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Abstract

In this review, we detail how the pulmonary system’s response to exercise is impacted by both sex and
gender in healthy humans across the lifespan. First, the rationale for why sex and gender differences
should be considered is explored, and then anatomical differences are highlighted, namely that females
typically have smaller lungs and airways than males. Thereafter, we describe how these anatomical
differences can impact functional aspects such as respiratory muscle energetics and activation, mechanical
ventilatory constraints, diaphragm fatigue, and pulmonary gas exchange in healthy adults and children.
Finally, we detail how gender can impact the pulmonary response to exercise.

Introduction

The pulmonary system is the first and last line of defence for the maintenance of blood gas homeostasis.
During exercise, the precise, coordinated function of the pulmonary system is critical in order to meet the
demands of increased in oxygen consumption and carbon dioxide production associated with skeletal
muscle contractions. The appropriate function of the pulmonary system is achieved through the principles
of feedback, regulation, adaptation, and redundancy. In this review, we describe how the pulmonary system
responds to exercise and describe how sex and gender may influence this response. The goal is to describe
what is “normal” in order to better understand the “abnormal”.

Within the context of exercise physiology research, the term “sex” has often been used interchangeably
with “gender”. Although these terms are interrelated, they refer to distinct concepts and influence the
responses to exercise differently. Herein, “sex” and “gender” are used according to the definitions provided
by the Canadian Institutes of Health Research [1], which are semantically identical to those provided by
the National Institutes of Health in the United States [2] and the World Health Organization [3]: “sex
refers to a set of biological attributes in humans and animals that is primarily associated with physical and
physiological features” and “gender refers to the socially-constructed roles, behaviours, expressions and
identities of girls, women, boys, men, and gender diverse people” [1]. In short, sex is biological whereas
gender is cultural, psychological and social [4]. Historically, exercise and pulmonary physiology research
has focused heavily on males and men, with little appreciation for how sex and/or gender may influence
physiological function [5]. While there have been recent efforts to ensure adequate consideration of sex
and gender, as of 2014, females are still under-represented [6] and gender is rarely considered [7]. In this
review, emphasis is placed on describing our current understanding of the influence of sex on the
pulmonary system’s responses to exercise, but the potential influence of gender on these responses will
also be considered.
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Making unbiased, sex-based comparisons

The biological attributes that determine sex are numerous and encompass several definitions [8], which
implies that studying the influence of sex on human physiology can be complex. A common issue when
determining the effect of sex on the responses to exercise concerns whether to make comparisons in
absolute or relative terms. This problem is rooted in the fact that, on average, certain biological attributes
that impact the physiological response to exercise differ between the sexes. For example, on average,
height, body mass and lung size differ based on sex [9]. Thus, should we compare outcome variables in
absolute (e.g. oxygen uptake in L-min™", etc.) or relative (e.g. % maximal oxygen uptake, etc.) terms? As
we have previously argued [10], the best method of comparison depends on context. For example, relative
comparisons are more appropriate when the effect of body size amplify or obscure differences between the
sexes [11, 12]. Conversely, absolute comparisons are more ecologically relevant since the difference in
body size is itself influenced by sex [13]. There are approaches that can minimise the issues associated
with making absolute or relative comparisons. Accounting for sex differences in biological attributes, such
as body mass or fat-free mass, by normalising an outcome variable allows for comparison between the
sexes without the influence of a confounding variable [14, 15]. Matching the sexes based on a given
factor, such as height or lung size, provides a similar benefit [16, 17]. However, each approach to
evaluating sex differences and similarities in the physiological response to exercise has inherent benefits
and drawbacks. While there are no set guidelines for making unbiased, sex-based comparisons, we propose
that the chosen approach should be informed by the primary aim of the study and, where possible, the
results should be reported in both absolute and relative terms.

Underlying mechanisms of sex differences

Three morphological differences in the pulmonary system are the putative mechanisms that underpin sex
differences in the pulmonary physiology of exercise (table 1) [9-11, 13, 15, 17-41]. Specifically, there are
well-documented sex differences in the luminal area of the central conducting airways, lung size, and the
shape of the ribcage and lungs, which we describe individually below.

Central conducting airways

The large conducting airways (i.e., trachea to ~fifth generation bronchi) are responsible for the majority of
airway resistance, the most important determinant of which is total luminal area. Early indirect evidence
suggested that females have significantly smaller airways than males of similar lung size; however, it was
unclear which airways were different [42]. Studies involving x-ray and acoustic reflectance measures noted
that tracheal area was smaller in females than in males [43, 44]. Recently, studies involving computed
tomography imaging demonstrated that females have smaller central conducting airways (i.e., trachea to
third generation bronchi) and the difference persists when subjects are matched for lung size [18, 19] or
height [17]. Upstream of the ~third generation, the magnitude of sex differences in airway size decreases;
however, this may be due to the size of these airways approaching the resolution limits of computed
tomography. Future studies using high-resolution imaging techniques, such as optical coherence
tomography [45], are required in order to determine whether sex differences in airway morphology extend
beyond the third generation [30].

TABLE 1 Summary of known sex differences in pulmonary system morphology and their impact on the pulmonary physiology of exercise

Key references

Morphological differences [15, 17-20]
« Males above the age of ~14 years have proportionally greater airway luminal area of the large conducting airway (i.e., trachea to
the third generation) than females

* Males have larger absolute lung volumes and more alveoli than females [9, 21]

» Females have “prismatic” geometry of the ribcage and lung while males have “pyramidal” ribcage and lung geometry [22-24]

Functional differences

* Higher Wy, and VOZRM for a given absolute Vg during exercise in females compared to males [10, 13, 53-27]
Due to a higher resistive component of Wi, [25, 28-30]

+ Females have greater activation of “extra-diaphragmatic” inspiratory muscles for a relative or absolute V¢ during exercise [31, 32]
Noted in the scalene and sternocleidomastoid muscles

* Highly trained males are less likely to develop expiratory flow limitation during exercise than highly trained females [13, 25]

» Females have a blunted respiratory muscle metaboreflex [33-37]

* EIAH can occur in untrained females but does not appear to occur in untrained males [38-40]

» Older females have a higher perception of dyspnoea at absolute and relative exercise intensities than older males [10, 11, 41]

EIAH: exercise-induced arterial hypoxaemia; Vg: minute ventilation; VOZRM: oxygen uptake of the respiratory muscles; Wy,: work of breathing.
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The physiological relevance of central airway size area is evident when considering the impact of airway
cross-sectional area on flow resistance and patterns (i.e., laminar, transitional, or turbulent). At low flows
(e.g., at rest), airflow is mostly laminar in all airways. As ventilation (V) increases, flow becomes
transitional and subsequently turbulent in the largest airways, where velocity is high. The transition to
disorganised, turbulent flow patterns, which increases airflow resistance, is in part why the mechanical
work of breathing (W,,) increases curvilinearly with increasing Vg, and is thought to explain why females
have a greater W, at a Vz>~50 L-min~" (see below). Conversely, extensive branching of the airway tree
progressively reduces airflow velocity, implying that even at maximal Vj, flow in the small airways is
likely still laminar. Thus, if there were sex differences in small airways size, the corresponding influence of
small airway resistance on Wy, is unlikely to have a substantial influence on sex differences in the
pulmonary physiology of exercise in healthy adults.

Lung volumes

On average, males are taller than females, and therefore have larger lungs. Population-based studies
indicate that males have larger absolute lung volumes than females even when matched for height [9, 21].
However, relative lung volumes and capacities are similar between the sexes. For example, the ratio of
functional residual capacity (FRC) to total lung capacity (TLC) is similar in males and females. That FRC/
TLC is similar between the sexes suggests that the intrinsic elastic properties of the lung and chest wall are
independent of sex.

Shape of the ribcage and lungs

The shape of the ribcage, lungs, and tracheobronchial tree also appear different between the sexes [22, 46].
In females, the shape of the ribcage and lungs is more “prismatic”, whereas in males the ribcage and lungs
tend to be more “pyramidal” [22, 23]. However, how these morphological differences impact physiological
ones, particularly during exercise, are currently unknown. Differences in ribcage geometry would likely
affect the angles at which the respiratory muscles contract, which could influence respiratory system
kinematics [24] and potentially respiratory muscle activation and/or energetics. Future studies examining
how the shape of the ribcage and lungs influences pulmonary system function are required.

Response to dynamic whole-body exercise

Here we describe how sex impacts the physiological response to dynamic whole-body exercise (table 1).
We use “dynamic” to indicate the rhythmic contraction of muscle groups that produce movement, and
“whole-body” to signify large muscle group exercise that elicits an integrative, rather than localised,
response (i.e., substantial increases in Vj and cardiac output). Typically, this is accomplished in a
laboratory using a cycle ergometer or a treadmill.

Ventilatory response to exercise

At the onset of dynamic whole-body exercise, Vi rapidly increases due to tidal volume (Vi) expansion
and, to a lesser extent, an increase in breathing frequency. As exercise intensity progresses, Vg rises in a
linear manner until a threshold after which V; rises out of proportion to oxygen uptake (VOz) [47]. The
initial reliance on V1 minimises mechanical work [48, 49] and optimises alveolar ventilation [50].
Expanding V7 is achieved by decreasing end-expiratory lung volume below FRC to optimise the length—
tension relationship of the respiratory muscles, and increasing end-inspiratory lung volume up to ~80-90%
of vital capacity. Once Vi reaches ~60% of vital capacity, further increases in Vj are achieved by
increasing breathing frequency.

The “normal” ventilatory response to exercise described above is similar in males and females (figure 1a);
however, owing to differences in size, absolute values will differ based on sex. For example, at maximal
exercise, a female’s Vi is lower than a male’s, but the relative increase in Vy from rest is of similar
magnitude. Likewise, males typically have larger absolute V1, but Vr plateaus at ~60% of vital capacity in
both sexes. On average, males have a higher absolute V02 and carbon dioxide production (Vcoz) for a
given relative work (i.e. fraction of maximal Vo, (Vo,max)), which results in a greater Vg to maintain blood
gas homeostasis. Aerobic training or detraining alters these responses, but these effects do not differ based
on sex. Nevertheless, males typically have a higher absolute and relative Vozmax due to sex differences that
are unrelated to the pulmonary system (i.e., differences in haemoglobin mass) [51].

Respiratory muscle energetics

Increasing Vi during exercise necessitates a corresponding increase in total Wy, which is the sum of the
elastic, resistive, and inertial work, and is performed exclusively by the respiratory muscles. At typical breathing
frequencies observed at maximal exercise (i.e., <70 breaths-min_l) the inertial work is a minimal [52]
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and likely similar in males and females, so it will not be discussed further. The relationship between W),
and Vy is curvilinear, whereby Wy, rises exponentially with increasing V. The point when W, rises out of
proportion to Vj differs between individuals and likely reflects the transition to turbulent flow in the
central airways [53]. For a given Vi >50-60 L-min~", females have a higher absolute W, than males [13,
25, 27, 28, 54], regardless of aerobic fitness. Given that the elastic properties of the lungs and ribcage are
similar in males and females, the elastic component of W}, during exercise does not differ based on sex.
However, females have a higher resistive component [25, 26, 28, 29] of W, presumably due to sex
differences in airway size [30, 45].

Similar to other skeletal muscles, there is a linear relationship between external work (i.e., W},) and VO2 of
the respiratory muscles (Vo rm). At peak exercise, Vo gy accounts for ~10-15% of whole-body Vo, in
healthy adult males [55], with the range reflecting variations in maximal Ve and aerobic fitness [56].
Although previous work focused on males, a single female subject was noted as having the largest relative
oxygen cost of breathing (VOZRM/VOZmax) despite not having the highest Vj; [56]. When directly comparing
VOZRM between the sexes, findings are equivocal [57-59]. Some estimates of VOZRM are physiologically
excessive (>2 L-min~') [57], and others only utilised a narrow range of Vi [58, 59] where no sex
differences in Wy, are observed. However, when the VOZRM is compared between the sexes over a wide
range of Vg (i.e., 45-100% maximal V), the Vo gy was greater in females at and above a Vg where sex
differences in Wy, are evident (i.e., ~55 L-min~") [26, 60]. Furthermore, the VOQRI\,[/\’/OZmax was greater in
females than males at >90% Vomax [26]. The higher Vo rm/Vo,max in females suggests that their
respiratory muscles command a greater fraction of whole-body VOZ’ and potentially cardiac output, during
high-intensity exercise [61]. In addition to the greater Wy, respiratory muscle efficiency (i.e., VOZRM/Wb)
was ~2% lower in females compared to males [26]. The explanation for the lower respiratory muscle
efficiency in females is unknown, but could be due to the work required to stabilise the abdomen and
distort the chest wall, which can account for upwards of 25% of total Wy, [62, 63].

Breathing pattern Respiratory muscle energetics
a) - - -- Males and females / P b) —— Males - Females
%V, -7 e Ozrm
(%oVecar) e e (mLmin-1)
A -7 7 and
(%FVC) -7 W,
fa -7 (J*min-1)
(breaths-min-1) -
T|/TT0T ‘___,_—“"’— -
(%) I EMGy,
EILV -7 (%Max)
(%FVC) - EMGgca
EELV (%oMax)
(%FVC) e - EMGgcy
T T T 1 (O/OMaX) T T 1
Rest 25 50 75 Max Rest 50 100 150
VOZ (%) VE (Lmin-1)

FIGURE 1 Sex differences and similarities in breathing pattern and respiratory muscle energetic responses to
incremental exercise. The x-axes represent progressive increases in relative oxygen uptake (panel a) and
absolute minute ventilation (panel b) from rest to maximal exercise intensity. The y-axes are unitless and are
intended to illustrate the pattern of change; however, units for each variable are provide in parentheses. In
panel b, the curves for each sex are extrapolated to the average maximal exercise minute ventilation in healthy,
young adults of average cardiorespiratory fitness. EELV: end-expiratory lung volume; EILV: end-inspiratory lung
volume; EMGp,: electromyographical activity of the diaphragm; EMGsca: electromyographical activity of the
scalene; EMGscy: electromyographical activity of the sternocleidomastoid; fg: breathing frequency; Ti/Tror:
inspiratory duty cycle; Vg: minute ventilation; VOZRM: oxygen uptake of the respiratory muscles; Vy: tidal volume;
Wy,: work of breathing.
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Respiratory muscle activation

In females, the higher Wy, during exercise is accomplished by distributing the load more evenly across
several respiratory muscles [31]. Indeed, females have a higher activation of the diaphragm, scalenes, and
sternocleidomastoids than males at a given Vg during incremental exercise [31] and throughout
constant-load exercise at 85% of VOZmax [32]; however, this finding is not universal [64]. The functional
consequences of sex differences in respiratory muscle activation patterns during exercise are unclear, but
increasing the activation of “extra-diaphragmatic” inspiratory muscles may influence the propensity
towards, and the magnitude of, exercise-induced respiratory muscle fatigue.

Diaphragm fatigue

During exercise of sufficient intensity and duration (i.e., >80% of VOZmax for >5 min), the diaphragm can
fatigue [65]. The degree of fatigue is related to the work done by the diaphragm [66, 67]. However,
performing the respiratory muscle work associated with the hyperpnoea of intense exercise, but in the
absence of exercise itself, does not elicit diaphragm fatigue [68]. Given that females have a greater W, and
VOZRM during exercise than males, it is plausible they are more susceptible to exercise-induced diaphragm
fatigue. When this hypothesis was tested using magnetic stimulation of the phrenic nerve after exercise, a
similar number of males and females developed diaphragm fatigue [69]. However, in those who developed
fatigue, the severity immediately post-exercise was greater in males than in females, but the difference
diminished over time [69, 70]. The lack of sex differences in the prevalence of exercise-induced diaphragm
fatigue agrees with work in other skeletal muscles during dynamic exercise, which may be due to
differences in motor neuron activation, muscle perfusion and/or skeletal muscle metabolism, and fibre type
properties [71].

Blood flow distribution

During intense exercise, W}, can impact the distribution of cardiac output [72]. For example, acutely
manipulating the Wy, during exercise causes reciprocal changes in blood flow to the respiratory and
locomotor muscles [73, 74]. This redistribution in blood flow is sympathetically mediated [75] and occurs
in both sexes [74]. Given that the relative cost of exercise hyperpnoea is greater in females than in males,
the (re)distribution of cardiac output may also be different. Specifically, lowering the Wy by a similar
relative amount in females may result in a greater amount of blood flow being redirected away from the
respiratory muscles; however, this assumes that the magnitude of the respiratory muscle metaboreflex is
similar between the sexes, which is not the case with isolated exercise (see the Response to small muscle
mass exercise section). The physiological rationale for why females may not demonstrate a greater level of
blood flow redistribution during exercise is because the exercise-induced increase in muscle sympathetic
nerve activity and blood pressure is attenuated in females relative to males [76]. Thus, akin to the
experimental findings concerning diaphragm fatigue, the hypothesis regarding a sex difference in blood
flow redistribution due to a higher Wy, in females than in males may not hold true and needs to be tested
during dynamic whole-body exercise.

Flow limitation

During intense exercise, some individuals reach their maximal capacity to generate expiratory flow at a
given lung volume, which is termed expiratory flow limitation (EFL) and occurs when tidal expiratory
flow meets the maximal expiratory flow—volume (MEFV) curve. Although the exact causes are
multifactorial and not completely understood, ~50-60% of healthy, young individuals experience EFL
during exercise [10, 25]. EFL likely occurs due to a relatively low ventilatory capacity (reflected in the size
and shape of the MEFV curve), a relatively high ventilatory demand (reflected by Vg), or both. Indeed,
those with a “scooped” MEFV curve (i.e., convex relative to the x-axis) have a greater propensity towards
EFL during exercise and the shape does not differ based on sex [77]. Aerobic fitness may also impact EFL
since aerobically trained individuals generate a greater Vj; during maximal exercise than untrained
individuals but have similar levels of pulmonary function [78]. Since the shape of the MEFV curve and
the ability to increase aerobic fitness are similar in males and females, EFL propensity during exercise is
also similar between the sexes in healthy adults of average aerobic fitness [10, 25, 79]. However, due to
their lower absolute maximal expiratory flows, highly trained females may be more prone to EFL relative
to their male counterparts. Evidence for this comes from studies where EFL occurred more frequently in
endurance-trained females than in endurance-trained males [13, 25].

Flow can also be limited during inspiration. While expiratory flow is determined by the mechanical
properties of the airways, inspiratory flow depends on the force-generating capacity of the inspiratory
muscles. Some endurance-trained athletes develop inspiratory flow limitation during near-maximal exercise
[56, 80]. Due to a lower force generating capacity of the inspiratory muscles, females may be more
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susceptible to inspiratory flow limitation than males; however, no studies have systematically measured
inspiratory flow limitation in females, let alone compared the occurrence or severity between the sexes.

Pulmonary vasculature

During exercise, pulmonary blood volume increases due to vascular distention and recruitment to
accommodate the increasing demand for pulmonary diffusion. Owing to their smaller lungs and fewer
alveoli, females have lower diffusion capacity, membrane diffusion capacity, and pulmonary capillary
volume than males [12, 81]. Diffusion capacity and pulmonary capillary blood volume also change at rest
[82] and during exercise throughout the menstrual cycle [83]. A reduced diffusion capacity in females may
affect pulmonary gas exchange during intense exercise or under hypoxic conditions. However, when
considering diffusion capacity, one must also consider cardiac output and the ratio of the two [84, 85].
Since females typically have a smaller stature and Vozmax than males, they also have a lower cardiac
output. When considering the effectiveness of diffusion and vascular recruitment (i.e., the ratio of diffusion
to cardiac output), females have an attenuated decline during exercise, suggesting that the lower diffusion
is proportional size [12]. Furthermore, any differences in diffusion capacity are eliminated when scaling for
lung volume [12].

Blood gas homeostasis and exercise-induced arterial hypoxaemia

In the majority of individuals of average cardiorespiratory fitness, arterial oxygen tension (P,o,) is
maintained close to resting levels even during intense exercise. At sea level, resting P,o, is ~90-
100 mmHg and is maintained during exercise, regardless of intensity. Although the above description
applies to most young healthy males and females of modest fitness levels, there are notable exceptions.

Exercise-induced arterial hypoxaemia (EIAH) occurs when arterial oxygenation decreases below resting
levels during exercise [86]. It is estimated that ~50% of highly trained (i.e., VOZmax >65 mL-kg™"min~")
males develop EIAH [87]. However, firm conclusions regarding the prevalence of EIAH are not possible
due to the overall lack of temperature-corrected arterial blood gas data obtained during exercise.
Nevertheless, we, and others, have proposed that the likelihood of developing EIAH may differ based on
sex. The mechanisms of EIAH are complex and result from incomplete pulmonary gas exchange,
mechanical ventilatory constraint and/or inadequate ventilatory drive. There are two pertinent questions
with regards to potential sex differences in EIAH: 1) is EIAH more prevalent and severe in females? And
2) can relatively untrained females develop EIAH?

First, although EIAH is estimated to occur in ~50% of trained males, the occurrence in trained females is
closer to ~65% when entire study cohorts are considered and nearly 100% in females with Vozmax
>50 mL-kg™'-min~" [38, 39]. When combining multiple studies investigating EIAH, females have a lower
P,o, at Vozmax and a given absolute VO2 [88]. However, the greater prevalence and severity of EIAH in
females relative to males is not a universal finding [16, 89]. The discrepancy is likely the result of scaling
and the exercise modality utilised. When subjects were matched for lung size, height and fitness, sex
differences in EIAH are absent, which suggests that sex per se does not affect gas exchange [16]. The lack
of difference in EIAH between lung size-matched males and females aligns with work examining diffusion
capacity [12]. The difficulty in drawing conclusions from these studies is that lung size, height, and Vozmax
are themselves impacted by sex and eliminating them obscures potential sex differences. Different exercise
modalities could also explain the inconclusive findings as those who note a greater prevalence and severity
of EIAH in females have utilised treadmill rather than cycle exercise. In the same group of females,
treadmill exercise results in a greater decrease in P,o, than cycle exercise [89]. The exact mechanisms
underpinning the effect of exercise modality on EIAH is unknown, but is likely due to differences in active
muscle mass [89]. Second, EIAH has not been demonstrated in untrained males [50, 88], but has been
confirmed in untrained females during treadmill [38, 39, 40], but not cycle, exercise. Thus, females of
modest aerobic fitness can develop EIAH. The purported mechanism responsible for EIAH in untrained
females is mechanical ventilatory constraints, such as EFL, which limit the compensatory hyperpnoea that
normally offsets any gas exchange impairments [38, 90, 91]. Overall, we stress that more data is required
to determine whether there are sex differences in EIAH.

Perception of dyspnoea

Dyspnoea refers to the subjective feeling of breathlessness [92]. In the general population, females
experience dyspnoea during activities of daily living more frequently than their male counterparts [93];
however, the exact mechanisms remain unclear. Dynamic, whole-body exercise is an excellent model for
studying the mechanisms of dyspnoea since the exercise-induced increase in metabolic rate elevates the
demands on the pulmonary system, which increases the perception of dyspnoea correspondingly [94]. It
follows that controlled laboratory experiments involving dynamic, whole-body exercise could be used to
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uncover the physiological and/or psychological underpinnings of sex differences in the perception of
dyspnoea. Indeed, during exercise, the perception of dyspnoea is higher in females than males for a given
absolute work rate or Vi [14, 95], which has been ascribed to sex-difference neural respiratory motor drive
[14]. However, sex differences in the perception of dyspnoea are not evident when comparisons are made a
relative VOZ or Vg [10, 25, 69, 70, 96]. Nevertheless, the qualitative descriptors of exertional dyspnoea
differ based on sex, with females reporting descriptors “inspiratory difficulty/unsatisfied inspiration” and
“shallow breathing” at peak exercise. The exact mechanisms of sex differences in exertional dyspnoea are
unclear, but recent experimental evidence suggests that the higher perception of dyspnoea during exercise
in females is unrelated to sex differences in the mechanical ventilatory response to exercise [11].

Exercise performance

Although we have noted several instances where the pulmonary response to exercise differs between the
sexes, it does not appear to have a major impact on exercise performance. For example, lowering the W},
during a 5 km cycle time trial had a similar positive effect on performance (~1-2% reduction in time)
between the sexes [96]. Similarly, when diaphragm fatigue develops, or if it is induced experimentally, the
negative effects on subsequent exercise performance are similar in both sexes [70]. It is well known that
reversing any hypoxaemia will improve exercise performance and the magnitude of the improvement is
related to the improvement in oxyhaemoglobin saturation, which does not differ based on sex [97].
Overall, differences in endurance-exercise performance between the sexes are primarily attributed to
differences in VOZmax: which largely arise due to sex differences in haemoglobin concentration, body
composition, and societal factors [51].

Response to small muscle mass exercise

In this section, we describe how sex potentially impacts the physiological response to small muscle mass
exercise, typically involving one muscle group (e.g., single leg extension) and/or relatively small groups of
muscles (e.g., respiratory muscle loading) (table 1). These experiments allow for detailed measurements of
physiological function that would otherwise be too difficult or impossible during whole-body exercise.
However, findings from studies involving small muscle mass exercise do not necessarily translate directly
to dynamic exercise. Nevertheless, they enable the precise control of confounding variables and can
provide insight regarding specific physiological mechanisms.

Diaphragm fatigue and the respiratory muscle metaboreflex

With a sufficiently high load (typically >50% of maximal inspiratory pressure and >50% inspiratory duty
cycle), the respiratory muscles can fatigue [98, 99]. As is the case with dynamic, whole-body exercise, the
magnitude diaphragm fatigue appears to be similar or greater in males than females during isolated
exercise [33] performed at a relative work, and this difference persists even when matched for absolute
work [34]. Unfortunately, these studies all rely on magnetic stimulation of the phrenic nerve, a technique
that has important limitations (see below).

It is well established that the inspiratory muscle metaboreflex is blunted in healthy young females
compared to males. When performing fatiguing inspiratory resistive or threshold breathing, the rise in
mean arterial pressure is greater in males compared to females [33, 35, 100]. A blunted inspiratory
metaboreflex in females has also been observed during voluntary hyperpnoea, which is more representative
of the spontaneous breathing patterns observed during exercise [36, 37]. The blunted metaboreflex in females
is likely due to oestrogen upregulation of B,-adrenergic receptors which promotes vasodilation [101].

When interpreting the evidence related to diaphragm fatigue (during whole-body or isolated exercise) and
the respiratory muscle metaboreflex, it is important to consider the methodological shortcomings in nearly
all studies. When assessing diaphragm fatigue using magnetic stimulation of the phrenic nerve, stimulus
supramaximality must be ensured for consistent neural recruitment. Unfortunately, many studies do not
provide this information and those that present a statistical plateau in transdiaphragmatic twitch pressure
unlikely represent a true physiological plateau. Evidence for non-supramaximality can be seen when
utilising two magnetic stimulators, which increases magnetic field strength, and still no plateau in
transdiaphragmatic twitch pressures is demonstrated despite the potentiated twitches being ~15 cm H,O
higher than what is reported using a single stimulator [102]. The lack of supramaximality can result in
fatigue being over-estimated with magnetic stimulation and is likely the reason electrical stimulation
demonstrates less fatigue after identical stressors [103]. Furthermore, several studies investigating the
respiratory muscle metaboreflex have not quantified the work performed by the respiratory muscles, either
directly using oesophageal balloon catheters or indirectly using measures of mouth pressure. Overall, we
hesitate to make firm conclusions regarding sex differences in diaphragm fatigue until the aforementioned
methodological limitations are addressed.
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Sex differences across the lifespan

Throughout the lifespan, sex differences in the structure and function of the respiratory system are evident
[104, 105]; however, their presence and magnitude vary, which will influence their effect on the
pulmonary physiology of exercise.

Sex differences in the growth, development and ageing of the lungs and airways

The growth, development, and ageing of the lungs and airways are similar in males and females. In both
sexes, the number of alveoli per unit of lung volume is similar, the relationships between lung and airway
growth with somatic growth are closely linked, and the effect of healthy ageing on the pulmonary system
is similar. However, although the relationship between lung and airway size is similar in male and female
infants and children, there is a divergence during adolescence, whereby, for a given stature, males have
larger airways than females as of ~14 years of age, presumably due to hormonal differences post puberty,
and this difference persists throughout adulthood [15, 20]. The majority of work characterising the
influence of sex on the pulmonary physiology of exercise has been conducted in healthy adults between
the ages of 20 and 40 years. This raises an important question: do sex differences in lung and airway
morphology also influence the integrative response to exercise in children, adolescents and older adults?

Children and adolescents

The extent to which sex differences in pulmonary system morphology affect the responses to exercise
during adolescence is unclear [106], and carefully-controlled studies in the paediatric population are
relatively few. One study noted a decrease in EFL occurrence during exercise in pre- compared to
post-pubescent children (90% versus 33%) and that the likelihood of experiencing EFL was similar in
males and females [107]. Puberty results in significant growth of the lungs and airways such that
ventilatory capacity increases disproportionately relative to ventilatory demand, reducing the propensity
towards EFL during exercise [108]. However, the above studies do not provide a mechanistic insight due
to methodological limitations. First, neither study corrected for the effect of bronchodilation or thoracic gas
compression, which overestimates the occurrence of EFL [109], particularly in children [110]. Second,
EFL is one of many indicators of mechanical ventilatory constraint [111, 112], and the absence of sex
differences in EFL during exercise does not exclude the possibility that sex influences other respiratory
mechanical factors such as Wy, and VOZRM [25, 26]. Third, the lack of detailed measures in most paediatric
exercise studies precludes the ability to determine whether sex differences in respiratory mechanics,
pulmonary gas exchange, respiratory muscle fatigue and neurovascular control during exercise occur in
those aged <18 years. Additional work examining the influence of sex on the pulmonary physiology of
exercise in children is required.

Older adults

Healthy ageing results in progressive changes to the pulmonary system that decrease pulmonary function,
alter the mechanics of breathing, and ultimately influence the ventilatory response to exercise [113].
Evidence suggests that the sex differences in the pulmonary physiology of exercise observed in younger
adults are maintained and, in some cases, exacerbated in older adults. Nevertheless, there are notable
exceptions where sex differences that were apparent in younger adults are absent in their older
counterparts.

In older adults, the ventilatory response to incremental exercise is similar between the sexes. Like younger
adults, older females have a higher W}, for a given Ve during exercise than older males [10], due to a
higher resistive Wy, [28]. The effects of sex and age on W, are independent [10], implying that sex
differences in Wy during exercise are maintained throughout adulthood. Respiratory muscle recruitment
patterns also differ similarly between the sexes in older adults compared to younger adults, with older
females relying on “extra-diaphragmatic” inspiratory muscles to a greater extent than older males [31]. The
susceptibility to exercise-induced diaphragm fatigue has not been studied in older males and females.
Age-related increases in the propensity towards exercise-induced muscle fatigue have been documented in
other skeletal muscles [114, 115], but it is unclear whether these findings apply to the respiratory muscles.
In contrast to younger adults, older females of even modest fitness levels are more susceptible to EFL
during exercise than older males [10]. The greater susceptibility to EFL during exercise in older females
relative to older males is likely due to the age-related decline in ventilatory capacity and increase in
ventilatory demand during exercise, which occurs equally in both sexes, but disproportionally increases the
magnitude of mechanical ventilatory constraint during exercise in females due to their lower absolute lung
volumes and maximal expiratory flows [10, 91].

During hyperpnoea or inspiratory muscle loading, the mean arterial pressure response is similar in older
males and females, suggesting that the sex difference in the respiratory muscle metaboreflex observed in
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younger adults is likely due to hormonal differences that are absent in post-menopausal females relative to
age-matched males [37, 100]. Whether or not this observation translates to whole-body exercise, or
influences blood flow distribution during exercise, remains unclear; however, it suggests that for a given
level of respiratory muscle work, the distribution of blood flow to respiratory and locomotor muscles
during exercise is likely similar in older males and females.

Ageing is associated with progressive remodelling of the pulmonary vasculature [116] leading to increased
resting pulmonary artery pressure, regardless of sex [117]. However, even after accounting for differences
in work rate and body size, older women have a higher pulmonary artery wedge pressure response to low-
and moderate-intensity exercise than older males [118]. The efficiency of pulmonary gas exchange is
critically dependent on alveolar ventilation, perfusion, and diffusion through the alveolar—capillary
membrane [119]. The normative ageing process affects each of these components, thereby decreasing
pulmonary gas exchange efficiency. Despite progressive reductions in diffusion capacity and resting P,o,
with age [120, 121], older adults of average cardiorespiratory fitness still maintain P,o, near resting levels
during exercise [122]. It is possible that older women may be particularly susceptible to EIAH during
exercise; however, this hypothesis awaits testing.

During exercise, the perception of breathlessness is higher in older females than in older males, at absolute
[10] and relative VO2 [41], and at ventilatory threshold [11]. The mechanisms of sex differences in exertional
dyspnoea in older adults are unclear. Though it is tempting to assume that sex differences in airway
morphology and their influence on the resistive W}, during exercise are the root cause of higher exertional
dyspnoea in older females than older males, experimental data do not support this postulate. In older adults,
when the resistive W}, is manipulated during moderate-intensity exercise, the perception of dyspnoea is
unaltered in both sexes and sex differences in the magnitude of dyspnoea remain apparent [11].

Hormonal differences

Aside from sex differences in the morphology of the pulmonary system, there are hormonal differences that
could potentially impact pulmonary response to exercise. For premenopausal females, the cyclical changes
in ovarian hormone concentration within the blood affects resting Vi [123]. However, the impact of the
menstrual cycle on exercise Vg is less clear with some studies showing no impact [123, 124] and others
the opposite [125]. The variable results are likely due to the inter- and intra-subject variability in the
concentration of, and sensitivity to, ovarian hormones [123]. Regardless, neither the menstrual cycle nor
oral contraceptive use appears to have a substantial impact on exercise responses [126]. Pulmonary
function is also known to change throughout the menstrual cycle with a decrease in forced expired volume
in 1s and forced vital capacity during the luteal phase [127]. While consistent, the change in pulmonary
function is relatively small (i.e., ~5%) and unlikely to influence the physiological response to exercise due
to the attendant effect of exercise-induced bronchodilation that improves expiratory flow.

Gender differences in the respiratory system’s responses to exercise

When considering the pulmonary system’s response to exercise, sex influences physiological factors such
as breathing mechanics, pulmonary gas exchange and neurovascular control [128]. In contrast, the
influence of gender on the physiological and perceptual responses to exercise has been woefully
understudied. Based on the definition of gender [1], it is reasonable to surmise that gender has little, if
any, influence on physiological factors related to the pulmonary response to exercise, but likely impacts
psychological or perceptual variables. One such example is the perception of dyspnoea. If we assume that
dyspnoea is conceptually similar to pain [129], we can begin to understand how gender may influence the
magnitude of exertional dyspnoea. It is possible, albeit speculative, that gender roles influence the
dyspnoea response to exercise, with the masculine gender norms being associated with tolerance of
exertional dyspnoea and feminine gender norms being associated with accepting dyspnoea as a normal
response to exercise, as is the case with research involving experimental pain [130]. However, no studies
have specifically evaluated the influence of gender on the perception of exertional dyspnoea. Moreover, the
dualistic conceptualisation of sex and gender differences in the pulmonary physiology of exercise being
either “biological” or “psychological” in nature is likely too simplistic, and future work should consider
the influence of both variables on biological and psychosocial factors. Indeed, additional work is required
in order to better understand the individual, and perhaps overlapping, influences of sex and gender on the
ventilatory and perceptual responses to exercise in healthy individuals.

Summary and conclusion

The pulmonary system’s response to dynamic, whole-body, and isolated exercise in healthy males and
females, though largely similar, is known to differ based on sex. These sex differences are most apparent
during intense exercise, especially in highly trained athletes. During mild exercise, and in those of average
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aerobic fitness, sex differences in the pulmonary physiology of exercise may still be present but have less
physiological consequences. Lifespan changes in the structure and function of the pulmonary system
influence the presence and magnitude of sex differences in the pulmonary response to exercise. While sex
differences in the pulmonary response to exercise have been extensively studied, the influence of gender
has received less attention.
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