Mechanisms of dyspnea in healthy subjects
| meccanismi della dispnea nei soggetti sani
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ABSTRACT

Dyspnea is a general term used to characterize a range of dif-
ferent descriptors; it varies in intensity, and is influenced by a
wide variety of factors such as cultural expectations and the
patient’s experiences. Healthy subjects can experience dysp-
nea in different situations, e.g. at high altitude, after breath-
holding, during stressful situations that cause anxiety or
panic, and more commonly during strenuous exercise.
Discussing the mechanisms of dyspnea we need to briefly
take into account the physiological mechanisms underlying
the sensation of dyspnea: the functional status of the resp-
iratory muscles, the role of chemoreceptors and mechanore-
ceptors, and how the sense of respiratory motor output
reaches a level of conscious awareness. We also need to take
into account theories on the pathophysiological mechanisms
of the sensation of dyspnea and the possibility that each
pathophysiological mechanism produces a distinct quality of
breathing discomfort. The terms used by subjects to identify
different characteristics of breathing discomfort - dyspnea
descriptors - may contribute to understanding the mecha-
nisms of dyspnea and providing the rationale for a specific
diagnosis.
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RIASSUNTO

Dispnea & un termine generico utilizzato per indicare una sen-
sazione di discomfort respiratorio spesso caratterizzata da
differenti descrittori, di intensita variabile ed influenzata da
un’ampia varieta di fattori culturali e sociali, cosi come dall’e-
sperienza del singolo soggetto. | soggetti normali possono av-
vertire sensazione di dispnea in differenti situazioni, reali o
sperimentali, quali l'altitudine, manovre di restrizione dell’at-
tivita ventilatoria o di stimolazione chimica della ventilazio-
ne, o durante situazioni stressanti che causino ansia o panico.
Piu comunemente la sensazione di dispnea puo essere evoca-
ta dall’esercizio fisico. Nella discussione sui meccanismi della
dispnea nei soggetti normali devono brevemente essere presi
in considerazione i meccanismi fisiologici alla base della sen-
sazione stessa, quali lo stato funzionale dei muscoli respirato-
ri, il ruolo dei chemocettori e delle afferenze meccaniche, il

ruolo della corollary discharge nell’apprezzamento del livello
della scarica motoria centrale. Verranno inoltre brevemente
discusse le teorie alla base dei meccanismi fisiopatologici del-
la dispnea e la possibilita che meccanismi fisiopatologici dif-
ferenti diano luogo a sensazioni identificate dai singoli sog-
getti con descrittori verbali differenti. L'uso di tali descrittori
potrebbe contribuire alla comprensione dei meccanismi della
dispnea e supportare il ragionamento diagnostico.

Parole chiave: Dispnea, sforzo respiratorio, soggetti sani.

Dyspnea is a general term used to characterize a
range of different descriptors; it varies in intensity,
and is influenced by a wide variety of factors such
as cultural expectations and the patient’s experi-
ences [1]. Many different clinical disorders that
affect the heart, lungs and neuromuscular apparatus
produce symptoms of dyspnea.

The sensation of dyspnea seems to originate with
the activation of sensory systems involved in respir-
ation. Sensory information is, in turn, relayed to
higher brain centers where central processing of
respiratory-related signals and contextual, cognitive
and behavioral influences shape the ultimate
expression of the evoked sensation. The homeostat-
ic systems involved in the regulation of respiration
provide a framework for understanding the mecha-
nisms of dyspnea [1]. Awareness of respiratory sen-
sation can occur in normal situations. Dyspnea is a
heightened level of awareness of respiratory sensa-
tion and has a strong emotional component. The
neural basis of dyspnea is therefore likely to involve
activation of both the cortex and the limbic system
[2]. Healthy subjects can experience dyspnea in dif-
ferent situations, e.g. at high altitude, after breath-
holding, during stressful situations that cause anxi-
ety or panic, and more commonly during strenous
exercise.
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Many factors play an important role in the mecha-
nisms of dyspnea: functional status or respiratory
muscles, mechanical and chemical afferents, cen-
tral motor output.

THE PHYSIOLOGY OF DYSPNEA

Respiratory muscles

Exercise is the most common setting in which
healthy subjects refer a sensation of dyspnea. Given
the complexity of disturbances in respiratory
mechanics during exercise, it is difficult to be sure
which alterations contribute most strongly to the
sensation of dyspnea [3].

Increased sensation of respiratory effort is frequent-
ly a chosen descriptor of dyspnea both in normal
subjects and in patients with COPD during exercise
[3]. Studies in healthy humans have shown that the
increase in effort represents the increase in motor
command [4,5]. The effort required to sustain any
given power increases the longer the activity is sus-
tained. It is noteworthy that inspiratory effort is not
synonymous with inspiratory pressure. For a given
pressure per breath (Pbr), the perception of effort is
a function of maximal inspiratory pressure (MIP), so
that the greater the Pbr/MIP ratio, the greater the
perception of respiratory effort [4,5]. During exer-
cise, respiratory impedance can experimentally be
either increased, resulting in greater pressure and
lesser velocity of contraction, or decreased, result-
ing in a greater velocity of shortening and less pres-
sure; both peak of pressure and velocity of inspira-
tory muscle shortening contribute independently
and collectively to dyspnea [4]. With exercise, a
greater tidal volume (Vt) increases end-inspiratory
lung volume forcing the subject to breathe at higher
volumes in the flat part of the pressure-volume
curve, and increasing the inspiratory pressure per
breath [4,6]; moreover, the maximal pressure-gen-
erating capacity diminishes at high lung volumes
and decreases with the increase in velocity of mus-
cle shortening for any given lung volume [5]. In
turn, pressure per breath to maximal pressure-gen-
erating capacity ratio increases during progressive
exercise in proportion to the sense of effort. Leblanc
et al. [5] emphasize the importance of the relation-
ship between demands placed on the inspiratory
muscles and their capacity to generate pressure in
understanding the perception of dyspnea experi-
enced by patients with respiratory disorders. Thus,
the awareness of effort seems to be the dominant
descriptor of dyspnea in most circumstances, even
if it may not be possible to equate the grading of
effort with dyspnea in all situations [3].

Respiratory muscle recruitment may affect the sen-
sation of respiratory discomfort. Dyspnea may be
the signal that rib cage inspiratory muscles are
being recruited to assist the diaphragm [7].
Although the diaphragm is recruited progressively,
i.e. its power progressively increases with exercise
or chemical ventilatory stimuli, it is not recruited to
the same degree as the inspiratory muscles of the
rib cage [8]. An important observation is that the

velocity of shortening of rib cage inspiratory mus-
cles is also correlated with the perception of effort
[9]. A large body of evidence indicates the role
played by rib cage muscle activation in the sensa-
tion of effort in healthy subjects: dyspnea may be
due to a central perception of an overall increase in
central respiratory motor output directed preferen-
tially to the rib cage muscles [9-11]. Thus, an
increased central output to the rib cage muscles
contributes importantly to exercise dyspnea [3].
Weakness and respiratory muscle fatigue may play
a role in the onset of dyspnea. The intensity of dys-
pnea is greater in patients with cardio-respiratory
disorders and weak respiratory muscles because it
takes more effort to drive a weak muscle than it
does to drive a strong muscle. During exercise, the
greater the increase in muscle force, the greater the
increase in maximal power output; for a given max-
imal power output the weaker the inspiratory mus-
cles the greater the dyspnea, with a 2-fold increase
in MIP resulting in about 30% decrease in dyspnea
[12]. Therefore, in addition to other factors, one
must also take into account the contribution of
muscle weakness to the increased dyspnea percep-
tion and reduced work capacity [12].

Fatigue is defined as a loss of the capability to gen-
erate skeletal muscle force and/or velocity which is
accompanied by recovery during rest [13]. The role
of inspiratory muscle fatigue on dyspnea has long
been investigated. Bradley et al. [14] demonstrated
in healthy subjects at rest during inspiratory resistive
loading that, irrespective of whether the diaphrag-
matic patterns of contraction were fatiguing or not,
the sensation of inspiratory effort was directly relat-
ed to negative intrathoracic pressure, i.e. the driving
pressure for inspiration [14]. These findings are in
line with the notion that the generation of intra-
thoracic pressure is the most important stimulus for
the sensation of inspiratory effort. Fatigue, however,
has no major effect on the sensation of dyspnea dur-
ing exercise in healthy subjects [11]. High intensity
exercise causes quadriceps fatigue [15] but not
diaphragmatic fatigue [16,17] in most patients with
COPD of moderate severity. Central inhibitory
fatigue of the diaphragm, i.e. a low level of activa-
tion of the muscle, does not take place in COPD
while exercising to exhaustion; dynamic hyperinfla-
tion during exhaustive exercise reduces diaphragm
pressure-generating capacity, while promoting a
high level of diaphragm activation [18]. On the
other hand, available data in humans show the
influence of heavy intensity whole body exercise on
diaphragm fatigue, likely due to less blood flow
availability to the diaphragm in the face of high
blood flow demands by locomotor muscles [7]. In
turn, while data in COPD argue against inspiratory
muscle fatigue contributing to dyspnea, respiratory
muscle fatigue could limit exercise performance via
an increased sensation of dyspnea in healthy sub-
jects [3].

The recruitment of the expiratory muscles also plays
a role in the onset of dyspnea. Previous and recent
data have reported the progressive recruitment of



expiratory muscles during exercise in healthy
humans [9,11,19-22] and in patients with COPD
[23-27]. Expiratory muscle recruitment is enhanced
by flow limitation both in healthy humans [9,21]
and in patients with COPD [23]. Unlike the
diaphragm, the expiratory muscles contribute
importantly to the perception of dyspnea during
incremental exercise with expiratory flow limitation
[91.

In normal subjects, also different chest wall kine-
matics and different patterns of muscle coordina-
tion during diverse exercise tasks (leg exercise, arm
exercise), may differently affect the sensation of resp-
iratory effort and dyspnea. Romagnoli et al. [28],
comparing the effects (in terms of dyspnea) of a
cycloergometer incremental exercise test with
unsupported arm exercise bearing 2 Kg of weight in
each forearm, observed that the Borg score was sig-
nificantly higher with unsupported arm exercise at
the same level of ventilation (50 L- min").
Inspiratory muscle pressure and abdominal pres-
sure were the sole predictors of the variability in
Borg score during leg exercise and arm exercise,
respectively. Those data showed that (i) the Borg
score was significantly higher at 50 L - min™' of ven-
tilation in a time when both expiratory rib cage
muscles and abdominal muscle pressures, but not
transdiaphragmatic pressure, were greater with arm
exercise; and (i) changes in abdominal pressure
predicted a large amount of the variability in Borg
score with arm exercise. Conceivably, Romagnoli et
al. speculated that a shift of central motor output to
the expiratory muscles would appear to be the
prime candidate for generating the sensation of res-
piratory difficulty with arm exercise [28].

Chemoreceptors

Dyspnea is a normal phenomenon that is protective
against abnormalities in gas exchange.
Hypercapnia and hypoxia drive breathing and
therefore must influence the perception of the
motor events.

It is well known that intense dyspnea can be
induced by breathing a gas mixture with high CO;
or low O, [1]. Hypercapnic-hyperpnea induces a
subjectively more intense dyspnea than that
induced by voluntary hyperventilation or exercise
[29]. Dyspnea induced by hypercapnia could theo-
retically result either directly from activation of
chemoreceptors, or indirectly through the increase
in respiratory afferent feedback from the resulting
increase in respiratory motor output [2]. It is
thought that the majority of the dyspnea that occurs
is due to the latter mechanism. In fact, in curarized
healthy subjects increasing PCO, did not induce the
sensation of dyspnea [30,31]. In another study on
healthy, passively ventilated subjects, dyspnea was
sensed in response to increased PCO, only after
respiratory efferent activation [32], implying that it
is the respiratory afferent activation that causes the
dyspnea and not the elevated PCO, per se.
However, there is also evidence from several other
studies suggesting that hypercapnia can induce dys-

pnea independently of changes in respiratory out-
put. In particular, Banzett et al. showed the effect of
increasing hypercapnia in mechanically ventilated
quadriplegics [33] and in healthy subjects after
complete neuromuscular block exposed to progres-
sive elevations in inspired CO, [34]. There is other
evidence indicating that changes in CO, can induce
dyspnea independently of changes in respiratory
effort [35]. For example, for the same level of venti-
lation, individuals breathing a hypercapnic gas mix-
ture experience more dyspnea compared to eucap-
nic individuals and presumably equivalent motor
output [36,37]. Moreover, an increased intensity of
dyspnea is evoked when ventilation is voluntarily
decreased below the level dictated by chemical
drive despite the lesser respiratory motor output
[38]. That dyspnea occurs when there is a mismatch
between ventilation and the demand set by the
chemical drive exemplifies the importance of main-
taining chemical homeostasis [2]. If ventilation is
maintained at a constant level, subjects still experi-
ence an increased intensity of dyspnea when PCO,
is increased; however their subjective estimation of
respiratory effort is actually decreased [39]. Thus,
although respiratory afferent feedback may play a
large role under some conditions, it appears that
there is also a direct and independent effect of
hypercapnia itself [2]. There is some evidence that
increase in PCO, activates forebrain regions and
that these same regions are activated in association
with dyspnea induced by other factors [2].

Data from respiratory-related evoked potential stud-
ies in humans show that brief periods of breathless-
ness induced by upper airway occlusion activate
the somatosensory cortex [40]. Functional imaging
studies with positron emission tomography (PET)
and functional magnetic resonance (fMRI) imaging
reveal that hypercapnia causes activation of multi-
ple limbic regions of the brain, including the cingu-
late cortex, hippocampus, insula, amygdala and
hypothalamus, but not forebrain regions that are
activated by volitional breathing, such as the pri-
mary motor cortex, premotor area and supplemen-
tary motor area [41-43]. Functional imaging with
PET and fMRI demonstrate that some regions, such
as the opercolum and amygdala, are activated by
dyspnea induced by other means (e.g. lung volume
restriction) than hypercapnia [43,44]. These results
are consistent with the possibility that dyspnea
induced by hypercapnia is due to activation of the
limbic system by direct or indirect projections from
chemoreceptors to limbic regions [2].

Dyspnea may be generated by hypoxia but it is a
much weaker stimulus of dyspnea. Nonetheless,
progressively more effort is required to generate any
given muscle power as the arterial oxygen content
declines (i.e. altitude or anemia). Muscles fatigue
more readily, and more effort is required as the
muscles fatigue [3]. Change in O, content may
affect dyspnea directly via chemoreceptors inde-
pendently of change in VE, or indirectly, by increas-
ing VE in normal subjects [45] and in COPD
patients [46]. The relative importance of afferent
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feedback versus direct chemoreceptor input is
unclear, but hypoxia is thought to be less dyspnea-
inducing than hypercapnia [35].

Chest wall and pulmonary vagal receptors

Afferent signals from mechanoreceptors in the joint,
tendons and muscles of the chest wall to the brain
appear to play a role in modulating respiratory sen-
sations. Above all, afferents from intercostal mus-
cles have been shown to project to the cerebral cor-
tex and contribute to propioception and kinesthesia
[47,48]. During hypercapnia associated with the
imposition of a resistive load, the effect of vibration
on the chest wall produces a reduction in dyspnea
at a constant level of central drive, suggesting a pre-
eminent role for chest wall receptors [49]. However
evidence also exists against the role of afferent mus-
cle feedback in exercising healthy subjects during
epidural anesthesia, in whom rate of perceived
exertion during cycling exercise is either
unchanged or increased [50,51], despite a marked
reduction in afferent limb muscle sensory inputs.
And Marcora [52], focusing the evidence on the
issue, stresses the point that perception of effort dur-
ing exercise is independent of afferent feedback
from skeletal muscles. However it seems prudent to
consider that effort likely requires both central stim-
ulation as well as continuous modulation by affer-
ent information from a variety of sources [53].
There is some evidence that vagal influences, inde-
pendently of any effect on the level and pattern of
breathing, may also contribute to the sensation of
dyspnea [1]. Relatively dated studies showed that
vagal blockade or its section reduced dyspnea in
cardiac patients [54]. More recent evidence has
focused on the role of irritant vagal receptors on the
sensation of chest constriction [55,56]. The role of
stretch receptors has been highlighted in paralyzed
and ventilated subjects at constant level of PaCO,,
in whom dyspnea increases with the reduction of
tidal volume [57]. The role of C-fibers is not com-
pletely clarified. However, evidence exists that dur-
ing exercise, dyspnea arises in patients with double
lung transplantation who can estimate the magni-
tude of inspiratory resistive loads based on their
normal sense of effort [58]. This means that pul-
monary vagal receptors are not essential to the
onset of dyspnea in this condition. Respiratory sen-
sations mediated through pulmonary C-fiber activa-
tion can also be generated under certain normal
physiological conditions. For example, Paintal and
co-workers [59] have suggested that an increase in
interstitial fluid volume resulting from elevated pul-
monary arterial and capillary pressures contributes
to the sensation of breathlessness after moderate
and severe exercise [59]. Increases in pulmonary
arterial and capillary pressures can also occur as a
result of pulmonary vasoconstriction in healthy
individuals exposed to the hypoxic environment at
high altitude. Thus, it seems reasonable to suggest
that respiratory symptoms associated with high alti-
tude pulmonary edema are caused by activation of
pulmonary C-fibers [59]. However, it should be

pointed out that an increase in pulmonary intersti-
tial volume is also a potent and consistent stimulus
of rapidly adapting pulmonary stretch receptors in
the lung, as documented by Kappagoda et al. [60].
Dyspnea and sensation of breathlessness are not
always evoked when these afferents are activated by
different types of chemical stimulants. This variabil-
ity probably reflects the chemical nature of the stim-
ulants, as well as the possibility that different sub-
types of C-fibers encoded by different receptor pro-
teins are activated [61].

Corollary discharge

There is a conscious awareness of the outgoing resp-
iratory motor command to the ventilatory muscles.
This sense of respiratory motor output is distinct
from sensations directly related to changes in mus-
cle length or tension and is attributed to a corollary
discharge from brainstem respiratory neurons to the
sensory cortex during automatic reflex breathing or
from cortical motor centers to the sensory cortex
during voluntary respiratory efforts [62].

Corollary discharges occur simultaneously with the
primary respiratory discharges and convey informa-
tion regarding the breathing effort to the sensory
cortex to keep the cortex “aware” of the level of resp-
iratory activity [2]. Corollary discharges are known
to activate the cortex [63], midbrain [64] and thala-
mus [65]. These corollary discharges are thought to
be important in shaping the sense of respiratory
effort [1].

Pathophysiology of dyspnea

In the 1960s Campbell and Howell first introduced
the theory of “length-tension appropriateness” to
explain the sensation of dyspnea originating from
the inappropriate response of the respiratory system
to the outgoing motor command [66]. More recent-
ly this theory has been redefined and a mechanism
based on a neuro-ventilatory dissociation [67-69]
has been proposed. Dyspnea results from a dissoci-
ation between central respiratory drive and incom-
ing afferent information from receptors in the air-
ways, lungs and chest wall [38,70]. A feedback
linked to peripheral afferents (chest wall, lungs)
modulates central respiratory drive and attenuates
respiratory effort perception. On the contrary, the
intensity of the dyspnea is heightened when the
sensorial feedback linked to changes in respiratory
pressure, airflow and volume, tension, and dis-
placement is inappropriate to the outgoing motor
command. This theory explains dyspnea associated
with breathholding, the unpleasant sensation of air
hunger experienced by patients receiving mechani-
cal ventilation with small tidal volumes and low
inspiratory flow rates, and the discomfort of sub-
jects who voluntarily constrain the rate and depth of
their breathing [37,38,57,70].

The language of dyspnea

Based on the hypothesis that various qualities of
respiratory discomfort result from different patho-
physiological abnormalities, language could help to



define one or more of the abnormalities responsible
for breathing discomfort. The use of descriptors of
dyspnea may contribute to the understanding of the
mechanisms of dyspnea, and assist in identifying or
predicting a specific diagnosis [71].

Using the descriptors of dyspnea, Simon et al. [72]
demonstrated that normal volunteers could distin-
guish between the kinds of dyspnea induced by dif-
ferent stimuli, such as breathholding, carbon diox-
ide inhalation, exercise, resistive and elastic respira-
tory loads, and constrained tidal volume.
Descriptors of dyspnea were also readily obtained
in symptomatic patients with different cardiorespi-
ratory diseases. Standardized descriptors were
grouped in discrete clusters with high discriminat-
ing value among diseases [72]. Based on the
hypothesis that various qualities of respiratory dis-
comfort result from different pathophysiological
abnormalities, language could help to define one or
more of the abnormalities responsible for breathing
discomfort [73]. ‘Chest tightness’, ‘Work/effort’,
‘Unrewarded inspiration’, ‘Rapid breathing’, ‘Air
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