
E
b

D
a

b

c

a

A
A

K
B
E
P
O
A
R

1

b
d
b
a
t
a
i
m
i
t
c
i

1
d

Respiratory Physiology & Neurobiology 167 (2009) 87–100

Contents lists available at ScienceDirect

Respiratory Physiology & Neurobiology

journa l homepage: www.e lsev ier .com/ locate / resphys io l

ffects of pregnancy, obesity and aging on the intensity of perceived
reathlessness during exercise in healthy humans

ennis Jensena,∗, Dror Ofirb, Denis E. O’Donnell a,c

Respiratory Investigation Unit, Department of Medicine, Queen’s University and Kingston General Hospital, Kingston, ON, Canada
School of Exercise and Sport Sciences, Zinman College of Physical Education and Sport Sciences, Wingate Institute, Israel
Department of Physiology, Queen’s University, Kingston, ON, Canada

r t i c l e i n f o

rticle history:
ccepted 30 January 2009

eywords:
reathlessness
xercise
regnancy
besity
ging
espiratory mechanics

a b s t r a c t

The healthy human respiratory system has impressive ventilatory reserve and can easily meet the
demands placed upon it by strenuous exercise. Several acute physiological adaptations during exercise
ensure harmonious neuromechanical coupling of the respiratory system, which allow healthy humans to
reach high levels of ventilation without perceiving undue respiratory discomfort (breathlessness). How-
ever, in certain circumstances, such as pregnancy, obesity and natural aging, ventilatory reserve becomes
diminished and exertional breathlessness is present. In this review, we focus on what is known about
the mechanisms of increased activity-related breathlessness in these populations. Notwithstanding the
obvious physiological differences between the three conditions, they share some common perceptual
and ventilatory responses to exercise. Breathlessness intensity ratings (described as an increased “sense
of effort”) are consistently higher than normal at any given submaximal power output; and central motor
drive to the respiratory muscles is consistently increased, reflecting increased ventilatory stimulation. The
increased contractile respiratory muscle effort required to support the increased ventilatory requirements
of exercise remains the most plausible source of increased activity-related breathlessness in pregnant,
obese and elderly humans. In all three conditions, static and dynamic respiratory mechanical/muscular

function is, to some extent, altered or impaired. Nevertheless, breathlessness intensity ratings are not
significantly increased (compared to normal) at any given exercise ventilation in any of these three con-
ditions. This strongly suggests that respiratory mechanical/muscular factors, per se, may be less important
in the genesis of breathlessness. Moreover, in pregnancy and obesity, we present evidence that effective

s exis
nical
physiological adjustment
altered respiratory mecha

. Introduction

The healthy human respiratory system is generally regarded as
eing “overbuilt” with respect to the demands placed upon it, even
uring the most strenuous exercise (Dempsey, 1986). Indeed, the
reathing apparatus (lungs, airways and respiratory musculature)
dmirably fulfills its primary task of ensuring that alveolar ventila-
ion (V̇A) is precisely matched to muscle metabolic demand across

broad range of physical activities. Exercise-induced increases
n minute ventilation (V̇E) and therefore contractile respiratory

uscle effort is accompanied by “a subjective experience of breath-

ng discomfort that consists of qualitatively distinct sensations
hat vary in intensity” (American Thoracic Society, 1999). It is
lear that for most healthy young humans, it is the sense of
ntolerable leg discomfort – not breathing discomfort (breath-

∗ Corresponding author. Tel.: +1 613 549 6666x4910; fax: +1 613 548 1307.
E-mail address: dennis.jensen@queensu.ca (D. Jensen).

569-9048/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.resp.2009.01.011
t to counterbalance the potentially negative sensory consequences of the
/muscular function peculiar to these conditions.

© 2009 Elsevier B.V. All rights reserved.

lessness) – that is the proximate exercise-limiting symptom, at
least during weight-supported cycle exercise (Killian, 1992a; Killian
et al., 1992; Hamilton et al., 1996; Jones and Killian, 2000;
O’Donnell et al., 2000). However, there is increasing evidence that
troublesome activity-related breathlessness may arise in certain
circumstances across the healthy human life span, including (1)
during the course of pregnancy; (2) as a consequence of exces-
sive weight gain/adiposity; and (3) with advancing age. The nature
and source(s) of exertional breathlessness in these ‘special’ popula-
tions are poorly understood and represent the primary focus of this
review.

In this review, we will (1) discuss current neurophysiolog-
ical concepts of exertional breathlessness; (2) summarize the
physiological adaptations that are normally in place to minimize

respiratory discomfort during exercise in healthy young individu-
als; and (3) review newer information about the mechanisms of
exertional breathlessness in healthy pregnant, obese and elderly
humans where ventilatory control and respiratory function are, to
some extent, altered/impaired.

http://www.sciencedirect.com/science/journal/15699048
http://www.elsevier.com/locate/resphysiol
mailto:dennis.jensen@queensu.ca
dx.doi.org/10.1016/j.resp.2009.01.011
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. Neurophysiology of exertional breathlessness: current
oncepts

Exercise requires an increase in V̇A that is directly proportional to
uscle metabolic requirements to replenish the O2 extracted from

he blood (V̇O2 ), to eliminate the CO2 added to the blood (V̇CO2 ) and
o partially compensate for the lactic acidosis that develops during
xercise above the ventilatory threshold (Forster, 2000; Dempsey
t al., 2006). The increase in V̇A required to meet these metabolic
emands must be achieved efficiently to minimize the work (WOB)
nd O2 cost (V̇O2resp ) of breathing (Forster, 2000; Dempsey et al.,
006).

.1. Mechanisms of exercise hyperpnea

The mechanisms underlying the precise matching of V̇A to
˙ CO2 during exercise in healthy humans remain unclear and have
een reviewed in detail elsewhere (Eldridge and Waldrop, 1991;
ateika and Duffin, 1995; Kaufman and Forster, 1996; Haouzi et al.,

004; Bell, 2006; Dempsey et al., 2006; Haouzi, 2006; Poon et al.,
007). Briefly, these include (1) a feedforward mechanism whereby

otor output from higher (cortical) brain centers to the peripheral

ocomotor muscles provides a parallel stimulus to the medullary
brainstem) respiratory control center; (2) afferent feedback signals
rom the exercising muscles to the medullary respiratory control
enter which drives V̇A in proportion to the neural activation of Type

ig. 1. Neurophysiological underpinnings of perceived respiratory discomfort (breathles
etails. V̇O2 and V̇CO2 , metabolic rates of oxygen consumption and carbon dioxide produ

ocomotor (and respiratory) muscles and their vasculature; SARs, slowly adapting rece
eceptors, juxtapulmonary capillary receptors; GTOs, Golgi tendon organs; PCO2, partia
oncentration; PaO2, arterial partial pressure of oxygen; SaO2, arterial blood oxygen satur
Neurobiology 167 (2009) 87–100

III and IV mechanoreptors and metaboreceptors residing within the
active locomotor muscles and their vasculature; (3) a behavioral-
and arousal-related mechanism whereby neural activation of corti-
cal structures involved in the planning and anticipation of the motor
act of exercise contributes to the voluntary control of the inspira-
tory pump muscles; (4) afferent feedback signals from the central
and peripheral chemoreceptors in response to arterial and central
(or brain tissue) acid–base disturbances during exercise above the
ventilatory threshold; and (5) any combination thereof (Fig. 1).

2.2. Central corollary discharge: the proximate cause of exertional
breathlessness?

During exercise in health, breathlessness intensity ratings mea-
sured by validated scales (e.g. Borg) increase in direct proportion
with: (1) V̇E expressed in L/min or as a % of maximal ventilatory
capacity; (2) contractile respiratory muscle effort (tidal esophageal
pressure swing expressed as a % of maximum inspiratory pressure,
�Pes/PImax); and (3) power output expressed in absolute terms
(e.g. watts) or as a % of predicted maximum (Killian et al., 1984,
1992; LeBlanc et al., 1988; Killian, 1992b; O’Donnell et al., 2000).

“Effort” has been defined as the “intensity of willed motor com-
mand” and is believed to reflect the conscious awareness of the
central respiratory motor output command required to drive the
active skeletal muscle (Killian et al., 1984; Killian, 1992b). Several
studies have demonstrated that the intensity of perceived respira-

sness) during exercise in healthy humans: a working hypothesis. Refer to text for
ction; Type III and IV mechano- and metabosensitive afferents in the peripheral

ptors; RARs, rapidly adapting receptors; C-fibers, bronchopulmonary C-fibers; J-
l pressure of carbon dioxide; [H+], hydrogen ion concentration; [La−], lactate ion
ation.
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ory “effort” is increased when: (1) V̇E and �Pes/PImax are increased
ith exercise or reflex driven hyperventilation (O’Donnell et al.,

000); (2) the respiratory muscle load is increased (el-Manshawi et
l., 1986); and/or (3) when the inspiratory pump muscles are func-
ionally weakened by fatigue (Gandevia et al., 1981), acute partial
aralysis (Moosavi et al., 2000) or lung hyperinflation (Killian et al.,
984). In healthy young individuals at the symptom-limited peak of
xercise, breathlessness intensity is generally rated as “severe” and
n qualitative terms is described as a heightened sense of “effort”,
work” or “heaviness” of breathing (Simon et al., 1989; O’Donnell
t al., 2000; Ofir et al., 2007). In general, these respiratory sensa-
ions are not inherently unpleasant, as they represent, based on
earning and experience, the anticipated ventilatory response to
eavy exercise. In this regard, intolerable breathlessness is rarely
olunteered as the primary exercise-limiting symptom, at least dur-
ng weight-supported cycle exercise in healthy young individuals
Killian, 1992a; Killian et al., 1992; Hamilton et al., 1996; Jones and
illian, 2000; O’Donnell et al., 2000).

The neurophysiological basis of increased “work”, “effort” or
heaviness” of breathing is thought to be increased central corol-
ary discharge to the somatosensory cortex, secondary to increased
ortical (voluntary or willful) respiratory motor drive (Fig. 1)
Gandevia, 1988; O’Donnell et al., 2007). The role of increased brain-
tem (autonomic or reflex) respiratory motor drive in the genesis
f perceived “effort” is less certain, but is likely integral to the
global” sense of increased central respiratory motor drive and
orollary discharge (Fig. 1) (Chen et al., 1991, 1992; Killian, 1992b;
ldridge and Chen, 1996; Manning and Schwartzstein, 1995). Sen-
ory afferent information arising from muscle spindles and Golgi
endon organs as well as from Type III and IV mechano- and meta-
oreceptors (all of which project directly to the somatosensory
ortex) in the vigorously contracting respiratory muscles, includ-
ng the diaphragm, may also contribute to the sense of increased
work”, “effort” or “heaviness” of breathing during exercise when
entilatory requirements are high (Fig. 1) (Duron, 1981; Killian,
992b; Jammes and Speck, 1995; Manning and Schwartzstein,
995; O’Donnell et al., 2007). However, this possibility is more con-
entious since alterations in the mechanical/muscular response of
he respiratory system are not obligatory to evoke breathlessness
specifically the qualitative sensation of “air hunger”) in the setting
f increased brainstem respiratory motor drive (Banzett et al., 1989,
990; Gandevia et al., 1993).

.3. Central corollary discharge: not the whole story!

Although the central corollary discharge (“sense of effort”)
ypothesis of exertional breathlessness is widely accepted, there
re several experimental observations that it fails to explain. (1) If
he intensity of perceived breathlessness was solely a function of
he amplitude of cortical (voluntary) respiratory motor drive and
ttendant central corollary discharge, then it would be expected
o vary only in intensity and not quality; however, this is not the
ase! Humans reliably detect, quantify and discriminate qualita-
ively distinct sensations of breathlessness provoked by different
espiratory stimuli applied experimentally or resulting from car-
iopulmonary disease (Zechman and Wiley, 1986; Simon et al.,
989, 1990; Elliot et al., 1991; American Thoracic Society, 1999;
ansing et al., 2000; O’Donnell et al., 2000; Scano et al., 2005).
2) Voluntarily increasing V̇E and presumably therefore �Pes/PImax
o the same level as that achieved spontaneously with hypercap-

ia (Adams et al., 1985) or during exercise (Lane et al., 1987) was
ot associated with perceived breathlessness in healthy humans,
uggesting that increased brainstem (reflex) rather than cortical
voluntary) respiratory motor drive is the proximate source of res-
iratory discomfort. (3) Ward and Whipp (1989) previously showed
Neurobiology 167 (2009) 87–100 89

that breathlessness intensity ratings were consistently higher dur-
ing hypoxic-isocapnic compared with both hyperoxic–hypercapnic
and hyperoxic-isocapnic cycle exercise, despite matched levels of
V̇E and presumably therefore �Pes/PImax. (4) Harty et al. (1999)
and O’Connor et al. (2000) reported that imposing a mechanical
constraint to tidal volume (VT) expansion by chest wall strapping
significantly increased (compared with control) breathlessness
intensity ratings at a standardized submaximal V̇E during constant-
load cycle exercise in healthy men. A more detailed mechanistic
study by O’Donnell et al. (2000) found that, compared with control,
chest wall strapping uncoupled the otherwise harmonious relation-
ship between �Pes/PImax and thoracic volume displacement (i.e.
neuromechanical uncoupling of the respiratory system), which in
turn increased the intensity of perceived respiratory discomfort
(described in qualitative terms as an increased sense of “unsatis-
fied inspiration”) at any given submaximal V̇E, �Pes/PImax, V̇O2 and
work rate during incremental cycle exercise in healthy men (refer to
Figs. 3 and 4 in O’Donnell et al., 2000). In that study, the combination
of chest wall strapping and increased central (brainstem) respi-
ratory motor output command (by chemostimulation via added
dead space), further hastened both neuromechanical uncoupling
and the intensity of perceived “unsatisfied inspiration” with atten-
dant reductions in peak aerobic working capacity. Based on these
observations, O’Donnell et al. (2000) advanced the hypothesis that
neuromechanical uncoupling may be relevant to the origin of the
intensity and quality of exertional breathlessness under conditions
of increased respiratory mechanical loading.

2.4. Respiratory mechanical and perceptual responses to exercise
in health

During exercise in health, several acute physiological adap-
tations ensure harmonious neuromechanical coupling of the
respiratory system with attendant minimization of perceived
breathlessness, despite dramatic and progressive increases in ven-
tilatory demand (>10 times resting values). These adaptations
include: (1) the precise control of dynamic end-expiratory (EELV)
and end-inspiratory (EILV) lung volumes; (2) reductions in intra-
and extra-thoracic airway resistance; (3) breathing pattern opti-
mization; and (4) enhanced matching of ventilation and perfusion
(Dempsey et al., 1996, 2006, 2008; Poon et al., 2007). Collectively,
these adaptations serve to maximize pulmonary gas exchange
efficiency and maintain arterial blood gas/acid–base status near
resting levels; partition the increased WOB between the inspira-
tory and expiratory muscles; and ensure that VT expands within
the most compliant (linear) portion of the respiratory system’s
sigmoid pressure-volume relation (by increasing EILV or encroach-
ing on inspiratory reserve volume (IRV) and by decreasing EELV
or encroaching on expiratory reserve volume (ERV)), where neu-
romechanical coupling is preserved and perceived breathlessness
is minimized (Sharratt et al., 1987; Henke et al., 1988; Younes, 1991;
Dempsey et al., 2006). It follows that if/when these physiological
adaptations become undermined, such as may occur during exer-
cise in pregnant, obese and elderly subjects, there is the potential
for increased activity-related breathlessness.

2.5. Neurophysiology of exertional breathlessness: a working
hypothesis

We contend that alterations in both central and peripheral sen-
sory inputs and their complex integration within higher brain

centers are fundamental to the experience of perceived respiratory
discomfort during physical activity (Fig. 1). Briefly, the somatosen-
sory cortex calibrates and interprets the appropriateness (or lack
thereof) of the mechanical/muscular response of the respiratory
system (conveyed via multiple sensory afferents in the respiratory
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Table 1
Effects of pregnancy, obesity and aging on resting pulmonary function in healthy
humans.

Variable Pregnancy Obesity Aging

Chest wall compliance ↓ ↓ ↓
Lung compliance ↔ ↓ ↑
Total respiratory system compliance ↓ ↓ ↓
FEV1 ↔↑ ↓ ↓
Airway/pulmonary resistance ↔↓ ↑ ↑
TLC ↔ ↔ ↔↓
VC ↔↑ ↔ ↓
IC ↑ ↑ ↓
EELV or FRC ↓ ↓ ↑
ERV ↓ ↓ ↓
RV ↓ ↔ ↑
Inspiratory muscle strength ↔ ↓ ↓
Expiratory muscle strength ↔ ↓ ↓
DLCO ↔ ↔ ↓
Arrows represent direction of change in relation to healthy, young control subjects.
FEV1, forced expiratory volume in one second; TLC, total lung capacity; VC, vital
capacity; IC, inspiratory capacity; EELV, end-expiratory lung volume; FRC, functional
residual capacity; ERV, expiratory reserve volume; RV, residual volume; DLCO, dif-
0 D. Jensen et al. / Respiratory Physio

uscles, lungs, airways and chest wall) to the prevailing or pre-
rogrammed level of central respiratory motor output command.
he precise neural origin of central respiratory motor drive remains
nclear, but available evidence suggests that it originates in any
ne or combination of several different central and peripheral neu-
al substrates, which may or may not be directly sensed as central
orollary discharge (Fig. 1).

As illustrated in Fig. 1, when the mechanical/muscular response
f the respiratory system is commensurate with the prevail-
ng level of central respiratory motor drive then breathlessness
ntensity increases in direct proportion to the level of central res-
iratory motor drive and is described as a heightened sense of
effort”, “work” or “heaviness” of breathing. Alternatively, if the
echanical/muscular response of the respiratory system is con-

trained below the level dictated by central respiratory motor drive
hen breathlessness intensity increases in direct proportion to the
idening disparity between ventilatory drive and mechanics and is
escribed as the inherently unpleasant sense of “unsatisfied inspi-
ation” (refer to Fig. 8 in O’Donnell et al., 2009, this issue).

In what situation(s) could these conditions exist in healthy humans
o as to create other additional sources of activity-related breathless-
ess? It is reasonable to speculate that an abnormally increased
entral respiratory motor drive in conjunction with impairment in
ynamic respiratory mechanics and muscle function might exist
uring exercise in healthy pregnant, obese and elderly humans
refer to Sections 3–5 below, respectively). If this were true, then
1) the intensity of perceived breathlessness would be consistently
igher during exercise at any given submaximal V̇E, �Pes/PImax,

˙ O2 , power output, etc. in these groups compared with control
nd (2) the experience of exertional breathlessness in these groups
ight encompass other qualitatively distinct perceptions (beyond

ncreased “effort”, “work” or “heaviness” of breathing) that allude
o “unsatisfied inspiration.”

. Breathlessness in healthy human pregnancy

Activity-related breathlessness is a common complaint of as
any as 75% of healthy pregnant women by ∼30 weeks gestation

Milne et al., 1978; Moore et al., 1987). The normal physiologi-
al breathlessness of pregnancy is rarely severe enough to be of
ny clinical significance, and does not usually interfere with activ-
ties of daily living or compromise peak aerobic working capacity
Weinberger et al., 1980; Tenholder and South-Paul, 1989; Elkus and
opovich, 1992; Zeldis, 1992; Crapo, 1996; Wise et al., 2006; Jensen
t al., 2008b). However, experimental evidence suggests that the
everity of activity-related breathlessness (measured by the Med-
cal Research Council scale) varies considerably among otherwise
ealthy pregnant women (Milne et al., 1978; Moore et al., 1987).
urthermore, clinical experience tells us that a minority of preg-
ant women seek medical attention when breathlessness begins
o interfere with their ability to engage in activities of daily living.
nder these circumstances, the care giver is faced with the difficult
hallenge of distinguishing physiological from pathophysiologi-
al (e.g. airway hyper-responsiveness, cardiovascular dysfunction,
ulmonary hypertension, etc.) and/or psychophysiological (e.g.
nxiety) causes of this symptom. The clinical assessment and man-
gement of pregnant women is further complicated by the fact
hat the nature and source(s) of gestational breathlessness are not
ompletely understood.

.1. Mechanical adaptations of the respiratory system in

regnancy

The effects of pregnancy and advancing gestation on resting
ulmonary function have been reviewed in detailed elsewhere
Weinberger et al., 1980; Elkus and Popovich, 1992; Crapo, 1996;
fusing capacity of the lung for carbon monoxide; ↓, decrease; ↑, increase; ↔, no
change; ↔↑, no change or slight increase; ↔↓, no change or slight decrease.

Wise et al., 2006; Jensen et al., 2007a) and are summarized in
Table 1. Briefly, progressive changes in the shape and configura-
tion of the abdomen, diaphragm and chest wall (secondary to the
gravid uterus) are only partially compensated for by relaxation
of ligamentous attachments of the ribs such that chest wall and
therefore total respiratory system compliance are reduced (Farman
and Thorpe, 1969; Marx et al., 1970). Consequently, resting EELV
or functional residual capacity (FRC), ERV and residual volume
(RV) decrease, while resting inspiratory capacity (IC) increases by
∼0.35–0.50 L with no associated change in total lung capacity (TLC)
(Gee et al., 1967; Knuttgen and Emerson, 1974; Gilroy et al., 1988;
Berry et al., 1989; Contreras et al., 1991; Jensen et al., 2008b).
Despite progressive thoraco-abdominal distortion, static inspira-
tory and expiratory muscle strength is well preserved in pregnancy
(Gilroy et al., 1988; Contreras et al., 1991; Jensen et al., 2008b).
Although pregnancy-induced reductions in resting EELV and arte-
rial PCO2 might be expected to increase both airway resistance
and airway hyper-responsiveness, the available research suggests
that neither pregnancy nor advancing gestation decreases FEV1
or peak and mid-maximal expiratory flow rates (Knuttgen and
Emerson, 1974; Berry et al., 1989; Garcia-Rio et al., 1997; Jensen et
al., 2008b). In fact, resting measures of airway resistance have actu-
ally been shown to decrease or improve during pregnancy (Rubin
et al., 1956; Gee et al., 1967; Garrard et al., 1978; Jensen et al.,
2008b).

3.2. Gestational breathlessness: normal awareness of maternal
hyperventilation?

Pregnancy is characterized by increased V̇E both at rest (by
3–5 L/min or 35–55%) and during standard submaximal exercise
(by 5–15 L/min or 10–40%) (Fig. 2), as a result of increased VT expan-
sion with little/no change in breathing frequency (Field et al., 1991;
Wolfe et al., 1994; Ohtake and Wolfe, 1998; Jensen et al., 2008b).
The mechanisms of the increased ventilatory response to exercise
in pregnancy remain unclear and have not yet been examined in
detail. Preliminary findings from our laboratory suggest, however,

that pregnancy-induced increases in exercise hyperpnea can be
explained in large part by reductions in the respiratory control sys-
tem’s resting PCO2 equilibrium point (Jensen et al., 2008c), which
in turn results from a complex interaction of alterations in female
sex steroid hormone concentrations, central chemoreflex and non-
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Fig. 2. Effects of pregnancy on perceptual, ventilatory and respiratory mechanical/muscular responses to incremental weight-supported cycle exercise. Refer to text for
d xercis
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etails. Data points are mean ±SEM at rest, at standardized cycle work rates during e
ressure; �Pes/PImax, tidal esophageal pressure expressed as a percentage of maxim

ung capacity; IRV, inspiratory reserve volume; VT, tidal volume; IC, inspiratory capac
ith permission.

hemoreflex drives to breathe, acid–base balance, cerebral blood
ow and V̇CO2 (Jensen et al., 2005, 2007a, 2008a).

Regardless of the mechanism(s) of maternal hyperventilation, it
s reasonable to postulate that gestational breathlessness reflects,
t least in part, the normal (conscious) awareness of increased
·
E and �Pes/PImax (Fig. 1). Indeed, Field et al. (1991) found that VT,

nspiratory esophageal pressure (an estimate of contractile inspi-
atory muscle effort) and breathlessness intensity ratings were
onsistently higher during cycle exercise in the third trimester
TM3) compared with the post-partum (PP) state. In that study,
owever, comparisons were made at a standardized submaximal
ycle work rate of only 48 watts, corresponding to breathlessness
ntensity ratings of “very slight” to “slight” (i.e. 1–2 Borg units)

n TM3 and PP, respectively. Thus, the concern remains that the
xercise testing protocol employed by Field and colleagues was too
onservative to unmask potential dynamic mechanical ventilatory
onstraints relevant to the origin of exertional breathlessness in
regnancy.
e and at end-exercise. PP, post-partum; TM3, third trimester; �Pes, tidal esophageal
spiratory pressure (an estimate of contractile respiratory muscle effort); TLC, total
C, vital capacity. *p < 0.05 TM3 vs. PP Adapted and modified from Jensen et al., 2008b

3.3. Role of respiratory mechanical/muscular factors in
gestational breathlessness

Conventional wisdom suggests that the progressive thoraco-
abdominal distortion of pregnancy may alter the normal mechan-
ical/muscular response of the respiratory system to exercise (refer
to Section 2.4 above), thereby constraining VT expansion especially
when ventilatory requirements are high. It is also possible that
the mechanical encumbrance of the gravid uterus may impair the
ability of healthy pregnant women to reduce EELV during exer-
cise, thereby compromising power-sharing between the inspiratory
and expiratory muscles, and forcing dynamic EILV closer to TLC
where there is increased elastic loading and functional weaken-

ing of the inspiratory pump muscles. Based on our previous work
in both health (O’Donnell et al., 2000) and disease (O’Donnell et
al., 2006), we can predict that these restrictive mechanical venti-
latory constraints, in the setting of increased central (brainstem)
respiratory motor drive (Jensen et al., 2005, 2007a, 2008a, 2008c),
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ould cause neuromechanical uncoupling. Consequently, breath-
essness intensity ratings would be expected to increase at any
iven V̇E, particularly during strenuous exercise in TM3 when ven-
ilatory requirements are high and the mechanical encumbrance
f the gravid uterus is the greatest. Contrary to our expectations,
e found that neither pregnancy nor advancing gestation altered
reathlessness–V̇E relationships during symptom-limited incre-
ental cycle exercise (Jensen et al., 2007b). This strongly suggested

he existence of specific respiratory mechanical adaptations that
ccommodated the increased central respiratory motor drive of
regnancy, while preserving effort-displacement relationships.

Indeed, we recently reported that recruitment of resting IC
by ∼0.40 L) and reduced airway resistance helped the respiratory
ystem to accommodate the increased demand for VT expan-
ion during incremental cycle exercise in TM3, despite failure to
ynamically decrease EELV (Fig. 2) (Jensen et al., 2008b). These
emarkable respiratory mechanical adaptations helped to pre-
ent further encroachment of dynamic EILV on TLC as well as to
reserve both effort-displacement and breathlessness–V̇E relation-
hips throughout much of exercise in TM3 compared with PP (Fig. 2).
nterestingly, we also found that dynamic mechanical constraints
n VT expansion contributed to the perception of exertional breath-
essness in TM3, but only at the limits of tolerance when ventilatory
equirements approached maximal levels. Nevertheless, pregnancy
ad no significant effect on peak aerobic working capacity nor
id it alter the quality of perceived breathlessness at end-exercise,
hich was described primarily as an increased sense of respiratory

effort/work.”

.4. Summary

The results of the abovementioned studies strongly suggest that
rogressive changes in the shape and configuration of the abdomen,
iaphragm and chest wall (secondary to the gravid uterus) do not
ontribute importantly to perceived respiratory discomfort dur-
ng exercise in healthy pregnant women, even in late gestation.
n fact, it appears that mechanically advantageous adaptations of
he respiratory system, including recruitment of resting IC and
educed airway resistance, may actually help to minimize the sen-
ory consequences of increased respiratory mechanical loading and
ncreased central ventilatory drive during exercise in pregnancy.
hese impressive respiratory mechanical adaptations may also help
o preserve cardiopulmonary interactions and thus peak aerobic
orking capacity during maternal exercise. Therefore, we conclude,

n accordance with the neurophysiological construct of perceived
espiratory discomfort illustrated in Fig. 1, that pregnancy-induced
ncreases in activity-related breathlessness ultimately reflect the
ormal awareness of increased V̇E and �Pes/PImax that accompa-
ies the increased central (reflex) ventilatory drive, at least during
eight-supported cycle exercise.

. Exertional breathlessness in obesity

Obesity (OB) is a well-recognized public health threat in devel-
ped countries. In addition to the long list of adverse cardiovascular
nd metabolic consequences, OB is associated with consistent
lterations in static and dynamic respiratory mechanical/muscular
unction as well as increases in central ventilatory drive (refer to
ections 4.1 and 4.2 below, respectively). These changes may be
t least partly responsible for the increased perception of activity-

elated breathlessness that characterizes this condition (Karason
t al., 2000; Sin et al., 2002; Aaron et al., 2004; Collet et al., 2007;
fir et al., 2007). Nevertheless, only recently have studies been con-
ucted to elucidate the underlying cause(s) of this symptom in OB
Sahebjami, 1998; El-Gamal et al., 2005; Lotti et al., 2005; Collet et
Neurobiology 167 (2009) 87–100

al., 2007; Ofir et al., 2007; Salome et al., 2007; Babb et al., 2008a;
Romagnoli et al., 2008).

4.1. Effects of obesity on resting pulmonary function

The effects of OB on resting pulmonary function have been
reviewed in detail elsewhere (Luce, 1980; Gibson, 2000; Koenig,
2001; Parameswaran et al., 2006; Cherniack, 2008; Lavietes, 2008)
and include (Table 1): (1) reductions in chest wall, lung and total
respiratory system compliance, which reflect the accumulation
of excess adipose tissue in and around the ribs, diaphragm and
abdomen, increased pulmonary blood volume and microatelecta-
sis; (2) little or no change in TLC, VC and RV; (3) reductions in resting
ERV and EELV (or FRC), secondary to reductions in total respiratory
system compliance and increased deposition of intra-abdominal
and intra-thoracic adipose tissue; (4) increases in resting IC by
∼0.35–0.55 L (Fig. 3); (5) increases in airway/pulmonary resistance
and reductions in FEV1, with little/no change in bronchial reactivity;
(6) increased prevalence and severity of expiratory flow limita-
tion with attendant increases in intrinsic positive end-expiratory
pressure; (7) reduced static inspiratory and expiratory muscle
strength/endurance; (8) increased WOB and V̇O2resp ; (9) little/no
change in the diffusing capacity of the lung for carbon monoxide
(DLCO); (10) increased ventilation-perfusion mismatching; and (11)
reduced resting arterial PO2 and increased alveolar-to-arterial PO2
difference (Fritts et al., 1959; Dempsey et al., 1966a, 1966b; Holley
et al., 1967; Barrera et al., 1969, 1973; Ray et al., 1983; Babb et al.,
1989, 2002, 2008b; Thomas et al., 1989; Rubinstein et al., 1990;
Pelosi et al., 1996, 1997, 1998, 1999; Pankow et al., 1998; Weiner
et al., 1998; Kress et al., 1999; Eichenberger et al., 2002; Aaron et
al., 2004; Chlif et al., 2005, 2007; DeLorey et al., 2005; Watson and
Pride, 2005; Jones and Nzekwu, 2006; Collet et al., 2007; Ofir et
al., 2007; Salome et al., 2007; Sutherland et al., 2008; Zavorsky and
Hoffman, 2008).

4.2. Ventilatory response to exercise in obesity

It is well established that V̇O2 and V̇CO2 – expressed in L/min –
are consistently higher at rest and during both weight-bearing and
weight-supported exercise in OB compared with normal weight
(NW) subjects (Fig. 4) (Dempsey et al., 1966a; Whipp and Davis,
1984; Babb et al., 1991, 2002; Hulens et al., 2001; Lafortuna et al.,
2006, 2008; Seres et al., 2006; Ofir et al., 2007). OB-related increases
in exercise V̇O2 and V̇CO2 have been attributed to increased O2 cost of
moving heavier limbs; reduced mechanical efficiency of the periph-
eral locomotor muscles; and increased WOB and V̇O2resp (Fritts et al.,
1959; Dempsey et al., 1966a, 1966b; Whipp and Davis, 1984; Pelosi
et al., 1996, 1998; Kress et al., 1999; Hulens et al., 2001; Lafortuna
et al., 2006, 2008; Seres et al., 2006).

The increased metabolic requirements of exercise in OB pro-
voke an increase in V̇E (Fig. 4) and presumably therefore �Pes/PImax
at any given submaximal work rate during exercise compared
with NW controls (Whipp and Davis, 1984; Hulens et al., 2001;
Ofir et al., 2007; Romagnoli et al., 2008). Thus, central (brain-
stem or reflex) respiratory motor drive is increased during exercise
in OB as a result of increased peripheral locomotor (and respira-
tory) muscle metabolic requirements. The increased ventilatory
response to exercise in OB is characterized by a relatively rapid
and shallow breathing pattern (Fig. 4), which is likely a com-
pensatory/optimization strategy adopted by these individuals to
minimize excessive increases in the elastic WOB and V̇O2resp , par-

ticularly during strenuous exercise when ventilatory requirements
are high (Babb et al., 1991; Hulens et al., 2001; Chlif et al., 2007; Ofir
et al., 2007). Despite the shallow breathing pattern and increased
V̇O2resp , pulmonary gas exchange and arterial blood gas/acid–base
status are relatively well preserved throughout exercise in the
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Fig. 3. Operating lung volumes from rest to the symptom-limited peak of incremental cycle exercise in obese and normal weight women. Refer to text for details. Note the
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rogressive increase in dynamic end-expiratory lung volume (EELV) from rest to pea
IC) in the obese compared with normal weight group. TLC, total lung capacity; IRV,
ith permission.

ajority of OB subjects (Dempsey et al., 1966b; Zavorsky and
offman, 2008).

.3. Respiratory mechanical/muscular and perceptual responses
o exercise in obesity

Reductions in resting ERV and EELV force OB patients to breathe
lose to RV where (1) there is increased resistive loading of the
espiratory system as a result of breathing on the lower, non-
ompliant (alinear) portion of the respiratory systems sigmoid
ressure-volume relation and (2) the capacity of the respiratory
ystem to increase expiratory flow rates in the setting of increased
entilatory requirements is compromised. In this regard, maintain-
ng or further decreasing EELV into an already reduced ERV during
xercise in OB would be mechanically disadvantageous with atten-
ant negative sensory consequences, particularly in the face of an

ncreased central (reflex) ventilatory drive. Alternatively, it is rea-
onable to postulate, on both theoretical and physiological grounds,
hat OB patients may actually pseudo-normalize their pulmonary
unction to meet the increased ventilatory requirements of exercise
thereby minimizing the intensity of perceived exertional breath-
essness) by simply increasing dynamic EELV to a more normal
predicted) relaxation volume of the respiratory system.

Babb et al. (1989) previously reported that, in contrast to NW
ontrols, EELV did not decrease from its reduced resting value dur-
ng incremental treadmill exercise in healthy young overweight

omen. They subsequently reported that EELV actually decreased
rom its already reduced resting level during moderate intensity
ycle exercise and returned to its resting (pre-exercise) level at end-
xercise in healthy OB men (DeLorey et al., 2005) and women (Babb
t al., 2002). Unfortunately, the effects of OB on breathlessness-
ork rate, breathlessness–V̇E and breathlessness–V̇O2 relationships
ere not examined in these studies.
Babb et al. (2008a) recently tested the hypothesis that exer-
ional breathlessness in otherwise healthy OB women reflects
ncreased V̇O2resp . In this study, V̇O2resp (estimated as the change

n V̇O2 from rest during eucapnic voluntary hyperventilation) was
0–70% higher in OB women with vs. without exertional breath-
cise in the obese group only and the larger resting and dynamic inspiratory capacity
atory reserve volume; VT, tidal volume. Adapted and modified from Ofir et al., 2007

lessness (defined as a Borg rating of perceived breathlessness of
≥4 and ≤2 units at a standardized submaximal cycle work rate of
60 watts, respectively), even though ventilatory, breathing pattern,
dynamic operating lung volume and esophageal pressure-derived
respiratory mechanical/muscular responses to exercise were no dif-
ferent between-groups (Babb et al., 2008a; Wood et al., 2008). In
this regard, the positive correlation between V̇O2resp and Borg rat-
ings of exertional breathlessness reported by Babb et al. (2008a)
could not be easily accounted for. Furthermore, it is difficult to
reconcile both the mean and correlative results of this study with
the following observations: (1) experimentally decreasing the WOB
and V̇O2resp did not alleviate the intensity of perceived breathless-
ness during constant-load cycle exercise in patients with stable
congestive heart failure (O’Donnell et al., 1999) and (2) increases
in the WOB and V̇O2resp are not obligatory to provoke breathless-
ness under controlled experimental conditions (Banzett et al., 1989,
1990; Gandevia et al., 1993).

A study from our laboratory by Ofir et al. (2007) recently
examined the contribution of increased central ventilatory drive,
respiratory mechanical/muscular factors and their interaction to
exertional breathlessness in OB by comparing detailed ventila-
tory and perceptual responses to incremental cycle exercise in 18
middle-aged OB and 13 age-matched NW control subjects. In that
study, Borg ratings of perceived breathlessness were consistently
higher at any given submaximal work rate during exercise in the
former; however, breathlessness–V̇E and breathlessness–V̇O2 rela-
tionships were essentially superimposed between-groups (Fig. 4).
These findings were subsequently confirmed by Romagnoli et al.
(2008) and strongly suggested that (1) the increased perception
of exertional breathlessness in OB reflected the normal awareness
of increased V̇E and �Pes/PImax that accompanied the increased
central (reflex) ventilatory drive (Fig. 1) and (2) respiratory mechan-
ical/muscular factors, per se, did not contribute importantly to
exertional breathlessness in OB.
Why were respiratory mechanical/muscular factors not contrib-
utory? First, Ofir et al. (2007) and Romagnoli et al. (2008)
demonstrated that, in contrast to NW controls, dynamic EELV
progressively increased from its reduced resting level to a value
that was closer to the normal (predicted) relaxation volume of
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he respiratory system during exercise in OB (Fig. 3). This is in
eeping with the documented behavior of dynamic EELV during
oth hypercapnia-induced hyperventilation (Lotti et al., 2005) and
ethacholine challenge (Salome et al., 2007) in healthy OB vs. NW

ubjects. Ofir et al. (2007) argued that dynamic increases in EELV
ay have salutary effects on exertional breathlessness by (1) atten-

ating the anticipated rise in expiratory flow limitiation and thus
ntrinsic positive end-expiratory pressure as V̇E increased during
xercise in OB and (2) preserving effort-displacement relationships
or neuromechanical coupling) throughout exercise in OB without
isadvantaging the inspiratory pump muscles, thereby helping to
reserve their ability to meet the increased demand for tidal respi-
atory flow rate generation. Second, Ofir et al. (2007) proposed that
ecruitment of resting IC (which represents the true operating lim-
ts for VT expansion during exercise in flow-limited patients) may

elp the respiratory system to accommodate the increased demand

or V̇E within the most compliant (linear) portion of the respiratory
ystem’s pressure-volume relation throughout exercise in OB, while
reventing further encroachment of dynamic EILV on TLC, despite
rogressive increases in dynamic EELV.
ntal cycle exercise. Refer to text for details. Data points are mean ±SEM at rest, at
ntrol group; OB, obese group; V̇O2 , metabolic rate of oxygen consumption; VT, tidal
.

4.4. Summary

The increased prevalence and severity of activity-related
breathlessness in OB compared with NW subjects cannot be
easily explained by respiratory mechanical/muscular factors, but
ultimately reflects the normal awareness of increased V̇E and
�Pes/PImax that accompanies the increased metabolic and ven-
tilatory requirements of moving heavier limbs, at least during
weight-supported cycle exercise (Fig. 1). Whether or not these
observations apply to weight-bearing (e.g. treadmill) exercise when
the ventilatory requirements are further exaggerated requires
investigation.

5. Activity-related breathlessness in the healthy elderly
A number of studies have indicated that ∼30% of healthy elderly
(aged ≥65 years) subjects experience breathlessness during activi-
ties of daily living, and that this symptom (measured by the Medical
Research Council scale) is an independent predictor of both morbid-
ity and mortality (Horsley et al., 1991; Ho et al., 2001; Tessier et al.,
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001; Waterer et al., 2001; Mahler et al., 2003; Mahler and Baird,
005; Huijnen et al., 2006; Medbo and Melbye, 2008). Although
he physiological effects of normal healthy aging on the respira-
ory system are well established (refer to Section 5.1 below), only

handful of published studies have attempted to elucidate the
ature and source(s) of breathlessness in this population (Tack et
l., 1981, 1982, 1983; Altose et al., 1985; Killian et al., 1992; Akiyama
t al., 1993; Mahler et al., 2003; Mahler and Baird, 2005; Ofir et al.,
008). A more detailed understanding of the physiological mech-
nism(s) of exertional breathlessness in healthy elderly men and
omen becomes important if we are to optimize diagnosis and
anagement of various cardiopulmonary disorders in this rapidly

ncreasing demographic of patients.

.1. Normative aging of the respiratory system

The physiological effects of aging on the structure and function
f the respiratory system have been reviewed in detail elsewhere
Johnson and Dempsey, 1991; Tolep and Kelsen, 1993; Johnson
t al., 1994; Janssens et al., 1999; Janssens, 2005). Briefly, these
nclude (Table 1): (1) progressive increases in lung compliance
reflecting loss of lung elastic recoil due to enlargement of alve-
lar airspaces and a decrease in their elastic fibers) and decreases
n chest wall compliance (reflecting calcification of the intervete-
ral spaces and/or progressive osteoporosis-induced changes in the
hape and configuration of the thorax); (2) progressive increases
n closing volume (i.e. the lung volume at which dependent lung
ones cease to ventilate as a result of airway closure) and there-
ore RV, resulting in static lung hyperinflation; (3) reductions in VC,
eflecting increases in RV with little/no change in TLC; (4) reduc-
ions in ERV and increases in EELV (or FRC), which in the setting
f a relatively preserved TLC, significantly decreases resting IC by
.45–0.50 L (Fig. 5); (5) narrowing of the central and peripheral air-
ays, which in turn increases airway/pulmonary flow resistance,

nd decreases FEV1 as well as peak and mid-maximal expiratory
ow rates; (6) increased prevalence and severity of expiratory
ow limitation; (7) reductions in inspiratory and expiratory mus-
le strength/endurance, reflecting general loss of skeletal muscle
ass/strength, physical deconditioning and/or malnutrition; (8)

ncreased WOB and V̇O2resp ; (9) reductions in alveolar surface area
nd DLCO as a result of enlargement of the alveolar airspaces;
10) progressive increases in both physiological dead space and
entilation-perfusion mismatching; and (11) little/no change in
esting arterial blood gas/acid–base status (Tenney and Miller,
956; Cohn and Donoso, 1963; Raine and Bishop, 1963; Holland
t al., 1968; Turner et al., 1968; Anthonisen et al., 1969/1970;
hurlbeck, 1969; Bode et al., 1976; Estenne et al., 1985; Fowler
t al., 1987; Hagberg et al., 1988; Takishima et al., 1990; Johnson
t al., 1991a; Verbeken et al., 1992a, 1992b; Gillooly and Lamb,
993; Tolep and Kelsen, 1993; Enright et al., 1994; McClaren et al.,
995; Tolep et al., 1995; Cardus et al., 1997; Polkey et al., 1997;
eLorey and Babb, 1999; Babb and Rodarte, 2000; Topin et al.,
003; Hardie et al., 2004; de Bisschop et al., 2005; Ofir et al.,
008).

.2. Ventilatory, respiratory mechanical/muscular and perceptual
esponses to exercise in the healthy elderly

Compared with younger subjects, V̇E, V̇E/V̇O2 and V̇E/V̇CO2
esponses to exercise are consistently higher in healthy elderly
dults (Fig. 5) (Brischetto et al., 1984; Johnson et al., 1991a;

cConnell and Davies, 1992; McConnell et al., 1993; Inbar et al.,

994; Poulin et al., 1994; McClaren et al., 1995; Hadebank et al.,
998; DeLorey and Babb, 1999; Prioux et al., 2000; Sun et al., 2002;
fir et al., 2008). The accelerated ventilatory response to exercise in

he elderly cannot be easily explained by increases in central and/or
Neurobiology 167 (2009) 87–100 95

peripheral chemoreflex drives to breathe, but ultimately reflect
the combination of (1) increased physiological dead space and
ventilation-perfusion mismatching, (2) earlier onset of lactic acido-
sis, i.e., reduced ventilatory threshold and (3) reduced mechanical
efficiency of the peripheral locomotor muscles (Peterson et al.,
1981; Brischetto et al., 1984; Posner et al., 1987; McConnell and
Davies, 1992; McConnell et al., 1993; Poulin et al., 1993; Inbar et al.,
1994; Hadebank et al., 1998; DeLorey and Babb, 1999; Prioux et al.,
2000; Sun et al., 2002).

The combined results of several previous studies (Johnson et
al., 1991a, 1991b; McClaren et al., 1995; Babb, 1997; DeLorey and
Babb, 1999; Babb et al., 2003), including our own (Ofir et al.,
2008), have demonstrated that the increased ventilatory require-
ments of exercise and the relatively reduced maximal ventilatory
reserve in healthy elderly compared with younger adults results
in: (1) significant expiratory flow limitation, even during mild-to-
moderate exercise (refer to Fig. 5 in Ofir et al., 2008); (2) relative
static and dynamic lung hyperinflation, as evidenced by increases
in both resting and dynamic EELV (reduced IC) and EILV (reduced
IRV) (Fig. 5); (3) increased elastic and flow-resistive WOB with
higher V̇O2resp ; (4) increased contractile inspiratory muscle effort
(i.e., higher pressure generation by the inspiratory muscles as
a % of maximal available inspiratory pressure); and (5) greater
dynamic mechanical constraints on VT expansion during exercise,
as indicated by increased VT/VC, VT/IC, EELV/TLC and EILV/TLC ratios
(Fig. 5).

Psychophysiological studies by Tack et al. (1981, 1982, 1983) and
Altose et al. (1985) suggest that the perception of resistive and elas-
tic respiratory mechanical loading is consistently reduced, while
the sensation of respiratory muscle force development is no differ-
ent in healthy elderly compared with younger adults during quiet
resting breathing. Akiyama et al. (1993) reported that the inten-
sity of perceived respiratory discomfort at hyperoxic–hypercapnic
end-tidal PCO2 levels of 45 and 50 mmHg was consistently higher
in healthy elderly compared with younger subjects, despite sim-
ilar levels of V̇E. Unfortunately, the physiological significance
of these observations as they relate specifically to age-related
increases activity-related breathlessness remains largely unknown
(O’Donnell et al., 2009, this issue).

Killian et al. (1992) were the first to clearly demonstrate
progressive age-related increases in the intensity of perceived
breathlessness during incremental cycle exercise in healthy men
and women (refer to Fig. 3a and b in Killian et al., 1992). We
recently reported that breathlessness intensity ratings were con-
sistently higher (by 1–2 Borg units) at a standardized submaximal
V̇O2 of 20–25 mL/kg/min during incremental treadmill exercise in
healthy elderly (aged 60–80 years) compared with younger (aged
40–59 years) adults (Fig. 5) (Ofir et al., 2008). We showed that
this difference could be explained in large part by: (1) the normal
awareness of increased V̇E; that is, advancing age had no demon-
strable effect on breathlessness–V̇E slopes (Fig. 5); (2) reduced
static inspiratory muscle strength; and (3) relative lung hyper-
inflation (as indicated by a 0.35–0.55 L reduction in both resting
and dynamic IC) with greater dynamic mechanical constraints on
VT expansion, particularly during heavy exercise when ventila-
tory requirements approached maximal levels (Fig. 5). In keeping
with these observations, Johnson and Dempsey (1991) reported a
significant positive correlation between breathlessness intensity
ratings and the magnitude of contractile inspiratory muscle effort
during incremental treadmill exercise in 12 physically fit elderly
subjects.
5.3. Summary

Progressive increases in activity-related breathlessness with
advancing age, although multifactorial, can be explained in large
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art by the normal awareness of increased V̇E and �Pes/PImax (Fig. 1)
hat accompanies reductions in pulmonary gas exchange effi-

iency, peripheral locomotor muscle efficiency/conditioning and
ontractile respiratory muscle strength. Surprisingly, respiratory
echanical/muscular factors, per se, do not appear to contribute

mportantly to age-related increases exertional breathlessness,
xcept perhaps at the limits of tolerance.
mill exercise in healthy older (OM, aged 60–80 years) compared with younger men
ents at rest, during each stage of exercise and at peak exercise. V̇O2 , metabolic rate

e; IRV, inspiratory reserve volume; TLC, total lung capacity; IC, inspiratory capacity.

6. Conclusions
Several acute physiological adaptations during exercise ensure
harmonious neuromechanical coupling of the respiratory system,
which allow healthy humans to reach high levels of ventilation
without experiencing intolerable respiratory discomfort (breath-
lessness). However, in certain circumstances throughout the human
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ife span, such as pregnancy, during excessive weight gain and
s a result of natural aging, ventilatory reserve becomes dimin-
shed and activity-related breathlessness may be present. In all
f these conditions, central (reflex) motor drive to the respiratory
uscles is consistently increased, reflecting increased ventilatory

timulation from various sources. In pregnancy, hyperventilation is
umorally mediated, whereas in obesity, increased peripheral loco-
otor muscle metabolic requirements are the dominant source of

ncreased exercise hyperpnea. In elderly subjects, pulmonary gas
xchange derangements, including high physiological dead space
nd increased ventilation-perfusion mismatching, are ultimately
esponsible for the exaggerated ventilatory response to exercise.
he increased contractile respiratory muscle effort (and the atten-
ant increased central corollary discharge) required to support the

ncreased exercise ventilation remains the most plausible source
f increased activity-related breathlessness in each of these three
opulations. Indeed, qualitative descriptors of perceived respira-
ory discomfort that allude to an increased sense of “effort”, “work”
r “heaviness” of breathing are commonly selected at the symptom-
imited peak of exercise in all of these conditions. Alterations in
he operating characteristics of the respiratory muscles (i.e. mus-
le strength, force-velocity and length-tension properties) may also
nderlie the increased effort requirements of ventilation during
xercise in healthy pregnant, obese and elderly subjects.

The nature of altered static and dynamic respiratory mechan-
cal/muscular function is fundamentally different in pregnant,
bese and elderly humans. We anticipated that the combination of
1) reduced contractile respiratory muscle strength, (2) increased
ntrinsic mechanical loading of the respiratory muscles and (3)
ynamic mechanical constraints on tidal volume expansion during
xercise would contribute importantly to the increased intensity
f activity-related breathlessness that characterizes these three
onditions. Surprisingly, breathlessness intensity ratings are not
ncreased at any given ventilation during exercise in any of these
hree conditions. This strongly suggests that respiratory mechan-
cal/muscular factors, per se, are less important than expected. In
regnancy, remarkable respiratory mechanical adaptations, includ-

ng recruitment of resting inspiratory capacity and reduced airway
esistance, help to ensure that neuromechanical coupling of the
epiratory system is admirably preserved during weight-supported
xercise, thereby obviating significant respiratory discomfort. Sim-
larly, in obesity, the combination of (1) resting inspiratory capacity
ecruitment, (2) dynamic increases in end-expiratory lung vol-
me (closer to the predicted relaxation volume of the respiratory
ystem) and (3) a relatively shallow breathing pattern, may help
he respiratory system to accommodate the increased demand
or ventilation during weight-supported exercise, while helping
o minimize the intensity of perceived breathlessness. Increased
xertional breathlessness intensity in healthy elderly compared
ith younger subjects reflects increased ventilatory demand and

elative weakness and increased intrinsic mechanical loading of
he respiratory muscles. Although current wisdom dictates that
he healthy human respiratory system is truly “overbuilt” with
espect to the demands placed upon it during exercise, it is clear
hat significant dynamic mechanical ventilatory constraints exist
t the limits of tolerance in healthy pregnant, obese and elderly
ubjects. Fortunately, in reality, the respiratory system is rarely
alled upon to meet the excessive ventilatory demands of heavy
xercise during activities of daily living in these three condi-
ions.
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