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ABSTRACT

PETERS, C.M., J. A. DEMPSEY, S. R. HOPKINS, and A.W. SHEEL. Is the Lung Built for Exercise? Advances and Unresolved Questions.

Med. Sci. Sports Exerc., Vol. 55, No. 12, pp. 2143-2159, 2023. Nearly 40 yr ago, Professor Dempsey delivered the 1985 ACSM Joseph B.

Wolffe Memorial Lecture titled: “Is the lung built for exercise?” Since then, much experimental work has been directed at enhancing our

understanding of the functional capacity of the respiratory system by applying complex methodologies to the study of exercise. This review

summarizes a symposium entitled: “Revisiting ‘Is the lung built for exercise?’” presented at the 2022 American College of Sports Medicine

annual meeting, highlighting the progress made in the last three-plus decades and acknowledging new research questions that have arisen.

We have chosen to subdivide our topic into four areas of active study: (i) the adaptability of lung structure to exercise training, (ii) the uti-

lization of airway imaging to better understand how airway anatomy relates to exercising lung mechanics, (iii) measurement techniques of

pulmonary gas exchange and their importance, and (iv) the interactions of the respiratory and cardiovascular system during exercise. Each of

the four sections highlights gaps in our knowledge of the exercising lung. Addressing these areas that would benefit from further study will

help us comprehend the intricacies of the lung that allow it to meet and adapt to the acute and chronic demands of exercise in health, aging,

and disease. Key Words: AIRWAY, EXERCISE TRAINING, GAS EXCHANGE, RESPIRATORY MUSCLE, VENTILATION

W
ith dynamic exercise, there are increases in O2 ex-

traction and CO2 production by the contracting

musculature, and with heavy exercise, there are ac-

companying reductions in pH. Increases in ventilation during

exercise replenish O2, eliminate CO2, and regulate acid–base

balance. The respiratory system of most untrained and moder-

ately trained healthy humans can respond to these physiologi-

cal challenges and maintain arterial oxygenation homeostasis

even in the face of heavy or prolonged exercise. That ventila-

tion is well matched to the metabolic demands of exercise em-

phasizes the highly ordered structure and function of the lung

parenchyma, airways, respiratory muscles, and respiratory con-

trol systems. Said differently, the architecture and regulation

of the healthy respiratory system appear well suited to the de-

mands of exercise, at least within the context of healthy popu-

lations with “normal” aerobic capacities.

Exercise has proved to be an excellent experimental tool to

study the integrative aspects of whole-body function. There is

a long tradition of studying exercising humans to understand

better the capacity and role of the respiratory system, its mech-

anisms of control, and interaction(s) with other organ systems.

Consider the 1913 seminal work of Krogh and Lindhard (1),

which provided the basis for understanding how ventilation

is initiated at the onset of exercise. The respiratory system pro-

vides the first step for O2 transport and attainment of maximal

O2 uptake (V̇O2max). With regard to the other key determi-

nants of O2 delivery and utilization (e.g., stroke volume, car-

diac output, oxidative capacity of locomotor muscles), there

is general consensus that each can respond positively to regu-

lar endurance training, and there is an accompanying increase

in V̇O2max.

Professor Dempsey delivered the 1985 ACSM Joseph B.

Wolffe Memorial Lecture, which was provocatively titled:

“Is the lung built for exercise?” The lecture was later published

in 1986 (2), and it serves as an exemplar of careful consider-

ation of the complexities and unknowns concerning our under-

standing of the respiratory system. The following hypothesis

was forwarded in the article: the healthy pulmonary system

may become a limiting factor to O2 transport and utilization

in the highly trained athlete performing near-maximal

short-term exercise (see Fig. 1 and legend). The concept here

is that chronic exercise training elicits functional and structural

changes to those organ systems involved in O2 transport, but

the respiratory system remains largely unchanged with train-

ing and in turn becomes a “weak link.” The article concludes

with a challenge to scientists in the field: “given the long list
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of our still untested speculations, we could use a bit more data.”

The lecture provided a call to further our understanding of the

fundamentals of the respiratory system under the biologically rele-

vant condition of dynamic exercise. Our knowledge of the capacity

and function of the respiratory system during exercise has increased

markedly since 1986, but several new questions have arisen.

The present article summarizes the proceedings of a scientific

symposium entitled: “Revisiting ‘Is the lung built for exer-

cise?’” presented at the 2022 American College of Sports Med-

icine annual meeting in San Diego, California. The session fea-

tured presentations from Drs. Jerome Dempsey, Carli Peters,

Susan Hopkins, and William Sheel. A report dealing with the

broad topic of the “respiratory physiology of exercise” must,

by necessity, exclude several important areas, and there are lim-

itations to the scope of our review. We have chosen to subdi-

vide our topic into four areas of active study: (i) adaptation to

the respiratory system, (ii) airway anatomy and lungmechanics,

(iii) pulmonary gas exchange, and (iv) respiratory-cardiovascular

interactions. In the spirit of Dr. Dempsey’s original lecture, we

have provided questions within each subtheme that would, in

our view, benefit from further attention and study.

IS THE LUNG ADAPTABLE?

Our nearly four-decade-old hypothesis suggested no or

minimal adaptation to endurance training in the healthy lung,

leaving the lung “behind” as cardiovascular, hematologic, and

muscle metabolic adaptations drove V̇O2max and endurance

performance to higher levels.What has the ensuing period taught

us about this hypothesis concerning the young, aging, at risk,

and diseased lungs?

Potential mechanisms for lung growth. In humans,

respiratory bronchioles in the very distal branches of the air-

ways contain a unique secretory cell population that acts as

progenitors for alveolar type 2 cells. These cells show remark-

able phenotypic plasticity maintaining and repairing the tra-

cheobronchial epithelium and in promoting angiogenesis in

the pulmonary vasculature (3–5). In vitro, these cells also stim-

ulate alveolar growth in a mouse lung injury model (6). Pro-

genitor cell “exhaustion” in the lung is thought to occur sec-

ondary to chronic inflammation in response to excessive air

pollution, cigarette smoke, or chronic obstructive pulmonary

disease (COPD), rendering these cells “senescent” or nonre-

sponsive to growth stimuli (7,8).

Growth of the lung’s alveolar–capillary surface and volume

occurs in response to repeated, excessive stretch of lung paren-

chyma and vasculature and long-term hypoxia—the hypoxic

effect mediated by activation of HIF-1α transcription. Thus,

lung diffusing capacity is markedly increased in native and

long-term human and canine high-altitude residents, allowing

for highly effective gas exchange during exercise (9). Further-

more, after the resection of substantial portions of one lung,

the remaining lung tissue, volume increased significantly be-

cause of its now excessive stretch within the chest cavity

(10,11). Similarly, refeeding after long-term caloric restriction

elicits lung growth in rodents (12).

Exercise training might stimulate lung growth through the

influence of myokines released from contracting skeletal mus-

cle. To date, prototype myokines such as IL-6, IL-15, and irisin

have been shown to be secreted from contracting muscle and to

promote anti-inflammatory effects on such diverse organs as the

pancreas, skin, liver, and brain (Fig. 2) (7,13,14). As discussed

hereinafter, the lung as a potential target for these exercise-

induced myokines has only begun to receive attention.

Lung adaptation to exercise training in health. Ex-

tensive population studies in young and older adults show sig-

nificant correlations of forced expired volume in 1 s (FEV1.0),

forced vital capacity (FVC) and/or lung diffusing capacity of

FIGURE 1—Hypothesis: in the untrained, the capacity for O2 transport by the pulmonary system (lungs and chest wall) far exceeds that of the cardiovas-

cular system and the oxidative capacity of the limb locomotormuscles. The high V̇O2max in the highly trained athlete is accompanied by increased capacities

of the left heart, locomotor muscle mitochondria and capillarity, and red cell mass, but with minimal alteration in lung structure between trained and un-

trained. Thus, eventually the capacity of the pulmonary system for O2 transport cannot meet the superior demands imposed by the limbs and cardiovas-

cular systems; arterial blood gas and acid–base homeostasis fail, and the lungs become a significant limitation to performance capacity. Original caption

from Dempsey (2).
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the lungs for carbon monoxide (DLco), and pulmonary vascu-

lar volume with V̇O2max (15–17). These purely correlational

data are interpreted to demonstrate that lung function is an im-

portant “determinant” of V̇O2max (16). However, experimental

findings show this claim to be improbable in the untrained,

healthy, young adult population who show little evidence of

significant ventilatory, gas exchange, or respiratory muscle

limitations during exercise (18). Alternatively, might the ac-

tual cause:effect interpretation of this association be that

V̇O2max – as a surrogate for duration and intensity of habitual

physical activity – determines lung function over long periods

of time?We now address this question throughout the remain-

der of this section concerned with lung adaptation.

Short-term exercise training. Weeks or months of en-

durance training in healthy humans or animals elicits no or

only minor changes in lung function. Most notable evidence

includes the following: a) rodent studies that use intense train-

ing beginning very early in life show no effect on the alveolar

surface area or lung morphology to accompany considerable

improvements in aerobic capacity (19,20); b) several weeks

of bedrest in young adults caused a marked 28% reduction

in V̇O2max followed by daily training, which increased V̇O2max

by 33%. Neither of these changes was accompanied by varia-

tions in DLco (or its components: pulmonary capillary blood

volume and the rate of diffusion across tissue membrane and

plasma barrier) at rest or exercise or by alterations in max flow

rates or lung volumes (21); and c) aerobic training sufficient to

significantly increase V̇O2max in males and females over several

weeks at sea level and high-altitude has shown little or no coin-

cident effect on DLco or its components at rest or an equivalent

cardiac output during exercise (22,23). On the other hand, swim

training and/or respiratory muscle training elicits modest but

significant increases in lung volumes and FVC (24–26).

Does lung function match V̇O2max in the

endurance-trained athlete?. The ideal example of

“symmorphosis” among links in oxygen transport would be

the prong-horned antelope in whom a several-fold superior

V̇O2max—relative to sedentary counterparts—is matched by

proportionate increases in the capacity of all links in the O2

transport cascade from lung surface area to muscle mitochon-

dria (27). In contrast to this model of equitable organ system

adaptations, in rodents selected for running endurance, V̇O2max

increased substantially over seven generations of selection with

no improvement in lung function (20). In human athletes,

cross-sectional comparisons with the general population report

that maximal expiratory flow/volume loops are commonly in-

creased by 10%–20% in highly fit swimmers and rowers but

not so consistently in other land-based, highly trained athletes

(28,29). Resting DLco trends higher in many endurance athletes,

in most cases secondary to increased lung volume (30). Limited

findings also suggest that pulmonary vascular pressure may be

significantly reduced during exercise at a given cardiac output

in the highly trained. In the absence of any known difference

in pulmonary vascular structure, per se, this lower pulmonary

arterial pressure is likely attributable to secondary effects of in-

creased left ventricular compliance and reduced left atrial pres-

sure during exercise in the highly trained (31,32).

There are several examples in the highly trained human of

disproportionate increases in V̇O2max relative to the capability

of lung function to meet these extraordinary demands.

• Marked elevations in pulmonary artery pressures occur

secondary to combinations of high cardiac output, increased

left atrial pressure, and limited vasodilator reserve in the pul-

monary vasculature. These high pressures elicit increased

right ventricular wall stress and work. In turn, this leads

FIGURE 2—Muscle Organ Xtalk: The “Exercise Factor.”As proposed two decades ago by Bente Pedersen and colleagues, contracting muscle operates as

an endocrine organ producing and secreting hundreds of myokines, which exert their effects in autocrine, paracrine, or endocrine fashion. Xtalk effects of a

select number of these myokines have been shown to occur between the skeletal muscle and several other organs as well as within the muscle itself. This

review focuses on whether exercise training might grow, restore, or prevent loss of structure/function in the young, aging, or diseased lung and whether

themetabolic and anti-inflammatory effects of the “exercise factor”might represent one avenue for this influence on the lung and specifically on respiratory

bronchiolar secretory cells, as it does for other organs. Modified from Severinsen and Pedersen (13).
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acutely to right heart fatigability and possibly maximum

stroke volume limitation and chronically to maladaptive

right heart remodeling (33,34).

• Ventilatory demand exceeds airway capacity for flow and

volume, eliciting expiratory flow limitation with excessive

intrathoracic pressures. Consequences of flow limitation in-

clude a constraint on left ventricular stroke volume and high

flow rate–induced injury to airway epithelium with the

long-term development of bronchial hyperresponsiveness.

• The excessive work of breathing (Wb) at high ventilatory

demand elicits metabolite accumulation and fatigue in in-

spiratory and expiratory muscles, precipitating sympathetic-

induced reductions in locomotor muscle vascular conduc-

tance and blood flow (18,35,36).

• Impaired gas exchange and exercise-induced arterial hypox-

emia occasionally occur via nonuniformity in ventilation–

perfusion (V̇A/Q̇) distribution and/or limited pulmonary

capillary blood volume expansion relative to high cardiac

output (18).

In these examples, the “underadapted” respiratory system

presents significant limitations tomaximal gas transport to loco-

motor muscles and to exercise performance in many highly

trained humans. In the thoroughbred horse, the underadapted

lung is the major limitation to performance (37,38). However,

in human athletes, respiratory-induced exercise limitations, in-

cluding the effects of arterial hypoxemia, excessive Wb, and

pulmonary hypertension, are less consistent and smaller inmag-

nitude in their impact on performance limitation than those pre-

sented by the cardiovascular system or locomotor muscles (18).

Demand versus capacity in the aging lung: training

effects. Beginning as early as the second decade of life and

accelerating in the sixth decade, the healthy human lung loses

elastic recoil due to reductions in the chest wall and pulmonary

vascular compliance and in alveolar–capillary surface area.

How does this decline in pulmonary system capacity compare

with that of maximal demand as aging-induced cardiovascular

and metabolic limitations reduce V̇O2max at approximately

10% per decade? Will a habitually active lifestyle ameliorate

this potential imbalance? Sedentary aging is associated with

a 40% reduction in V̇O2max at age 70 yr (vs 30 yr), so even

the reduced lung function remains capable of meeting the fall-

ing demand for ventilation and gas exchange; limited findings

report elevated pulmonary artery pressure during even moder-

ate increases in cardiac output during exercise (18,39) in these

individuals. However, in the highly fit elderly (V̇O2max of

40–55 mL·kg−1·min−1 at age 70 yr), many experience flow

limitation, high Wb, dyspnea, excessive pulmonary arterial

pressures, and even hypoxemia—limitations that are not pres-

ent in 30-yr-old lungs at the same absolute high-intensity

workloads (40). These highly trained older subjects had lung

function values that exceeded the general population; how-

ever, they experienced reductions in lung volumes and maxi-

mal flow rates when followed longitudinally from ages 67 to

73 yr, equivalent to those in the general population (41).

Two large longitudinal aging studies assessed self-reported

habitual physical activity levels vis-à-vis reductions in stan-

dard measures of resting lung function over a 10- to 25-yr pe-

riod: a) a Finnish rural population showed an average 30% less

decline in FEV1.0 and FVC in never-smokers and 20% less de-

cline in smokers who were habitually active versus inactive

(42), and b) a Copenhagen population showed a 25% less de-

cline in FEV1.0 and FVC in active smokers but not in active

nonsmokers (43). Thus, limited longitudinal aging data show

mixed results—even in the nonsmoker or highly trained en-

durance athlete—on whether a habitually active lifestyle is

protective against age-induced decrements in lung function.

Exercise training in chronic lung diseases. Exercise

performance is markedly impaired in obstructive and interstitial

lung diseases via flow limitation, hyperinflation, dyspnea, arte-

rial hypoxemia, and impaired blood flow and aerobic capacity

of locomotor muscles (7,44). Exercise training as an integral

part of pulmonary rehabilitation usually results in improved ex-

ercise tolerance, less dyspnea, and improved quality of life. De-

tailed measures of gas exchange and pulmonary vasculature are

rare, and lung volumes measured only at rest commonly show

little or no change (7,45,46). Thus, improvements in dyspnea

and exercise tolerance were primarily attributable to improved

locomotor muscle aerobic capacity, which would alleviate mus-

cle metabolite accumulation and fatigue, with the following

consequences: a) reduced inhibitory feedback on central drive

to locomotor muscles (i.e., less “central fatigue”) (47,48), b) re-

duced afferent feedback drive to breathe from muscle afferents

(45), and c) requiring less augmentation of central command to

recruit motor units tomaintainmuscle force output, thereby also

reducing the central respiratory drive to exercise hyperpnea.

Do these findings imply that cross-talk influences from

contracting muscle on lung inflammation and senescent bron-

chiolar progenitor cells are not likely to occur with exercise

training? Recently, Nymand et al. (7) argue to the contrary that

the progressive loss of tissue in the COPD lung depends on a

state of cellular senescence within the mesenchyme. Cellular

substrates with a capacity for de novo tissue formation may

be triggered by the mechanical forces and anti-inflammatory

myokines attending exercise training. The following examples

offer some promise in support of this postulate.

• Mice exposed to cigarette smoke over several weeks

show substantially less destruction of alveoli and lung

vasculature when exercised (49,50). Similarly, in human

smokers, high habitual activity levels protected against

decrements in FVC over 10 yr (43).

• In both healthy mice and those exposed to cigarette

smoke, exercise training induced transcriptional changes

in lung tissue, markedly reducing inflammation and in-

creasing lung mitochondrial biogenesis and antioxidant

capacity. Increased levels of myokines such as IL-6,

IL-10, and Irisin appeared in lung tissue and bronchoalve-

olar lavage fluid (50–52). Patients with COPD showed

significantly lowered systemic oxidative stress and raised

locomotor muscle antioxidant capacity via exercise train-

ing (53,54).
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• In two observational studies of COPD patients, a 3- to

8-wk rehabilitation program that contained endurance

and resistance exercise training reported measurable im-

provement in resting diffusing capacity for carbon mon-

oxide (DLco) in a significant proportion of patients—

especially in those with substantially depressed DLco at

baseline (55,56).

• In experimental lung injury in mice, prior exercise train-

ing was shown to prevent mitochondrial dysfunction

and ROS formation in the lung parenchyma and reduce

lung edema formation and high airway resistance (57).

• Moderate-intensity exercise training in murine models of

human asthma prevented epithelial remodeling, lowered

airway resistance, and increased epithelial expression of

anti-inflammatory cytokines. These training-induced

changes in the airways reduced the epithelial expression

of primary proteins involved in the inflammatory asthma

response (58,59).

Summary: Adaptations.We propose the following con-

cerning exercise training and the lung.

• In the young, healthy adult, short-term exercise training

has limited to no effect on the lung’s airways and volumes,

pulmonary vasculature, or alveolar–capillary surface area.

• In many endurance-trained athletes, especially in aquatic

sports, some aspects of lung function are significantly en-

hanced relative to sedentary counterparts. Although some

of these changes in lung function may result from pro-

longed exercise training, it is equally likely that larger

lungs and diffusion capacities are inherent characteristics

of these athletes. However, the flow–volume capacity of

the airways, the reactivity of the airway epithelium, and

the vasodilator capacity of the pulmonary vasculature of-

ten remain “underadapted” relative to the extraordinary

demands imposed during maximal exercise by the trained

cardiovascular system and locomotor muscles.

• Aging influences on the healthy nonsmoking lung are sub-

stantial in sedentary and habitually active humans. Insuffi-

cient longitudinal data exist to judgewhether habitual exer-

cise training protects against aging-induced deterioration

in lung function at rest and exercise. Hopefully, some of

the comprehensive population studies, which include de-

tailed assessments and imaging of lung gas exchange

(see previous discussion), will continue to monitor their

subjects during the aging process, perhaps even attempt a

prolonged exercise training intervention in a subgroup.

• Recent findings, mainly in rodent models but even in some

humans, point to substantial positive influences of exercise

training, especially via cross-organ anti-inflammatory in-

fluences on the compromised adult lung (i.e., COPD,

asthma, and chronic smokers).

Unresolved questions. To date, investigations of exer-

cise training effects on the respiratory system in chronic dis-

ease have not been conducted with the same rigor and use of

state-of-the-art methodology afforded training studies con-

cerned with the cardiovascular system or locomotor muscles.

Comprehensive, in-depth, long-term investigations of exercise

training effects in chronic lung diseases and in humans at risk,

such as chronic smokers or the elderly, are now required to

build on the promising results obtained in recent years. They

must incorporate state-of-the-art lung imaging and detailed

measures of gas exchange and breathing mechanics at rest

and during exercise over a broad range of disease severity.

Special care should be taken to protect against the potential

maladaptive influences of high flow rates in the airways and

pulmonary vasculature by including a range of training inten-

sities and durations. These recommendations for training stud-

ies apply especially to patients with asthma and pulmonary

hypertension. Such studies are challenging to carry out, par-

ticularly in patients with symptom-limited exercise capabili-

ties, and pose a moderately high risk of failure to uncover

positive effects of training. On the other hand, they also provide

the opportunity to reveal a potentially important, unique role for

exercise training in preventing further deterioration and possi-

bly restoring lung function and structure in individuals with

chronic respiratory diseases.

IMAGING TO UNDERSTAND THE
RELATIONSHIP BETWEEN AIRWAY ANATOMY
AND THE MECHANICS OF BREATHING
DURING EXERCISE IN HEALTH

Airflow in the respiratory system depends on the driving

pressure and airway resistance, with airway radius being the

most crucial factor influencing airway resistance. Under lami-

nar flow conditions, Poiseuille’s equation shows that airway

resistance is proportional to the inverse of the airway radius

raised to the fourth power. All other factors being equal, halv-

ing airway radius increases resistance to airflow 16-fold. In

health, the small airways account for about 20% of airflow re-

sistance, with the large airways responsible for the remaining

80% (60). Given the strong influence of airway radius, the in-

creased resistance in the large airways seems paradoxical.

However, based on Weibel’s model, human airways branch

in a dichotomous manner, with each bifurcation representing

one airway generation numbered from the trachea (generation

0) to the alveoli (generation 23) (61). The extensive branching

of the airway tree leads to a large aggregate cross-sectional

area above approximately generation 8, thus reducing resis-

tance. The presumption can be made that when minute venti-

lation (V̇E) and flow rates increase during exercise, individuals

with smaller conducting airways would experience increased

resistance to flow and mechanical constraints such as expira-

tory flow limitation.

Measuring airway size. Early work by Green et al. (62)

demonstrating a wide variation in maximal expiratory flow

rates between individuals with similar lung size suggested no

consistent association between lung and airway size. Follow-

ing this work, the term “dysanapsis” has been used to describe

the variation in airway and lung parenchyma growth within in-

dividuals. Using a measure sensitive to lung size (vital capacity)

and ameasure sensitive to airway size (maximal expiratory flow
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at 50% vital capacity divided by static recoil pressure at 50% vi-

tal capacity), termed the dysanapsis ratio, it has been shown that

females have smaller airways relative to lung size than males

(63). Tracheal area measurements made with acoustic reflec-

tance confirm that, even after controlling for total lung capacity,

tracheal areas in females are significantly smaller than in males

(64). The aforementioned studies, although providing evidence

for sex-based differences in airway size, are limited by relying

on an index of airway size (dysanapsis ratio) or a quantitative

measure of only the tracheal “region.” Computed tomography

(CT) can consistently measure the airways down to the fourth

generation, approximately 2 mm in diameter, but because of

resolution limits, it is often unable to image deeper conducting

airways (5th–7th generations) (65). Utilizing CT, multiple air-

ways can be visualized simultaneously, and measures of lumi-

nal area, radius, and bifurcation angle can be obtained with

readily available software. Several CT-based studies, collected

in separate populations by different research groups, have found

sex differences in airway size, with conducting airways consis-

tently being ~14%–50% smaller in females than males (66–69).

A limitation ofmost CT studies investigating airway size is their

retrospective nature; the relatively high radiation exposure dur-

ing imaging makes prospective studies on healthy individuals

ethically problematic. A newer pulmonary imaging technique,

optical coherence tomography (OCT), does not require ionizing

radiation exposure, thus making it an appealing tool for study-

ing the airways of healthy young individuals.

OCT is a catheter-based imaging modality that uses near-

infrared light reflected from airway tissue to generate images

of small airways. The fiberoptic OCT catheter is inserted into

the small airways through the biopsy port of a bronchoscope.

Imaging begins by advancing the catheter until it becomes

wedged (this occurs when the catheter is the same size as the

airway). The OCT camera spins in a circumferential manner

collecting two-dimensional airway images while being pulled

back from the smaller distal airways into the larger, more

proximal airways. Combining the two-dimensional images

generates a three-dimensional rendering of the airway. The

catheter size makes OCT ideal for imaging smaller airways

but less ideal for larger airways, as the near-infrared light does

not penetrate well in airways with diameters larger than 2 cm

(70). Multiple airway generations can be visualized in real-time

during a single pullbackwith a resolution of 5–15μm (71). Sev-

eral measures of airway structure, including airway lumen area

and airway wall area, can be obtained from OCT images (72).

OCT-derived measures of human airways have been validated

by comparison with pathology from the third- to the ninth-

generation bronchi, suggesting that OCT can accurately mea-

sure airway anatomy (73).

The impact of airway size on respiratory mechan-

ics during exercise. The Wb can be divided into the work

done by the respiratory muscles to overcome the elasticity of

the lung during inspiration, the expiratory muscles to over-

come the elastic recoil of the chest wall, and the work to over-

come airflow resistance during both inspiration and expiration.

Sex-based differences in the breakdown of the totalWb into its

four components have been demonstrated in females and males

across a wide range of aerobic fitness. When Wb is analyzed at

absolute values of V̇E (beyond ~60 L·min−1), resistive Wb is

consistently higher in females compared with males, and elastic

Wb is similar between the sexes (74). A smaller dysanapsis ra-

tio, regardless of sex, has been shown to be associated with a

higher Wb and increased mechanical ventilatory constraints

during exercise. When sex-based differences in vital capacity

were accounted for, females had a smaller dysanapsis ratio than

males, resulting in a higher resistive Wb (75). Although these

findings helped define the interrelationships among sex, airway

size, and the respiratory mechanics of exercise, important ques-

tions remained. First, does the dysanapsis ratio correspond to

anatomical measures across multiple airway generations in fe-

males and males? Second, are in-vivomeasures of airway lumi-

nal area related to respiratory mechanics during exercise?

We recently addressed these questions by making measures

of airway anatomy and respiratory mechanics during exercise

in the same group of healthy young females and males. In vivo

measures of the 4th–8th airway generations of several airways

in each subject were made using OCT during a bronchoscopy

procedure. An index of airway size was calculated as the sum

of the average luminal area of the 4th–8th generations for each

subject. The total cross-sectional area for the 4th–8th genera-

tions was calculated based on the branching pattern modeled

by Weibel (the number of airways in each generation was ap-

proximated by the number 2 raised to the power of generation

number) (61). Similar to previous findings using CT (66,68,76),

we found that females had significantly smaller airways than

males (Fig. 3). In our cohort of healthy young females and

males, the predicted dysanapsis ratio was not significantly re-

lated to either composite measure of airway size, suggesting

that the functional estimate of airway size that the dysanapsis ra-

tio captures may not equate to discrete measures of airway lu-

minal area in healthy young people. The Wb and mechanical

ventilatory constraint were then assessed during an incremen-

tal exercise test to exhaustion. As resistance highly depends on

flow, we analyzed inspired resistance measures at the highest

equivalent inspired flow rate achieved by all subjects (i.e.,

4.1 ± 0.2 L·s−1). Inspired resistance at 4.1 ± 0.2 L·s−1 was sig-

nificantly higher in females than males and significantly asso-

ciated with both composite measures of airway size but not the

dysanapsis ratio. Interestingly, logistic regression analysis

showed that a small dysanapsis ratio, not composite measures

of airway size, was the only statistically significant predictor

of EFL. A relationship between EFL prevalence and the

dysanapsis ratio in our cohort of females and males agrees

with previous studies (75,78), suggesting that the dysanapsis

ratio may better predict mechanical ventilatory constraint dur-

ing exercise than discrete measures of airway size. The results

from this study demonstrate the value of utilizing airway im-

aging in exercise physiology research and have furthered our

understanding of the interrelationship between airway struc-

ture and function.

Unresolved questions. Several knowledge gaps remain

in our understanding of the association between airway
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anatomy and exercise. For example, what are the exercise per-

formance implications for differences in airway size between

individuals? Future studies need to measure airway anatomy

and exercise performance metrics in healthy young females

and males to address this question. Researchers can also use

novel imaging modalities to further our understanding of the

impact of exercise-associated airway damage and remodeling.

Athletes sustaining high ventilation during exercise in unfa-

vorable environmental conditions (i.e., cold, dry air, or chlori-

nated air) are prone to repeated airway epithelium injury. The

term airway remodeling describes structural changes in the air-

way wall caused by repeated injury and repair cycles. Bron-

chial biopsies have provided evidence for airway remodeling

in elite cross-country skiers and swimmers (79). Future longi-

tudinal studies can use OCT to monitor airway structure

throughout elite athletes’ careers and into retirement, allowing

researchers to address whether airway remodeling affects re-

spiratory mechanics in elite athletes and whether or not remod-

eling is reversible when athletes retire.

PULMONARY GAS EXCHANGE DURING
EXERCISE: INSIGHTS AND CONTROVERSIES,
OLD AND NEW

Pulmonary gas exchange is accomplished by the process of

ventilation, the delivery of fresh gas to the alveoli, accompa-

nied by perfusion of the pulmonary capillaries with deoxygen-

ated blood. Gas exchange then occurs with oxygen passively

diffusing into, and carbon dioxide out of, the capillaries. A pri-

mary measure of the efficiency of the pulmonary gas ex-

change, the alveolar–arterial partial pressure difference for ox-

ygen (AaDO2), reflects the difference between the partial pres-

sure of oxygen in alveolar gas and what subsequently ends up

in the arterial blood.

The AaDO2 depends on several factors affecting gas ex-

change: First, the delivery of fresh gas must be matched to

the delivery of deoxygenated blood, ensuring that well-ventilated

lung regions are also well perfused, termed ventilation–perfusion

matching. When there is too much perfusion of a lung region

relative to alveolar ventilation, blood will not oxygenate fully,

increasing the AaDO2. The second contributor to the AaDO2

is shunt. This represents an extreme ventilation–perfusion mis-

match where a region without ventilation is perfused. In this

case, gas exchange does not occur, and pulmonary mixed ve-

nous blood is delivered into the arterial circulation. The third

contributor to the AaDO2 is diffusion limitation—the time

the blood is resident in the pulmonary capillaries and in con-

tact with alveolar gas must be sufficient to allow passive diffu-

sion of gases across the barrier between alveolus and capillary.

If the barrier is thickened, contact duration in the capillaries

shortened, or the characteristics of oxygen loading onto hemo-

globin are altered alone, or in combination, oxygenation will

not be complete. One factor that will also affect arterial oxy-

genation but not increase the AaDO2 is inadequate delivery

of fresh gas by alveolar ventilation, termed hypoventilation.

Hypoventilation will also impair the elimination of carbon di-

oxide and affect arterial oxygenation.

Exercise causes an increase in alveolar ventilation, which is

adequate to maintain arterial CO2 and alveolar O2 close to

preexercise levels during light and moderate exercise; AaDO2

FIGURE 3—The relationship between airway generation, airway resistance, and OCT measured luminal area. A, Airway resistance for a given airway

generation. Airway generations measured using OCT in panels C and D are highlighted in black. Also included is Poiseuille’s equation to highlight the im-

portance of airway radius. B, Airway tree highlighting how airway generations are numbered. C, Individual female and male luminal area data measured

usingOCT for airway generations 4–8. D, Fourth- to eighth-airway-generationOCT images of a representative female subject. The imaging probe, which is

0.9 mm in diameter, can be seen within the airway lumen in OCT images. OCT data in panels C and D are from Peters et al. (77).
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remains relatively low. The net result is that PaO2 deviates lit-

tle from preexercise levels up to moderate intensity exercise

(reviewed in Ref. [80]). At rest, in young, healthy individuals,

the AaDO2 is small, typically less than 10 mm Hg, but in-

creases with age. The AaDO2 also increases with increasing

exercise intensity up to V̇O2max. Themagnitude of the increase

is highly variable, but in general, the AaDO2 is higher in indi-

viduals with a higher V̇O2max and may reach greater than

50 Torr in some highly trained endurance athletes (80). As

the exercise level becomes more intense, ventilation increases

disproportionately to metabolic demand, partly because of

metabolic acidosis. This increase in ventilation may not ele-

vate alveolar PO2 sufficiently to overcome the increase in

AaDO2, and in this case, arterial PO2 may decline.

When the decrease in arterial oxygenation is substantial,

exercise-induced arterial hypoxemia may arise (see Refs.

[80–82] for a review). It is important to note that EIAH can

only be accurately identified in a directly measured sample

of arterial blood, with the results corrected for the measured in-

crease in body temperature that occurs with exercise. This con-

dition is not common but affects some highly trained athletes

exercising near maximal. EIAH severity is categorized by ei-

ther the magnitude of decline in arterial oxygen saturation of

hemoglobin or the extent of the increase AaDO2 (see Ref.

[82] for a review). The development of EIAHmay have signif-

icant effects on exercise performance. For example, even a

small decline in oxygen saturation is enough to reduce

V̇O2max, (83,84), with every 1% decline in saturation resulting

in a drop of ~2% in V̇O2max (85). Similarly, inducingmoderate

hypoxemia in exercising athletes results in a decrease in the to-

tal amount of work during a times exercise task (86) and in-

creasing locomotor muscle fatigue (87).

Although EIAH is usually observed at intensities close to

V̇O2max and is more common in individuals with a high aerobic

capacity, it is occasionally observed during more moderate in-

tensities and in less aerobically gifted individuals (84,88). Typ-

ically, it is only when V̇O2 is greater than ~55 mL·kg−1·min−1

that mean AaDO2 exceeds 25 mm Hg, and the PaO2 less than

90 mm Hg—which are the limits of normal response (80,82).

An open question is whether EIAH, particularly during sub-

maximal exercise, is more common in females than males (re-

viewed in Refs. [89,90]). Although several studies have eval-

uated EIAH in females, few have measured arterial blood gases

directly. In addition, there are open questions about how to

compare between sexes, because in general, females are smaller

and V̇O2max is less, both mass-specific and absolute. Hereinaf-

ter, we identify some unresolved research questions related to

the three causes of the increased AaDO2: ventilation–

perfusion mismatch, diffusion limitation, and shunt (Fig. 4).

Ventilation–perfusion mismatch

A great deal of what we know about the contribution of

ventilation–perfusion mismatch to pulmonary gas exchange

has come from the multiple inert gas elimination technique

(91–93), MIGET, which can be used to evaluate gas exchange

in health and disease both at rest and during exercise. MIGET

uses trace amounts of marker gases dissolved in saline that are

infused intravenously and the relationships between arterial,

expired, and mixed venous concentrations used to solve for

the distribution of ventilation–perfusion ratio in multiple gas

exchange units. The contributions of ventilation–perfusion

mismatch and intrapulmonary shunt to the AaDO2 can be

quantified (94,95), and diffusion limitation for oxygen

assessed indirectly as the amount of the A-aDO2 not already

allocated. During exercise, ventilation–perfusion mismatch

accounts for almost all of the AaDO2 until V̇O2 is greater than

~40 mL·kg−1·min−1, where the contribution of diffusion limi-

tation becomes more common in some individuals. Only one

study compares the components of the AaDO2 between males

and females, and suggests that the increase in ventilation–

perfusion mismatch with exercise may be less pronounced in

females (96). However, this is not established and is an avenue

for further exploration.

There are several lines of indirect evidence that the increase

in ventilation–perfusion mismatch with exercise is related to

the development of interstitial pulmonary edema acting to dis-

tort the nearby alveoli and capillary network and/or altering lo-

cal compliance affecting distribution of ventilation and blood

flow (97). These include 1) changes that persist in recovery af-

ter ventilation and cardiac output return to preexercise levels

(98), consistent with transient functional changes; 2) the find-

ing that ventilation–perfusion mismatch is increased during

normobaric hypoxic exercise (which increases pulmonary ar-

terial pressure and thus the driving pressure for fluid efflux)

and reduced by breathing 100% oxygen (94); 3) the observa-

tion that increasing exercise duration, potentially exposing

the pulmonary circulation to higher pressures for longer, in-

creases ventilation–perfusion mismatch (97); 4) data showing

that prolonged exercise increases spatial heterogeneity of pul-

monary blood flow consistent with edema compressing blood

vessels, and the changes are correlated with ventilation–

perfusion mismatch measured by MIGET (99); and 5) evi-

dence that changes with exercise occur in anatomic portions

of the lung, which are expected to have greater fluid efflux

(100). Despite the aforementioned findings, there is still ongo-

ing debate (101), largely because of limited direct evidence for

the presence of pulmonary edema after exercise using various

techniques (80). Although this is likely because of limitations

of clinical imaging techniques as well as delays between exer-

cise cessation and measurements, there have been no studies

that systematically compare anatomical evidence of edema

with impairments in pulmonary gas exchange (e.g., by

MIGET or arterial blood gas measurement).

Diffusion Limitation

There are two components to diffusion limitation: a

gas-phase diffusion limitation related to mixing of alveolar

air and an alveolar–capillary membrane diffusion limitation

with incomplete equilibrium of gases across the alveolar wall.

In humans, gas phase diffusion limitation during exercise is

http://www.acsm-msse.org2150 Official Journal of the American College of Sports Medicine

B
A
S
IC

S
C
IE
N
C
E
S

Copyright © 2023 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://jo

u
rn

a
ls

.lw
w

.c
o
m

/a
c
s
m

-m
s
s
e
 b

y
 B

h
D

M
f5

e
P

H
K

a
v
1
z
E

o
u
m

1
tQ

fN
4
a
+

k
J
L
h
E

Z
g
b
s
IH

o
4
X

M
i0

h
C

y
w

C
X

1
A

W
n
Y

Q
p
/IlQ

rH
D

3
i3

D
0
O

d
R

y
i7

T
v
S

F
l4

C
f3

V
C

1
y
0
a
b
g
g
Q

Z
X

d
tw

n
fK

Z
B

Y
tw

s
=

 o
n
 0

1
/2

9
/2

0
2
4

http://www.acsm-msse.org


probably small because high gas flow rates during exercise

likely improve gas mixing (80). However, alveolar–capillary

membrane diffusion limitation for oxygen is possible. With

exercise, increases in cardiac output and increased vascular

pressures recruit and distend capillaries. This acts to increase

capillary blood volume and the area for gas diffusion and dif-

fusing capacity (102), and helps to buffer the effect that the in-

creased cardiac output has on red blood cell capillary transit

time. At rest at sea level, there is no evidence that diffusion

limitation contributes to the AaDO2 in healthy humans. How-

ever, MIGET studies suggest that diffusion limitation occurs

during exercise in those capable of oxygen consumptions

greater than ~40 mL·kg−1·min−1 at sea level and is increased at

higher exercise intensity (80) and while breathing moderate hyp-

oxia (103,104). The extent of diffusion limitation is greater in

elite athletes who develop EIAH than those who do not (81,104).

Although the mechanism of diffusion limitation is thought

to be inadequate time for oxygen equilibration, secondary to

rapid red blood cell transit (105), this is poorly studied. One

study did not find evidence for mean transit times below the

time required for full equilibration (106), but importantly,

mean transit time may be misleading because only a portion

of the red cells needs to traverse too rapidly to affect gas ex-

change. In addition, the exercise intensity evaluated was not

maximal, and the contribution of diffusion limitation to the

AaDO2was not assessed. Another study evaluated whole lung

(not capillary) transit times and demonstrated a relationship

between transit time and diffusion limitation using MIGET

(107), but again, this is not definitive proof.

Subjects who develop diffusion limitation often do at sub-

maximal levels of exercise (104), arguing against rapid red cell

transit as a mechanism. However, it is the ratio of diffusional

conductance (DL) to perfusional conductance (βQ) that deter-

mines the completeness of end-capillary equilibration. Cardiac

output and thus βQ may be recruited more quickly than diffu-

sional conductance resulting in diffusion limitation. There is

some support for this because a lower DL/βQ is seen in those

with EIAH compared with those without (104).

Thickening of the blood gas barrier, perhaps due to pulmo-

nary edema, is an unlikely but possible cause of diffusion lim-

itation. In part, this is because interstitial edema accumulates

away from the site of gas exchange (108). However, pulmo-

nary edema has not been definitively ruled out as a cause. Al-

though changes in the diffusing capacity for carbon monoxide

(DLco) are documented after exercise (80), a relationship be-

tween postexercise changes and pulmonary gas exchange dur-

ing exercise (104) is not seen, and although the DLco de-

creases, the O2 diffusing capacity calculated from the inert

gases (8) does not. Thus, these changes in DLcomay be related

to decreased pulmonary capillary volume after exercise (109).

Shunt

In gas exchange terms, a shunt is defined as blood that

passes from the venous system to the arterial system without

contacting ventilated lung areas. Shunts occur 1) outside the

lungs, such as communications between atria or ventricles (in-

tracardiac); 2) after pulmonary arising from the bronchial or

the coronary circulations, both of which drain blood into the

left side of the heart; or 3) within the lungs (intrapulmonary).

All will increase AaDO2 because deoxygenated blood enters

the systemic circulation. It is generally thought that extrapul-

monary shunting contributes a minimal amount to the overall

A-aDO2 in normal subjects as postpulmonary shunt likely

FIGURE 4—Research questions related to pulmonary gas exchange illustrated in a schematic diagram of a three-compartment lung. In order for efficient

gas exchange to occur, there must be delivery of fresh gas to the alveoli that is well matched to perfusion of the pulmonary capillaries. Here, low (0.1, in this

case because of airway obstruction), optimal (1), and high (10, in this case because of reduced perfusion) ventilation–perfusion ratios are shown. When

ventilation–perfusion ratio is not close to 1, gas exchange is less efficient. Oxygen and carbon dioxide diffuse passively down their concentration gradients,

and diffusionmay be incomplete in some circumstances. Blood that bypasses gas exchange is termed a shunt. Alone or in combination, ventilation–perfusion

mismatch, diffusion limitation, and/or shunt decreases pulmonary gas exchange efficiency and causes hypoxemia. This is reflected in the AaDO2. Some un-

resolved research questions regarding pulmonary gas exchange impairments with exercise relate to the following: 1) differences in the AaDO2 by sex and

with aging, 2) direct evidence for exercise-induced interstitial edema affecting ventilation–perfusion mismatch, 3) mechanisms of exercise-induced diffusion

limitation for oxygen, and 4) possible circumstances where intrapulmonary arteriovenous anastomoses affect gas exchange in humans.
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comprises a relatively small amount of cardiac output

(94,110,111), and intracardiac shunts are not considered normal.

However, there has been considerable investigation and

controversy over the role of the contribution of intrapulmonary

shunt to the AaDO2 during exercise, particularly that arising

from anatomical arteriovenous anastomoses in the lung

(112). These anastomoses between pulmonary arteries and

veins are larger than the normal capillary and are seen in iso-

lated human and dog lungs perfused with physiologic pres-

sures (113,114). They are documented by microspheres in

dogs where they are recruited during exercise (114) and thus

have to potential to contribute significantly to the AaDO2. Ag-

itated saline contrast echocardiography, a nonquantitative

technique, has suggested that exercise recruits these pathways

in hypoxia, exercise, and with certain pharmacologic interven-

tions (80,115). Although studies demonstrating these path-

ways during exercise using microspheres of a fixed diameter

are lacking in humans, several authors have suggested that

they may contribute significantly to the AaDO2. The contro-

versy has arisen because none of theMIGET studies have doc-

umented significant (>1% of cardiac output) shunt of any type

during exercise under any circumstance (94,97,103,110,116),

similar to results using 100% oxygen to assess shunt ([117]

and reviewed in Ref. [80]).

Recent work in animals (118) has resolved some of this con-

troversy by comparing anatomical intrapulmonary/intracardiac

arteriovenous connections evaluated by microspheres and gas

exchange shunt measured byMIGET to agitated saline contrast

echocardiography. The work confirmed the presence of ana-

tomical arteriovenous anastomoses in the lung. Anatomical

shunt, measured by microspheres, paralleled MIGET gas ex-

change shunt, with an overestimate by MIGET, which is ex-

pected because of MIGET’s detection of shunts arising from

unventilated lung as well as anatomic/cardiac shunts. However,

agitated saline contrast was very sensitive but almost entirely

nonspecific with contrast bubbles visualized in the left ventricle

when only a very small (or absent) anatomic shunt was mea-

sured using microspheres. In addition, the gas exchange abnor-

mality associated with anatomic intrapulmonary connections

detected by contrast echocardiography was often small and

largely insignificant for gas exchange. Thus, these tools should

not be used to assess the magnitude of anatomical arteriovenous

anastomoses in the lung. Studies comparing MIGET assess-

ment of gas exchange with a rigorous assessment of anatomical

arteriovenous anastomoses in humans are lacking.

Unresolved Questions

The aforementioned review has briefly focused on some of

the questions and controversies in our understanding of pul-

monary gas exchange during exercise. Although considerable

progress has been made, there remain a great many unresolved

questions involving the following aspects.

Sex- and age-based differences in pulmonary gas

exchange. Although many studies have evaluated differ-

ences in lung mechanics between sexes, fewer have compre-

hensively addressed pulmonary gas exchange. How do the

various contributions to the AaDO2 differ between females

and males? How the components of the AaDO2 change with

healthy aging is also unknown. Answering these questions

will require thoughtful consideration of the appropriate way

to compare between sexes/subjects of different ages and exer-

cise capacity and moving beyond pulse oximeter studies to di-

rectly assess pulmonary gas exchange and the components of

the AaDO2.

Interstitial pulmonary edema during exercise. Is in-

terstitial pulmonary edema the cause of ventilation–perfusion

mismatch? Does it affect diffusion limitation for oxygen? An-

swering this question will require the development of new and

more sensitive imaging techniques that allow intravascular

lung water (i.e., pulmonary blood volume) to be distinguished

from extravascular water (i.e., edema fluid) and combined

with comprehensive gas exchange measurements to assess

the various components of the AaDO2.

Capillary transit time and diffusion limitation. Is the

mechanism of diffusion limitation of oxygen rapid red blood

cell transit time through the pulmonary circulation? Answer-

ing this question will require measurement of pulmonary cap-

illary transit time, consideration of heterogeneity of transit

times, and gas exchange measurements to assess the extent

of diffusion limitation.

Anatomical arteriovenous anastomoses. Although

anatomical arteriovenous anastomoses are well documented,

the contribution of shunt to exercising gas exchange in healthy

humans is minimal. Are there some circumstances where ana-

tomical arteriovenous anastomoses significantly affect gas ex-

change in humans? Answering this question will require com-

paring detailed gas exchange measurements to a careful and

fully quantitative assessment of anatomical arteriovenous anas-

tomoses. Agitated saline contrast echocardiography is not ade-

quate for this task. Quantifying anatomical arteriovenous anas-

tomoses may require the development of a microsphere that is

suitable for use in humans and can be injected intravenously

and sampled in arterial blood; current imaging-based techniques

such as technetium-99 macroaggregated albumin are not suffi-

ciently accurate.

RESPIRATORY INFLUENCES ON
CARDIOVASCULAR CONTROL
DURING EXERCISE

Demands Placed on the Respiratory Muscle

during Exercise

In healthy humans, the architecture of ventilation changes

in response to exercise in a predictable fashion. The rise in

V̇E with low levels of exercise is accomplished by increasing

both the frequency of breathing (ƒb) and tidal volume (VT).

With mild to moderate exercise, the dominant ventilatory re-

sponse is that VT expands into both inspiratory and expiratory

reserve volumes with relatively smaller increases in ƒb. Dur-

ing heavier work, once VT reaches 50%–60% of vital capac-

ity, VT plateaus, and further increases in V̇E are primarily
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accomplished by elevations in ƒb.With increasing work inten-

sity, VT can reach approximately 50% of vital capacity and fb

may increase to 40–50 breaths per minute, although there is

considerable between-person variation. The respiratory mus-

culature must contract rhythmically and in a highly coordi-

nated fashion to increase ventilation such that it is well

matched to exercise-induced increases in V̇CO2. The large

ventilations accompanying heavy exercise cost a considerable

amount of energy, and it has been suggested that breathing

may be regarded as a form of muscular exercise in and of itself

(119). With this in mind, it is important to consider: what con-

stitutes a “respiratory muscle”? The answer is not easily ad-

dressable and is dependent on the definition used. As a useful

start point, consider that there are approximately 63 muscles

with a documented role in breathing (i.e., assists lung inflation

or deflation) across a range of physiological states (120), and

that in healthy humans, the respiratory muscle mass is esti-

mated to be in the order of 4–6 kg (121).

Under conditions of heavy exercise, the primary and acces-

sory muscles of inspiration are recruited to generate negative

intrathoracic pressure and airflow. It is equally important to

consider that the increased ventilatory demand of exercise re-

quires the use of accessory expiratory muscles, notably those

of the abdomen, to increase the rate of expiration above that

produced by elastic recoil alone. Given the high demands

placed on the respiratory musculature, what are the associated

physiological costs? The Wb can be determined by measuring

the total energy required by the respiratory muscles or the

work done by them (if both are measured simultaneously me-

chanical efficiency can be calculated). The total energy re-

quired, or O2 cost, of ventilation can account for approximately

7%–10% of whole-body V̇O2max in healthy but untrained male

subjects (122,123) and 15%–16% in highly trainedmales (122).

Moreover, recent work shows that the O2 cost of ventilation is

higher in females relative to fitness-matched males (124).

Given the aforementioned brief summary, we now turn our

attention to the following. Owing to the close relationship be-

tweenO2 uptake and blood flow (i.e., Fick Principle), do the high

demands of both muscle groups—limb versus respiratory—

influence one another? And if so, what might the consequences

be to the integrated physiology of exercise? In addressing these

questions, we have focused, in part, on a series of studies that

unloaded the inspiratory muscles during exercise using a pro-

portional assist ventilator (PAV) to prevent most of the nor-

mally occurring exercise-induced increases in respiratory mus-

cle work. By necessity, we also draw upon those investigations

that have used exercising animal models to address questions

that cannot be answered in exercising humans.

Blood Flow Distribution

The blood flow requirements of the respiratory musculature

in exercising humans are difficult to quantify owing to meth-

odological and anatomical constraints. Estimates from the

exercising equine suggest that the blood flow to the “inspira-

tory and expiratory”muscles amount to 15%–16% of total car-

diac output (125), which is consistent with other species that

have high respiratory muscle blood flows during exercise in-

cluding the dog (126) and rodent (127). Harms et al. (128)

were the first to investigate the effect of respiratory muscle

work on the distribution of cardiac output in humans. In this

investigation, highly trained cyclists performed heavy exercise

(>85% V̇O2max) while leg blood flow was measured using

thermodilution techniques and theWbwas artificially lowered

with a PAV by 50%. With a reduced Wb, there was a com-

mensurate increase in limb blood flow (~7%) and vascular

conductance (~10%). An important consideration is that the

changes to leg blood flow that accompany PAV-induced re-

ductions in the Wb are not present during submaximal exer-

cise (129). This can be interpreted to mean that the load on

(or when removed from) the respiratory muscles is sufficiently

small during submaximal exercise to alter the sympathetic ner-

vous system’s control of blood flow distribution (see discus-

sion hereinafter: Autonomic Control of the Circulation).

Based on the available evidence, it can be concluded that a

substantial portion of the total cardiac output and total V̇O2

(~10%–16%) is devoted to inspiratory and expiratory muscle

work during heavy exercise. However, these estimates do

not reflect blood flow measures to the respiratory muscles,

per se. When unloading the Wb during exercise, is the “extra”

blood flow diverted away from the respiratory muscles to the

working limb muscle? Methodological advances now permit

the infusion of indocyanine green dye coupled with near-

infrared spectroscopy to allow quantification of blood flow

to accessory muscle of breathing. For example, Guenette et al.

(130,131) have shown that, with increasing ventilation during

exercise or voluntary hyperpnea, there is a corresponding in-

crease of blood flow to the muscular region of the seventh in-

tercostal space and the sternocleidomastoid. More recently,

Dominelli et al. (132) used a similar approach to simultaneously

assess blood flow to both limb and respiratory muscle during

heavy exercise (90% peak work rate) when theWb was lowered

with a PAV.With a reduction in theWb, there was a correspond-

ing reduction in respiratory muscle (sternocleidomastoid;

−49%± 26%of control) blood flow and an increase in locomotor

muscle (vastus lateralis) blood flow with some between-

participant variation. These findings provide supporting evidence

to the concept that respiratory muscle work significantly influ-

ences the distribution of blood flow to both respiratory and

locomotor muscles under conditions of heavy exercise.

Autonomic Control of the Circulation

The regulation of blood flow to contracting skeletal muscle

is a balance between local vasodilation and sympathetic vaso-

constriction where the cardiac output that is available is “sent”

to the contracting musculature most in demand of O2. The reg-

ulation of blood pressure is also required to ensure that there is

appropriate perfusion to all organs. An important consider-

ation is that skeletal muscle has an enormous capacity to

vasodilate during exercise, whereas the pumping capacity of

the human heart is limited (133), which in turn means that,

EXERCISE AND THE LUNG Medicine & Science in Sports & Exercise® 2153

B
A
S
IC

S
C
IE
N
C
E
S

Copyright © 2023 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://jo

u
rn

a
ls

.lw
w

.c
o
m

/a
c
s
m

-m
s
s
e
 b

y
 B

h
D

M
f5

e
P

H
K

a
v
1
z
E

o
u
m

1
tQ

fN
4
a
+

k
J
L
h
E

Z
g
b
s
IH

o
4
X

M
i0

h
C

y
w

C
X

1
A

W
n
Y

Q
p
/IlQ

rH
D

3
i3

D
0
O

d
R

y
i7

T
v
S

F
l4

C
f3

V
C

1
y
0
a
b
g
g
Q

Z
X

d
tw

n
fK

Z
B

Y
tw

s
=

 o
n
 0

1
/2

9
/2

0
2
4



during heavy exercise, perfusion of the contracting muscles

must be limited or mean arterial pressure will fall. There is a

complex interplay between sympathetic vasoconstriction and

metabolic vasodilation that limits blood flow to contracting

muscles to maintain mean arterial pressure. There are several

lines of evidence in support of significant sympathetic vaso-

constrictor influences over local vasodilation in exercising

muscle in healthy humans (35). Can high levels of respiratory

muscle work activate sympathetically mediated vasoconstric-

tion in the limb as has been demonstrated for limb locomotor

skeletal muscles? The hypothesis is that, as with limb muscle,

intense and repeated muscle contractions and accumulation of

metabolites in the respiratory muscles activate phrenic affer-

ents, which in turn increases sympathetic vasoconstrictor ac-

tivity via a supraspinal reflex (Fig. 5). Here we present three

examples to illustrate that the high Wb or “metabolic condi-

tions” of the respiratory musculature have an effect on the au-

tonomic control of blood flow to the exercising limb.

First, during heavy exercise when cardiac output is finite,

the addition of arm exercise to leg exercise results in a reduc-

tion in leg blood flow to allow perfusion of the upper limb

(134). The analogous paradigm is when respiratory muscle

work is altered and blood flow to the limb and respiratory mus-

cles is changed in a reciprocal manner (see Refs. [132,135,136]

and the aforementioned description). Lowering the Wb with

heavy exercise is accompanied by a significant increase in nor-

epinephrine spillover across the working muscle (135). More

recent and direct evidence comes from studies that have

lowered the normally occurring Wb during exercise and found

commensurate reductions in muscle sympathetic nerve activity

(median nerve) of the resting upper limb (137). Collectively,

these observations provide evidence of a sympathetically medi-

ated vasoconstrictor effect emanating from respiratory muscles

during exercise. Second, Rodman et al. (138) transiently in-

fused lactic acid into the diaphragm via the phrenic artery of

exercising dogs and observed a reduction in hind-limb blood

flow and vascular conductance, which is consistent with

metaboreflex activation as previously reported for limbmuscles

metaboreflex. As such, the metabolite production (or accumula-

tion) associated with high levels of respiratory muscle work

may contribute to the increased sympathetic tone and redistribu-

tion of blood. Additional support for this idea comes from

Hussain et al. (139), who showed that chemical stimulation of

thin fiber phrenic afferents resulted in systemic vasoconstric-

tion. Third, with high levels of voluntary efforts against

loads—and presumably metabolite accumulation—in resting

humans, there is a time-dependent increase in limb muscle

sympathetic nerve activity (140,141) and reduction in vascular

conductance and blood flow to the resting limb (142).

Respiratory Muscle Fatigue

With heavy exercise (>85% V̇O2max), diaphragm fatigue

occurs as defined by a reduction in transdiaphragmatic twitch

pressure (Pdi,tw) in response to either electrical or magnetic

stimulation of the phrenic nerves stimulation (143). Diaphrag-

matic fatigue occurs relatively early during high-intensity en-

durance exercise and is related to the amount of pressure and

work generated by respiratory muscles (144). There is also a

strong relationship between the force output of the diaphragm

and the magnitude of fatigue observed (145). By unloading the

respiratory muscles, fatigue of the diaphragm is prevented

(146). These aggregate findings are important as they illustrate

that the workload performed by the respiratory muscles is a

critical determinant of exercise-induced diaphragmatic fatigue.

It should also be noted that the abdominal expiratory muscles

also incur significant decrements in pressure-generating capac-

ity with heavy-intensity exercise (147).

As described previously, the diaphragm (and other respira-

tory muscles) commands a significant fraction of cardiac out-

put during heavy exercise. These observations are important

when considering fatigue of the respiratory musculature. For

example, blood flow has been shown to be a primary determi-

nant of diaphragm fatigue where it can be attenuated by in-

creasing phrenic artery blood flow in dogs (148). Although

this is highly relevant, it does not necessarily speak to the con-

ditions of whole-body, high-intensity exercise where there is

acidification of blood, accumulation of metabolites within the

diaphragm, and finite cardiac output along with global sympa-

thetic vasomotor outflow. Said differently, do the conditions

of exercise themselves (rather than simply high respiratory

work) influence blood flow distribution and facilitate fatigue

of the diaphragm? Babcock et al. (145) indirectly addressed

this by having subjects voluntarily replicate the fatiguing high

work of exercise ventilation under resting conditions and

found minimal evidence of diaphragm fatigue, and in those

subjects where small-degree fatigue was present, recovery

was hastened relative to the exercise condition. Moreover,

only when voluntary work was 60%–80% in excess of that

produced during exercise did diaphragm fatigue occur. These

observations can be taken to indicate that there is a critical in-

fluence of blood flow distribution to the diaphragm during ex-

ercise that contributes to diaphragm fatigue. Do high levels of

sympathetic vasoconstrictor activity originating from the

exercising limb place constraint on blood flow and O2 trans-

port in the diaphragm, thereby promoting diaphragm fatigue

(Fig. 5; “two way street of sympathetic vasoconstrictor activ-

ity”)? The aforementioned work of Babcock et al. would indi-

rectly support this hypothesis. Additional indirect evidence to

support the idea of “preferential” redistribution of blood flow

to the diaphragm versus limb muscles during exercise is seen

in the rodent heart failure model (149). Heart failure is often

characterized by a high level of sympathetic vasoconstrictor

activity and a high Wb, and at least in the rodent model, con-

ductance and blood flow to the diaphragm appear prioritized at

the expense of conductance and flow to the exercising limb.

Unresolved Questions

Do respiratory muscles have a “priority” over loco-

motormuscles for blood flowdistribution during exer-

cise in health?. There is a blunted response to α1-adrenergic
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constriction in diaphragm versus locomotor arterioles in rodents

(150), which may contribute to nonuniform muscle blood flow

seen under exercising conditions. Evidence for the argument

of prioritization in humans is indirect, and further experiments

and methodological advances and approaches are needed. For

example, valid and reliable measures of blood flow and conduc-

tance to both respiratory and locomotor muscles are required.

An ability to assess the responsiveness and densities of adrener-

gic receptors across different muscle groups would help to shed

light on the question.

Clinical relevance. Recent work has highlighted that re-

spiratory muscle unloading improves limb blood flow and

conductance, reduces limb fatigue, and improves exercise tol-

erance in heart failure and COPD (151,152). Importantly,

many of these effects are seen during submaximal exercise,

which differs from that seen with higher intensities in health.

A relevant question here is whether or not chronic training of

limb or respiratory muscles alters reflexive blood flow distri-

bution and muscular fatigue. Based on initial evidence and

our summary, there is rationale to pursue further training inter-

ventions that determine the role of afferents in both sets of

muscles and the associated sympathetic responses that may

be altered. A greater understanding of the underlying mecha-

nism(s) of training-induced changes may lead to a more

targeted basis for exercise prescription and the attenuation of

disease progression.

SUMMARY: THE FUTURE

The past four decades have yielded key advances and also

raised exciting new challenges concerning our questions of

the lung’s suitability and adaptability in meeting the demands

posed by exercise. Major advances that further underscore and

explain the near ideal respiratory system response to exercise

in the healthy, untrained young adult include quantification

of V̇A/Q̇ distribution and diffusion contributions to alveolar

to arterial O2 transport and identification of key elements of

airway mechanics and respiratory muscle recruitment to ensure

minimal respiratory muscle work and O2 cost. Some further

mechanistic insights into the long-held mystery of exercise

hyperpnea have even been gained. In addition, new examples

of an underadapted respiratory system in many highly trained

include exercise-induced hypoxemia in the female endurance

athlete, airways susceptible to flow limitation, epithelial in-

jury and remodeling at high ventilatory demand, a pulmo-

nary vasculature and right heart underbuilt for the demands

FIGURE 5—Schematic of a “two-way street” of sympathetic vasoconstrictor activity emanating from both limb and respiratory muscle metaboreceptors

during exercise, which serves to constrain blood flow andO2 transport. High-intensity contractions of both sets of muscles cause increased group III and IV

afferent activity leading to a sympathetically mediated vasoconstriction of respiratory and limb locomotor muscle vasculatures, thereby contributing to

their mutual fatigue during whole-body exercise. Figure and original caption from Sheel et al. (35).
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imposed by high cardiac output, and fatigable respiratory

muscles triggering sympathetically mediated blood flow re-

distribution. The substantial negative influences of aging on

airway, chest wall, and pulmonary vascular structures and

the narrowed intrathoracic airways in the adult female have

been documented as additional potential sources of exercise

limitation, especially in the highly fit. Long-term adaptabil-

ity of lung structure, especially at the alveolar–capillary in-

terface, is an exciting emerging area of discovery that in-

cludes the presence of an abundant progenitor/stem cell

population with an intrinsic capacity for de novo lung tissue

formation in response to chronic stressors. We questioned if

these growth factors would respond to exercise training. To

date, the available evidence confirms traditional concepts of

a minimal, if any, adaptive short-term training response in

the healthy young adult lung. However, other evidence in

animal models primarily but even in some humans strongly

suggests that the compromised lung as occurs in chronic

smokers, asthma, lung diseases, and even aging may re-

spond to the exercise training stimulus via de novo growth

or prevention of further deterioration of lung parenchyma.

Bold new innovative investigations as suggested through-

out this review for several key problems in exercise pulmo-

nary physiology and pathophysiology are now needed to

build on these new understandings.
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