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Foreword

Exercise is arguably the cardinal stressor to the lungs, whether in the elite athlete or
the highly compromised patient with chronic respiratory disease. This is the ambi-
tious theme of Exercise and Sports Pulmonology: Pathophysiological Adaptations
and Rehabilitation, for which one should perhaps be mindful of Joseph Barcroft’s
(1872-1947) aphorism that “The condition of exercise is not a mere variant of the
condition of rest, it is the essence of the machine” (Features in the Architecture of
Physiological Function. Cambridge University Press, p 286, 1934). And while the
“machine” itself is common to both athlete and patient, the systemic manifestations
of its “essence” that ultimately lead to exercise intolerance naturally differ widely;
as do the means at hand to extend their tolerable system limits for sporting accom-
plishment and for the maintenance of activities of daily living. The Editors—
Annalisa Cogo, Matteo Bonini, and Paolo Onorati—have attracted a cadre of
international investigators who insightfully address this broad continuum of human
performance from a perspective of physiological and pathophysiological system
integration for the athlete, the patient, the athlete as patient, and the patient as
athlete.

Susan A. Ward
University of Leeds,
Leeds, UK



Preface

Lungs play a pivotal role in exercise, and respiratory impairment, due to both acute
and chronic lung diseases, can have a significant impact on physical performance.
Furthermore, recent evidence shows that exercise is an effective and safe intervention
for prevention and rehabilitation in respiratory diseases. As pulmonologists
interested in “lung and exercise” and as sports physicians focused on “exercise and
lung,” we perceived the lack of a text specifically dedicated to this topic. We
therefore thought of a text that could gather worldwide experts in a broad variety of
topics concerning the relationship between lung and exercise. When the Springer’s
invitation arrived to plan a text on sport and lung, we accepted immediately.

We started working on a text that included the adaptations of the respiratory
system during exercise, the clinical and functional assessment of subjects affected
by respiratory diseases, and the eligibility and limitations to the execution of sport
activity in chronic respiratory diseases with particular attention to the diagnosis,
prevention, and treatment of exercise-induced bronchoconstriction also in view of
the World Anti-Doping Agency rules. We included also sections concerning
respiratory muscle training and rehabilitation and a section dealing with the
relationships between the environment and sports. This book provides an updated
overview on the link between lungs and exercise, both in healthy active subjects and
in those with chronic respiratory diseases. As the first comprehensive text on this
topic, we do hope it could raise reader’s interest and fill a relevant unmet need.

We thank Springer for the innovative project and for the trust conferred and all
the authors for having adhered enthusiastically and with dedication to our
proposal.

Ferrara, Italy Annalisa Cogo

London, UK Matteo Bonini
Alghero, Italy Paolo Onorati
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Pulmonary Physiology and Response
to Exercise

Carli M. Peters and A. William Sheel

Abstract

The pulmonary system is a key element within the integrated network responsi-
ble for maintaining blood gas homeostasis. In all physiologic states, including
rest, sleep, and dynamic exercise, its primary function is to ensure that mixed
venous blood is transformed into arterial blood with appropriate partial pressures
of O, and CO,. This system faces several significant challenges to its ability to
maintain blood gas homeostasis during dynamic exercise. With a simultaneous
increase in mixed venous carbon dioxide content and decrease in mixed venous
oxygen content, ventilatory demands are significantly greater during exercise
than during rest. A reduction in transit time of red blood cells through the pulmo-
nary capillaries, resulting from an increased cardiac output, also decreases the
time available for gas exchange. To maintain blood gas homeostasis despite these
challenges, medullary neural networks and sensory reflex mechanisms tightly
regulate alveolar ventilation. The structural capacity for producing ventilation
and increasing diffusion surface area to meet the demands of dynamic exercise in
the healthy respiratory system is truly remarkable.

1.1 Introduction

The human respiratory system serves multiple functions. First, this system is
responsible for maintaining blood gas homeostasis by precisely matching the level
of ventilation to the metabolic requirement of oxygen delivery and carbon dioxide
elimination. As a given level of ventilation can be achieved in several ways, the
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respiratory system must fine-tune the breathing pattern so that maintenance of blood
gases is achieved at a minimum energy cost. Second, by regulating the body’s CO,
stores, the lung maintains an appropriate acid-base balance. Lastly, the lung receives
the entire cardiac output, and pulmonary vascular pressure and resistance must
remain low to prevent increasing the load on the right heart or damaging the thin
alveolar-capillary interface. At rest and during moderate-intensity exercise, the
structural and functional capacities of the respiratory system generally exceed the
demands placed on the system, and the aforementioned functions are readily
achieved. However, significant pulmonary limitations to exercise performance and
oxygen delivery may occur during high-intensity exercise. This chapter focuses on
the structure and function of the healthy human respiratory system and how the
increased ventilatory requirements of exercise are met.

1.2  The Structure of the Human Respiratory System

The lungs, airways, rib cage, and respiratory muscles comprise the respiratory sys-
tem. The design of the human lung is such that it permits air and blood to be in close
proximity over a very thin (about 0.3 pm in some places), large (approximately
50-100 m) surface area. Its primary function is gas exchange, to allow oxygen to
move from inspired air into the blood and carbon dioxide to move out. Fick’s law of
diffusion states that the amount of gas that moves through a sheet is inversely pro-
portional to the thickness and proportional to the area; therefore, the structure of the
blood-gas barrier is ideally suited for gas exchange. The airways are a series of
branching tubes that from proximal to distal decrease in radius and length and
become more numerous. Though multiple models of the human airway tree have
been proposed, the most widely accepted model is that of Weibel, which numbers
successive airway generations from the trachea (generation 0) down to the alveoli
(generation 23) [1]. A regular dichotomy, with each bronchus regularly dividing
into two daughter bronchi of approximately equal size, is assumed with this model.
Three-dimensional reconstruction of computed tomography scans has demonstrated
that a regular dichotomy occurs until the sixth generation of airways, but trifurca-
tions and airways that terminate early may occur beyond this point [2]. The lungs
and airways are protected within the chest cavity by the rib cage. The rib cage con-
sists of the sternum and 12 pairs of ribs anchored posteriorly to the 12 thoracic
vertebrae. The respiratory muscles modify the volume of the chest wall to produce
the pressures required for inspiratory and expiratory flow generation.

An appropriate level of ventilation is maintained by the coordinated contraction
of upper airway muscles and the inspiratory and expiratory muscles. Due to the
negative pleural pressure developed during inspiration, muscles of the upper air-
ways are responsible for stiffening and dilating the upper airways to ensure they
don’t collapse. The primary muscle of inspiration is the diaphragm. When the dia-
phragm contracts, the abdominal contents are pushed downward and forward and
the chest cavity increases in size. Other inspiratory muscles include the external
intercostals, scalene muscles, and sternocleidomastoids. Upon contraction, the
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external intercostals pull the ribs upward and forward, the scalene muscles elevate
the first two ribs, and the sternocleidomastoid raises the sternum. The primary expi-
ratory muscles are the abdominal muscles, including the rectus abdominis, internal
and external oblique muscles, and the transverse abdominis. Intra-abdominal pres-
sure increases upon contraction of these expiratory muscles and pushes the dia-
phragm upward. The internal intercostals pull the ribs downward and inward and
assist with expiration.

1.3  Control of Breathing

Precise regulation of the respiratory pattern requires a control system that is capable
of generating a respiratory rhythm, ensuring that the motor output to respiratory
muscles is timed appropriately, and receiving sensory feedback from the periphery
[3]. It is generally agreed upon that the generation of a respiratory rhythm is con-
trolled by the central pattern generator that is made up of groups of neurons located
in the pons and the medulla. Within the ventrolateral medulla, there is a group of
cells known as the pre-Botzinger complex that appears essential for generating the
respiratory pattern [4]. In the medulla, a group of cells referred to as the dorsal
respiratory group is mainly associated with inspiration, and another group of cells,
the ventral respiratory group, is associated with expiration. The respiratory rhythm
is passed from these neurons to the phrenic, intercostal, and abdominal motor nerves
via the spinal cord allowing the respiratory muscles to generate an appropriate pres-
sure. To ensure proper timing of motor output to the respiratory muscles, premotor
neurons are present in the medullary pattern generator that know what other neurons
are doing throughout the breathing cycle [5].

1.3.1 Chemical and Mechanical Sensory Inputs

The respiratory pattern generator receives several types of feedback to fine-tune
respiration. Humans have two types of chemoreceptors: one located in the medulla
and bathed in brain interstitial fluid and the other located near the bifurcation of the
carotid artery and exposed to arterial blood. A highly regulated ion composition is
maintained in the cerebral fluid surrounding the medullary chemoreceptors due to
the selective permeability of cerebral blood vessels. This selective permeability
results in carbon dioxide easily entering the interstitial fluid and quickly changing
the pH, whereas metabolic acids and bases in the plasma enter the brain interstitial
fluid very slowly. Central chemoreceptors respond to changes in PCO,, and though
they don’t respond as rapidly as peripheral receptors, after several minutes of
increased PCO,, the central chemoreceptors are responsible for most of the increase
in ventilation. Peripheral chemoreceptors are small organs that respond rapidly to
changes in pH, PCO,, and PO, in blood on the way to the brain. These small organs
receive the highest blood flow per gram of tissue of any organ in the body. The
carotid sinus nerve relays sensory information from the carotid bodies to stimulate
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the brainstem medullary respiratory neurons and shape motor nerve output to the
respiratory muscles. The respiratory center also receives feedback on the mechani-
cal state of the lung. The lung is innervated by vagal afferents that during inspiration
and activation of pulmonary stretch receptors send feedback to the medulla via the
vagus nerve (cranial nerve X) to inhibit inspiration. In response to low lung vol-
umes, receptors in the lung can also provide excitatory input to the respiratory neu-
rons. The diaphragm and abdominal muscles, similar to other skeletal muscles, also
contain receptors classified as primarily mechanical (type III) and primarily meta-
bolic (type IV) [6]. Contraction-induced mechanical and chemical stimuli activate
these receptors and send feedback to the medulla via afferent fibers within the major
motor nerves [7]. Feedback from these receptors plays a major role in controlling
both ventilation and circulation during exercise.

1.4  Breathing Mechanics

Contraction of the inspiratory muscles reduces the pressure within the alveoli com-
pared to atmospheric pressure and establishes the pressure gradient required to gen-
erate airflow into the lungs. Both the resistance to flow through the airways and the
elastic recoil of the lung must be overcome by the inspiratory muscles during inspira-
tion. Resistance to flow through the airways, governed by Poiseuille’s law, is primar-
ily dependent on airway radius. As lung volume is increased, tethering of the airways
leads to a reduction in resistance to flow. The elastic recoil of the lung is such that
without the outward recoil of the chest wall, the lung would collapse to its smallest
volume. Elastic tissues such as collagen and elastin, as well as surface tension of the
liquid film lining the alveoli, contribute to the lung’s elastic behavior. At functional
residual capacity (FRC), defined as the volume of air in the lung after a normal expi-
ration, elastic recoil of the lung is balanced by the outward recoil of the chest wall.
The elastic nature of the lung at any given volume is defined by compliance, the
change in lung volume for a given pleural pressure change (Avolume/Apressure).
The compliance of the lung is about 200 mL cm H,O~! within the range of inflation
pressures generated during resting tidal breathing (between —5 and —10 cm H,0) but
is much stiffer and less compliant at high lung volumes. During dynamic exercise,
the pressure, volume, and flow rate demands placed on the respiratory system are
significantly increased, and precise regulation of the resistive and elastic behavior of
the system is required to prevent excessive respiratory muscle work.

1.4.1 Control of Airway Caliber

The airways can be categorized as extra- or intrathoracic with the nasal, pharyngeal,
and laryngeal airways considered to be the primary extrathoracic or “upper air-
ways.” For a detailed treatment of the anatomy and physiology of the upper airway,
the reader is directed to Dempsey et al. [8]. The extrathoracic airways provide the
majority of total respiratory system flow resistance. During strenuous exercise,
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there is a significant negative intrathoracic pressure, and this downstream pressure
renders the extrathoracic airways particularly susceptible to narrowing during inspi-
ration. Fortunately, the change in airflow from a nasal route (high resistance) to an
oral route (low resistance) that occurs at minute ventilations of approximately
20-40 L/min serves to reduce airway resistance. Activation of the upper airway
musculature during inspiration provides a “stiffening” of the extrathoracic airways
which provides “traction” to abduct and dilate the upper airways [9]. The mecha-
nisms by which activation of the upper airway muscles modulate airway resistance
are unclear. However, there is some indirect evidence that activation occurs via
feedforward [10] and feedback mechanisms [11].

The intrathoracic airways are susceptible to narrowing via constriction of bron-
chial smooth muscle. However, in humans free from respiratory disease, it is known
that intrathoracic resistance is lower during and following whole-body exercise
[12]. Dilation of the bronchi with exercise occurs via a reduction in cholinergic tone
to the airway smooth muscle [13, 14]. There is also a significant mechanical aspect
to exercise-induced bronchodilation whereby lung stretch at a high tidal volume
“tethers” the airways [15].

1.4.2 Flow-Volume Relationships

During resting breathing (or eupnea), the airways expand slightly on inspiration and
during quiet expiration return to their normal diameter. Expiration is typically lon-
ger than inspiration, and the average flow rates are generally smaller during expira-
tion. When expiration is forced, airway mechanics and associated flows differ
substantially from inspiration. A maximal flow-volume curve for an individual can
be generated by having the subject inspire until total lung capacity (TLC), expire as
hard and fast as they can to residual volume (RV), and then immediately forcefully
inspire back to TLC. The resulting flow-volume curve has a characteristic shape in
healthy young subjects, which can be seen in Fig. 1.1. As lung volume falls during
the forced expiration, flow rate also falls considerably. This differs from the forced
inspiration where flow rate remains relatively constant and results in the average
flow rate being greater during inspiration than expiration. Interestingly, the expira-
tory limb of the flow-volume curve is remarkably similar in shape and size regard-
less of expiratory effort. This limitation of expiratory flow over most of the lung
volume, independent of effort, is due to the dynamic compression of airways by
intrathoracic pressure. As forced expiration proceeds from TLC to RV, airway resis-
tance must be overcome, and the high pressures near the alveoli decline and reach
atmospheric pressure at the mouth. The high intrapleural pressures generated col-
lapse the downstream airways, and the pressure difference driving expiratory flow
becomes alveolar minus intrapleural pressure instead of alveolar minus mouth pres-
sure. In some highly-trained male endurance athletes, the mechanical limits for
inspiratory and expiratory pressure development and flow generation can be reached
during exercise [16]. There is also recent evidence to show that maximal expiratory
flow is achieved during near-maximal exercise in endurance-trained female athletes
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Fig. 1.1 Maximal flow- A
volume loop. 7LC total lung
capacity, RV residual volume
Expiration
Q)
2 >
g \1c RV .
o Volume (L)
Inspiration
Y

[17, 18]. The observation of expiratory flow limitation (EFL) during exercise in
athletic humans suggests that the respiratory system is not without limits when the
high ventilatory demands of strenuous exercise are superimposed.

1.4.3 Breathing Pattern

In addition to ensuring that blood gas homeostasis is maintained, the optimal breath-
ing response also minimizes the amount of work required for a given V. The amount
of energy required to ventilate is referred to as the work of breathing (WOB).
Important variables to consider for determining the mechanical WOB are tidal vol-
ume (Vr), breathing frequency (Fg), end-inspiratory lung volume (EILV), end-
expiratory lung volume (EELV), flow rates, and duty cycle. The V, is determined by
the minute ventilation (Vi) minus the dead space ventilation (Vp). As the same level
of Vi can be achieved with different combinations of Vy and Fg, a combination of
these two variables must be established such that the increase in VE is as efficient as
possible and the Vj, is minimized. At rest, inspiration occurs primarily due to dia-
phragm contraction, and expiration is passive. As V; increases above rest, EELV
falls due to recruitment of the expiratory abdominal muscles [19]. Recruitment of
the abdominal muscles assists the inspiratory muscles in multiple ways. First, by
reducing EELYV, increases in V; can occur on the linear portion of the respiratory
system compliance curve [20]. Second, as EELV is reduced, the diaphragm is
lengthened. Lengthening of the diaphragm allows it to function at a more optimal
length for tension development, according to the length-tension relationship of the
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Untrained Trained

Ideal Response Rest Max Max
| Vi 06 27 2.9

Fs  (breaths-min™) 10 42 58

Y (Lmin) 6 113 168

YooY Y% wemin 4 93 138

P.CO, (mmHg) 39 31 38

O, (mmHg) 91 92 70

PO HR (beatsmin®) 77 190 190
SV (mL) 65 105 180

Q (Lmin7) 5 20 34

v / x V002 (L-min™) 019 3.3 6.04
Ve , (L-mint) 024 30 525
2 i 74 728 727
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Exercise Intensity

Fig. 1.2 Representative values for ventilation and pulmonary gas exchange at rest and during
maximal exercise in a healthy, untrained young adult ( Voz max 45 ML kg=' min~') and at maximal
exercise in an endurance-trained young adult (VO2 max /0 mL kg=' min~"). V; tidal volume, Fy

breathing frequency, Vx minute ventilation, V, alveolar ventilation, P,CO, partial pressure of arte-
rial carbon dioxide, P,O, partial pressure of arterial oxygen, HR heart rate, SV stroke volume,

O cardiac output, V o, carbon dioxide production, Vo oxygen uptake

muscle [21]. Third, contraction of the abdominal muscles allows storage of elastic
energy in the abdominal and thoracic walls that can be used to make up a portion of
the energy required for the subsequent inspiration [19]. During moderate increases
in Vg, there are increases in F and Vi (by reducing EELV and increasing EILV),
whereas at higher levels of VE, increases in Fy dominate. A plateau in V; ensures that
breathing occurs along the linear portion of the respiratory compliance curve.
Figure 1.2 provides representative values for ventilatory variables during rest and
maximal exercise in a healthy adult and during maximal exercise in a trained endur-
ance athlete.

1.5 Pulmonary Gas Exchange During Exercise

During exercise, V, increases in proportion to VO, and VCO, according to the fol-
lowing alveolar gas equations:

P,CO, =[VCO, +V, |xK

P,0, =P0,-[ VO, +¥, |xK
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where P,CO, represents alveolar carbon dioxide partial pressure and is assumed to
be approximately equal to arterial PCO,; P,O, is alveolar oxygen partial pressure;
PO, is partial pressure of inspired oxygen; and K is a constant (0.863). The value of
P,O, and P,CO, may be calculated using the above equations if VO, and VCO, are
expressed in mL/min and V, is expressed in L/min.

At sea level, with a Py of 760, PO, is 160 mmHg. As air is inspired it is warmed
to body temperature and completely saturated with water vapor. At body tempera-
ture, the water vapor exerts a pressure of 47 mmHg, and thus inspired air at sea level
has a PO, of approximately 150 mmHg. By the time air reaches the alveoli, the PO,
has fallen to about 100 mmHg due to continuous addition of O, to the alveoli by
ventilation as well as the removal of O, by the pulmonary capillaries. Diffusion
between the alveoli and the pulmonary capillaries occurs due to the alveolar-arterial
PO, difference (A-aDO,), which is determined by the lungs’ ability to oxygenate
blood that is returning to the lungs. As alveolar PO, can be calculated using the
equation above and arterial PO, can be measured through blood gas analysis, the
A-aDO,; is easily determined. In a resting healthy human, A-aDO, ranges from 5 to
10 mmHg. When dynamic exercise is performed by healthy individuals, P,O, and %
oxyhemoglobin saturation remain at pre-exercise values across all exercise intensi-
ties, despite A-aDO, increasing 2-3 times above resting levels.

The ability of the healthy lung to maintain P,O, despite the significant increase
in metabolic rate associated with dynamic exercise is remarkable. To facilitate this,
the surface area for gas exchange is enhanced by a three- to fourfold increase in
pulmonary capillary blood volume. Increased pulmonary capillary blood volume,
achieved via recruitment and distension of the pulmonary capillary beds, minimizes
the reduction in red cell transit time (red cell transit time = pulmonary capillary
blood volume/blood flow) that occurs with a large cardiac output. At maximal exer-
cise, red cell transit time is approximately 0.5 s compared to 0.9 s at rest. Despite
this significant reduction in time for the red blood cell to bind with oxygen, diffu-
sion equilibrium occurs and P,0, is maintained. An increased A-aDO, due to the
hyperventilation associated with high-intensity exercise also protects P,O,.

There is evidence that all is not perfect with respect to arterial blood gas homeo-
stasis during exercise in the endurance athlete. “Exercise-induced arterial hypox-
emia” (EIAH) has been reported to variable degrees in highly trained endurance
athletes and can be characterized by reductions in arterial oxygenation (Sa0O,): mild
93-95%, moderate 88-93%, and severe <88%. An excessively wide A-aDO, (>25—
30 mmHg) and inadequate compensatory hyperventilation (PaCO, > 35 Torr) com-
monly contribute to EIAH. A detailed treatment of this topic is beyond the scope of
this chapter, and the interested reader is directed elsewhere [22].

1.5.1 Acid-Base Regulation
Carbon dioxide must be continuously removed from the body via the lungs, and its

transport has a large effect on blood and tissue acid-base status. Venous blood trans-
ports CO, to the lungs in three forms: dissolved in plasma, as carbamino
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compounds, and as bicarbonate (HCO;™). CO, is approximately 24 times more sol-
uble than O,, and about 10% of the CO, transported to the lungs is in the dissolved
form. Carbamino compounds, formed by the combination of CO, with plasma pro-
teins and hemoglobin, transport 30% of CO, to the lungs. The remaining 60% of
CO, is carried in the form of HCO;~ formed by the hydration of CO, to carbonic
acid (H,COs;) during the following reaction:

CO, +H,0 © H,CO, > H' + HCO,”

The presence of the enzyme carbonic anhydrase increases the rate of the first
reaction within the red blood cell, while dissociation of carbonic acid in the sec-
ond reaction is fast without an enzyme. When the concentration of H* and HCO;~
increases, HCO;~ diffuses out of the red blood cell, but due to the cell membrane
being relatively impermeable to cations, H* cannot. To balance the movement of
negative ions out of the red blood cell, C1~ ions diffuse into the cell and maintain
electrical neutrality (“chloride shift”). Upon arrival at the lung, the above pro-
cesses are reversed, and CO, is eliminated through alveolar ventilation. Compared
with removal of acids that occurs via the kidney (about 100 milliequivalents per
day), the lung excretes over 10,000 milliequivalents of carbonic acid per day.
Therefore, by altering alveolar ventilation, the body has significant control over
its acid-base status. During light exercise there is little change to the acid-base
status of arterial blood, despite increases in mixed venous PCO, and reductions
in pH. Metabolic acidosis occurs as exercise intensity is increased, resulting in
arterial pH decreases and blood lactate increases. Increased exercise intensity
also leads to hyperventilation and a concomitant decrease in P,CO,. The degree
of hyperventilation varies between individuals, with P,CO, decreasing as much
as 15 mmHg in some people and as little as 2-3 mmHg in others. Figure 1.2
provides representative values for pulmonary gas exchange variables and pH
during rest and maximal exercise in a healthy adult and during maximal exercise
in a trained endurance athlete.

1.6  Cardiopulmonary Interactions

The human cardiovascular and respiratory systems are inseparably integrated such
that manipulation of one system will have consequences for the other. This is par-
ticularly the case under conditions of dynamic exercise. For example, relative
homeostasis of arterial blood gases is dependent upon the coordinated changes that
link alveolar ventilation, cardiac output, blood flow, and tissue metabolism. As
such, the interactions between the heart, vasculature, lungs, and muscles of respira-
tion are an important consideration for our understanding of integrative human
physiology. We have broadly classified cardiopulmonary interactions into two cat-
egories: (1) mechanical interactions and the respiratory pump and (2) respiratory
muscle blood flow.
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1.6.1 Mechanical Interactions and the Respiratory Muscle Pump

The heart and lungs occupy the intrathoracic space, and as such exercise-induced
changes to volume and pressure must be considered for both organ systems. During
inspiration under resting conditions, there is a corresponding negative intrathoracic
pressure that is also “seen” by the heart. With inspiration, and the associated nega-
tive intrathoracic pressure, the pressure gradient across the walls of the heart
increases and is thought to augment cardiac preload. This is accomplished by a
reduction in right atrial pressure with inspiration which expands the pressure gradi-
ent for venous return. With expiration and the increase in intrathoracic pressure,
there is an enhanced ventricular emptying which transiently increases stroke vol-
ume. Under conditions of systole at rest, the lowering of intrathoracic pressure with
inspiration widens the transmural pressure gradient across the walls of the heart and
hampers ventricular emptying. On the other hand, during expiration, the positive
intrathoracic pressure augments ventricular emptying. Increases in abdominal pres-
sure during diaphragmatic contraction can compress the inferior vena cava and
reduce blood return from the lower limbs [23]. A further consideration is the amount
of blood volume in the inferior vena cava. When blood volume in the inferior vena
cava is high (preceding inspiration), a rise in abdominal pressure will force blood
toward the heart, whereas when blood volume is low (end-inspiration), a small vol-
ume of blood will be forced upward [24].

Under conditions of dynamic exercise, it is well known that rhythmic contraction
of the locomotor muscles pushes blood back to the heart and is commonly referred
to as the “skeletal muscle pump.” There is general agreement that the skeletal mus-
cle pump is essential in maintaining venous return during exercise. How respiratory
muscle contraction modulates venous return and cardiac output during dynamic
exercise in humans is difficult to study owing to the invasiveness of the measures
and anatomical complexities. However, there is evidence that there is a significant
modulatory effect of respiration on venous return during cycling exercise [25].
Miller et al. [26] studied healthy humans who performed plantar flexion exercise
while breathing with their diaphragm or with their rib cage. Blood flow in the work-
ing limb was assessed using Doppler ultrasound. There was significant within-
breath modulation of femoral venous blood flow that persisted despite the presence
of rhythmic calf contraction forcing blood centrally. These findings point to the fact
that the cardiovascular system is susceptible to manipulation by respiratory pres-
sures during exercise. Lastly, additional evidence to show that respiratory muscle
pressure generation during exercise influences blood flow comes from studies that
have used positive pressure mechanical ventilation during inspiration [27]. Here,
the less negative intrathoracic pressure with mechanical ventilation resulted in sig-
nificant decreases in stroke volume and cardiac output presumably because a less
negative intrathoracic pressure limits cardiac preload. In sum, there appears to be
good evidence to suggest that the pressures produced by the respiratory muscles
during inspiration can contribute to the cardiac output and stroke volume responses
to whole-body dynamic exercise.
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1.6.2 Respiratory Muscle Blood Flow

Skeletal muscle blood flow and metabolism are closely matched during exercise
[28]. Studying the coupling of blood flow and metabolism with respect to the respi-
ratory musculature in humans is difficult for technical and anatomical reasons. As
such, much of what is known about respiratory muscle blood flow during exercise
comes from animal studies or indirect evidence in humans. For example, Manohor
completed a number of complex studies examining respiratory muscle blood flow
using radionuclide-labeled microspheres. Here it was shown that in maximally
exercising equines the diaphragm and locomotor muscle vasculature achieved com-
parable and increased blood flow rates (>300 mL min~! 100 g=") [29-31]. The blood
flow to respiratory muscles was approximately 15-16% of the total cardiac output
in the equine at maximum exercise [31], and qualitatively similar blood flow values
have been reported in other species including rodents and dogs. In healthy, aerobi-
cally trained humans, a comparable fraction of cardiac output has been reported for
respiratory muscles during maximal exercise [27]. These estimates of respiratory
muscle blood flow are similar to those based on measures of “trunk and head” flow
using dye dilution via catheterization of the subclavian and femoral veins [32]. It
appears that blood flow to the respiratory musculature based on different experi-
mental approaches and species is approximately 14-20% of cardiac output.

To sustain heavy exercise, the muscles of locomotion must generate significant
force for a prolonged period. In order to ensure appropriate alveolar ventilation dur-
ing exercise, the force output of the muscles of respiration is also substantial and
must be considered. Evidence to support this concept comes from studies where
high levels of ventilatory work are reduced during heavy exercise using a ventilator
and blood flow to active limbs is increased [33]. Conversely, when the work of
breathing is increased via inspiratory resistors, leg blood flow is decreased. The
alterations in leg blood flow that result from the manipulation of ventilatory work
imply a competitive relationship between locomotor and respiratory muscles for a
finite cardiac output. The hypothesis here is that high levels of respiratory muscle
work and the associated accumulation of metabolites in the respiratory muscles
activate type III-1V phrenic afferents, which induce reflex increases in limb sympa-
thetic vasoconstrictor activity or “respiratory muscle metaboreflex” [34]. Recently,
Dominelli [35] reduced the WOB with a proportional assist ventilator in subjects
cycling at near-maximal intensities and measured respiratory and leg muscle blood
flow using near-infrared spectroscopy optodes placed over the sternocleidomastoid
muscles, vastus lateralis, and vastus medialis coupled with a venous indocyanine
green dye injection. Lowering the normally occurring WOB reduced sternocleido-
mastoid blood flow and increased leg blood flow (Fig. 1.3). These findings support
the concept that respiratory muscle work significantly influences the distribution of
blood flow to both respiratory and locomotor muscles. Unloading the respiratory
muscles during high-intensity exercise prevents diaphragm fatigue [36] and attenu-
ates locomotor muscle fatigue at end exercise [37] further emphasizing the inte-
grated nature of respiratory influences on the physiology of whole-body exercise.
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Fig. 1.3 Individual values for sternocleidomastoid (a), vastus lateralis (b), and vastus medialis (c)
blood flow index and work of breathing. Open symbols represent trials while breathing on a pro-
portional assist ventilator, and filled symbols represent trials breathing on a resistor. BFI blood
flow index, SCM sternocleidomastoid, VL vastus lateralis, VM vastus medialis, WOB work of
breathing. From Dominelli PB, Archiza B, Ramsook AR, Mitchell RA, Peters CM, Molgat-Seon
Y et al. Effects of respiratory muscle work on respiratory and locomotor blood flow during exer-
cise. Exp Physiol. 2017 102(11):1535-47

1.6.3 Mechanical Efficiency of Exercise Hyperpnea

As Vi increases, there is an associated increase in metabolic and circulatory costs of
generating the mechanical WOB [38]. To determine how efficiently the respiratory
muscles are able to produce the mechanical WOB, the oxygen cost of breathing
(VOsry) can be determined. The VOygy can be estimated by having subjects mimic
their exercise breathing pattern at rest while measuring VO,. Respiratory muscle
efficiency can then be calculated by dividing the measured VO,gy; by the ideal oxy-
gen uptake needed to perform the measured WOB [39]. The ideal oxygen uptake
can be calculated by converting the measured WOB into units of oxygen. When
hyperpnea of exercise is mimicked at rest, with careful matching of operating lung
volumes and pressure generation between exercise and mimicking trials, mechani-
cal efficiency of the respiratory muscles has been estimated to range from 4 to 7%
[39, 40]. The estimated mechanical efficiency in these studies is likely underesti-
mated due to the difficulty in measuring all the work associated with breathing.
Measuring WOB using an esophageal catheter does not account for the energy
required to sustain muscle contraction [41], the work done to distort the chest wall
at high ventilations [42], and the work associated with increased velocity of muscle
shortening [43]. Given the substantial amount of work required to maintain Vg at
levels 20-25 times greater than the rest, as well as the relatively low mechanical
efficiency of exercise ventilation, the oxygen cost of sustained ventilation during
endurance exercise is high. In healthy untrained subjects (VOZmax,
40-50 mL kg=' min™'), the oxygen cost of ventilation is approximately 7-10%
VO, and in highly trained subjects (VO,pay, >60 mL kg~ min~') is 13-16% of
VOoax [39, 40].
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1.7 Summary

We have presented the case that in health, the human respiratory system is, in many
ways, ideally structured and regulated to meet the demands of dynamic exercise.
Increases in ventilation during high-intensity exercise serve to ensure appropriate
oxygenation of arterial blood along with the elimination of metabolically produced
CO, and pH regulation. This is accomplished via well-suited anatomical structures
and a complex feedforward and feedback neural control system that requires coor-
dinated contractions of the respiratory musculature. There are some notable excep-
tions to the concept of “ideal structure and function” where some otherwise healthy
athletes (i.e., non-asthmatic or other cardiorespiratory diseases) exhibit exercise-
induced arterial hypoxemia and fatigue of the diaphragm.

Key Points

e Pressure, volume, and flow rate demands placed on the pulmonary system
are significantly increased during exercise.

e Feedforward (central command) and feedback from sensory receptors pro-
vide the stimuli for exercise hyperpnea.

e The capacity of the respiratory system is, in most cases, well-suited to
meet the demands placed on it during dynamic exercise.
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Abstract

Negative cardiovascular events represent the main risks associated with exercise.
Also in healthy individuals, such risks increase during high-intensity exercise
compared to rest, but still the absolute risk of a cardiac event remains low. Of
course, high-intensity exercise increases significantly the risk of such events in
subjects with cardiovascular diseases. Instead, respiratory diseases are rarely a
contraindication for physical or sport activities but may condition their practice
and therefore should be diagnosed. A lack of consensus still exists on the extent
of medical investigations required before prescribing any exercise programme,
even if it is of high intensity. Medical history and physical examination are man-
datory to detect subjects at moderate to high risk of cardiovascular events.
Questionnaires can only contribute marginally to this evaluation process, whereas
they surely represent a useful tool for measuring physical activity. The medical
history should be sufficiently detailed and tailored to include past and current
informations, including those regarding daily physical activity. For this last
aspect, questionnaires, besides being inexpensive and easy to apply, are also sen-
sitive and suitable to detect relevant characteristics of patients’ daily life physical
activities and related limitations. However, there is still an insufficient knowl-
edge about reliability, validity and sensitivity of such questionnaires for older
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adults or patients with chronic diseases. The physical examination should allow
to detect signs that in combination with the medical history and characteristics of
symptoms may be suggestive of some specific disease.

2.1 Introduction

The aim of the present chapter is to provide informations on the evaluation process
prior to any type of exercise prescription, from physical fitness to clinical exercise
testing. By definition physical fitness corresponds to a set of individual characteristics,
either health- or skill-related, that influence the ability to perform a certain type or
intensity of physical activity.

Risks associated with exercise are usually of cardiovascular nature (e.g. myocardial
infarction or sudden cardiac arrest), which usually do not occur in healthy individuals
while performing light- to moderate-intensity physical activity [1, 2]; such risks
increase during high-intensity exercise compared to rest, but still the absolute risk of a
cardiac event remains low. Of course, high-intensity exercise increases the risk of such
events in subjects with cardiovascular diseases [3—5]. Chronic respiratory diseases are
rarely considered as absolute contraindications for physical or sport activities but may
be responsible for significant limitations to their execution, and, therefore, they need to
be diagnosed and treated (e.g. asthma and/or allergic diseases especially in young sub-
jects, chronic obstructive pulmonary disease in older ones particularly active and previ-
ous smokers) [6, 7]. Medical history and physical examination are mandatory to detect
or to better characterize individuals at moderate to high risk of cardiovascular events.
Questionnaires on physical activity can partly contribute to this evaluation process.
However, there is still lack of consensus on the extent of medical investigations (e.g.
stress testing) required before prescribing any exercise programme, even if it is of high
intensity. The ATS/ERS task force for standardization of spirometry suggests the exe-
cution of a spirometry for the assessment of health status before starting strenuous
physical activity programmes [8]. It is reasonable, as also considered by the American
College of Cardiology/American Heart Association (ACC/AHA) [9], to prescribe
exercise stress testing in individuals with increased risk of cardiovascular diseases
(CVD). In Table 2.1 are listed the American College of Sports Medicine (ACSM) rec-
ommendations [10] for exercise testing prior to initiating physical activity. These con-
siderations obviously do not concern the evaluation of athletes or subjects participating
in competitive sports activities, for whom stress testing is required.

2.2 Medical History

The medical history should be sufficiently detailed and tailored to include past and
current information (see Box 2.1). The following are the components of medical
history that should be appropriately included:
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Table 2.1 ACSM recommendations for exercise testing prior to initiating physical activity

1. New possible or unstable symptoms of cardiovascular disease.
2. Diabetes mellitus and at least one of the following factors:
(a) Age > 35 years.
(b) Type 2 diabetes mellitus >10-year duration.
(c) Type 1 diabetes mellitus >15-year duration.
(d) Hypertension with systolic blood pressure > 140 or diastolic >90 mmHg.
(e) Hypercholesterolaemia with total cholesterol >240 mg/dL.
(f) Smoking.
(g) Presence of microvascular disease.
(h) Peripheral artery disease.
(i) Autonomic neuropathy.

(j) Family history of CAD in first-degree relative <60 years.
3. End-stage renal disease.

4. Symptomatic or diagnosed chronic pulmonary disease (e.g. COPD, asthma, interstitial lung
disease, cystic fibrosis).

1. Risk factors for cardiovascular and pulmonary diseases: hypertension, smoking
history, alcoholic habit, professional exposure, diabetes, dyslipidaemia, obesity,
metabolic syndrome.

2. Past medical history.

(a) Cardiovascular diseases: coronary artery disease (CAD) (myocardial infarc-
tion, acute coronary syndromes), heart failure, valvular dysfunction, periph-
eral vascular disease, deep vein thrombosis.

(b) Previous cardiovascular interventions: percutaneous coronary interventions
(angioplasty and stenting), coronary artery bypass surgery, valvular surgery,
pacemaker and cardioverter defibrillator implant, ablation interventions for
arrhythmias, cardiac transplant.

(c) Pulmonary diseases: chronic obstructive pulmonary disease (COPD), asthma
and allergic diseases, interstitial lung diseases, cystic fibrosis, pneumothorax,
pleuritis, previous thoracic procedures.

(d) Cerebrovascular diseases: stroke, transient ischaemic attacks, epilepsy.

(e) Blood dyscrasias.

(f) Musculoskeletal disorders: congenital or acquired myopathies, osteoporosis,
osteoarthritis, rheumatoid arthritis, spondyloarthritis, degenerative disc
disease, orthopaedic interventions for bone fractures, articular replacement.

(g) Cancer.

3. Family history of cardiovascular, pulmonary (asthma, emphysema, cystic fibro-
sis, atopy) and metabolic diseases, sudden death.

4. Social history: in addition to tobacco and alcohol also drug use and/or addiction,
home/work exposure.

5. Exercise history and physical activity, which means any bodily movement pro-
duced by skeletal muscles that results in energy expenditure [11]. In clinical
setting, it can be assessed by the use of diaries and questionnaires.
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Furthermore, any kind of symptoms reported during or after physical exercise
(chest pain, cough, palpitation, dyspnoea) should also be included. For physical and
sport activity in special environments, medical history should include symptoms
related to specific pathologies like high-altitude illness (headache, dizziness, nausea,
dyspnoea) [12] or diving-related illness (decompression sickness, diving-induced
pulmonary oedema) [13, 14].

2.3 Questionnaires

Physical activity is considered an important index for the evaluation of the efficacy
either of therapeutic interventions in clinical trials or of public health interventions.
There is a significant evidence demonstrating the importance of daily life physical
activity in the management and prevention of many chronic diseases [15-19]. Many
objective (e.g. pedometers, accelerometers, GPS technology) and subjective
assessments are available for the evaluation of physical activity. Evaluating daily
life physical activity by the use of questionnaires and/or diaries has the main
advantage of being inexpensive and easy to apply. Patient-reported outcome (PRO)
questionnaires represent the most common subjective tool of assessment, which
consists in self-report measures of own health condition directly expressed by the
patient without any external interpretation. Even though an association exists
between the tested physical activity questionnaires and health/functioning variables,
the formers are potentially more sensitive and suitable to capture relevant
characteristics of patient daily life physical activities and related limitations. To this
end, it is important that the format of the questionnaire is correctly structured and
characterized by questions and answers that are easily comprehensive for the
patient, so as to better orient the therapeutic strategy in a more appropriate and
patient-centred manner.

It is known that many factors may influence the accuracy of these techniques or
induce bias in the assessment, such as:

(a) Individual characteristics such as cognitive capacity, age and cultural and social
factors [20-22].

(b) The accuracy in the perception of certain type of activities, especially those of
light intensity (e.g. self-care, home management) [23].

(c) The timing of information recall, which may differ from periods of hours to the
entire lifetime [24, 25] and may cause difficulties, especially in elderly subjects,
when recalling over long period of time; in fact, reliability of information
recalled may decrease in relation to the length of the period examined [26].

(d) The structure and the design of a questionnaire, either in terms of comprehensi-
bility or simplicity, that can provide better reliability and prevent subjects from
being demotivated or feel confused by long and complicated questionnaires
[26, 27], either in terms of response options, where it has been documented a
higher amount of self-reported physical activity by the use of interval response
questions compared to open options [28].
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It should be also considered the reduced accuracy of energy expenditure estima-
tion by the use of tables of energy cost of different physical activities, which may
vary significantly between subjects due to different factors, such as body weight or
movement skill efficiency; moreover, there’s still a lack of information on the energy
cost of many daily life activities [29, 30].

Although there have been several reviews on physical activity PRO question-
naires in recent years, the knowledge about reliability, validity and sensitivity of
questionnaires for older adults or patients with chronic diseases (e.g. COPD) [31] is
still insufficient, and more high-quality validation studies are needed.

Reliability consists in the ability of an instrument to yield correlated results when
applied to the same population under similar conditions on at least two successive
occasions [32]. Low reliability may be found when reporting low-intensity activities
and/or in long test-retest intervals, as well as when a questionnaire is submitted by
different interviewers [33, 34]. Test-retest reliability has been investigated in several
questionnaires (e.g. the Physical Activity Scale in the Elderly or PASE, the
Minnesota Leisure Time Physical Activity Questionnaire, Zutphen Physical Activity
Questionnaire or ZPAC, Baecke’s questionnaire) when administered to the general
elderly population [35-38], while there is a lack of information on this issue in
patients with chronic diseases such as COPD. It must be noted that test-retest
reliability may be also negatively influenced by the day-to-day variability of
subjects’ daily physical activity, which, in turn, may be caused by different factors
such as age or employment status [39].

Validity is the assessment of whether an instrument measures what is actually
supposed to measure [32]. It should be indicated by the correspondence of the
instrument’s results to the criterion or “gold standard” method, such as objective
measurements of physical activity (e.g. motion sensors, oxygen consumption
measurements) or other validated questionnaires. First of all, cultural confounding
factors should be taken into account when utilizing translated questionnaires [40].
Many evidences in the literature have shown that questionnaires correlated well
with the criterion methods mostly for high-intensity physical activity and less for
those of light or moderate intensity [27]; this therefore may reduce the validity of
these questionnaires if applied to patient populations that are more compromised in
terms of physical activity.

Sensitivity, also intended as responsiveness, refers to the capacity of an instru-
ment to detect statistically significant changes over time that are expected to occur
[41] and is closely linked to the reliability and validity of the instrument itself.
Questionnaire sensitivity to interventions (e.g. rehabilitation programmes) has been
documented in elderly populations and COPD patients for some aspects of daily
physical activity (e.g. functional status, quality of life) [42—44].

Different systematic reviews on subjective physical activity monitoring have
been published, which considered and analysed questionnaires developed for dif-
ferent categorized populations such as the elderly, patients with chronic respira-
tory disorders and in particular with COPD, patients with other specified diseases
(e.g. cardiovascular, musculoskeletal and rheumatoid disorders) and also patients
with unspecified chronic diseases or disability [31, 45-47]. As pointed out in
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these reviews, questionnaires should not be focused only on physical activity
alone but also on different physical activity domains, such as daily life activity,
general activity and mobility and work or social or leisure time activities, and
should consider related symptoms. The format of answer options may be also
very heterogeneous, such as numerical, categorical (e.g. yes/no) or visual ana-
logue scales. Therefore, it may be difficult to decide, among different options,
which is the most appropriate for a specific study population or type of question-
naire used.

It should be considered also that PRO questionnaires alone are not sufficient
to capture all the significant aspects of the physical activity in patients with
chronic diseases, such as differentiating specific patterns of physical activity or
highlighting even minimal changes on a day-to-day basis. Probably the combina-
tion of both objective and subjective measurements should allow a more accurate
evaluation of physical activity in chronic diseases, as pointed out in a recent
study on COPD population conducted within the framework of the European
Union Innovative Medicines Initiative PROactive project (www.proactivecopd.
com) [48]. In this multicentre study, authors conducted a 6-week, randomized,
two-way crossover assessment of physical activity in a COPD, combining infor-
mations obtained from two versions of PRO questionnaires (characterized by a
daily and a 7-day recall assessment, respectively) and two activity monitors
(accelerometers). They concluded that items generated from subjective experi-
ences in combination with measurements of an activity monitor should provide a
more comprehensive assessment of all relevant dimensions of physical activity in
patients with COPD [49].

Questionnaires have been also created for the assessment and management of
chronic respiratory disorders, such as asthma and COPD. In the management of
patients with asthma, different questionnaires, either categorical (e.g. the Royal
College of Physicians three questions) [50] or numerical (e.g. Asthma Control
Questionnaire, Asthma Control Test) [51, 52], have been developed, in particular for
the evaluation of symptom control, an aspect of considerable importance in the
therapeutic decision-making process. As well as in the assessment and management
of patients with COPD, formal symptomatic assessment tools based on question-
naires have been required. Between these, the Modified British Medical Research
Council (mMRC) questionnaire has been considered adequate for assessment of
symptoms (e.g. dyspnoea), as it relates with measures of health status and future
mortality risk [53-56]. More comprehensive disease-specific health status question-
naires have been also developed, some probably too complex to use in routine prac-
tice (e.g. St. George’s Respiratory Questionnaire) [57], while others are simpler but
still suitable [58, 59].

Other types of questionnaires have been conceived and validated as screening
and/or evaluation tools of the incidence and/or prevalence of particular diseases in
specific study populations (e.g. athletes) [60].
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24  History of Symptoms and Physical Examination

The physical examination allows to detect signs that in combination with the history
and characteristics of symptoms may be suggestive, although often not specific, of
cardiovascular, pulmonary or other (e.g. neurological, metabolic) diseases [61, 62].

Chest discomfort is one of the principal manifestations of cardiac disease and in
particular coronary artery disease (CAD) but is not specific, because it may occur
also in pulmonary and other diseases (e.g. neuromuscular). Features suggesting a
cardiac ischaemic origin are the location, usually anteriorly in the midthorax or
substernal, with irradiation to the neck and/or to the jaw and/or to ulnar side of the
left forearm or both arms; the character is usually constricting or squeezing and
often is elicited by some provoking factors such as exertion or other forms of stress.
An ischaemic origin is less likely if the symptom is provoked by specific body
motion or if is aggravated by respiration.

Palpitations are often described as “being aware of a rapid or forceful heart beat-
ing” and may be provoked by different disorders of heart rhythm, both bradycardic
and tachycardic (tachycardia, ectopic beats), or by valvular impairments (e.g. valvu-
lar regurgitation). Palpitations may occur also in the presence of gas exchange (e.g.
hypoxaemia) or circulatory (e.g. pulmonary hypertension) abnormalities present
also in other diseases (e.g. pulmonary, neuromuscular, obesity, respiratory sleep
disorders).

Cough, productive or not, is very common in respiratory diseases but may be
present also in others. Recently onset or acute cough may be caused by viral or
bacterial respiratory infections. Chronic cough in smokers is usually due to
COPD. Otherwise, rhinosinusitis or gastro-oesophageal reflux may be involved.
The cough may be a manifestation of bronchial hyperreactivity, especially in
subjects with a family history of allergy and/or symptoms of rhinitis. Haemoptysis
may be seen during an acute respiratory infection and may require clinical
investigations to exclude bronchiectasis, tuberculosis or lung cancer.

Short of breath or dyspnoea is usually described as uncomfortable breathing
that may occur at rest or during exertion and is characteristic either of cardiac or
pulmonary diseases. A cardiac origin (left ventricular dysfunction) may be sus-
pected when it occurs at rest in recumbent position, especially with paroxysmal
nocturnal character, and is relieved by sitting or removing from the supine position.
Nocturnal dyspnoea may be experienced also by patients with COPD but is usually
associated with bronchial secretions and may be relieved by their clearance and/or
the prompt use of medical devices (e.g. rapid response bronchodilators). Unexpected
or abnormal exertional dyspnoea suggests a cardiopulmonary disease. If the dys-
pnoea occurs during or, most frequently, after exercise, an exercise-induced bron-
chospasm (EIB) may be suspected [63, 64]. A rare but potentially fatal syndrome
is exercise-induced anaphylaxis (EIAn) [65], which is frequently related to food
ingestion.
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Syncope can be defined as a transient and complete loss of consciousness with a
rapid onset, associated with inability to maintain postural tone, with rapid and
spontaneous recovery. The presumed mechanism is cerebral hypoperfusion. Clinical
features of other nonsyncope causes of loss of consciousness must be absent (e.g.
seizure, pseudosyncope). Cardiac syncope may be caused by bradycardia,
tachycardia or hypotension due to low cardiac index, blood flow obstruction,
vasodilatation or acute vascular dissection [66, 67].

Intermittent claudication is characterized by muscle pain (often described as a
cramp) in the legs during activity (e.g. walking), and it resolves within 1-2 min after
stopping the activity. It is the consequence of an inadequate circulatory supply of
blood and oxygen to the exercising muscles, usually secondary to atherosclerosis;
this explains why CAD has a high prevalence in subjects with this disorder. Diabetes
represent a major risk factor for this condition.

Inspection during physical examination may reveal: chest wall abnormalities are
very important for the physiological adaptations to exercise. Kyphoscoliosis may
cause functional restrictive respiratory defect and is characterized by an increased
work of breathing. Pectus excavatum and pectus carinatum may be associated with
functional respiratory abnormalities and also with cardiovascular malformations
(Marfan’s syndrome).

The digital clubbing is associated with various pulmonary diseases: bronchiecta-
sis, idiopathic pulmonary fibrosis (IPF) and lung cancer.

Jugular vein turgor, assessed with the patient positioned supine with the head-
neck-thorax axis at 45°, is expressive of increased jugular vein pressure, which may
be caused by different cardiocirculatory abnormalities (e.g. right ventricular failure,
tricuspid stenosis or regurgitation, pericardial effusion or constrictive pericarditis,
superior vena cava obstruction, fluid overload, hyperdynamic circulation).

Soft tissue oedema of the ankles and/or legs and/or feet when bilateral is charac-
teristic of congestive heart failure or bilateral chronic venous insufficiency, espe-
cially if it worsens in the evening. It may occur in patients with COPD, in the
presence of gas exchange abnormalities (e.g. persistent hypoxaemia and/or
hypercapnia) or right ventricular dysfunction (e.g. “cor pulmonale”). Generalized
oedema or anasarca can be observed not only in severe chronic heart failure but also
in chronic hepatic (e.g. cirrhosis) or renal (e.g. nephrotic syndrome) disorders.

Heart auscultation during physical examination may reveal extra sounds or heart
murmurs known or found, which may represent valvular and/or cardiovascular
disease. Among these, hypertrophic cardiomyopathy and aortic stenosis must be
ruled out because they represent the more common causes of sudden cardiac death
during exercise. Auscultation should be performed with the patient in the supine
position, with the diaphragm of stethoscope at right second interspace at the sternal
border (aortic area), left second interspace (pulmonic area) and then left third, fourth
and fifth interspaces (tricuspid area) and at the apex fifth interspace at midclavicular
line (mitral area). Intensity, thythm and splitting of sound on each event of the
cardiac cycle should be noted. Positioning the patient over onto left side and
auscultating with the bell of stethoscope at the apex (mitral area) can help to detect
some extra sounds or murmurs (low-pitched sounds of S3 and S4 and murmur of
mitral stenosis; see below), or asking patient to sit up, lean forward and hold breath
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in exhalation, listening with diaphragm of stethoscope along left sternal border and
at the apex and pausing periodically for patient to breathe can help to accentuate
aortic murmurs or to detect pericardial friction rub. The heart first sound (S1/“lub”)
may be accentuated (e.g. tachycardia, anaemia, hyperthyroidism, mitral stenosis),
diminished (e.g. mitral regurgitation, congestive heart failure) or varying (e.g.
complete heart block, atrial fibrillation); an abnormal splitting may be due to right
bundle branch block or premature ventricular contractions. The heart second sound
(S2/“dub”) may be physiologically split when it disappears on expiration, whereas
it is pathological when it occurs during expiration (e.g. atrial septal defect, heart
block) or is persistent (e.g. aortic stenosis, pulmonary hypertension).

Extra sounds in systole may be represented by high-pitched, sharp clicks that
may be heard early (shortly after S1) at the base and apex (e.g. dilated aorta, valve
disease or congenital stenosis) or in the second and third interspace (e.g. dilatation
of pulmonary artery, pulmonary hypertension, pulmonic stenosis). A systolic click
heard in mid or late systolic (before S2) at the apex or left lower sternal border is
usually due to mitral valve prolapse. Extra sound in diastole may be represented by
(a) an opening snap heard after the A2 (aortic) component of the second heart sound
(S2), which correlates to the forceful opening of the mitral valve (e.g. mitral
stenosis); (b) pathological third sound S3 (ventricular gallop) which occurs at the
beginning of the middle third of diastole, approximately 0.12 to 0.18 s after S2 and
may indicate serious problems like heart failure; and (c) fourth heart sound or S,
(atrial gallop) which is an extra heart sound that may occur just after atrial contraction
and immediately before the systolic S; and is caused by the atria contracting
forcefully in an effort to overcome an abnormally stiff or hypertrophic ventricle.

Heart murmurs can be midsystolic (e.g. pulmonic stenosis, aortic stenosis, hypertro-
phic cardiomyopathy), pansystolic (e.g. mitral regurgitation, tricuspid regurgitation,
ventricular septal defect) and diastolic (e.g. aortic regurgitation, mitral stenosis).

Lung auscultation may reveal adventitious breath sounds, such as:

(a) Fine crackles/rales, intermittent, late in inspiration and/or expiration, nonmusi-
cal, brief and high-pitched (as, e.g. pneumonia, early heart failure, bronchitis)
or coarse crackles/rales intermittent, early or late in inspiration and/or expira-
tion and louder (as, e.g. fibrosis, bronchiectasis).

(b) Wheezes longer, musical, intermittent, high pitch, hissing or shrill that are
expression of narrowed airways, predominant during expiration (e.g. asthma,
COPD, bronchitis if cleared with cough) or persistent and localized during
inspiration and/or expiration (e.g. tumour/foreign body).

(c) Stridor is a predominant inspiratory wheeze, louder in the neck than the chest,
which may result from a partial obstruction of the larynx or trachea (e.g. foreign
body or croup).

(d) Pleural rub is creaking and usually confined to a small area and in both phases,
in- and expiratory, which is the expression of inflamed, roughened surfaces
grating against each other (e.g. pleurisy).

(e) Rhonchi are longer, musical and intermittent with lower pitch than wheezes and
snoring quality and may be due to secretions in large airways (e.g. bronchitis,
often cleared with cough).


https://en.wikipedia.org/wiki/Heart_sound
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Key Points

Risks associated with exercise are usually of cardiovascular nature and
may increase significantly during high-intensity exercise in subjects with
cardiovascular diseases or correlated risk factors. Lack of consensus still
exists on the extent of medical investigations required before prescribing
any exercise programme.

The respiratory diseases rarely contraindicate physical exercise and sport
but may condition their practice and therefore should be detected and
carefully evaluated.

Questionnaires are useful to capture relevant characteristics of patients’
daily life physical activities and related limitations, but still there is a lack
of knowledge about their reliability, validity and sensitivity in older adults
or patients with chronic diseases.

A careful physical examination may allow to detect signs that in combina-
tion with the medical history and characteristics of symptoms may be
indicative of some specific disease.

Box 2.1: A Model of Medical History Collection
(A) General Informations

First and last name:

Home address:

E-mail:

Phone: Home: Work: Mobile:
Occupation:

Date of birth: Age

Gender: [0 Male [J Female

(B) Past medical history

1. Childhood illnesses with residual abnormalities or health concerns for
the future? (i.e. Polio with isolated weaknesses; Rheumatic Fever
with heart valve damage, etc.)

O Yes [0 No
If yes, please explain:

2. Adulthood illnesses:
Heart Disease [ Yes [J No High Blood Pressure  [J Yes [J No
Diabetes O Yes OJ No Asthma 0O Yes (0 No
Emphysema/COPD ([ Yes (JNo Other Lung Disease [ Yes [J No
Kidney disease O Yes (0 No Lung Cancer O Yes O No
Other Cancer O Yes O No High Cholesterol O Yes O No
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Anaemia [JYes [JNo Other blood dyscrasia [ Yes [J No
Stroke or other central Nervous System injuries 0O Yes OO0 No
Muscular and/or osteoarticular disease O Yes (0 No
Unusual Infections [ Yes (0 No Other Illnesses (J Yes (J No
If yes, further details below:

3. Hospitalization for anything other than surgery?
0O Yes OO0 No
If yes, for what, and when?

4. Surgical procedures in the past O Yes [J No
If yes, which type and when?

5. Injury in the past with any compromise of function?
0O Yes OO0 No
If yes, details:

6. Any specialized diagnostic procedures in the past? (i.e. heart catheter-
ization, CAT or MRI scans, ergometric or stress test studies, etc.)
0O Yes O No.
If yes, provide details:

7. List of medications and dosages

8. Vaccinations:
O Pneumovax [J Influenza (J Hepatitis A / B series [J others
Date:
9. History of allergies?
Inhaled OJ Yes 0 No Food [ Yes (0 No
Contact [J Yes 0 No Drug O Yes O No
Iodine or Intravenous Contrast Dye? [J Yes [J No
If yes, provide details below:

(C) Family history
Is your father living? [ Yes [J No Age (or age at death)?

Diseases:
O Heart Disease O Diabetes (J Lung Disease/Emphysema/COPD
O Cancer O High Cholesterol O High Blood Pressure

O Serious Infections [ Other Illnesses
Please provide details:

Is your mother living? OJ Yes (J No Age (or age at death)?
Diseases:
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0 Heart Disease  [J Diabetes [J Lung Disease/Emphysema/COPD
O Cancer O High Cholesterol O High Blood Pressure
O Serious Infections [J Other Illnesses

Please provide details:

Are any siblings deceased? [J Yes [J No Age (or age at death)?

Diseases:
0 Heart Disease  [J Diabetes [J Lung Disease/Emphysema/COPD
O Cancer O High Cholesterol O High Blood Pressure

O Serious Infections [ Other Illnesses
Please provide details:

(D) Social history

Tobacco use: OYes ONo if yes which
products:

current smoker (JYes (J No ex-smoker (JYes (J No

How many years years n° Cigarettes/Cigar/other per day___
Packs of cigarette/year_____

Alcohol use: OYes ONo, if yes which
products:

How many drinks do you drink daily?____/day Years of regular
drinking years Do you have / had alcohol addiction?
O Yes OO No

Drug Use: [ Yes O No if yes which products:

Do you have / had drug addiction? OJ Yes (J No

Home /Work

Are your stress levels acceptable to you? [J Yes [J No

Exposure to toxins, irritants, allergens, etc. in your employment or

home? [J Yes (J No

If “yes”, please indicate how and when
(E) Physical activity and exercise history

Hours per week devoted to sedentary activities?

Present state of physical fitness?

O Poor [J Below Average [J Average (J Above Average [J Excellent

Do you have a regular exercise program? [J Yes [(J No

If so, what is it?

Strenuous sports activities? (Running, swimming, etc.) [J Yes (J No

If “yes”, what activities:
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Tests of Lung Function: Physiological 3
Principles and Interpretation

Vito Brusasco and Giovanni Barisione

Abstract

Gas exchange between organism and external ambient is the ultimate task of the
respiratory system. Its efficiency is critically dependent on the efficiencies of
ventilation and gas transport across the airspaces and lung tissues. Therefore, the
knowledge of physiological principles underlying tests of lung function at differ-
ent levels is basic to the understanding of the mechanisms limiting respiratory
efficiency under different conditions, such as exercise and disease. The first step
of lung function testing in clinical practice is spirometry, but it does not allow
distinguishing the causes of airflow obstruction, i.e. airway disease versus
emphysema, or establishing a diagnosis of lung restriction. Moreover, the effects
of volume history and thoracic gas compressions may complicate its interpreta-
tion. Therefore, measurements of lung volumes are often necessary not only to
confirm restriction in subjects with restrictive spirometric pattern but also for the
assessment of lung hyperinflation. The latter may be due to either static (loss of
elastic recoil) or dynamic (airflow limitation) mechanisms. The inhomogeneity
of lung mechanics can be assessed by forced oscillations and/or nitrogen wash-
out and may be more sensitive than spirometry to early obstruction of peripheral
airways. The final step of lung function testing in clinical practice is the assess-
ment of lung diffusing capacity for carbon monoxide. This test reflects the trans-
port of gases from airspaces to blood across the alveolar-to-capillary barrier. Its
interpretation is not always easy because the major resistance to carbon monox-
ide transfer is in the red cells rather than in the alveolar-to-capillary membrane.

V. Brusasco (0<) - G. Barisione

U.O. Fisiopatologia Respiratoria, Dipartimento di Medicina Interna,
Universita di Genova, Ospedale Policlinico San Martino, Genoa, Italy
e-mail: vito.brusasco@unige.it; giovanni.barisione @hsanmartino.it

© Springer Nature Switzerland AG 2019 37
A. Cogo et al. (eds.), Exercise and Sports Pulmonology,
https://doi.org/10.1007/978-3-030-05258-4_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05258-4_3&domain=pdf
mailto:vito.brusasco@unige.it
mailto:giovanni.barisione@hsanmartino.it

38 V. Brusasco and G. Barisione

3.1 Introduction

In any animal species, life requires energy consumption, which is provided by oxy-
gen (O,) uptake from the external ambient, and carbon dioxide (CO,) elimination.
In mammals, the first step of this process takes place in the lung. During physical
activity, metabolic requirements are manifold greater than at rest, thus requiring the
respiratory system to increase rapidly its performance. Ventilation is the process of
moving the air in and out of the lungs so that gas exchange can occur between the
environmental air and the body. The efficiency of ventilation depends on the activity
of respiratory muscles and the passive mechanical properties of the respiratory sys-
tem, mainly stemming from its elastic and resistive structures. Gas exchange is the
primary function of the lung and must be able to adapt to different life conditions,
such as hypoxia or heavy exercise. The efficiency of gas exchange depends on the
efficiency of ventilation, the surface and thickness of air-blood barrier, the magni-
tude of pulmonary blood flow and haemoglobin concentration ([Hb]).

This chapter will summarize the physiological principles underlying measure-
ments of respiratory mechanics and gas exchange to provide practical keys for their
interpretation in health and disease, at rest and on exercise.

3.2  Static Properties of Respiratory System
3.2.1 Subdivisions and Determinants of Lung Volumes

Total lung capacity (TLC) is the volume of air in the lungs at the end of a maximal
inspiration and is determined by the static balance between the decreasing force
of inspiratory muscles and the increasing inward recoil of the respiratory system
(P.ys) [1]. In normal subjects at full lung inflation, the inward recoil pressure of
the lung (P, ) largely exceeds the recoil pressure of the chest wall (Py.,), and the
pressure—volume (P—V) curve of the lung but not the chest wall exhibits a plateau.
Thus, the limit of TLC is represented by the passive characteristics of lung tissue,
although elite breath-hold divers can inhale substantial amount of air beyond their
normal TLC by genioglossal insufflation [2], a phenomenon in part accounted for
by gas compression [3] and ability of their lungs to withstand transpulmonary
pressure (P,,) values much larger than normal. TLC does not vary substantially
with ageing, likely because the decrease in P, is balanced by an increase in chest
wall stiffness and/or a decrease of inspiratory muscle force [4], and does not
change on exercise [5].

An increased TLC can be present in chronic obstructive pulmonary disease
(COPD), when P, is reduced due to emphysema, but it may also occur during
severe asthma attacks [6], though the mechanism for this is not clear. A decrease of
TLC is the gold standard for the diagnosis of restrictive disorders, which can be due
to an increase of P, or volume shrinkage, or inspiratory muscle weakness [7].
These mechanisms to be distinguished would need measurement of P,; and maxi-
mal inspiratory pressure.
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Residual volume (RV) is the volume of air remaining in the lungs after a maximal
expiration. In young healthy subjects, its determinant is the static balance between
the decreasing force of expiratory muscles and the increasing outward P, [8]. In
older subjects and obstructive disorders, this static balance cannot be achieved
because airway closure or extreme flow limitation occurs during expiration. The
RV/TLC ratio was originally proposed as an index of emphysema, but it may also
increase in non-emphysematous air trapping or even in restrictive disorders if RV is
proportionally less reduced than TLC.

Vital capacity (VC) is the maximum volume of air that one can mobilize with a
single manoeuvre; thus it is the difference between TLC and RV. In young healthy
subjects, it is statically determined but in older subjects and obstructive disorders
may be limited by the same dynamic mechanism as RV. VC was the first lung vol-
ume used clinically [9], and its reduction has been considered as a sign of respira-
tory disease with prognostic value. A decrease of VC may result from a decrease in
TLC or an increase in RV, thus not allowing differentiate between restrictive and
obstructive abnormalities [10].

Functional residual capacity (FRC) is the volume of gas remaining in the lungs
at the end of a relaxed expiration. In healthy subjects breathing quietly, it is deter-
mined by the static balance between the inward P, ; and the outward Py, [1], thus
corresponding to the relaxation volume (V,) of the respiratory system. In healthy
subjects, V, depends on body position and external pressure acting on chest wall or
abdomen. In restrictive disorders, V, may decrease because of increased P, (pul-
monary fibrosis, atelectasis, lung resection, alveolar oedema, cardiac diseases) or
decreased outward P, ., (pleural diseases, scoliosis, neuromuscular disorders, obe-
sity) [11]. In obstructive disorders, V, may increase because of reduced P, (emphy-
sema), which defines static lung hyperinflation. In normal subjects, FRC is <V,
when expiration is not relaxed but involves expiratory muscle activity, such as dur-
ing exercise. In obstructive disorders, FRC may be >V, if expiratory time is reduced
[12], or emptying time constant (resistance x compliance) is increased, or expira-
tory flow is limited during tidal expiration [13, 14]. FRC > V, defines dynamic lung
hyperinflation, which is associated with intrinsic positive end-expiratory pressure
(PEEPi) [15] and is a major cause of dyspnoea either at rest or on exercise.

Inspiratory capacity (IC) is the maximum volume that can be inspired from the
end of a tidal expiration and thus is the difference between FRC and TLC. It has
been used as an indirect measure of changes in FRC under conditions where TLC
can be assumed to remain constant, e.g. exercise [5] or acute pharmacological inter-
ventions [14].

3.2.2 Measurements of Lung Volumes

In vivo, FRC, RV and TLC are measurable by indirect methods only. The classic
ones are multiple-breath nitrogen washout (MBN,W), multiple- or single-breath
helium (He) dilution and body plethysmography. Washout and dilution methods are
based on the principle of the conservation of mass and measure only the amount of
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gas that is present in lung regions communicating with open airways [16], provided
corrections for N, eliminated from body tissues or He dissolved in blood during the
tests are applied. Body plethysmography is based on Boyle’s law and measures total
thoracic gas volume, including regions possibly not communicating with open air-
ways [17]. Radiographic techniques, either standard chest X-ray [18] or computed
tomography (CT) [19], provide measurements of lung volumes close to body pleth-
ysmography. In healthy subjects and in restrictive abnormalities, all methods give
similar results. In severely obstructed subjects, owing to some regions with time
constants indistinguishable from those of tissues, the dilution methods may under-
estimate FRC and TLC [20, 21], whereas plethysmography tends to overestimate
them because changes in mouth and airway pressures may differ substantially dur-
ing panting [22].

3.3  Dynamic Properties of the Respiratory System
3.3.1 Tidal Breathing

Tidal volume (Vy) is the volume of air inspired and expired per breath. In healthy
subjects, the size of Vi is regulated by switching off inspiration before end-tidal
inspiratory volume achieves the flat part of P-V curve and terminating expiration
when V. is passively achieved [23]. At rest, normal tidal expiration is slightly longer
than inspiration, due to braking effects of glottis narrowing and post-inspiratory
activity of inspiratory muscles [23]. In obstructive disorders, the difference between
inspiratory and expiratory times increases because of the slow emptying time con-
stant [7]. During exercise, Vr increases mostly by increasing end-inspiratory lung
volume but also by decreasing FRC, thus maintaining the operative volume over the
linear part of P-V curve and limiting the increased work of breathing [5]. The inter-
est of measuring V7 is restricted to exercise and in ventilated patients.

Work of breathing (WOB) is the product of changes in driving pressure and Vr,
which is the energy expenditure to move air in and out of the lungs. In healthy sub-
jects breathing quietly, inspiration requires work by inspiratory muscles to over-
come the P, and, to lesser extent, the resistance to airflow (V) , Whereas expiration
is passive, thus requiring no work by expiratory muscles [23]. During exercise, the
elastic WOB increases proportionally to Vy and the resistive WOB proportionally to
¥ [5]. In restrictive disorders, the elastic WOB increases on inspiration because of
the increase of P,,. In obstructive disorders with dynamic lung hyperinflation, the
elastic WOB also increases because the respiratory system operates in the upper
part of the P-V curve, where P, is large, and additional pressure may be required
to overcome PEEPI. In severe airflow obstruction, also resistive WOB may increase,
particularly when expiration is completed by the activity of expiratory muscles.
Thus, irrespective of the underlying mechanisms, the WOB may increase in both
restrictive and obstructive disorders [23].

Respiratory system resistance (R,) is the sum of all pressures dissipated across
airway, lung parenchyma and chest wall divided by V. R, can be measured by
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superimposing high-frequency forced oscillations to tidal breathing [24]. In healthy
subjects, R, is independent of oscillation frequency, whereas in subjects with
obstructive disorders is increased at low frequencies and decreases at high frequen-
cies. Modelling studies have suggested that such a frequency dependence is due to
central airway resistance dominating at high frequencies with inhomogeneity and
peripheral resistance dominating at low frequencies. This method also provides the
reactance of the respiratory system (X,), which reflects gas compliance at low fre-
quency and gas inertance at high frequencies. X, is negative at low frequencies and
more so in the presence of reduced lung volume (e.g. restrictive disorders) or venti-
lation inhomogeneity (e.g. obstructive disorders). Moreover, a more negative X,; on
expiration than inspiration is suggestive of EFL [25, 26].

Airway resistance (R,,) is the ratio of alveolar-to-mouth pressure difference and
V. During tidal breathing, most of R, is in the upper airways [27] with large intra-
and interindividual variability, likely due to anatomical differences. The contribu-
tion of larynx to R,, is greater on expiration than inspiration, because its calibre
increases during the latter. R,, can be measured by body plethysmography [17] or
interruptor technique [28]. With the former, changes of alveolar pressure (PA) are
assumed to be equal to changes in box volume or pressure, and laryngeal resistance
can be minimized by panting, during which vocal cords are maximally abducted.
With the latter, PA is assumed to be equal to the mouth pressure drop following a
rapid airway occlusion, which may not be fully true because of damping in lung and
chest wall tissues. In healthy subjects, R,, is virtually independent of breathing
frequency but highly dependent on lung volume, because the calibre of intraparen-
chymal airways varies approximately with the cube root of volume and the resis-
tance to laminar ¥ is inversely related to the fourth power of airway radius [29].
The inverse of R,,, i.e. airway conductance (G,,), increases linearly with lung vol-
ume; thus specific airway conductance (sG,,, = sG,,/FRC) is a reasonable correction
for lung volume.

Pulmonary resistance (R,) is the ratio of Py, to V and includes R,, and tissue
resistance (Ry). P, can be measured by an oesophageal balloon and R, derived from
the classic equation of motion [23]. R, decreases with breathing frequency, due to
the frequency dependence of R;;, and lung volume, due to the volume dependence of
R, [29]. The contribution of peripheral R, to total R; is 25-30% in healthy subjects
and 50-60% in COPD [30]. The use of R for clinical purposes is limited.

3.3.2 Forced Manoeuvres

Forced expiration was introduced in 1947 by Tiffeneau and Pinelli [31] and has
become the mainstay of pulmonary function testing. Studies on the relationships
between flow, volume and pressure showed that most of forced expiratory manoeu-
vre is effort independent [32], thus confirming its validity as a test of lung
function.

Expiratory flow limitation (EFL) is a phenomenon occurring during forced expi-
ration in all mammals’ lungs, either healthy or diseased. Its evidence stems from the
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observation that, at lung volumes <75% of VC, forced expiratory ¥ increases with
pressure up to a point above which it cannot further increase with increasing effort
[32, 33]. EFL, initially explained with waterfall analogy [34] and equal-pressure
point theory [35], was subsequently enlightened by the wave-speed theory [36].
Briefly, because airways are collapsible tubes, the maximum expiratory V
(VE max) , at a given point of each airway, is determined by cross-sectional area (A),

wall elastance (E = AP/AA) and gas density (p):

1/2
VE max/ 4 = [ég]
p AA

The point at which this phenomenon occurs along the airways is called choke point.
Because P is a function of lung volume and Py, the choke point moves from the trachea
at high lung volume down the bronchial tree as the lung empties during forced expira-
tion and progressively to the more compliant peripheral airways. For this reason, VE max
at mid-to-low lung volumes was proposed as more sensitive than the usual spirometric
indices for early detection of small airway disease. However, their clinical usefulness is
not demonstrated [37]. Moreover, VE max can be equally reduced whether P is
decreased due to frictional losses upstream from the limiting segment (small-airway
obstruction) or loss of P, (emphysema), which makes it impossible to separate the
mechanisms of EFL by simple spirometry. Because of the inverse relationship between
VE max and p, breathing a low-density mixture, e.g. 80% He and 20% O,, can increase
VE max at high-to-mid lung volumes, when the flow-limiting segment is in the large
airways where P drops due to convective acceleration and turbulent flow. A reduction of
density dependence was thus proposed as a sign of obstruction of peripheral airways,
where V' is laminar and viscosity-dependent [38]. However, unaltered density depen-
dence was observed in severe COPD [39], possibly because it reflects more the ratio of
lung volume to central airway calibre rather than the latter by itself [40].

Effects of volume history and thoracic gas compression occur during forced
expiration manoeuvre and may profoundly influence spirometric measurements
(Fig. 3.1). First, full lung inflation to TLC may cause transient changes of airway
calibre, namely, bronchodilation during induced bronchoconstriction [41] and
bronchoconstriction during spontaneous asthma [42] or COPD [43]. Second,
because of EFL and gas compression, changes in expired volume lag true changes
in lung volume. This effect, which can be shown by plotting VE max measured at
the mouth against expired or plethysmographic volume, is small in healthy subjects
but may be large when R,,, and lung volume are increased [44] and may amplify
changes in airway calibre [45]. Because of these effects, the forced expiratory
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Fig. 3.1 Representative tidal and maximal flow-volume curves in emphysema. Flow is plotted
against expired volume (continuous line) or thoracic volume measured by plethysmography (dot-
ted line). Forced expiratory volume in 1 s measured by plethysmography (FEV ) is larger than
at the mouth (FEV,). Note that tidal expiratory flow exceeds forced expiratory flow when plotted
against expired but not against thoracic volume

volume in 1 s (FEV,) may either overestimate or underestimate the degree of airway
narrowing and drug-induced changes.

EFL and tidal breathing. Normally, tidal breathing requires a ¥ much less
than ¥ max , even on exercise. Only in extremely fit athletes and in subjects affected
by respiratory diseases, tidal VE may impinge on VE max , suggesting breathing
under EFL conditions, though this finding may be in part due to volume history and
gas compression. Thus, the gold standard for identifying EFL during tidal breathing
is by showing no increase in tidal ¥, with increasing intrapleural pressure (Py).
Alternative non-invasive methods proposed for identification of EFL during tidal
breathing void of volume history and gas compression effects include the compari-
son of tidal and submaximal VE obtained voluntarily [46] or by manual compres-
sion of the abdominal wall [47], application of expiratory negative pressure at
mouth [48], interrupt or technique [49] and reduction of X, during expiration [25,
26]. For practical purposes, owing to the association between EFL and dynamic
lung hyperinflation [46], changes in FRC or IC following bronchodynamic inter-
ventions (e.g. bronchial challenge or reversibility test) or during exercise may be
taken as suggestive of tidal EFL.

Forced inspiration is mostly dependent on the force of inspiratory muscles and
their shortening velocity. At 50% of FVC, inspiratory ¥ max slightly exceeds
V. max in normal subjects; it is reduced more than ¥, max in case of variable
extrathoracic obstruction and similarly decreased in fixed obstruction [50].
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3.4 Distribution of Ventilation and Pulmonary Gas
Exchange

In healthy lungs, each tidal inspiration (~500 mL) at rest brings a column of fresh
air by convection into the acinus and by convection plus diffusion up to the entrance
of alveolar ducts [51]. Airflow velocity falls from ~1 m- s~! in the trachea to
<1 cm- s7! in the first order respiratory bronchioles because the airway total cross-
sectional area increases with every generation. In exercise, flow velocities are up to
ten times greater, in proportion to the increased ventilation (V).

At FRC, there is a gradient of lung expansion from gravity-dependent to nonde-
pendent lung regions. On expiration to RV, the former reach their minimum volume
before the latter. This phenomenon is due to regional gravity-dependent small-
airway closure and is more prominent in the elderly [52] and in the early phase of
COPD due to the decline of P,y [53]. Non-uniform alveolar v ( VA ) has physiolog-
ical and clinical significance, both intrinsically (gas mixing inefficiency) and
because the distribution of ¥, is a determinant of ventilation-to-perfusion ratio

(V10

3.4.1 Measurements of Ventilation Heterogeneity

Single-breath N, washout (SBN,W) is a simple test requiring an inspiration of 100%
O, from RV to TLC followed by a slow expiration to RV [53, 54]. The resulting
percentage change in N, concentration versus expired volume curve ([AN,]%-L™")
has four phases with phase I representing the N,-free anatomic dead space, phase I1
the fast rising [N,] from the transition zone between airways and alveolar space,
phase III the slowly rising [N,] from alveolar space and phase IV a sharp increase
of [N,] from apical zones. The slope of phase III (Sy;) is in large part gravity-
independent [55] and considered to reflect uneven emptying of adjacent lung
regions, possibly at small-airway level [56]. By contrast, phase IV represents the
closing volume (CV) of gravity-dependent lung regions. The CV is of physiological
interest but not particularly useful for clinical practice [57], and the transition from
phase III to IV is often not detectable in obstructed patients.

Multiple-breath N, washout (MBN,W) was first introduced in 1940 to measure
FRC [58]. However, more information than just FRC can be derived from the analy-
sis of N, exponential decay curve. In particular, the volume of pure O, that must be
breathed in order to lower expired [N,] to 1/40th of initial value is a simple param-
eter describing gas mixing efficiency [59]. Correcting for lung size using FRC
allows derivation of the lung clearance index (LCI) [60], which, despite its wide
biological variability [61], has been shown to be more sensitive than spirometry or
airflow resistance measurements in detecting lung function abnormalities in chil-
dren with cystic fibrosis [62]. A major advance in the field was the introduction of
the analysis of Sy of the first 20 breaths of MBN,W [63]. This approach has the
advantages over the SBN,W of distinguishing convective-dependent inhomogeneity
at airway branching points proximal to the entrance to the acinus from diffusive-
convective-dependent inhomogeneity located within or between acini [64].
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3.4.2 Alveolar-to-Capillary Gas Exchange

The sandwich of tissues separating the alveolar spaces from blood in the lung
must be crossed bidirectionally by O, and CO, passive molecular diffusion. The
diffusive resistance offered by alveolar-capillary membrane is very small, largely
because this is exceedingly thin, i.e. a fraction of pm on average, and extremely
large, i.e. ~50-150 m? [65]. However, the diffusive resistance to O, uptake may
become measurable under various conditions leading to diffusion limitation of
alveolar gas exchange and arterial hypoxemia. In clinical practice, carbon monox-
ide (CO) instead of O, is used for measurements of lung diffusing capacity (DLco)
owing to its very high capacitance coefficient (f) and low (<3) D/ (QB) ratio
[66]. A value of alveolar-capillary O, transfer can be, therefore, calculated based
ona DL, /DL, ratio of ~1.61 [67]. Basically, DL, measures surface area and
th1ckness ‘of the air-blood barrier available for gas exchange. In health, it repre-
sents the upper bound value for alveolar-capillary gas exchange. CO entering
pulmonary capillary blood binds to the haem group of circulating Hb as COHb at
an extremely low and unmeasurable capillary partial pressure. Hence, CO uptake
is independent of pulmonary Q but critically dependent on capillary blood vol-
ume and [Hb] [68].

Single-breath DL, is used in clinical laboratories, with a breath-hold time of
9-11 s at maximal inspiration (~TLC). This technique was originally described by
Marie Krogh in 1915 [69] and subsequently modified with the addition of He as
marker inert gas [70]. Its technical standards [71] and reference values [72] have
been recently updated. In brief, both CO and the relevant marker gas (He or CH,)
mix immediately after inhalation with the gas resident in the lung at ~RV. During
the subsequent breath-hold at TLC, CO is taken up from the alveoli, but He and CH,
are not. Therefore, the [He] or [CH,] in alveolar gas on expiration can be back-
extrapolated to the effective time zero and to the initial alveolar [CO] before uptake
has occurred. DL is, then, obtained as follows:

DL, =keo -V,

where kco is the rate constant of CO alveolar uptake during the breath-hold and
V, the alveolar volume, i.e. the maximal lung volume available for dilution to
inhaled CO and He or CH, [73]. Because the measurement is made at full lung infla-
tion, V, is in the presence of low gas phase resistance within 5-10% of TLC mea-
sured by plethysmography. Ko is the transfer factor per unit alveolar volume and
mathematically equal to DLo/V, but is not DL¢q corrected for lung volume because
Kco 1s actually the rate constant ko normalized to barometric pressure. Thus, Kco is
better regarded as the transfer factor per alveolus or per acinus, representing the
efficiency of the CO alveolar uptake [73]. Single-breath DL is measured during an
unphysiological manoeuvre (breath-holding at ~TLC), but this has the advantages
of (a) a “reproducible” lung volume and (b) optimization of the test gas distribution.
However, the latter condition is hardly ever achieved in the presence of airflow
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obstruction where the distribution of test gases to peripheral gas-exchange units is
variably compromised. Thus, in COPD patients V, is often severely underestimated,
and DL¢o may be considered the lower bound value of effective pulmonary gas
exchange [73].

3.4.3 Subcomponents of Lung Diffusing Capacity

Anatomically, the blood-gas barrier encompasses the surfactant lining layer, alveo-
lar epithelium, interstitium, capillary endothelium, plasma, erythrocyte plasma-
lemma and the Hb molecule within erythrocytes [65].

Two-step PA, method.In 1957, Roughton and Forster [74] found that, owing to
competitive binding between CO and O, for Hb-accessible sites, DL fell system-
atically when O, alveolar partial pressure (PA,, ) was increased. According to their
method, the DLco measured at PA,, of 100 and 500 mmHg, respectively, may be
graphically partitioned into two resistances arranged in series as follows:

Lot 1
DL, DM, 9, Vc

where DM, represents the membrane diffusive conductance for CO, 3¢ is the rate
of reaction of CO with deoxy-Hb in the red blood cell and Vc is the pulmonary capil-
lary blood volume. The latter two subcomponents constitute the erythrocyte conduc-
tance (Deco) which is the reactive or O,-dependent part of the transfer resistance.
Following this approach, both DM¢pand Dec, are estimated to be ~50% each at rest
and ~80% and ~122%, respectively, on exercise [75]. However, nonlinearity of the
1/9co- PA,, relationship could lead to an overestimation of the zero PA,,  y-intercept
and underestimation of DM, suggesting that 75-80% of the transfer resistance is due
to 1/Deco, which is in accordance with calculations based on morphometric data [65].
Simultaneous uptake of nitric oxide (NO) and CO. This method takes advantage of
the extremely rapid and greater than CO chemical combination of NO with Hb [76] to
solve the Roughton-Forster equation with a single manoeuvre [77, 78]. DLyo approxi-
mates the morphometric value of DL, [65], whereas the DLyo/DL¢ ratio is ranging
from 4.3 to 5.3 [77, 78]. Although it was demonstrated that there is a significant 1/
Deno [79], peri- and intraerythrocyte resistance to NO uptake is negligible as com-
pared to CO, and DLy can be regarded operationally as a surrogate for DMy [80].

3.5 Interpretative Strategies

Clinical practice recommendations jointly published by the American Thoracic
Society and the European Respiratory Society provide a flowchart to assess spirom-
etry, lung volumes and DL results [81]. The interpretation of pulmonary function
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Fig. 3.2 Simplified interpretative algorithms for spirometry and lung volumes (Panel a), and lung
diffusing capacity (Panel b) in clinical practice. FEV, forced expiratory volume in 1 s; VC, vital
capacity, TLC, total lung capacity, DLco, lung diffusing capacity for carbon monoxide adjusted for
effective [Hb], Kco, carbon monoxide transfer factor per unit alveolar volume (DL¢o/V,)

tests is based on the comparison of measurements with the reference values of
healthy people of the same sex, age and height.

Spirometry and lung volumes are the first step in the interpretation of pulmonary
function tests (Fig. 3.2, panel a), starting from the FEV,/VC ratio. If this is normal
and VC is below the fifth percentile of the normal distribution (LLN), then restric-
tion may be suspected, but it requires to be confirmed by a reduction of
TLC. Otherwise, the reduction of VC may be the result of an increase in RV, due to
either air trapping (early obstruction) or reduced force of expiratory muscles. If
FEV,/VC is <LLN, then airflow obstruction is present but may be associated with
either normal or reduced VC. When the latter is the case, measurement of TLC is
required to say whether the reduced VC is due to air trapping or a mixed obstructive-
restrictive abnormality. A reversibility test with an inhaled bronchodilator may help
distinguish between fully reversible (generally present in asthma) and fixed (gener-
ally present in COPD) airflow obstruction. However, a partial response does not
allow to differentiate between asthma and COPD or predict the efficacy of long-
term bronchodilator treatment [81].
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DL is the final step in the interpretation of pulmonary function tests (Fig. 3.2,
panel b). Because the DL is the product of the K¢ and V/, its final value can result
from a number of combinations of both Ko and V,, each pattern being associated
with a different pathological process. With normal or increased DLco, the incre-
ment of Kco observed on exercise may be due to the pulmonary O -driven increase
of Vc and Vc/V, [82]. On the other hand, a reduced DL¢q with a Kco substantially
increased may be seen with a low (e.g. <0.85) V,/TLC ratio and results from reduced
alveolar expansion with decreased DMco, unchanged Vc and increased Vc/V,.
Alternatively, a low DL¢o with normal or moderately increased Ko may be due to
localized loss of alveolar units in both lungs or after lung resection, i.e. loss of lung
units with all subcomponents increased. Because Kcq is a measure of alveolar-
capillary integrity, a mutual decrement of both DLcq and K¢ is observed in emphy-
sema, pulmonary fibrosis and microvascular damage [73]. The relevant
interrelationships between V, and Ko and with the different diffusion components
and subcomponents are shown in Fig. 3.3.

[
(=2

100+
R s 175 Vol Va
§ 3
<C <<
< l
~ 801 > 150 Keo
© ©
3 g
g T 125-
> >
s 5 Ko
[0}
60 g
§ & 1001
g g
K K 75, D/ Va
40-l T T T T
100 75 50 100 75 50
Va % max Va % max

Fig. 3.3 Plots of (a) lung diffusing capacity for nitric oxide (DLyo) and carbon monoxide (DLco),
their ratio (DLyxo/DLco), alveolar-capillary membrane diffusing capacity for CO (DMco) and the
DM to pulmonary capillary blood volume (Vc) ratio (DMco/Vc), as they relate to the percentage
of maximal alveolar volume (V) (x-axis) compared to their percentage value at maximal V, (y-axis)
and (b) rates of alveolar uptake for NO and CO per unit time and pressure, Kyo and Ko (mathemati-
cally equivalent to DLyo/V, and DLco/V,,respectively) and DM and Ve, both per unit V, (DM/V,
and Vc/V,), as the expansion of the lung is changed voluntarily in normal subjects (100% of maxi-
mal V,, which is approximately TLC, and 50% of maximal V,, which is approximately FRC). Note
in (a) that with diminishing lung expansion (AV,), ADLyo is better related to DMco (ADMco) and
ADMco/Vc change than the DL change. In (b), AKco is a better reflection of changes in the pul-
monary microcirculation (Vc/V,) than the Kyo; decrease of DM/V, with AV, suggests isotropic
change as alveolar dimensions reduce with concomitant thickening of the alveolar-capillary mem-
brane. Reproduced with permission of the © ERS 2018: European Respiratory Journal Feb 2017,
49 (2) 1600962; DOI: https://doi.org/10.1183/13993003.00962-2016
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General recommendations. For each parameter, the 90% confidence interval rep-
resents the normal range. Fixed ratios, such as FEV,/VC of 0.70 and 80% of pre-
dicted, should not be assumed as lower limits of normal, because they are age- and
sex-biased, thus causing underdiagnosis in young and female subjects but overdiag-

nosis in old and male subjects.

Key Points

Static lung volumes are regulated by the elastic properties of the lung and
chest wall.

Static lung hyperinflation is defined as an increase in relaxation volume of
the respiratory system, generally due to loss of lung elastic recoil
(emphysema).

Dynamic lung hyperinflation is defined as an end-tidal expiratory volume
above the relaxation volume and is generally due to expiratory flow
limitation.

Expiratory flow limitation occurs during forced expiration in both healthy
and diseased subjects, though at different levels.

Spirometry generally allows detecting obstructive disorders, whereas mea-
surements of lung volumes are necessary to confirm lung restriction.
Forced inspiratory flow can help identify extrathoracic or fixed airflow
obstruction.

No parameter from forced expiratory manoeuvre is specific for small air-
way function.

Ventilation inhomogeneity is present in normal lungs but is much greater
in lung disease.

The uptake of carbon monoxide is largely dependent on pulmonary
microcirculation.

Lung diffusing capacity is the result of various combinations of carbon
monoxide uptake, and alveolar volume; thus correction for lung volume is
not reliable.
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Abstract

Extensive evidence exists on the beneficial effect of training and rehabilitation
programs in asthma. On the other hand, intense and repeated physical exercise
may trigger transient airway narrowing, defined exercise-induced bronchocon-
striction (EIB). The prevalence of EIB has been reported to be up to 90% in
asthmatic patients, reflecting the level of disease control. However, EIB may
develop even in subjects without clinical asthma, particularly in athletes, chil-
dren and subjects with atopy or rhinitis and following respiratory infections. The
occurrence of EIB, however, can be optimally managed and should not prevent
from an adequate practice of physical activity.

4.1 Introduction

Regular physical activity is strongly recommended by worldwide healthcare sys-
tems and evidence-based guidelines as one of the most effective tools to prevent
chronic diseases and maintain good health [1]. Indeed, extensive evidence exists on
the beneficial effect of training and rehabilitation programs in respiratory diseases,
particularly in asthma [2]. It has been in fact shown that physical activity improves
symptoms, quality of life, exercise capacity and pulmonary function, as well as
reduces airway inflammation and responsiveness in asthmatic subjects [3-5].
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On the other hand, intense physical exercise may trigger airway narrowing by
imposing high demands on the respiratory system, requiring subjects to ventilate
primarily through the mouth and bypass the nasal filter, with a subsequent increased
pulmonary exposure to inhalant allergens, pollutants, irritants and adverse (i.e.
cold, dry) environmental conditions [6]. Furthermore, intense physical training may
induce a transient status of immune downregulation, clinically associated with an
increased prevalence of atopy and viral upper respiratory tract infections (URTI)—
see Chap. 9—both representing relevant risk factors for the onset and worsening of
asthma [7, 8].

The transient airway narrowing that occurs as a result of exercise is defined
exercise-induced bronchoconstriction (EIB) [6]. Already in the first century A.D.,
Aretaeus the Cappadocian described respiratory symptoms induced by physical
exercise: “if from running, gymnastics, or any other work, breathing becomes
difficult, it is called asthma” [9]. However, a scientific objective interest for this
phenomenon can be dated back to 1960, when Jones and co-workers focused on
the physiologic response to exercise in asthmatic children and named the airway
obstruction after an exercise challenge “exercise-induced asthma” (EIA) [10].
Subsequent studies defined the different patterns of response to exercise in asth-
matic patients, as well as the influence of antiasthmatic drugs on EIA [11, 12].
Although exercise may trigger bronchial obstruction and respiratory symptoms
in almost all asthmatic patients, independently from the underlying causes and
mechanisms of asthma [13], some authors consider EIA a distinct phenotype of
asthma [14]. However, the concept that exercise may induce bronchial obstruc-
tion only in asthmatic patients is at present under debate [15]. In fact, despite
the physiologic response to exercise usually results in slight bronchodilation,
EIB may develop even in subjects without clinical asthma [9]. To bring some
clarity to this controversial issue, a practice parameter, jointly developed by
the American Academy/College of Allergy Asthma and Immunology (AAAAI/
ACAAI) [16], recommended to abandon the term EIA, and more recently an
American Thoracic Society Clinical Practice Guideline [6] suggested to name
EIB with asthma (EIBa), the occurrence of bronchial obstruction after exercise in
asthmatic patients, and EIB without asthma (EIBwa), the occurrence of exercise-
induced bronchoconstriction in subjects without other symptoms and signs of
clinical asthma.

4.2 Clinical Features

EIB typically develops within 15 min following at least 5-8 min of high-intensity
aerobic training (>85% of maximal voluntary ventilation), although it can also
occur during exercise, and spontaneously resolves within 60 min [17]. After an
episode of EIB, there is often a refractory period of about 1-3 h during which, if
exercise is repeated, the bronchoconstriction is less accentuated [12]. Most com-
mon symptoms include cough, dyspnoea, breathlessness, wheezing and chest
tightness [6].



4 Asthma 59

4.3 Prevalence

The prevalence of EIB varies from 5 to 20% in the general population and has
been reported to be up to 90% in asthmatic subjects, reflecting the level of dis-
ease control, with EIBa occurring more frequently in more severe and uncon-
trolled asthmatic patients [13]. EIBwa is also particularly frequent in athletes
[18], children [19, 20] and subjects with rhinitis [21] and following respiratory
infections [22].

In particular, several studies called attention to an increased occurrence of
asthma and EIB in athletes, with prevalence rates widely ranging from 3.7 to 54.8%
(Table 4.1) depending on the study population and the criteria used for diagnosis
(i.e. questionnaires, anti-doping records, baseline spirometry, bronchial provocation
challenges). Independently from these potential confounders, studies performed in
comparable samples and with similar diagnostic methodologies seem to indicate
that the asthma incidence is on the increase: from 9.7% in 1976 to 11.2% in 1984,
16.7% in 1996 and 21.0% in 2000 in the US Olympic delegation [23-25]. More
recently, a 12-year study including four cross-sectional surveys performed between
2000 and 2012, before Summer and Winter Olympics, showed that the prevalence
of asthma in 659 Italian Olympic athletes was 14.7%, with a significant increase
from 2000 (11.3%) to 2008 (17.2%) [26].

With regard to a gender effect [27], a study recently performed in 187 elite ath-
letes (101 swimmers and 86 tennis players) showed a higher prevalence of asthma
symptoms in females, although there was no significant difference in the preva-
lence of EIB when measured through a mannitol and a sport-specific challenge
[28]. Norqvist et al. also reported that, compared to males, elite female athletes
had a higher prevalence of asthma, respiratory symptoms, use of medications and
healthcare services [29].

It has been also extensively reported that asthma and allergic rhinitis frequently
coexist, with symptoms of rhinitis being reported in 80-90% of asthma patients
and asthma symptoms reported in 20—40% of patients with allergic rhinitis [21].
Prospective studies also suggest that rhinitis frequently precedes the development
of asthma [30] and that many patients with rhinitis alone show non-specific bron-
chial hyperresponsiveness after exercise or methacholine, this being a risk factor for
developing asthma [31]. Furthermore, it has been proven that the severity of aller-
gic rhinitis and asthma are related and that proper management of allergic rhinitis
improves asthma control [21]. Additionally, exercise can be a trigger for rhinitis,
especially in outdoor sports and even greater with cold dry air exposure in winter
sports, e.g. the “skier’s nose” [32]. On the basis of all the above, the ARIA rec-
ommendation [21] to screen every subject with rhinitis for asthma should be also
extended to athletes [33].

Despite extensive epidemiological data, EIB progression in athletes has not been
yet fully studied. However, in a 5-year prospective study, subjects who stopped
training experienced an attenuation or in some circumstances disappearance of
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Table 4.1 Prevalence of asthma and EIB among athletes
Study population (n) Prevalence Methodology for diagnosis Reference
US College athletes (80) 42.5% Questionnaire, exercise challenge | Burnett DM, 2016
US 1998 Olympic team (170) 23.0% Spirometry, exercise challenge Wilber RL, 2000
US 1998 Olympic team (196) 21.9% Questionnaire Weiler JM, 2000
Summer athletes (162) 22.8% Qui?:t:‘mzeé;;:;ﬁ:tw' Helenius 1J, 1998
Australian 2000 Olympic team (214) 21.0% Questionnaire Katelaris CH, 2000
US 1996 Olympic team (699) 16.7% Questionnaire Weiler JM, 1998
Italian Olympicathletes (659) 14.7% Q“es“°””ait’:§t's oiiacicn Bonini M, 2015
Polish 2008 Olympic team (222) 11.3% Q;Zf:gg;‘::i’:é iﬁ!ﬁ:neg;;y' Kurowski M, 2016
Italian 2000 pre-Olympic team (265) 10.9% Questionnaire, spirometry Lapucci G, 2003
Australian 1976 Olympic team (185) 9.7% Physical examination Fitch KD, 1984
Australian 1980 Olympic team (106) 8.5% Physical examination Fitch KD, 1984
Spanish 1982 Olympic team (495) 4.4% Questionnaire Drobnic F, 1994
US 1984 Olympic team (597) 4.3% Questionnaire, exercise challenge Voy RO, 1984
Swiss athletes (2060) 3.7% Questionnaire Helbling A, 1990
Cross-country skiers (42) 54.8% QUESHETETS, STemEiy Larsson K, 1993

Swedish and Norwegian
cross-country skiers (171)

42.0%/12.0%

Questionnaire, spirometry,
methacholine challenge

Sue-Chu M, 1996

Questionnaire, spirometry,

Ice hockey players (88) 21.5% histamine challenge Lumme A, 2003
Questionnaire, spirometry,
Ice hockey players (50) 11.5% methacholine and exercise Leuppi JD, 1998
challenge
Crosscountry skiers (20) 10.0% Exercise challenge Pohjantahti H, 2005
Swimmers (90) 39.0% EVH challenge Bougault V, 2010
US swimmers (738) 13.4% Questionnaire Potts J, 1996
Marathon runners (208) 32.0% Questionnaire Robson-Ansley P, 2012
Finnish runners (103) 15.5% Questionnaire Tikkanen H, 1994
US track and field (73) 15.1% Exercise challenge Schoene RB, 1997
Figure skaters (124) 35.0% Exercise challenge Mannix ET, 1996
US football players (156) 11.5% QeSS Weiler JM, 1986

methacholine challenge

Blue =

various sports; green =

winter sports; purple =

swimming; orange =

track and field;

yellow = others
From Bonini M, Silvers W. Immunol Allergy Clin North Am. 2018;38(2):205-214

EIB, whereas bronchial responsiveness, exercise-induced respiratory symptoms and
eosinophilic airway inflammation increased among those who continued strenuous
physical exercise, regardless of the pharmacological treatment strategies [34]. Put
into context, ongoing intense training therefore appears to be a causative, and not
just a concomitant, factor of airway inflammation and narrowing.
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4.4 Pathogenesis

The increase in airways osmolarity due to respiratory water loss and the vasodila-
tion associated with airways rewarming have been commonly reported to be the
major determinants of EIB (osmotic and thermal theories) [35, 36]. However, as
with the current approach in asthma phenotypes, different endotypes (i.e. disease
subtypes specifically defined by functional or pathological molecular mechanisms
and/or treatment response) of EIB have been recently reported (Fig. 4.1) [37].
Intense physical training may induce a transient status of immune downregulation
with a shift towards a relatively prevalent T2-high response, clinically associated
with an increased prevalence of atopy [8, 26]. However, despite in a large proportion
of EIB subjects the occurrence of bronchial obstruction following exercise is associ-
ated with allergic diseases [26] and markers of a T2-high response [38], EIB is also
present in subjects with no evidence of atopic sensitisation. In such non-T2-high
variants of EIB, the bronchial epithelial damage directly caused by physical activity
has been suggested as a relevant pathogenic mechanism [37]. A direct injury of the
bronchial epithelium might also be caused by viral upper respiratory tract infec-
tions, which are reported to occur more frequently in athletes [39]. Inflammatory
mediators released by the damaged epithelium have been found both in sputum
(i.e. interleukin-8) [40] and in serum (i.e. nerve growth factor) [41] and seem to
be associated with a neutrophilic or mixed neutrophilic/eosinophilic inflammatory
response. Furthermore, the evidence that CC16 proteins, secreted by club cells in
the distal bronchioles to protect the respiratory tract against oxidative stress and
inflammation, are increased in urine and serum following an exercise challenge
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Fig. 4.1 Pathophysiological mechanisms of exercise-induced bronchoconstriction (EIB).
Reproduced with permission of the © ERS 2018. ERJ Open Research Jan 2018, 4 (1) 00010-2018.
https://doi.org/10.1183/23120541.00010-2018
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[42] has prompted renewed and increasing interest in the role of small airways in
EIB. Notably, small-airway abnormalities have been related to the onset and sever-
ity of asthma and may occur even in the absence of a response in the large airways
[43]. In addition, an alternative noninflammatory mechanism, autonomic dysregu-
lation with an enhanced parasympathetic response, measured by both pupillometry
and heart rate variability, has been shown to significantly relate to EIB [44].

4,5 Diagnosis

A careful history taking and physical examination is always recommended. The
use of questionnaires specifically developed and validated for screening atopy and
allergic diseases in athletes may represent an additional useful and easy-to-use diag-
nostic tool [45]. However, research performed over the past years has consistently
revealed a poor relationship between the presence of “asthma-like” symptoms and
objective evidence of EIB [46].

Furthermore, baseline spirometry appears to be poorly predictive of EIB in ath-
letes, often being within the normal ranges even in the presence of disease [47].
The assessment of small airways, whose involvement has been reported in EIB
[48], through ad hoc diagnostic investigations such as impulse oscillometry, multi-
breath nitrogen washout and fraction exhaled nitric oxide (FeNO) at multi-flows,
might provide further useful information, particularly in the early and mild forms
[43]. However, in order to establish a secure diagnosis of EIB, it is strongly rec-
ommended to perform objective bronchoprovocative tests (BPTs) to document
dynamic changes in airway function.

Measuring the change in the forced expiratory volume in 1 s (FEV1) before and
after a standardized exercise challenge test (ECT), in the laboratory or in the field,
represents the most intuitive and commonly adopted approach to diagnose EIB [49].
An ECT should be performed in subjects with EIBa only when their baseline FEV1
is >70% of normal. A > 10% fall in FEV1 at any two consecutive time points (1,
3,5, 10, 15, 20, 25, 30, 60, 90 min.) after 6 to 8 min of treadmill or cycloergom-
eter exercise in laboratory-specific ambient conditions (20-25 °C; relative humidity
<50%) is considered diagnostic of EIB. The intensity of exercise should be enough
to reach in the first 2-3 min. 40-60% of the predicted maximum voluntary ventila-
tion (estimated as baseline FEV1 x 35) or 80-90% of the predicted maximal heart
rate (calculated by 220—age). Indeed, it has been reported that the mean fall in
FEV1 after an exercise challenge is more than doubled after achieving 95% of HR
max, compared to 85% [50]. Sports-specific challenges in the field may be also
used, although these are more difficult to standardize, limiting their application.

Moreover, other BPTs can be adopted as surrogate diagnostic tools for EIB. Direct
BPTs (i.e. methacholine provocation) are accurate to document bronchial hyperre-
activity in EIBa, while indirect tests, such as eucapnic voluntary hyperpnea (EVH),
mannitol and saline hyperosmolar challenges, better reproduce the effects of exer-
cise on the airways and are therefore more accurate to diagnose EIBwa. EVH is
often preferred in highly trained athletes, where standard criteria for ECT may fail to
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Table 4.2 Thresholds set by the International Olympic Committee (IOC) to document EIB
through the different bronchial provocation tests (BPTs)

Diagnostic procedure Diagnostic criteria
Exercise challenge 1 FEV1 > 10%
Methacholine challenge | FEV1 > 20% with a:

PC20 < 4 mg/mL (for subjects not taking ICS)
or
PC20 < 16 mg/mL (for subjects taking ICS for at least

1 month)
Eucapnic voluntary hyperpnea | FEV1 > 10%
(EVH)
Hyperosmolar tests (mannitol, IFEV1 > 15%
saline)

reproduce the bronchoprovocative stimulus experienced while practising their own
sport disciplines [51]. However, correlations between ECT and other indirect BPTs
are at present arguable. Thresholds set by the International Olympic Committee
(I0C) for a positive response to the different BPTs are reported in Table 4.2.

The differential diagnosis of EIB should take into account physiologic limitations;
anxiety; exercise-induced laryngeal dysfunctions, hyperventilation and hypoxemia;
dyspnoea on exertion in obese or poorly fit individuals; shortness of breath with
exercise due to lung diseases other than asthma and cardiac diseases; anaemia; and
myopathies [6]. In particular, vocal cord dysfunction (VCD) is increasingly recog-
nized as a condition that may mimic EIB. However, in VCD, the inspiratory stridor
during exercise usually resolves within 5 min representing the major differential
sign, associated with negative BPT result and poor response to antiasthmatic drugs.
Vocal cord dysfunction may also coexist with EIB. If pruritus, urticaria or systemic
reactions are associated with symptoms of EIB, the diagnosis of exercise-induced
urticaria or anaphylaxis should be at last considered [52].

4.6 Management

Treatment of both EIBa and EIBwa is essentially based on reversing bronchial
obstruction by using short-acting beta-2 agonists [13].

4.6.1 Non-pharmacological Prevention

Similar measures can be adopted in both EIBa and EIBwa. These include, whenever
possible, avoiding exercise in an at-risk air environment because of temperature,
humidity, pollutants and specific allergens in sensitized subjects [16]. Education
about self-management is essential and should include advice about environmental
measures, inhaler technique and the use of an action plans, in addition to regular
follow-up [13]. Progressive warming-up and cooling-down periods are constantly



64 M. Bonini

suggested [53]. Some athletes may also take advantage of the refractory period
following bronchial obstruction deliberately induced by hyperventilation or by an
intense exercise challenge. The use of face masks to warm and humidify the air
has been reported to provide benefits, especially in winter athletes [54]. There is at
last some evidence that weight loss and dietary factors, such as vitamin D supple-
mentation, may be helpful in reducing the risk and severity of EIB [55, 56]. The
potential occurrence of EIB should not prevent subjects from an adequate practice
of physical exercise, which has been proven not to be associated with an increased
risk of asthma developing or worsening [4], and should instead represent part of
their treatment.

4.6.2 Pharmacological Prevention

Because ElIBa is a sign of poor asthma control, prevention essentially consists of
following international guidelines to avoid symptoms and reduce the risk of exacer-
bations [13]. Multiple therapeutic options seem also appropriate to prevent EIBwa,
although usually they do not completely avoid the occurrence of bronchoconstric-
tion, but rather attenuate it or shift the dose-response relationship, so that some
submaximal efforts become tolerated.

Regular use of inhaled corticosteroid (ICS) represents a key strategy for control-
ling asthma and therefore is a recommended treatment to prevent EIBa [57]. The
prophylactic administration of ICS has been also suggested in EIBwa, particularly if
physical activity is performed regularly (>3 times per week), representing a repeti-
tive stimulus for the onset of bronchoconstriction [16]. However, the use of ICS in
the prevention of EIBwa may be controversial. In fact this pharmacological strategy
is at present not supported by ad hoc designed clinical trials, and response to treat-
ment may be impaired in subjects with underlying non-eosinophilic inflammatory
pattern.

Beta-2 adrenergic drugs, both short- and long-acting (SABA and LABA), when
given in a single inhaled dose or with intermittent administration before exercise,
are the most effective drugs to prevent both EIBa and EIBwa [58], providing com-
plete protection against exercise (FEV1 fall <10%) in approx. 70% of subjects [59].
The effect usually lasts 2 to 4 h for SABA and up to 12 h for LABA. Heterogeneity
observed in the efficacy of beta-2 adrenergic agents to prevent EIB is not dependent
on the type of molecule used, but rather on the population sample studied, with
more variable effects reported in children [59]. However, the chronic use of SABA
and LABA often results in a reduction of the duration and/or magnitude of protec-
tion against EIB with cross-reacting tolerance to other beta-2 agonists [59, 60].
This impaired efficacy has been shown to be predicted by baseline levels of FeNO
[61]. Salpeter and co-authors reported that tolerance to beta-2 agonists is only par-
tially prevented by concomitant use of ICS [61]. Furthermore, daily use of SABA
and LABA may result even in a worsening of EIB [62] and expose subjects to an
increased risk of cardiovascular side effects and death [63, 64]. Therefore, SABA
and LABA should be used with caution on a regular basis to prevent EIB. LABA
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administration should be also always avoided without concomitant use of ICS
according to the US Food and Drug Administration (FDA) warning.

Mast cell stabilizers, disodium cromoglycate and nedocromil sodium, attenuate
both EIBa and EIBwa when inhaled shortly before exercise but have a short dura-
tion of action [65].

Leukotriene antagonists (i.e. montelukast) have been reported to be effective in
preventing EIBa. However, protection occurs in approximately 50% of subjects and
may not be complete [66].

Ipratropium bromide prevents EIBa, although this effect is not consistent among
patients and may be variable in the same patient [67]. Whether subjects with EIBwa
or with a prevalent autonomic imbalance represent an EIB phenotype more respon-
sive to anticholinergic agents represents an interesting hypothesis, still waiting for
further experimental testing [68].

Calcium channel blockers, beta-adrenergic receptor antagonists, inhaled furose-
mide, heparin and hyaluronic acid have been studied to prevent EIB with inconsis-
tent results.

Special precautions must be taken, at last, with respect to the World Anti-Doping
Agency (WADA) rules on the use of EIB medications in competitive athletes—see
Chap. 13.

4.7 Tips and Pitfalls

The intensity, duration and type of training have been associated with the occur-
rence of bronchial symptoms, airway hyperresponsiveness and asthma in elite ath-
letes (Table 4.3).

Asthma is most commonly found in athletes performing endurance activities,
such as long-distance running, cycling, triathlon and pentathlon. The high preva-
lence of EIB among endurance athletes has been mainly attributed to an increased
minute ventilation through the mouth (bypassing the nasal filter) and exposure
to allergens and pollutants. In major national and international competitions,
local pollen counts (i.e. www.polleninfo.org) and air quality forecasts should be
therefore always made available in advance to athletes, their coaches and medical
teams.

Environmental factors (i.e. cold and dry air) also play a relevant role for athletes
practising winter sports.

Swimming has been long considered a safe and recommended sport activity for
subjects with asthma due to the inhalation of humid air; however, despite conflict-
ing data, an increased risk of EIB with swimming and pool attendance has been
reported [34, 69]. These findings are thought to be the result of repeated hyperven-
tilation challenges together with the exposure to chlorine-based derivatives, com-
monly used to disinfect swimming pools, such as trichloramine. This hypothesis is
further supported by studies on occupational asthma in swimming pool workers and
lifeguards and by studies comparing exposures to non-chlorinated pools (copper-
silver pools) vs. chlorinated pools.
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Table 4.3 Sport disciplines and risk of exercise-induced bronchoconstriction (EIB)

Low-risk sports Medium-risk sports High-risk sports
All sports where the | Team sports where All sports where the exercise lasts
exercise lasts continuous exercise rarely | >5-8 min and/or is performed in special
<5-8 min lasts more than 5-8 min environments (i.e. dry/cold air, chlorinated
pools)
Track and field: Soccer Track and field:
e Sprint (100, Rugby * Long distance (5000 and 10,000 m)
200, and 400 m) | American football * 3000 m steeplechase
e Middle distance | Basketball e Walks (20 and 50 km)
(800 and Volleyball ¢ Marathon
1500 m) Handball
e Hurdles (100, Baseball
110, 400 m) Cricket
e Jumps Field hockey
e Throws
Cycling
Tennis Cross-country skiing
Fencing Downhill skiing
Gymnastics Ice hockey
Boxing Ice skating
Golf High-altitude sports
Weightlifting Triathlon
Body building Pentathlon
Martial arts Swimming
Water polo

It is of interest to report that when the risk factors “type of sport” and “atopy” are
combined in a logistic regression model, the relative risk of asthma is considerably
high: 25-fold in atopic speed and power athletes, 42-fold in atopic long-distance run-
ners and 97-fold in atopic swimmers compared with non-atopic control subjects [70].

No clear classification of EIB endotypes has yet been adopted in clinical prac-
tice, and the distinction between T2-high and non-T2-high variants is currently
made only by exclusion of a T2-high signature. Therefore, the lack of specific
functional and inflammatory biomarkers to classify T2-low EIB subjects currently
prevents clear identification of these endotypes and, therefore, an adequate design
of clinical research trials. Proper endotyping of EIB would also have extremely
relevant clinical translational impact, by significantly contributing to improved
disease assessment and management. In fact, although prevention and treatment
of EIB is mainly based on the effective use of short- and long-acting f2-agonists,
high heterogeneity in individual therapeutic responses and the occurrence of tol-
erance and side effects have been observed, suggesting the existence of subpop-
ulations requiring an endotype-driven approach to optimize therapy. Moreover,
while several targeted therapies are available or under development for a “pre-
cision medicine” in T2-high asthma, no tailored strategies are currently avail-
able for the non-T2-high forms, in which corticosteroids have shown to be poorly
effective. This could be also of relevance in professional athletes in view of the
WADA regulations.
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4.8 Conclusions

Although regular physical activity is strongly recommended for a proper preven-
tion and management of asthma, evidence has been accumulating that intense and
repeated exercise is associated with a higher prevalence of both EIBa and EIBwa.
This is particularly true for endurance, winter sports and swimming. Furthermore,
in athletes, EIB seems to be only partly reversible, representing exercise itself a
causative factor of airway inflammation and symptoms. However, it is reassuring
that, when properly diagnosed and optimally treated, athletes with EIB are able
to participate on the highest level with their peers [71] with even more chances to
succeed and win medals than others in the Olympic Games and other major inter-
national competitions [72]. Further research is at last desirable in order to fully
address the unmet needs outlined above and to allow the vast population of subjects
undertaking physical activity to fully profit from the very beneficial effects of exer-
cise, without incurring health risks or affecting their performance and quality of life.

Key Points

¢ Exercise-induced bronchoconstriction (EIB) is defined as the transient air-
way narrowing that occurs as a result of exercise.

* Current guidelines recommend to distinguish EIB with underlying clinical
asthma (EIBa) from the occurrence of exercise-induced bronchial
obstruction in subjects without other symptoms and signs of asthma
(EIBwa).

* The intensity, duration and type of training have been associated with the
occurrence of EIB with higher prevalence rates in endurance disciplines,
winter sports and swimming.

*  When properly managed, EIB does not restrict exercise performance and
does not prevent competition at elite level.
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Abstract

Dyspnoea and exercise limitation are among the most common symptoms expe-
rienced by patients with chronic obstructive pulmonary disease (COPD) and are
linked to poor perceived health status and increased mortality. Cardiopulmonary
exercise testing (CPET) provides a unique opportunity to objectively evaluate the
ability of the respiratory system to respond to measured physiological stress
across the spectrum of disease severity. In symptomatic mild COPD, the com-
bined abnormalities of increased wasted ventilation leading to increased ventila-
tory demand and critical erosion of the dynamic inspiratory reserve volume lead
to intolerable respiratory discomfort and early exercise limitation. In moderate-
to-severe COPD, these major physiological abnormalities that culminate in pro-
nounced demand-capacity imbalance of the respiratory system and dyspnoea
become further amplified and are evident at relatively low exercise intensities. In
this group, exercise intolerance is often further compounded by the effects of
generalized skeletal muscle deconditioning and worsening cardio-circulatory
dysfunction. Last but not least, significant dynamic lung hyperinflation on
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exertion has recently been demonstrated in asymptomatic subjects with mild air-
way obstruction. It goes without saying that identification of specific physiologi-
cal derangements exposed by CPET facilitates an individualized approach to
management in COPD.

5.1 Introduction

Exercise intolerance in chronic obstructive pulmonary disease (COPD) is characteristi-
cally multifactorial, and the dominant source is often difficult to determine [1]. The
relative contribution of individual sources of limitation varies across the stages of dis-
ease severity, being also modulated by comorbidities and chronic inactivity. Clinical
enquiry and resting pulmonary function tests are notoriously unreliable in predicting
patients’ physical impairment on exertion. It is widely accepted that a key contributory
factor is intolerable dyspnoea as a result of the combination of high ventilatory demand
and abnormal dynamic respiratory mechanics. In this context, the objective assessment
of neurosensory, metabolic, cardio-circulatory and respiratory responses to increasing
physiological stress (cardiopulmonary exercise testing, CPET) might provide unique
informations on the mechanisms and consequences of exertional dyspnoea in these
patients. CPET variables (e.g. peak oxygen uptake, V'O,) and minute ventilation-carbon
dioxide output (V'g—V’'CO,) relationship, as well as other exercise capacity indices, can
also predict earlier mortality in these patients [2—4]. In this chapter, we will briefly dis-
cuss the clinical utility of CPET in COPD, and we will then explore the causes of high
ventilatory demand and dynamic mechanical impairment in COPD and contrast the
responses to CPET in mild and moderate-to-severe COPD. We will review cardiovas-
cular abnormalities during exercise in COPD and current concepts of mechanisms of
exertional dyspnoea. Finally, we will touch on sensory and physiological responses to
CPET in the emerging area of asymptomatic subjects with airway obstruction.

5.2  Evaluating Exercise Limitation in COPD: Methodological
Considerations

A structured approach to CPET interpretation should always consider the evaluation
of the following variables reflecting (Fig. 5.1):

* Sensory responses to effort: dyspnoea (Borg) ratings as a function of work rate
(WR) and/or V'g (Fig. 5.2).

e Ventilatory control: V'g, V'i—=V'CO, ratio, O, saturation by pulse oximetry
(Sp0,) and end-tidal partial pressure for CO, (PzrCO,) as a function of WR.

e Dynamic respiratory mechanics: change in inspiratory capacity (IC), inspiratory
reserve volume (IRV), tidal volume (V) and breathing frequency (f) as a func-
tion of WR or V'g and flow-volume loop analysis (Fig. 5.3).

e Metabolic and cardio-circulatory responses: V'O,-WR, V'CO,- V'O,, heart rate
(HR) and O, pulse as a function of V'O, [5-12].
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Fig.5.1 Basic CPET display format recommended by the authors. Plots (a—d), in addition to peak
V'O,, provide the variables recommended to indirectly estimate the OL, i.e. the V'O, at which
supplemental V'CO, first becomes evident, in association with hyperventilation relative to O,
(increased V'g/V'O, and Px;O,) but not CO, (no increase in V'g/V'CO, and no decrease in Pg;CO,).
Plot (e) (V'O, versus WR) provides an indication of exercise and O, transport efficiency and also
peak V'O,. Plots (f) (V'g versus V'CO,) and (h) (Vy versus V') characterize aspects of the ventila-
tory response. Finally, plot (g) is informative with respect to the characteristics of the haemody-
namic response. Abbreviations: V'O, oxygen uptake, V'CO, carbon dioxide output, V'z/V'O,
ventilatory equivalent for O,, V'/V'CO, ventilatory equivalent for CO,, P;;O, end tidal partial
pressure of O,, PzrCO; end tidal partial pressure of CO,, RER respiratory exchange ratio, 0L lactate
threshold, WR work rate, V', minute ventilation, HR heart rate, HRR heart rate reserve, V; tidal
volume, MVV maximal voluntary ventilation, BR breathing reserve. V'O,-WR slope and V'—
V’'CO, slope: red dotted line, best fit to linear region
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Fig. 5.2 Dyspnoea intensity responses during symptom-limited incremental cycle CPET in an
advanced COPD patient (solid line) and an age- and sex-matched healthy control subject (dashed
line). Exertional dyspnoea intensity (Borg score) is shown in response to increasing WR (a) and
V'g (b). Differences in dyspnoea intensity between the COPD patient and the healthy subject are
shown at iso-WR. A difference. Further details are provided in the text
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Fig. 5.3 Flow-volume loops showing the effects of exercise in (a) a healthy control subject and
(b) a patient with advanced COPD. The outer black loop shows the maximal limits of flow and
volume (the control loop is shown as a dashed profile in b); the inner black loop is the resting
profile; the blue loop is the maximal exercise profile. The red line is the IRV. Healthy subjects are
able to increase both their V; and inspiratory and expiratory flows during exercise. In COPD, expi-
ratory flow may already be maximal at rest. In order to increase expiratory flow during exercise,
these patients must hyperinflate. Further details are provided in the text
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5.3 Measuring Perceptual Responses to Exercise

The intensity of leg and breathing discomfort (dyspnoea) can be measured by vali-
dated scales such as the Borg scale—a category scale with ratio properties—and
visual analogue scales, both expressed as a function of increasing WR, V'O, or V'g
[13, 14]. These scales show good test-retest reproducibility and responsiveness to
therapeutic interventions [15]. The dominant exercise-limiting symptom (i.e., dys-
pnoea, leg discomfort, a combination of both or other) can be determined at the end
of the test by simply asking “why did you stop exercising?: was it because of your
breathing, your legs, a mixture of both, or for some other reason?”.

5.4  Assessment of Respiratory System Reserve During
Exercise

A low breathing reserve, usually expressed as the difference between maximal vol-
untary ventilation (MVV) [or maximal ventilatory capacity] and peak V'z (MV V-
peak V'g < 15 L/min), is used as a traditional indicator of ventilatory limitation in
COPD and in other respiratory diseases [16], although it has some limitations:

* Respiratory sensation, operating lung volumes and respiratory muscle recruit-
ment patterns are quite different during short bursts of voluntary hyperventila-
tion compared with physiological conditions at peak V'g during CPET.

* The proximate limitation of exercise performance in chronic lung diseases is
very often intolerable symptoms such as dyspnoea, leg discomfort or both. Thus,
the low peak V'g and apparent preserved breathing reserve may simply reflect
early symptom limitation well before the physiological limits of the respiratory
and cardio-circulatory are reached [17].

Accordingly, the assessment of breathing reserve during standardized submaxi-
mal WR compared with age- and sex-matched controls can provide more important
information than simple peak comparisons. Moreover, there is now broad acknowl-
edgement that measurements of exertional symptoms and non-invasive dynamic
respiratory mechanics are an integral component of the evaluation of the prevailing
ventilatory constraints, during CPET [11, 15, 18, 19].

5.5 Breathing Pattern and Operating Lung Volumes During
Exercise

Compared to health, breathing pattern in COPD is more shallow and fast. This is
best seen when V¢ and f are expressed as a function of increasing V'g. V1 expands
early in exercise until it reaches approximately 70% of the resting IC after which an
inflection or plateau is seen. The plateau occurs when end-inspiratory lung volume
(EILV) reaches a minimal IRV about 0.5-1.0 L below total lung capacity (TLC).
In COPD, this plateau represents a true limitation to further V; expansion since, in
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contrast to the situation in health, added dead space (equivalent to CO, re-breath-
ing) has no effect on volume expansion [20]. Interestingly, when the increase in
chemo-stimulation occurs in the setting of a fixed maximal Vi, dyspnoea quickly
increases [20, 21]. At this point the only option to respond to the increasing drive
of exercise is an increased breathing frequency. Serial IC measurements throughout
exercise allow us to track the change in end-expiratory lung volume (EELV) on the
reasonable assumption that TLC remains unaltered [11]. The average change in IC
above the baseline value has been reported as 0.3—-0.6 L and depends on the resting
IC. Thus, the lower the resting IC (the greater the resting lung hyperinflation), the
less the decrease in this variable with increasing V'g during exercise [15].

5.6 Flow-Volume Loop Analysis During Exercise

A comparison of tidal and maximal flow-volume loops at rest and during exercise
provides valuable “non-invasive” assessments of dynamic respiratory mechan-
ics during exercise and breathing pattern [12]. Evaluation of reserves for respired
flow and volume generation at any point during exercise is particularly useful but
requires accurate placement of EELV on the volume axis by serial IC measurements
(Fig. 5.3) [11]. Volume correction for actual absolute TLC in each individual is desir-
able as is accounting for possible configurational changes of the maximal envelope
due to natural intrinsic bronchodilation or, in some instances, acute bronchoconstric-
tion during exercise. Possible variation in airway smooth muscle tone during exercise
can be detected by comparing maximal flow-volume curves at rest prior to exercise
and immediately postexercise. In COPD, the main abnormalities are:

e Expiratory flow limitation as assessed by the degree of progressive overlap of
tidal expiratory flows on the maximal expired flow envelope.

e Dynamic lung hyperinflation.

 Shift of tidal volume loops to the left as IC decreases.

 Critical mechanical constraints on Vy expansion as manifest by a low IRV at the
limits of tolerance (Fig. 5.3).

While flow-volume loop analysis provides mainly qualitative evaluation (pattern
recognition), quantitative assessments of dynamic breathing reserves during exercise
are increasingly provided in exercise test read-outs, at least in research settings [12].

5.7 Increased Ventilatory Demand During Exercise in COPD

The ventilatory response to exercise is geared to improve pulmonary gas exchange
while minimizing the work of breathing and attendant respiratory sensations. In
addition to the predations of ageing, exercise ventilation in COPD is perturbed
by smoking-related inflammatory injury of the airways, lung parenchyma and
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microvasculature. Each of these structural abnormalities conspires against the nor-
mal coupling of V'g to metabolic demand (V'CO,) as:

V'y IV'CO, =1/ PaCO, x(1-V,, / V; ) ] (5.1

where PaCO, is the partial pressure of CO, in the arterial blood and V/V; is dead
space-to-tidal volume ratio. Thus, the higher the V'5/V'CO, (i.e. ventilation is less
“efficient”), the higher the fraction of the breath wasted in the V}, [16]. When con-
comitant cardiovascular disease is present, PaCO, may be regulated to a lower level
(i.e. low CO, set-point), reflecting adaptations of the central regulatory controller
[22]. In symptomatic smokers with largely preserved forced expiratory volume in
1 s (FEV)), V'5/V'CO, is frequently increased [6-9, 20, 23, 24] due to an enlarged
Vp rather than a small V; or a low PaCO, set-point [7]. In line with these premises,
adding external V}, further increases V'y/V'CO, in these patients [20]. Low PCO,
is also commonly seen because the expired CO, is diluted by the air that comes
from areas of high ventilation/perfusion (V',/Q’) ratio due to poor pulmonary per-
fusion [7, 25]. The excessive ventilatory response decreases patients’ mechanical
reserves, thereby contributing to exertional dyspnoea and poor exercise tolerance
[6-9, 20]. Ventilation responses to incremental exercise may also be increased in
COPD by increased central chemo-stimulation due to early metabolic acidosis
[26]. This usually occurs as a result of skeletal muscle (reduced oxidative capac-
ity) and cardiac deconditioning—an inevitable consequence of prolonged physical
inactivity due to dyspnoea [27]. Critical hypoxaemia (partial pressure of arterial
0, (Pa0,) < 60 mmHg) can also stimulate ventilation via peripheral chemorecep-
tors as a result of decreased mixed venous O, in systemic blood perfusing alveolar
units with low V’,/Q’ ratios or right-to-left shunting. Type I and II ergoreceptor
stimulation in response to an acidic milieu in the peripheral muscles in conjunction
with sympathetic over-activation are additional sources of ventilatory stimulation
in COPD [28]. Finally, as already mentioned, in patients with COPD and concomi-
tant congestive heart failure, a low regulated CO, set-point in the setting of a fixed
high physiological dead space (ventilatory inefficiency) amplifies the ventilatory
response to exercise [22].

5.8 Abnormal Lung Mechanics During Exercise in COPD

The key mechanical abnormalities which are present at rest and worsened by exer-
cise in COPD include [10, 29-31]:

* High elastic loading which is amplified by increased inspiratory threshold load-
ing due to the effect of intrinsic positive end-expiratory pressure.

e Decreased dynamic lung compliance.

¢ Increased resistive loading of the respiratory muscles.
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All of these abnormalities are mechanistically linked to increased respiratory
motor drive and inspiratory muscle effort. In the presence of expiratory flow limita-
tion and faster f (leading to shorter expiratory time), there is a temporary increase
in EELV above the resting value, i.e. acute-on-chronic lung hyperinflation. As TLC
does not change appreciably with exercise, IC decreases and VT lies closer to the
upper portion of pressure-volume relation of the respiratory system, where compli-
ance is decreased and the inspiratory muscles are functionally weakened. In fact,
EILV encroaches on TLC leading to a critically reduced IRV and dynamic mechani-
cal constraints [10, 11, 20, 32]. This explains why V; cannot further increase and
the consequent relative tachypnoea in COPD compared with healthy controls [10,
20]. Hyperinflation also promotes functional inspiratory muscle weakness as the
diaphragm loses efficiency when overstretched and higher f imposes an excessively
fast rate of shortening [33].

Expiratory muscle activity is relatively increased in COPD but fails to prevent
dynamic hyperinflation [34, 35]. Excessive expiratory muscle activity will cause
increased dynamic compression of the airways on expiration without increasing
tidal expiratory flow rates or reducing EELV and may have deleterious hemody-
namic effects (e.g. reduced venous return), which further compromise exercise per-
formance [29, 36]. It remains unclear whether some patients with more advanced
COPD do present with respiratory muscle fatigue at the end of a symptom-limited
exercise test. Dynamic functional weakness as a consequence of gas trapping and
increased velocity on contraction, however, is more likely [37]. Resting inspiratory
muscle weakness under “static” conditions due to systemic myopathy, cachexia,
malnutrition and repeated steroids usage has been reported in a minority of subjects
[38, 39]. Acute-on-chronic decrement in respiratory muscle strength might occur
with exercise progression in these patients [40].

5.9 Cardiovascular Responses to Exercise in COPD

There is growing evidence that patients in early stages of COPD present with
cardio-circulatory abnormalities [41, 42]. This is not surprising considering the
common risk factor of smoking and low-grade inflammation. Emphysema in mild
COPD is more closely associated with systemic vascular dysfunction than airway
disease [43], suggesting that inflammatory-immunological mechanisms involved in
lung elastolysis might act remotely leading to early loss of vascular elasticity in
large arteries and impairment in endothelial function in peripheral arteries [44—46].
Considering the significant relationship between emphysema burden and exertional
dyspnoea in mild COPD [47], it is also possible that patients with worse emphy-
sema are particularly inactive leading to poorer systemic vascular function. Resting
heart rate (HR) tends to be higher in patients with mild COPD, an abnormality
which persists during exercise [7, 8, 20]. Increase in HR, however, is not severe
enough to impair V'O,/HR ratio (oxygen pulse) or decrease HR reserve (predicted
maximal HR minus peak HR) in patients with mild-moderate COPD and smokers
with relatively preserved pulmonary function [7, 48]. Impairment (or destruction/
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obliteration) of pulmonary microvasculature might develop in mild COPD [49, 50];
in fact, reduced pulmonary blood flow on exercise (at a given V'O,) has been recently
demonstrated in patients with mild COPD [47]. Although one study reported the
presence of pulmonary arterial hypertension (PAH) in up to 17% of patients with
mild COPD, few patients present with clinically significant PAH at rest [51]. Those
with resting PAH, however, present with likelihood of developing PAH during exer-
cise [52], a finding that predicts future resting PAH [53].

In more severe COPD, there is a long-standing concept that high mean intra-
thoracic pressures secondary to severe gas trapping and lung hyperinflation could
impair venous return and right ventricular preload on exercise [54]. This would
be particularly worsened if the patient chooses to recruit the abdominal expiratory
muscles leading to lower vena cava compression [54]. Right ventricular function
could be further impaired as a consequence of increased pulmonary vascular resis-
tance (PVR), i.e. high right ventricular afterload. High PVR in moderate-to-severe
COPD might be related to [55-59]:

* The negative mechanical effects of breathing at lung volumes close to TLC.

e Vasoconstriction provoked by low intra-alveolar PO, tensions.

¢ Emphysematous destruction of the vascular bed.

e Mechanical compression of juxta-alveolar vessels due to scattered pockets of
dynamic hyperinflation during exercise.

In fact, some studies have shown impaired right ventricular ejection fraction
despite increased right ventricular end-diastolic pressure [58—61]. Dynamic impair-
ment in left ventricular function during exercise might be seen in advanced COPD
due to the large intrathoracic pressure swings required to overcome increased elastic
and resistive loads. This is likely to be particularly deleterious in the presence of
cardiac comorbidity, e.g. chronic heart failure [62—-64]. In end-stage COPD, severe
lung hyperinflation may mechanically impair cardiac output [65, 66]. Left ventricu-
lar diastolic function may be impaired due to the negative consequences of ventricu-
lar interdependence [60, 67]. There is a paucity of haemodynamic data obtained
in invasive studies in COPD: the prevailing view is that cardiac output tends to
increase within the expected range (relative to V'O,) despite the increased PVR
[63]. Nevertheless, peak cardiac output (and V'O,) reaches lower values compared
to healthy subjects, likely due to early exercise termination induced by limiting
dyspnoea [56, 68].

5.10 Exercise Pathophysiology in Mild COPD

Symptomatic smokers with only modest physiological abnormalities at rest might
present with activity-related dyspnoea leading to chronic inactivity restriction,
reduced health-related quality of life and poorer prognosis [69-71]. In this context,
CPET has a major role in exposing the heterogeneous nature of the physiological
impairment in smokers with minor airway obstruction [6-9, 20, 72]. A number of
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physiological abnormalities at rest have the potential to impact on exercise responses
in patients with mild COPD: increased peripheral airways resistance [73, 74]; hetero-
geneous distribution of alveolar ventilation [75]; EFL, pulmonary gas trapping and
reduced IC [6-9, 20]; increased alveolar-to-arterial O, tension gradient (A-aPO,) [7,
76, 77]; and low lung transfer factor for carbon monoxide and transfer coefficient
[78-80].

During incremental CPET, the following abnormalities can be found [7, 20]:
increased V'g/V'CO, nadir and steeper V'g—V’'CO, slope compared with healthy
controls reflecting heightened chemo-stimulation due to high physiological dead
space, and dynamic hyperinflation secondary to expiratory flow limitation, and high
ventilatory demand. The combination of reduced IC and high inspiratory neural
drive results in early attainment of critical mechanical constraints and higher exer-
tional dyspnoea ratings compared with age-matched healthy controls [6-9, 20].

5.11 Exercise Pathophysiology in Moderate-to-Severe COPD

The above-mentioned pattern of abnormalities is also found in more advanced
COPD. However, derangements of pulmonary gas exchange and dynamic respira-
tory mechanics are seen at significantly lower V'g and WR [10]. The higher ven-
tilatory requirements relative to metabolic demands are mechanistically linked to
increased afferent stimulation of central and peripheral chemoreceptors due to:

* Alveolar ventilation (V’,)/lung capillary perfusion (Q’c) mismatching character-
ized by high V’,/Q’ lung units and increased “wasted” ventilation in the physi-
ological dead space [23, 81]

* Hypoxaemia due to increased perfusion of low V',/Q’c lung units with poorly
oxygenated mixed venous blood [82, 83]

e Higher lactacidotic drive due to deconditioning or impaired central haemody-
namic [84, 85]

Critical mechanical constraints and inspiratory muscle dysfunction, particularly
in the context of high V;, and blunted Vi expansion [22, 86], may lead to alveolar
hypoventilation and CO, retention in end-stage COPD.

It should be noted that a commonly used metric of ventilatory inefficiency (V'g—
V'CO; slope) decreases from mild to (very) severe COPD [24]. This paradoxical find-
ing is a consequence of mechanical impediment of the ventilatory response induced
by critical inspiratory constraints in more severe COPD [10, 23, 32]. The resulting
hypercapnia increases the prevailing levels at which CO, is centrally regulated which
further contributes to lessen Vg for a given V'CO, [86, 87]. These considerations
explain why the V'g—V’'CO, relationship may underestimate the expected increase in
physiological dead space in COPD patients with severe mechanical constraints during
exercise. Similar considerations apply to some COPD patients with coexistent heart
failure who present with particularly high V'e/V'CO, on exercise [88]. This abnormal-
ity is more closely related to a lower PaCO, set-point rather than a high physiological
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dead space [22]. Moreover, low PaCO, is also seen in COPD-heart failure patients
with exercise oscillatory ventilation; of note, those oscillations are blunted or disap-
pear when V; expansion is limited by critical mechanical constraints. As expected,
combination of high chemo-stimulation and impaired lung mechanics prompt severe
dyspnoea and particularly poor exercise tolerance in these patients [64].

5.12 Exertional Dyspnoeain COPD

In the majority of patients, intolerable breathlessness is the primary locus of symptom
limitation, especially in more advanced disease. However, leg discomfort alone or in
combination with dyspnoea is also commonly reported at end-exercise and points to
coexistent skeletal muscle weakness and deconditioning or even peripheral vascular
disease or abnormal cardiopulmonary interactions [89]. Despite those considerations,
CPET is more frequently interrupted by the patients due to early attainment of criti-
cal mechanical constraints leading to intolerable respiratory discomfort [32, 90, 91].
As mentioned, low resting IC which did not increase with exercise, or progressive
decrease in IC (secondary to dynamic gas trapping), reduces the operating limits for
V¢ expansion leading to early attainment of a critically low IRV during progressive
exercise [32]. This is where the disparity between increasing inspiratory neural drive
and the muscular/mechanical response of the respiratory system abruptly widens
[i.e. neuromechanical dissociation] and marks the threshold beyond which dyspnoea
intensity rises sharply to intolerable levels [32, 92]. Improvement in dynamic lung
mechanics (resting and exercise IC) with inhaled bronchodilator has been found of
foremost relevance to restore neuromechanical coupling and to delay mechanical
limitation [92, 93]. These results are consistent with the notion that activity-related
dyspnoea and exercise intolerance are closely related to consequences of gas trapping
and lung hyperinflation (i.e. higher inspiratory neural drive and neuromechanical dis-
sociation). In fact, pharmacological lung deflation induced by these medications has
been instrumental to delay the dyspnoea threshold and prolongs exercise endurance.
Furthermore, strategies aimed at reducing inspiratory neural drive (e.g. supplemental
oxygen [94-96], opiates [97—101] and exercise training [102, 103]) have been found
useful to lessen dyspnoea and increase exercise tolerance.

5.13 Asymptomatic Subjects with Airway Obstruction

In at-risk subjects who complain of symptoms, early detection of COPD has been
proven to be effective and is now recommended. However, even in the absence
of COPD-related symptoms, subjects with persistent airway obstruction defined
by a post-bronchodilator FEV,/FVC ratio below the statistically based, age-spe-
cific lower limit of normal (LLN) are at risk of premature death and/or of devel-
opment of respiratory symptoms, suggesting that their identification is pertinent.
It has recently been demonstrated that subjects with mild airway obstruction,
defined as post-bronchodilator FEV,/FVC < LLN together with normal FEV, who
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do not complain of any COPD symptom had, however, greater reduction in IC and
half of them had significant dynamic lung hyperinflation, higher dyspnoea intensity
during incremental exercise and poorer peak exercise capacity than matched healthy
subjects with normal spirometry [104].

5.14 Conclusions

The mechanisms underlying breathlessness and exercise intolerance in COPD can
be objectively determined through an integrated analysis of mechanical-ventilatory
responses (i.e. ventilatory efficiency, breathing pattern, operating lung volumes and
tidal flow-volume loops) in addition to serial measurements of dyspnoea intensity.
Even in symptomatic mild COPD, the combined abnormalities of decreased ven-
tilatory efficiency—a surrogate for increased wasted ventilation—which increases
ventilatory demand and critical erosion of the dynamic inspiratory reserve volume
due, in part, to the effects of dynamic lung hyperinflation lead to intolerable respi-
ratory discomfort and early exercise limitation compared with healthy age- and
sex-matched controls. In moderate-to-severe COPD, these major combined physi-
ological abnormalities become further amplified and occur at relatively low exercise
intensities. In this group exercise intolerance is further compounded by the effects
of generalized skeletal muscle deconditioning and cardio-circulatory abnormalities.
The corollary is that combined interventions that attenuate high ventilatory demand
and improve dynamic respiratory mechanics will reliably ameliorate exertional
dyspnoea and delay the onset of exercise limitation. Finally, a significant dynamic
lung hyperinflation on exertion, greater dyspnoea intensity and poorer peak exercise
capacity, has recently been demonstrated in asymptomatic subjects with mild air-
way obstruction compared with matched healthy subjects with normal spirometry
during incremental exercise. CPET is a well-tailored approach in the identification
of specific physiological derangements in all range of COPD.

Key Points

* Dyspnoea and exercise limitation are among the most common symptoms
experienced by patients with chronic obstructive pulmonary disease
(COPD) and are linked to poor perceived health status and increased
mortality.

e Cardiopulmonary exercise testing (CPET) provides an objective evalua-
tion of the ability of the respiratory system to respond to measured physi-
ological stress across the spectrum of disease severity.

* In symptomatic mild COPD, the combination of increased wasted ventila-
tion leading to increased ventilatory demand and reduction of the dynamic
inspiratory reserve volume lead to intolerable respiratory discomfort and
early exercise limitation.
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e In moderate-to-severe COPD, these major physiological abnormalities that
culminate in pronounced demand-capacity imbalance of the respiratory
system and dyspnoea become further amplified and are evident at rela-
tively low exercise intensities. In this group, exercise intolerance is often
further compounded by the effects of skeletal muscle deconditioning and
worsening cardio-circulatory dysfunction.

» Significant dynamic lung hyperinflation on exertion, greater dyspnoea
intensity and poorer peak exercise capacity, have recently been demon-
strated during incremental exercise in asymptomatic subjects with mild
airway obstruction compared with matched healthy subjects with normal
spirometry.

 Identification of specific physiological derangements exposed by CPET
facilitates an individualized approach to management in COPD.
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Exercise Testing in Cystic Fibrosis

Paolo Palange

Abstract

Cystic fibrosis (CF) is the most frequent genetic disease in the Caucasian popula-
tion. It is characterized by absent or incorrect function of the channel that regu-
lates the chloride exchange at cell surface (CTRF). The lungs are particularly
involved as the very thick and tenacious mucus leads to progressive airflow limi-
tation, respiratory infections, bronchiectasis, lung destruction, and ultimately
respiratory failure. Dyspnea and exercise intolerance are the hallmarks of the
diseases. Patients, however, should be encouraged to exercise regularly since
early childhood because it promotes expectoration and contributes to good nutri-
tional status and overall level of fitness. In addition, there are no contraindica-
tions to agonist sports. It follows that a growing number of CF patients will be
referred to exercise-based evaluations in the forthcoming years. Cardiopulmonary
exercise testing (CPET), in particular, is useful to determine the mechanisms of
exercise intolerance in individual patients which may have treatment and prog-
nostic implications.

6.1 Introduction

Cystic fibrosis (CF) is the most frequent genetic disease in the Caucasian popu-
lation due to the absent or incorrect function of the channel that regulates the
chloride exchange at cell surface (CTRF). Because of the systemic nature of
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the disease, many organs are involved; the lungs, however, are mainly affected
because of progressive chronic obstructive disease, secondary to the very thick
and tenacious mucus that leads to respiratory infections, bronchiectasis, lung
destruction, and ultimately respiratory failure. Exercise tolerance is a very well-
known prognostic index in CF [1], as it is in many chronic pulmonary and car-
diac disorders. Patients with CF should be encouraged to exercise regularly and
to have a very active lifestyle from a physical activity point of view, together
in keeping a good nutritional state. In CF patients several studies have demon-
strated that regular exercise and physical activity together with a good nutritional
state are capable to reduce the rate of decline in lung function. Exercise train-
ing programs and pulmonary physiotherapy are fundamental therapeutic strate-
gies aimed at improving mucus clearance and at reducing rates of pulmonary
exacerbations.

6.1.1 Indications to CPET in CF Patients

It is well known that measurements of lung function, such as FEV, obtained at rest
provide only a rough estimation of exercise tolerance in patients with CF [2, 3].
Therefore, particularly in the mild and moderate phases of the disease, the evalu-
ation of exercise tolerance should be obtained by using the most appropriate tool
and exercise protocol. Cardiopulmonary exercise testing is considered the “gold
standard” for the assessment of exercise tolerance [2] in many diseases states.
CPET, in addition to clearly define maximal power output (W,,,) and peak O,
uptake (V'Oapea), provides information of the ventilator response/efficiency (V'g/
V’CO,), of the cardiovascular and metabolic responses to exercise. CF patients with
V'Ospeac > 82% predicted normal have more than three times as likely to survive
for 8 years than those with low V'O, < 58% predicted [1] (Fig. 6.1). Also, CF
patients with a V'O < 32 mL/min/kg had an increase in mortality compared to
those with V'O, > 45 mL/min/kg [4]. The following are the indications to CPET
in CF (Table 6.1).

6.1.2 CPET Protocols

During CPET measurement of lung gases (O, and CO,), minute ventilation (V'g),
heart rate (HR), arterial blood pressure (BP), and peripheral arterial O, saturation
(Sp0,) are obtained. Calculated variables include V'O,, carbon dioxide output
(V'CO,), breathing reserve (i.e., V'ga/maximal voluntary ventilation or MMV),
HR reserve (HRR = (220 — age) — HR.,), and O, pulse (O, pulse = V'O,/HR).
Important additional information is provided with measurements of symptoms
(dyspnea and leg fatigue), inspiratory capacity (IC), arterial blood gases (PaO, and
PaCQ,), and blood lactate (La-) obtained at rest, during and at peak of exercise. In
adult subjects the maximal incremental ramp test on a cycle ergometer is the pro-
tocol recommended by the ERS [2]; the test is expected to last 10-12 min during
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Fig. 6.1 Rate of survival (%) among CF patients according to aerobic fitness (i.e., maximal aero-
bic capacity). Level of fitness according to maximal aerobic capacity (V'O,pe) measured during
cardiopulmonary exercise testing (CPET). High, V'Oyex > 82% predicted; medium,
V'Oypear = 81 — 59% predicted; low, V'O < 58% predicted (According to data from Ref. [1])

Table 6.1 Indications to
CPET in CF

. Functional and prognostic evaluation.

. Evaluation of the causes of exercise intolerance.

. Detection of exercise-induced bronchoconstriction.

. Detection of exercise-induced arterial oxygen desaturation.
. Preoperative evaluation, e.g., lung transplantation.

. Exercise prescription before exercise-based rehabilitation.

. Evaluation of therapeutic interventions, e.g., drugs,
rehabilitation.

NN N R W N~

which subject is pushed to his/her limit of tolerance. In CF children, the maximal
incremental Godfrey cycle ergometer protocol [4] has been utilized extensively.
It requires the subject to maintain a rate of 60 revolutions per minute while the
load is increased every minute until volitional fatigue. Treadmill exercise protocols
have been widely used in clinical assessment of myocardial ischemia in adult sub-
jects, being the Bruce protocol [5] the most utilized; this protocol has been utilized
to detect changes with interventions in children with CF [6]. The Bruce protocol
requires the subject to walk initially and run subsequently on a treadmill, where
both the speed and the gradient of incline are increased every 3 min. It should be
kept in mind that power output during a treadmill test is estimated, while with
cycle ergometer exercise, a precise measurement of power output is obtained if the
ergometer is calibrated routinely; if measurement of work efficiency (i.e., V'O/W)
is required, the cycle ergometer or another calibrated ergometer (e.g., arm ergom-
eter) should be used.
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6.1.3 Factors Limiting Exercise Tolerance in CF Detected at CPET

In the advanced phase of the disease, CF patients are usually exercise limited by
ventilatory constraints (e.g., low FEV,). However, “peripheral factors” related to
deconditioning and/or to poor nutritional state may play a very important role.
Dyspnea and leg fatigue are usually the symptoms limiting exercise tolerance in
CF. Interestingly, as shown in a recent published study, the frequency of these two
symptoms in stopping exercise does not differ, CF versus control [7]. Poor skel-
etal muscle condition, with reduced muscle mass and force, is associated with low
aerobic capacity and early lactate production; this may lead to increase ventilatory
requirement during exercise (i.e., higher V't/W).

As in other chronic respiratory diseases such as chronic obstructive pulmonary
diseases (COPD), patients with CF may experience lung dynamic hyperinflation
(DH) during exercise [8]. Since DH highly correlates with dyspnea sensation and
is susceptible to treatment with bronchodilators, this negative mechanism should
be ruled out during exercise testing through measurements of IC and end expira-
tory lung volume (EELV). Arterial oxygen desaturation may be observed during
exercise. In other diseases such as COPD and lung fibrosis, arterial oxygen desat-
uration usually occurs when diffusion lung CO (DLco) is < 50% of predicted;
also, arterial oxygen desaturation is more evident during walking compared to
cycling exercise [9]. In some CF patients, due to the deconditioning of peripheral
muscles and poor muscle energy, anaerobic metabolism with lactate production
occurs at the beginning of the exercise. The anaerobic contribution to exercise
metabolism (in addition to the aerobic one) can be detected noninvasively by
the use of the lactate threshold (LT). The recommended graphical method to
detect LT is the “V-slope” originally described by Beaver et al. [10]; by plotting
exercise V'CO, and V'O,, data is possible to detect a change in the slope of the
relationship that indicates LT. In normal subjects, LT occurs at 40-50% of the
predicted VO,,,. Ultimately CPET helps in determining not only the degree of
exercise limitation (i.e., V'Oxpeq) that predicts prognosis in CF [1] but also gives
a better insight on the causes of the reduced exercise tolerance. The possible
causes of exercise intolerance (i.e., low V'O,,,) detectable at CPET in CF are
illustrated in Table 6.2.

Table 6.2 Possible causes of exercise intolerance in CF

Cause CPET finding

1. Reduced ventilatory capacity. Low breathing reserve; high V'g/V'O,

2. Deconditioning, poor nutritional state. Early LT, high HR/V'O,

3. Exercise-induced bronchoconstriction. >10% drop in baseline FEV,

4. Exercise-induced arterial oxygen desaturation. | >4% drop in baseline SpO,

5. Pulmonary hypertension (rare). V'0,/W slope < 8
High V'g/V’'CO, (slope and nadir)
Low O, pulse; high HR/V'O,
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6.1.4 Field Tests

When exercise lung gas exchange equipment are not available, field tests can be uti-
lized. These tests are however less sensitive than CPET in assessing the degree of exer-
cise intolerance and the responses to treatment, compared to the constant work exercise
protocols at CPET [11]. The distance covered at the 6-min walking test (6 MWT) or the
number of steps climbed during a 3-min step test [12] has been utilized in CF studies
to evaluate the response to therapeutic intervention. It is recommended to measure HR
and SpO, at baseline and at peak exercise. While the 6 MWT is a self-paced walking
test that roughly correlates with V'O, measured at CPET, the “shuttle test” is an
incremental externally paced audio signal. The highest speed measured at shuttle test
better correlates, compared to 6 MWT, with V'O, measured at CPET [13].

6.1.5 Pulmonary Exercise-Based Rehabilitation in CF

Patients with CF should be encouraged to exercise regularly since the early years of
life. It has been demonstrated that even moderate exercise promotes sputum expec-
toration by increasing airway lining fluid [14, 15]. Exercise-based rehabilitation
programs clearly demonstrated beneficial effects in CF patients [16—18]. In addi-
tion, exercise-based rehabilitation programs have demonstrated to reduce the rate
of pulmonary exacerbations [19]. A Cochrane review is available that demonstrates
definitive benefit of exercise programs in subjects with CF [20].

6.1.6 Daily Physical Activity in CF

In normal individuals, the levels of daily physical activity (PA) and maximal exer-
cise tolerance are somewhat related. Recent studies from our laboratory have dem-
onstrated that in CF levels of PA are better evaluated by the use of accelerometers
compared to questionnaires [21]. In addition, we were able to demonstrate that daily
PA positively correlated with maximal aerobic fitness (i.e., V'Oapeu) [22]. Perhaps
more importantly, adult CF patients with more pulmonary exacerbations in the pre-
ceding year have more advanced disease and are less active than their peers; in this
study PA was independently associated with gender and airflow obstruction, being
the females less active than males [23].

Key Points

» Cystic fibrosis (CF) is a genetic disease due to the absent or incorrect func-
tion of the channel that regulates the chloride exchange at cell surface
(CTRF). Lungs are mainly affected because of progressive chronic
obstructive disease, secondary to the very thick and tenacious mucus that
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leads to respiratory infections, bronchiectasis, lung destruction, and ulti-
mately respiratory failure.

» Exercise intolerance is a hallmark of the disease. Measurements of lung
function, such as FEV, obtained at rest provide a rough estimation of exer-
cise tolerance in CF patients. Particularly in the mild and moderate phases
of the disease, the evaluation of exercise tolerance should be obtained by
using the most appropriate tool and exercise protocol, such as cardiopul-
monary exercise testing (CPET).

* In the advanced phase of the disease, CF patients are usually exercise lim-
ited by ventilatory constraints. Also peripheral factors related to decon-
ditioning and poor nutritional state may play a very important role.
Dyspnea and leg fatigue are usually the symptoms limiting exercise toler-
ance in CE.

* In CF regular exercise since early childhood promotes expectoration and
contributes to good nutritional status and overall level of fitness, which, in
turn, are capable to reduce the rate of decline in lung function.

* Cardiopulmonary exercise testing (CPET), in particular, is useful to deter-
mine the mechanisms of exercise intolerance in individual patients which
may have treatment and prognostic implications.
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Exercise in Interstitial Lung Diseases

Baruch Vainshelboim

Abstract

Interstitial lung diseases (ILDs) represent a group of diverse chronic lung condi-
tions characterized by scaring, inflammation, and restrictive pathophysiology.
Idiopathic pulmonary fibrosis (IPF) is the most common form of ILDs and is
associated with severe signs and symptoms, exercise intolerance, impaired qual-
ity of life, and poor prognosis. Exercise training has been shown to be a safe and
effective treatment in a variety of ILDs including IPF. Exercise training improves
exercise tolerance, functional capacity, dyspnea, and quality of life both in
patients with ILDs and IPF. Higher exercise capacity and physical activity levels
have been demonstrated to be associated with better survival and enhanced qual-
ity of life. The optimal training modalities and the underlining mechanisms with
respect to outcome improvements are yet to be well characterized and require
further investigation. The existing evidence supports the clinical benefits of exer-
cise in patients with ILDs and thus provides good justification to recommend
exercise training as part of standard care for ILDs.

7.1 Introduction

Interstitial lung diseases (ILDs), also known as diffuse parenchymal lung dis-
eases, encompass a wide and diverse group of more than 200 disorders affecting
not only the interstitium but also peripheral airways, alveoli, and small blood
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vessels within the lungs. ILDs are characterized by lung inflammation, scarring,
and presence of restrictive pathophysiology. ILDs include diseases of underlying
systemic processes (i.e., sarcoidosis), connective tissue diseases (i.e., rheumatoid
arthritis), occupational exposures (i.e., asbestosis, silicosis), collagen vascular
diseases, as well as environmental and drug-related diseases. ILDs also include
conditions of unknown etiologies such idiopathic interstitial pneumonia or idio-
pathic pulmonary fibrosis (IPF). IPF is the most common form of ILDs and have
no established etiology [1, 2].

IPF is a chronic, progressive ILD associated with high morbidity and a median
survival of 2-5 years from the time of diagnosis [3-5]. IPF is characterized by
progressive pulmonary restriction, ventilatory inefficiency, dyspnea, impaired gas
exchange, and hypoxemia, which all lead to diminished exercise capacity [3, 5, 6].
Patients with IPF experience severe breathlessness and tend to be less physically
active in order to avoid such symptoms [7, 8]. Manifestations of IPF have a nega-
tive impact on functional capacity and quality of life (QOL) and are associated with
poorer prognosis [3, 5-8]. Long-term effective treatment apart from lung transplan-
tation is still limited for most IPF patients despite some encouraging recent findings
with pharmacotherapies [3, 9—11].

A recent systematic review demonstrated that short-term exercise training in pul-
monary rehabilitation settings is a safe and effective treatment for improving exer-
cise capacity, dyspnea, and quality of life in patients with ILDs and IPF [12]. The
current chapter comprehensively reviews the existing evidence on physical activity
and rehabilitation programs in patients with ILDs and IPF, highlighting important
insights concerning exercise in the management of these diseases.

7.2  Pathophysiology

At rest, patients with ILDs and IPF frequently show a restrictive pulmonary
physiology characterized by reduced forced vital capacity (FVC) and total lung
capacity (TLC), combined with impaired gas exchange [5, 6]. The resting arte-
rial blood gases are usually near normal or may reveal mild hypoxemia; however,
breathing pattern is often rapid and shallow. In general, as the disease progresses,
lung compliance decreases and lung volumes fall [6]. Dyspnea is a predomi-
nant symptom of IL.Ds and IPF and results clinically significant due to its strong
association with exercise intolerance, poor quality of life, and mortality [3, 8,
13-15]. Other symptoms such as leg pain, chest discomfort, and fatigue are also
common reasons for exercise test termination [16, 17]. Patients with IPF can be
also bothered by a dry cough which interferes with daily activities. The onset of
symptoms is slow, despite progressive [5]. Exercise intolerance is a cardinal fea-
ture in ILDs and is associated with severe exertional dyspnea and fatigue, as well
as poor quality of life [16—18]. Patients with IPF often exhibit reduced peak aero-
bic capacity (VO,peak), peak work rate, and sub-maximal exercise endurance
(anaerobic threshold) compared to age- and sex-matched healthy controls [16].
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7.3 Exercise Tolerance Assessment

7.3.1 Cardiopulmonary Exercise Testing

Cardiopulmonary exercise testing (CPET) is the gold-standard procedure to objec-
tively assess cardiorespiratory fitness (VO, peak/VO, max), ventilatory, electro-
cardiographic, and metabolic responses to exercise [19-24]. Treadmill and cycle
ergometers are the most commonly adopted CPET protocols among patients with
chronic heart and lung diseases. CPET provides a comprehensive evaluation of
exercise tolerance and functional capacity, detecting limiting factors during exer-
cise; it also aids in establishing diagnosis and in reliably assessing responses to
interventions [19-24]. In addition, variables obtained from CPET provide powerful
prognostic information that has been shown to be more sensitive than traditional
measures among patients with cardiopulmonary diseases [21-23]. Table 7.1 shows

prognostic markers in patients with IPF.

Table 7.1 Selected prognostic markers in ILDs and IPF

Hazard ratio (95%
confidence intervals) for
Variables Studies/thresholds mortality
Low 6-min walk | du Bois et al. 2014 [25]<250 m 2.1(1.2-3.9)
distance Kawut et al. 2005 [26]<350 m 4.6 (1.5-14.2)
Lederer et al. 2006 [27]<207 m 4.7 (2.5-8.9)
Caminati et al. 2009 [28]<212 m Not reported
Desaturation Lama et al. 2003 [29] SpO, < 88% 4.5
during Vainshelboim et al. 2016 [30] A 23.3 (1.5-365)

6-min walk test

SpO, > 10%

Low exercise
capacity

Fell et al. 2009 [31] VO, peak <8.3 mL/kg/min
Triantafillidou et al. 2013 [32] VO, peak
>14.2 mL/kg/min per one unit increase
Vainshelboim et al. 2016 [33] work rate < 62
watts

Layton et al. 2017 [34] peak work rate
Yopredicted<35%

3.2 (1.1-9.6)
0.75 (0.6-0.95)

9.2(1.9-42.6)

4.7 (2.6-8.4)

Ventilatory

Triantafillidou et al. 2013 [32] VE/VCO, at

1.15 (1.04-1.26)

inefficiency anaerobic threshold per one unit increase
Vainshelboim et al. 2016 [33] VE/VCO, at 4.6 (1.2-17.3)
anaerobic threshold>34

Physical activity | Vainshelboim et al. 2016 [30] <417 9.7 (1.3-72)

METS-min/week

Vainshelboim et al. 2018 [35]

Walking 100 to <150 vs. <100 min/week

0.38 (0.16-0.88)

Walking >150 vs. <100 min/week

0.14 (0.03-0.53)

Prolonged sitting
time

Vainshelboim et al. 2018 [35]

5 to <10 vs. <5 h/day

4.6 (1.3-16.3)

>10 vs. <5 h/day

21.2 (4.1-32.6)
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Reviews and research studies utilizing CPET in ILDs usually show multifacto-
rial limitations during exercise. These include abnormal pulmonary gas exchange,
inefficient breathing mechanics, exercise-induced hypoxemia, circulatory impair-
ments, and respiratory and skeletal muscle dysfunctions [6, 16, 17, 36]. A hallmark
clinical sign in patients with ILDs is hypoxemia, which manifests as a decline in
arterial O, pressure and arterial O, saturation in response to exercise. This phenom-
enon mainly relates to abnormalities in pulmonary gas exchange, due to alveolar
ventilation-perfusion (VA/Q) mismatching, oxygen diffusion limitation, and low
mixed venous oxygen content [16, 17]. Ventilatory pattern is also seen abnormal in
patients with ILDs; however breathing reserve in most cases is kept within normal
values [16, 17]. In particular, part of the raised ventilatory drive during exercise is
related to the increased dead space ventilation, which may also relate to underlying
pulmonary vascular diseases, especially chronic pulmonary emboli or associated
emphysema [6, 16, 17].

7.3.2 6-Min Walk Test

The 6-min walk test (6MWT) is a well-established test for assessing functional
capacity in elderly subjects and in patients with cardiopulmonary diseases [37].
The primary outcome of the 6MWT is the 6-min walk distance (6MWD), a met-
ric that provides a valid and reliable estimate of exercise capacity for people with
chronic lung diseases. The 6MWD is associated with peak work rate capacity,
physical activity, and VO, peak, supporting its role as a functional endpoint of
exercise performance [38, 39]. The 6MWD has a good sensitivity to detect signifi-
cant changes in pre-post exercise-based rehabilitation interventions. The minimal
clinical important difference for the 6MWD ranges from 25 m to 33 m in adults
with chronic respiratory diseases, and most of the trials performed in ILDs and IPF
patients show clinical improvement by meeting or exceeding this threshold [12, 18,
38-40]. Desaturation during 6MWT in patients with ILDs and especially IPF has
been shown to be an important clinical sign. The nadir SpO, during 6MWT aids in
determining disease severity and providing prognostic values, such as the need for
lung transplantation [3, 29]. The distance completed during the 6MWT has been
also consistently proven to be associated with mortality among patients with IPF
and has been used as an important marker of Lung Allocation Score for lung trans-
plantation (Table 7.1) [25-28, 41].

7.4  Exercise Trainingin ILDs

In the past decade, growing body of evidence revealed the safety and efficacy of
exercise training interventions for patients with ILDs and IPF [15, 42-55]. This was
confirmed by a recent Cochrane systematic review and meta-analysis from Dowman
et al. [12]. The analysis included five randomized controlled trials (86 subjects
who took part in pulmonary rehabilitation programs and 82 controls). Significant
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improvements in G MWD [44.3 m 95% CI (26.04-62.64)] and in VO, peak [1.24 mL/
kg/min 95% CI (0.46-2.03)] were shown for all ILD patients. Similar findings were
reported in the subgroup of IPF patients with significant improvements of 36 m,
95% CI [16-55], and 1.5 mL/kg/min, 95% CI (0.5-2.4), respectively. The results
from this meta-analysis also showed a reduced dyspnea and improved quality of life
both in ILD and IPF patients with comparable efficacy [12, 56]. These findings are
consistent with the previous Cochrane review by Holland et al. demonstrating clini-
cal benefits of exercise training in ILD and IPF [56]. Of note, both meta-analyses
showed an average improvement of 6MWD exceeding the minimal clinical impor-
tant difference of 25 m generally set for chronic respiratory patients [12, 18, 38, 39,
57].

In general, exercise programs were undertaken for 4-12 weeks utilizing 2-3
weekly exercise sessions of 30—60 min duration. All training programs included
aerobic endurance exercises, such as walking and cycling, whereas some programs
combined also resistance and flexibility training, respiratory muscle training, and
breathing exercises [16, 52].

7.5  Skeletal Muscle Strength and Endurance

Muscular strength and endurance are important health-related fitness components
due to their associations with functional capacity and daily life activities [58, 59].
However, only few studies of exercise training investigated the strength and endur-
ance of peripheral muscles in patients with ILDs [53, 54]. Available findings showed
beneficial effect of exercise training on muscular strength and endurance. In par-
ticular, Arizono et al. showed significant improvements in handgrip and quadriceps
strength following 10 weeks of a pulmonary rehabilitation program in patients with
IPF [53]. Vainshelboim et al. [54] demonstrated a significant improvement in a 30-s
chair-stand test (suggestive of the functional strength-endurance capacity of lower
limb muscles) after 12-week exercise program in patients with IPF [54]. However,
the data are still limited, and future studies are needed to fully address the muscular
fitness component in ILDs and IPF patients.

7.6  Physical Activity

Physical inactivity has been identified by the World Health Organization as
the fourth leading risk factor for global mortality [60]. Approximately 31% of
adults are estimated to be physically inactive, contributing to 6% of all deaths
[60, 61]. Physical activity has not been studied extensively in patients with
ILDs. The manifestation of ILDs and the presence of signs and symptoms,
especially during physical exertion, may mechanistically explain the high prev-
alence of inactivity in order to avoid breathless, fatigue, and other related respi-
ratory symptoms [5, 7]. In general, inactivity among chronic respiratory disease
patients is associated with poorer outcomes including higher mortality risk [18].
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Few observational studies among patients with IPF have shown that low physi-
cal activity levels are associated with higher mortality rates [30, 62—64]. The
study of Wallaert et al. [63], by using accelerometers for step counting, found a
65% lower daily physical activity in patients with IPF compared to healthy sed-
entary controls [63]. This study also showed that among these patients, physi-
cal activity <3287 steps/day was associated with poorer survival rates [63]. In
align, Nakayama et al. [62] showed that low physical activity was associated
with disease severity, as measured by blood biomarkers, extent of honeycomb-
ing, GMWD, and dyspnea levels among stable IPF patients [62]. Vainshelboim
et al. [30] using an international physical activity questionnaire reported that
physical activity levels <417 METS-min/week (corresponding to 100—105 min
of moderate-intensity physical activity per week) were associated with almost
10 times higher risk for mortality during a 40-month follow-up in patients with
IPF [30]. More recently, Bahmer et al. [64] relying on step counters accelerom-
eters showed that physically active patients with IPF exhibited significant lower
risk of mortality (hazard ratio = 0.46) compared to inactive individuals during a
median of 34-month follow-up [64].

Nonetheless, the effects of participating in supervised exercise training or pul-
monary rehabilitation programs on physical activity were not extensively studied
among patients with ILDs and IPF. In fact, only three prospective studies exam-
ined the effect of short-term exercise-based pulmonary rehabilitation programs on
physical activity levels in IPF, with some conflicting results in the follow-up reas-
sessment [50, 65, 66]. These studies consistently reported a short-term increase
in physical activity after completion of the exercise-based interventions [50, 65,
66]. However, during follow-up while Gaunaurd [66] and Vainshelboim [65]
showed reduction in physical activity levels, assessed by the international physi-
cal activity questionnaire, Ryerson [50] demonstrated conservation of physical
activity levels, based on the rapid assessment of physical activity questionnaire
scores. Interestingly, while the average physical activity levels in Vainshelboim’s
study [65] declined during the 11-month follow-up, at individual level 57% of
the patients who participated in the exercise training were still above the baseline
with preserved minimal clinically important difference of 200 METs-min/week
(50 min/week at moderate intensity). This may provide a preliminary support for
long-term positive effects of supervised exercise programs on home-based physi-
cal activity [65].

Taken together, preliminary data suggest benefits and better survival in active
compared to inactive patients with IPF. Limited data also suggest the potential for
pulmonary rehabilitation and supervised exercise programs to increase activity lev-
els among patients with IPF. However, the existing evidence is confined to small
sample sizes and lacks validation with objective devices (step counters/accelerom-
eters), thus requiring further research. In addition, large prospective cohorts are
warranted to characterize the role of physical activity in ILDs prognosis, and the
long-term effects of exercise interventions on physical activity need to be explored
more in depth.



7 Exercise in Interstitial Lung Diseases 103

7.7  Sedentary Behaviors

Population-based studies have found that more than half of an average person’s
waking hours involve sedentary activity, mainly prolonged sitting, such as watch-
ing television and using computer [67]. Prolonged sitting time was also recently
acknowledged as independent risk factor from physical inactivity for incidence of
many chronic diseases, hospitalizations, and mortality [68, 69]. While sedentary
behaviors got little scientific attention in patient with ILDs and IPF, few available
data demonstrated that sedentary lifestyle were associated with poorer outcomes
[35, 70, 71]. Atkins et al. [70] found a trend toward significant association between
prolonged sitting and mortality at 1 and 2 years of follow-up in IPF patients [70].
Vainshelboim et al. [35] showed that compared to patients with IPF who reported
sitting time < 5 h/day, patients who sat >5 h/day experienced an increased risk of
hospitalizations and mortality [35]. These preliminary findings support the poten-
tial clinical significance of sedentary behaviors in patients with IPF that need to be
further addressed in future large prospective studies.

7.8 Possible Physiological Mechanisms of Exercise Training
Effectin ILDs

ILDs are complex chronic lung diseases which result in intra- and extrapulmo-
nary impairments that often worsen over time [1-3, 5, 16, 17]. Exercise training in
healthy population has been shown to positively impact on cardiovascular, respira-
tory, and musculoskeletal systems [72]. Chronic appropriate stimuli with exercise
may result in beneficial training effects and physiological adaptation for patients
with ILDs, despite the existence of pathophysiological abnormalities and impair-
ments [16, 17, 59]. Figure 7.1 illustrates possible mechanisms for the beneficial
effects of exercise training in patients with ILDs.

A randomized controlled study by Vainshelboim et al. [54] revealed a significant
improvement in ventilatory functions, including peak minute ventilation and peak
tidal volume, after 12 weeks of an exercise training intervention in patients with IPF
[54]. The improvement in peak tidal volume was significantly correlated (r = 0.78,
p =0.001) with an improvement in VO,peak values, a gold-standard marker of car-
diorespiratory fitness associated with better survival and overall health [19, 22, 23,
54, 73]. This underlying mechanism is poorly understood but may be related to a
repetitive stimulus of high ventilatory demands, chest expansion during breathing
exercises and stretching of the thoracic muscles during exercise sessions. These
could result in a more efficient breathing pattern, improved strength of respiratory
muscles, enhanced pleural elasticity, and pulmonary compliance [6, 16, 54, 74]. The
abovementioned is consistent with a review paper suggesting beneficial effects of
thoracic expansion and stretching on pulmonary restriction for IPF [74]. In addition,
patients included in the study of Vainshelboim et al. [54] also showed improvements
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Fig. 7.1 Potential physiological mechanisms of exercise training in patients with interstitial lung
diseases

in dyspnea, a phenomenon that further supports the relationship between cardiore-
spiratory fitness, ventilatory capacities, and exertional dyspnea [54]. These findings
are consistent with data provided by Manali et al. [75] who found a significant cor-
relation between dyspnea and VO,peak in patients with IPF [75]. It also may be that
the improvement in exercise capacity and ventilatory function results in reduced
dyspnea at sub-maximal exercises, such as activities of daily living, as demon-
strated by declined dyspnea scale rating after the program. This enhancement could
determine an increase in alveolar oxygen tension and improvements in alveoli ven-
tilation/perfusion (VA/Q) mismatch, resulting in an improved VO,peak [5, 6, 16].

Furthermore, the study conducted by Keyser et al. [76] found significant
peripheral adaptation after 10-week aerobic treadmill exercise program among
ILD patients [76]. The authors used a near-infrared spectroscopy of peripheral
oxygen extraction, suggesting it as primary physiological mechanism of increase
in aerobic capacity in ILD [76]. In addition, Vainshelboim et al. [77] found a sig-
nificant improvement in cluster of noninvasive exercise cardiovascular indexes,
representing cardiac power and heart contractility among patients with IPF. This
improvement was significantly correlated with improvements in functional capac-
ity (6MWD) [77]. Given a considerably high (66%) prevalence of coronary artery
disease in patients with IPF, the improvement in exercise cardiovascular function
is potentially clinically important for cardiac disease prognosis and risk reduction
in patients with IPF [77, 78].

Taken together, physiological studies in patients with ILDs and IPF suggest a
significant improvement in ventilatory, cardiovascular, and skeletal muscle func-
tions. However, the exact underlying mechanisms of training adaption in patients
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with ILDs and IPF are yet to be understood and require future research utilizing
low-dose computed tomography, stress echocardiography, and near-infrared spec-
troscopy to clearly address the intra- and extrapulmonary anatomical and physi-
ological adaptations to exercise interventions.

7.9 Conclusions

Interstitial lung diseases, especially IPF, are associated with significant morbid-
ity and mortality, exercise intolerance, dyspnea, and poor quality of life. Exercise
training is feasible, safe, and clinically effective for improving exercise capacity,
dyspnea, and quality of life in patients with ILDs and IPF. Higher exercise capacity
and physical activity levels in patients with IPF were associated with better sur-
vival. Long-term effects of exercise training and fitness, as well as the physiological
mechanisms, are yet to be determined.

7.10 Tips and Pitfalls

Despite the emerging scientific evidence with respect to safety and efficacy of exer-
cise training in patients with ILDs and IPF, specific set of guidelines are yet to be
published [74, 79]. Although exercise training studies in patients with ILDs show
a good safety profile, these patients tend to have additional comorbidities, such
as coronary arterial disease, systemic and pulmonary hypertension, as well as sig-
nificant symptoms during exercise [3, 5, 6, 16, 78]. Thus, baseline comprehensive
evaluation would be beneficial before starting an exercise training program. This
may include a respiratory physician evaluation, pulmonary function test, 6MWT,
“30-second chair sit to stand test,” and “8-foot up and go test” [18, 23]. In addition,
ILD patients present multifactorial limitations during exercise; integrative CPET
would be therefore valuable to assess the electrocardiographic, hemodynamic,
respiratory, and gas exchange responses to exercise [16, 17]. CPET can also serve
to optimize personal training program prescriptions and necessary adjustments in
oxygen supplementation during exercise sessions [18].

Oxygen supplementation seems to be necessary for hypoxemic patients during
exercise as has been recommended by the American Thoracic Society/European
Respiratory Society guidelines [3]. SpO, > 90% was previously recommended as
appropriate oxygenation threshold for ILD patients [80], based on COPD data [81].
However, ILD patients tend to desaturate to much lower levels compared to COPD
patients and practically may require different thresholds for oxygen supplementation
delivery [82, 83]. In this regard, SpO, thresholds <88% [54] and <85% [49] were
previously reported for oxygen supplementation during exercise sessions and seem
to be reasonable and safe [49, 54]. A specific set of guidelines on oxygen supple-
mentation during exercise in ILDs are yet to be published, and suggestions provided
in this chapter are based on observational reports [15, 42-50, 54] and the pulmonary
rehabilitation documents of leading respiratory organizations [18, 84, 85].
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7.11 Practical Recommendations for Supervised Exercise

Training Program

Identify an appropriate space for conducting the exercise training program.
Rely on staff specialized in exercise rehabilitation and familiar with signs and
symptoms of ILDs.

Address safety requirements in terms of emergency plans, oxygen delivery, and
necessary monitoring during exercise sessions.

Assess patients at baseline and after the intervention with at least medical evalu-
ation, G(MWT, “30-second chair sit to stand test,” “8-foot up and go test,” dys-
pnea scale, and QOL questionnaire.

Deliver at least two supervised exercise sessions per week over 6—12 weeks (lon-
ger is better).

Include in exercise sessions 20—45 min of aerobic exercise (can start using an
interval training of 5 min*4—6 bouts with 1 min rest between the bouts),
15-25 min of resistance/strength activities, and 10-15 min of flexibility and
breathing exercises.

Close monitoring of SpO,, heart rate, blood pressure, Borg dyspnea scale, and
clinical symptoms during exercise sessions.

Incorporate educational sessions and psychological support with the exercise
training as recommended for comprehensive pulmonary rehabilitation program.
Encourage patients for home-based physical activity on other days of the week
and consult to reduce sedentary behaviors.

Develop a maintenance plan in order to sustain the improvement in outcomes.

Key Points

 Interstitial lung diseases (ILDs), especially idiopathic pulmonary fibrosis
(IPF), are associated with significant morbidity, mortality, exercise
intolerance, dyspnea, and poor quality of life.

» Interventional studies demonstrate that exercise training is feasible, safe,
and clinically effective for improving exercise capacity, dyspnea, and
quality of life in patients with ILDs.

* Preliminary observational data show that higher exercise capacity and
physical activity levels are associated with better survival in IPF.
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Exercise in Pulmonary Vascular Diseases
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Abstract

Pulmonary arterial hypertension and chronic thromboembolic pulmonary hyperten-
sion are the most common diseases of pulmonary vasculature. The physiological
derangements of pulmonary hypertension result in characteristic abnormalities
observed during dynamic exercise and often lead to dyspnoea and exercise intoler-
ance. Impaired cardiac function results in reduced aerobic capacity, low anaerobic
threshold and reduced value of the relationship between oxygen uptake and work
rate (AV'O,/AWR). Both high physiologic dead space and chemosensitivity con-
tribute to elevated ratio of minute ventilation to CO, output (V'g/V'CO,) during
exercise testing. Consequently, resting hypocapnia with low end-tidal PCO,
throughout exercise is typically observed and is related to the severity of disease.
Exertional hypoxaemia is also a variable but frequent finding during exercise, which
can be related to ventilation-perfusion heterogeneity, low mixed venous O, content
from impaired cardiac output and right-to-left shunting through a patent foramen
ovale. Even in the absence of significant resting airflow obstruction, dynamic hyper-
inflation can occur in pulmonary vascular diseases, which contributes to exertional
dyspnoea and exercise intolerance. Peripheral muscle dysfunction is another com-
mon component of exercise pathophysiology in these conditions.
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8.1 Introduction

Pulmonary hypertension is defined as a resting mean pulmonary arterial pressure
(mPAP) >25 mmHg, which may result from primary diseases of the pulmonary
vasculature, left heart disease, lung disease and systemic diseases [1]. Pulmonary
arterial hypertension (PAH) and chronic thromboembolic pulmonary hypertension
(CTEPH) are primary diseases of the pulmonary vasculature caused by obstruction,
inflammation and remodelling of the pulmonary arteries and arterioles, endothelial
dysfunction, vasoconstriction and thrombosis [2]. PAH may be idiopathic or caused
by underlying connective tissue diseases, congenital heart disease, genetic muta-
tions, drugs and toxins, portal hypertension or infection with human immunodefi-
ciency virus or schistosomiasis [1]. CTEPH is a rare complication of pulmonary
thromboembolism in which there is persistent obstruction of large- and medium-
sized pulmonary arteries with remodelling of distal small vessels and progressive
pulmonary hypertension [3, 4]. Over time, patients with pulmonary vascular dis-
eases develop progressive increases in mPAP and pulmonary vascular resistance,
which ultimately leads to right heart failure and death.

Cardiopulmonary exercise testing (CPET) is very sensitive in detecting possible
impairments in a patient with early pulmonary vascular disease. Beside revealing
common and non-specific symptoms like dyspnoea and exercise intolerance, CPET
can highlight abnormal exercise response patterns suggestive of pulmonary vascular
disease in patients with undifferentiated dyspnoea [5]. In addition to functional
assessment, the CPET is helpful for the evaluation of responses to treatment and
estimate prognosis [6].

This chapter will focus primarily on the dynamic exercise pathophysiology and
patterns of exercise responses during CPET in patients with pulmonary hyperten-
sion and increased pulmonary vascular resistance, without significant left heart dis-
ease (Group 2 pulmonary hypertension) or a significant obstructive or restrictive
ventilatory defect (Group 3 pulmonary hypertension). The features and impact of
pulmonary hypertension secondary to other lung and heart diseases will not be dis-
cussed in this chapter.

8.2  Exercise Pathophysiology in PAH and CTEPH: General
Hallmarks

From a pathophysiological point of view, PAH and CTEPH are characterised by
obliteration and consequent obstruction of pulmonary arteries, vascular inflamma-
tion and consequent remodelling and endothelial dysfunction, which all give rise to
increased pulmonary arterial resistance and elevated pulmonary arterial pressure
[6]. The consequence of all this is that dead space (Vp/Vr) ventilation increases
because of the reduced perfusion of well-ventilated alveoli, which is reflected
“mainly” as a high ratio of minute ventilation (V'g) to CO, output (V'CO,) and
expressed as V'g/V'CO,. During exercise, cardiac output (CO) must increase to
match oxygen transport to the increasing demand by locomotor muscles [6].
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Increasing pulmonary blood flow during exercise is normally guaranteed by vascu-
lar distension and recruitment to keep resistance low for the right ventricle (RV).
However, in patients with pulmonary vascular disease, fixed vascular remodelling
hinders normal recruitment and distension and translates into a persistently high
vascular resistance, and therefore increases in CO during exercise give rise to fur-
ther increases in mPAP. This progressive elevation in afterload curtails the ability of
the RV to increase stroke volume, and therefore increases in CO during exercise
strongly rely on heart rate (HR) [6].

High RV pressure and RV dilation lead to interventricular septal shift, which,
along with reduced pulmonary venous return to the left atrium, limits left ventricu-
lar (LV) diastolic filling, systemic CO and tissue oxygen transport [6]. Arterial
desaturation may also occur during exercise due to a combination of low mixed
venous oxygen saturation, relative low alveolar-capillary diffusing capacity, high
physiologic dead space or right-to-left shunting through a patent foramen ovale.
Hypoxaemia further worsens the blunted tissue oxygen delivery, being conducive to
the early onset of lactic acidosis and reduced anaerobic threshold (AT) that develop
in the presence of a reduced CO [6]. Furthermore, hypoxaemia, lactic acidosis and
higher VCO, stemming from anaerobic metabolism all contribute to an excessive
increase in V' during exercise. These pathophysiologic mechanisms result in char-
acteristic pattern of abnormalities observed during CPET in patients with pulmo-
nary vascular diseases (Table 8.1) and depict the various potential contributors to
dyspnoea, leg fatigue and exercise intolerance (Fig. 8.1).

8.3 Cardiovascular Abnormalities

During cardiac systole, both the systemic and pulmonary circulations must handle
the same volume of blood. The latter, however, is normally at 10% of the former’s
pressure. During dynamic exercise, cardiac output (CO) must increase to match
oxygen delivery to demand by peripheral muscles. Even the greatly increased car-
diac output of exercising healthy subjects will lead to only a modest increase in
mPAP pressure, mainly because of the large capacitance of the pulmonary circula-
tion [7], which is the consequence of the increase in left atrial pressure.

Even in early pulmonary vascular disease, when resting mPAP is not yet ele-
vated, there is a loss of vascular distensibility [8], and mPAP rises disproportion-
ately to CO [9, 10]. In severe PAH and CTEPH, the pulmonary vasculature cannot
accommodate increased pulmonary blood flow, resulting in further and excessive
increases in the right ventricular (RV) afterload during exercise [11]. Because of
ventricular interdependence, severe RV pressure overload shifts the interventricular
septum to the left during diastole and impairs left ventricular filling [12-16], limit-
ing maximal CO and oxygen delivery. Thus, in patients with pulmonary vascular
diseases, changes in CO during exercise are mostly mediated by increasing heart
rate (HR) rather than increasing stroke volume [15, 17, 18]. The ability to increase
CO during exercise is a more important determinant of peak exercise capacity than
the resting CO in patients with PAH and CTEPH, as it reflects the severity of the
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Table 8.1 Typical CPET abnormalities in patients with pulmonary vascular diseases

| PAH | CTEPH ' PVOD
Metabolic and cardiovascular
Peak V'O, ! ! l
V'O, at AT 1 1 N
V'O,/WR l ! !
Peak O, pulse l ! |
Ventilation and mechanics
Peak V' l l l
Breathing reserve Normal Normal Normal
Dynamic hyperinflation Possible Possible ?
Gas exchange
V'e/V'CO; slope 1 " "
V'e/V'CO, at AT 1 " M
OUE l l ?
OUES l l ?
OUEP l W ?
PrCO, (peak and at AT) 1 i i
Sa0, | 13 H
Peak P, zrCO, 1 " "
Peak P, ,0, 1 " "
Peak Vp/Vy T " "

CPET cardiopulmonary exercise testing, PAH pulmonary arterial hypertension, CTEPH chronic
thromboembolic pulmonary hypertension, PVOD pulmonary veno-occlusive disease, V'O, oxygen
consumption, AT anaerobic threshold, WR work rate, O, pulse peak V'O,-to-heart rate ratio at peak
exercise, V' minute ventilation, V’;/V'CO, ratio of minute ventilation to carbon dioxide production
(V'CO,), OUE oxygen uptake efficiency (V'O,/V'CO,), OUES oxygen uptake efficiency slope,
OUEP oxygen uptake efficiency plateau, PETCO, end-tidal pressure of carbon dioxide, SaO, arte-
rial oxygen saturation, P, ,0, alveolar-arterial oxygen pressure gradient at peak exercise, P, z7CO,
arterial to end-tidal carbon dioxide pressure gradient at peak exercise, Vp/Vy physiologic dead space
fraction as ratio of dead space (Vp) to tidal volume (Vr) at peak exercise

underlying pulmonary vascular disease and the ability of the RV to adapt to it [19].
In patients with chronic thromboembolism but without manifest pulmonary hyper-
tension at rest, the mPAP/CO slope during exercise is abnormally high and stroke
volume increases minimally, indicating that RV stroke volume response is impaired
early in the disease course [20].

These pathophysiological adaptations to the increased pulmonary arterial pres-
sures all contribute to the cardiovascular limitation to exercise during CPET. Because
of high RV afterload and low maximal CO, oxygen delivery to the skeletal muscle
is impaired, manifesting as reduced aerobic capacity (low peak V'O,) and early shift
to anaerobic metabolism for a given V'O, (i.e., low anaerobic threshold) [21]. While
maximal work rate (WR) and maximal V'O, are often reduced, the AV'O,/AWR
relationship is also low (<8-9 mL-min~! W=!) compared to healthy individuals or
patients with left ventricular failure, reflecting impaired CO and/or abnormal
peripheral muscle O, utilisation (Fig. 8.2) [21-25].
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Exercise intolerance in Pulmonary Vascular Diseases

Pulmonary Arterial Obstruction
A Mean Pulmonary Arterial Pressure
A Pulmonary Vascular Resistance
W Pulmonary capillary bed/recruitment

V/Q inequalities (mismatching)

1 V/Q ratios (and shunt) : A RV Afterload

s P(aA-za)o Relative low alveolar-capillary ¥ Lv filling
2

diffusing capacity

T V/Q ratios (TV’ of poorly perfused air spaces) :
V,

J
1 P(a-ET)CO,
@ @ @ ¥ Cardiac Output
¥ Blood Flow

AV V. AP(a-ET)CO, ¥PaO, AP(A-a)0, v Oxyge'n delivery
¥ Exercise PvO,

% ¥ V'O, WR
¥ 0,Pulse
VAT

. - A Lactate
Excessive and Inefficient ¥ pH
Ventilation A V'Co,
e
AV’ IV'CO,
VP co,
AV, Peripheral Muscle

Dysfunction &
Deconditioning

Leg Fatigue

3o |

Abnormal Ventilatory
Mechanics

Exercise Intolerance

Fig. 8.1 Pathophysiology and mechanisms of exercise intolerance in pulmonary hypertension.
Pulmonary vascular obstruction results in high ventilation-to-perfusion ratios and impaired cardiac
output and can result in hypoxaemia due to right-to-left shunting through a patent foramen ovale.
Inefficient ventilation proposes high ventilatory demand, high V'y/V'CO, and Vp/V; and low
PrCO,. Cardiac limitation and peripheral muscle abnormalities result in a low anaerobic thresh-
old, early-onset lactic acidosis and increased V'CO,, which provide further stimulation for exces-
sive ventilation. Ventilatory mechanical constraints on tidal volume expansion also contribute to
dyspnoea during exercise. Abbreviations: V'/Q’ ventilation-to-perfusion ratio, RV right ventricle,
LV left ventricle, V' minute ventilation, V’/V'CO, ratio of minute ventilation to carbon dioxide
production, PzrCO, end-tidal pressure of carbon dioxide, Vp/V; dead space to tidal volume frac-
tion, V'O, oxygen consumption, WR work rate, O, pulse V'O,-to-heart rate ratio, V'CO, carbon
dioxide production, PvO, venous partial pressure of oxygen, PaQ, arterial partial pressure of oxy-
gen, PaCO; arterial partial pressure of carbon dioxide. This is an original figure, no permission is
required

Stroke volume is an important contributor to the increase in CO during exercise,
and we have previously discussed that it is significantly impaired in pulmonary
vascular disease. It is, however, very difficult to measure and a surrogate measure
can be used.

Given Fick’s equation where CO is equal to V'O, divided by the arteriovenous
0, difference (Ca0,~Cv0O,) and that CO = HR x stroke volume, the equation can
be rearranged as V'O,/HR (O, pulse) = stroke volume x (CaO,—CvO,). Thus, in
the absence of arterial desaturation, a reduced O, pulse reflects an impaired
stroke volume response during exercise. This means that cardiac output solely
depends on increasing heart rate, leading to a decreased and flattened profile of
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Fig. 8.2 Comparison of oxygen consumption (V'O,) to work rate (WR) relationships. A normal
individual with peak V'O, of 97% has a V'O,/WR slope of 10.8 mL per Watt. A patient with pul-
monary arterial hypertension (PAH, pulmonary vascular resistance 9.3 Wood units) and a pre-
served cardiac index (CI = 2.7 L-min-m~2) and moderately reduced peak V'O, of 67% predicted
has a borderline reduction in the V'O,/WR slope of 9.4 mL per Watt. The patient with PAH and
severe reduction in peak V'O, (39% predicted) demonstrates a reduced V'O./WR slope of 5.7 mL
per Watt. Note that the difference in y-intercept (V'O,) at WR of 0 Watts is largely related to vari-
ability in body mass between these individuals. Original figure. Data from authors’ own
laboratory

the O, pulse (V'O,/HR) [21, 23]. Poor RV function and stroke volume response
may lead to low systolic blood pressure (SBP) during exercise, and symptoms of
pre-syncope or even syncope may occur. A peak exercise SBP < 120 mmHg dur-
ing CPET should be considered an ominous sign [26]. Vagal reactivation after
exercise is an important mechanism underlying HR recovery in the first 30 s—60 s
after exercise and is abnormally slow in individuals with cardiac impairment
[27]. Recovery of HR after exercise is delayed in PAH patients compared to con-
trols, and slower HR recovery (<18 beat per minute decrease in the first minute
post-exercise) is associated with worse resting haemodynamics, lower peak V'O,
and a worse prognosis [28, 29].

Thus, the primary abnormalities of cardiovascular variables during exercise test-
ing in patients with moderate to severe pulmonary vascular disease are (1) reduced
peak V'O, and peak WR, (2) low anaerobic threshold, (3) reduced AV'O,/AWR, (4)
low and flattened O, pulse and (5) low maximal HR with delayed HR recovery
(Fig. 8.1 and Table 8.1).
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8.3.1 Ventilatory Abnormalities

For most patients with pulmonary vascular disease, exercise is not limited by
encroachment upon their predicted maximal ventilatory capacity; ventilation (V')
at peak exercise is usually low [21, 22, 30, 31]. In the absence of concurrent asthma
or chronic obstructive pulmonary disease, mechanical ventilatory constraint
(dynamic hyperinflation) is not expected in pulmonary vascular diseases during
CPET and, if present, is not as clinically relevant as in COPD.

Resting spirometry in patients with PAH is usually normal or may show mild
restriction [32] or reduced mean expiratory flow (MEF) at 75%, 50% and 25% of
vital capacity and increased residual volume-to-total lung capacity ratio (RV/TLC),
suggestive of peripheral airways obstruction and gas trapping [33, 34].

Breathing patterns during exercise are more rapid and shallow in patients with
PAH as opposed to normal individuals. Compared to healthy controls, up to 60% of
PAH patients exhibit a reduction in inspiratory capacity during exercise, suggesting
dynamic hyperinflation or impaired inspiratory muscle function [33, 35]. Even in
the setting of a normal resting FEV /FVC, the presence of expiratory flow limitation
and rapid shallow breathing patterns during exercise can promote dynamic hyperin-
flation in some PAH patients, which may lead to more severe dyspnoea (Figs. 8.3
and 8.4) [33].

Diaphragmatic muscle atrophy and weakness are present in patients with severe
PAH or CTEPH [36-38] but did not appear to be involved in the dynamic reduction in
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Fig. 8.3 Exertional dyspnoea intensity as measured by Borg score is displayed in response to (a)
increasing work rate (WR) and (b) increasing minute ventilation (V'g) during symptom-limited
cardiopulmonary exercise testing in 25 patients with pulmonary arterial hypertension (PAH) and
10 healthy control subjects. *: p < 0.05, PAH vs. healthy control at rest and standardised exercise
work rates (20—60 W) and peak exercise. From reference [33], with permission
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Fig. 8.4 Maximal and tidal flow-volume loops (average data) are shown at rest and during incre-
mental cycle exercise in patients with pulmonary arterial hypertension (PAH) (a) with hyperinfla-
tion (PAH-H; n = 15, age 40 = 11 years) and (b) without hyperinflation (PAH-NH; n = 10, age
35 + 13 years). Tidal flow-volume loops are provided at rest, early in exercise (at 20 W), late in
exercise (at 60 W) and at peak exercise. Note a significant decrease in dynamic inspiratory capacity
during exercise in PAH-H compared with PAH-NH. From reference [33], with permission

IC when oesophageal manometry was performed during CPET [39]. Whether inter-
ventions such as supplemental oxygen or bronchodilators reduce or delay the onset of
dynamic hyperinflation in this disease remains to be determined in these patients.
The efficiency of ventilation can be illustrated with the relationship between V' and
carbon dioxide output (V'CO,): less ventilation will be required to eliminate CO, in a
more efficient system. It is usually reported as the V'g/V'CO, slope or the lowest (or
“nadir”) value of V'y/V'CO, during exercise. The V'y/V'CO, slope is determined by
the arterial PCO, (PaCO,) and the physiologic dead space (V/Vr) according to Eq. (1):

V., /V'CO, = 863 (1)
: * PaCo, (1-V,/V;)

The Vp/Vy is calculated from the Enghoff modification to the Bohr equation in
Eq. (2):

PaCO, - P.CO,

2
PaCoO, @

Vo lVy =

where PzCO, is the mixed expired breath PCO,.
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Ventilatory inefficiency (i.e. high V'z/V'CO,) and gas exchange abnormali-
ties are hallmark features of pulmonary vascular diseases (Fig. 8.5a). In nor-
mal individuals <60 years old, the 95% confidence interval upper limit for
V’'e/V'CO, slope is 33 and the V'5/V'CO, nadir is 34 [40]. In PAH patients, V'g/
V’'CO, slope and nadir are usually significantly increased compared to normal
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Fig.8.5 (a) Ventilation (V'g) plotted against CO, output (V'CO,) for patients with mild (circles) pulmo-
nary arterial hypertension (PAH), moderate PAH (solid squares) and chronic thromboembolic pulmonary
hypertension (CTEPH, triangles). The dashed line represents the upper limit of normal. Note that in the
patient with mild PAH, the V'/V'CO, slope is only mildly abnormal (V's/V'CO, slope = 30), whereas
the patient with moderate PAH and severe CTEPH has significantly elevated V'g/V'CO, slopes of
84115, respectively. (b) End-tidal PCO, (PeCO,) plotted against time for the same patients in (a). Note
that the patient with mild PAH (circles) exhibits a slight increase in Pe;CO, during early exercise, similar
to the predicted normal response (dashed line). The patient with moderate PAH exhibits a flat PrCO,
during early exercise with a terminal decline coinciding with hyperventilation after the anaerobic thresh-
old. The patient with severe CTEPH demonstrates a progressive decrease in PrCO, characteristic of
severe pulmonary vascular disease. Original Fig. (a and b). Data from authors” own laboratory
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individuals and are even higher than in patients with left ventricular failure,
despite a similar degree of exercise impairment [23, 30, 41-43]. In patients with
chronic thromboembolism without pulmonary hypertension, the V'g/V'CO,
slope, V'5/V'CO, at anaerobic threshold and Vp/Vy are higher than in controls,
indicating that ventilatory inefficiency can result from vascular obstruction and
ventilation-perfusion (V'/Q’) inequality, even before overt pulmonary hyperten-
sion and impaired RV function develop [44, 45]. Compared to PAH, CTEPH
patients have even greater V'g/V'CO, slope and nadir values and higher Vp/Vy
at peak exercise [46, 47].

In PAH, the severity of increase in V'g/V'CO, is related to the degree of elevation
in mPAP [42, 48] and is a major determinant of peak VO, and New York Heart
Association functional class [21]. Some authors have suggested that a combination
of findings of low peak VO, and low anaerobic threshold, with preserved breathing
reserve and V'g/V'CO, at the anaerobic threshold >34, has 88% specificity and 85%
accuracy for pulmonary vascular limitation to exercise [49].

High V'e/V'CO, reflects wasted ventilation and is usually attributed to high
Vp/Vy from ventilation-perfusion inequality, but it can also be related to high
chemosensitivity from sympathetic nervous system hyperactivity or a low PaCO,
set-point [50-53]. Although resting and peak exercise Vp/Vy are elevated in pul-
monary vascular diseases, resting hypocapnia and exercise hyperventilation are
common observations that correlate with disease severity, supporting the impor-
tant contributions of chemoreceptor and sympathetic neural input and the PaCO,
set-point to ventilatory inefficiency [31, 41, 46-48, 50, 52, 54-56]. The Vp/Vy
calculated from Eq. (2) is sensitive to high levels of ventilation and to rapid-
shallow breathing patterns; therefore high Vp/V; may also reflect increased che-
mosensitivity [50-53].

Sympathetic nervous system activity is increased in patients with pulmonary
hypertension and is a factor of decreased exercise capacity and worse prognosis
[51, 57, 58]. The enhanced chemoreceptor output stimulates hyperventilation,
which can be driven by hypoxaemia, low cardiac output and neural afferents
from metabolic ergoreceptors in the peripheral muscles [50, 59-61]. Local accu-
mulation of H* in skeletal muscles contributes to ergoreceptor-mediated stimula-
tion of ventilation in patients with impaired cardiac function [62]. Right
ventricular or right atrial distension may also mediate hyperventilation through
sympathetic neural reflexes [56, 63]. This explains why the V'g/V'CO,, an inte-
grated variable reflecting not only gas exchange, but cardiovascular and auto-
nomic nervous system dysfunction, is associated with clinical outcomes in PAH
and CTEPH [64, 65].

8.3.2 Gas Exchange Abnormalities
As a consequence of alveolar hyperventilation, the end-tidal PCO, (PzrCO,) mea-

sured at the mouth during CPET is frequently decreased in patients with PAH or
CTEPH and does not exhibit a normal pattern of gradual increase between rest and
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the anaerobic threshold, as it remains constant or decreases further (Fig. 8.5b) [22,
47,48, 66]. A PgrCO, of <40 mmHg at the anaerobic threshold may suggest under-
lying pulmonary vascular disease, whereas Pg;CO, < 20 mmHg is unusual in other
diseases and raises strong suspicion of pulmonary vascular disease in a patient with
dyspnoea of unknown aetiology [48, 67, 68]. Patients with CTEPH or pulmonary
veno-occlusive disease (PVOD), another rare pulmonary vascular disease, tend to
have even lower resting and peak exercise PgrCO, values than patients with idio-
pathic PAH (Table 8.1) [47, 66, 68].

Arterial oxygen desaturation and wide alveolar-arterial O, (P,.,0,) gradient are
common (Fig. 8.6) but not universally observed in patients with pulmonary vascular
diseases [31, 47, 55, 60, 68]. In contrast, significant arterial desaturation and hypox-
aemia (PaO, < 60 mmHg) are much more frequent, while also being rarely observed
in patients with heart failure. Therefore, desaturation may suggest the presence of
underlying pulmonary vascular disease when present in an undifferentiated dys-
pnoeic patient [69-71]. The widened P,.,0, and arterial desaturation are primarily
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Fig. 8.6 Gas exchange abnormalities for a patient with pulmonary arterial hypertension (PAH).
Dashed lines represent predicted normal responses. Note the excessive ventilation for a given V'O,
(upper left panel) with high physiologic dead space (V/Vy) at rest and throughout exercise (lower
left panel). The arterial CO, pressure (PaCO,) is low at rest and decreases early during exercise to
a greater extent than in a normal individual (upper right panel). The arterial oxygen pressure (PaO,)
decreases abnormally during exercise despite a normal increase in alveolar oxygen pressure
(PAO,), resulting in a wide and increasing alveolar-arterial O, difference at peak exercise (lower
right panel). Original figure. Data from authors’ own laboratory
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related to low mixed venous PO, returning to the pulmonary circulation as a conse-
quence of impaired cardiac function and oxygen delivery to peripheral muscles,
which is exacerbated by ventilation-perfusion inequality in the lung [72, 73]. A
pattern of exercise-induced hypoxaemia preceded by a sudden and sustained
decrease in PgrCO, and increase in end-tidal PO, (PgO,) and the V'¢/V'CO, in
patients with pulmonary vascular disease suggests the development of a right-to-left
shunt through a patent foramen ovale (PFO) [60, 74]. This occurs when right atrial
pressure rises high enough during exercise to open the PFO, shunting hypoxaemic
and acidaemic blood to the systemic circulation, which acutely stimulates periph-
eral chemoreceptors and hyperventilation.

Normally, PgrCO, increases during exercise in healthy individuals as a result
of larger tidal volume and higher PCO, in venous blood returning to the lungs
(Fig. 8.5b). Since PgrCO, rises and PaCO, remains stable (or even decreases
slightly) during exercise, the difference between PaCO, and Pg;CO, (P, £1/CO,)
is slightly positive at rest and becomes negative in most normal individuals [75,
76]. In patients with pulmonary vascular disease, the excessive and inefficient
V’g driven by chemoreceptor stimulation often leads to very low PgrCO, near
peak exercise. Meanwhile, because of high physiologic dead space, ventilation-
perfusion inequalities and rapid shallow breathing patterns, the arterial PCO,
does not change markedly, leading to a positive P, gr)CO, at rest and exercise
[47, 55, 66, 68]. Therefore, a positive value for P, g, CO, from arterial blood
gases performed at peak exercise reflects impaired gas exchange and/or aug-
mented chemoreflexes.

8.3.3 Peripheral Muscle Function and Exercise in Pulmonary
Hypertension

Deconditioning and peripheral muscle abnormalities are important contributors to
exercise intolerance. In congestive heart failure, which shares similar limitations
in cardiac output reserve as PAH and CTEPH, oxygen transport and diffusion at
the level of the skeletal muscle are abnormal [77]. However, tissue oxygen satura-
tion, oxygen extraction and muscle microcirculatory function may be impaired to
an even greater degree in PAH compared with left heart failure [78, 79]. The
peripheral muscle in PAH patients is structurally and functionally abnormal, with
a lower relative proportion of type I fibres and reduced quadriceps, forearm and
respiratory muscle strength compared to controls, which may be an important
determinant of low peak VO, [25, 80]. Respiratory muscle strength has also been
shown to be about 40% lower in CTEPH patients [37]. The mechanism of gener-
alised skeletal muscle dysfunction in PAH may be a result of microcirculation
rarefaction and an imbalance in angiogenic factors [24]. Improvements in exercise
capacity with exercise training in individuals with heart failure or peripheral vas-
cular disease [81] have been linked to improvements in skeletal muscle microcir-
culatory density, capillary-to-fibre ratio and mitochondrial volume [82], which
may be mechanisms by which training can improve exercise capacity in stable
patients with PAH [83, 84].
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8.3.4 Prognostic Utility of Cardiopulmonary Exercise Testing

Several studies have shown that CPET variables independently predict prognosis in
PAH and CTEPH patients. PAH patients with a peak V'O, less than 11 mL-min~!-kg™!
or a V'g/V'CO, slope > 45 are considered at high risk with an estimated 1-year
mortality of >10% according to the European Society of Cardiology/European
Respiratory Society guidelines [1]. Therefore, potential treatment targets for PAH
patients have been established at obtaining peak V'O, > 15 mL-min~"-kg~! or > 65%
predicted and a V'/V'CO, slope of <36 [1, 85].

Peak V'O, and V's/V'CO, have been associated with survival in several studies
comprising PAH and CTEPH patients [26, 64, 65, 86]. Wensel and colleagues dem-
onstrated that peak V'O, provides additional prognostic value to resting haemody-
namics in patients with PAH [87]. Those with a low V'O, (<46.3% predicted) and
pulmonary vascular resistance (PVR) > 16 Wood units had a particularly dire prog-
nosis, while patients with peak V'O, > 46.3% predicted and a PVR < 11.6 Wood
units had >90% 5-year survival.

Echocardiographic assessment of RV function in conjunction with CPET may
provide incremental prognostic utility. Badagliacca and colleagues found that rest-
ing RV fractional area change on echocardiogram, in combination with the O, pulse
from CPET (which reflect RV function and stroke volume), was an independent
predictor of outcome in patients with idiopathic PAH [88]. Patients with RV frac-
tional area change >26.5% and a peak O, pulse >8.0 mLbeat™! had excellent long-
term survival, while PAH patients with RV fractional area change <36.5% and a
peak O, pulse <8.0 mL'beat™! had significantly worse survival.

8.3.5 Cardiopulmonary Exercise Testing after Interventions

Very few randomised controlled trials of PAH therapy have included CPET vari-
ables as efficacy endpoints [89, 90].

By reducing RV afterload and improving cardiac output and oxygen delivery,
PAH therapies such as calcium channel blockers, sildenafil and epoprostenol
improve peak V'O, and ventilatory efficiency [91-93]. Patients who improve peak
V’0O,, maximal heart rate and O, pulse after treatment have better survival, likely
due to improvements in cardiac output and stroke volume [86, 94].

In CTEPH, pulmonary endarterectomy is the treatment of choice and involves
the surgical removal of obstructing thromboembolic material from the pulmonary
arteries. Endarterectomy leads to marked improvements in RV afterload, cardiac
function and regained ability to increase stroke volume during exercise, which
translates to better exercise capacity and better survival [95-100]. There is also
improvement in V't/V'CO, soon after endarterectomy, as a likely result of immedi-
ate improvement in cardiac output and a decrease in chemosensitivity, while peak
V'O, continues to improve months after surgery, likely due to rehabilitation and
improved peripheral muscle conditioning [101].

Medical therapies approved for PAH are used in inoperable CTEPH patients,
which improve exercise capacity and may improve gas exchange and V'y/V'CO,
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[102]. Balloon pulmonary angioplasty (BPA) is another treatment option for inoper-
able CTEPH patients, which involves dilation of distal obstructing lesions, improv-
ing perfusion and lowering mPAP [103, 104]. Right ventricular function and stroke
volume improve after BPA, leading to better exercise variables in terms of peak
V’'0O,, AV'O,/AWR, O, pulse and V'g/V'CO, [105-108]. Oxygen is also a useful
intervention to improve exercise performance in patients with pulmonary vascular
disease who desaturate during exercise. Supplemental oxygen during exercise
increases maximal WR and endurance time and reduces V'/V'CO, by limiting
inappropriate chemoreflex-mediated stimulation of V'g [109].

8.4 Conclusion

Diseases of lung vasculature result from various pathological processes that con-
verge on reducing exercise capacity and lead to early mortality. Understanding the
pathophysiological substrates of these outcomes is of upmost importance in order to
better orient therapeutic research. But because of the wide range of pathology
involved, a one size fits all approach is suboptimal.

Exercise intolerance and dyspnoea in patients with pulmonary vascular disease
are multifaceted; the key CPET-related profile responses are a reduced peak V'O,
with impairment of cardiovascular function translating into a reduction in V'O,/
WR, low O, pulse, and AT, and impaired ventilatory efficiency with altered gas
exchange and chemosensitivity. The presence of high V'/V'CO, with a low PgCO,
in a patient with unexplained dyspnoea should prompt consideration of pulmonary
vascular disease in the differential diagnosis and further diagnostic investigations.
Abnormal respiratory mechanics and locomotor muscle dysfunction also contribute
to dyspnoea, leg fatigue and exercise pathophysiology in many patients. CPET is a
useful tool in assessing the degree of functional impairment and disease severity,
predicting prognosis and evaluating interventional efficacy.

Key Points

* Cardiopulmonary exercise testing (CPET) in patients with pulmonary vas-
cular diseases may reveal common and non-specific symptoms like dys-
pnoea and exercise intolerance.

* Dynamic exercise during CPET may provide a greater stress to the right
ventricle and pulmonary circulation than static resistive exercises and
could thus be more sensitive in detecting an abnormal response in a patient
with early pulmonary vascular disease.

* CPET can also help evaluate the severity of disease, gauge responses to
treatment and estimate prognosis in patients with known pulmonary vascu-
lar disease.

e Even in the absence of significant resting airflow obstruction, dynamic
hyperinflation can occur in pulmonary vascular diseases, which contrib-
utes to exertional dyspnoea and exercise intolerance.
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Respiratory Infections

Marcin Kurowski

Abstract

Respiratory infections are the most frequent cause of athletes’ visits in medical
practices. Simultaneously, contradictory beliefs are generally held regarding
influence of repeated exercise on immunity reflected in susceptibility to infec-
tions. Many tend to claim that exercise weakens the immunity and renders regu-
lar exercisers more prone to develop airway infections. On the other hand, voices
are heard in favor of the possible beneficial influence of regular exercise on
immune system efficiency. This chapter focuses on the associations of various
kinds of exercise with respiratory infection susceptibility. Influence of exercise,
in particular associated with competitive performance, on selected innate and
acquired immune response mechanisms is also addressed.

9.1 General Overview

Some scientific evidence suggests that acute bouts of exercise are followed with
period of increased susceptibility to respiratory infections [1-4]. Approximately, a
twofold increase in prevalence of upper respiratory tract infection (URTT) symptoms
after long-distance run is observed, as compared with non-runner counterparts from
control groups [3, 5]. On the other hand, regular moderate physical activity is
believed to contribute to greater resistance to respiratory infections. Regular exercise
at moderate level is associated with reduced incidence of URTI episodes and lower
intensity of infectious symptoms [6, 7]. This phenomenon has been graphically
depicted as the so-called J-shaped curve which clearly shows that both sedentary
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Fig. 9.1 “J”-shaped model of relationship between varying amounts of exercise and risk of
URTI. This model suggests that moderate exercise may lower risk of respiratory infection while
excessive amounts may increase the risk. Source: Nieman D. Exercise, upper respiratory tract
infection, and the immune system. Med Sci Sports Exerc 1994; 26 (2): 128-39. Ref. [1]

lifestyle and excessive strenuous exercise constitute risk factors for increased sus-
ceptibility to respiratory infections [1] (Fig. 9.1).

Some reports from studies in professional athletes suggest, however, that regular
high-level exercise tends to be protective with regard to URTI symptoms [8, 9].
These data may seem to question the “J-curve” model, but it is hypothesized that
presence of other, not yet identified, genetic or behavioral factors might influence
one’s susceptibility to infection in a high-level exercise context [10]. This modified
model has been nicknamed “S-curve” [9]. One possible explanation for lower infec-
tion rate in top-level exercisers is the fact that subjects engaging in regular exercise
of high intensity are predominantly those with perfect physical stamina and perfect
immune health status that enable them to resist infections and carry on with train-
ing, thus permitting their inclusion to “elite” group on the basis of their
achievements.

URTT usually resolve in a few days. The “check-neck rule” is commonly applied
to decide whether the athletes should be stopped from training and competition (no
stop for symptoms above the neck, stop in case of cough, fever, etc.). Sore throat, a
frequent symptom of URTI, should alert to exclude mononucleosis and potential
myocardial complications of f-hemolytic streptococci.

Competitive athletes frequently report URTI symptoms, but their infectious etiol-
ogy cannot be confirmed in a considerable proportion of cases. Both viruses (rhinovi-
rus, particularly in spring, influenza and parainfluenza virus, adenovirus and
coronavirus) and bacteria (streptococci, staphylococci) are claimed to be involved in
causing URTI in athletes, although data from large systematic studies including the
isolation and identification of the responsible agents are still very limited (Table 9.1).
Spence and colleagues have analyzed 37 infectious episodes in 28 competitive and
noncompetitive athletes [11]. In that group, infectious etiology could be established
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Table 9.1 Pathogens most Viral
frequently identified as
causative agents for URTI
symptoms in athletes

Rhinovirus

Influenza virus

Parainfluenza virus 1, 2, and 3

Adenovirus

Coronavirus

Bacterial

M. pneumoniae

S. aureus

S. pneumoniae
Basing on Refs. [11, 12]

only with regard to 11 episodes. Identified viral pathogens included rhinoviruses and
adenoviruses, whereas M. pneumoniae, S. aureus, and S. pneumoniae were confirmed
as bacteria causing URTI symptoms. A study by Cox et al. [12] identified viral or
bacterial pathogen in 30% of athletes with upper respiratory symptoms, while 57% of
all cases were accompanied either by presence of a detectable pathogen or by other
laboratory pathological features of infection. Bacterial cause was found in 3% of
cases only, while most frequently detected viral pathogens included rhinovirus (10%);
influenza virus (10%); parainfluenza viruses 1, 2, and 3 (6%); and coronaviruses
(3%). Hitherto published data indicate that pathogen identification is possible in
approx. 45% of URTI symptoms in athletes [13]. A similar proportion has been also
described regarding URTI symptoms in the general population [14].

9.2 Immunological Changes Related to Exercise
9.2.1 Immunoglobulins and Exercise

Decreased effectiveness of local humoral immune response at the level of the
respiratory mucosae is one of the characteristic features associated with intense
physical exercise. This is predominantly reflected in decreased salivary IgA
(sIgA) concentrations, but the importance of other proteins contained in saliva has
been recently pointed at in the context of susceptibility to upper respiratory tract
infections [15]. Increased URTTI susceptibility following participation in long-
distance runs was observed in multiple studies [1-5]. Already in 1983 Peters and
Bateman [3] ascertained the presence of URTI symptoms in one-third of ultrama-
rathon participants as compared with 15% of non-running controls. Moreover, the
prevalence of URTI symptoms was more prevalent in those who performed better
in terms of time required to complete the run. Another study performed in runners
showed, however, that those who were more committed to intensive training dur-
ing preparations to long-distance run were less likely to develop infection symp-
toms [4]. Robson-Ansley and colleagues [5] reported a 47% prevalence of URTI
symptoms over the 2-week period following participation to the London Marathon.
In their study, however, a significant correlation of URTI symptoms occurred with
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positive IgE-mediated allergen sensitizations and atopic status, as assessed by the
AQUA questionnaire designed for allergy screening in athletes [16]. The question
related to the proportion of upper respiratory infection-like symptoms due to
exposure to inhalant allergens and not to infection per se therefore arises. Several
studies were performed in nonprofessional exercisers or sedentary subjects [6, 7]
revealing that decrease in susceptibility to URTI is predominantly visible in regu-
lar exercisers who do not advance into professional, high-endurance type of
training.

Shifts in salivary IgA are observed in subjects loaded with strenuous exercise
associated with sports training [17-22], as well as being part of military training
curriculum [23-25]. Decreased salivary IgA is usually correlated with increased
URTI susceptibility, although this mutual association is not always evident [15]. A
pioneer study by Tomasi et al. [18] comparing salivary IgA levels in cross-country
skiers versus age-matched controls showed significant decreases both at baseline
and after participation in a competitive run. Studies in swimmers [19, 20] also
showed decreased IgA levels in saliva after training. Additionally, salivary IgA
levels were inversely correlated with duration and intensity of training, as well as
with number of reported infections [19]. Similarly, decreased salivary IgA was
described as a risk factor for developing upper respiratory symptoms in male yacht
race participants [21].

There exist, however, studies that failed to show modification of salivary IgA in
response to a repeated training exercise [26, 27] pertinent to different sports
disciplines. Moreover, some studies do not confirm direct association between
decreased salivary IgA and frequency or severity of respiratory infections [28-30].
This leads to assumption that influence of factors other than excessive exercise load
should be taken into consideration while interpreting the data regarding salivary
IgA levels. These factors include, among others, pattern of exercise, its intensity and
duration, as well as the general stamina of each individual. In the case of extremely
intensive training programs, provisions should be made for additional factors
modifying immune response, such as increased energy consumption, sleep
deprivation, altitude above sea level, and stress-associated psychological factors
[15,31-33].

Moderate physical activity as part of lifestyle modification plans in previously
sedentary subjects leads to increase in salivary IgA levels. This fact speaks in favor
of beneficial anti-inflammatory and immunomodulatory properties attributed to
moderate but regular exercise [34, 35]. In young soccer players, it has been observed
that salivary IgA increase considerably during a 2-week detraining period scheduled
atthe end of a21-week competitive season. Increase in salivary I[gA was accompanied
by a significant decrease in URTI symptom score [36].

Data regarding serum immunoglobulins are contradictory. According to many
authors, IgG levels in endurance athletes increase both directly after exercise and
over longer observation periods [37-40]. In other studies, however, considerable
falls in serum IgG were observed in association with prolonged strenuous exercise
(75-kilometer run, 3-week rugby training camp participation, 2 weeks of regular
running training) [41-44].
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Similarly ambiguous results have been observed regarding serum IgM where
both reductions [37, 41-43] and increases [38, 45] were seen under intensive
exercise conditions.

9.3 Cytokines, Inflammation, and URTI Susceptibility
in Exercisers and Athletes

Physical exercise is a stimulus inducing multiple cytokine synthesis and release. At
the same time, as mentioned above, it may have anti-inflammatory and immuno-
modulatory properties. In spite of an anti-inflammatory action, however, an acute
bout of exercise results in increased release of acute phase proteins and inflammation
cytokines (IL-6, IL-1p, MIP-1a, IL-8). Secondary to this, increased serum levels of
anti-inflammatory cytokines have been observed (e.g., IL-10, IL-1ra) [15, 46-51].
Serum levels of anti-inflammatory IL-1ra protein observed in young speed skaters
were negatively correlated with ambient air temperature during winter season in the
outdoor training area, suggesting that serum IL-1ra is partly reflecting cold air expo-
sure in winter athletes. In addition, serum IL-1ra was significantly elevated in winter
season only in athletes not reporting frequent respiratory tract infections [52] which
adds further insight into the significance of anti-inflammatory cytokine properties in
conditioning susceptibility to respiratory infections.

Intensive exercise is accompanied by hyperventilation resulting in sequential
warming and cooling of the airways. This may lead to epithelial cells dehydration
and, subsequently, hyperosmolar stress causing increased release of chemokines,
such as RANTES and IL-8 which, in turn, induce leukocyte influx to the airways.

As a result of decrease in Th1 cell numbers with Th2 numbers remaining at con-
stant level, the Th1/Th2 balance is skewed toward Th2 predominance due to strenu-
ous exercise. Such Th1/Th2 unbalance plays an important role in increasing URTI
susceptibility. Cortisol and adrenaline released during exercise decrease the inten-
sity of Th1-dependent response. Muscle fiber-derived IL-6 directly stimulates Th2-
mediated response which—together with decreased Thl response—is likely to
contribute to lower efficacy of antiviral response mechanisms [53, 54].

It is hypothesized that persistent low-grade inflammation that is currently con-
sidered important in pathogenesis of, among others, cardiovascular and metabolic
diseases may be present in the airways of subjects performing regular intensive
exercise. Indeed, there is an increased flood of inflammatory cells (neutrophils,
eosinophils, lymphocytes) in the athletes’ airways resulting from a hyperventila-
tion-induced increase in airway osmolarity stimulating bronchial epithelial cells to
release chemotactic factors. It has been, however, also observed that exercise bout
leads to considerable lowering of the expression of adhesive particles on the surface
of inflammatory cells explaining why airway inflammation may appear blunted in
athletes in spite of the presence of multiple exercise-associated pro-inflammatory
stimuli. The appearance of infection-like episodes without evidence for the role of
infectious pathogens may result from a transient loss of control of such local inflam-
mation due to external physicochemical factors present in the environment where
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exercise is performed (e.g., swimming pool disinfectants, cold and dry air hyper-
pnea) [13].

Intensity of inflammation is also associated with anti-inflammatory and immuno-
modulatory function of the Clara cell proteins (CC16) which has immunomodulatory
and anti-inflammatory properties. Assessment of serum CC16 levels can also be a
marker of airway epithelium damage. In Olympic athletes (as compared with a gen-
eral population sample) significantly lower serum CC16 levels were ascertained, irre-
spective of the discipline performed or the training regime followed [55]. In addition,
athletes reporting frequent respiratory infections had significantly lower serum CC16
as compared to illness-resistant athletes, and a serum CC16 level below 5 ng/mL was
associated with more than twofold increase of frequent URTI risk.

94 Conclusions

Regular exercise of moderate intensity remains the best lifestyle intervention if
long-term prophylaxis of respiratory infections and lowering of inflammation are
aimed at. However, repeated and strenuous exercise may predispose to the
development of respiratory tract infections. Careful screening of athletes, also
including the use of questionnaires specifically designed, appears highly useful in
managing those in whom respiratory symptoms impair sports performance.

Various aspects of changes in lifestyle and everyday routine, such as diet, sleep
deprivation, traveling, jet lag, stress, community living, and general health status,
should be considered as modifiers of URTI susceptibility even in apparently illness-
prone subjects. Moreover, concomitant asthma, allergic diseases, and atopy may
modify the susceptibility to respiratory infections.

In the case of respiratory symptoms in athletes, differential diagnoses should be
also always considered (i.e., exercise-induced bronchoconstriction, vocal-cord
dysfunction).

Several dietary supplements have been reported to restore a normal immune
function and reduce the increased risk of URTI in athletes, including Vitamin C,
glucose, lipids, zinc, Echinacea, and other minerals. However, data available are
scarce and sometimes conflicting; systematic reviews and meta-analysis failed to
show any effect for most of the remedies suggested [56-61].

Lastly, the high prevalence of URTTI in athletes has induced some authors to rec-
ommend yearly vaccinations against influenza (and hepatitis A and B immuniza-
tion) [62].

Key Points

* Regular moderate physical activity is believed to contribute to a more
effective immune response against respiratory infection agents.

* Repeated and strenuous exercise predisposes to the development of symp-
toms suggestive of respiratory tract infections.
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» Intensive exercise training leads to decrease in salivary IgA which is fre-
quently associated with an increased prevalence of respiratory symptoms.

» Pathogens responsible for athletes’ upper respiratory tract infections
(URTYI) can be identified in less than half of the episodes.
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Samuel Verges

Abstract

The respiratory muscles have a key role within the respiratory system allowing
air to be pumped in and out the lungs. As other skeletal muscles, they can fatigue
and be affected by pathological mechanisms leading to muscle weakness. They
can also be trained using specific strategies inducing overloading and adaptations
over time. Inspiratory muscle resistive training and respiratory muscle isocapnic
hyperpnea training are the two main training methods used to increase respira-
tory muscle strength and endurance. It has been shown in healthy subjects that
these kinds of training improve not only respiratory muscle function but also
endurance exercise performance. In several diseases, patients can also benefit
from respiratory muscle training which can improve respiratory function, exer-
cise capacities, symptoms, and quality of life. As other training and rehabilitative
methods, also respiratory muscle training, to be efficient, requires appropriate
modalities, intensity, and duration as well as evaluations of the training effects.

10.1 Introduction

The respiratory muscles have a key physiological role within the respiratory system
by allowing movement of air within the lungs to the alveoli. This is critical for gas
exchange, especially for oxygen intake and carbon dioxide output. The respiratory
muscles drive the ventilatory responses to various stimuli and in particular to
physical exercise. An important concept to consider is the balance between the
ventilatory demand (or respiratory load) and the respiratory muscle capacity
(Fig. 10.1). Any disproportionate increase of the ventilatory demand or respiratory
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Fig. 10.1 The respiratory
balance represented as the
results of the respiratory load
and the respiratory capacity.
Some factors able to
influence one side or the
other of the balance are also
indicated
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load compared to the ability of the respiratory muscle output to accommodate this
demand/load will result in an altered respiratory balance which will not be sustain-
able for a long period and which may induce deleterious consequences. An increase
in ventilatory demand or respiratory load can be generated in healthy subjects by
exercise (and the associated hyperpnea) and by exposure to specific environment
such as altitude (and the associated hyperventilatory response). Several diseases can
induce an increase in respiratory load, for instance, obstructive and restrictive respi-
ratory diseases, which can enhance the airway resistance and reduce thoracic com-
pliance. The capacity of the respiratory muscles to pump air in and out the lungs can
be altered due to transitory (fatigue) or permanent (weakness) reduction in their
ability to produce inspiratory and expiratory pressures. This can happen in healthy
subjects following fatiguing physical exercise and in several disease conditions
affecting the function (structure, metabolism, etc.) of the respiratory muscles and/or
overloading the respiratory muscles. The capacity of the respiratory muscles to gen-
erate pressure and flow can also be enhanced by using specific training strategies
(respiratory muscle training).

10.2 General Concepts

The respiratory muscles should be considered as any other skeletal muscles on
many aspects. Muscles have two functions, i.e., to develop force and to shorten.
In the respiratory system, force is expressed as changes in pressures, while short-
ening is expressed as changes in lung volume or displacement of the chest wall.
Therefore, the respiratory muscle function is generally performed by measuring
the respiratory pressures and lung volumes. Respiratory muscle strength in clini-
cal setting is usually assessed based on maximal voluntary inspiratory or expira-
tory maneuvers against an occluded airway, leading to the measurement of
maximal inspiratory (PI,,) or expiratory (PE,,.) pressures. Additional clinical
measurements such as sniff tests and peak expiratory cough flow can also be used.
In research setting, electrical or magnetic stimulation of the motoneurons inner-
vating the respiratory muscles (the phrenic nerves for the diaphragm, for instance)
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can be used to provide a non-volitional and more specific assessment of respira-
tory muscle force production capacities. Respiratory muscle endurance can also
be evaluated by asking the subjects to sustain an increased respiratory load over a
prolonged period, e.g., by breathing with an added inspiratory resistance or by
performing isocapnic hyperpnea. The time to task failure (i.e., the inability to
sustain the respiratory load) is generally the index used to quantify respiratory
muscle endurance. The reader is referred to the American Thoracic Society/
European Respiratory Society position statement on respiratory muscle testing [1]
for more information on this topic.

Based on careful respiratory muscle strength measurements, respiratory muscle
fatigue or weakness can be demonstrated. Muscle fatigue is defined as a transient
reduction in the ability to generate force (or pressure for the respiratory muscles)
following a period of overload (e.g., exercise-induced hyperpnea) followed by
progressive recovery of the initial muscle abilities. Muscle weakness is defined as a
permanent reduction of the ability to generate strength compared to the expected
muscle force capacities. Respiratory muscle fatigue has been demonstrated in
healthy subjects, for instance, following intense whole-body exercise (e.g., cycling)
by showing reduced maximal voluntary or evoked (by electrical or magnetic
stimulations) inspiratory and expiratory muscle pressures after, compared to before
exercise [2-5]. Respiratory muscle weakness can be observed in various diseases by
comparing Pl and PE,,,,, for instance, to theoretical values that provide expected
values for a healthy subject depending on sex, age, and body size.

As other skeletal muscles, respiratory muscles can adapt to repetitive increase in
load; in fact, they can increase their capacities in response to specific training
program. Therefore, the key principles of physical training apply also to respiratory
muscle training. To induce muscle adaptations, training programs should induce
overloading, i.e., a significant increase in the total work the muscles have to perform
over a prolonged period of time. The training load will depend on the intensity of
the work during the exercise training session (e.g., the strength and speed the muscle
has to develop and the number of contractions) and the number of training sessions
per week. If the intensity of the training session is too low, or the number of training
sessions per week is insufficient, the training will not induce significant muscle
improvement. Similarly, if the exercise training intensity is too high, or the training
sessions are too frequent and do not allow proper recovery, the training will also fail
in improving muscle capacities. Therefore, the efficiency of respiratory muscle
training will depend on the determination of the appropriate training program and
should be evaluated by objective methods such as the assessment of respiratory
muscle strength and endurance. In addition to improving respiratory muscle strength
and endurance, the ultimate goal of respiratory muscle training is to increase
performance of sportsmen and to improve health status, functional capacities, and
quality of life of patients. Hence, in addition to the effects of respiratory muscle
training on respiratory muscle function (respiratory muscle strength and endurance,
for instance), these important outcomes (e.g., exercise endurance, respiratory
symptoms, health-related quality of life, etc.) also have to be evaluated to objectivize
the potential effect of this kind of training.
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10.3 Respiratory Muscle Training in Healthy Individuals

Two main methods of respiratory muscle training have been developed and evalu-
ated by specific studies: inspiratory muscle resistive training and respiratory muscle
isocapnic hyperpnea training.

Because the inspiratory muscles are mainly involved in breathing, they have
been targeted by training methods consisting in repetitive contractions against a
load, either a resistance (which has the disadvantage to be flow-dependent) or more
usually a threshold-loading valve, which opens only when the subject produces a
certain negative pressure during inspiration. The load during inspiratory resistive
training is set based on the target mouth inspiratory pressure to produce, expressed
as a percentage of the Pl and on the number of contractions (inspiratory
maneuvers) to perform per session. It is also important to consider the lung volume
and the respiratory pattern during inspiratory resistive training, because these
parameters will influence the length and the speed of the inspiratory muscle
contractions and therefore the muscle adaptations induced by training. Depending
on studies, inspiratory muscle pressure during inspiratory muscle training varies
between 30% Pl (low-intensity training) and 80% PI,,,, (high-intensity training).

In order to mimic heavy breathing as during intense physical exercise, respira-
tory muscle training methods based on isocapnic voluntary hyperpnea have been
developed. During this kind of training, subjects have to increase their ventilation to
>60% of their maximal minute ventilation (measured over 10-15 s or calculated
theoretically as FEV1 x 35-40) and to sustain this high level of ventilation for
20-30 min per session. With this method, both inspiratory and expiratory muscles
arerecruited and trained. In order to prevent hypocapnia, induced by hyperventilation,
the use of a specific device allowing partial rebreathing is required to maintain a
stable CO, (isocapnic hyperpnea). The device should also provide feedback on the
appropriate tidal volume and breathing frequency to sustain during the training
session. As for inspiratory resistive breathing, several devices are commercially
available and allow proper training conditions (e.g., POWERbreathe© K-Series for
inspiratory resistive training, Spirotiger© for isocapnic hyperpnea training). Other
devices do not provide proper feedback and may therefore prevent the subjects to
benefit from training, as expected.

Both inspiratory resistive training and isocapnic hyperpnea training programs over
4-8 weeks (five to seven sessions per week) have been shown to improve significantly
respiratory muscle function in healthy subjects. Inspiratory resistive training mostly
improves inspiratory muscle strength (as shown by increased PI,,,, [6]), while isocap-
nic hyperpnea training mainly increases respiratory muscle endurance (as demon-
strated by an increase in time to exhaustion during a hyperpnea endurance test [7])
(Fig. 10.2). In addition to increasing respiratory muscle strength and endurance,
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respiratory muscle training has been shown to increase performance during various
types of exercise in healthy subjects (cycling, running, rowing, etc.). Maximal oxygen
consumption and maximal aerobic power output generally did not improve after respi-
ratory muscle training, while submaximal endurance performance (time to exhaustion
at submaximal intensity, distance during a time trial, time for a given distance) has been
shown to increase in several studies. A systematic review and meta-analysis [8] have
assessed the effect of respiratory muscle training on exercise endurance performance
and the factors influencing the change in exercise endurance performance in healthy
subjects. The conclusions indicated (1) a significant improvement in exercise perfor-
mance after respiratory muscle training, which was detected by constant load tests,
time trials but not by incremental tests; (2) less fit subjects benefit the most from respi-
ratory muscle training; and (3) improvements did not differ between inspiratory resis-
tive training and isocapnic hyperpnea training. Respiratory muscle training can also
reduce exercise-induced respiratory muscle fatigue [9, 10], improve respiratory sensa-
tions during exercise [7], and reduce blood lactate concentration [11, 12].

10.4 Respiratory Muscle Training in Patients

Respiratory muscle training has been tested in several neuromuscular disorders as
an adjunct to other rehabilitation strategies. In patients with multiple sclerosis and
lateral amyotrophic sclerosis, for instance, it improves lung function and respiratory
muscle strength [13]. In spinal cord injury, respiratory muscle training is recognized
as an efficient method to improve vital capacity, Pl and PE,,,, while the potential
positive effects on dyspnea and quality of life remain to be confirmed [14]. The
effect of respiratory muscle training in chronic obstructive pulmonary diseases
(COPD) has been assessed in numerous clinical trials. Recent systematic review
and meta-analysis indicate that inspiratory resistive training improves inspiratory
muscle strength, exercise capacity, and quality of life and decreases dyspnea in
COPD patients [15, 16]. In asthmatic patients, respiratory muscle training has been
proposed as a complementary therapy to the pharmacological treatments. This
intervention seems to improve symptoms and quality of life, although the evidence
remains modest [17]. Similarly, in cystic fibrosis, respiratory muscle training may
contribute to a better respiratory function and quality of life, but further studies are
required to provide clear clinical recommendations [18]. In cardiovascular diseases,
respiratory muscle training can also be considered as an attractive intervention in
addition to standard care. Adding inspiratory resistive training to whole-body
exercise training program induces significant improvement in inspiratory muscle
strength and quality of life of patients with heart failure, for instance [ 19]. Respiratory
muscle training should also be considered in obese patients [20, 21] and after stroke
[22, 23]. There are recent evidences that respiratory muscle training is feasible and
safe in ventilated patients and that this kind of intervention can reduce the weaning
period and improve weaning success rates [24]. Respiratory muscle training can be
used pre- and post-thoracic and upper-abdominal surgery in order to improve lung
function and to reduce postoperative respiratory complications [25, 26].
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10.5 Recommendations and Remaining Questions

Respiratory muscle training has been proposed as a complementary intervention in
the management of a range of diseases. It appears to consistently improve respiratory
muscle function and has been associated in several diseases with a clinically
important improvement in symptoms such as dyspnea, impaired cough, functional
capacity (such as exercise performance), and quality of life. However, its indications
and potential contraindications, the type of evaluations, the optimal training
modalities (intensity, duration and number of sessions, etc.), and the selection of
patients who may benefit the most remain to be better clarified. It seems that patients
with respiratory muscle weakness and respiratory symptoms (dyspnea, impaired
cough, etc.) could be good candidates.

Inspiratory resistive training should be done with a flow-independent device (by
using a threshold-loading valve, for instance) and a controlled pattern of breathing
ensuring the patient inspires a sufficient volume of air at an appropriate rate.
Hyperpnea training should be done with a device ensuring isocapnia (by partial
rebreathing, for instance) and providing feedback to the patients regarding tidal
volume and breathing frequency. A sufficient intensity has to be determined for the
first training sessions (see Table 10.1). Then, it is critical to increase the intensity at
least weekly as the patient’s respiratory muscle capacity will progressively increase
in order to maintain an appropriate muscle overloading. A sufficient number of
sessions per week are also critical (see Table 10.1), and a minimum training program
of 4 weeks appears reasonable. Posture and breathing technique, especially if the
respiratory muscle training session is supervised by a professional health care,
should be optimized since respiratory muscle training is also able to influence and
improve these aspects. As for any kind of exercise training, the benefits of respiratory
muscle training will progressively disappear after the end of the training program if
the overloading of the muscle (i.e., the training load) is not present anymore.
Whether inspiratory resistive training and isocapnic hyperpnea training provide

Table 10.1 Respiratory muscle training modalities

Inspiratory resistive training | Isocapnic hyperpnea training
Description | Repetitive inspiratory Heavy breathing without resistance but at high
maneuvers against a fixed minute ventilation mimicking breathing during
resistance similar to intense exercise, similar to muscle endurance
strength training training. Partial rebreathing allows isocapnia
Session 10—15 min, twice a day 20-30 min
duration
Frequency Five to seven sessions per Five sessions per week
week
Intensity 30-50% Pl (adjusted 50-60% of maximum minute ventilation
weekly) (adjusted weekly), tidal volume close to 50%
vital capacity
Device Information on breathing Information on tidal volume and breathing
feedback pattern and inspired volume | frequency are important
are important
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similar benefits or should be selected for certain types of patients remain unknown.
Specific expiratory muscle resistive training may also be considered in some condi-
tions [27].

Key Points

» Respiratory muscle weakness and fatigue have been identified in a variety
of conditions.

* They can be responsible for significant functional impairments, symptoms,
and impaired quality of life of patients.

» Respiratory muscles can be trained similarly to other skeletal muscles to
increase their strength and endurance.

» Respiratory muscle training by either inspiratory resistive breathing or iso-
capnic hyperpnea induces significant improvement in respiratory muscle
function in healthy subjects and several different diseases.

* These increases in respiratory muscle function can be associated with
enhanced exercise performance and respiratory function and improvements
in symptoms and quality of life.
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Abstract

Disability in chronic respiratory diseases (CRD) represents the impact of the
disease on the patient’s life. Chronic airway diseases, included but not limited to
COPD, are leading this burden.

Overall, the mobility-related dyspnea and the resulting decrease in exercise
capacity substantially contribute to increased risk of disability, even after taking
lung function impairment into account. Therefore, non-pharmacological
interventions such as pulmonary rehabilitation (PR) might be particularly
beneficial for these symptomatic patients to limit and to counteract the progressive
loss of physical function and related problems.

In this chapter we will discuss the most recent evidence related to the assess-
ment of individual’s disability in this population, and we will describe the variety
of methods used in the clinical process of care called PR.

To date, PR results in substantial effectiveness when applied at the very early
onset of disability in individuals suffering from CRD. Programme composition
and strategies aimed at behavioural changes in the long-term appear the keys for
success in the clinical practice.
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11.1 Disability in Chronic Respiratory Disease
11.1.1 The Vicious Cycle of Dyspnea

Disability in chronic respiratory diseases (CRD) is a significant health burden with
relevant implications both for the individual patient and the society: indeed, it
represents the real impact of the disease on the patient’s life, with an important
influence on the society overall work productivity [1]. Chronic obstructive
pulmonary disease (COPD), among these, accounts for one of the top five causes of
disability all over the world. Although respiratory impairment contributes to and
increases the risk of disability, the presence of limitations of the individual’s general
function and the occurrence of non-respiratory symptoms with the presence of
comorbid extra-pulmonary conditions have a great impact on disablement as well.
Table 11.1 shows some of the conditions that may cause or aggravate dyspnea in
individuals with CRD. The mobility-related dyspnea and the resulting decrease in
exercise capacity substantially contribute to increased risk of disability, even after
taking lung function impairment into account [2]. Therefore, the assessment and
treatment of airway obstruction, as for patients with COPD, are not sufficient to
prevent and care for the development of individual’s disability.

11.1.2 Peripheral Muscle Weakness as the Hallmark of Disease

Limb muscle dysfunction, defined as the reduction of either strength or endurance
(or both) [3], is frequent in patients with CRD [2], and in particular in COPD, with
muscle fibre shift, atrophy and changes in capillarization that are commonly seen in
their peripheral muscles [4, 5].

Although the extent of muscle atrophy and weakness is greater in advanced dis-
ease, it is important to recognize that muscle dysfunction may even occur at an early
stage [5, 6]. For instance, symptomatic COPD patients referred to and entering a

Table 11.1 Causes of dyspnea in patients with chronic respiratory disease

Increased resistive work of breathing from airflow limitation

Increased elastic work of breathing and “pseudo-restriction” from static and dynamic
hyperinflation

Physical and cardiovascular deconditioning from sedentary

Gas exchange abnormalities: hypoxemia and increased physiologic dead space

Cardiovascular limitations: cardiac or peripheral vascular co-morbidity, leading to early lactate
production with exercise

Skeletal muscle abnormalities: decreased mass, fibre-type alterations (reduction in type I,
increase in type 1Ix), capillarization defect, decreased oxidative enzymes, also leading to early
lactate production with exercise

Coexisting obesity, increasing workload requirements for a specific task
Anxiety associated with dyspnea-producing activity
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rehabilitation programme have already lost about 30% of their muscle mass and
strength [7].

The prevalence of peripheral muscle weakness varies (from 20 to 40%) among
patients, with a typical interindividual heterogeneity, but increases with the severity
of the respiratory condition.

Furthermore, peripheral muscle weakness is not equally distributed among mus-
cle groups: compared to the lower limbs, the strength of the upper limb muscles
(although reduced) seems better preserved, especially in COPD [8], probably
reflecting the heterogeneous distribution of muscle structural abnormalities. The
annual rate decline in quadriceps strength in patients with COPD is 4.3% per year
[9], in comparison with 1-2% per year in the elderly people. Although quadriceps
muscles represent a typical example of a primary locomotor muscle that is underused
in symptomatic patients who become sedentary, upper limb muscle function is also
affected, as shown by a reduced handgrip strength during acute care [10].

Thus, muscle strength/weakness represents a clinical hallmark of several CRD
and drives both individual’s physical activity and functional capacity [11-13].
Weakness, in particular, has been associated with relevant negative outcomes such
as dyspnea burden, exercise intolerance [14], morbidity, mortality [15, 16] and poor
quality of life [9].

11.2 Assessment of Individual’s Disability
11.2.1 Muscle Function

The assessment of muscle function (strength and endurance) is muscle group spe-
cific. It also varies depending on the measurement technique (isokinetic, isometric
or isotonic) and the device used, which must be chosen based on their advantages
and limits as well as on the desired information [16]. Some of the daily life activi-
ties rely on of the isometric contraction (e.g. carrying grocery bags, standing up
from and sitting down on a chair, pushing and pulling). However, most of the func-
tional activities of daily living may be better assessed by dynamic techniques, i.e.
isokinetic (fixed speed of movement) and isotonic (fixed resistance applied to the
muscle during the movement), which provide information on limb muscle function
throughout the full range of motion at different speeds. Table 11.2 shows an over-
view of the methods used for assessing muscle function, as valid in COPD.

Muscle atrophy is another common manifestation of CRD and in COPD in par-
ticular. Atrophy can be included under the umbrella term of muscle dysfunction
since the loss of muscle mass may have important implications on strength [7, 14,
17] and exercise tolerance [18-20]. Muscle atrophy is the main cause of weight loss
in COPD patients [18] independently on the degree of airway obstruction [21], and
it is a predictor of health status [22] and survival [23].

Several techniques are available to assess the mass of peripheral muscles [4]:
anthropometry (mid-arm muscle circumference), bioelectric impedance analysis
(BIA), dual-energy X-ray absorptiometry (DXA) as well as more advanced imaging
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technologies like computed tomography (CT) and nuclear magnetic resonance
(NMR). Two common methods to estimate muscle mass in clinical practice are BIA
and DXA. BIA is a valid, non-invasive, inexpensive, quick and easy to perform
technique that, like DXA, requires no active collaboration from the patient. Like
most body composition methods (included DXA), BIA does not directly measure
muscle mass but provides indirect estimates of fat-free mass (as a proxy of muscle
mass) from the measurement of resistance of body tissues to an electric current
passing through the body. Alternatively, directly measured raw BIA variables, such
as phase angle, have been demonstrated to relate to muscle function, disease severity
and prognosis in COPD patients better than fat-free mass estimates [24-27]. DXA
is another valid, reliable, safe and non-invasive technique for assessment of muscle
mass. It is based on the comparison of X-ray attenuations of two different energies
measuring body composition with a higher degree of accuracy [28]. It is however
more expensive and often less easily accessible than BIA in clinical settings [25].

11.2.2 Symptoms

As part of a comprehensive assessment of individual disability, quantifying symp-
toms (dyspnea and fatigue) through specific tools is crucial in order to describe the
level of chronic disability and to retest changes following interventions (i.e. reha-
bilitation). Currently, a number of scales are available to classify symptoms, but the
most widely used ones are the Modified British Medical Research Council (mMRC)
and the Borg scale. The former is a simple measure of breathlessness, as the person
perceives it. It ranges from O (“I only get breathless with strenuous exercise”) to 4
(“T am too breathless to leave the house, or I am breathless when dressing”), and it
is considered adequate for assessment of symptoms since it correlates well with
health status [29] and mortality risk [30]. The latter measures the perception of
symptoms (dyspnea or fatigue) during physical activity [31].

In addition to these “categorical”, different scales (e.g. visual analogue scale, VAS)
where the determination of the severity of dyspnea is of an analogical type can be used
[32]. Finally, as part of the individual’s overall health status, symptoms can be mea-
sured by generic or disease-specific questionnaires, such as the Chronic Respiratory
Questionnaire (CRQ), the St. George Respiratory Questionnaire (SGRQ), the COPD
Assessment Test (CAT) and the COPD Control Questionnaire (CCQ).

11.2.3 Exercise Capacity

Assessment of exercise capacity in patients with CRD can be obtained with a num-
ber of different methods that essentially can be divided into field or laboratory tests
[33].

Field tests, such as the timed walk tests, are the most popular ones, because they
are easy to perform and related to the individual’s daily functional activities. On the
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other hand, they are performed at submaximal capacity and are not able to provide
physiologic information about those complex mechanisms that may limit exercise
on an individual basis.

Laboratory tests to physiologically assess the cardiopulmonary adaptation to
exercise include the incremental (iCPET) and constant (cCPET) work rate
cardiopulmonary exercise tests [34].

Cardiopulmonary exercise testing (CPET)—CPET represents the gold stan-
dard for exercise performance assessment [34]. Indeed, continuous displacement
of cardiovascular, respiratory and haematological parameters as well as the indi-
vidual’s perception (symptoms) during exercise provides information about the
physiological reserve, systems’ interaction and mechanisms of limitation to exer-
cise. In particular, the typical iCPET provides continuous data on the ventilatory
adaptation (e.g. tidal volume (VT) and minute ventilation (VE)), respiratory gas
exchange (e.g. oxygen saturation (SatO,), oxygen uptake (VO,) and carbon diox-
ide output (VCO,)), cardiovascular response (e.g. cardiac frequency (HR), blood
pressure (BP) and cardiac rhythm) and symptom response (e.g. perceived dyspnea
and/or leg fatigue reported by a numeric or visual analogue scale). Given these
characteristics, CPET enables accurate determination of the physiologic reserves
of the heart and lungs as well as functional capacity [35, 36], and it is a test there-
fore used both to assess the individual’s normality and to look for cardiopulmo-
nary limitations. Notwithstanding, although its use is becoming more widespread,
CPET still remains largely underutilized in the general practice due to costs for
the appropriate setting and apparatus, as well as for complexity and limited prac-
ticability in the more severe diseases. An example of CPET laboratory setting is
shown in Fig. 11.1.

Submaximal field tests and physical functioning—Standard submaximal exercise
tests to estimate maximal oxygen uptake (as described in the American College of
Sports Medicine’s Guidelines for Exercise Testing and Prescription) [37] are based
on the primary assumption that the maximal heart rate of the individual undergoing
this test is similar to a predicted maximal heart rate based on a formula such as “220
minus age”. Such formulae may be applied with caution to healthy individuals as
long as one is aware of the significant interindividual variability (SD = 10-12 beats/
min) of his/her maximal heart rate. However, many studies that measured maximal
aerobic capacity of persons with a variety of medical conditions such as
cardiovascular, metabolic, neurologic or neuromuscular disease found significantly
lower maximal heart rates in these patient populations.

Compared with maximal exercise testing, submaximal exercise testing appears
to have greater applicability to the “world” of healthcare practitioners (physicians,
physical therapists, nurses) in their role as clinical exercise specialists. Therefore,
these tests are usually the preferred choice for the majority of individuals suffering
from CRD that are likely to be limited by dyspnea and/or fatigue or also present
abnormal gait and impaired balance.

There are several submaximal tests validated for the clinical practice as described
in Table 11.3.
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Fig. 11.1 Example of a cardiopulmonary exercise testing in a laboratory setting

In the clinical practice, however, 6-min walk distance (6 MWD), shuttle walk
(SW), timed up and go (TUG) and sit to stand (STS) are those more frequently used
in patients suffering from CRD. Therefore, we briefly describe each of these four as
follows:

— The 6 MWT is the easiest test that requires a 100 ft. hallway. It measures the
distance that a patient can quickly walk on a flat, hard surface in a period of
6 min (the 6 MWD) [38]. Before the test starts, the patient should sit at rest in a
chair, located near the starting position, for at least 10 min. During this time,
pulse and blood pressure will be measured, and patient’s baseline dyspnea and
overall fatigue will be recorded using the Borg scale [39]. Patient will be
instructed to walk back and forth in the hallway for 6 min. At the end of the test,
post-walk Borg dyspnea and fatigue levels will be recorded again.
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— The SW test is similar to the 6MWT, but it uses a series of audio signals to direct
the walking pace [40, 41]. During this test, patients will be asked to walk between
two cones spaced 10 m apart. Patients will start by walking at a very slow pace;
this pace is set by a beep. Patients will walk around the 10 m course and will turn
around a cone at the first beep and around the second cone at the next beep. The
beeps will gradually get faster, which means patients will start to walk at a
quicker pace, getting faster until he/she cannot keep up with the set pace, or until
he/she is too tired or too breathless to continue.

— The TUG test is performed using a standard chair (height of the seat being
45 cm). Subjects are seated with their back supported against the chair. They are
instructed to stand up, walk 3 m to a mark on the floor, cross the mark, turn
around, walk back to the chair and sit down. The task needs to be performed at
their normal comfortable pace. A stopwatch is started on the word “go” and
stopped as the subject sit down; the time recorded in seconds represents the
outcome value. Applicability and repeatability of this test in patients with COPD
have been recently reported [42].

— The STS requires participants to stand up from and to sit down on a slightly pad-
ded armless chair as quickly as possible consecutively for five times. Patients
fold their arms across their chests and are instructed to stand up completely while
making firm contact when sitting. Timing count begins on the command “go”
and ceases when the participants sit at the end of the fifth elevation up to the
standing position. Subjects are allowed a practice trial of two repetitions before
the recorded series of two consecutive trials of five repetitions. The faster of the
two trials is then used for evaluation [43].

11.3 Rehabilitation as Process of Care

Pulmonary rehabilitation (PR) is defined as “a comprehensive intervention based on
a thorough patient assessment followed by patient-tailored therapies that include,
but are not limited to, exercise training, education, and behaviour change, designed
to improve the physical and psychological condition of people with chronic
respiratory disease and to promote the long-term adherence to health-enhancing
behaviours” [44]. The two mainstays of PR are exercise training and education,
followed by psychosocial support and nutritional counselling [44]. We briefly
summarise in the following subparagraphs the main contents of each component in
a structured programme of PR at which patients with CRD are commonly referred.
Indeed, although literature developed around the impact of PR in the “COPD
model”, other patients suffering from respiratory disorders including asthma, cystic
fibrosis and bronchiectasis, interstitial lung diseases and neuromuscular disorders
involving the respiratory system are likely to potentially benefit from a rehabilitation
course [45].
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11.3.1 Exercise Training

Exercise training is the cornerstone of effective PR and may include several activi-
ties, such as endurance exercise training, interval exercise training, walking exer-
cise, Nordic walking [46, 47], resistance training, aquatic exercise, classroom
callisthenics and Tai Chi [48]. Although it does not change pulmonary function,
exercise training improves capacity and reduces dyspnea. In order to achieve
clinically relevant results, training should be strictly supervised and performed
properly and for appropriate duration and frequency. Table 11.4 shows the main
body sites for application of training and modalities on how to deliver exercise
targeted at therapy in respiratory patients.

High-intensity exercise is more commonly employed in PR. However, patients
may not be able to sustain high intensities for long time. In these cases, adherence
with high-intensity training schedules may be difficult. As an alternative, low-
intensity training, such as classroom callisthenics, may occasionally be considered.
Furthermore, training duration and intensities vary among patients [49, 50]
depending on specific deficits and individual requirements. In parallel with exercise
training, improved self-efficacy resulting from education, psychosocial support and
nutritional counselling (in patients with nutritional abnormalities) may lead to better
long-term adherence to the training prescriptions.

Aerobic training—Aerobic training is the key component of exercise training in
patients with COPD, in particular [44]. It can be performed on a cycle ergometer
and/or a stationary treadmill (most frequently) but also by means of stair climbing,
stepping, free walking, Nordic walking and/or swimming. In order to optimize the
performance of activities of daily living [51], upper limb aerobic training can also
be prescribed. High-intensity endurance-based exercise (exercise tests >10 min) is

Table 11.4 Body sites and modalities on how to deliver exercise training along PR course

Duration of the | Length of the
Body sites Type Intensity training programme
Lower limbs Endurance | 70-90% of the max 20-45 min 3-5 times/week up
HR or VO, to 8 weeks
Strength 50-80% fraction of 8-10repupto |3 times/week up to
max weight lifted 3 series 8 weeks
Upper limbs Endurance | 70-90% of the max 20-45 min 3-5 times/week up
HR or VO2 to 8 weeks
Strength 50-80% fraction of 8-10repupto |3 times/week up to
max weight lifted 3 series 8 weeks
Respiratory Strength 15-60% of MIP or 1h 3-6 times/week up
muscles MEP to 3 months

HR heart rate, VO, oxygen uptake, MIP maximal inspiratory pressure, MEP maximal expiratory
pressure
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the main aerobic training method. Specifically, high-intensity interval training
appears to be practicable even in patients with a severe respiratory disease, resulting
in similar improvements of 6-min walking distance and health-related quality of life
compared to traditional endurance training [52-54].

Resistance training—Resistance training is based on repetitive lifting of rela-
tively high loads. Compared to aerobic training, resistance training produces lower
cardiorespiratory responses and less dyspnea, which is highly desirable in patients
with more severe CRD [55]. One to 3 sets of 812 repetitions should be performed
on 2 to 3 days per week in order to reach the best results in terms of muscle strength
[56]. The main results of an adequate (60-70% of one-repetition maximum [57])
high-intensity resistance training are the increased muscle mass and muscle strength,
paralleled by an increased submaximal exercise tolerance [58].

Combined training and additional means of increasing exercise capacity—If
on one hand aerobic training improves skeletal muscle strength and resistance
training improves aerobic exercise tolerance, evidences suggest that the best
results are reached by combining aerobic and resistance training together [59] and
by challenging both the cardiorespiratory fitness and the muscular strength
capacity.

Recent research has focused on interventions that can be used as an adjunct to
exercise training in PR, especially in patients with more severe CRD and dis-
abling breathlessness. Among these interventions, the use of supplemental oxy-
gen and ventilator support during training was tested in COPD patients and
resulted in greater improvement of exercise tolerance [60] and dyspnea [61, 62].
Probably these improvements are related to the reduction in the high inspiratory
muscle load secondary to the effects of hyperinflation. Furthermore, a recent
paper studied the effects of helium and oxygen (Heliox) mixtures on exercise
capacity in severe COPD [63]. The rationale of using Heliox to reduce breathless-
ness is based on the principle that nitrogen in inspired air is substituted with
helium at a lower density, which reduces resistance in the airway, improving ven-
tilation and gas exchange.

11.3.2 Education

Education is another key component of pulmonary rehabilitation. It has gradually
evolved from a didactic approach to the promotion of behaviour changes and
collaborative self-management [64]. Examples of positive behaviour changes
include higher adherence to medication, increased physical activity, better nutritional
habits, breathing regulation techniques and applying energy-saving strategies during
activities of daily living [65]. These strategies promote the self-efficacy in managing
health through increasing the patients’ knowledge and stimulating patients to
participate with healthcare professionals in better managing their illness [66]. In
Table 11.5, the main topics concerning educational component of pulmonary
rehabilitation are displayed.
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Table 11.5 Educational » Normal pulmonary anatomy and physiology.
component of pulmonary

rehabilitation: topics

* Pathophysiology of chronic respiratory disease.

» Communicating with the healthcare provider.
Interpretation of medical testing.
Breathing strategies.

Secretion clearance techniques.

* Role and rationale for medications, including oxygen
therapy.

Effective use of respiratory devices.

* Benefits of exercise and physical activities.

* Energy conservation during activities of daily living.
Healthy food intake

Irritant avoidance.

Early recognition and treatment of exacerbations.

* Leisure activities.

» Coping with chronic lung disease.

11.3.3 Psychological Support

Together with education, psychological support is an integral part of PR pro-
grammes. Indeed, the incidence of depression in patients with CRD is more than
twice higher compared with the general population [67]. PR programmes including
psychological interventions improve the mood disorders more than those consisting
of exercise training only [68]. Psychological support may be of benefit to those
patients presenting with symptoms of anxiety and depression, helping them to bet-
ter understand the psychological modifications that may occur in CRD [69, 70] and
to encourage active participation in healthcare. Furthermore, psychologists are the
best healthcare providers who can also discuss smoking cessation strategies within
the course of PR and with the goal to optimise benefits.

Supervised exercise combined with stress management education and psycho-
therapy in PR may offer management strategies for patients with anxiety and depres-
sion [71] and may induce reduction in dyspnea sensation [72], probably due to the
social interaction and distraction from negative perceptions that occur during exer-
cise within a group of patients who have the same condition.

11.3.4 Nutritional Counselling

Nutritional counselling has a pivotal role in the PR programme for people with CRD
and consists of teaching patients about how to plan and follow a healthy diet. Indeed,
weight loss and body composition abnormalities are prevalent in CRD and can
indirectly affect disease severity and prognosis (hospitalization and mortality) [73].
Furthermore, being undernourished in COPD is likely to be associated with longer
in-patient hospital stays [74], a higher risk of being readmitted [75] and an increase



166 F. de Blasio et al.

in healthcare utilisation [76] in comparison with normally nourished individuals.
Patients who are overweight will get advice about planning a diet that will help
them to lose weight; underweight patients will receive advice about foods that can
help them to gain weight. However, more cost-effectiveness studies about nutritional
counselling and supplementation are still needed to support decision-making and to
tackle with organisational problems, such as dealing with reimbursement for these
interventions in CRD.

11.3.5 Tips and Pitfalls

Timing—Although most PR programmes enrol patients with moderate to severe
CRD [77], recent studies suggest that patients with less severe degree of airflow
limitation also benefit from PR programmes in terms of several outcomes. In fact,
low physical activity, problems during the activities of daily living, exertional
dyspnea, lower limb muscle weakness, osteoporosis, anxiety and depression may
also occur in mild to moderate disease [5, 44]. Furthermore, by improving exercise
tolerance and body composition and promoting self-efficacy and behaviour change,
PR at an earlier stage of disease has the potential to significantly modify the course
of the illness. Hence, irrespective of the degree of lung function impairment, the
correct timing of PR should be rather set on the individual’s clinical status and
disability [44]. Therefore, early intervention and physiotherapy following clinical
deterioration and/or at the very early onset of symptoms may provide substantial
benefit even in these patients.

Maintenance of benefits—Without any maintenance strategy, benefits of PR tend
to diminish over 6-12 months with particular regard to the physical performance.
This is probably due to a decrease in adherence to regular exercise [78, 79] as well
as a worsening of main disease and the clinical impact of related comorbidities [80].
Studies have examined the effects of maintenance strategies (i.e. weekly or monthly
follow-up session) after PR with equivocal results about improvements in exercise
tolerance/capacity and health-related quality of life [81, 82]. On the other hand,
behaviour change, incorporating self-efficacy and self-management techniques,
seems to be the most effective strategy for optimization and long-term maintenance
of any achieved health benefit [44].

Adherence to exercise and physical activity—Monthly phone calls accompanied
by a formal home programme have been shown to encourage long-term adherence
to exercise, not only leading to improved walked distance and perceived health-
related quality of life but also reducing lung function decline, in patients with mod-
erate COPD after a 3-week outpatient rehabilitation [82].

Qualitative data provide further opportunities for additional peer support in
patients who have completed PR, through group activities with other individuals
who have similar needs and experience, including drop-in centres and exercise
classes [81]. This “voluntary and mutually supportive, people like us” approach
may be a valid and important alternative to regular phone calls from staff and
appointments with therapists and physicians.
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11.4 Conclusions

Pulmonary rehabilitation is a recognized and effective clinical process providing
specific benefits to symptomatic patients with CRD, in particular those suffering
from COPD. It appears essential to recognize the most appropriate programme
content and setting to be delivered on an individual basis following patient’s
selection and referral.

To date, it is important to recognize that this therapeutic but non-pharmacologi-
cal approach results in substantial effectiveness when applied at the very early onset
of disability following CRD, such as during acute exacerbation of the disease [83].
Behavioural changes (i.e. improvement in long-lasting physical activity, in
particular) remains a true challenge to target in the whole population of patients
with CRD with the final scope to prompt interventions and limit their disability
which is more and more problematic with the increasing complexity of the
underlying diseases.

Notwithstanding, other perspectives are still to come in the field of PR and
should be subjected to special attention from both the professionals and the
stakeholders involved. Indeed, despite the evidence, there is actual low applicability,
access and homogeneity of programmes across different countries [84]. Furthermore,
barriers for patients should be better focused and overcome; in this light, e-health
and new technologies might be helpful to achieve this goal.

Key Points

 Disability represents the hallmark of the disease important to the patient’s
life and must be assessed in chronic respiratory diseases (CRD).

e The mobility-related dyspnea and the resulting decrease in exercise capac-
ity substantially contribute to increased risk of disability.

Pulmonary rehabilitation (PR) is beneficial for these symptomatic patients
to limit and to counteract the progressive loss of physical function.
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Abstract

Changes in barometric pressure characterize both high altitude and the underwa-
ter world. These changes have a significant impact on the body’s pulmonary
physiology and can affect both mountain climbers and divers. In both of these
conditions, the organism must use compensatory mechanisms to adapt to the dif-
ferent environmental conditions. In this chapter, the environmental characteris-
tics of altitude and underwater and their effects on the respiratory system are
discussed. The body’s compensatory responses at high altitude, primarily the
ventilatory response, are discussed. A section is devoted to the maladaptive
response (i.e. high-altitude pulmonary oedema) and its prevention and treatment.
Next, we consider the safety of high-altitude travel in patients with chronic respi-
ratory disease, primarily chronic obstructive pulmonary disease, asthma and cys-
tic fibrosis. In the second part of the chapter, the physiology and pathophysiology
of the hyperbaric and diving environments, especially those involving the respi-
ratory system, are described. A paragraph is dedicated to fitness for immersion,
especially for the most common chronic respiratory diseases, such as asthma and
COPD. In the last part of the chapter, we discuss lung interstitial oedema, its
development in extreme environments or after strenuous exercise, and the diag-
nostic methods.
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12.1 Lung and High Altitude
12.1.1 Introduction

High altitude is characterized by a progressive reduction of barometric pressure
with a consequent progressive reduction of inspiratory oxygen pressure. Even if
this reduced barometric pressure is the key factor of altitude, other environmen-
tal changes can affect the lung: the progressive reduction of the air density, of the
absolute humidity and of the temperature. Ultimately, at altitude the human body
is exposed to progressive hypoxia and breathes a progressively drier and colder air.
Based on the effects of altitude on human physiology and well-being in healthy
individuals, altitude is generally divided into low altitude, moderate/intermediate
altitude, high altitude and extreme altitude [1, 2]. Extreme altitude is the highest
altitude at which long-term human adaptation is possible, as the highest permanent
settlements are at this altitude [3]. The physiological changes due to hypoxia, the
reduction of exercise capacity, the possible development of altitude illness and the
need for acclimatization increase with increasing altitude.

12.1.2 Hypoxic Profile at Altitude

The continuous 24-h monitoring of oxygen saturation during the ascent to 5050 m
has shown that the time spent with oxygen saturation < 90% increases with alti-
tude. In particular, at 3500 m, almost 75% of the time is spent with SpO, < 90%),
while at 5000 m it is 94% [4]. The prediction of the “normal” reduction of oxy-
gen saturation at increasing altitude is difficult: from 2000 to 6000 m, an aver-
age decline of 5.75%/1000 m is expected [5]. Lorente-Aznar et al. have recently
published a formula to predict oxygen saturation in healthy subjects at altitude:
Sa0, = 103.3 — (altitude x 0.0047) + 0.7 (for males) or + 1.4 (for females) [6].

12.1.3 Compensatory Responses

Going to altitude, individuals need to adapt to the progressive hypoxia; this pro-
cess is known as acclimatization and involves a series of adjustments occurring
over a period of minutes, hours or months. All these compensatory responses
aim at increasing the efficiency of oxygen uptake, oxygen transport and oxygen
delivery to cells. Immediate adjustments involve the respiratory and cardiovascu-
lar systems and the oxygen-carrying capacity of the blood. The threshold altitude
and the magnitude of the responses have a large interindividual variability [1].
The lung is the interface between the environment and the metabolic function
of the body and plays a pivotal role in the acclimatization process. However, it
may also be involved in maladaptive responses. The physiologic responses are
the ventilatory response and hypoxic pulmonary vasoconstriction (HPV), which
causes an increase in pulmonary vascular resistance and a consequent increase
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in pulmonary artery pressure. The maladaptive response is the development of
high-altitude pulmonary oedema (HAPE).

12.1.3.1 Hypoxic Ventilatory Response (HVR)

The respiratory compensatory response is an increase in ventilation, which means
an increase in both tidal volume and breathing rate: the respiration is deeper and
faster and results in higher alveolar and arterial PO, and lower PCO, levels than
would be obtained if the ventilation were unchanged. HVR is due to a sensing sys-
tem of the peripheral chemoreceptors, mainly the carotid body. The HVR is not
a simple linear response, as it is complicated by the effect of hyperventilation on
PCO, [7]. The extremely high work of the lung at very high altitude is well summa-
rized by the vivid description of the difficulties exercising at extreme altitude, writ-
ten by two mountaineers, climbing above 8000 m without supplementary oxygen.
Norton in 1925 wrote: “Our pace was wretched. My ambition was to do 20 consecu-
tive paces uphill mountain without a pause to rest and pant elbow on bent knee, yet
I never remember achieving it- 13 was nearer the mark” [8], and Messner in 1979
wrote: “I am nothing more than a single narrow gasping lung, floating over the
mists and summits” [9]. A very high ventilatory response to hypoxia is important to
reach extreme altitude without supplementary oxygen, but the excessive ventilation
could be counterproductive by exhausting the ventilatory reserve early on, at least at
extreme altitude. Actually, studies performed on elite mountaineers climbing above
8000 m without supplementary oxygen have shown that those who have reached the
summit without oxygen had a brisk but not excessive ventilatory stimulus, so they
maintained a sustainable ventilation and a sufficient ventilatory reserve to climb up
to extreme altitudes without oxygen supplementation [10, 11].

12.1.3.2 Breathing Pattern

Moreover, elite climbers spontaneously adopted a slower and deeper breathing
pattern during exercise; this breathing strategy allowed them to maintain a higher
ventilatory efficiency (i.e. the amount of ventilation required to achieve a given
level of oxygen saturation: SaO,/VE). In addition to the reported studies on elite
climbers, other authors highlighted the importance of the breathing pattern during
altitude exposure. Bernardi et al. compared the breathing pattern of Tibetan monks,
Caucasians trained in yoga breathing and control subjects without expertise in yoga.
During altitude exposure, both monks and the yoga-trained adopted a deeper and
slower breathing pattern, allowing them to maintain a better oxygen saturation and
a lower VE/SaO, ratio [12]. Bilo et al. showed that above 4000 m, the change in
breathing pattern from a spontaneous rate to a paced frequency of 6 breaths per
minute was associated with a significant increase in blood oxygen saturation [13].

12.1.3.3 Thoraco-Abdominal Coordination

Another important point to take into account during exercise, especially at altitude,
is the thoraco-abdominal coordination. In fact, during exercise in the mountain, the
postural tasks related to the presence of steep slopes and different types of terrain
may modify the coordinated action of the diaphragm and the abdominal muscles.
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A reduction in thoraco-abdominal coordination may in turn alter ventilatory pat-
terns and reduce ventilatory efficiency. It has been recently reported that during
intense exercise between 2000 and 2800 m, steep slopes (above 20-30%) led to a
reduction in thoraco-abdominal coordination, resulting in a less efficient ventilatory
pattern, decreased SpO, and reduced running speed [14].

12.1.4 Pulmonary Mechanics

The main changes in pulmonary mechanics described at high altitude are the
increase in flows and the reduction in airway resistances, consistent with the
reduced density of the air, and a variable decrease in vital capacity. The decrease
in vital capacity can be due to many factors, including a reduction of respiratory
muscle strength, pulmonary vascular engorgement and interstitial oedema [15-18].
However, the decrease in vital capacity and in the flows in the last part of expira-
tion is not a hallmark of small airway compression; therefore, the attention has
been focused on the functional tests, which can evaluate the small airways. The
two recommended tests to evaluate distal lung function are the nitrogen single-
breath test, which allows measuring the closing volume, and the measurement of
respiratory impedance by the high-frequency oscillation technique [19]. Closing
volume was significantly increased in 75% of almost 250 healthy climbers after
arrival at 4559 m [20]. Similar results were obtained in the same setting after 24 and
48 h of stay, and the authors concluded that these alterations of pulmonary function
are consistent with interstitial fluid accumulation but do not indicate a subsequent
progression to clinical HAPE [21]. Regarding the oscillation technique, Pellegrino
et al. reported a significant change in reactance in healthy subjects during exposure
to 4559 m [22], confirming data previously obtained in experimental animals devel-
oping interstitial oedema [23]. Reactance is an index reflecting the elastic properties
of the tissues or the resistance of distal airways [24]. This reduction in small airway
function can be interpreted as due to the development of interstitial lung oedema
(or subclinical lung oedema) [25]. A paragraph will be dedicated to this topic in the
last part of the chapter.

12.1.5 High-Altitude Pulmonary Oedema (HAPE)

HAPE is a non-cardiogenic lung oedema due to the combination of different fac-
tors; the pathophysiology is complex, and an extensive discussion can be found
elsewhere [26, 27]. The hallmark is undoubtedly an excessive HPV. In fact, when
exposed to hypoxia, HAPE-susceptible individuals have an exaggerated pulmonary
vasoconstriction, resulting in higher pulmonary pressure both at rest and during
exercise. Furthermore, an impaired alveolar reabsorption and epithelial ion trans-
port capacity and increased endothelial permeability contribute to the development
of the disease. As there is a large interindividual variability in HPV, it follows that
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individual susceptibility is the most important determinant of the occurrence of
HAPE. Other risk factors are a too fast ascent profile and overexertion just after
arriving at high altitude. HAPE affects 0.2-8% of travellers between 2500 and
5500 m, with greater incidence at higher altitude, especially if reached with a fast
ascent. Onset is usually within 2-5 days of permanence at high altitude. Symptoms
associated with HAPE are excessive fatigue for a given effort, dyspnoea at the mini-
mal effort, orthopnoea, chest tightness and dry cough. Immediate descent (at least
1000 m or until symptoms resolve) is the most effective treatment option. If descent
is not immediately possible, supplemental oxygen at a flow rate that raises the oxy-
gen saturation to >90% and nifedipine administration (30 mg oral extended release
twice daily) are recommended [28, 29].

The major preventive measure is a slow ascent, such as an increase in altitude
not exceeding 300 m/day above an altitude of 2500 m. This rule is effective even in
susceptible individuals [26]. If progressive high-altitude acclimatization is not pos-
sible, prophylaxis with nifedipine should be recommended.

12.1.6 Exposure to High Altitude for Patients Suffering
from Chronic Respiratory Diseases

When we have to advise patients about altitude exposure, the main question is: does
the mountain environment (hypoxia plus other features) adversely affect the dis-
ease? Furthermore, is the patient able to adapt to a high-altitude environment [30]?
The literature about lowlanders suffering from chronic respiratory disease during
altitude exposure is very limited (especially for COPD patients), and insight into
this issue mainly comes from laboratory studies (i.e. simulated altitude) or studies
with a small number of subjects (Fig. 12.1).

Barometric Pressure 4 o )
Hyperventilaton =~ ————» Hypocapnia

02 pressure 4 —— Hypoxemia
\ Pulmonary Vasoconstriction

_ _ V¥ Airway Resistance
Density of the air | A Respiratory Flows

Bronchocostriction
Humidity 4 /
Inhalation of cold and dry air

Temperature {

Fig. 12.1 The lung and the mountain environment. In this figure, the effects on the respiratory
system of the changes of different atmospheric variables are represented
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12.1.6.1 Asthma

Several features of high-altitude environments can affect asthma control, both posi-
tively and negatively. At altitude, hyperventilation of cold air, especially during exer-
cise, has a considerable potential for airway dehydration, which can trigger an asthma
attack [31]. Regarding other risk factors, pollen exposure depends on season, altitude
and latitude, while dust mite exposure can be reduced due to the lower humidity. In
the last 20 years, many studies have shown that a short stay at low-moderate altitude
(16002000 m) improves clinical and functional parameters and decreases cortico-
steroid requirement in asthmatics [32]. Regarding higher altitudes, very few stud-
ies have assessed bronchial hyperresponsiveness in asthmatics at high altitude, but
they have shown a reduction in bronchial response to both methacholine and hypo-
osmolar aerosol above 3500 m and up to 5000 m compared to sea level. Only a small
group of mild, stable asthmatics was studied, and caution is necessary in generalizing
these results [33]. It should, however, be emphasized that observational studies did
not report asthma worsening during climbs and treks, at least up to an altitude of
approximately 6000 m [34, 35]. Similar results were obtained among the workers
engaged in the construction of the railway between Beijing and Lhasa at altitudes
above 4000 m: asthmatic subjects generally did better at altitude compared to low alti-
tude [36]. The two independent risk factors for asthma attacks during travel at altitude
are the frequent use (>3 times weekly) of inhaled bronchodilators before travel and
the participation in intense physical exertion during treks [37]. In conclusion, patients
with asthma can travel to high altitude when their asthma is well controlled. If not,
therapy must be optimized before leaving. Patients should continue regular therapy,
should always have rescue drugs, and should use premedication prior to exercise with
the same drugs used at sea level. As at sea level, during very cold and windy days,
patients should protect the mouth (e.g. with a scarf) to warm and humidify inhaled air.
Asthmatic patients with severe disease or those experiencing or recovering from an
asthma exacerbation should avoid travelling to high altitude, particularly into remote
areas where health facilities and medical care can be difficult to reach [30, 38].

12.1.6.2 Chronic Obstructive Pulmonary Disease (COPD)

COPD is characterized by many pathophysiological problems, which can be
affected by altitude. The main questions are: Is the COPD patient able to maintain
an adequate PaO,, or does he need supplemental oxygen? Can the COPD increase
the work of ventilation during hypoxic exposure?

More than 20 years ago, Dillard [39] published a formula to predict the level of
hypoxemia at an altitude of 2300-2500 m (the maximum altitude allowed for an
aircraft cabin), combining sea-level FEV, values with the sea-level PaO,: PaO,, Alt
=(0.519 x Pa,0,,SL) + (11.85 x FEV,) — 1.76.

Based on subsequent research, it is now recommended to follow the flow chart
published by the British Thoracic Society as a preflight evaluation [40]. The
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studies mentioned above were performed during altitude simulation tests, i.e.
during inhalation of an hypoxic mixture simulating 2300 m. Very few studies
have been performed at real altitude, totalling a small number of subjects. These
studies reported at 2000 m a reduction of mean PaO, (from 75 + 9 mmHg to
51 + 6) and a reduction of the distance covered during a 6-minute walking test
by 52% [41]. At higher altitude (2950 m), the endurance time decreased almost
50% (from 500 to 205 s), with severe oxygen desaturation and reduced cerebral
oxygenation [42].
To summarize: How to assess a COPD patient before an altitude ascent?

e Spirometry to assess the degree of bronchial obstruction

e Blood gas analysis to assess the efficiency of gas exchange

* Six-minute walking distance to detect the presence of oxygen desaturation dur-
ing exercise at sea level

e If available, hypoxia altitude simulation test (15% O,) to predict SpO, at
altitude

Some specific data should be gathered:

e The altitude of destination and the sleeping altitude
e The rate of ascent (by cable car, bus, walking)

e The duration of stay

e The amount of exercise at high altitude

The results of the tests and the combination of information will allow practitio-
ners to provide advice tailored on the patient’s pathophysiological characteristics.

12.1.6.3 Cystic Fibrosis

The role of exercise in cystic fibrosis (CF) is well established, and over the last
three decades it has become an important component in the management of all
individuals with CF [43]. Regarding exercise at altitude, tests at simulated alti-
tude have established that CF patients with baseline PaO, > 8.0 kPa can safely
tolerate an altitude of approximately 2500 m, but only under resting conditions
[44]. In fact, during even mild exercise (30 watts), oxygen saturation decreases
dramatically. Two studies at 1500 m have shown that a 4-week exercise train-
ing improved exercise tolerance and quality of life of CF patients, but they
were at significant risk for oxygen desaturation during exercise. The lower the
respiratory function (mainly the FEV, as a percentage of predicted), the lower
the oxygen saturation at peak exercise. Therefore, CF patients must be studied
carefully with a supervised exercise test before engaging in exercise at altitude
and during exercise. The oxygen saturation should be monitored and maintained
>88% [45, 46].
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12.2 Lungs and Diving

12.2.1 The Physiology and Pathophysiology of the Hyperbaric
and Diving Environments

12.2.1.1 Introduction

The techniques used by divers date back to antiquity, when primitive men dove
underwater using their capacity to hold their breath, devoting themselves to the
search for food (underwater fishing) and wealth (sponges and apnoea pearl fish-
ing). Diving has also served military purposes: Thucydides reports how during the
Athenian attack in Syracuse in 414 BC the intervention of some divers was fun-
damental to cut the immersed barriers that had been built to protect the harbour.
The fascination with free diving remains intact even today, thanks to the feeling of
freedom offered by the very limited equipment needed (mask, fins and snorkel). At
the same time, it gives anyone the possibility to approach the underwater world.
The inability to get oxygen underwater imposed by human physiology was also
overcome thanks to the self-contained underwater breathing apparatus (SCUBA),
containing air or gas mixtures with various oxygen and nitrogen concentrations.
SCUBA, an open-circuit breathing apparatus, was made by Cousteau and Gagnan
serving in the French Navy in 1943. Diving (SCUBA diving) can therefore be car-
ried out with “normal” breathing. It must be limited in time, depending on the gas
supply, never forgetting the constraint of physical and physiological modifications
of the hyperbaric underwater environment. The simple act of diving generates bio-
physical changes related to the loss of gravity and progress in a fluid (resistance to
propulsion) or to thermal stress, with a drop in body temperature due to the enor-
mous conductivity of water (3500 times higher than that of the air). The compensa-
tion manoeuvres used to balance the different sectors are also very important, with
considerable differences in terms of pulmonary and circulatory pressure between
the methods (classic manoeuvre of Valsalva or Valsalva “gentle”, also known as
Manovra di Marcante-Odaglia).

12.2.1.2 What Happens During Immersion?

Immersion is characterized by working in an extraordinary environment, which
generates physical and physiological changes. Every 10 m of descent in seawater,
there is an increase in environmental pressure of 100 kPa, equivalent to 1 atmo-
sphere (1 bar). At a constant temperature (T), the volume (V) of a gas contained
in a cavity (thorax, paranasal sinuses, middle ear and intestines) changes in an
inversely proportional way with respect to pressure (P), with compression of the
gas during the descent and expansion during the ascent (Boyle’s law: P x V = con-
stant). With the use of the self-breathing apparatus, the volumes remain constant
if breathing is regular and without pauses, because the pressure balances inside
and outside the rib cage, and it is guaranteed by the regulator. If the air inspired
underwater is not expelled during the ascent, over-distension with pulmonary baro-
trauma (PB) and arterial gas embolism (AGE) (Boyle’s law) can result. It is very
important to keep in mind that the human body is an almost incompressible fluid.
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Therefore, a barotrauma occurs when there is gas in inner rigid spaces and ambient
pressure changes. During breathing, the gas level changes according to other phys-
ical laws. The partial pressure of gas increases proportionally to the increase in the
ambient pressure (Dalton’s law), and the amount of gas that is soluble in a liquid, at
a given temperature, depends on the partial pressure of gas, as well as on its coef-
ficient of solubility (Henry’s law). Gases dissolve in fluids proportionately to their
partial pressures in the gas phase, which means that the volume of dissolved gases
in blood and tissues increases until equilibrium with the gas phase is achieved. The
fluid is then saturated with the gas. During the compression and decompression
phases of a dive, this process follows first-order exponential functions, since each
tissue has its characteristic time constant. A greater amount of inert gas, especially
nitrogen, solubilizes in the deep tissues and is removed during the ascent with
the formation of bubbles, even in correct diving. The lung normally captures and
removes from circulation the complex gas bubbles/proteins/platelets formed in the
tissues (“filter function’), which is carried by the blood to the right atrium and to
the pulmonary circulation. Only if an overproduction of bubbles cannot be elimi-
nated does decompression sickness (DCS) occur. The presence of intrapulmonary
shunts (congenital heart diseases with a right-left shunt, such as patent foramen
ovale, previous pulmonary embolisms and arteriovenous malformations) increases
the risk of DCS. The nitrogen distribution among the various compartments of the
organism is characterized by a latency that, at the end of the submersion, leads to a
nitrogen excess in the body with respect to pre-diving levels. Tissue supersaturation
with inert gas (such as nitrogen or helium) during decompression is the mechanism
of DCS. If the ascent is too fast in relation to the quantities of nitrogen absorbed, the
solubilized nitrogen will be released during the gaseous phase through bubble for-
mation in blood and tissues. Breathing during diving is also more difficult because
the depth increases the density of inhaled gas (due to the increase of the number of
molecules in a volume proportionally to the absolute pressure). Kinematic viscos-
ity decreases, and there is therefore the possibility of greater turbulence. Laboured
breathing during diving is due to a higher gas density and augmented resistances
inside the pipes, regulator stages and the mouthpiece, both leading to an increase of
the dead space. Respiratory work increases because of the combination of a greater
density of gas and of hydrostatic pressure that modify the respiratory mechanics.
Therefore, negative pressure is needed while inhaling, whereas a greater positive
pressure is necessary while exhaling. The adult’s maximum voluntary ventilation
(MVYV) in water is greatly reduced, from 200 L/min at the surface to 65 L/min at
50 m. This fact is due to the increases in gas density and airway resistance, as well
as the redistribution of the blood volume from the periphery towards the centre
(thorax), equal to approximately 700 mL, with a parallel decrease in pulmonary
volume (blood shift). Finally, the relationship between ventilation and perfusion
is altered with an inhomogeneous gaseous pulmonary exchange and a reduction
of the maximum respiratory capacity. A reduction of the MV'V, already present on
the surface, will become even more marked during immersion, creating serious
problems to the diver, who may need to perform a medium-high level of activity in
emergency situations.
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While exercising, a diver using negative-pressure breathing can seriously risk
interstitial pulmonary oedema. The development of immersion pulmonary oedema
is closely related to haemodynamic changes. The exercise-induced increase in tidal
volume during immersion elevates the right heart preload, triggering a right-to-
left ventricular imbalance and lung congestion. Exercising with negative-pressure
breathing further increases the inspiratory work of breathing, right ventricle loading,
right-to-left heart imbalance and rate of interstitial lung water accumulation. Positive-
pressure breathing decreases cardiovascular changes and pulmonary oedema during
immersion with exercise. Plasma atrial natriuretic peptide increases with inspiratory
work and correlates with lung comet score (see Sec. 12.3). An altered right-to-left
heart imbalance provokes the development of immersion pulmonary oedema when
inspiratory work is high, e.g. during swimming at a high intensity or SCUBA diving
with negative-pressure breathing.

When breathing air, the practical limit of pressure corresponds to a depth of
50-60 m of seawater (msw). The narcotic effects of nitrogen, the high gas density
and the decompression stress contribute to adverse effects on the body beyond that
depth range. Some of these effects can be reduced by changing the breathing gas
mixture. Mixtures enriched with oxygen reduce the uptake of inert gas and thereby
reduce the risks of decompression, whereas mixtures using added helium reduce
the gas density. Increasing the oxygen fraction in the gas mixture amplifies the risk
of toxic oxygen effects. Most dangerous are the risks of cerebral oxygen toxicity
with sudden unconsciousness and seizures that can occur with exposure to partial
pressures of oxygen higher than 150 kPa. Because of the risk of hyperoxic cerebral
toxicity, military combat divers, who dive using pure oxygen in a closed-circuit
breathing apparatus, usually restrict their diving depth range to 0—10 msw [47-53].

12.2.2 Fitness to Dive

Recreational free/breath-hold and SCUBA diving is a growing sport across the
globe. It is evident that to prevent and minimize underwater accidents, the screening
of the SCUBA divers is fundamental, with assessment of the physical and clinical
conditions, especially respiratory, which can be conditioned and/or interfere with
the immersion activity. The underwater candidate must not present:

e Anatomical or functional abnormalities that increase the risk of PB

e Impairment of the pulmonary function resulting in reduced operating capacity
(underwater or on the surface)

e Limitation of lung function as a filter of the bubbles normally produced during
the dive

In the past, asthma permanently and absolutely precluded underwater activity.
More recently, a reversal trend has occurred, based on epidemiological studies that
have correlated the theoretical risk to the actual risk, as well as to an evidence-based
evaluation method [54-56].
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In 2003, the British Thoracic Society (BTS) drew up guidelines on the respiratory
aspects of fitness to dive, based on a reasoned revision of the literature and on the con-
sensus of a group of experts. The consensus among diving experts worldwide is that
subjects with a wheeze triggered by exercise, cold air or emotion should be advised
not to dive [57-59]. In Australia, all divers with asthma must pass spirometry before
certification, but in the United Kingdom, well-controlled asthmatics (excluding cold-,
exercise- or emotion-induced asthmatics) may dive as long as they do not require a
bronchodilator within 48 h. Among experts and other major diving organizations, the
consensus is that lung function must be normal before an asthmatic can dive. Carefully
selected mild to moderate, well-controlled asthmatics with normal screening spirom-
etry can be considered candidates for diving per recommendations by the Recreational
Scuba Training Council and the Undersea and Hyperbaric Medical Society (UHMS).
Spirometry should be normal before and after exercise testing. Medication used to
maintain normal spirometry is not a contraindication to diving. Inhalation challenge
tests, including methacholine or hypertonic saline, are not recommended [60—64].

The presence of chronic obstructive pulmonary disease (COPD) contraindicates
diving or requires diagnostic tests, due to a theoretical increase in the risk of baro-
trauma, in particular due to the possible presence of emphysema areas, and due to
the reduction of exercise tolerance.

If the pulmonary function is reduced (FEV,/VC <88% of the theoretical with
FEV, < 80% of the theoretical), the subject will be advised not to dive (Fig.12.2).

Assessing Respiratory Fitness to Dive
History of

Previous lung disease
Previous chest trauma Normal

Asthma Respiratory examination
Chest radiography <ES Respiratory symptoms/medications _NO, | spirometry

| YES
Normal NO
Respiratory examination NO No respiratory condition

Spirometry —_— > Advise against diving relevant to diving
Chest radiography

l YES Advise diving with due
care subject to annual
review
[

The following may

contraindicate or require

additional investigation Investigations, Level Il Not Adequately controlled Adequately controlled
Previous pneumothorax or Global Spirometry >15% decrement on <15% decrement on
pneumomediastunum Pulmonary Diffusion challenge OR >15% challenge AND <15%

i i t with i t afte
Previous c.hest surgery Phamacodynamic tests |mproveme!1 wif |mprovemerv1 after
Sarcoidosis bronchodilator bronchodilator
Cystic fibrosis Cardiopulmonary Exercise Test*™*

COPD

Tuberculosis Computed Tomography Administer bronchial
Pulmonary fibrosis Pulmonary Scintigraphy provocation test

Acute pulmonary infections
Spirometry normal

L Asthma

Symptoms/medication YES last 10 years Spirometry abnormal
Known to be poor FEVI <80%
NO NO last 10 years W o poorly FEVI/FVC  <75%
controlle PEF <80%
No respi y I
relevant to diving ‘ Advise against diving ‘ ‘ Advise against diving*

Fig. 12.2 Flow chart for assessing respiratory fitness to dive. (* Consider optimizing treatment
and retesting; ** a peak capacity of 11 to 12 METS could be an appropriate goal)
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The diver must have a sufficient aerobic capacity and be able to cope with
increased respiratory work at depth, which can be exacerbated by exercise. In
fact, a normal recreational dive does not require strenuous exertion, and a standard
dive only needs a modest physical performance (3 METs, metabolic equivalents).
However, in the event of an emergency (caused by equipment failures, currents,
medical problems or other elements), intense physical exertion (7-10 METs) is
required, and the diver must be able to sustain it. Others have suggested that a peak
capacity of 11 to 12 METS could be an appropriate goal for recreational divers.
This energy cost is estimated and does not consider variables such as body mass,
adiposity, age, sex, movement efficiency and geographical and environmental con-
ditions [65, 66].

In any case, in light of current knowledge, the final judgement can only be indi-
vidualized. Diving is very safe if done properly, as there is minimal risk. However, if
performed improperly, there is a risk of decompression illness and AGE. A preven-
tive and periodic medical check, which includes spirometry, is the best guarantee
to be able to carry out any underwater activity in safety, allowing for knowledge of
the personal situation of the candidate and suggesting techniques and methods of
immersion that are adapted to the subject.

12.3 Interstitial Lung Oedema

Interstitial oedema is the first appearance of water accumulation in the lung and
affects a large majority of otherwise healthy climbers during acute exposure to high
altitude. A rise in extravascular lung water may occur because of an increase in the
pressure gradient across the microvascular barrier and/or by an increase in perme-
ability of the endothelial barrier [67, 68]. Actually, hypoxia exposure, in addition
to increasing pressures in the pulmonary circulation, increases endothelial perme-
ability both in cell culture and in animal models. Interstitial lung oedema has a small
but significant impact on the mechanical properties of lungs. The development of
interstitial lung oedema (or subclinical lung oedema) during high-altitude exposure
has been hypothesized a long time ago and was first inferred by some changes in
spirometry, mainly the reduction of vital capacity (see Sec 12.1.4). We have to stress
that the study of the changes in some lung function parameters is an indirect method
to assess interstitial oedema. The gold standard to assess extravascular lung water is
the imaging technique, especially high-resolution computed tomography (HRCT),
which is more sensitive and specific than chest X-ray, but no HRCT studies at high
altitude are available.

In the past, the assessment of the lung by echography has always been the main
thing considered for evaluation of pleural effusion, but recently, ultrasound has been
used to assess extravascular lung water [69]. In the case of normally aerated lung,
the ultrasound beam is completely dissipated, and only the pleura is visualized as
a hyperechoic horizontal line moving synchronously with respiration. In all cases
where air content decreases and lung density increases (e.g. water, fibrosis), the
acoustic mismatch between the lung and the surrounding tissues is lowered, and the
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ultrasound beam can be partly reflected at deeper zones and repeatedly. In this case,
using the ultrasound probe, it is possible to visualize some vertical reverberation
artefacts known as B lines. The ultrasound chest examinations can be performed
using different probes (cardiac, linear or convex probe). Generally, a total of 28
echographic windows are scanned on each anterior and lateral hemithorax, and the
presence of water or fibrosis in the interstitial space is identified by ultrasound B
lines defined as echogenic, coherent, wedge-shaped signals with a narrow origin
from the hyperechogenic pleural line. When a “white lung” pattern is observed in an
intercostal space, an arbitrary value of 10 B lines is assigned for that space. The sum
of the number of B lines measured at each of the 28 sites is calculated, and a score
is obtained: <5 = normal; 5-15 = mild; 15-30 = moderate; >30 = severe [70]. Lung
echo is used extensively in-hospital patients, in particular in intensive care units or
in emergency departments, for the diagnosis of cardiogenic pulmonary oedema.
Thanks to the diffusion of the portable echo machine, this method can be used easily
in outpatients or in a wild environment.

Some years ago, a group of recreational trekkers performing a high-altitude
ascent in Nepal were studied with lung and cardiac echography. They showed a high
prevalence of clinically silent ultrasound B lines [71]. As matter of fact, lung ultra-
sound B lines were present in 83% of subjects starting from 3440 m and in 100%
of subjects at 5130 m in the presence of normal left and right ventricular function.
Furthermore, lung ultrasound B lines were mirrored by decreased oxygen satura-
tion, whereas no statistically significant correlation with systolic pulmonary arterial
pressure rise during ascent was observed. This study showed that the method was
feasible in extreme environments and confirmed the hypothesis of the development
of subclinical lung oedema during high-altitude exposure. This evidence was con-
firmed more recently by other groups [72, 73]. In particular, Pagé confirmed the
development of extravascular lung water during high-altitude exposure indepen-
dently of such confounding factors as previous acclimatization and physical activ-
ity. Subjects enrolled ascent rapidly to 4350 m by helicopter and were studied for
4 consecutive days at the same altitude. The B lines occurred early after the first
morning, and a higher B-line number collated with maximum intensity of acute
mountain sickness symptoms as assessed by Lake Louise score.

Like healthy subjects exposed acutely to high altitude, athletes performing heavy
exercise at sea level can develop subclinical pulmonary oedema. There are numer-
ous reports of pulmonary oedema using different techniques after prolonged exer-
cise [74, 75]. During heavy exercise, there is an increase in cardiac output and a
consequent increase in venous return associated with pulmonary blood flow het-
erogeneity, which causes regional overperfusion in the pulmonary vasculature,
resulting in a marked increase in pulmonary capillary pressure. Most likely, this
increase in pulmonary capillary pressure promotes fluid movement from the pul-
monary vasculature to the interstitium in association with alveolar-capillary mem-
brane leakage. Moreover, in elite athletes, when engaged in strenuous exercise, an
arterial desaturation can be present that can be another possible cause of interstitial
pulmonary oedema development during exercise [14, 76]. Lung echo can be used
easily to investigate the development of extravascular lung water in athletes either
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in the laboratory or outdoors, before and after the performance. Few studies have
used lung ultrasound to assess the presence of lung oedema after strenuous exercise.
Pingitore et al. studied athletes performing an Ironman® triathlon distance (3.8 km
swim, followed by a 180 km bike ride and a 42 km run) and found B lines in 74%
of cases at the end of the race [77]. Multiple factor analysis showed a significant
correlation between B lines and cardiac-related variables, and N-terminal pro-BNP
B lines were associated with haemodynamic changes but not with the inflammatory
response occurring during heavy and prolonged exercise. This study confirmed the
“postcapillary” hypothesis regarding the development of extravascular lung water
after intense and prolonged exercise. Certainly, more studies enrolling higher num-
bers of subject are needed to investigate better the pathophysiological roots of the
development of extravascular lung water in healthy athletes.

Key Points
Altitude

* Ascent to high altitude leads to a progressive decrease in the PO, along the
oxygen transport cascade.

e Individuals need to adapt to the progressive hypoxia (acclimatization
process).

» The lung plays a pivotal role in the acclimatization process but may also be
involved in maladaptive responses. The physiologic responses are the hypoxic
ventilatory response and hypoxic pulmonary vasoconstriction. The maladap-
tive response is the development of high-altitude pulmonary oedema (HAPE).

Diving

e Immersion is characterized by working in an extraordinary environment:
every 10 m of descent in seawater, there is an increase in environmental
pressure of 100 kPa.

e At a constant temperature, the volume of a gas contained in a cavity (tho-
rax, paranasal sinuses, middle ear and intestines) changes in an inversely
proportional way with respect to pressure with compression of the gas dur-
ing the descent and expansion during the ascent.

* Respiratory work increases because of the combination of a greater density
of gas and of hydrostatic pressure modify the respiratory mechanics. The
adult’s maximum voluntary ventilation in water is greatly reduced.

Interstitial oedema
* Interstitial oedema is the first appearance of water accumulation in the lung

and affects a large majority of otherwise healthy climbers during acute
exposure to high altitude.
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* The extravascular lung fluid accumulation at altitude can probably be con-
sidered a “paraphysiological” condition not necessarily proceeding to
severe oedema with alveolar flooding.

» Like healthy subjects exposed acutely to high altitude, athletes performing
heavy exercise at sea level can develop subclinical pulmonary oedema.

* Lung echo can be used easily to investigate the development of extravascu-
lar lung water.
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Pharmacological Management 1 3
in Elite Athletes

Ken Fitch

Abstract

Elite athletes, who participate in sports that involve endurance training, have a
high prevalence of asthma, exercise-induced bronchoconstriction (EIB) and air-
way hyperresponsiveness (AHR). Such prevalence is even higher when their
sport necessitates inhaling large minute volumes of polluted or cold air. Elite
athletes should be managed according to international guideline recommenda-
tions. Asthma guidelines consider inhaled glucocorticoids (GC) to be the gold
standard preventive medication commonly supplemented with a long-acting f3-2
agonist (LABA), while a short-acting -2 agonist (SABA) should be inhaled as
rescue therapy and pre-exercise. But elite athletes must heed the World Anti-
Doping Agency’s (WADA’s) Prohibited List, and failing to do so could result in
significant sanctions. Although many drugs prescribed to manage asthma and
related conditions are permitted in sport, others are not or may be prescribed with
restrictions. The latter includes salbutamol, the only SABA currently permitted.
Systemic GC and adrenaline are prohibited in sport but only in-competition.
However, a procedure, termed therapeutic use exemptions (TUEs), allows pro-
hibited drugs to be prescribed to elite athletes when there is genuine medical
need. The unpredictable pharmacokinetics of salbutamol and GC has and will
continue to cause problems for elite athletes and their medical advisors. These
topics are discussed in detail with mention of pitfalls for athletes and some of the
potential issues that may arise for those who manage elite asthmatic athletes.
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13.1 General Overview of the Topic

Elite athletes with asthma, EIB and AHR are managed similarly to other asthmatics
who exercise, but there is an important difference because they and their medical
advisors must be fully aware of and heed WADA'’s Prohibited List (‘the List’). This
chapter focuses on how ‘the List” impacts on some medications used by elite athletes
with asthma and what restrictions it places on them, how drugs that are prohibited
or restricted in sport may be prescribed for and administered to elite athletes and
some of the pitfalls that can cause problems for them and their doctors.

13.2 Introduction

Some elite athletes were encouraged to participate in sport and exercise when young
to benefit their asthma and in time achieved excellence in their sport, but a greater
percentage develop asthma, EIB and AHR after some years of intense endurance
training [1]. Hence for many elite endurance athletes, it could be termed an
occupational condition [2]. Inspired air needs to be humidified and warmed. When
athletes breathe large or very large minute volumes of the ambient air for extended
periods while participating in endurance training, the body may be unable to
adequately warm and humidify the inspired air. Drying and cooling of the airways
can cause airway injury and result in EIB, AHR and asthma [3]. Another important
factor is the quality of the inspired air. Cold and very cold air and airborne pollutants
including particulate matter (PM) and ozone (O;) that commonly have their origins
from combustion engines as well as chloramines and other products from purification
of swimming pools can further damage the airways when large minute volumes are
inspired regularly [4]. In these circumstances, prevention of airway injury is
preferred to attempting to minimise it through pharmacological means [5].

Asthma, EIB and AHR constitute the most common chronic medical condition
encountered in Olympic athletes, both summer and winter. Triathlon, cycling,
swimming, and cross-country skiing, Nordic combined and speed skating are the
sports with the highest prevalence of asthma, EIB and AHR which can range from
12 to 25% of athletes competing in those sports [1]. All these sports involve
endurance training and the need to breathe large volumes of air which is frequently
cold or polluted, and many consider this to be the reason for the high prevalence.

Other chronic medical conditions such as cystic fibrosis (CF), chronic obstruc-
tive pulmonary disease (COPD) and interstitial lung disease (ILD) cause such sig-
nificant limitations of airway function as to prevent almost all with these conditions
from achieving elite status in sport. Nevertheless, exercise has an important role in
reducing the morbidity and enhancing the physical lifestyle of all with these three
conditions, especially those with CF [6].

Doping, the use of prohibited drugs or methods to enhance training and sports
performance, remains one of the greatest scourges of elite sport in the twenty-first
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century. The WADA'’s primary role is the global oversight of the WADA Code [7]
and the Prohibited List [8] which is updated annually. Although the majority of
medications to prevent and treat asthma are not performance enhancing, elite
athletes with asthma and their medical advisors must be cognizant of and always
heed the WADA Code and Prohibited List.

13.3 Pharmacological Management of Elite Athletes

The management of elite athletes should be consistent with the principles advised
by GINA’s asthma guidelines with inhaled GC representing the gold standard,
commonly in combination with a LABA, while recommending SABA to be
inhaled pre-exercise and when necessary to manage an acute exacerbation of
asthma [9]. Other drugs such as cysteine-leukotriene receptor antagonists
(LTRASs), mast cell stabilisers and muscarinic receptor antagonists (MRA) may
be necessary as supplementary to the above, while currently, the prescription of
xanthines is uncommon. IgE selective monoclonal antibody drugs are rarely nec-
essary in allergic elite athletes, but H; receptor antagonists for associated atopic
nasal or dermatological conditions are. The primary use of adrenaline in elite
athletes is for acute anaphylaxis which appears to be relatively common although
not every athlete with anaphylaxis has associated asthma and AHR. The status of
each of these drug categories is classified according to the 2018 ‘List’ in
Table 13.1 [8].

No further comment is necessary concerning the permitted drug categories, but
[,-agonists, glucocorticoids and adrenaline demand detailed explanations. However,
before enlarging, the concept of therapeutic use exemptions (TUEs) must be
explained.

Table 13.1 Current status in sport of drugs to manage asthma and related conditions

Category of drug Example Status
Cysteine-leukotriene receptor antagonists (LTRAs) Montelukast | Permitted

Muscarinic receptor antagonists (MRAs) Ipratropium | Permitted

Mast cell stabilisers Cromoglicate | Permitted

IgE selective monoclonal antibodies Omalizumab | Permitted

H, receptor antagonists Loratadine Permitted

Xanthines Theophylline | Permitted

{3, adrenoceptor agonists: (1) short/rapid-acting Salbutamol ‘Permitted’/prohibited
(SABA) Formoterol ‘Permitted’/prohibited
(2) long-acting (LABA)

Glucocorticoids: (1) inhaled Budesonide Permitted

(2) systemic Prednisolone | Prohibited

Adrenergic stimulant Adrenaline Prohibited
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13.4 Therapeutic Use Exemptions (TUEs)

The concept of TUESs has been available for athletes for more than 25 years, and its
origin was the International Olympic Committee’s Medical Commission (IOC-MC)
[10]. There are four criteria that must be met to allow a TUE Committee (TUEC) to
approve an application for a TUE.

1. The drug is necessary to treat an acute or chronic medical condition, and the
athlete would experience a significant impairment to health if it were to be
withheld.

2. The therapeutic use of the prohibited drug is highly unlikely to produce any
additional enhancement of performance beyond what might be anticipated by a
return to the athlete’s normal state of health following the treatment.

3. There is no reasonable permitted therapeutic alternative to the use of the prohib-
ited drug.

4. The necessity to administer the prohibited drug is not a consequence of the prior
misuse of a prohibited drug or method.

The above criteria and extensive detail as to the mechanism of TUEs including a
template form to apply for a TUE are contained in the International Standard for
Therapeutic Use Exemptions (ISTUE) [11]. Also able to be sourced from WADA'’s
website is ‘Medical Information to Support Decisions by TUECs’. This is divided
into 19 separate documents, 2 of which are relevant to this chapter: asthma [12] and
anaphylaxis [13]. Practical information as to how to apply for a TUE will be
explained for B,-agonists, glucocorticoids and adrenaline.

13.4.1 p,-Agonists

Oral B,-agonists have been prohibited in sport since the 1970s, soon after they
were initially marketed. This occurred without evidence that they enhanced exer-
cise performance. But in 1992, Martineau and colleagues demonstrated that
16 mg of slow-release salbutamol was anabolic [14], while the vast majority of
studies have demonstrated that inhaled p,-agonists do not improve sports perfor-
mance [15, 16]. Two recent studies one from Canada when 1600 pg of salbuta-
mol was inhaled [17] and one from England [18] when both 800 and 1600 pg of
salbutamol were inhaled that demonstrated no enhancement of exercise perfor-
mance are significant as these doses are the maximum permitted by WADA in
12 h (800 pg) and 24 h (1600 pg).

13.4.1.1 ‘The List’ States
All oral and injected preparations of ,-agonists are prohibited in sport [8].
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13.4.2 Short-Acting Beta-2 Agonists (SABA)

(a) Salbutamol. Only one SABA is permitted—salbutamol—but with qualifica-
tions and because it has posed many problems for elite athletes, it necessitates a
detailed explanation. Currently, ‘the List” states:

e Inhaled salbutamol is permitted to a maximum 1600 pg over 24 h in divided
doses not to exceed 800 pg over 12 h starting from any dose. The presence in
urine of salbutamol in excess of 1000 ng/mL is not consistent with therapeutic
use of the substance and will be considered as an adverse analytical finding
(AAF) unless the athlete proves, through a controlled pharmacokinetic study,
that the abnormal result was the consequence of a therapeutic dose (by inhala-
tion) up to the maximum dose indicated above [8].

e The dosing limit, of 1600 pg in 24 h introduced by the IOC in 1997, was used in
studies to distinguish prohibited oral from permitted inhaled salbutamol. From
those studies, the combination of a urinary concentration of 1000 ng/mL of salbu-
tamol plus a complicated statistical equation derived from the ratio of the active (R)
enantiomer to the inactive (S) enantiomer of salbutamol was established to distin-
guish oral from inhaled salbutamol [19]. However, WADA has never embraced the
statistical equation but has relied solely on the urinary concentration to consider
that an athlete has misused salbutamol. Since 2002, the author is aware of the
details of more than 20 athletes who have exceeded the urinary threshold of
1000 ng/mL, and all were in-competition. Other athletes have also exceeded the
threshold, but in not one instance, there has been any evidence that an athlete has
administered oral salbutamol. In the majority of cases, an increased quantity of
salbutamol was inhaled because the athlete was managing troublesome broncho-
constriction. A common denominator has been a large proportion of salbutamol
was inhaled in a short period which tends to significantly increase the urinary con-
centration [20]. Another factor is the variable pharmacokinetics of salbutamol
which was first noted in 1997 when hospital patients were reported to demonstrate
widely variable urinary salbutamol concentrations that did not correlate with the
administered dosage [20]. Soon after, GlaxoSmithKline administered 1200 pg of
inhaled salbutamol in 1 dose to 15 subjects, and the resultant urinary salbutamol
concentrations were markedly different. One subject’s urine had a concentration of
3000 ng/mL, another was 1500 ng/mL, 3 others were greater than 1000 ng/mL and
the other 10 were less than 1000 ng/mL [21]. Dehydrated athletes produce urine
with a high specific gravity (SG), and this can increase the urinary salbutamol [22].
WADA has acknowledged this, and from March 2018, urinary SGs above 1.020
are to be converted down to that figure but will involve the decision limit (DL) for
salbutamol and not the urinary concentration of the drug [23]. The current DL for
salbutamol is 1200 ng/mL, i.e. there is a ‘leeway’ of 200 ng/mL before the athlete
is considered to have committed an AAF. For example, from March 2018, in urine
with a SG of 1.030, the DL for salbutamol will be 1800 ng/mL..
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e The author’s examination of the circumstances when athletes have exceeded the
1000 ng/mL threshold with many having been sanctioned allows him to make the
following recommendations to prevent or minimise such problems:

— Unfortunately, a number of athletes have exceeded the 1000 ng/mL threshold
when compelled to use a large quantity of salbutamol because they were not
inhaling a GC. Except for a few athletes who experience the very occasional
episode of EIB only and can be managed solely with pre-exercise salbutamol
or another SABA, virtually all other elite athletes should be maintained on an
inhaled GC, and many benefit from an accompanying LABA [9].

— Nebulised salbutamol is considered to be an acceptable method of inhaling
the drug by WADA, but hopefully this will change soon. The message is that
nebulizing the drug greatly increases the risk of exceeding the 1000 ng/mL
threshold and does not provide any benefit over inhaling salbutamol via a
metered dose aerosol (MDI) with a spacer [24].

— Should an athlete find it necessary to inhale a quantity of salbutamol
greater than WADA allows or inhales the permitted amount in a period
much less than 12 h and he/she is subjected to a doping control test within
36 h, an application for a retroactive TUE should be submitted promptly
and before the test result is known. Such applications should be approved
by a TUEC [12].

— WADA’s recommendation to undertake a pharmacokinetic study if an athlete
exceeds the threshold [8] has been demonstrated to be unhelpful in most
instances, and there are several reasons. Firstly, the study must be undertaken
by the athlete after a ‘washout period’, i.e. the athlete must be salbutamol-free
at the commencement of the study which, in almost every instance, differs
from when the athlete had exceeded WADA’s urinary threshold. Secondly, the
study must be conducted in a laboratory, i.e. the athlete is resting in air-
conditioned environment. In contrast, in every instance to date, the athlete has
exceeded the urinary threshold during exercise which is known to increase the
rate of excretion of salbutamol, and often the athlete was competing in either
hot and humid or very cold conditions. Finally the pharmacokinetics of salbu-
tamol can be quite unpredictable, and athletes have exceeded the 1000 ng/mL
threshold after inhaling less salbutamol than WADA allows. In such circum-
stances, a pharmacokinetic study will not assist the athlete and may actually
weaken his/her defence [25].

(b) Other SABA. All other SABA are prohibited in sport and can only be inhaled if
the athlete has a TUE for that SABA. Ninety percent of Olympic athletes who
inhale a SABA administer salbutamol [24]. In elite athletes, by far the most
commonly used prohibited SABA is terbutaline, and in 2016, 87 athletes were
identified by WADA as having an AAF for this SABA which approximates the
mean annual number for the last 5 years [26]. How many of these 87 athletes
were sanctioned is unknown.
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13.4.2.1 Criterion 3 of the ISTUE States
There is no reasonable permitted therapeutic alternative to the use of the prohibited
drug [11].

This should prevent a TUEC from approving an application for a TUE for a
SABA other than salbutamol. However, WADA has acknowledged that it should not
dictate medical treatment and accepts that when an athlete has been inhaling a
SABA other than salbutamol for some time, TUECs should approve such applications
if they meet the stated requirements [12]. A successful TUE application to inhale a
SABA other than salbutamol demands:

* A detailed medical history and examination which should include the athlete’s
previous and current management with the prohibited SABA.

e The results of recent investigations such as spirometry or peak flow readings and
an asthma diary if available.

* Recent evidence of AHR with either a positive bronchodilator test or a positive
bronchial provocation test which can be either a physiological challenge such as
eucapnic voluntary hyperventilation (EVH) or exercise or a pharmacological
challenge including mannitol, hypertonic saline and methacholine.

A TUE approved for a SABA is valid for 4 years after which updated evidence
of AHR must be submitted [12].

13.4.3 Long-Acting 2 Agonists (LABA)

Only two LABA, formoterol and salmeterol, are permitted in sport with dosage
restrictions.

(a) Formoterol. ‘The List’ states: ‘Inhaled formoterol: maximum delivered dose of
54 pg over 24 h. The presence in urine of formoterol in excess of 40 ng/mL is
not consistent with therapeutic use of the substance and will be considered as an
AAF unless the athlete proves, through a controlled pharmacokinetic study, that
the abnormal result was the consequence of a therapeutic dose (by inhalation)
up to the maximum dose indicated above’ [8].

* WADA accepts that around 75% of the administered dose of formoterol is deliv-
ered via either a turbuhaler or aeroliser, thus allowing a daily maximum dose of
72 pg which complies with the manufacturer’s recommendation [13]. Currently,
to the author’s knowledge, no athlete has exceeded the urinary threshold of
40 ng/mL which is considered ‘generous’, and hence no athlete has needed to
undergo a pharmacokinetic study inhaling formoterol.

(b) Salmeterol. ‘The List’ states: ‘Inhaled salmeterol: maximum 200 pg over 24 h’
[8], which is the manufacturer’s recommended daily maximum dose.
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13.4.4 Glucocorticoids (GC)

‘The List’ states: ‘All glucocorticoids are prohibited when administered by oral,
intravenous, intramuscular or rectal routes’ in-competition only [8].

(a)

(b)

Inhaled. All inhaled GC used to manage asthma are permitted in and out of
competition. Only one aspect has caused problems—the detection of a
metabolite of inhaled budesonide—16a-hydroxy-prednisolone—in urinary
concentrations greater than the reported threshold for all synthetic GC of 30 ng/
mL. Because oral budesonide which is prohibited in sport is used to treat
inflammatory bowel disease, it is necessary to ensure that budesonide in an
athlete’s urine has resulted from inhaled and not oral administration.
16a-Hydroxy-prednisolone was frequently present in urine 7-10 times the
concentration of the parent compound budesonide and well above 30 ng/mL
threshold. That the concentration of budesonide was always below the threshold
was able to negate any perceived AAFs from this metabolite. Recent research in
Barcelona has identified another budesonide metabolite, 6f-hydroxy-
budesonide, and that a urinary threshold of 20 ng/mL of 6p-hydroxy-budesonide
would distinguish oral from inhaled budesonide [27]. Thus there is no longer
any possible confusion about budesonide which is inhaled more often by
Olympic athletes than any other GC.

Systemic. Although intravenous GC is occasionally used for status asthmaticus
in hospital settings, oral GC—mostly prednisolone—is the commonest
prohibited substance for which Olympic athletes seek a TUE and acute
exacerbations of asthma a frequent reason [10]. As oral GC is permitted out of
competition, in many instances the drug can be prescribed for an elite athlete
without a TUE or any concern for the prescribing doctor because either the
athlete has no imminent competitions or is too ill with asthma to participate in
his/her sport. However, experience has demonstrated that frequently, acute
asthma occurs shortly prior to an event and this can pose significant difficulties.
If the athlete’s asthma responds well to an oral GC and it is necessary for that
athlete to continue the drug on the competition day or later, a TUE must be
obtained. Applying for a TUE necessitates submitting a detailed history and
examination with spirometric evidence of increased airway obstruction that has
not been controlled by full doses of an inhaled GC and the need for increased
rescue therapy with a SABA.

A contentious problem can be if the oral GC is ceased prior to the competition,

when will it no longer be detectable in the urine? This is a question that is difficult

to

answer with confidence in part because the pharmacokinetics of GC can be

unpredictable. The best advice is that to ensure that GC is not detected in the urine
and thus avoid an AAF, if an oral GC is ceased less than 4-5 days prior to an event,
apply for a TUE for the oral GC.
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13.4.5 Adrenaline (Epinephrine)

The use of adrenaline is primarily for the management of anaphylaxis, which is a
serious, life-threatening, systemic hypersensitivity reaction that is rapid in onset and
has alifetime prevalence of 0.05—2%. The rate of occurrence appears to be increasing
especially in young people. Common triggers include foods, insect venoms and
drugs as well as exercise, cold and heat. That WADA has considered it necessary to
establish a document to assist TUECs and discusses the requirements to grant a
TUE for adrenaline for anaphylaxis [13] is evidence that elite athletes do experience
this condition with some frequency. As the author chaired the IOC’s and his nation’s
TUEC for more than 20 years, he can confirm this. Anaphylaxis is a clinical
diagnosis not requiring laboratory confirmation. Acute anaphylaxis is a medical
emergency that demands prompt treatment with an intramuscular injection of
adrenaline in the mid-lateral thigh in a dose of 0.01 mg/kg of a 1:1000 (1 mg/1 mL)
solution and a maximum of 0.5 mg for adolescents and adults. This may be repeated
in 5-15 min if necessary. Commonly, 0.3 mg of adrenaline is packaged in an auto-
injector for such use. As adrenaline is prohibited in-competition only, a retroactive
TUE is required only if the injection is administered very close to an event. It is
essential for all athletes who experience an episode of anaphylaxis to carry such a
syringe of adrenaline at all times. As adrenaline is a prohibited substance, athletes
clearing customs can encounter difficulties with overzealous officials, and it is
prudent for these athletes to seek a prospective TUE which should be approved and
valid for 5 years. The TUE approval certificate should be carried by the athlete and
produced if necessary to avoid problems. Other treatments for anaphylaxis and
associated secondary effects include inhaled salbutamol (see above), an oral non-
sedating H,-antihistamine (permitted) and systemic GC either orally or intravenously
(prohibited). However, it is stressed that GC is only a second-line treatment for
anaphylaxis and unlike adrenaline is not rapidly effective and should never be the
sole treatment [13].

13.5 Conclusions

WADA Prohibited ‘List’ does pose significant problems for elite athletes with
asthma. Although only one SABA, salbutamol, is permitted in sport, it has proved
to be a major source of difficulty for both athletes and their medical advisors.
These concern the urinary threshold of 1000 ng/mL for the drug and that this can
be achieved because an athlete has an exacerbation of asthma requiring an
increased amount of inhaled salbutamol as rescue therapy and because of the
unpredictable pharmacokinetics of the drug. Other SABA such as terbutaline can
only be prescribed for athletes with a TUE. Athletes and the doctors need to be
constantly alert to the WADA List and any changes that occur annually and
always heed the ‘List’.
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13.6 Tips and Pitfalls

* Ensure your elite athletes with asthma, AHR and EIB are appropriately medi-
cated as guidelines advise and stress that they should endeavour not to overuse
inhaled salbutamol.

e Regularly scrutinise your athlete-patients’ inhalation technique, and remind
them to clean their MDIs and spacers often.

* Counsel your elite athlete-patient about WADA restrictions on dosing with sal-
butamol and the possible consequences of inhaling larger than customary quanti-
ties in short periods of time.

* When young asthmatic athletes graduate to being classed as elite and thus are
required to heed the WADA °‘List’, ensure that they are not administering any
prohibited drugs and are aware of ‘the List’. If they are inhaling, for example,
terbutaline, determine whether he/she should switch to salbutamol or not and if
not, immediately seek a TUE.

* Be aware that an elite athlete-patient who is not using an inhaled GC may be
rejected for a TUE for oral prednisolone to manage an exacerbation of asthma
because a permitted alternative—an inhaled GC—is available and should be
tried first.

» For any athlete-patient with anaphylaxis, stress the necessity of carrying an auto-
injector with them at all times and seek a prospective TUE to avoid issues with
customs.

* Despite the above, remember the WADA advice ‘an athlete’s health should never
be jeopardized by withholding medication in an emergency’ [12].

Key Points

e The triad of asthma, exercise-induced bronchoconstriction (EIB) and air-
way hyperresponsiveness (AHR) constitutes the commonest medical con-
dition encountered in Olympic athletes.

* Athletes with this triad should be managed in accordance with the Global
Initiative for Asthma’s (GINA’s) recommendations with inhaled
glucocorticoids as the preventive medication for almost all.

* Butelite athletes and their medical advisors must be aware of and heed the
World Anti-Doping Agency’s (WADA’s) prohibited list which is updated
annually.

* Inhaled salbutamol, the short-acting 3, agonist (SABA) used by the vast
majority of athletes with the triad, has caused and can be expected to
continue to cause more issues than all other asthma medications combined.

o Athletes with asthma and their medical advisors should be cognizant of the
concept of therapeutic use exemptions (TUEs) which may need to be
invoked notably when an oral glucocorticoid may be necessary to manage
acute asthma.



13 Pharmacological Management in Elite Athletes 205

Case Study

A 19-year-old female cross-country skier attends you for the first time about
her troublesome asthma, concerned because she has been chosen to compete
in her first Olympic Games, and her event, a 15 km race, is scheduled for the
first competition day in 14 days. You learn that her asthma commenced when
aged 17 soon after she had represented her country at the Winter Youth
Olympic Games. She consulted her GP who prescribed salbutamol, 200 pg, to
be inhaled via a MDI prior to exercise and whenever her asthma was
troublesome. Since then, she has followed that advice but has not used more
than 4 MDIs in either of the last 2 years. However, about a week ago, she
developed the typical symptoms of an upper respiratory tract infection which
soon involved her chest, and during the past 3 days, she has required as many
as 12-14 (1200-1400 pg) puffs of salbutamol a day. You examine her and
note that she is coughing and has a slight wheeze. Spirometry reveals her
FEV, is 70% of predicted and her FEV 1y, is 68%.

How would you manage her? (More than one answer may be correct)

. Administer 200 pg of salbutamol and repeat her spirometry?

. Prescribe 40 mg of oral prednisolone a day and ask her to return in 3 days?

. Prescribe inhaled beclomethasone 200 pg twice a day and return in a week.

. Prescribe 40 mg of oral prednisolone a day, complete an application form

for a TUE and ask her to return in 5 days?

E. Prescribe a preparation of budesonide and formoterol 200/6-2 puffs to be
inhaled twice a day and return in 3 days.

F. Counsel her about the dangers of inhaling large quantities of salbutamol

e Answer A correct. It would be advantageous to ascertain if she can
provide evidence of a positive bronchodilator test and she does with
her FEV, increasing 17% after inhaling 200 pg of salbutamol. A
positive test is a 12% increase in FEV jor greater.

* Answer B is not the preferred treatment as she is GC naive and should
respond to the combined inhaled treatment.

* Answer C may be acceptable, but given she has a major event in only
14 days, the combination of a GC with a LABA is superior.

* Answer D is incorrect. Oral prednisolone is not the optimal first-line treat-
ment, and no TUE is necessary 14 days out from competition. Furthermore,
if an application was made, the TUEC should reject the application
because a permitted alternative—inhaled GC—has not been tried first.

e Answer E correct. An inhaled glucocorticoid (GC) is overdue, and as she
needs prompt improvement in her bronchoconstriction, a combination of
a GC and a long-acting -2 agonist (LABA) is the best treatment.

* Answer F correct. This is an excellent time to counsel her about salbu-
tamol and how it can provoke an AAF.

e Answers A, E, and F are correct.

OSQwp
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The skier reports back in 3 days and pleasingly is somewhat improved
although not fully recovered, and the following day, the team flies out to the
Olympic city. After settling into the Olympic Village, the skier returns to your
medical centre very upset as she became breathless and wheezy during her first
training session at the cross-country centre this morning. Her first race is now
only a week away. You repeat her spirometry and note that her FEV is 76% of
predicted and FEV 1, is 73%. You check her inhalation technique and it appears
to be satisfactory. The skier informs you that it was very cold when she was
training today, and you speak with her coach and he advises that at the cross-
country venue, this morning’s temperature was —12 °C, much colder than at the
national cross-country skiing training centre. You ask if the team has any heat
and moisture exchange (HME) masks, and the coach informs you that they do.
You request him to provide the skier with one for tomorrow’s training session
and advise her to continue using the combination inhaler twice daily, increase
her inhaled salbutamol to 4 doses each of 200 pg spread over 14 h and report to
you tomorrow immediately after training. She does and you learn that the mask
did help but she still struggled for breath. Her spirometry is marginally improved
from the previous day, and it is obvious that she cannot perform at the level
necessary to participate in the games. The HME mask would not be suitable to
be used in-competition but can reduce the potential airway injury that can occur
when breathing large minute volumes of very cold, dry air while training.

How would you manage her?

G. As she has a valid bronchodilator test performed only 8 days earlier, com-
mence treatment immediately with oral prednisolone 40 mg a day and
apply for a therapeutic use exemption (TUE) from her International
Federation’s (FIS’s) TUE Committee (TUEC) to administer it for 5 days.

H. As she is now ‘in-competition’, request an urgent TUE from the IOC’s
TUEC for oral prednisolone 40 mg a day with a reducing dose for 7 days
and wait for it to be approved before commencing treatment.

I. Administer 250 mg of hydrocortisone sodium succinate intravenously fol-
lowed by 40 mg prednisolone daily for 5 days and seek a TUE from the
10C’s TUEC.

J. Commence 40 mg oral prednisolone immediately and seek a TUE from
the IOC’s TUEC for 40 mg oral prednisolone daily for 7 days.

e Gis incorrect. As the skier is now resident in the Olympic Village, she
is an Olympic athlete and thus is bound by Olympic and not FIS rules.
Hence, it is the IOC and not FIS who must receive the TUE
application.

e H is incorrect. Until the revised International Standard for TUEs
(ISTUE) 2015 became valid, the IOC considered that ‘in-competition’
commenced when the Olympic Village opened. Hence, oral predniso-
lone was prohibited for the duration that the Village was open. But the
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ISTUE 2015 defined ‘in-competition’ as being from 12 h prior to the
commencement of an event so 6 days prior was out-of-competition,
and as the IOC now heeds this rule, no TUE was necessary to com-
mence oral prednisolone.

e [ is incorrect. There is no justification for IV hydrocortisone, and if
injected in more than 100 mL of fluid, it would necessitate an addi-
tional TUE for an IV infusion.

e Jis the correct answer. As it is now 6 days prior to her competition, no
TUE is necessary to commence the treatment. But as it is highly likely
that oral prednisolone will be continued until the competition or if
ceased pre-competition, evidence of its use will be detectable if tested
post-event, a TUE should be sought from the IOC’s TUEC. Her posi-
tive bronchodilation test performed 8 days earlier, inhaling a GC and a
LABA and her spirometry data would suffice for the TUE to be granted.
Many experts do not consider that ‘taping off” a short course of oral
GC is necessary, but if you do chose to do so, this could still be under-
taken. In fact, a full 7-day course may be unnecessary, but when the
TUE is approved, it remains available if required. The TUE will allow
for prednisolone to be detected and reported in her urine if the skier is
tested after her first event and would avoid any AAF.

13.7 Outcome

The skier responds dramatically to prednisolone, and she reports back to you after
her final training session 2 days before her event and is feeling ‘great’; her FEV] is
97% of predicted and her FEV 14, is a satisfactory 83%. You reduce her prednisolone
to 20 mg for the following day, and as her post-training pulmonary function remains
unchanged, prednisolone is ceased a day prior to her event. You reduce her salbuta-
mol to 2 puffs (200 pg) pre-exercise. She competes in her 15 km race, finishing a
credible 12th, and her time is only 2 s slower than her personal best. The skier is
advised to continue using her budesonide/formoterol inhaler twice daily and to
inhale 200 pg of salbutamol prior to exercise.
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Environmental Conditions, Air 1 4
Pollutants, and Airways
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Abstract

Air pollution is a major problem worldwide, which could be even more serious for
athletes who train in urban environments. Exercise increases minute ventilation
and exposure to pollutants, but the literature on the effects of air pollution in ath-
letes is relatively scarce, with the exception of chlorine exposure in athletes of
aquatic sports and air pollution secondary to ice resurfacing in athletes perform-
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ing in ice arenas. Although air pollution may exert detrimental effects on athletic
performance, little has been published on this topic. The largest body of informa-
tion regards the impact of air pollution during urban active transport, i.e., walking
and cycling in cities, due to the potential risk of air pollution in citizens and the
need to rethink urban transportation strategies accordingly. In healthy subjects,
the benefits of physical activity largely outweigh the disadvantages of exposure to
air pollutants. In susceptible individuals, however, such as patients with cardiac or
respiratory disease and children, detrimental effects have been demonstrated.
Improvement in air quality, individual protective behaviors, and prompt commu-
nication to the population of dangerous air quality may help to limit the negative
effects of air pollution on respiratory health.

14.1 Introduction

Air pollution is increasingly considered as a major public health issue, especially
since current estimates foresee that about 70% of the world population will live in
very extended urban environments by 2050 [1]. Such scenario means that urban
design, air pollution control, as well as detailed plans for public and private
transportation [2—4] will be necessary to preserve population health from increasing
levels of air pollutants.

Environmental evaluation, however, is a very complicated issue. First, exposure
to multiple pollutants can derive from different sources (e.g., vehicle traffic,
industries, but also fireworks, forest fires, or volcanic eruptions), making data
obtained during exposure to single pollutants not necessarily generalizable to real-
world situations and requiring complex statistical modeling [5]. Second, the pattern
of climate and winds differs among locations, thus modifying exposure settings.
Third, monitoring of air quality is evolving, from fixed monitoring stations to
wearable devices [6, 7] allowing more precise definition of individual exposures.
Finally, susceptibility to the noxious effects of pollutants varies according to age
and pre-existing cardiovascular and respiratory diseases. There is evidence that air
pollution is associated with cardiorespiratory diseases [8], and COPD patients are
particularly vulnerable to air pollutants, both in terms of mortality or hospital
admission risk and pollution-associated decline in respiratory function [9].

At the national level, the Environmental Protection Agency (EPA) in the United
States focused on reducing air pollution and produced the National Ambient Air
Quality Standards for pollutants in order to protect citizens’ health. EPA created the
air quality index (AQI), an index summarizing air quality day by day. Thus,
American citizens can easily access AQI on the web to understand the possible
threats for their own health and to access local pollution data [10].

The 2015 WHO Consultation [11] stated that air pollution has to be recognized
as a threat to human health, being associated with increase in both mortality and
morbidity worldwide. Moreover, the effects of environmental pollution increased
steadily in the last decades. Almost all the more common ambient pollutants produce
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Table 14.1 Type, source, and respiratory effects of the most common air pollutants® [25]

Type

Source

Main respiratory effects

Ozone (O3)

Photochemical reactions
from vehicular traffic
(secondary pollutant)

Reduction of lung function
Increase of bronchial
hyperresponsiveness
Reduced exercise tolerance

Nitrogen dioxide (NO,)

Each combustion process
having atmospheric air as
comburent

Increase of bronchial
hyperresponsiveness
Reduction of lung function
Reduced exercise tolerance

Sulfur dioxide (SO,)

Fuel combustion (from
industry and vehicular traffic)

Reduction of lung function

Respirable fractions of
particulate matter

Fuel combustion (from
industry and vehicular
traffic), nonindustrial
combustion processes

Reduction of lung function

United Nations. 2014.
World Urbanization
Prospects: The 2014
Revision, Highlights.

New York: United Nations,
Department of Economic
and Social Affairs,
Population Division. http://
esa.un.org/unpd/wup/
Highlights/WUP2014-
Highlights.pdf

United Nations. 2014. World
Urbanization Prospects: The
2014 Revision, Highlights.
New York: United Nations,
Department of Economic
and Social Affairs,
Population Division. http://
esa.un.org/unpd/wup/
Highlights/WUP2014-
Highlights.pdf

United Nations. 2014. World
Urbanization Prospects: The
2014 Revision, Highlights.
New York: United Nations,
Department of Economic and
Social Affairs, Population

Division. http://esa.un.org/unpd/

wup/Highlights/WUP2014-
Highlights.pdf

*G. Viegi, S. Baldacci. Epidemiological studies of chronic respiratory conditions in relation to
urban air pollution in adults. Eur Respir Mon 2002, 21, 1-16

respiratory effects (Table 14.1, Ref. [12]) in individuals, in particular in vulnerable
categories (children, subjects affected by chronic respiratory disease such as asthma
or chronic obstructive pulmonary disease, subjects affected by cardiovascular dis-
eases, older adults). In its 2015 revision of air quality guideline [11], WHO experts
identified 32 air pollutants divided in 4 groups. For most of them, recent evidence
justifies re-evaluation: in particular, particulate matter (PM), ozone, nitric dioxide
(NO,), sulfur dioxide (SO,), and carbon monoxide (CO) need systematic re-evalua-
tion due to increased knowledge about their detrimental effects on health. Along the
same line, the American Thoracic Society (ATS) has recently published an estimate
of excess mortality and morbidity in the United States, including lung cancer,
according to the ATS-recommended thresholds for PM, 5 and ozone concentrations
[13], which are lower than the currently recommended values (Table 14.2).

14.2 Air Pollution and Exercise

It is well established that physical exercise has important benefits on individual’s
health [14]. On the other hand, people living in urban or highly industrialized areas
are exposed to high levels of environmental pollution. Recreational outdoor exercise
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Table 14.2 Upper limit values for outdoor pollutants

Pollutant Limit Recent ATS recommendations [13]
PM, 5" 10 pg/m? annual mean <11 pg/m? annual mean
25 pg/m? 24-h mean <25 pg/m? 24-h mean
PM;¢* 20 pg/m® annual mean
50 pg/m? 24-h mean
(7% 100 pg/m® 8-h mean <0.060 ppm 8-h mean
NO;* 40 pg/m?* annual mean
200 pg/m? 1-h mean
SO,* 20 pg/m® 24-h mean
500 pg/m® 10-min mean
cov 10 mg/m? 8-h mean
40 mg/m’ 1-h mean

*WHO Regional Office for Europe (2006). Air quality guidelines global update 2005: particulate
matter, ozone, nitrogen dioxide and sulfur dioxide. Copenhagen, WHO Regional Office for Europe.
Auvailable at http://www.euro.who.int/__data/assets/pdf_file/0005/78638/E90038.pdf
"EPA—TUnited States Environmental Protection Agency. National Ambient Air Quality Standards
(NAAQS). Available at https://www.epa.gov/criteria-air-pollutants/naags-table

in subjects living in urban areas is associated with increased exposure to pollutants,
due to several reasons: (a) increased ventilation during exercise increases exposure
to pollutants, partly as a result of the shift from nasal to oral ventilation, with loss of
nasal filtering function, and (b) the deposition fraction of ultrafine particles increases
during exercise [15], especially in children compared to adults and in asthmatic
compared to non-asthmatic children [16]. Moreover, exposure during exercise is
affected by factors such as time of the day, proximity to road, and traffic intensity.
There is evidence of protective behaviors, i.e., decreased physical activity among
adults during days or periods of high exposure to air pollutants [17]. The reader is
referred to extensive reviews [18, 19] for detailed analysis of the effects of exposure
to single pollutants during exercise and in athletes with exercise-induced
bronchoconstriction [20]. The following paragraphs will briefly summarize the
main effects of pollutants at rest and during exercise.

Ozone: Increased concentration of ozone in breathed air can induce decrements
in lung function in healthy young human subjects along with causing airway
inflammation [21]. The effect of ozone inhalation on lung function has been
extensively evaluated [22-24]. A threshold concentration of 60-80 ppb has been
identified for negative health effects of ozone [25]. It is worth noting that the effect
of outdoor activities on lung function is controversial: at low levels of exposure,
increasing O; levels were associated with airway obstruction [26], while lung
function tests did not show any consistent pattern of decrease at similar ozone levels
even though an increase in exhaled nitric oxide (eNO) concentration was found
[27]. Exposure to ozone may produce airway inflammation as evaluated by means
of eNO measures [28].

During exercise, effects of ozone exposure may vary in different population sub-
groups. Hoppe and coworkers reported significant decrease in lung function in asth-
matic patients and children, whereas elderly subjects or athletes were little affected
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[29]. A high ozone concentration may impact on athletic performance, but heat and
humidity usually associated with ozone pollution appear to play a major role in
reducing the performance of endurance-trained runners [30].

Particulate matter: The effects of particulate matter (PM) of different sizes have
been extensively studied, with special regard to PM;, and PM, 5, according to their
diameter in pm, as well as ultrafine particles (diameter < 0.1 pum). Healthy subjects
exposed to ultrafine carbon particles (without any other component adsorbed) at
different concentrations showed a high deposition in the respiratory system, which
increased during exercise [31]. During moderate exercise in adult men with prior
myocardial infarction, brief exposure to dilute diesel exhaust promoted ST-segment
depression, i.e., an important predictor of adverse cardiovascular events [32]. Even
mild exercise in a polluted environment may cause increase in biomarkers of airway
inflammation and decreased lung function. Adult subjects affected by mild to
moderate bronchial asthma walked in Oxford Street, a busy street in London, or in
Hyde Park, demonstrating that the degree of traffic exposure may interfere with
daily activities in real life [33]. Similarly, in the same ambient conditions, short-
term exposure to traffic prevented the beneficial cardiopulmonary effects of walking
in subjects affected by chronic obstructive pulmonary disease or ischemic heart
disease as well as in healthy individuals [34]. Exposure to diesel exhaust particles
(300 pg/m? of PM,5) during moderate or intense exercise in fit young subjects did
not acutely modify endothelial function or blood endothelin-1 levels but increased
plasma nitrate and nitrite (NOx) concentrations, while exercise intensity did not
affect the results [35]. At present, there is suggestive evidence of causal relationships
between exposure to traffic-related air pollution and impaired lung function [36].

A current hot topic regards the possible detrimental role of air pollution in
healthy people using active transport strategies, i.e., cycling and walking, to com-
mute to study or work as opposed to the use of private cars. The advantages and
disadvantages of active transport are being extensively studied, since active trans-
port promotes healthy behavior in the population while decreasing overall traffic
volume. Current evidence underlines the pros of active transport [37], although the
health benefits of physical exercise appear modified in polluted compared to clean-
air areas [38—40].

Figure 14.1 shows an interesting model, where all-cause mortality risk is calcu-
lated for air pollution exposure during active transport, with special attention to two
points. The “tipping point” represents the amount of cycling per day associated with
the highest benefit in terms of risk reduction; the “break-even point “represents the
amount of cycling per day beyond which increasing the amount of cycling is associ-
ated with increased pollution-related risk [41]. Authors calculated that physical
activity should be shortened in very heavily polluted cities, which however repre-
sent a low percentage of urban sites in the world [41]. In more complex models, the
chronic exposure to pollutants was the main determinant of reduced heart rate vari-
ability and increased diastolic blood pressure, whereas the amount of exercise did
not exert any significant effect [42]. Therefore, the evidence available to date indi-
cates no additional harm associated with active transport, unless heavy pollution
situations occur or cycling is prolonged for many hours per day [41].
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Fig. 14.1 All-cause mortality risk calculated for air pollution exposure during cycling (active trans-
port). The “tipping point” represents the amount of cycling per day associated with the highest benefit
in terms of risk reduction; the “break-even point” represents the amount of cycling per day beyond
which increasing the amount of cycling is associated with increased pollution-related risk [41]

NO;: Despite a striking discordance between positive epidemiological associa-
tions and results from controlled clinical NO, exposure, subjects affected by asthma
or allergic diseases are the subgroups most susceptible to NO,-induced pulmonary
effects. Pulmonary adverse effects are not frequent without a co-exposure to spe-
cific or nonspecific stimuli [43]. In this context, while studies continue to provide
evidence of short-term associations between NO, and respiratory outcomes, it has
been demonstrated that these associations are not confounded by co-pollutants,
including PM and other gaseous pollutants typically used in multipollutant analyses
[21]. NO, has been used as a marker of air pollution in the Danish study on elderly
urban residents, showing positive effects of outdoor physical activity such as cycling
and gardening that were especially evident in subjects exposed to low-to-moderate
residential NO, levels [44].

Sulfur dioxide (SO,): Inhalation of sulfur dioxide during exercise may produce
decrements in lung function [45] with a dose-response relationship in asthmatic
volunteers [46].

Carbon monoxide (CO): Studies performed on healthy subjects and patients
affected by ischemic heart disease demonstrated that exposure to low-level mixture
of CO is able to reduce the exercise time in normal subjects [47] and in patients with
coronary artery disease and stable exertional angina [48]. Exercise performance
decreased also in COPD patients exposed to 100 ppm of CO for 1 h [49]. In normal
young subjects, performing constant power exercise at 85% of maximal O,
consumption, exposure to 18.9 ppm of CO for 2 h did not affect cardiorespiratory
variables but decreased muscle oxygenation assessed by near-infrared spectroscopy
(NIRS) [50]. Such an effect was partly reversed by O, administration for 1 h after
CO exposure [50].
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14.3 Athletes and Air Pollution
14.3.1 Data from the Olympic Games

The Olympic Games are major events with large participation of athletes and pub-
lic. Attention to environmental issues has been far from ideal, with the potential of
detrimental effects not only on health but also on athletic performance [51]. For
example, during Olympic Games in Beijing 2008, one of the most polluted cities in
the world, despite major efforts by authorities to reduce air pollution, i.e., traffic
limitation and shutdown of industrial plants, air quality was suboptimal [52].
Similarly, traffic-related air pollution and poor water quality in Guanabara Bay were
major problems in Rio de Janeiro 2016 [53]. Monitoring of air quality during Turin
Winter Games 2006 showed increased benzene concentrations both in the city and
at 1500 m altitude, associated with increased vehicle traffic during the Olympic
period [54]. The next Summer Olympic Games in Japan 2020 promise a better air
quality and will likely increase the well-being of participating athletes [55].

14.3.2 Which Sports Carry a High Air Pollution Risk?

Analysis of pro-inflammatory effects of air pollutants in athletes is complicated by
the effects of exercise per se on airway inflammation, especially in athletes of
endurance sports [20, 56]. We have studied the effects of environmental conditions
and pollutant concentrations in amateur runners before and after running races at
different times of the year. Although during the races pollutant concentrations were
below the alert thresholds, ozone concentration was highest in summer. Results
showed that apoptosis of airway neutrophils in runners was directly proportional to
pollutant concentrations, whereas apoptosis of bronchial epithelial cells appeared
mostly affected by intense exercise [57].

There are surprisingly few studies on markers of airway inflammation in athletes
exposed to pollutants. In non-elite athletes running for 20 min along a roadway,
increased blood levels of toluene, ethylbenzene, and xylenes were documented
postexercise [58]. Cavalcante de Sd and coworkers reported that exhaled breath
condensate (EBC) pH increased after 5 days in amateur runners training in a clean-
air environment (forest), but not in those exposed to air pollution (street). Moreover,
impaired nasal mucociliary clearance occurred more often after street than forest
training [59]. No differences were found in serum interleukin (IL)-6 or interleukin-10
concentrations, highlighting the lack of sensitive and reliable markers of inflamma-
tory damage in athletes. No changes in breath pH after exercise under clean-air and
high ozone and high-PM conditions had been reported by a previous study in high
school athletes, but pH in this group was lower than in adult sedentary controls [60].

Some athletes are constantly exposed to pollutants/irritants during training and
may develop respiratory symptoms. The best examples are swimmers, who are
exposed to chlorine derivatives in indoor swimming pools, and athletes active in ice
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arenas (hockey players, skaters) who are exposed to CO or NO, secondary to
malfunction in ice resurfacing process and ultrafine particles [61-63]. The reader is
referred to comprehensive reviews dedicated to these topics [20, 64]. Some authors
have suggested that high training volumes in elite athletes might justify classification
of airway dysfunction as an occupational disease [65]. Technology is under
development to decrease high chlorine exposures in swimming pools [66].

14.3.3 Prevention of Negative Effects of Air Pollution

Several simple, common-sense strategies can be adopted to limit the impact of air
pollution on health, especially during exercise [67]. These include:

1. Avoiding exercising along high-traffic roads or taking alternative bicycle paths
far from traffic [68].
2. Avoiding exercise during the middle of the day, when ozone concentration is
highest, especially during summer.
. Getting real-time information on pollutant levels, wherever available.
. Training indoor under condition of severe air pollution.
5. Using of protective masks during exercise.

B~ W

The problem of prevention is particularly relevant in China, where air quality is
still far from ideal, children and elderly are used to exercise outdoor, there are no
public plans for prevention to pollutant exposures, and the indoor facilities are
insufficient to cover the needs of a huge population [69].

There is some evidence that a healthy diet and vitamin C and D supplementation
can help to limit air pollution-related respiratory damage [70]. Interestingly, a recent
experimental study in mice reported a role of gut microbiome in the pathogenesis of
increased bronchial reactivity in response to ozone exposure [71]. This is a new and
poorly explored field, which deserves further study.

14.4 Conclusions

Figure 14.2 tries to summarize the current knowledge on the effects of exercise
under conditions of air pollution in athletes. While there is evidence that exercise
does potentiate exposure to pollutants, the possibility that healthy well-trained
athletes may develop protective defense mechanisms has been not explored to date.
Exercise training is associated with pro- and anti-inflammatory changes, and a
heightened response to oxidative stress as a result of training may well contribute to
limit the damage linked to air pollution. Much work needs to be done in this respect,
as well as studies on air pollutant thresholds which may affect performance.
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Fig. 14.2 Summary of mechanisms of increased exposure to pollutant during exercise in athletes.
The impact of potential defense mechanisms has not been studied in detail

Air quality has improved in the last decades worldwide due to increased knowl-
edge about health risks and implementation of preventive measures. Current evi-
dence shows that the benefits of exercise in healthy subjects outweigh the effects of
concurrent air pollution, suggesting that preventive strategies against exposure to
pollutants should not become a recommendation for a sedentary lifestyle. Vulnerable
populations, such as children, elderly, and patients with cardiorespiratory diseases,
should refrain from exercising under air pollution conditions, as indicated by stud-
ies showing increasing mortality and morbidity risk.

Key Points

e Air pollution is a threat for human health, and exercise increases exposure
to pollutants

e The benefits of physical exercise can be decreased by air pollution, but
exercise-associated risk reduction in healthy subjects remains significant
unless severe air pollution occurs

e Vulnerable groups such as children and patients with cardiorespiratory dis-
ease should avoid exercise in polluted areas

 Little is known on the effects of air pollution in athletes and on possible
protective mechanisms evoked by habitual exercise which may help to
limit the detrimental effects of air pollution on cardiorespiratory health
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