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 Zusammenfassung

 Die Atmung wird sowohl in Ruhe als auch bei körperlicher Aktivi-
 tät multifaktoriell, d.h. sowohl über Feedforward- als auch über
 verschiedene Feedback-Mechanismen reguliert. Zudem scheint
 der Atmungskontroller einerseits über relativ grosse Redundanz
 zu verfügen und andererseits ist er sogar lernfähig bis zu einem
 gewissen Grad. Während körperlicher Anstrengung kann einer-
 seits eine erhöhte Atmungsanstrengung wahrgenommen werden,
 andererseits kann es aber auch zum unangenehmen Gefühl der
 Atemnot, des «Ausser-Atem-seins» kommen. Sowohl ein über-
 höhter Atmungsantrieb wie auch subjektive Empfindungen wie
 Atemnot können eine Ausdauerleistung negativ beeinflussen.
 Aber nicht nur diese Faktoren, auch die Ermüdung der Atmungs-
 muskulatur selbst, scheinen die Ausdauer zu vermindern. Über
 welche Mechanismen ein spezifisches Training des Atmungs-
 systems einerseits unangenehme Empfindungen der Atmung redu-
 zieren, andererseits auch die Ausdauerleistung verbessern könnte,
 wird im vorliegenden Artikel diskutiert.

 Schlüsselwörter:
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Résumé

 La respiration est réglée de façon multifactorielle par divers méca-
 nismes de «feed-forward» ainsi que de «feed-back», et ceci au
 repos aussi bien que durant l’activité physique. De plus, le système
 de régulation semble, d’une part, disposer d’un excès d’apport
 relativement grand et, d’autre part, être doué d’une certaine capa-
 cité d’apprentissage. Durant l’activité physique, d’une part, un
 effort respiratoire accru peut être perçu, mais on peut, d’autre part,
 également éprouver une gêne respiratoire désagréable, comme si
 l’on était essoufflé. L’endurance peut être influencée négativement
 aussi bien par une stimulation exagérée de la ventilation que par un
 sentiment subjectif de manque d’air. Mais pas seulement ces deux
 mécanismes, également la fatigue des muscles respiratoires elle-
 même semble diminuer l’endurance. Le présent article discute les
 mécanismes par lesquelles un entraînement spécifique du système
 respiratoire pourrait réduire les sentiments respiratoires désagré-
 ables et améliorer l’endurance.

 Mots clés:
 Régulation respiratoire, manque d’air, muscles respiratoires, en-
 durance

 Introduction

 Breathing is one of the few bodily functions that requires moment
 to moment regulation. Normally, breathing responds quickly to
 changes in metabolism (as with exercise for example) to regulate
 arterial blood gases but breathing is also affected by prevailing
 behaviors (e.g., speech, posture, sleep) and the environment  (e.g.,
 temperature, light). Neural control systems in the brainstem and
 forebrain enable both metabolic and behavioral demands to be met
 by integrating afferent information (e.g., from chemoreceptors and
 mechanoreceptors) and influencing efferent control of the respira-
 tory muscles (Fig. 1).

 During heavy exercise, for example, mechanoreceptors of
 muscles and joints are increasingly activated, chemoreceptors
 sense the lowering of the pH due to the production and accumula-
 tion of lactic acid in the blood (from anaerobic glycolysis), the
 increased body temperature activates central thermoreceptors etc.
 All these changes can add – to different degrees – to the increase of
 ventilation during exercise. In addition, ventilation can increase
 even more at high altitude where the oxygen partial pressure (PO2)
 is lower than at sea level (at 5500�m above sea level, PO2 is reduced
 to half). In an attempt to supply the body with a «sufficient»
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 Figure 1: Central and peripheral inputs to the brainstem respiratory center.
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amount of oxygen, minute ventilation is further increased auto-
 matically due to stimulation of (mostly) the peripheral chemore-
 ceptors. This additional response may be dampened, however,
 due to the concomitantly occurring hyperventilation  (with a de-
 crease in CO 2 C-partial pressure, P O2), such that a certain degree of
 oxygen-desaturation (depending on exercise intensity and alti-
 tude) remains.

 As depicted in Figure 1, higher centers may interact with these
 receptor-mediated drives to breathe. These interactions can be of
 advantage, but also of disadvantage for a person. Advantageous
 examples are the respiratory pause during swallowing or the well-
 regulated airflow during talking. These most sophisticated interac-
 tions seem «normal» to us. Only during running, we are aware that
 it becomes more and more difficult to generate the appropriate
 airflow for talking and if the running speed is high enough, the
 ventilatory demand has increased such that airflow can not be
 restricted anymore to achieve the «slow» flows appropriate for
 speech. Eating during high intensity exercise becomes almost
 impossible as the high respiratory flows require mostly mouth
 breathing (the nasal resistance is too high) and the respiratory
 pause for swallowing can hardly be tolerated.

 On the other hand, inputs from higher centers to the brainstem
 respiratory complex can also lead to inappropriate ventilation and
 therefore disadvantageous effects. Such disturbances may not only
 be of short duration, such as with hyperventilation resulting from
 fear or anger but hyperventilation may even become chronic,
 resulting in the so called «idiopathic, chronic hyperventilation
 syndrome» (Gardner, 1996). These patients may suffer from the
 symptoms described for acute hyperventilation, particularly dur-
 ing physical exertion which may also be accompanied by an
 increased sensation of breathlessness or dyspnea. Furthermore,
 this exaggerated ventilatory drive may compromise exercise per-
 formance.

 Respiratory regulation at rest

 Before taking a closer look at respiratory regulation during exer-
 cise, I would like to draw your attention to one aspect of resting
 respiratory regulation that might be of importance considering
 effects of ventilation on exercise performance. Normally, breath-
 ing is regulated breath by breath to achieve constant arterial blood
 gases. Voluntarily reduced tidal volumes, for example, are quanti-
 tatively compensated within the first breath subsequent to the
 voluntary manoeuver (Waurick et al., 1996). Mean arterial PCO2 is
 probably the most tightly regulated respiratory variable with an
 average value of about 40�mmHg. Although there are substantial
 differences between subjects – e.g., Shea et al. (1987a) observed
 end-tidal PCO2 (PETCO2

) values ranging from 29 to 42 mmHg (aver-
 age 37.6�mmHg) within 41 healthy adults under standardized,
 resting conditions – the variability within a subject between days,
 when measured at the same time of day, is only about 1–2 mmHg
 (Shea et al., 1987a). We have to be aware, however, that even
 subtle differences such as open vs. closed eyes, or noise vs. si-
 lence, can affect breathing (Shea et al., 1987b).

 In addition to this variability, a circadian (i.e., 24�hour) rhythm
 in respiratory control was described recently in healthy subjects
 (Spengler et al., 2000). This rhythm is independent of the well
 known diurnal rhythm in respiratory control which is thought to be
 induced by the behavioral rhythm of sleep and wakefulness (re-
 viewed by Phillipson & Bowes, 1986) showing a systematic
 increase in the arterial PCO2 and a systematic decrease in ventila-
 tion, metabolism and ventilatory chemosensitivity during sleep
 (e.g., Douglas et al., 1982; Berger & Phillips, 1988; Schafer,
 1998). The circadian rhythm in respiratory control, however, was
 found to be independent of the sleep-wake cycle, assessed during a
 41-hour «constant routine protocol» where subjects stayed in bed
 and awake under constant environmental and behavioral condi-
 tions, being exposed to tests every 2 hours. A small circadian
 rhythm in PCO2-«setpoint» with an amplitude of ±�0.6�mmHg
 (±�1.5% of the 24h-mean) was found, most likely resulting from

the discrepancy of a larger rhythm in metabolism, i.e., O 2 con-
 sumption and CO2 production (±�3.2% of the 24h-mean) than in
 ventilation (± 2.4%). However, a larger amplitude circadian
 rhythm was detected in chemosensitivity (HCVR [hypercapnic
 ventilatory response]: ± 0.4�l· min-1 · mmHg-1; corresponding to
 ±�12.1% of the 24-hour mean). Stephenson et al. (2000) reported
 similar findings with respect to chemosensitivity, even under less
 controlled conditions. These rhythms were phase advanced by 6–8
 hours with respect to the core body temperature (CBT) rhythm
 (CBT: one of the best markers of the endogenous circadian
 rhythm) and are therefore unlikely to be a result of the change in
 CBT itself (Spengler et al., 2000). This circadian rhythm in respi-
 ratory control could be caused by direct neural influences on the
 brainstem respiratory complex from the circadian pacemaker lo-
 cated in the suprachiasmatic nuclei (e.g., via the paraventricular
 nuclei of the hypothalamus and/or the reticular formation; re-
 viewed in Waldrop & Porter, 1995) or indirect influences on
 metabolism and/or respiratory control via circadian rhythms in
 other variables. For example, circulating hormones have promi-
 nent endogenous circadian rhythms (e.g., Czeisler et al., 1989) and
 they also affect respiratory control when they are manipulated ex-
 perimentally (e.g., Koepchen, 1953; Vejby-Christensen & Strange
 Petersen, 1973; Petersen & Vejby-Christensen, 1977; Baker et al.,
 1996).

 What are the potential implications of a circadian rhythm in
 respiratory regulation? Both shift work and jet lag are more and
 more frequent in modern life. They both result in a shift of the
 endogenous circadian rhythm vs. its major «Zeitgeber», the light-
 dark cycle, meaning that people are sleeping at the «wrong» phase
 of their endogenous circadian cycle. Circadian changes in chemo-
 sensitivity would have greatest relevance in conditions when the
 chemoreceptive negative feedback system is known to predomi-
 nate over other drives to breathe, such as during sleep, when at
 altitude, in many respiratory disorders, and potentially also during
 exercise (see later). For patients suffering from symptoms related
 to the chemical drive to breathe, e.g., apnea patients, their disease
 may worsen if they go to sleep before their usual bedtime, i.e., if
 they go to bed earlier than usual with respect to their endogenous
 circadian cycle. This assumption is based on the fact that the
 minimum of HCVR occurs before the usual bedtime. This kind of
 uncoupling of the light-dark cycle from the endogenous circadian
 rhythm usually occurs when traveling from west to east, e.g., from
 the United States to Europe.

 Respiratory regulation during exercise

 It is still a matter of debate to which extent the different ventilatory
 drives that are depicted in Figure�1, contribute to the ventilatory
 increase during exercise. Also, the contribution of the different
 drives is likely to vary depending on the intensity and duration of
 exercise. For steady-state exercise (exercise at a constant load) for
 example, Dejours (1964) proposed the following concept of action
 of respiratory drives (Fig. 2).
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 Figure 2: Minute ventilation (V
·

 E) vs. exercise duration (time) during
 moderate, steady-state exercise indicating the four phases (I–IV) of
 respiratory regulation proposed by Dejours (1964).
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He proposed neurogenic stimuli being responsible for fast adap-
 tations at the beginning and at the end of steady-state exercise and,
 in addition, humoral stimuli adding to drive ventilation in Phase II
 and III. However, during Phases II and III, the contribution of
 neurogenic stimuli seems to increase as the initial fast rise is
 smaller than the fast decrease at the end. This neurogenic drive can
 either result from central command (i.e., the collateral innervation
 of the respiratory center together with the central locomotor drive)
 as first proposed by Krogh & Lindhard (1913) or from mechano-
 receptor-activation in muscles, tendons and joints (afferent
 drive). During heavy, constant-load exercise however, ventilation
 is rising continuously, presumably due to increases in metabolic
 requirements (oxygen consumption increases steadily as well)
 and increases in blood lactate, potassium and other blood born
 factors that may stimulate breathing by chemoreceptor-activation
 [for review see Dempsey et al. (1995) and Paterson (1997)].

 The question arises to which extent these different mechanisms
 are active or even necessary in driving exercise ventilation. Con-
 sidering, for example, neurogenic drives, different researchers in-
 vestigated the importance of one specific drive by modifying (in-
 creasing/decreasing) it and measuring resulting ventilation. With
 respect to the contribution of central command to the exercise ven-
 tilatory drive, the following different approaches were taken. In
 experiments with presumably increased central command – exer-
 cising with weak or weakened limb muscles requiring an increased
 neural drive to working muscles for the same workload – the
 ventilatory increase with exercise was larger than normal (Och-
 wadt et al., 1959; Asmussen et al., 1965; Innes et al., 1992). These
 authors suggested an important contribution of central command
 to exercise ventilation. On the other hand, some studies compared
 the ventilatory response to voluntary, dynamic exercise (with cen-
 tral command) with non-voluntary (electrically induced), dynamic
 exercise (presumably without central command). While one study
 found a faster ventilatory increase during voluntary exercise
 (Adams et al., 1987), the others detected no difference in the
 ventilatory response to the two types of exercise (Asmussen et al.,
 1943; Adams et al., 1984; Banner et al., 1988). These studies
 suggest that central command is either not important in driving
 exercise ventilation or – if it were responsible for part of the
 respiratory drive under normal conditions – afferent drives can
 take over the part usually resulting from central drive. This latter
 hypothesis would favour a concept of redundancy of respiratory
 drives.

 Redundancy of the exercise ventilatory drives

 As with other vital functions, it seems intuitive to expect redun-
 dancy also for mechanisms driving ventilation and indeed, it
 seems to be true but to which degree? The above investigators
 using electrical stimulation had their subjects perform dynamic
 exercise, thus afferent input from chemo- and metaboreceptors as
 well as mechanoreceptors of muscles, tendons and joints seemed
 to drive ventilation sufficiently at this submaximal level. How-
 ever, even when comparing the ventilatory response to electrically
 stimulated, isometric muscle work with the ventilatory response to
 voluntary, isometric contractions (Spengler et al., 1994), the venti-
 latory response adequately matched the metabolic needs, again
 supporting the concept of redundancy. On the other hand, solely
 passive movement of the legs can also increase ventilation to a
 certain degree (Concu, 1988; Waisbren et al., 1990; Ishida et al.,
 1993; Gozal et al., 1996; Miyamura et al., 1997). While these
 results show that partial afferent input is sufficient to driving
 ventilation, Fernandes et al. (1990) blocked afferent (but not
 efferent) nerve activity by epidural anesthesia and also found
 no difference in the ventilatory response to exercise compared to
 exercise without nervous block, suggesting that limb afferents
 «were not driving ventilation» and the efferent drive was suf-
 ficient.

 While the studies discussed above indeed show that exercise
 respiratory drives seem to be redundant to a substantial degree, at
 least during submaximal exercise tasks, the concept of redundancy

seems to have its limits when it comes to high intensity exercise:
 studies of the exercise ventilatory response of children who have
 no functional chemoreceptor drive to breathe (no increase in venti-
 lation with hypoxia or hypercapnia), i.e., patients suffering from
 the so called «congenital central hypoventilation syndrome»
 (CCHS), do have a reduced ventilatory response if exercising
 above the anaerobic threshold, i.e., when metabolic drives acting
 via chemoreceptors become increasingly important (Jeyaranjan et
 al., 1987; Shea et al., 1993b; Spengler et al., 1998a). Nevertheless,
 these patients have a normal exercise ventilatory response during
 aerobic exercise (Paton et al., 1993; Shea et al., 1993b), suggest-
 ing that chemoreceptors either play a minor role in driving
 ventilation at moderate levels of exercise or – again – that their
 action can be taken over by other drives. The latter hypothesis is
 more likely for two reasons: first, in healthy subjects, peripheral
 chemoreceptors seem indeed to drive exercise ventilation by a
 certain degree (about 20–25% of total V· E) at submaximal levels, as
 exercise ventilation is reduced when peripheral chemoreceptor
 activity is reduced by oxygen administration (Kobayashi et al.,
 1996; St. Croix et al., 1996) – and second, in CCHS patients who
 are «chronically» lacking a drive, limb afferent input seems to
 have a larger effect than in normals in stimulating breathing, i.e.,
 these subjects’ ventilation seems to be entrained to limb move-
 ments (Gozal et al., 1996) to a larger extent than the one of
 matched controls. This latter finding suggests that part of the
 ventilatory response to exercise might be a learned or conditioned
 response.

 Plasticity of the exercise ventilatory response

 A learning process involved in the exercise ventilatory response
 was, for example, suggested by Somjen (1992): «the central ner-
 vous system anticipates present and future needs on the basis of
 past experience». According to this theory, negative feedback is of
 vital importance during infancy when «by having successfully
 corrected errors, the central nervous system learns how to prevent
 them». Supported is this concept of learning or conditioning by
 human studies attempting to modify the respiratory response to
 exercise (Helbling et al., 1997; Turner & Sumners, 2002). If, for
 example, healthy adults are repeatedly exposed to exercise paired
 with an additional respiratory stimulus, such as increased PCO2,
 driving ventilation higher than required by the metabolic needs
 of the exercise, exercise alone following this conditioning period
 will elicit an exaggerated ventilatory response. Similarly, subjects
 who performed a respiratory muscle endurance training by normo-
 capnic hyperpnea for 4 to 6 weeks, showed an increased exercise
 ventilatory response when tested shortly after the training period
 (Boutellier et al., 1992; Kohl et al., 1997). Potential mechanisms
 that could account for this «overshooting» ventilatory response
 after repeated bouts of hyperpnea could be a delayed adaptation of
 the respiratory center to changes in afferent nerve traffic from
 respiratory muscles, chest wall, pulmonary and/or upper airway
 receptors, to changes in neuromuscular coordination etc. Pre-
 liminary findings of hyperpnea training with patients suffering
 from chronic idiopathic hyperventilation could support the first
 hypothesis as these subjects were able to increase their severely
 reduced breathhold-time by a substantial amount after hyperpnea
 training (Jack et al., 2000), suggesting a change in perception of
 afferent nervous traffic from either chest wall or the lungs.

 In summary, the ventilatory drives during exercise seem indeed
 to be redundant to a substantial degree and in addition, the exercise
 ventilatory response also shows a certain degree of plasticity,
 during development as well as in adults. This aspect is important
 for subjects with functional impairments affecting respiratory
 drives and it is promising to know that also at the adult age,
 modifications of the respiratory response to exercise can take
 place.
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Mechanisms of respiratory sensations during exercise

 Breathlessness in healthy subjects during exercise

 Not only respiratory or cardiac patients may experience an un-
 comfortable respiratory sensation during physical activities, also
 healthy subjects, when exercising very hard, can perceive a sensa-
 tion of «breathlessness». Talking about respiratory sensations in
 healthy subjects, we need to distinguish between the perception of
 an increased work of breathing or respiratory effort, i.e., «perceiv-
 ing the increased ventilation», and the uncomfortable sensation of
 breathlessness, i.e., a «feeling of not getting nearly enough air or
 starving for air» despite a heavily increased ventilation. In this
 latter case, subjects perceive they should be breathing harder to
 feel comfortable but «for some reason» they can not take in more
 air. In other words, the human is apparently consciously aware of
 the appropriateness of ventilation, and discomfort is experienced
 with deviations in either direction (if subjects are asked to breathe
 less than their spontaneous drive is asking for, this results in an
 uncomfortable sensation as well). If healthy subjects suffer from
 the sensation of breathlessness during exercise, they either reduce
 the intensity of the exercise such that the ventilatory need becomes
 smaller and the subjects feel that «their ventilation is appropriate
 again» or – if it is not possible to decrease the workload, i.e., in a
 constant-load exercise test – subjects will eventually stop exer-
 cise so that they «can catch up with their breathing», as they
 say. Interestingly, when systematically interviewing untrained or
 trained healthy subjects, about half of them never experience a
 sensation of breathlessness when exercising (despite of being aware
 of the increased ventilation), while the other half knows this sen-
 sation very well, in particular when cycling or running uphill.
 Some of the subjects that do not experience breathlessness when
 exercising at sea level, may know this sensation from exercising
 at altitude where ventilation for a given workload is increased to
 compensate for the lower PO2.

 Mechanisms potentially giving rise to breathlessness

 Different mechanisms have been proposed to give rise to breath-
 lessness (Adams & Guz, 1996): among these are the «respiratory
 corollary discharge hypothesis» (postulating that breathlessness
 arises from increased medullary respiratory center activity; Adams
 et al., 1985b; Lane et al., 1990; Lane & Adams, 1993) or the
 hypothesis that chemoreceptors project to the forebrain (Chronos
 et al., 1988; Ward & Whipp, 1989) – chemoreceptors are increas-
 ingly activated during heavy exercise when the concentration of
 metabolites increases and blood pH may fall due to lactic acidosis
 if the blood buffer capacity is «reached» and also chemoreceptors
 are known to give rise to breathlessness (or air hunger) when they
 are increasingly activated at a fixed ventilation (Banzett et al.,
 1996). Other proposed mechanisms giving rise to breathlessness
 during exercise are increased central command as well as pro-
 jections of metabo- and mechanoreceptors from limbs. Whether
 mechanisms eliciting the sensation of breathlessness and the per-
 ception of increased respiratory effort share common pathways
 has yet to be determined as these two qualities of respiratory sen-
 sations were rarely assessed simultaneously during exercise. Most
 likely, different mechanisms add to the sensation of breathlessness
 during exercise similar to the different drives that increase exercise
 ventilation.

 A recent study suggests that changes associated with the de-
 velopment of respiratory muscle fatigue during exercise might be
 involved in giving rise to breathlessness (Spengler et al., 1998b).
 While earlier studies have shown a linear relationship between
 breathlessness and ventilation (Stark et al., 1981; Adams et al.,
 1985a; Wilson & Jones, 1991), we observed a non-linear rela-
 tionship, i.e., breathlessness rose exponentially with the increase in
 ventilation. In contrast to previous studies, we applied high-inten-
 sity, constant-load exercise while the others used submaximal or
 graded exercise. High intensity, constant-load exercise is known to
 elicit diaphragmatic fatigue (e.g., Johnson et al., 1993; Mador et

al., 1993) and Gandevia et al. (1981), for example, demonstrated
 an increase in perceived respiratory effort with the development of
 respiratory muscle fatigue during maximal inspiratory contrac-
 tions. Consequently one could conclude that the awareness of the
 increasing motor command (to achieve a given level of ventilation
 when respiratory muscles become fatigued) also contributes to the
 perception of breathlessness.

 In turn, after respiratory muscle training, the perception of respi-
 ratory exertion was reported to be smaller than before the training
 period (Spengler et al., 1998a; Volianitis et al., 2001; Romer et al.,
 2002a). This change of respiratory perception could potentially
 result from relatively reduced motor command due to better neuro-
 muscular coordination being sensed as requiring less effort to
 achieve a similar level of ventilation. Alternatively, respiratory
 muscle capillarisation might have improved, leading to better local
 O2-transport in respiratory muscles, as well as better removal of
 CO2 and metabolites. Metabolic changes activating type IV affer-
 ent fibers are suggested to being involved in the perception of
 «effort» or «fatigue» as well. However, I would like to suggest an
 additional mechanism potentially contributing to the change in
 perception of respiratory effort after respiratory muscle training,
 that is, a reduction in work of breathing due to reduced (upper)
 airway resistance. In our laboratory, we observed an increase in
 total airway resistance following prolonged normocapnic hyper-
 pnea (unpublished observation). It is known that upper airway
 muscles are phasically activated during respiration and that genio-
 glossus activity, for example, is increased with increased negative
 pressure (Pillar et al., 2001). Also, Scardella et al. (1993) des-
 cribed genioglossus fatigue developing with inspiratory loading
 even before thoracic inspiratory muscle fatigue can be detected.
 Thus, if the increase in resistance we observed were indeed a re-
 sult of fatiguing upper airway dilators, hyperpnea training might
 be able to delay the development of this fatigue. Support for this
 hypothesis is given by two recent studies: on one hand, rat ex-
 periments showed that physical endurance training indeed not only
 activates selected upper airway muscles but also increases oxida-
 tive capacity and results in a fast-to-slow shift in the myosin
 heavy chain isoforms (Vincent et al., 2002); on the other hand, a
 study in healthy humans has shown that snorers having performed
 hyperpnea training, reduced the time they were snoring at night,
 suggesting upper airway patency could better be maintained
 during sleep after training (Furrer et al., 1998). During cycling, a
 reduction in upper airway resistance would result in a reduction in
 the work of breathing, thus the same level of ventilation would
 be perceived as requiring less effort.

 In summary, we need to be aware that multiple factors, i.e.,
 changes in central command, neuro-muscular coordination or af-
 ferent input from chemo-, metabo- or mechanoreceptors may con-
 tribute to the perception of respiratory exertion and breathlessness
 during exercise. Establishing the relative contribution of these
 different mechanisms under specific conditions and searching for
 ways to interact with the separate pathways through particular
 training modalities certainly warrants further investigations. So
 far, athletes that are limited in their performance by the perception
 of adverse respiratory sensations might wish to try and reduce
 these sensations through separate training of their respiratory
 system.

 Ventilation and breathlessness affecting exercise
 performance

 While it seems intuitive that high levels of respiratory exertion
 or breathlessness can impair exercise performance, make sub-
 jects reduce speed or even stop exercising, the interactions of the
 level of ventilation, breathlessness, the development of respi-
 ratory muscle fatigue and exercise performance is less clear.
 Several studies show that constant-load endurance performance is
 reduced when subjects are breathing more at a given workload.
 For example, when subjects are exercising with prefatigued respi-
 ratory muscles, respiratory drive is increased (and not decreased as
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one would expect), resulting in hyperventilation and a decrease
 in endurance performance (Mador & Acevedo, 1991). Similarly,
 subjects who heavily exercised their respiratory muscles (by
 normocapnic hyperpnea) during one month of respiratory muscle
 training, can present with an increased exercise ventilation (hyper-
 ventilation) and decreased endurance performance compared to
 before the respiratory training period when tested shortly after the
 last training session (Boutellier et al., 1992; Kohl et al., 1997).
 Why could increased ventilation result in earlier exhaustion?

 A study by Harms et al. (2000) potentially offers an explanation:
 these authors showed reduced cycling endurance in subjects that
 were exercising with loaded inspiratory muscles (with added inspi-
 ratory resistance) compared to the same test without loading. On the
 other hand, when inspiratory muscle work was reduced by assisting
 inspiration with a proportional assist ventilator, cycling endurance
 was significantly prolonged. The authors attributed the changes in
 exercise endurance performance with increased/decreased respira-
 tory muscle work to concomitant changes in leg blood flow that they
 had previously described under similar conditions, i.e. respiratory
 and locomotor muscles seem to compete for blood supply (Harms et
 al., 1997; Harms et al., 1998). Such changes in blood flow would
 have important effects on O2-transport to and CO2- as well as
 metabolite removal from the working locomotor muscles and, con-
 sequently, on the development of muscle fatigue. In addition, the
 authors attributed part of the changes in endurance to indirect effects
 of the changes in muscle fatigue as changes in the intensity of effort
 perception correlated with changes in exercise performance. Most
 likely, in the studies by Mador and Acevedo (1991), Boutellier et al.
 (1992) and Kohl et al. (1997), respiratory muscle work was also
 increased with increased minute ventilation, potentially causing a
 reduction in leg blood flow resulting in earlier development of leg
 muscle fatigue and therefore earlier exhaustion.

 Considering that the level of ventilation indeed seems to affect
 exercise performance and presuming that central chemosensitivity
 is important to drive ventilation during exercise, it would be of
 interest to know whether the previously described circadian chan-
 ges in respiratory control are more pronounced, the same or rather
 damped during exercise. Some investigators have reported an
 overall increase in CO2-chemosensitivity (HCVR) during exercise
 compared to rest (e.g., Cunningham et al., 1963; Weil et al., 1972)
 while others found no difference (Duffin et al., 1980; Kelley et al.,
 1982) or even a decrease (Miyamura et al., 1976). While these
 differences between authors may result from different types of
 exercise applied or different methods used to assess HCVR, the
 different findings could also result from measurements during
 different phases of the circadian cycle. It might therefore be im-
 portant for endurance athletes to be aware of their circadian cycle
 as ventilation would be higher for a given workload (and endur-
 ance performance would be decreased) when exercising close to
 the peak of the HCVR-cycle and ventilation would be lowest
 when exercising close to the trough of the cycle.

 On the other hand, several studies have shown increases in
 exercise performance with reduced ventilatory drive or even with-
 out a change in minute ventilation, after subjects had exclusively
 trained their respiratory muscles, using normocapnic hyperpnea
 (Boutellier & Piwko, 1992; Boutellier et al., 1992; Spengler et al.,
 1999; Stuessi et al., 2001; Markov et al., 2001), using inspiratory
 resistive breathing (Volianitis et al., 2001; Romer et al., 2002b) or
 both (Sonetti et al., 2001). Also, decreases in perception of respira-
 tory effort or breathlessness were reported (Spengler et al., 1998b;
 Volianitis et al., 2001; Romer et al., 2002a). How could we explain
 this improvement in exercise endurance performance? One possi-
 bility could be the previously described reduction in perception of
 respiratory effort, although no such changes were observed in the
 study by Sonetti et al. (2001). In addition, it is well known that
 exhaustive endurance exercise can cause diaphragmatic fatigue
 (Johnson et al., 1993; Mador et al., 1993) and inspiratory as
 well as expiratory muscle fatigue have been shown to induce an
 increase in leg muscle sympathetic nerve activity, even at rest
 (St.Croix et al., 2000; Derchak et al., 2002), reducing leg blood
 flow by vasoconstriction (Sheel et al., 2001). If – after respiratory

muscle training – inspiratory, or even expiratory muscle fatigue (in
 case of hyperpnea training) were delayed, then – potentially – the
 occurrence of this sympathetic reflex that is believed to have its
 origin in fatigued respiratory muscles, causing vasoconstriction
 and a reduction in leg blood flow, would be delayed as well. As a
 consequence, leg muscles would fatigue later and thus, endurance
 exercise performance would be improved.

 In summary, we have seen that the level of exercise ventilation
 and respiratory sensations as well as respiratory muscle fitness are
 all factors that can affect endurance exercise performance. While
 it is certainly important to keep these aspects in mind when
 designing exercise studies where endurance performance is one of
 the outcome measures, it is similarly important to be aware of
 these interactions when testing athletes or advising them with
 respect to training regimes and competitions.

 Address of correspondence:

 Christina M. Spengler, PhD, Exercise Physiology, Institute for
 Human Movement Sciences, Swiss Federal Institute of Technol-
 ogy and Institute of Physiology, University of Zurich, Winterthurer-
 strasse 190, 8057 Zurich, tel. +41 1 635 5007, fax +41 1 635 6814,
 e-mail: spengler@physiol.unizh.ch

 References

 Adams L., Chronos N., Lane R., Guz A.: The measurement of
 breathlessness induced in normal subjects: validity of two scaling
 techniques. Clin. Sci., 1985a; 69, 7–16.
 Adams L., Garlick J., Guz A., Murphy K., Semple S.J.G.: Is the
 voluntary control of exercise in man necessary for the ventilatory
 response? J. Physiol. (Lond), 1984; 355, 71–83.
 Adams L.,  Guz A.: Respiratory sensation. In: C. Lenfant (ed.),
 Lung Biology in Health and Disease. New York, Basel, Hong
 Kong: Marcel Dekker, 1996.
 Adams L., Guz A., Innes J.A., Murphy K.: The early circulatory and
 ventilatory response to voluntary and electrically induced exercise
 in man. J. Physiol. (Lond), 1987; 383, 19–30.
 Adams L., Lane R., Shea S.A., Cockcroft A., Guz A.: Breathlessness
 during different forms of ventilatory stimulation: a study of me-
 chanisms in normal subjects and respiratory patients. Clin. Sci.,
 1985b; 69, 663–672.
 Asmussen E., Johansen S.H., Jorgensen M., Nielsen M.: On the
 nervous factors controlling respiration and circulation during exer-
 cise. Acta Physiol. Scand., 1965; 63, 343–350.
 Asmussen E., Nielsen M., Wieth-Pedersen G.: Cortical or reflex
 control of respiration during muscular work? Acta Physiol. Scand.,
 1943; 6, 168–175.
 Baker J.F., Goode R.C., Duffin J.: The effect of a rise in body
 temperature on the central-chemoreflex ventilatory response to
 carbon dioxide. Eur. J. Appl. Physiol., 1996; 72, 537–541.
 Banner N., Guz A., Heaton R., Innes J.A., Murphy K., Yacoub M.:
 Ventilatory and circulatory responses at the onset of exercise in
 man following heart or heart-lung transplantation. J. Physiol.
 (Lond), 1988; 399, 437–449.
 Banzett R.B., Lansing R.W., Evans K.C., Shea S.A.: Stimulus-
 response characteristics of CO 2-induced air hunger in normal sub-
 jects. Respir. Physiol., 1996; 103, 19–31.
 Berger R.J., Phillips N.H.: Comparative aspects of energy meta-
 bolism, body temperature and sleep. Acta Physiol. Scand., 1988;
 574, 21–27.
 Boutellier U., Büchel R., Kundert A., Spengler C.: The respiratory
 system as an exercise limiting factor in normal trained subjects.
 Eur. J. Appl. Physiol., 1992; 65, 347–353.
 Brice A.G., Forster H.V., Pan L.G., Funahashi A., Lowry T.F.,
 Murphy C.L., Hoffmann M.D.: Ventilatory and PaCO 2 responses to
 voluntary and electrically induced leg exercise. J. Appl. Physiol.,
 1988; 64, 218–225.



107Respiratory control, sensations and exercise performance

Chronos N., Adams L., Guz A.: Effect of hyperoxia and hypoxia on
 exercise-induced breathlessness in normal subjects. Clin. Sci.,
 1988; 74, 531–537.
 Concu A.: Respiratory and cardiac effects of passive limb move-
 ments in man. Pflügers Arch., 1988; 412, 548–550.
 Cunningham D.J.C., Lloyd B.B., Patrick J.M.: The relation bet-
 ween ventilation and end-tidal PCO2 in man during moderate
 exercise with and without CO2 inhalation. J. Physiol. (Lond),
 1963; 169, 104–106.
 Czeisler C.A., Kronauer R.E., Allan J.S., Duffy J.F., Jewett M.E.,
 Brown E.N., Ronda J.M.: Bright light induction of strong (type 0)
 resetting of the human circadian pacemaker. Science, 1989; 244,
 1328–1333.
 Dejours P.: Control of respiration in muscular exercise. In: Fenn
 W.O., Rahn H. (eds.), Handbook of Physiology, Section 3: Respi-
 ration, Vol. I: Respiration. Washington D.C.: American Physio-
 logical Society, 1964, 631–648.
 Dempsey J.A., Forste H.V., Ainsworth D.M.: Regulation of hyper-
 pnea, hyperventilation, and respiratory muscle recruitment dur-
 ing exercise. In: Dempsey J.A., Pack A.I. (eds.), Regulation of
 Breathing. New York, Basel, Hong Kong: Marcel Dekker, 1995,
 1065–1134.
 Derchak P.A., Sheel A., Morgan B.J., Dempsey J.A.: Effects of
 expiratory muscle work on muscle sympathetic nerve activity.
 J. Appl. Physiol., 2002; 92, 1539–1552.
 Douglas N.J., White D.P., Weil J.V., Pickett C.K., Martin R.J.,
 Hudgel D.W., Zwillich C.W.: Hypoxic ventilatory response de-
 creases during sleep in normal men. Am. Rev. Respir. Dis., 1982;
 125, 286–289.
 Duffin J., Bechbache R.R., Goode R.C., Chung S.A.: The ventila-
 tory response to carbon dioxide in hyperoxic exercise. Respir.
 Physiol., 1980; 40, 93–105.
 Fernandes A., Galbo H., Kjaer M., Mitchell J.H., Secher N.H.,
 Thomas S.N.: Cardiovascular and ventilatory responses to dy-
 namic exercise during epidural anaesthesia in man. J. Physiol.
 (Lond), 1990; 420, 281–293.
 Furrer E., Bauer W., Boutellier U.: Treatment of snoring by
 training of the upper airway muscles. Am. J. Respir. Crit. Care
 Med., 1998; 157, A284.
 Gandevia S.C., Killian K.J., Campbell E.J.: The effect of respira-
 tory muscle fatigue on respiratory sensations. Clin. Sci., 1981; 60,
 463–466.
 Gardner W.N.: The pathophysiology of hyperventilation dis-
 orders. Chest, 1996; 109, 516–534.
 Gozal D., Marcus C.L., Ward S.L., Keens T.G.: Ventilatory respon-
 ses to passive leg motion in children with congenital central hypo-
 ventilation syndrome. Am. J. Respir. Crit. Care Med., 1996; 153,
 761–768.
 Harms C.A., Babcock M.A., McClaran S.R., Pegelow D.F., Nickele
 G.A., Nelson W.B., Dempsey J.A.: Respiratory muscle work
 compromises leg blood flow during maximal exercise. J.  Appl.
 Physiol., 1997; 82, 1573–1583.
 Harms C.A., Wetter T., McClaran S.R., Pegelow D.F., Nickele G.,

C.M., Pegelow D.F., Dempsey

r C.M.: Modulation of the

ns P.J., Guz A.: Central Command

 Yasuda Y., Miyamura M.: Cardiorespiratory response at

L., Webb S., Spengler C.M.,

 Nelson W., Dempsey J.A.: Effect of respiratory muscle work on
 cardiac output and its distribution during maximal exercise. J.
 Appl. Physiol., 1998; 85, 609–618.
 Harms C.A., Wetter T.J., St. Croix 
 J.A.: Effects of respiratory muscle work on exercise performance.
 J. Appl. Physiol., 2000; 89, 131–138.
 Helbling D., Boutellier U., Spengle
 ventilatory increase at the onset of exercise in humans. Respir.
 Physiol., 1997; 109, 219–229.
 Innes J.A., DeCort S.C., Eva
 Influences Cardiorespiratory Response to Dynamic Exercise in
 Humans with Unilateral Weakness. J. Physiol. (Lond), 1992; 448,
 551–563.
 Ishida K.,
 the onset of passive leg movements during sleep in humans. Eur. J.
 Appl. Physiol., 1993; 66, 507–513.
 Jack S., Wilkinson M., Hughes J.
 Warburton C.J.: Preliminary results of hypercapnic hyperpnea

training treatment for patients with idiopathic hyperventilation.
 Eur. Respir. J., 2000; 16, 423s.
 Jeyaranjan R., Goode R., Beam
 of peripheral chemoreceptors to ven

ish S., Duffin J.: The contribution

n O.E., Dempsey J.A.: Exer-

shman A.P.: Hypercapnic ventilation

, Ohdaira T., Honda Y.:

stosteron

., Boutellier

-

 Metabolic acidosis and breathlessness during

., Adams L., Guz A.: The effects of hypoxia and hyper-

piratory muscle fatigue on

 Magalang U.J., Rodis A., Kufel T.J.: Diaphragmatic

nöpfli-Lenzin C., Stuessi C., Boutel-

to I., Yuza N.: Ventilatory re-

s to

 
e H.H.: Beein-

D.J.: Potassium and breathing in exercise. Sports Med.,

athan S., Sargent C.W., Hawksworth A., Keens

jby-Christensen H.: Effects of body temperature

f breathing during sleep. In:

onnell A.K., Jones D.A.: Effects of inspiratory

uscle

tilation during heavy exercise.
 Respir. Physiol., 1987; 68, 203–213.
 Johnson B.D., Babcock M.A., Suma
 cise-induced diaphragmatic fatigue in healthy humans. J. Physiol.
 (Lond), 1993; 460, 385–405.
 Kelley M.A., Owens G.R., Fi
 during exercise: effects of exercise methods and inhalation tech-
 niques. Respir. Physiol., 1982; 50, 75–85.
 Kobayashi T., Sakakibara Y., Masuda A.
 Contribution of peripheral chemoreceptor drive in exercise hyper-
 pnea in humans. Appl. Human. Sci., 1996; 15, 259–266.
 Koepchen H.P.: Über die Wirkung von Cortison und Te
 auf die Atmung. Pflügers Arch., 1953; 257, 144–154.
 Kohl J., Koller E.A., Brandenberger M., Cardenas M
 U.: Effect of exercise-induced hyperventilation on airway resistance
 and cycling endurance. Eur. J. Appl. Physiol., 1997; 75, 305–311.
 Krogh A., Lindhard J.: The regulation of respiration and circula
 tion during the initial stages of muscular work. J. Physiol. (Lond),
 1913; 47, 112–136.
 Lane R., Adams L.:
 exercise and hypercapnia in man. J. Physiol. (Lond), 1993; 461,
 47–61.
 Lane R
 capnia on perceived breathlessness during exercise in humans.
 J. Physiol. (Lond), 1990; 428, 579–593.
 Mador M.J., Acevedo F.A.: Effect of res
 subsequent exercise performance. J. Appl. Physiol., 1991; 70,
 2059–2065.
 Mador M.J.,
 fatigue after exercise in healthy human subjects. Am. Rev. Respir.
 Dis., 1993; 148, 1571–1575.
 Markov G., Spengler C.M., K
 lier U.: Respiratory muscle training increases cycling endurance
 without affecting cardiovascular responses to exercise. Eur. J.
 Appl. Physiol., 2001; 85, 233–239.
 Miyamura M., Ishida K., Hashimo
 sponse at the onset of voluntary exercise and passive movement in
 endurance runners. Eur. J. Appl. Physiol., 1997; 76, 221–229.
 Miyamura M., Yamashina T., Honda Y.: Ventilatory response
 CO 2 rebreathing at rest and during exercise in untrained subjects
 and athletes. Jpn. J. Physiol., 1976; 26, 245–254.
 Ochwadt B., Bücherl E., Kreuzer H., Loeschck
 flussung der Atemsteigerung bei Muskelarbeit durch partiellen
 neuromuskulären Block (Tubocurarin). Pflügers Arch., 1959; 269,
 613–621.
 Paterson 
 1997; 23, 149–163.
 Paton J.Y., Swamin
 T.G.: Ventilatory response to exercise in children with congenital
 central hypoventilation syndrome. Am. Rev. Respir. Dis., 1993;
 147, 1185–1191.
 Petersen E.S., Ve
 on ventilatory response to hypoxia and breathing pattern in man.
 J. Appl. Physiol., 1977; 42, 492–500.
 Phillipson E.A., Bowes G.: Control o
 Cherniak N.S., Widdicombe J.G. (eds.), Handbook of Physiology,
 section 3, The Respiratory System, vol. II, Control of Breathing,
 part 2. Baltimore: American Physiological Society, 1986, 649–689.
 Pillar G., Fogel R.B., Malhotra A., Beauregard J., Edwards J.K.,
 Shea S.A., White D.P.: Genioglossal inspiratory activation: central
 respiratory vs mechanoreceptive influences. Respir. Physiol.,
 2001; 127, 23–38.
 Romer L.M., McC
 muscle training upon recovery time during high intensity, repeti-
 tive sprint activity. Int. J. Sports Med., 2002a; 23, 353–360.
 Romer L.M., McConnell A.K., Jones D.A.: Inspiratory m
 fatigue in trained cyclists: effects of inspiratory muscle training.
 Med. Sci. Sports Exerc., 2002b; 34, 785–792.



Spengler C.M.108

Scardella A.T., Krawciw N., Petrozzino J.J., 
 T.V., Edelman N.H.: Strength and e

Co M.A., Santiago

.: Variability of vigilance and ventilation: studies on the

.A., Andres L.P., Shannon D.C., Banzett R.B.: Ventilatory

ce for individuali-

 Pelley C., Murphy K., Guz A.: The effect of

organ B.J., Pegelow D.F., Jacques

ror signal – regulation beyond nega-

.: Effects of

n rhythms in

C.M., von Ow D., Boutellier U.: The role of central

om D.M., Shannon D.C., Shea

er C.M., Lenzin C., Stüssi C., Markov G., Boutellier U.:

os M., Laube S.M., Boutellier U.: Decreased

huk

empsey J.A.: Fatiguing

ndurance characteristics of the
 normal human genioglossus. Am. Rev. Respir. Dis., 1993; 148,
 179–184.
 Schafer T
 control of respiration during sleep. Respir. Physiol., 1998; 114,
 37–48.
 Shea S
 responses to exercise in humans lacking ventilatory chemosensi-
 tivity. J. Physiol. (Lond), 1993b; 468, 623–640.
 Shea S.A., Walter J., Murphy K., Guz A.: Eviden
 ty of breathing patterns in resting healthy man. Respir. Physiol.,
 1987a; 68, 331–344.
 Shea S.A., Walter J.,
 visual and auditory stimuli upon resting ventilation in man. Respir.
 Physiol., 1987b; 68, 345–357.
 Sheel A.W., Derchak P.A., M
 A.J., Dempsey J.A.: Fatiguing inspiratory muscle work causes
 reflex reduction in resting leg blood flow in humans. J. Physiol.
 (Lond), 2001; 537, 277–289.
 Somjen G.G.: The missing er
 tive feedback. News Physiol. Sci., 1992; 7, 184–185.
 Sonetti D.A., Wetter T.J., Pegelow D.F., Dempsey J.A
 respiratory muscle training versus placebo on endurance exercise
 performance. Respir. Physiol., 2001; 127, 185–199.
 Spengler C.M., Czeisler C.A., Shea S.A.: Circadia
 respiratory control in humans. J. Physiol. (Lond), 2000; 526,
 683–694.
 Spengler 
 command in the ventilatory control during static exercise. Eur. J.
 Appl. Physiol., 1994; 68, 162–169.
 Spengler C.M., Banzett R.B., Systr
 S.A.: Respiratory sensations during heavy exercise in subjects
 without respiratory chemosensitivity. Respir. Physiol., 1998a; 114,
 65–74.
 Spengl
 Decreased perceived respiratory exertion during exercise after
 respiratory endurance training. Am. J. Respir. Crit. Care Med.,
 1998b; 157, A782.
 Spengler C.M., Ro
 exercise blood lactate concentrations after respiratory endurance
 training in humans. Eur. J. Appl. Physiol., 1999; 79, 299–305.
 St. Croix C.M., Cunningham D.A., Paterson D.H., Kowalc
 J.M.: Peripheral chemoreflex drive in moderate-intensity exercise.
 Can. J. Appl. Physiol., 1996; 21, 285–300.
 St. Croix C.M., Morgan B.J., Wetter T.J., D
 inspiratory muscle work causes reflex sympathetic activation in
 humans. J. Physiol. (Lond), 2000; 529, 493–504.

Stark R.D., Gambles S.A., Lewis J.A.: Methods 
 lessness in healthy subjects: a critic

to assess breath-

y T.M.: Circadian

-

ning of the exer-

., Strange Petersen E.: Effect of body tempe-

tewart D.J., Demirel H.A., Hamilton

hton L.,

mb

T.G., Porter J.P.: Hypothalamic involvement in respira-

 of peripheral and central chemo-

eathing – homeo-

uinn E., Sodal I.E., Kline J.S., McCullough R.E.,

ale

al evaluation and application to
 analyse the acute effects of diazepam and promethazine on breath-
 lessness induced by exercise or by exposure to raised levels of
 carbon dioxide. Clin. Sci., 1981; 61, 429–439.
 Stephenson R., Mohan R.M., Duffin J., Jarsk
 rhythms in the chemoreflex control of breathing. Am J. Physiol.
 Regulatory Integrative Comp. Physiol., 2000; 278, R282–R286.
 Stuessi C., Spengler C.M., Knöpfli-Lenzin C., Markov G., Bou
 tellier U.: Respiratory muscle endurance training in humans in-
 creases cycling endurance without affecting blood gas concentra-
 tions. Eur. J. Appl. Physiol., 2001; 84, 582–586.
 Turner D.L., Sumners D.P.: Associative conditio
 cise ventilatory response in humans. Respir. Physiol. Neurobiol.,
 2002; 132, 159–168.
 Vejby-Christensen H
 rature and hypoxia on the ventilatory CO 2 response in man. Respir.
 Physiol., 1973; 19, 322–332.
 Vincent H.K., Shanely R.A., S
 K.L., Ray A.D., Michlin C., Farkas G.A., Powers S.K.: Adaptation
 of Upper Airway Muscles to Chronic Endurance Exercise. Am. J.
 Respir. Crit. Care Med., 2002; 166, 287–293.
 Volianitis S., McConnell A.K., Koutedakis Y., McNaug
 Backx K., Jones D.A.: Inspiratory muscle training improves row-
 ing performance. Med. Sci. Sports Exerc., 2001; 33, 803–809.
 Waisbren S.J., Whiting C.S., Nadel E.R.: Effects of passive li
 movement on pulmonary ventilation. Yale J. Biol. Med., 1990; 63,
 549–556.
 Waldrop 
 tory and cardiovascular regulation. In: Dempsey J.A., Pack A.I.
 (eds.), Regulation of Breathing. New York, Basel, Hong Kong:
 Marcel Dekker, 1995, 315–364.
 Ward S.A., Whipp B.J.: Effects
 reflex activation on the isopnoeic rating of breathing in exercising
 humans [published erratum appears in J. Physiol. (Lond) 1990 Jan;
 420: 489]. J. Physiol. (Lond), 1989; 411, 27–43.
 Waurick S., Rammelt S., Rassler B., Teller H.: Br
 static function and voluntary motor activity. Pflügers Arch., 1996;
 432, R120–R126.
 Weil J.V., Byrne-Q
 Filley G.F.: Augmentation of chemosensitivity during mild exer-
 cise in normal man. J. Appl. Physiol., 1972; 33, 813–819.
 Wilson R.C., Jones P.W.: Long-term reproducibility of Borg sc
 estimates of breathlessness during exercise. Clin. Sci., 1991; 80,
 309–312.



109Respiratory control, sensations and exercise performance




