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Abstract

Aim of the study

The aim of this work was to investigate the effects of a twelve-week moderate intensity

aerobic exercise program on respiratory health of previously sedentary adults.

Moreover, the hypothesis that sigh breath variability in terms of both rate and amplitude

could be an indicator of lung health was tested for the first time.

The work will be presented in six chapters, the content of which is briefly summarized

below.

Chapter 1: The Respiratory System

The first chapter of this thesis provides a general description of the respiratory system.
Firstly, anatomy and physiology are illustrated. Then, ventilation mechanics are described.

Lastly, the physiological mechanisms associated with the control of breathing are discussed.

Chapter 2: Monitoring Respiratory Health

The second chapter provides a review of the measurements performed to assess the health
status of the respiratory system. Both time parameters such as respiratory rate and lung

volumes and capacities such as tidal volume are described, and their meaning is explained.

Moreover, the standard tests performed to measure both relative and absolute lung

volumes and capacities are described.

Chapter 3: Respiratory Variability

The third chapter introduces the concept of respiratory variability. Both random and
nonrandom respiratory variability are discussed, explaining how the respiratory system
adapts and responds to external stimuli in order to maintain homeostasis. Similarly to heart

rate variability, nonrandom respiratory variability appears to be functional and healthy.

Furthermore, this chapter discusses the theme of sigh breaths. A definition of sighing is
provided, along with the description of central and peripheral physiological factors that

influence sighing.




Lastly, the hypothesis that sighs serve as s physiological resetters of optimal respiratory
regulation is covered. Among other things, according to this hypothesis randomness in
respiratory variability should increase while approaching the next sigh, and, following a
spontaneous sigh, autocorrelation in breathing parameters should be reset. This hypothesis

has been investigated in this work, and significant results have been obtained.

Chapter 4: Airgo™

Chapter four describes Airgo™, the device through which all data used in the present work
was acquired. The recorded signal is a measure of resistance of the belt which is placed
around the subject’s chest in a patented position: the resistance of the belt changes
accordingly to the expansion and contraction of the subject’s chest, capturing movements
of both the rib cage and the diaphragm. Starting from the raw Airgo™ signal both time
parameters, such as respiratory rate and inhalation time, and relative lung volumes, such as

tidal volume, can be derived.

Moreover, a description of Airgo™ software and current device applications is provided.

Nowadays, the Airgo™ device is mainly used for sleep analysis.

Chapter 5: Study Description

The fifth chapter describes the participants, methods and results of the study Brain Age and
Exercise: A Trial of Aerobic Excercise to Improve Brain Health in Older Adults, conducted by An
Ouyang and his collaborators in Boston, MA.

The aim of the study was to investigate the effects of a twelve-week aerobic exercise
program on previously sedentary adults. Cardiovascular fitness, cognitive performance and

sleep quality were considered.

The Airgo™ device was worn continuously by the participants: the data acquired was stored

and left for future analysis, which was the focus of this thesis.

Chapter 6: Airgo™ Data Analysis

The last chapter provides a detailed description of the procedures followed to analyze
Airgo™ data coming from the study conducted by An Ouyang and his collaborators in
Boston, MA.

Starting from the raw Airgo™ belt signal, breaths were identified and represented as vectors
(CQBVs) using Airgo™ patented algorithms. From CQBVs, time and volume breathing

parameters were calculated.




Daytime and nighttime were analyzed separately. For daytime analysis, resting state was
isolated using an automated algorithm. Moreover, sighs were identified in the signal using

another automated algorithm.

Changes in time and volume parameters were sought comparing data acquired at the
beginning of the program, taken as baseline, with data acquired at the end. The hypothesis
that sighs may serve as respiratory variability resetters was investigated using data acquired

throughout the exercise program.







Chapter 1 The Respiratory System

The respiratory system begins at the nose and ends at the alveoli. As shown in Figure 1.1,
it is divided into the upper and lower respiratory tracts. The upper respiratory tract consists
of nose (or nostrils), nasal cavity, pharynx, and larynx; the lower respiratory tract consists

of trachea and, inside the lungs, bronchi, bronchioles, and alveoli.

Windpipe —=
(trachea) 2
Lung ——

Nasal cavity

Bronchus —
Throat

(pharynx)

Figure 1.1: The upper respiratory tract (left) consists of nose (or nostrils), nasal cavity, mouth,
pharynx, and larynx. The lower respiratory tract (right) consists of trachea and, inside the lungs,
bronchi, bronchioles, and alveoli. Source: [137] and [138].

The role of the respiratory system is to provide gas exchange between the body and the
atmosphere; to achieve this purpose, it works in synergy with the cardiovascular system.
The exchange process occurs at the alveoli: here, oxygen flows from the external air into
the blood carried by pulmonary capillaries and carbon dioxide goes the opposite way, thus
exiting the body.

1.1 Anatomy and Physiology

1.1.1 Airways

The airways start from the nose and the mouth, where the inhaled air is warmed and
moistened [1], continue into the pharynx, which is in common with the digestive system,

and proceed into the larynx.

The epiglottis, a cartilaginous structure present at the entrance of the larynx prevents

liquids or food from proceeding further in the airways as it closes during swallowing, thus
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forcing food and liquids to go along
the esophagus instead.

The larynx, which is also called »oice
box, is the first tract of the trachea
and hosts the vocal cords. Air
proceeds along the trachea and, at its
end, divides in the two primary

bronchi, one for each lung.

As shown in Figure 1.2, each of the
two main bronchi divides in two

secondary bronchi, each of which

Fulmanary vein

|
R \&“.J
A

o, o
Laryny —s g

Pulmanary artery -—-x

Primary bronchi
Trachea

Secondary bronchi

Tertiary bronchi

Bronchioles

Alveolar duct  Alveoli

Cardiac notch

Figure 1.2: Lungs, bronchial tree and alveoli. Source:

[135].

further divides in smaller and smaller branches. The smallest structures are the bronchioles,

which terminate in the alveoli.

The alveoli are the small air sacs where the gas exchange takes place. As shown in Figure

1.3, they are made of simple squamous epithelium, which consists of a single layer of

polygonal cells (Type I), and cuboidal cells (Type II) which secrete surfactant. The aim of

the surfactant is to maintain the alveolus fluid balanced.

In a human adult, the estimated number of alveoli is of the order of hundreds of millions

per lung: the actual number increases with the lung size [2]. The large number of alveoli

provides an enormous surface to be used for gas exchanging. The mean size of the single

alveolus is around 4.2 x 10 um?3 (range: 3.3 — 4.8 x 106 um?3; coefficient of variation: 10%),

air infout

independently on the lung size [2].

External air, which enters the
airways at ambient temperature, is
warmed up to body temperature
before reaching the alveoli

iy Moreover, since the walls of the

interstitium

bronchi and of the following
neutrophil  gtryctures are rich with blood

endothelial  yegsels and mucus, which is 97%

basement
membrane

water [3], the air is moistened until
water saturation. Thus, the air that
reaches the alveoli is referred to as
BTPS (Body Temperature and

Pressure, Saturated).

Figure 1.3: Schematic illustration of the anatomy of an FEach alveolus is in close contact

alveolus and a surrounding pulmonary capillary. Source:

[134].

with the surrounding pulmonary
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capillaries. External air enters the alveolus as the person inhales: at this point, only two
single-cell layers separate air and blood; these two layers (the endothelium of the capillary
and the epithelium of the alveolus) form the respiratory membrane. Due to the very low
thickness of the respiratory membrane, which varies from 0.2 to 0.6 um [4], gases can
diffuse very quickly between air and blood; the speed of diffusion must be adequate for
achieving the proper gas exchange. O2 diffuses from air to blood, while COz flows in the
opposite direction: after the gas exchange at the alveoli, the oxygenated blood in the

pulmonary capillaries is ready to return to the heart and enter the systemic circulation.

As the person exhales, the COz-rich air in the lungs is expelled from the body; the expired
air differs from the BTPS condition as its temperature decreases from body temperature
to ambient temperature. The exhaled air, which remains fully saturated with water vapor,

is referred to as ATPS (Ambient Temperature and Pressure, Saturated).

1.1.2 Pulmonary pleurae

The pulmonary pleurae are serous membranes that allow the adhesion of the lungs to the
inside of the chest walls. As shown in Figure 1.4, the inner pleura, called visceral pleura,
covers the surface of the lungs; the outer one, the parietal pleura, wraps the inside of the
thorax. Hach pleura is composed of three layers: a single layer of mesothelial cells, a

membrane and a layer of connective tissue containing lymphatics and blood vessels [5].

The space between the pleurae is referred to as pleural cavity, pleural space ot interplenral space;

it is filled with pleural fluid, which is a serous fluid produced by the pleurae.
Front View Overhead View

Venebra —_

Bronchus

Lung

Pleura

Heart

Figure 1.4: Frontal (left) and transversal (right) view of the lower respiratory tract, with particular
attention to pulmonary pleurae and pleural space. Source: [136].
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The layer of pleural fluid is very thin and has excellent lubricating properties.

The pleural fluid is produced continuously, and its excess is removed by the lymphatic
system: this allows to maintain a slight suction, which creates a pressure gradient between
the intrapleural space and the atmospheric pressure. The pressure gradient keeps the lungs
attached to the thoracic cavity and links their movement to it, thus preventing them from

collapsing.

1.2 Ventilation Mechanics

The ventilation consists of the alternance of a phase of inspiration, in which air flows into
the lungs, and a phase of expiration, during which air flows out. The air movement is
caused by pressure gradients created by the contraction of specific thoracic muscles; thus,

the ventilation mechanics are strictly related to the anatomy of the chest.

1.2.1 Gas pressure and Boyle’s law

In a gas, molecules are in constant random motion. While moving, the molecules frequently
collide with each other and with the walls of the container. As the molecules collide with
the walls of the container, they produce a force perpendicular to its wall. The pressure of
a gas is defined as the sum of all the forces produced by the impact of the molecules on

the walls divided by the wall area.

Boyle’s law describes the relationship between the volume and the pressure of a gas: as
volume increases, pressure decreases and vice-versa [6]. The law is mathematically stated

as:

Px — (1)

1.2.2 Inspiration

Inspiration is obtained as a result of increasing the volume of the thoracic cavity.

The pressures involved in pulmonary ventilation are atmospheric pressure, intrapulmonary
(intra-alveolar) pressure and intrapleural pressure [7]. As the volume of the thoracic cavity
increases, so does the volume of the lungs due to the intrapleural pressure. As the volume
of the lungs increases the intrapulmonary pressure decreases, as stated by Boyle’s law. This
produces a negative pressure gradient between the air inside the lungs and the air in the

atmosphere, which causes external air to flow into the lungs.

The muscles belonging to the thoracic wall act primarily during breathing [8]; the most

important of these muscles are the diaphragm and the external and internal intercostals.
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Rib cage gets
smaller as
rib muscles

Rib cage
expands as
rib muscles
contract

Air
exhaled

.........

EXHALATION
Diaphragm relaxes
(moves up)

Diaphragm contracts
(moves down)

Figure 1.5: During inspiration (left), the diaphragm contracts and the external intercostal
muscles contract, expanding the rib cage and causing air to flow into the lungs; during expiration
(right), the diaphragm and the intercostal muscles relax, reducing the volume of the thoracic
cavity and causing air to exit the lungs. Source: [139].

As shown in Figure 1.5, the muscles involved in the inspiration phase of tidal breathing are

the diaphragm and the intercostal muscles.

During demanding physical activity, the respiratory system adapts to the oxygen demands
of the body: the rib cage moves faster with respect to resting states to allow the increase of
respiratory rate. In this case, other muscles add to the normally recruited ones: the

pectoralis minor, the scalene, and the sternocleidomastoid [9].

1.2.2.1 Diaphragm

The diaphragm is the skeletal muscle that separates the thoracic and abdominal cavities.

As shown in Figure 1.5, when relaxed the diaphragm assumes a dome-like shape; its
contraction makes it flatten and move down towards the abdomen, thus increasing the
volume of the thoracic cavity. During tidal breathing, the diaphragm is responsible for 75%
of the air movement [9].

Using MRI techniques, the average inferior-superior excursion of the diaphragm during
tidal breathing was evaluated to be of the order of a few tens of millimeters [10].
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1.2.2.2 Intercostal muscles External intercostal muscle

The expansion of the thoracic
cavity is also obtained contracting
the external intercostal muscles
and relaxing the internal ones
(Figure 1.0).

The synergic contraction of the

external intercostal muscles and

the serratus posterior superior
pulls the ribs and the sternum

upwards and outwards.

Intemnal intercostal muscle

1.2.3 Expiration

the Figure 1.6: Rib cage and intercostal muscles; intercostal

During normal breathing,
Hrng & muscles are located between the ribs. Source: [140].

expiration phase occurs passively;

as shown in Figure 1.5, the exhalation of air is obtained relaxing the diaphragm and the
external intercostal muscles, which reduces the volume of the thoracic cavity; the elastic
recoil of the lung tissue also contributes to the volume reduction. The reduction of the
intrathoracic volume increases its pressure, as stated by Boyle’s law; this produces a positive
pressure gradient between the air inside the lungs and the air in the atmosphere, which

causes external air to exit the lungs.

During forced expiration, in addition to the relaxation of the diaphragm and the external
intercostal muscles, the innermost intercostal muscles contract, applying force to the
bottom and sides of the lungs. Abdominal muscles can also be recruited to assist the inner

intercostal muscles and force the diaphragm upwards [9].

Although forced expiration reduces the thoracic volume to a smaller value with respect to

the resting volume, it is not possible to completely empty the lungs.

1.2.4 Dead space

When a person breathes in, not all the inhaled air reaches the gas-exchanging areas of the
airways. The last air to enter the body remains far from the terminal bronchioles and can’t
even reach them via diffusion in the short time between the inspiration and the following
expiration. Dead space represents the volume of ventilated air that does not take part in

gas exchange.

10
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Two types of dead space can be identified:

o anatomical dead space: volume of airways which does not provide any means of gas

exchange, which includes nose and mouth, trachea and bronchi. Therefore,

anatomical dead space only has the function of conducting air to and from the gas-

exchanging sites.

o physiologic (or #tal) dead space: anatomical dead space plus alveolar dead space.

Alveolar dead space is the volume of air that reaches the alveoli but does not take

part in gas exchange. In healthy individuals, alveolar dead space is considered

negligible; thus, physiologic dead space assumes the same value as the anatomical

dead space.

The value of dead space in adult men is evaluated as 30% of normal tidal volume, which is
500 mL (see section 2.2), thus resulting in 150 mL [11].

1.3 Control of Ventilation

Breathing is essential to supply oxygen to the body and remove the excess of carbon

dioxide. Through ventilation control, which refers to the physiological mechanisms

TRANSVERSE VIEW
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Figure 1.7: Schematic representation of the respiratory areas in the brain stem and spinal cord.
Abbreviations: nA, nucleus ambiguus; nVII, facial nucleus; nXII, hypoglossal nucleus; nTS,
nucleus of the solitary tract; DRG, dorsal respiratory group; PRG, pontine respiratory group;
RVLM, rostral ventrolateral medulla; pFRG, para-facial respiratory group; VRG, ventral
respiratory group; and C4, corresponding segment of the spinal cord. Source: [141].
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associated with the control of breathing, the respiratory system adapts its activity to match
the needs of the body.

Ventilation is controlled by the central nervous system; both voluntary and involuntary
control of ventilation are possible. Voluntary control arises from the cerebral cortex, while

involuntary control comes from the brain stem, in particular from pons and medulla [12].

Through experiments on animals that involved the transection of the brain stem at

different levels, the existence of the following structures was discovered:
o Pontine respiratory group (PRG): it switches off inspiration.
o Apneustic center in the middle pons: it prevents the switch off of inspiration.
o Dorsal respiratory group (DRG), located in the dorsal medial medulla.
o Ventral respiratory group (VRG), located in the ventrolateral region of the medulla.

A schematic representation of the respiratory areas in the brain stem is shown in Figure
1.7.

1.3.1 Dorsal respiratory group

The DRG receives sensory information from the peripheral chemoreceptors in the aortic
and carotid body (see subsection 1.3.3) and from pulmonary stretch receptors (see
subsection 1.3.5). This afferent information reaches the DRG via the vagus and

glossopharyngeal nerves.

The DRG is mainly composed of neurons called I neurons, which stands for neurons that
drive inspiration. I neurons excite motor neurons whose axons form the phrenic nerve,

which activates the diaphragm.

Consistently with the other structures in the central nervous system, the DRG is divided
in a left and a right half; efferent fibers from the two halves cross the midline at the medulla,

thus heading to the contralateral side.

1.3.2 Ventral respiratory group

In addition to containing I neurons, which fire action potentials during inspiration, the
VRG also contains E neurons. E neurons, where E stands for Expiratory, fire action

potentials during the expiratory phase of the respiratory cycle.

As it happens for the DRG, the VRG is divided in a left and a right half; the axons of both

I and E neurons cross the midline and project to the contralateral side of the body.

Another bilateral and symmetrical structure is located in the VRG: the pre-Bétzinger

complex (preBotC). The preBotC was identified as the region of the brain where

12
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respiratory rhythm is generated [13]. Each of the two regions of the preB6tC shows an
independent pacemaker activity; the two sides synchronize their rhythmic activity by
communicating with each other via synaptic connections [14]. In addition to generating

respiratory rhythm, the preBotC shows respiratory pattern-generating mechanisms [15].

1.3.3 Peripheral chemoreceptors

Thanks to peripheral chemosensors, the respiratory system adapts its activity in response
to changes in blood pH and arterial gas partial pressures. In particular, receptors for pH
and partial pressure of oxygen (Po,) and Carotid body

carbon dioxide (Pco,) are located in the

carotid and aortic bodies, as shown in Figure
1.8.

Carotid sinus
The chemosensors located in the aortic bodies
are of secondary importance with respect to

the ones located in the carotid bodies. Besides Chrryisin et

arteries

that, the carotid bodies are the only sensors in

the human body which sense Po, the
hyperventilation due to low Po, is entirely

induced from afferent signals coming from Aortic bodies

these sites [12].

Sensory information coming from the aortic
bodies reaches the central nervous system via Aortic arch
the glossopharyngeal nerve (cranial nerve IX),
while the one from the carotid bodies travels

through the vagus nerve (cranial nerve X).

Afferent information carried via the
glossopharyngeal and vagus nerves reaches

the brain stem; in particular, the cranial nerves

make synaptic contact with I neurons in the
DRG. Thus, an increasing firing rate of the Figure 1.8: The aortic bodies are located near
the aortic arch; the carotid bodies are located

o o close to the carotid bifurcation on each side.
inspiratory activity. Source: [26].

chemosensors results in an increased

The conditions that produce an increased firing rate of the chemoreceptors are
hypercapnia, which means an excess of COz level in blood, and acidemia, that is a decrease
in blood pH. The body responds to these stimuli increasing ventilation, which tends to

remove the excess of COz in blood, thus lowering Pco, and increasing blood pH.
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This response, schematized in Figure

1.9, represents an example of negative

Hypercapnia
(excess of blood
CO2)

Acidemia
(decrease in blood

pH)

teedback loop.

Another condition that stimulates the

increase of ventilation is hypoxia: when
Increased firing rate
of the peripheral

chemoreceptors

A 4

increase their firing rate, thus sending S

Po, decreases below about 60 mmHg

[12], the peripheral chemosensors

Increased inspiratory

the command to increase ventilation. activity

The increased respiratory activity causes

Pco, to decrease, which eventually

Increase in Excess of COp
blood pH removed from blood

causes blood pH to increase (alkalemia).
The reduced Pco, also alkalinizes the

cerebrospinal fluid, which reduces the |

firing rate of the central chemoreceptors Figure 1.9: Negative feedback loop induced by the

(see subsection 1.3.4). The ultimate effect of acidemia or hypercapnia on peripheral

result is a decrease of the respiratory chemoreceptors in the control of ventilation.

rate.

1.3.4 Central chemoreceptors

Through surgical removal of peripheral chemoreceptors, it was observed that 90% of the
response to acidemia and hypercapnia was preserved. Thus, it was proven that there are
chemosensitive areas in the brain stem as well. The exact location of the central
chemoreceptors was identified

through several experiments, which
Trigeminal V

Abducens VI included  focal  application  of

Pons . . . .
Audi . chemicals, electric stimulation and
uditory vestibular VIII 4
Rostral chemosensitive 1CSIOnlngZ as ShOWﬂ mn Flgure 1.10,
Glossopharyngeal X area
Vagus X

Spinal accessory Xl

_ they reside in the ventral medulla [12].
Intermediate

chemosensitive area .
The response induced by the central

Caudal chemosensitive

area

Hypoglossal XI chemoreceptors treats acidemia and

hypercapnia as independent stimuli:

thus, pH and Pco, are measured

Spinal cord .
P independently from each other.

like th ipheral ch
Figure 1.10: Ventral view of the brain stem in which Unlike the peripheral chemoreceptors,

the three chemosensitive areas on each side of the the central chemosensitive areas are
ventral medulla are highlighted. Source: [12]. not in direct contact with blood: the
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blood-brain barrier (BBB), a highly selective semipermeable barrier composed of astrocytes

and endothelial cells, separates central chemosensors from blood.

Tons such as H* and HCO? cannot cross BBB easily while COz can, due to its lipophilic
nature. Thus, the concentration of COxz in the cerebrospinal fluid (CSF) is in equilibrium
with the one in blood: in case of an excess of COz in blood, also Pco, in CSF raises; this
leads to a decrease of pH in CSF. The central chemoreceptors react to acidosis in the CSF,
eventually increasing ventilation, which tends to bring CO2 concentration and pH back to

normal levels.

The mechanism applied is a negative feedback loop similar to the one which occurs for

peripheral chemosensors, schematized in Figure 1.9.

1.3.5 Lung receptors

A variety of sensory receptors in the lungs are responsible for the following involuntary

behaviors:
o Hering-Breuer inflation reflex, which is due to mechanical stimuli

o Pulmonary chemoreflex, which is caused by chemical substances

1.3.5.1 Hering-Breuer inflation reflex

Pulmonary stretch receptors are located on the walls of the bronchi and bronchioles; their

function is to prevent excessive stretching of the lung tissue during large inspirations.

When an excessively large inspiration is performed, these sensors activate and the afferent
sensory input travels to the brain stem via the vagus nerve. The stimulus reaches the
pontine respiratory group, thus inhibiting further inflation of the lungs [12]. This

mechanism is known as Hering-Breuer inflation reflex.

1.3.5.2 Pulmonary chemoreflex

Bronchopulmonary C fibers (PCFs) are unmyelinated nerves located in the bronchi; they
represent around 80% of the vagal bronchopulmonary afferents innervating the airways
and the lungs [10].

The activation of PCFs evokes the pulmonary chemoreflex, which is a critical reflex that
modulates both respiratory and cardiological responses: the symptoms include apnea,
hypotension and bradycardia [17]. The reflex is then immediately followed by tachypnea,
which is rapid shallow breathing.

The PCFs that appear to be more sensitive to chemicals are the ones located near the

capillaries, while the ones located in the bronchi respond mainly to stretch [12].
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Chapter 2 Monitoring Respiratory Health

To assess the health status of the respiratory system, quantitative measurements on
standard parameters must be performed. Respiration can be analyzed through both time

parameters and volumetric measurements.

2.1 Time Parameters

The respiratory signal can be analyzed through parameters in both time and frequency

domain. In this section, a brief description of these parameters is provided.

2.1.1 Respiratory rate

The main temporal parameter that should be considered when monitoring respiratory
health is respiratory rate, also known as respiratory frequency, which counts the number of

times the person breathes in a minute.

Although it is often neglected, respiratory rate is considered to be one of the most
informative vital signs ( [18], [19]). Respiratory frequency is sensitive to environmental,
psychological and physiological stressors ([20], [21], [22]); it was also proven to be an eatly
indicator of physiological deterioration ( [23], [24]) and a predictor of cardiac arrest and
intensive care unit admission [18]. Moreover, respiratory frequency provides a simple and

inexpensive variable for the risk assessment after myocardial infarction [25].

The normal respiratory rate for adults during tidal breathing is between twelve to sixteen
breaths per minute [26]. It is much higher in children and decreases with age: newborns
and infants show a respiratory rate around thirty to sixty breaths per minute, while children

from six to twelve years old breathe eighteen to thirty times per minute [27].

Measuring respiratory rate can be challenging since drawing the patient’s attention to their
respiration may induce conscious control of breathing, thus resulting in inaccurate
measurements [28]. Moreover, some problems may arise from the fact that it is possible to
measure respiratory rate by reducing the assessment time to fifteen or thirty seconds and
multiplying by four or two, respectively, to obtain the number of breaths in one full minute.
There is evidence that this procedure results in an underestimation of one or two breaths

per minute [29].
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2.1.2 Inspiratory and expiratory time

As described in section 1.2, during tidal breathing inspiration is the only active phase of
respiration. Therefore, since muscle contraction is faster than elastic recoil of tissues,

inspiratory time is significantly lower than expiratory time.

Typically, inspiratory to expiratory time ratio is studied: this parameter, also referred to as
Inspiratory:Expiratory ratio or I:EE ratio, describes how the total time required to perform each
breath is distributed between inhalation and exhalation. A lower I:E ratio implies a shorter

inhalation time and/or a longer exhalation time.

A typical I:E ratio for healthy adults at rest is 1:2 [30]. Certain pathologies can lead to a
variation of this parameter; for example, asthmatics might have I:E ratios up to 1:3 or even
1:4 [31].

Knowing both I:E ratio and respiratory rate, it is possible to calculate the mean inspiratory

and expiratory time within one minute.

2.1.3 Minute ventilation

Minute ventilation, also known as respiratory minute volume or minute volume, represents the
volume of air inhaled or exhaled from the lungs in one minute. The parameter is defined
regardless of the type of inflation: ventilation can be either spontaneous or assisted by a

mechanical ventilator [32].

Respiratory minute volume can be measured directly using specific devices. The other

option to obtain the value of minute ventilation is to derive it as:

minute ventilation = tidal volume X respiratory rate )

Thus, an increase in tidal volume (see section 2.2) or respiratory rate will result in an

increase in minute ventilation.

The average minute ventilation for adult men, considering a tidal volume of 500 mL and a

respiratory rate of 12 breaths per minute, results around 6000 mL per minute [33].

2.2 Lung Volumes and Capacities

Lung volume measurements are very useful in lung disease assessment and quantification
[34]. In some cases, accurate measurements of lung volumes may be of great help in order

to make a correct diagnosis [35].

Both lung volumes, which are also known as respiratory volumes, and lung capacities are,

in fact, volume measurements. The difference between the two is that lung capacities are
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derived as sum of two or more respiratory volumes [36]. Figure 2.1 shows the standard

lung volumes and capacities on a schematic volume-time spirogram.

The whole volume of air within the lungs is referred to as /ung volume [34]. Lung volume is

subdivided in four standard respiratory volumes:

o Tidal volume (Vr or TV) represents the amount of air inhaled or exhaled during a
normal resting respiratory cycle. For healthy human adults, V1 measures around
500 mL in males and 400 mL females [37].

o Inspiratory reserve volume (IRV) refers to the volume of air that can be breathed

in starting from the end of a tidal inspiration.

o Expiratory reserve volume (ERV) is the volume of air that can be breathed out

starting from the end of a tidal expiration.

o Residual volume (RV) is the volume of air which is still in the lungs after a maximal

expiration. Remember from Chapter 1, subsection 1.2.3: lungs cannot be emptied

completely.
80
Inspiratory
Reserve
Volume
(IRV) Inspiratory
Capacity
— (IC)
o _
~ Vital
— Capacity
(VQ)
E 37 Total
' Tidal Lung
Q Volume Capacity
£ (TV or V1) (TLC)
=5 30
g Expiratory
Reserve
Volume
(ERV) Functional
Residual
15 Capacity
(FRC)
Residual Residual
Volume Volume
(RV) (RV)
0
Normal Forced respiration Normal
respiration (Deep breath) respiration

Figure 2.1: Schematic representation of standard lung volumes and capacities on a volume-time
spirogram. The four standard lung volumes are tidal (TV or V7), inspiratory reserve (IRV),
expiratory reserve (ERV) and residual (RV) volumes. The four standard lung capacities are

inspiratory (IC), functional residual (FRC), vital (VC) and total lung (TLC) capacities [144].
Source: [143].
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The four standard lung capacities are:

(@)

Functional residual capacity (FRC) refers to the volume of air still within the lungs
at the end of a tidal expiration. It is derived as the sum of expiratory reserve volume

and residual volume.

Inspiratory capacity (IC) is the volume of air that can be breathed in starting from
the end of a tidal expiration. It can be obtained as the sum of tidal volume and

inspiratory reserve volume.

Vital capacity (VC) represents the volume of air that can be breathed in starting
from the end of a forced expiration. It can be obtained as the sum of tidal volume,

inspiratory reserve volume and expiratory reserve volume.

Total lung capacity (TLC) represents the total volume of air within the lungs after

a maximal inspiration. In can be evaluated as the sum of all four lung volumes.

Several factors influence respiratory volumes in adults:

o

(@)

Height. Taller people have higher lung volumes and capacities [38].

Body fat content. Increased body weight in obese subjects leads to lower lung
volumes and capacities [39], while in athletes an increase in muscle mass (and
consequently an increase in body weight) is associated to bigger lung volumes and
capacities ( [40], [41], [42]). Thus, body fat content is considered to be a better

predictor, compared to BMI, for decreased lung volumes and capacities [43].

Age. A human adult reaches full pulmonary development at around 20-25 years;
after that, no relevant changes occur for around ten years [44]. Starting at the age
of 35, lung volumes and capacities start diminishing as age grows [45]. This is mainly

due to stiffening of the rib cage and decreased elastic recoil of the alveoli ( [46],
[47]).
Gender. Males have more bronchioles, wider airway diameter and larger lung size

compared to females of the same height and age ( [48], [49]).

Ethnicity. Variations in lung volumes and capacities between subjects of different
cthnicity have been largely attributed to the difference in anthropometric

measurements between people coming from different ethnic groups ( [50], [51],
[52]).
Level of physical activity is well correlated with lung volumes [53]. Swimming and

endurance training in particular, but in general also regular exercise, tend to increase

lung volumes [40].
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Inspired and expired lung volume measurements (i.e. IRV, Vr, IC, ERV and VC) can be
performed using a spirometer, while absolute lung volume measurements (i.e. RV, FRC
and TLC) need more complex exams such as body plethysmography, radiographic imaging,
inert gas dilution or nitrogen washout methods ( [34], [54]).

2.2.1 Spirometry

Spirometry, which literally means measuring of breath, is the most widespread test among the

pulmonary function tests (PFTs).

Spirometry is a very rapid and completely painless test, which requires only a little
collaboration from the patient. To conduct the test, the patient is asked to breathe through
a mouthpiece linked to an instrument called spirometer. A clip is used to seal the patient’s
nose in order to avoid air leakage. At the beginning of the test, the patient is instructed to

breathe normally through the mouthpiece. After a few breaths, the patient is asked to

.’"‘ :
i % Technician monitors
i (' and encourages

X % patient during test

erform a maximal inspiration, which
bl

means inspiring as deeply as possible.

When the maximal inspiration is reached, 05

3

..-/
- T L
Iv/

the patient should blast air out of their

lungs until a maximal expiration is

reached; the indicator of maximal
expiration is either a plateau in the
spirometer graph, or a total of fifteen
seconds of forced expiratory time. After
reaching a full expiration, the patient can

be asked to perform another maximal

Machine records
the results of the

inspiration, which will provide a measure T e
of forced inspiratory vital capacity [55]. Figure 2.2: Patient undergoing a spirometry test,
Figure 2.2 shows a patient undergoing a assisted by a technician. Modified from [145].

spirometry test.
Common spirometers can generate two graphs as output, called spirograms:

o A volume-time curve, shown in Figure 2.1, which has volume along the y-axis and

time along the x-axis.

o A flow-volume curve, which shows the speed of the air flow (y-axis) as a function

of total inspired or expired volume (x-axis).
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2.2.2 Gas dilution

Gas dilution techniques are widely used to provide measurements of absolute lung volumes
such as functional residual capacity (FRC). They are simple, non-invasive techniques based

on the principle of conservation of mass of an inert gas [56].
The most used gas dilution methods are:
o Closed-circuit helium dilution

o Open-circuit nitrogen washout

2.2.2.1 Helium dilution

Helium (He) is an inert gas, which is natively not found in lungs and is insoluble in blood.

In this closed-circuit technique, the patient breathes through a spirometer containing a
known concentration of helium (C;). Initially, as said above, the concentration of helium in
the lungs is equal to zero; after several minutes of breathing through the spirometer, the
concentration of helium reaches equilibrium between the instrument and the patient’s
lungs (Cy. Knowing the initial volume of helium (Vi), it is possible to calculate the

unknown volume of the patient’s lungs (Vi) as follows [54]:

And solving equation 3 for Vs:
C
Vi =V, <c_f — 1) 4)

2.2.2.2 Nitrogen washout

As nitrogen (N3) is the major component of air, precisely dry air is 78 vol% nitrogen [57],

N2 is naturally present in the lungs.

In this open-circuit technique, the patient inhales through a mouthpiece connected to a
source of 100% oxygen (Oy); the exhaled air is collected in a container. The entrance of
the container is sealed by one-way valves, so that the air exhaled from the patient cannot
frow out of it. Moreover, prior to the exam, the container is flushed with oxygen to remove
all the nitrogen from its inside. The patient keeps inhaling from the mouthpiece and
exhaling in the container until the concentration of nitrogen in the exhaled air falls below

2 vol%. At this point, the volume of N2 in the container is measured [506].

Knowing that at the beginning of the test the nitrogen concentration in the lungs is around
80 vol%, FRC can be calculated as shown for helium dilution (equations 3 and 4) [58].

Gas washout takes three to four minutes for healthy patients but can require more than

fifteen minutes for patients affected by severe obstructive airway diseases [50].
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2.2.3 Plethysmography

The term plethysmography refers to a test which allows to measure volume changes of a

portion of the body. Within the human body, volume changes occur mainly due to blood

ot air flows.

In respiratory applications, plethysmography is used to obtain lung volume measurements.

Two main typologies of plethysmography tests can be performed:

o Body plethysmography

o Respiratory inductive plethysmography

o Optoelectronic plethysmography

2.2.3.1 Body plethysmography

Total body plethysmography represents the
gold standard of plethysmography methods
in clinical practice. It is based on Boyle’s

law, described in subsection 1.2.1.

Body the
measurement of absolute lung volumes; in

capacity
(FRC) is assessed. If the patient is instructed

plethysmography  allows

particular, functional residual
to breathe deeply, residual volume (RV) and
total lung capacity (TLC) can be calculated

as well [59].

To perform this test, the patient sits in an
airtight cabin and is instructed to breathe
through a mouthpiece which is connected

to a flow sensor, as shown in Figure 2.3.

During exhaling phases of respiration, the
gas the

compressed, the lung volume decreases and

in patient’s lungs becomes

the pressure inside the cabin changes due to

Mouth
pressure |

Pressure
transducers

Shutter

Box |
pressure
(Pe)

Figure 2.3: Patient
plethysmography

sitting in a body
chamber. Modified from:

the increase of gas volume. Since the volume of the chamber is known, measuring the

changes in pressure of the cabin at the mouth it is possible to calculate the change in

volume in the lungs.
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2.2.3.2 Respiratory inductive plethysmography

Respiratory inductive plethysmography (RIP), also known as respiratory inductance

Pplethysmography, is a diffuse non-invasive method to assess pulmonary ventilation. In

particular, the movement of the chest and of the abdominal wall is measured in order to

track the movement of the rib cage and diaphragm, respectively.

At first, when RIP was invented, the
respiratory inductance plethysmograph
consisted in a vest made of elastic
material in which insulated wires were
stitched. Nowadays, two adhesive
elastic bands are used; each band is
around 2.5 cm wide and contains an
insulated wire coil. Plethysmography
bands can be purchased from several
manufacturers, or they can be custom-

made in case of special needs.

To perform the test, the first band is
placed at the level of the nipples to
measure the expansion of the rib cage,
while the second band is placed at the
umbilicus to record the movements of
the diaphragm [60]. A schematic
representation of the band placement

is shown in Figure 2.4.

The two sensors evaluate the
contraction and expansion of the

volume they enclose by measuring the

-
YV

A

Figure 2.4: Elastic band placement for respiratory
inductive plethysmography: the first band is placed at
the level of the nipples, while the second one id placed
at the umbilicus. Modified from: [148].

variations of their circumference; thus, it is not necessary to align specific portions of the

bands to anatomical reference points.

2.2.3.3 Optoelectronic plethysmography

Optoelectronic plethysmography (OEP) was developed at the Bioengineering Department

of the Politecnico di Milano. This typology of plethysmography measures lung volumes

through external measurements of movements of the chest wall.

Optoelectronic methods measure movement of body parts using passive or active markers

placed on the patient’s body, which movements are monitored continuously by multiple

cameras. Through a careful initial calibration of the system and an appropriate choice of

body model, very accurate three-dimensional measurements can be obtained.
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OEDP is a versatile technique as it can be performed in standing, sitting, prone or supine
positions [61], during both rest and exercise [62]. The protocol designed for standing and

sitting positions involves the use of eighty-nine markers placed in standard positions on

the thoraco-abdominal surface [63]. An example of marker placement is shown in Figure
2.5.

Figure 2.5: Example of marker placement for optoelectronic plethysmography. Source: [146].
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Chapter 3 Respiratory Variability

As explained in Chapter 1, the goal of the respiratory system is to deliver oxygen where it
is needed and ensure that carbon dioxide is removed where there is an excess. The
respiratory system must adapt to environmental fluctuations in order to maintain

homeostasis; thus, homeostatic regulation cannot be a static process.

The respiratory system is defined to be stable if, in response to a transient disturbance, it
reverts to its original steady state breath-to-breath variability and level of ventilation. Since
the average level of ventilation during spontaneous tidal breathing remains fairly steady
over a long period of time, this condition is generally considered as a representative output
of a stable respiratory system. Nevertheless, a relevant amount of breath-to-breath

variability can be observed even during spontaneous tidal breathing [64].

A healthy respiratory system, which is able to maintain homeostasis despite being
constantly subjected to the change of internal and external demands, is therefore
characterized by complex variability. It is important to notice that this kind of innate

variability is not just random uncontrolled fluctuation, but it is there by design [65].

It has been proven that under stressful conditions, respiratory variability tends to decrease.
In particular, both mechanical (resistive [66] and elastic [67] loading) and chemical
(hyperoxic hypercapnia [68] and isocapnic hypoxia [69]) stress were studied. Moreover,
certain pathologic conditions have been proven to decrease respiratory variability as well:

restrictive lung disease [70], endotoxemia [71] and unconsciousness [72].
Total respiratory variability consists of both random and nonrandom components [73]:

o Random, non-deterministic variations are caused by behavioral inputs. External
perturbations appear as noise in the respiratory signal, but they are thought to
improve the responsiveness of the system [74]. Thus, random variability reflects

system sensitivity to stimuli.

o Nonrandom variations are induced by homeostatic processes (see section 3.1). This
kind of variability is characterized by deterministic, time-dependent, structured and

correlated breath-to-breath variations; oscillatory variability is included in this
category.
An imbalance between random and nonrandom wvariability may contribute to system

irregularities: an excess of random components can lead to system dysregulation because
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of not allowing it to return to its dynamic steady state; on the other hand, an excess or a

lack in system sensitivity may lead to regulation deficits [75].

Several studies on respiratory variability in human adults and infants have been conducted
over the years, focusing on both waking and sleeping states (e.g. [76], [77], [78], [79]). As

shown in Figure 3.1, attention to this topic is growing in the last few years.
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Figure 3.1: Graph showing the growth of interest by the scientific community to respiratory
variability over the last fifty years. Data source: [142].

3.1 Nonrandom Variability

Nonrandom variability appears as breath-to-breath variations induced by the respiratory
system in order to return to its dynamic steady-state conditions after an external
perturbation has occurred [80]. Since the return to steady-state conditions is not

instantaneous, small adjustments to breath parameters are applied between each breath.

This kind of variability characterizes resting-state respiration primarily during wakefulness;

it persists during sleep as well, although with lower intensity ( [81], [82]).

Spontaneous tidal breathing during both wakefulness and sleep in adults seems to be
characterized by nonrandom wvariability with an autoregressive structure in minute
ventilation, inspiratory time and inspiratory volume [82]. Since successive breaths are
correlated with previous ones, nonrandom variability can be studied using measures of
autocorrelation on the respiratory signal. In particular, the mean autocorrelation coefficient
at one breath lag for tidal volume, inspiratory and expiratory time, calculated during tidal
breathing over a representative time window, should be significantly different from zero
[83]. Moreover, the same autocorrelation coefficients should remain significant if calculated

at up to three breath lags, thus indicating the presence of short-term memory, which is
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defined as the number of breath lags with for which the autocorrelation coefficient remains

significantly different from zero [83].

Thus, in analogy with other forms of short-term variability (e.g., heart rate variability),
nonrandom respiratory variability appears to be functional and healthy. For example, a
study has proven that spontaneous nonrandom variability and respiratory short-term
memory are significantly higher for patients who successfully separated from mechanical
ventilation compared to patients who failed the separation process [84]. Moreover, the
beneficial effect of introducing variability in mechanical ventilation has been assessed

through mathematical modelling [85] and studies on anaesthetized pigs [80].

Oscillations should be considered when studying the behavior of the respiratory system.
These are fluctuations, or rather, repetitive patterns of respiratory volume and time within

a time period; thus, oscillations produce systematic respiratory rhythms [74].

Oscillatory variability of the respiratory system arises from the fact that regulatory negative
teedback loops (see subsections 1.3.3 and 1.3.4) are not instantaneous: some delay occurs
between when the conditions deviate from the standards and when the respiratory system
actually activates in order to respond to internal demands [64]. Thus, respiratory

oscillations show how homeostasis is a dynamic process rather than a static one.

The result of the intrinsic delays of the regulatory negative feedback loops is an
overcorrection of the original perturbance, which leads to the generation of a new
perturbance in the other direction [64]. For example, in case of hyperpnea, which lowers
arterial Pco,, after some delay a decrease of ventilation would be triggered. Since at the
moment of intervention much of the original hyperpnea has already occurred, the decrease
of ventilation would not only neutralize its effects, but it would also cause a slight

hypopnea. The ultimate result is an oscillatory response of the respiratory system.

3.2 Sighs

Sighs are defined as long, audible exhalations; they appear as occasional deep breaths.

Sighs can be identified in the respiratory signal as breaths with a tidal volume at least double
(or triple) in amplitude with respect to the mean tidal volume in a surrounding
representative interval [87]. Due to their marked difference from the surrounding breaths,
sighs are often considered disturbances of normal respiration and removed from the

respiratory data during signal processing.

The pattern of generation of sighs is not fully clear; several hypotheses have been explored.
Physiologically, the cause appears to be a double burst of the pre-Botzinger complex: each
preBo6tC burst causes a contraction of the inspiratory muscles, a second burst, immediately

following the first one, leads to a bigger inspiration which results in a sigh ( [88], [89], [90]).
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Spontaneous sighing occurs several times per hour in humans [91]; in resting conditions,
sigh rate in young male and female adults is around 10 sighs per hour. Moreover, no relation

was found between respiratory and sigh rates [92].

3.2.1 Physiological factors influencing sighs

To provide a possible explanation to the role of sighs, it is important to highlight the
mechanisms that influence sigh rate. Both central and peripheral factors have been proven

to influence sigh generation directly.

3.2.1.1 Central factors

First, it was found that in vivo stimulation of the pre-Botzinger complex generates sighs in
cats [93] and rats [94]. Second, sigh rate increases in rats following the disinhibition of the

dorsomedial hypothalamus [95].
Moreover, some limbic brain areas show a modulation in their activity concurrent to sighs:

o The medial paraventricular hypothalamus shows decreased activity during a sigh (

[96], [97)).

o The dorsal hippocampus shows increased activity before a sigh, a peak at sigh
inspiration onset, then a decrease followed by another increase to eventually return
to a baseline [90].

3.2.1.2 Peripheral factors

Chemoreceptor feedback influences sigh rate: in rats, hypocapnic hypoxia increases sigh
frequency [98], while exposure to acetazolamide, which offsets respiratory alkalosis during
hypoxia, reduces the frequency of sighs induced by hypocapnic hypoxia [99]. Furthermore,

still referring to rats, peripheral chemoreceptors ablation suppresses sighs completely [100].

Sigh rate is influenced by feedback coming from mechanoreceptors as well. As said above,
sighs are fundamental to reinflate atelectatic airspaces: as atelectasis is detected by the

mechanoreceptors, the feedback provided evokes a sigh ([101], [92]).

Lastly, sighs are completely suppressed with vagotomy in various animal species: rabbits
[102], rats ([100], [103]) and cats ( [104], [105]).

3.2.2 Sighs as resetters

From a physiological point of view, sighs are starting to be seen as functional elements for
the respiratory system: in particular, they may play the role of supporters of the homeostatic
control of respiration. A valuable hypothesis is that sighs may serve as physiological

resetters of optimal respiratory regulation [80].
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Several studies suggest that sighs are evoked whenever the body is in a state of:

o Lack of respiratory variability. In particular, there is evidence of the ability of sighs
to restore a healthy lung state, which can be compromised by nonvariable
respiratory activity ( [92], [100], [106], [107]).

o Imbalance between random and nonrandom respiratory variability. In particular, it
was proven that the randomness in breathing variability increases while approaching
the next sigh, and, following a spontaneous sigh, autocorrelation of minute
ventilation is reset ( [75], [108], [109], [110], [111]).

o Physiological stress, such as hypoxia and hypercapnia: there is evidence of the ability
of sighs to reduce both of these conditions. This suggests that sighs enhance gas
exchange [100].

Furthermore, the results of several studies suggest that sighs are not only fundamental to
reinflate atelectatic airspaces, including collapsed alveoli ( [92], [106], [112]), but they also
prevent the atelectatic condition and help restoring lung compliance in both adults and
infants ( [103], [106], [107], [113]).
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Airgo™ was created by David T. Kuller and collaborators for the 2013 US HHS / EPA My
Air, My Health Sensor Challenge. The aim of the challenge was “to create a new sensor
integrating air quality information with human health conditions” [114]. Airgo™, which
name used to be Conscions Clothing,
won the first prize at the contest,
beating multinational companies
like  Philips  Respironics and
renowned universities such as
Carnegie Mellon University. A
picture of the first prototype of the
Conscious  Clothing system is

shown in Figure 4.1.

MyAir Inc. was found in 2015 in
Boston, Massachusetts, to continue

the development of Airgo™.

Nowadays, the aim of the device is

to satisfy the need to monitor =
Figure 4.1: The first prototype of the Conscious Clothing

] ) ] . system, which won the 2013 US HHS / EPA “My Air, My
continuously in a non-invasive and  freqith Sensor Challenge”, and eventually evolved to

non-intrusive way. Thanks to its become Airgo™. Source: [149].

respiration directly and

versatility, Airgo™ allows for such measurements in any environment and under any

condition: both sleeping and waking states can be monitored, as well as rest and exercise.

The device can be worn by a person continuously for several days, thus leading them to
forget they are wearing it. This is a key point, considering that it is well known that drawing
a person’s attention to their breathing may induce conscious control of breathing to replace

the spontaneous autonomic one, thus leading to inaccurate measurements [28].

Nowadays, especially due to the wide diffusion of smartphones and smartwatches, the
market is teeming with mobile applications for health and fitness. Despite the convenience
and ease of use of such applications and devices, almost none of them is CE nor FDA
approved; thus, they cannot be referred to as medical devices, and the data they provide cannot

be considered reliable and cannot be used for medical purposes.
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Moreover, accurate real-time monitoring of respiration in terms of lung volumes and
ventilation is quite complex; thus, many biomedical wearable sensors only provide real-

time feedback of simple parameters, such as respiratory rate.

4.1 Device Description

Airgo™ is a patented [115], CE Class IIa wearable medical device which received CE mark
in 2020 [116]. Many things about the device changed since when its name used to be

Conscious Clothing, including its aspect, which is shown in Figure 4.2.

Figure 4.2: Current (2022) external appearance of Airgo™. The wearable device consists of two
parts: Airgo™ Recorder and aWare strap belt.

The device is capable of measuring both lung volumes and time parameters. In particular,

the measured respiratory parameters are:
o Respiratory rate (RR)
o Relative tidal volume (TV or Vr)
o Relative minute ventilation (My)
o Inhalation time (T5)
o Exhalation time (T)

For an accurate description of the parameters mentioned above, refer to Chapter 2.

Moreover, body posture and activity level are monitored using accelerometers.
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As shown in Figure 4.2, the wearable device consists of two separate parts:
o Airgo™ Recorder

o aWare strap belt

4.1.1 Airgo™ Recorder

Airgo™ Recorder is the core of the device. It contains a microprocessor and a motion
detection circuit, which consists of three accelerometers, one for each axis of the Cartesian

coordinates.

The microprocessor samples data at a frequency of 10 Hz. It includes an analog to digital
converter, which is used to convert the resistance signal acquired from the belt into a 10-
bit number. The microprocessor uses Bluetooth technology (BLE) to exchange data with

the app (see subsection 4.2.1); data exchange can occur in both real time and a posteriori.

Airgo™ Recorder is battery powered; its battery capacity allows the device to record
continuously for up to three weeks. Moreover, the onboard memory can store up to 50
days of recorded data. These two factors allow for the clinical use of the device in a

longitudinal study.

A LED has been placed in the anterior part of the device, under the translucent power
button. LED alarms have been set up in order to indicate if some error has been detected,
for example if the belt hasn’t been put on correctly, to prevent factors that may invalidate

the whole exam if not spotted in time.

4.1.2 aWare strap belt

Airgo™ bases all its measurements on the variations of length of the aWare strap belt. The
belt consists of a knitted matrix of nylon and spandex with which a silver coated yarn is

interweaved. A close-up picture of the belt is shown in Figure 4.3.
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Figure 4.3: A close-up picture of the aWare strap belt. A silver coated yarn is interweaved in the
nylon and spandex matrix.
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The belt comes in five sizes (extra-small, small, medium, large and extra-large) in order to
fit the circumference of the patient’s thorax as well as possible. The lifespan of aWare is

several months of continuous use.

The silver coated wire, as it is electrically conductive and therefore has electrical properties,
allows for belt resistance measurements: the elastic band changes its electrical resistance
according to the expansion and contraction of the volume of the chest it encloses, thus
allowing to track each and every breath directly. The relationship between the length of the

belt and its resistance is covered in details below.

Comparing the resistance signal acquired using Airgo™ to traditional spirometry, it was
proven that the changes in resistance directly map to the amount of air the person inhales
and exhales [117]. Figure 4.4 shows the comparison between Airgo™ and a traditional

spirometer (SensorMedics) breath signal.
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Figure 4.4: SensorMedics’ normalized volumes and AirGo™’s normalized amplitudes in standing
position for one of the subjects enrolled for the validation study. Source: [117].

As shown in Figure 4.5, the relationship between the length of aWare belt and its electric
resistance is non-linear. The curve can be subdivided into four regions: chaotic, linear

dynamic, flat and reverse.

In the chaotic region, delimited by the stretch percentages LO (0%) and L1 (3%), the
resistance increases rapidly with the length of the belt. After L1, the linear dynamic region
starts: in this region, there is a linear increase in resistance with respect to belt length. The
size of the belt should be chosen so that the device working region is the linear dynamic
one. After L2 (30%), the flat region begins: in this region, the resistance of the belt

continues to increase with length but with smaller and smaller increments, until it reaches

36



AirgoTM

a plateau. Once LT (50%) is reached, the reverse region begins. LT is the length threshold
beyond which measurements would be inaccurate and misleading as the resistance
decreases with increasing length: the belt should never work in the reverse region. The
maximum stretch that the belt can reach without damaging, indicated in Figure 4.5 as LM,
is 80%.
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Figure 4.5: Exemplary graph showing the non-linear relationship between the stretch of aWare
belt and its electric resistance. The range of work should be in the “linear dynamic” region, between
Ll and L2. LT is the length threshold and LM is the maximum length. Source: [115].

4.1.3 Device positioning

To allow the proper recording of all the respiratory features, the device must be placed
correctly around the torso of the patient. The correct position of the belt is of vital

importance for Airgo, to such a point that MyAir Inc. decided to patent it [115].

First of all, the Airgo™ Recorder must be placed ventrally, right on top of the xiphoid
process, which is a cartilaginous extension of the most inferior part of the sternum.
Furthermore, in order to allow the motion circuit mentioned above to detect the patient’s
posture correctly, it is important to orient the Airgo™ Recorder properly to distinguish

between left and right and between top and bottom: the logo has to be placed outward so
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that it is readable and the side on which the small orange spot is located should be placed

upwards.

The belt has to be positioned in such a way that it passes over the floating ribs, i.e. the two
lowermost (eleventh and twelfth) rib pairs, which are not attached to the sternum. In the
back, the belt should pass over the junction point between the floating ribs and the spinal

column.

The Airgo™ meridian obtained, shown in Figure 4.6, is an inclined plane that starts higher
ventrally and ends lower dorsally: in such way, making use of just one belt Airgo™ is able
to capture both intercostal and diaphragmatic breathing. This particular belt placement
distinguishes Airgo™ from many other systems commercially available, which make use of

multiple belts in order to record all the possible movements of the thorax.

Last but not least, the belt should be positioned so that the silver coated yarn points out,
away from the skin, and it should not be tightened excessively around the body, but just
tightened enough to avoid any undesired movement of the device during daily activities

and nighttime.

Figure 4.6: Schematic representation of the patented [115] belt placement of the Airgo™ device.

38



AirgoTM

4.2 Software Description

The Airgo™ system highly relies on the power of its patented algorithms [115] and on
artificial intelligence assisted pattern recognition. The two main software components of
Airgo™ are the mobile application and the Semantic Engine: the app allows for data

exchange between the Airgo™ devices and the Semantic Engine.

4.2.1 Airgo™ app

The Airgo™ app has been designed to run on any portable device: it is available for both
108§ and Android.

The app allows for both real-time and a posteriori
data exchange with the microprocessor inside the

Airgo™ Recorder. In fact, first of all it is possible

to manage the recorded sessions onboard and

forward them via internet to a doctor for analysis. Plce the senso

around g
Moreover, it is possible to monitor the patient in
real time using telemedicine: this allows for real-
time breath to breath analytics at a distance to e
cover patients that are in critical care without the
doctor’s need to get close to them. This feature
has been of great help during COVID-19

pandemic lockdowns.

Moreover, as shown in Figure 4.7, as an Airgo™
device is connected the app provides the patient

with step-by-step instructions for the correct l _
Figure 4.7: iOS version of the Airgo™ app

onboarding of the device. for mobile devices. Source: [116].

4.2.2 Airgo™ Semantic Engine

Airgo™ Semantic Engine is the core of the Airgo™ software. After receiving the raw data
from the Airgo™ devices via the app, the Semantic Engine processes it and extracts all the
useful information and parameters. Predictive analysis occurs in the proprietary patented
algorithms using a physiological model of respiratory dynamics and employing Al analysis

and machine learning.

First of all, the Engine provides an accurate real-time reading of respiratory rate (RR). This
goes in contrast with many other devices, since nowadays it is common to derive RR from
hearth rate monitoring. Although, the algorithms that derive RR from heart rate are not

very precise and tend to make errors: in particular, they work well when the patient is
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healthy and breathes normally, whereas in case of respiratory pathologies like COVID-19
the RR estimations derived from these algorithms are often misleading and almost always
underestimated. Underestimation of RR tends to happen also when breaths are counted

looking at a clock (remember from subsection 2.1.1).

Moreover, Airgo™ Semantic Engine provides an indication of the patient’s type of
breathing: smooth compliant breathing comes out looking like a very smooth Airgo™
signal, but when the patient is not compliant (for example if they have obstruction or if

they fight with the respiratory machine), the signal becomes irregular and chaotic.

With respect to sleep analysis, MyAir Inc. has devised the Respiratory Instability Curves™
(RICs™). Four RICs™ are computed, one for each posture in which the patient may sleep:
supine, prone, right side and left side; in case of detection of a sleep disorder, this allows

to detect whether it has a postural nature or not.

80 As shown in Figure 4.8, on the y-axis

70 l is the number of respiratory

60 - instability events per hour while on

E 50 \ the x-axis is the percentage of event
) \ severity. To detect respiratory
I;C-; 40 \ instability events, Airgo™ makes use
I.i 30 \ of minute ventilation. In particular,
20 \‘ for each moment the average minute
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Figure 4.8: Example of Respiratory Instability Curve™. Mv10: a reduction in ventilation is
observed every time the Mv10/Mv60 ratio drops below 1. When the Mv10/Mv60 ratio
remains below 1 for at least ten seconds, a respiratory instability event is detected and
considered to calculate the RICs™. Instability severity is calculated considering the depth
of the reduction of ventilation for that specific event. Considering both the number of
events and their severity allows to consider all kinds of respiratory instabilities at once,

ranging from mild hypopneas to apneas.

The rectangular area colored in light blue in the graph (Figure 4.8), identified as Target, can
help physicians to read RICs™ more easily. In fact, the Target serves the purpose to give
an idea at first glance of the quality of the subject’s sleep.

The external limits of the Target area, 15-30 events per hour on the y-axis and 30-50%
instability severity on the x-axis, have been established based on extensive clinical validation

based on over 1200 patients. During clinical validation Airgo™ was compared with
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polysomnography (PSG), the gold standard for sleep analysis, and it was found that a 30%
drop in ventilation for at least ten seconds corresponds to the 3% drop in oxygen saturation
used in Apnea-Hypopnea Index (AHI) classification following the American Academy of
Sleep Medicine (AASM) guidelines, while at least 35% drop in ventilation is required to

induce a 4% drop in oxygen saturation.

As shown in Figure 4.9, the position of the curve with respect to the Target area determines
the severity of the patient’s sleep disorders: if the blue dashed line passes below the square
sleep quality is high, while the more the line goes up towards more events per hour and/or

higher instability severity, the worst the quality of the subject’s sleep gets.
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AHI <7 AHI 7-15 AHI 15-30 AHI 30+

Figure 4.9: How the RIC™ is oriented with respect to the light blue Target area indicates the
severity of the patient’s sleep disorders. The green curve represents a Risk Category of “None”,
which in traditional PSG corresponds to AHI < 7; the blue curve represents a Risk Category “Mild”,
which corresponds to AHI between 7 and 15; the orange curve represents a Risk Category
“Moderate”, which corresponds to AHI between 15 and 30; the red curve represents a Risk Category
“Severe”, which corresponds to AHI > 30.

4.3 Device Applications

Airgo™ is the first non-invasive and non-intrusive device which is able to provide precise
measurements of breath dynamics 24/7 in all possible conditions. In this section, a brief

description of the current applications of the device is provided.

4.3.1 Sleep quality assessment

Nowadays, the most widespread application is the assessment of a person’s sleep quality
from a respiratory point of view, with particular attention to sleep disorders, such as
obstructive sleep apnea (OSA) and central sleep apnea (CSA), and abnormal breathing
patterns like Cheyne-Stokes respiration and Kussmaul breathing. Airgo™ has been proven
to identify patients affected by OSA with 94% positive predictive value (PPV) and 89%
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negative predictive value (NPV) [118]. Moreover, Airgo™ sleep scoring showed 97.5%
correlation to polysomnography (PSG), the gold standard for sleep analysis, during clinical
trials on more than four hundred patients at Massachusetts General Hospital, more than
sixty patients at Minnesota Lung Center and more than one hundred and fifty patients at
Fondazione Maugeri IRCCS in Veruno, Italy.( [119], [120]).

Thanks to Airgo™ Semantic Engine, sleep disorder screening is fully automated. The
software analyzes the data acquired from a night of sleep and calculates indexes such as
Respiratory Disturbance Index (RDI) and Apnea-Hypopnea Index (AHI) and derives a
sleep quality score that ranges from 0 to 100. Thanks to the presence of the motion
detection circuit, all the scores provided are classified according to the posture in which
the subject was sleeping. In this way, it is possible to obtain an indication of the possible

postural nature of any disorders.

Moreover, analyzing the movement of both the rib cage and the diaphragm, Airgo™
Semantic Engine performs automated sleep staging. Lastly, through the analysis of the
fragmentation of the breath vectors identified by the software, snoring recognition is
performed without the need of using microphones; this is a key point nowadays,

considering how big of a concern privacy is.

Sleep reports can be generated for each night of sleep of the patient. The report cover
provides an overview of the patient’s sleep quality, showing the sleep quality index and the
four Respiratory Instability Curves™ on top of the page (Figure 4.10).

A‘ D Patient Session start Session end
I I Iy I rgo @ BHEO2 05/12/2019 - 21:56:13 06/12/2019 - 06:48:09
Sleep quality Respiratory Instability (Postural)
7 3 Back Stomach Left Right
Shrs 12min 2.4% 2hrs 24.0% 1hr 14.3%

., ) . @ None Mild @ Moderate Severe

AHI/RDI equivalent: Mild 7-15 Quality 75-100 ® Quality 70-75 Quality 65-70 g Quality 65-0
AHI <7 AHI 7-15 AHI 15-30 AHI 30+

Figure 4.10: The cover of the sleep report provides an overview of the patient's sleep quality,
showing the sleep quality index and the Respiratory Instability Curves™.

4.3.2 Other applications

Thanks to the versatility of the device, respiratory health can be monitored analyzing
respiration throughout the whole day. Airgo™ lends itself well to promotion of health in
terms of measuring respiratory activity as part of the quest for personal fitness and a healthy
lifestyle.
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Moreover, since it is well known that controlled breathing is crucial for elite athletes,
Airgo™ can be used to track respiration during athletic performances. In this way, athletes
can gain awareness of their respiration patterns, and coaches can instruct them on where

some improvements have to be achieved.

Furthermore, Airgo™ can provide real-time feedback to other medical devices to improve
their performance: for example, Airgo™ data may be used to activate or modify the pressure
of a continuous positive airway pressure device (CPAP), which is used to treat sleep apneas,

according to the current breathing patterns of the patient [115].
Lans but not least, Airgo™ is used for a wide range of clinical applications [121]:
o Post operative care
o Hospital discharge and readmission control
o Physiotherapy and rehabilitation (continuity of care)
o Intensive care unit (ICU) and COVID-19 respiratory monitoring
o General care floors
o Remote patient monitoring and telehealth

o Emergency department, to triage faster and with more confidence.
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It is well known that physical activity is of great help in terms of preserving and enhancing
overall health of human beings. A group of researchers, An Ouyang et al, from
Massachusetts General Hospital (MGH) in Boston, MA, decided to conduct this study,
namely Brain Age and Exercise: A Trial of Aerobic Excercise to Improve Brain Health in Older Adults,
to investigate whether a twelve-week aerobic training program would improve brain health,

sleep quality and cardiovascular fitness in middle-aged sedentary adults.

5.1 Participants
To be eligible to participate in the study, the subjects had to meet the following
characteristics:

o Be aged between fifty and seventy-five years old

o Have spent an average of less than sixty minutes per week exercising in the past six

months
o Be cleared by primary care physician to participate to the twelve-week exercise
program
Eligible participants were selected also considering the following exclusion criteria:

o Diagnosed with moderate or severe sleep apnea (AHI > 15) or using a continuous

positive airway pressure (CPAP) device
o History of neuropsychiatric illness
o History of falling in the past six months

o Development of cardiac symptoms or failure to complete cardiopulmonary exercise

testing (CPET) during the enrollment testing phase.

Out of the 185 people who showed to the eligibility screening, thirty participants were
enrolled from the greater Boston area between November 2019 and June 2021.
Subsequently, two participants withdrawn because of personal reasons related to the
COVID-19 pandemic, and other two quit the program because of difficulties in accessing
exercise resources during COVID-19 lockdowns. The characteristics of the twenty-six

remaining participants are shown in Table 5.1.
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Pre-Exercise Post-Exercise

Age 60.11 + 7.37 -

20 Females
6 Males

Sex

1 American Indian
3 Asian

1 Black or African
23 White

Race

Body Mass Index (BMI) 25.86 + 4.16 25.83 £ 3.97

Table 5.1: Participants characteristics. Two participants selected more than one race. Data is
mean * standard deviation. The difference in the average BMI between Pre- and Post-Exercise is
not statistically significant.

5.2 Methods

5.2.1 Study design

On the enrollment day, participants underwent cardiopulmonary exercise testing (CPET),
cognitive testing and blood draw. One week later, they went to the American Academy of
Sleep Medicine (AASM)-Accredited MGH Sleep Disorders Unit to undergo a diagnostic
polysomnography exam (PSG), which was then repeated at the end of the twelve-week
exercise program. During PSG, a minimum of six hours of overnight sleep was monitored

using a conventional in-lab polysomnograph (Compumedics, NC).

After completing the initial testing phase, participants started a 12-week aerobic training
program that prescribed maintaining heart rate between 50% and 75% of maximal heart
rate (calculated as 220 minus person’s age in years) for thirty minutes per day, five days per
week. Since all participants were fully sedentary, they were prescribed to exercise fifteen
minutes a day for three times over the first week, twenty minutes a day for four times over
the second week and then proceeded to train at full regimen from the third week on. In
case of failure to complete thirty minutes of continuous workout, participants were allowed
to split training time into sets of ten-fifteen minutes of continuous work followed by five
minutes of rest interval. To ensure that the subjects’ training sessions met the prescribed
criteria in terms of both duration and intensity, they were instructed to wear a physical
activity tracker (Fitbit, USA).
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Last but not least, as described in subsection 5.2.2, during the 12-week program several
kinds of data were collected from the participants to monitor their progress. A summary

of the study design is shown in Figure 5.1.
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Figure 5.1: Summary of the study design. PSG, CPET, cognitive testing and blood draw were
repeated before and after the twelve-week exercise program during which the participants were
continuously monitored using screening devices at home.

5.2.2 Home data collection

Participants were constantly monitored from home thanks to the continuous use of two

devices:

o Fitbit watch was used to monitor the subjects’ heart rate. The participants were
instructed to upload the data stored on device on the cloud every five days, so that

the study team could check if they were following the exercise program correctly.

o Airgo™ was worn by the participants 24/7. Every fourteen days, each subject’s
device was replaced with another one so that the data stored in it could be uploaded
on the cloud by the study team. Airgo™ data was not analyzed by An Ouyang and
its team, but it was left out for future analysis, which I took care of. Airgo™ data

analysis will be discussed in Chapter 6.

Moreover, sleep EEG was recorded twice a week using a home sleep headband (Prodigy,
Canada; Dreem 2, France). EEG data was examined weekly by the study team and sleep

staging was performed using an automated algorithm based on deep neural networks [122].
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5.3 Results

In this section, all data is expressed in form of Mean * Standard Deviation (SD). The
statistical analysis performed is based on paired t-tests between data acquired prior to the
twelve-week exercise program, taken as baseline, and data acquired at the end of the study.

Statistical significance was defined as p-value < 0.05.

Based on heart rate data and exercise logs, participants exercised for 47 + 13 days over the

twelve-week program; training sessions lasted 55 * 9.8 minutes.

5.3.1 Physicality

Starting from the physicality of the participants, the average BMI at the end of the program
(25.83 £ 3.97) was slightly lower, but not statistically different from the baseline BMI (25.86
* 4.10).

5.3.2 Cardiovascular fitness

Speaking of cardiovascular fitness, statistically significant results were obtained (Figure 5.2):
increased VOomax (Pre-Ex: 21.11 £ 1.03 mL/kg/min, Post-Ex: 22.39 + 1.12 mI./kg/min;
p = 0.0413), which means Volume of O Maximum and is a measurement of how much
oxygen a person’s body can use at maximal sustained output (VO2max was calculated
during CPET), decreased daytime resting heart rate (Pre-Ex: 66.66 = 0.83 bpm, Post-Ex:
65.13 = 0.61 bpm, p = 0.011) and decreased sleeping heart rate (Pre-Ex: 64.55 + 1.28 bpm,
Post-Ex: 62.93 + 1.03 bpm; p = 0.028).
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Figure 5.2: Comparison of cardiovascular fitness indicators (VO:max, resting heart rate and
sleeping heart rate) between the baseline (Pre-Ex) and the end of the twelve-week exercise program
(Post-Ex). The asterisk is set as statistical significance (p < 0.05).

5.3.3 Cognitive performance

Cognitive performance of the participants significantly improved in multiple domains

during the twelve-week program, including the composite domains of crystallized
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intelligence (Pre-Ex: 115.1 * 1.4, Post-Ex: 117.4 £ 1.38; p = 0.0008), fluid intelligence
(Pre-Ex: 104.8 £ 2.35, Post-Ex: 109.3 £ 2.23; p = 0.0058) and total cognition (Pre-Ex:
111.1 £ 1.70, Post-Ex: 115.2 * 1.60; p = 0.0001). Moreover, improvements in Pattern
Comparison Processing Speed (Pre- Ex: 100.7  3.92, Post-Ex: 107.6 * 3.52; p = 0.030)
and Oral Reading Recognition (Pre-Ex: 113 £ 1.19, Post-Ex: 116.5 £ 1.13; p < 0.0001)

were observed.

5.3.4 Sleep analysis

As previously mentioned, sleep was analyzed using both in-lab traditional PSG and a home
headband which recorded sleep EEG.

As shown in Figure 5.3, in terms of sleep staging neither of the two techniques found

significant differences in stage percentages:
o Wake (W):
e DPSG: Pre-Ex: 16.63 £ 2.46%, Post-Ex: 17.83 £ 2.12%; p = 0.6498

e Home EEG: Pre-Ex: 21.27 * 2.3%, Post-Ex: 21.18 £ 2.57%; p = 0.9659

o Rapid eye movement (REM):
e PSG: Pre-Ex: 16.63 £ 2.46%, Post-Ex: 21.31 * 2.80%; p = 0.8107
e Home: Pre-Ex: 19.95 £ 1.45%, Post-Ex: 19.94 £ 1.14%; p = 0.9932
o Non-rapid eye movement (NREM):
e PSG: Pre-Ex: 62.49 £ 3.39%, Post-Ex: 60.86 * 3.06%; p = 0.5982

e Home: Pre- Ex: 57.99 £ 2.15%, Post-Ex: 58.53 £ 2.15%; p = 0.7493
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Figure 5.3: Comparison of sleep stage percentages between the baseline (Pre-Ex) and the end of
the twelve-week exercise program (Post-Ex). W is for Wake, REM is for rapid eye movement and
NREM is for non-rapid eye movement. Neither technique (PSG nor Home EEG) found statistically
significant differences between Pre- and Post-Ex.

Moreover, recalling that being diagnosed with moderate or severe sleep apnea (AHI > 15)

was one of the exclusion criteria for the study participants, a difference was found in
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average AHI values between the baseline (4.05 * 3.92) and the end of the training program
(3.06 £ 3.94).

Last but not least, as shown in Figure 5.4 neither of the two techniques found statistically

significant differences between traditional sleep quality measures derived from sleep
macro-architecture:

o Sleep efficiency:
e DPSG: Pre-Ex: 83.37 £ 2.46%, Post-Ex: 82.17 £ 2.12%; p = 0.6498

e Home EEG: Pre-Ex: 76.8 £ 2.99%, Post-Ex: 78.27 * 2.72%; p = 0.3697

o Awakening index:
e PSG: Pre-Ex: 3.58 + 0.58, Post-Ex: 2.91 £ 0.36; p = 0.2592

e Home EEG: Pre-Ex: 5.96 * 0.86, Post-Ex: 5.26 = 0.72; p = 0.2160
o Wake after sleep onset (WASO):

e PSG: Pre-Ex: 61.52 * 11.11 min, Post-Ex: 66.58 & 10.77 min; p = 0.7250

e Home EEG: Pre-Ex: 67.27 * 10.39 min, Post-Ex: 71.5 £ 14.21 min; p =

0.5903
Sleep Efficiency(PSG)  Sleep Efficiency(Home) awakening index(PSG) awakening index(Home) WASO(PSG) WASO(Home)
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Figure 5.4: Comparison of traditional sleep quality measures between the baseline (Pre-Ex) and
the end of the twelve-week exercise program (Post-Ex). WASO is for wake after sleep onset.

Neither technique (PSG nor Home EEG) found statistically significant differences between Pre-
and Post-Ex.

50



Chapter 6 Airgo Data Analysis

6.1 Airgo " Data

As mentioned in Chapter 5, Airgo™ data was not analyzed by An Ouyang and his team. All
participants were required to wear the Airgo™ device continuously over the twelve-week
training program; during that period of time, the study team took care of uploading data
collected from the Airgo™ devices to the cloud.

Since the data was not analyzed during the program, any device malfunctions or
misplacements on the subjects’ bodies was not detected in time to be fixed. This led to

missing data for a few subjects, which had to be excluded from the analysis.

Out of the original twenty-six participants, data was missing or insufficient for nine: thus,

all further considerations are made upon data coming from seventeen subjects.

6.2 Methods

6.2.1 Breath vectors (CQBYV)

Starting from the raw resistance signal acquired by the aWare strap belt, Airgo™ patented
algorithms [115] identify each breath and represent it as a vector, which is called Cluster
Qualified Breath Vector (CQBV), as follows:

o Relative minimum and maximum points are identified in the raw signal
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Figure 6.1: Two minutes of raw belt signal with superimposed tail and tip points of the computed
CQBVs for a subject (BHEO2).
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o

Each relative minimum marks the tail of a breath vector, which tip is marked by the

tfollowing relative maximum point

Breath vectors obtained are processed by an algorithm based on artificial
intelligence, which through clustering methods merges any vectors that represent

only a fraction of breaths instead of full ones into single larger vectors

An example of comparison between the raw signal acquired from the belt and the

computed CQBVs is shown in Figure 6.1.

6.2.2 Calculation of parameters

Starting from CQBYV vectors computed by Airgo™ software, the following breath-to-

breath time and volume parameters were calculated:

o

Inspiratory Time (seconds), calculated as the elapsed time between the tail and the

tip points of each vector:
Inspiratory Time = timestep;;, — timestep;q;; )

Respiratory Rate (RR, breaths/minute), calculated as the reciprocal of the time (in

minutes) elapsed between the start of each vector and the start of the following one:
RR; = (timestepiqiii+1 — timestepai) ™ ©)

Inspiratory to Expiratory Time Ratio (IE_ratio, dimensionless), calculated as the
ratio between the inspiratory time (see Equation 5) and the time elapsed between

the tip of the current vector and the tail of the following one (expiratory time):

_ Inspiratory Time
IE ratio; = — : )
timestep,q;,i+1 — timestepyy ;

Tidal Volume (T'V, relative), calculated as the difference in amplitude of the signal
at the tip and tail of each vector:

TV = amplitude.;, — amplitude,; ®)

Minute Ventilation (MV, relative), calculated as the product of Respiratory Rate and
Tidal Volume of each breath:

MV = RR x TV )

Moreover, in order to distinguish between rest and activity states during daytime, it was

necessary to calculate the mean activity level over each breath. To do so, data collected by

the accelerometers inside the Airgo™ device was used. For each breath, the Euclidean norm

of the mean acceleration vector was computed as follows:

1a| = J G2+ a2 +a,? (10)
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In Equation 10, a; is the mean acceleration data collected by the accelerometer in direction
i (where 1 = x, y, z) between the timestep of the tail of the current vector and the timestep
of the tail of the following one. Starting from the FEuclidean norms of the acceleration
vectors, the mean activity level over each breath was calculated as the absolute value of the
difference between the Euclidean norm of the vector over the current breath and the

tollowing one:
ACT; = [ lldlli+1 — Nlall; | (11)
An example of the calculated parameters for a subject is shown in Figure 6.2.
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Figure 6.2: Ten minutes of breath vectors, activity level, time and volume parameters calculated
for a subject (BHEO4).
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6.2.3 Daytime and Nighttime isolation

Since breathing-related parameters can be very different if analyzed during waking or
sleeping state, the first step of this analysis consisted in isolating daytime and nighttime
data.

To ensure that all seventeen subjects would be awake during the hours picked as daytime
and asleep during the ones picked as nighttime, time slots with safely wide margins were

selected:

o Daytime from 9:00 a.m. to 9:00 p.m.

o Nighttime from 12:00 a.m. to 6:00 a.m.
After choosing the time slots, the whole data from each subject was analyzed separately
day by day and night by night. Days and nights for which less than two hours of data was

available were excluded to avoid considering non-representative time intervals. The final

number of available days and nights for each subject is shown in Table 6.1.

A‘gi;;i)le A;jz;lt)sle Start Date End Date EE;};Z d
BHE02 25 27 05 Dec 2019 02 Feb 2020 59
BHE04 24 25 08 Jan 2020 25 Mar 2020 76
BHEO05 65 60 10 Feb 2020 11 May 2020 91
BHEO06 23 19 12 Feb 2020 21 Apr 2020 69
BHE10 59 56 09 Mar 2020 18 May 2020 70
BHE15 25 22 15 Sep 2020 03 Nov 2020 48
BHEI16 30 27 24 Sep 2020 11 Dec 2020 78
BHE17 20 19 24 Sep 2020 13 Dec 2020 80
BHE18 18 15 13 Oct 2020 18 Nov 2020 36
BHE19 28 26 15 Oct 2020 19 Nov 2020 33
BHEZ20 29 28 15 Oct 2020 20 Jan 2021 96
BHE21 33 27 27 Oct 2020 21 Jan 2021 84
BHE22 53 49 16 Dec 2020 09 Mar 2021 82
BHE26 37 36 14 Jan 2021 11 Mar 2021 55
BHE28 33 29 24 Feb 2021 14 May 2021 79
BHE29 27 27 24 Feb 2021 22 May 2021 87
BHE31 30 28 19 Mar 2021 16 Jun 2021 89

Table 6.1: Available days and nights of data for each subject. The column “Days Elapsed”
represents the number of days between the first and the last available Airgo™ data acquisition.
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0.2.4 Resting state detection

Activity level, calculated as mentioned in subsection 6.2.2, was used to differentiate
between resting and active states during daytime. The reason behind this is that breathing
parameters are deeply influenced by the person’s activity level, thus it is important to isolate

resting state before making any considerations.

To detect resting state during daytime, each day was analyzed separately as follows:
o The mean activity level throughout the day was calculated
o The day was divided into five-minute epochs

o If the mean activity level calculated over the i-th epoch was smaller than the mean

activity level calculated over the full day, that epoch was considered as resting state

Figure 6.3 shows the result of the resting state detection algorithm for one day of a subject.

All further analysis on daytime has been conducted on resting-state epochs only.
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Figure 6.3: Result of the resting state detection algorithm on the first day of a subject (BHEQ2).
Blue represents the full activity level signal; superimposed in red is the activity level of the epochs
detected by the algorithm as resting state.

6.2.5 Sigh identification

As described in section 3.2, sighs can be identified in the respiratory signal as breaths with
a tidal volume at least double (or triple) in amplitude with respect to the mean tidal volume

in a surrounding representative interval [87].

The representative interval was chosen on the basis of the expected sigh rate, which is
around ten sighs per hour [91], thus corresponding to 0.1667 sighs per minute. Choosing
a control interval of six minutes (1 + 0.1667 = 6) and considering an average sigh rate of

twelve breaths per minute on the worst case (recalling from subsection 2.1.1, the normal
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respiratory rate for adults during tidal breathing is between twelve to sixteen breaths per
minute [20]), this corresponds to seventy-two breaths (6 X 12 = 72). Following this logic,
each breath should have been compared to a surrounding interval composed of the
previous and the following thirty-six breaths. To account for any variability in sigh rate and
to keep safety margins, an interval of forty breaths was chosen; thus, each breath was

compared to an interval composed of the previous and the following twenty breaths.

Following the definition of sigh that can be found in literature, each breath was analyzed

singularly. Sighs were identified as follows:

o The mean tidal volume over the surrounding interval of the current breath was

calculated

o If the tidal volume of the current breath was greater than 2.5 times the mean tidal

volume calculated over the surrounding interval, such breath was identified as a sigh

0.2.6 Respiratory variability analysis

Variability analysis on breathing signal focused mainly on respiratory rate, tidal volume and

inspiratory time, as suggested by the literature ( [82], [83]).

Since correlation between adjacent breaths is being sought, autocorrelation was chosen as
measure of nonrandom variability. The autocorrelation sequences (ACSs) described below

were calculated using the function awfocorr, which is part of the Econometrics Toolbox in
MATLAB R2022a, MathWorks® [123].

Moreover, as data has been organized in such a way that each breath corresponds to only
one element in the vectors, the lags on which ACSs is computed correspond exactly to

breath numbers.

To further clarify the procedure followed for the ACS analysis, which is described below,

a recapitulatory scheme is shown in Figure 6.4.
Nonrandom respiratory variability was investigated following these steps:

o Around each sigh, identified as described in subsection 6.2.5, two distinct intervals
were considered: the first interval was composed by the fifty breaths preceding the
sigh, while the second interval included the initial fifteen post-sigh breaths [108]

o Opver each pre- and post-sigh interval, autocorrelation sequences on respiratory rate,

tidal volume and inspiratory time were calculated

o The mean pre-sigh and post-sigh ACSs for each day and night were calculated
averaging the ACSs calculated over all the pre-sigh and post-sigh intervals belonging
to each day and night respectively.
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REPEAT FOR THE THREE PARAMETERS (RESPIRATORY RATE, TIDAL VOLUME AND INSPIRATORY TIME)

REPEAT TWICE FOR EACH SUBJECT (ONCE FOR DAYTIME AT REST AND ONCE FOR NIGHTTIME)
] ]
] I
J | I ]
ACSs calculated over 50-breath ACSs calculated over 50-breath
pre-sigh interval of each day post-sigh interval of each day
mean mean
one pre-sigh ACS for each day one post-sigh ACS for each day
] ]
] ]
] ]
] ]
mean ACSs calculated over mean ACSs calculated over
pre-sigh ACSs of all days post-sigh ACSs of all days
mian mj(an
one pre-sigh ACS for each subject one post-sigh ACS for each subject
mian mian
one daytime and one nighttime one daytime and one nighttime
pre-sigh ACS for all subjects post-sigh ACS for all subjects

Figure 6.4: Recapitulatory scheme about the procedures followed in the analysis of the
autocorrelation sequences, described in subsection 6.2.6.

An example of autocorrelation sequence calculated on respiratory rate, tidal volume and

inspiratory time for a subject is shown in Figure 6.5.

Subsequently, the mean autocorrelation sequences for pre- and post-sigh intervals were
calculated for each subject averaging the ACSs calculated for each day and night, thus
obtaining only two ACSs for daytime (one for pre- and one for post-sigh intervals) and
two for nighttime for each subject.

57



Chapter 6

Lastly, the daytime and nighttime ACSs of all subjects were averaged to obtain two ACSs
(one for pre- and one for post-sigh intervals) for all subjects. The final ACSs obtained are

shown in Figure 6.6.
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Figure 6.5: Autocorrelation sequences calculated on respiratory rate, tidal volume and
inspiratory time for a subject (BHE02) over the resting epochs of the first day of acquisition (5™
December 2019). Data is mean + standard error.
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ACS (mean = st. deviation)
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Figure 6.6: Autocorrelation sequences (ACSs) obtained averaging data coming from every day of
every subject. The graphs in the left column represent data from daytime at rest, while the graphs
in the right column represent data coming from nighttime acquisitions. Data is mean + standard

deviation.

0.2.7 Sigh breath variability

Following the idea of Professor Riccardo Pellegrino, luminary in the field of diseases of

the respiratory system and currently employed at Koelliker Hospital in Turin, variability in

sigh breaths was investigated.

In particular, his idea claims that variability in sigh breaths in terms of both rate and

amplitude relative to surrounding breaths could be evidence of lung elasticity and lung
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health. Since the benefits of exercise to human health in general are well known, changes

in such variability over the exercise program were investigated.

For this analysis, sigh rate was considered in terms of time (in seconds) elapsed between
each sigh and the following one, instead of being considered as a proper rate expressed in
sighs/hour as it is done in all other sections of this work. Sighs were identified as explained

in subsection 6.2.5.

Daytime at rest and nighttime were investigated separately, and each subject was considered
on his own. Variability was investigated for each day and night calculating the standard

deviation of each of the two parameters considered.
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6.3 Results

In this section, all data is expressed in form of Mean * Standard Deviation (SD). The
statistical analysis performed is based on paired t-tests between data acquired prior to the
twelve-week exercise program, taken as baseline, and data acquired at the end of the study.

Statistical significance was defined as p-value < 0.05.

T-tests were performed using the function #esz, which is part of the Statistics and Machine
Learning Toolbox in MATLAB R2022a, MathWorks® [124].

6.3.1 Time and Volume parameters

Time and volume parameters, calculated as described in subsection 6.2.2, were compared
between the baseline (Pre-Ex) and after completing the exercise program (Post-Ex).

Daytime at rest and nighttime were analyzed separately; all results are shown in Figure 6.7.
The results obtained for each parameter are the following:
o Inspiratory time:

e Daytime at rest: Pre-Ex: 1229.40 + 140.18 ms, Post-Ex: 1270.60 + 207.15 ms;
p = 0.4226

e Nighttime: Pre-Ex: 1437.80 £ 183.94 ms, Post-Ex: 1579.20 £ 176.77 ms; p =
0.0008 (statistically significant)

o Respiratory rate:

e Daytime at rest: Pre-Ex: 16.76 £ 1.18 breaths/min, Post-Ex: 17.02 + 1.71
breaths/min; p = 0.4564

e Nighttime: Pre-Ex: 15.16 £ 1.22 breaths/min, Post-Ex: 14.99 + 1.14
breaths/min; p = 0.3623

o Inspiratory to Expiratory time ratio:

e Daytime at rest: Pre-Ex: 0.6266 * 0.1212, Post-Ex: 0.6800 * 0.1853; p =
0.3295

e Nighttime: Pre-Ex: 0.6542 + 0.1606, Post-Ex: 0.7707 £ 0.1444; p = 0.0138
(statistically significant)

o Tidal Volume:
e Daytime at rest: Pre-Ex: 148.44 &+ 71.32, Post-Ex: 122.88 + 84.23; p = 0.1937

e Nighttime: Pre-Ex: 82.12 £ 57.92, Post-Ex: 54.62 £ 25.51; p = 0.0569
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o Minute Ventilation:

e Daytime at rest: Pre-Ex: 2525.10 & 1334.80, Post-Ex: 2270.70  2053.20; p =
0.5508

e Nighttime: Pre-Ex: 1226.60 £ 798.75, Post-Ex: 812.10 £ 402.56; p = 0.0451

(statistically significant)
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Figure 6.7: Comparison of time and volume respiratory parameters between the baseline (Pre-Ex)
and the end of the exercise program (Post-Ex). Daytime at rest and nighttime were analyzed
separately. Statistically significant differences between Pre- and Post-Ex were found for
inspiratory time, inspiratory to expiratory time ratio and minute ventilation during nighttime. The
asterisk is set as statistical significance (p < 0.05).
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6.3.2 Sigh rate and amplitude

Changes in sigh rate and sigh amplitude relative to surrounding breaths (calculated as

described in subsection 6.2.5) over the exercise program were investigated. In particular,

the parameters calculated for all subjects were compared between the baseline (Pre-Ex)

and after completing the exercise program (Post-Ex). Daytime at rest and nighttime were

analyzed separately; all results are shown in Figure 6.8.

The results obtained for each parameter are the following:
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Figure 6.8: Comparison of sigh rate and sigh amplitude relative to surrounding breaths between
the baseline (Pre-Ex) and the end of the exercise program (Post-Ex). Daytime at rest and nighttime
were analyzed separately. Statistically significant differences between Pre- and Post-Ex were found
for relative sigh amplitude during daytime at rest. The asterisk is set as statistical significance (p
< 0.05).
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6.3.3 Respiratory variability

Starting from the autocorrelation sequences calculated as described in subsection 6.2.6, the

following statistically significant differences were found:

o Respiratory rate:

e Daytime at rest: T-test rejected the null hypothesis with p = 0.0036. Table 6.2
contains pre- and post-sigh ACSs averaged between all subjects.

Autocorrelation sequence (Daytime at rest)

Lags 0 1 2 3 4 5 6 7
Pre-Sigh 1 0.1355 0.1168 0.1131 0.1109 0.1027 0.1035 0.1011
Post-Sigh 1 0.2023 0.1859 0.1756 0.1628 0.1654 0.1513 0.1454

Lags 8 9 10 11 12 13 14 -

Pre-Sigh ~ 0.1015 0.0905 0.0988 0.0939 0.0948 0.0914 0.0894 -

Post-Sigh  0.1391 0.1288 0.1211 0.1033 0.0910 0.0724 0.1391 -

Table 6.2: Autocorrelation sequences calculated on respiratory rate over pre- and post-sigh
intervals during daytime at rest.

e Nighttime: T-test rejected the null hypothesis with p = 0.0062. Table 6.3
contains pre- and post-sigh ACSs averaged between all subjects.

Autocorrelation sequence (Nighttime)

Lags 0 1 2 3 4 5 6 7
Pre-Sigh 1 0.1472  0.1268 0.1134 0.1034 0.0971 0.0996 0.0987
Post-Sigh 1 0.2134 0.1769 0.1665 0.1682 0.1542 0.1477 0.1462

Lags 8 9 10 11 12 13 14 -

Pre-Sigh ~ 0.1017 0.0989 0.0923 0.0965 0.0897 0.0939 0.0884 -

Post-Sigh  0.1366 0.1279 0.1119 0.1014 0.0883 0.0724 0.0465 -

Table 6.3: Autocorrelation sequences calculated on respiratory rate over pre- and post-sigh
intervals during nighttime.
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o Tidal Volume:

e Daytime at rest: T-test rejected the null hypothesis with p = 0.0130. Table 6.4
contains pre- and post-sigh ACSs averaged between all subjects.

Autocorrelation sequence (Daytime at rest)

Lags 0 1 2 3 4 5 6 7
Pre-Sigh 1 0.1826 0.1460 0.1296 0.1156 0.1120 0.1086 0.1034
Post-Sigh 1 0.2053 0.1842 0.1744 0.1551 0.1571 0.1459 0.1393

Lags 8 9 10 11 12 13 14 -

Pre-Sigh ~ 0.1049 0.1020 0.0922 0.0923 0.0910 0.0878 0.0886 -

Post-Sigh  0.1364 0.1240 0.1154 0.1005 0.0852 0.0700  0.0460 -

Table 6.4: Autocorrelation sequences calculated on tidal volume over pre- and post-sigh intervals
during daytime at rest.

e Nighttime: T-test rejected the null hypothesis with p = 0.0018. Table 6.5
contains pre- and post-sigh ACSs averaged between all subjects.

Autocorrelation sequence (Nighttime)

Lags 0 1 2 3 4 5 6 7
Pre-Sigh 1 0.2374 0.1583 0.1304 0.1112 0.0979 0.0960 0.0836
Post-Sigh 1 0.2384 0.1682 0.1505 0.1434 0.1277 0.1304 0.1314

Lags 8 9 10 1 12 13 14 -

Pre-Sigh ~ 0.0816 0.0826 0.0783 0.0802 0.0796 0.0776 0.0781 -

Post-Sigh  0.1263 0.1222 0.1146 0.1079 0.0931 0.0766 0.0515 -

Table 6.5: Autocorrelation sequences calculated on tidal volume over pre- and post-sigh intervals
during nighttime.
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o Inspiratory time:

e Daytime at rest: T-test rejected the null hypothesis with p = 0.0277. Table 6.6
contains pre- and post-sigh ACSs averaged between all subjects.

Autocorrelation sequence (Daytime at rest)

Lags 0 1 2 3 4 5 6 7
Pre-Sigh 1 0.1234 0.1184 0.1035 0.1066 0.1078 0.0998 0.0950
Post-Sigh 1 0.1938 0.1710 0.1624 0.1554 0.1499 0.1567 0.1386

Lags 8 9 10 11 12 13 14 -

Pre-Sigh ~ 0.0966 0.0983 0.0975 0.0916 0.0966 0.0927 0.0869 -

Post-Sigh  0.1360 0.1179 0.1061 0.0929 0.0764 0.0619 0.0392 -

Table 6.6: Autocorrelation sequences calculated on inspiratory time over pre- and post-sigh
intervals during daytime at rest.

e Nighttime: T-test rejected the null hypothesis with p = 0.0068. Table 6.7
contains pre- and post-sigh ACSs averaged between all subjects.

Autocorrelation sequence (Nighttime)

Lags 0 1 2 3 4 5 6 7
Pre-Sigh 1 0.1297 0.1102 0.1093 0.1022 0.1025 0.1024 0.1010
Post-Sigh 1 0.1975 0.1798 0.1604 0.1556 0.1533 0.1512 0.1403

Lags 8 9 10 1 12 13 14 -

Pre-Sigh ~ 0.0990 0.0912 0.0952 0.0880 0.0937 0.0878 0.0862 -

Post-Sigh  0.1365 0.1201 0.1060 0.0969 0.0840 0.0689 0.0491 -

Table 6.7: Autocorrelation sequences calculated on inspiratory time over pre- and post-sigh
intervals during nighttime.
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60.3.4 Sigh breath variability

Changes in sigh breath variability were investigated over two parameters: time elapsed
between each sigh and the following one and sigh amplitude relative to surrounding
breaths, calculated as described in subsection 6.2.7. In particular, the variability of the two
parameters calculated for all subjects were compared between the baseline (Pre-Ex) and
after completing the exercise program (Post-Ex). Daytime at rest and nighttime were

analyzed separately; all results are shown in Figure 6.9.
The results obtained for each parameter are the following:
o Variability in time elapsed between sighs:
e Daytime at rest: Pre-Ex: 0.376 + 0.067, Post-Ex: 0.414 £ 0.074; p = 0.1507
e Nighttime: Pre-Ex: 0.457 + 0.055, Post-Ex: 0.482 £ 0.026; p = 0.0916
o Variability in sigh amplitude relative to surrounding breaths:

e Daytime at rest: Pre-Ex: 0.771 £ 0.407, Post-Ex: 1.332 = 1.051; p = 0.0207
(statistically significant)

e Nighttime: Pre-Ex: 2.982 * 1.590, Post-Ex: 3.428 + 2.589; p = 0.5077
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Figure 6.9: Comparison of variability in time elapsed between sighs and sigh amplitude relative
to surrounding breaths between the baseline (Pre-Ex) and the end of the exercise program (Post-
Ex). Daytime at rest and nighttime were analyzed separately. Statistically significant differences
between Pre- and Post-Ex were found for variability in relative sigh amplitude during daytime at
rest. The asterisk is set as statistical significance (p < 0.05).
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6.4 Discussion

The aim of this work was to investigate whether a twelve-week aerobic exercise program
would induce changes in respiratory parameters and sigh variability in sedentary adults. In

this section, the significant results obtained will be discussed.

0.4.1 Respiratory parameters

In terms of respiratory parameters, statistically significant differences were found in
inspiratory time, inspiratory to expiratory time ratio and minute ventilation during
nighttime. In particular, an increase was seen in the first two parameters, while a decrease

in the last one occurred.

A potential explanation for the increase in inspiratory time and inspiratory to expiratory
time ratio could be that exercise, promoting lung health and thus increasing lung elasticity
and decreasing bronchopulmonary obstruction, caused the elastic recoil of the pulmonary
tissue during expiration to encounter less resistance. As a consequence, since no significant
change was observed in respiratory rate and inspiratory time was proven to be increased,

expiratory time decreased.

As concerns minute ventilation, since both respiratory rate and tidal volume remained
unchanged, its decrease could be explained by the same reason just mentioned: assuming
a decreased bronchopulmonary obstruction would agree with the fact that the subjects
need to inhale less volume of air in the time unit in order to provide the needed gas

exchange to their bodies.

These changes seem to occur during daytime as well, but none of them is statistically
significant. The reason behind this might be the fact that during sleep expiration is mainly
passive, thus it is the condition in which the elastic recoil of the pulmonary tissue mostly

influences breathing mechanics.

0.4.2 Sigh rate and amplitude

During daytime at rest the mean sigh rate increased, but its changes were not proven to be
statistically significant. Still regarding daytime at rest, a significant increase in sigh amplitude
has occurred. This could be explained by the same reason cited in subsection 6.4.1 when
discussing about respiratory parameters: a promoted lung health and consequently an
increase in lung elasticity and a decrease in bronchopulmonary obstruction would explain
a bigger sigh amplitude since encountering less resistance would produce a sigh with greater

amplitude in response to an inspiratory muscle contraction of the same magnitude.
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As concerns sigh rate and amplitude during nighttime, these two parameters remained
almost unchanged with respect to the baseline. An explanation could be that sighs during
nighttime are primarily associated with sleep arousals and, since none of the subjects
suffered from sleep disturbances (see criteria of exclusion in section 5.1), overall sleep

quality did not change.

60.4.3 Sigh breath variability

The mean variability in time elapsed between sighs slightly increased during both daytime

at rest and nighttime, although neither case proved to be statistically significant.

Variability in sigh amplitude remained almost unchanged during nighttime, while a
significant increase was seen during daytime at rest. Such increase provides evidence to
Professor Pellegrino’s assumptions about sigh breath variability as an indicator of lung
health, since much other evidence provided by both this work and the study conducted by
An Ouyang and his collaborators (Chapter 5) suggest that the exercise program has

improved the general health conditions of the participants.

0.4.4 Sighs as nonrandom respiratory variability resetters

The increase in the autocorrelation sequences calculated over post-sigh intervals with
respect to pre-sigh was proven to be statistically significant for all three parameters
considered: respiratory rate, tidal volume and inspiratory time. Statistical significance was

found during both daytime and nighttime.

Recalling that the parameters calculated have been organized in such way as to have
correspondence between samples and breaths (only one sample for each breath, see
subsection 6.2.6), these findings provide more evidence to support the hypothesis
described in subsection 3.2.2, which claims that the randomness in breathing variability
increases while approaching a sigh, after which autocorrelation of breathing parameters is

reset.

6.5 Limitations
As discussed in sections 5.1 and 6.1, the sample size of this study is limited to seventeen
subjects out of the expected thirty. The two main reasons for this are:

o The COVID-19 pandemic, which stopped the enrollment of new participants and

caused four subjects to withdraw from the training program

o The poor quality and/or quantity of the Airgo™ signals acquired for nine subjects,

since no checks on the signals were carried out during the program
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Moreover, the COVID-19 pandemic itself might have caused some bias in the results, since
it is well known that lockdowns were strongly associated with significant lifestyle changes
(increase in daily sedentary time) [125], increases in depression and anxiety levels ( [120],
[127], [128]) and decreased sleep quality ([129], [130], [131]).

6.6 Conclusion

This work along with the study conducted by An Ouyang and his collaborators (Chapter
5) provide evidence that an aerobic training program improves overall health conditions in

previously sedentary adults.

In particular, the following improvements have occurred:
o Increased aerobic and cardiovascular fitness (subsection 5.3.2)
o Increased brain cognitive health (subsection 5.3.3)
o Increased lung health (section 6.4)

Therefore, further evidence is provided to support how important physical activity is for

overall physical and mental wellbeing in humans.
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