during exercise. Chest 141(3), 
753–762 (2012).

••	 The	resting	inspiratory	capacity	
importantly	influences	ventilatory	
capacity,	breathing	pattern	responses	
and	the	evolution	of	exertional	dyspnea	
across	the	range	of	disease	severity	in	
hyperinflated	patients	with	chronic	
obstructive	pulmonary	disease	(COPD).

13 O’Donnell DE, Deesomchok A, Lam YM 
et al. Effects of BMI on static lung volumes 
in patients with airway obstruction. Chest 
140(2), 461–468 (2011).

14 Barberà JA, Riverola A, Roca J et al. 
Pulmonary vascular abnormalities and 
ventilation-perfusion relationships in mild 
chronic obstructive pulmonary disease. 
Am. J. Respir. Crit. Care Med. 149(2 Pt 1), 
423–429 (1994).

15 Hogg JC, Chu F, Utokaparch S et al. The 
nature of small-airway obstruction in 
chronic obstructive pulmonary disease. 
N. Engl. J. Med. 350(26), 2645–2653 
(2004).

16 McDonough JE, Yuan R, Suzuki M et al. 
Small-airway obstruction and emphysema 
in chronic obstructive pulmonary disease. 
N. Engl. J. Med. 365(17), 1567–1575 
(2011).

••	 Narrowing	and	obliteration	of	peripheral	
airways	may	precede	the	development	of	
emphysema	and	can	explain	the	increased	
peripheral	airway	resistance	reported	
in	COPD.

17 Rodríguez-Roisin R, Drakulovic M, 
Rodríguez DA, Roca J, Barberà JA, Wagner 
PD. Ventilation-perfusion imbalance and 
chronic obstructive pulmonary disease 
staging severity. J. Appl. Physiol. 106(6), 
1902–1908 (2009).

18 Buist AS, Ross BB. Quantitative analysis of 
the alveolar plateau in the diagnosis of early 
airway obstruction. Am. Rev. Respir. Dis. 
108(5), 1078–1087 (1973).

19 Tantucci C, Donati P, Nicosia F et al. 
Inspiratory capacity predicts mortality in 
patients with chronic obstructive 
 pulmonary disease. Respir. Med. 102(4), 
613–619 (2008).

20 Zaman M, Mahmood S, Altayeh A. Low 
inspiratory capacity to total lung capacity 
ratio is a risk factor for chronic obstructive 
pulmonary disease exacerbation. Am. J. 
Med. Sci. 339(5), 411–414 (2010).

21 Albuquerque AL, Nery LE, Villaça DS 
et al. Inspiratory fraction and exercise 
impairment in COPD patients GOLD 
stages II–III. Eur. Respir. J. 28(5), 939–944 
(2006).

22 Casanova C, Cote C, de Torres JP et al. 
Inspiratory-to-total lung capacity ratio 
predicts mortality in patients with chronic 
obstructive pulmonary disease. Am. J. 
Respir. Crit. Care Med. 171(6), 591–597 
(2005).

23 Laghi F, Tobin MJ. Disorders of the 
respiratory muscles. Am. J. Respir. Crit. 
Care Med. 168(1), 10–48 (2003).

Physiological insights into dyspnea & exercise intolerance in COPD patients



 Expert Rev. Respir. Med. 6(6), (2012)660

Review

24 Orozco-Levi M, Gea J, Lloreta JL et al. 
Subcellular adaptation of the human 
diaphragm in chronic obstructive 
pulmonary disease. Eur. Respir. J. 13(2), 
371–378 (1999).

25 Supinski GS, Kelsen SG. Effect of 
elastase-induced emphysema on the 
force-generating ability of the diaphragm. 
J. Clin. Invest. 70(5), 978–988 (1982).

26 Levine S, Kaiser L, Leferovich J, Tikunov 
B. Cellular adaptations in the diaphragm in 
chronic obstructive pulmonary disease. 
N. Engl. J. Med. 337(25), 1799–1806 
(1997).

27 Mercadier JJ, Schwartz K, Schiaffino S 
et al. Myosin heavy chain gene expression 
changes in the diaphragm of patients with 
chronic lung hyperinflation. Am. J. Physiol. 
274(4 Pt 1), L527–L534 (1998).

28 Similowski T, Yan S, Gauthier AP, 
Macklem PT, Bellemare F. Contractile 
properties of the human diaphragm during 
chronic hyperinflation. N. Engl. J. Med. 
325(13), 917–923 (1991).

29 Mador MJ, Kufel TJ, Pineda LA, Sharma 
GK. Diaphragmatic fatigue and high-
intensity exercise in patients with chronic 
obstructive pulmonary disease. Am. J. 
Respir. Crit. Care Med. 161(1), 118–123 
(2000).

30 O’Donnell DE, Bertley JC, Chau LK, 
Webb KA. Qualitative aspects of exertional 
breathlessness in chronic airflow limitation: 
pathophysiologic mechanisms. Am. J. 
Respir. Crit. Care Med. 155(1), 109–115 
(1997).

31 Mead J. Respiration: pulmonary 
mechanics. Annu. Rev. Physiol. 35, 169–192 
(1973).

32 Roussos C, Macklem PT. The respiratory 
muscles. N. Engl. J. Med. 307(13), 
786–797 (1982).

33 Smith TC, Marini JJ. Impact of PEEP on 
lung mechanics and work of breathing in 
severe airflow obstruction. J. Appl. Physiol. 
65(4), 1488–1499 (1988).

34 O’Donnell DE, Hamilton AL, Webb KA. 
Sensory-mechanical relationships during 
high-intensity, constant-work-rate exercise 
in COPD. J. Appl. Physiol. 101(4), 
1025–1035 (2006).

35 O’Donnell DE, Revill SM, Webb KA. 
Dynamic hyperinflation and exercise 
intolerance in chronic obstructive 
pulmonary disease. Am. J. Respir. Crit. 
Care Med. 164(5), 770–777 (2001).

36 Laveneziana P, Webb KA, Ora J, Wadell K, 
O’Donnell DE. Evolution of dyspnea 
during exercise in chronic obstructive 

pulmonary disease: impact of critical 
volume constraints. Am. J. Respir. Crit. 
Care Med. 184(12), 1367–1373 (2011).

••	 The	inflection	(or	plateau)	in	the	tidal	
volume	(V

T
)	response	marks	the	point	

where	dyspnea	intensity	rises	abruptly	
and	there	is	a	transition	in	the	dominant	
qualitative	descriptor	choice	from	
‘work/effort’	to	‘unsatisfied	inspiration’.	
Intensity	and	quality	of	dyspnea	evolve	
separately	and	are	strongly	influenced	by	
mechanical	constraints	on	V

T
	expansion	

during	exercise	in	COPD.

37 O’Donnell DE, Parker CM. COPD 
exacerbations. 3: pathophysiology. Thorax 
61(4), 354–361 (2006).

38 Parker CM, Voduc N, Aaron SD, Webb 
KA, O’Donnell DE. Physiological changes 
during symptom recovery from moderate 
exacerbations of COPD. Eur. Respir. J. 
26(3), 420–428 (2005).

39 Stevenson NJ, Walker PP, Costello RW, 
Calverley PM. Lung mechanics and 
dyspnea during exacerbations of chronic 
obstructive pulmonary disease. Am. J. 
Respir. Crit. Care Med. 172(12), 1510–1516 
(2005).

40 Carr SJ, Goldstein RS, Brooks D. Acute 
exacerbations of COPD in subjects 
completing pulmonary rehabilitation. Chest 
132(1), 127–134 (2007).

41 Pitta F, Troosters T, Probst VS, Spruit MA, 
Decramer M, Gosselink R. Physical 
activity and hospitalization for exacerbation 
of COPD. Chest 129(3), 536–544 (2006).

42 Murphy PB, Kumar A, Reilly C et al. 
Neural respiratory drive as a physiological 
biomarker to monitor change during acute 
exacerbations of COPD. Thorax 66(7), 
602–608 (2011).

43 Barberà JA, Roca J, Ferrer A et al. 
Mechanisms of worsening gas exchange 
during acute exacerbations of chronic 
obstructive pulmonary disease. Eur. 
Respir. J. 10(6), 1285–1291 (1997).

44 Laveneziana P, Wadell K, Webb K, 
O’Donnell DE. Exercise limitation in 
chronic obstructive pulmonary disease. 
Curr. Respir. Med. Rev., 4(4), 258–269 
(2008).

45 Stefan MS, Bannuru RR, Lessard D, Gore 
JM, Lindenauer PK, Goldberg RJ. The 
impact of COPD on management and 
outcomes of patients hospitalized with 
acute myocardial infarction: a 10-year 
retrospective observational study. Chest 
141(6), 1441–1448 (2012).

46 Henke KG, Sharratt M, Pegelow D, 
Dempsey JA. Regulation of end-expiratory 

lung volume during exercise. J. Appl. 
Physiol. 64(1), 135–146 (1988).

47 Kiers A, van der Mark TW, Woldring MG, 
Peset R. Determination of the functional 
residual capacity during exercise. 
Ergonomics 23(10), 955–959 (1980).

48 Lind F, Hesser CM. Breathing pattern and 
lung volumes during exercise. Acta Physiol. 
Scand. 120(1), 123–129 (1984).

49 Younes M, Kivinen G. Respiratory 
mechanics and breathing pattern during 
and following maximal exercise. J. Appl. 
Physiol. 57(6), 1773–1782 (1984).

50 Anthonisen NR, Danson J, Robertson PC, 
Ross WR. Airway closure as a function of 
age. Respir. Physiol. 8(1), 58–65 (1969).

51 D’Errico A, Scarani P, Colosimo E, Spina 
M, Grigioni WF, Mancini AM. Changes in 
the alveolar connective tissue of the ageing 
lung. An immunohistochemical study. 
Virchows Arch. A. Pathol. Anat. Histopathol. 
415(2), 137–144 (1989).

52 Frank NR, Mead J, Ferris BG Jr. The 
mechanical behavior of the lungs in healthy 
elderly persons. J. Clin. Invest. 36(12), 
1680–1687 (1957).

53 Gibson GJ, Pride NB, O’Cain C, Quagliato 
R. Sex and age differences in pulmonary 
mechanics in normal nonsmoking subjects. 
J. Appl. Physiol. 41(1), 20–25 (1976).

54 Knudson RJ, Clark DF, Kennedy TC, 
Knudson DE. Effect of aging alone on 
mechanical properties of the normal adult 
human lung. J. Appl. Physiol. 43(6), 
1054–1062 (1977).

55 Johnson BD, Reddan WG, Pegelow DF, 
Seow KC, Dempsey JA. Flow limitation 
and regulation of functional residual 
capacity during exercise in a physically 
active aging population. Am. Rev. Respir. 
Dis. 143(5 Pt 1), 960–967 (1991).

56 Johnson BD, Reddan WG, Seow KC, 
Dempsey JA. Mechanical constraints on 
exercise hyperpnea in a fit aging popula-
tion. Am. Rev. Respir. Dis. 143(5 Pt 1), 
968–977 (1991).

57 Ofir D, Laveneziana P, Webb KA, Lam 
YM, O’Donnell DE. Sex differences in the 
perceived intensity of breathlessness during 
exercise with advancing age. J. Appl. 
Physiol. 104(6), 1583–1593 (2008).

58 Diaz O, Villafranca C, Ghezzo H et al. 
Role of inspiratory capacity on exercise 
tolerance in COPD patients with and 
without tidal expiratory flow limitation at 
rest. Eur. Respir. J. 16(2), 269–275 (2000).

59 Marin JM, Carrizo SJ, Gascon M, Sanchez 
A, Gallego B, Celli BR.  Inspiratory 
capacity, dynamic  hyperinflation, 

Laveneziana, Guenette, Webb & O’Donnell



661www.expert-reviews.com

Review

breathlessness, and exercise performance 
during the 6-minute-walk test in chronic 
obstructive pulmonary disease. Am. J. 
Respir. Crit. Care Med. 163(6), 1395–1399 
(2001).

60 Puente-Maestu L, García de Pedro J, 
Martínez-Abad Y, Ruíz de Oña JM, 
Llorente D, Cubillo JM. Dyspnea, 
ventilatory pattern, and changes in 
dynamic hyperinflation related to the 
intensity of constant work rate exercise in 
COPD. Chest 128(2), 651–656 (2005).

61 Laveneziana P, Parker CM, O’Donnell DE. 
Ventilatory constraints and dyspnea during 
exercise in chronic obstructive pulmonary 
disease. Appl. Physiol. Nutr. Metab. 32(6), 
1225–1238 (2007).

62 O’Donnell DE, Bredenbröker D, Brose M, 
Webb KA. Physiological effects of 
roflumilast at rest and during exercise in 
COPD. Eur. Respir. J. 39(5), 1104–1112 
(2012).

63 O’Donnell DE, Casaburi R, Vincken W 
et al.; INABLE 1 study group. Effect of 
indacaterol on exercise endurance and lung 
hyperinflation in COPD. Respir. Med. 
105(7), 1030–1036 (2011).

64 Paoletti P, De Filippis F, Fraioli F et al. 
Cardiopulmonary exercise testing (CPET) 
in pulmonary emphysema. Respir. Physiol. 
Neurobiol. 179(2–3), 167–173 (2011).

65 Guenette JA, Webb KA, O’Donnell DE. 
Does dynamic hyperinflation contribute to 
dyspnoea during exercise in patients with 
COPD? Eur. Respir. J. 40(2), 322–329 
(2012).

••	 The	prevailing	inspiratory	capacity	and	
the	mechanical	constraints	on	V

T
	as	the	

inspiratory	reserve	volume	approaches	its	
minimal	value	strongly	influence	dyspnea	
intensity	and	exercise	tolerance	in	COPD,	
independent	of	the	presence	of	acute-on-
chronic	dynamic	hyperinflation	during	
exercise.

66 O’Donnell DE, D’Arsigny C, Fitzpatrick 
M, Webb KA. Exercise hypercapnia in 
advanced chronic obstructive pulmonary 
disease: the role of lung hyperinflation. Am. 
J. Respir. Crit. Care Med. 166(5), 663–668 
(2002).

67 Barbera JA, Roca J, Ramirez J, Wagner PD, 
Ussetti P, Rodriguez-Roisin R. Gas 
exchange during exercise in mild chronic 
obstructive pulmonary disease. Correlation 
with lung structure. Am. Rev. Respir. Dis. 
144(3 Pt 1), 520–525 (1991).

68 Dantzker DR, D’Alonzo GE. The effect of 
exercise on pulmonary gas exchange in 
patients with severe chronic obstructive 

pulmonary disease. Am. Rev. Respir. Dis. 
134(6), 1135–1139 (1986).

69 O’Donnell DE, Webb KA. Breathlessness 
in patients with severe chronic airflow 
limitation. Physiologic correlations. Chest 
102(3), 824–831 (1992).

70 Wagner PD, Dantzker DR, Dueck R, 
Clausen JL, West JB. Ventilation- perfusion 
inequality in chronic obstructive 
 pulmonary disease. J. Clin. Invest. 59(2), 
203–216 (1977).

71 Casaburi R, Patessio A, Ioli F, Zanaboni S, 
Donner CF, Wasserman K. Reductions in 
exercise lactic acidosis and ventilation as a 
result of exercise training in patients with 
obstructive lung disease. Am. Rev. Respir. 
Dis. 143(1), 9–18 (1991).

72 Bye PT, Esau SA, Levy RD et al. Ventila-
tory muscle function during exercise in air 
and oxygen in patients with chronic 
air-flow limitation. Am. Rev. Respir. Dis. 
132(2), 236–240 (1985).

73 Sinderby C, Spahija J, Beck J et al. 
Diaphragm activation during exercise in 
chronic obstructive pulmonary disease. 
Am. J. Respir. Crit. Care Med. 163(7), 
1637–1641 (2001).

74 Polkey MI, Kyroussis D, Keilty SE et al. 
Exhaustive treadmill exercise does not 
reduce twitch transdiaphragmatic pressure 
in patients with COPD. Am. J. Respir. Crit. 
Care Med. 152(3), 959–964 (1995).

75 Laveneziana P, Palange P, Ora J,  
Martolini D, O’Donnell DE. 
Bronchodilator effect on ventilatory, 
pulmonary gas exchange, and heart rate 
kinetics during high-intensity exercise in 
COPD. Eur. J. Appl. Physiol. 107(6), 
633–643 (2009).

••	 This	is	the	first	study	to	show	an	
important	interaction	between	abnormal	
dynamic	respiratory	mechanics	and	
indices	of	cardio–circulatory	function	in	
the	rest-to-exercise	transition	in	COPD	
patients.

76 Laveneziana P, Valli G, Onorati P, 
Paoletti P, Ferrazza AM, Palange P. Effect 
of heliox on heart rate kinetics and 
dynamic hyperinflation during high-
intensity exercise in COPD. Eur. J. Appl. 
Physiol. 111(2), 225–234 (2011).

77 Travers J, Laveneziana P, Webb KA, 
Kesten S, O’Donnell DE. Effect of 
tiotropium bromide on the cardiovascular 
response to exercise in COPD. Respir. Med. 
101(9), 2017–2024 (2007).

78 Chiappa GR, Borghi-Silva A, Ferreira LF 
et al. Kinetics of muscle deoxygenation are 
accelerated at the onset of heavy-intensity 

exercise in patients with COPD: 
relationship to central cardiovascular 
dynamics. J. Appl. Physiol. 104(5), 
1341–1350 (2008).

79 Montes de Oca M, Rassulo J, Celli BR. 
Respiratory muscle and cardiopulmonary 
function during exercise in very severe 
COPD. Am. J. Respir. Crit. Care Med. 
154(5), 1284–1289 (1996).

80 Saito S, Miyamoto K, Nishimura M et al. 
Effects of inhaled bronchodilators on 
pulmonary hemodynamics at rest and 
during exercise in patients with COPD. 
Chest 115(2), 376–382 (1999).

81 Vassaux C, Torre-Bouscoulet L,  
Zeineldine S et al. Effects of hyperinflation 
on the oxygen pulse as a marker of cardiac 
performance in COPD. Eur. Respir. J. 
32(5), 1275–1282 (2008).

82 Potter WA, Olafsson S, Hyatt RE. 
Ventilatory mechanics and expiratory flow 
limitation during exercise in patients with 
obstructive lung disease. J. Clin. Invest. 
50(4), 910–919 (1971).

83 Parshall MB, Schwartzstein RM, Adams L 
et al.; American Thoracic Society 
Committee on Dyspnea. An official 
American Thoracic Society statement: 
update on the mechanisms, assessment, and 
management of dyspnea. Am. J. Respir. 
Crit. Care Med. 185(4), 435–452 (2012).

••	 This	update	of	the	1999	American	
Thoracic	Society	Consensus	Statement	
on	dyspnea	is	of	considerable	interest	
because	it	sums	up	the	enormous	growth	
in	knowledge	about	the	respiratory	and	
neurophysiology	of	dyspneain	COPD.

84 O’Donnell DE, Banzett RB, Carrieri-
Kohlman V et al. Pathophysiology of 
dyspnea in chronic obstructive pulmonary 
disease: a roundtable. Proc. Am. Thorac. 
Soc. 4(2), 145–168 (2007).

85 Evans KC, Banzett RB, Adams L, 
McKay L, Frackowiak RS, Corfield DR. 
BOLD fMRI identifies limbic, paralimbic, 
and cerebellar activation during air hunger. 
J. Neurophysiol. 88(3), 1500–1511 (2002).

86 O’Donnell DE, Hong HH, Webb KA. 
Respiratory sensation during chest wall 
restriction and dead space loading in 
exercising men. J. Appl. Physiol. 88(5), 
1859–1869 (2000).

87 Celli B, ZuWallack R, Wang S, Kesten S. 
Improvement in resting inspiratory 
capacity and hyperinflation with tiotro-
pium in COPD patients with increased 
static lung volumes. Chest 124(5), 
1743–1748 (2003).

Physiological insights into dyspnea & exercise intolerance in COPD patients



 Expert Rev. Respir. Med. 6(6), (2012)662

Review

88 Maltais F, Hamilton A, Marciniuk D et al. 
Improvements in symptom-limited exercise 
performance over 8 h with once-daily 
tiotropium in patients with COPD. Chest 
128(3), 1168–1178 (2005).

89 Newton MF, O’Donnell DE, Forkert L. 
Response of lung volumes to inhaled 
salbutamol in a large population of patients 
with severe hyperinflation. Chest 121(4), 
1042–1050 (2002).

90 O’Donnell DE, Flüge T, Gerken F et al. 
Effects of tiotropium on lung hyperinfla-
tion, dyspnoea and exercise tolerance in 
COPD. Eur. Respir. J. 23(6), 832–840 
(2004).

91 O’Donnell DE, Forkert L, Webb KA. 
Evaluation of bronchodilator responses in 
patients with ‘irreversible’ emphysema. Eur. 
Respir. J. 18(6), 914–920 (2001).

92 O’Donnell DE, Lam M, Webb KA. 
Spirometric correlates of improvement in 
exercise performance after anticholinergic 
therapy in chronic obstructive pulmonary 
disease. Am. J. Respir. Crit. Care Med. 
160(2), 542–549 (1999).

93 Tantucci C, Duguet A, Similowski T, 
Zelter M, Derenne JP, Milic-Emili J. Effect 
of salbutamol on dynamic hyperinflation in 
chronic obstructive pulmonary disease 
patients. Eur. Respir. J. 12(4), 799–804 
(1998).

94 Boni E, Corda L, Franchini D et al. 
Volume effect and exertional dyspnoea 
after bronchodilator in patients with 
COPD with and without expiratory flow 
limitation at rest. Thorax 57(6), 528–532 
(2002).

95 van Noord JA, Aumann JL, Janssens E 
et al. Effects of tiotropium with and 
without formoterol on airflow obstruction 
and resting hyperinflation in patients with 
COPD. Chest 129(3), 509–517 (2006).

96 Tashkin DP, Littner M, Andrews CP, 
Tomlinson L, Rinehart M, Denis-Mize K. 
Concomitant treatment with nebulized 
formoterol and tiotropium in subjects with 
COPD: a placebo-controlled trial. Respir. 
Med. 102(4), 479–487 (2008).

97 Guenette JA, Raghavan N, Harris-
McAllister V, Preston ME, Webb KA, 
O’Donnell DE. Effect of adjunct 
fluticasone propionate on airway physiology 
during rest and exercise in COPD. Respir. 
Med. 105(12), 1836–1845 (2011).

98 Worth H, Förster K, Eriksson G, Nihlén 
U, Peterson S, Magnussen H. Budesonide 
added to formoterol contributes to 
improved exercise tolerance in patients with 
COPD. Respir. Med. 104(10), 1450–1459 
(2010).

99 O’Donnell DE, Sciurba F, Celli B et al. 
Effect of fluticasone propionate/salmeterol 
on lung hyperinflation and exercise 
endurance in COPD. Chest 130(3), 
647–656 (2006).

100 Singh D, Brooks J, Hagan G, Cahn A, 
O’Connor BJ. Superiority of ‘triple’ therapy 
with salmeterol/fluticasone propionate and 
tiotropium bromide versus individual 
components in moderate to severe COPD. 
Thorax 63(7), 592–598 (2008).

101 Welte T, Miravitlles M, Hernandez P et al. 
Efficacy and tolerability of budesonide/
formoterol added to tiotropium in patients 
with chronic obstructive pulmonary 
disease. Am. J. Respir. Crit. Care Med. 
180(8), 741–750 (2009).

102 O’Donnell DE, Voduc N, Fitzpatrick M, 
Webb KA. Effect of salmeterol on the 
ventilatory response to exercise in chronic 
obstructive pulmonary disease. Eur. 
Respir. J. 24(1), 86–94 (2004).

103 Peters MM, Webb KA, O’Donnell DE. 
Combined physiological effects of 

bronchodilators and hyperoxia on 
exertional dyspnoea in normoxic COPD. 
Thorax 61(7), 559–567 (2006).

104 O’Donnell DE, Laveneziana P, Ora J, 
Webb KA, Lam YM, Ofir D. Evaluation of 
acute bronchodilator reversibility in 
patients with symptoms of GOLD stage I 
COPD. Thorax 64(3), 216–223 (2009).

105 Gelb AF, Hogg JC, Müller NL et al. 
Contribution of emphysema and small 
airways in COPD. Chest 109(2), 353–359 
(1996).

106 Kuwano K, Matsuba K, Ikeda T et al. The 
diagnosis of mild emphysema. Correlation 
of computed tomography and pathology 
scores. Am. Rev. Respir. Dis. 141(1), 
169–178 (1990).

107 Yuan R, Hogg JC, Paré PD et al. Prediction 
of the rate of decline in FEV(1) in smokers 
using quantitative computed tomography. 
Thorax 64(11), 944–949 (2009).

108 Hyatt RE. Expiratory flow limitation.  
J. Appl. Physiol. 55(1 Pt 1), 1–7 (1983).

109 Dawson SV, Elliott EA. Wave-speed 
limitation on expiratory flow-a unifying 
concept. J. Appl. Physiol. 43(3), 498–515 
(1977).

110 Pride NB, Macklem PT. Lung mechanics 
in disease. In: Handbook of Physiology, Part 
2: The Respiratory System. Fishman AP 
(Ed.). American Physiological Society, 
Bethesda, MD, USA, 659–692 (1986).

111 Vinegar A, Sinnett EE, Leith DE. 
Dynamic mechanisms determine 
functional residual capacity in mice, Mus 
musculus. J. Appl. Physiol. 46(5), 867–871 
(1979).

Laveneziana, Guenette, Webb & O’Donnell


