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v

The development of noninvasive mechanical ventilation in recent decades has 
led to the need for exhaustive precision in its indications, application, meth-
odology, as well as aspects such as monitoring and knowing the prognosis. 
However, the most interesting and fascinating facets such as the behavior, 
evaluation, and interrelation of lung function with the known physiological 
effects of noninvasive mechanical ventilation remain unknown. Few books 
have been dedicated to this respect, thus we believe that this book opens and 
offers to the clinician a new and original insight on how this interrelation 
between pulmonary function tests and the known effects of noninvasive 
mechanical ventilation in the short and long term can be understood for mak-
ing decisions. For this aim, we have developed the table of contents, as well 
as classified and analyzed the pulmonary function tests in various pathologies 
most frequently used with a special focus on how they can be used in practi-
cal protocols. Moreover, the reader can find what results can be analyzed and 
known to be able to develop treatment strategies most frequently adapted to 
lung function and, most importantly, also be able to predict the patient’s 
prognosis.

In Pulmonary Function Measurement in Noninvasive Ventilatory 
Support, chapters are presented as an essential source of information for the 
clinician and tools in daily practice.

Being able to predict based on a correct evaluation of lung function in 
noninvasive mechanical ventilation is a solid basis for an essential application 
and evaluation.

The future depends on what we do in the present—(Mahatma Gandhi)

Murcia, Spain Antonio M. Esquinas 
March 2021
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Spontaneous Breathing. 
Physiology

M. I. Matias, G. Gonçalves, C. Cortesão, P. S. Santos, 
and Antonio M. Esquinas

Abstract

The respiratory system consists of a set of 
organs whose structure is able to perform 
numerous functions of which the cardinal 
function is breathing. To perform its cardinal 
function, three basic steps, ventilation, perfu-
sion, and diffusion need to occur in perfect 
conjunction. This is achieved through feedfor-
ward and feedback signaling which allow the 
capture and transport of oxygen (O2) and car-
bon dioxide (CO2) adjusted to metabolic needs 
at all times.

Keywords

Spontaneous breathing · Ventilation · Lung 
perfusion · Gas diffusion · Breathing 
regulation
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1.1  Introduction

The respiratory system consists of a set of organs 
whose structure is able to perform numerous 
functions of which the cardinal function is 
breathing.

Breathing consists of the uptake of oxygen 
from the atmosphere and its transfer to the blood 
and the metabolism of the cells in conjunction 
with the elimination of carbon dioxide from that 
metabolism to the outside.

To allow contact between the air in the envi-
ronment and the blood, an anatomical path is 
needed and three basic steps, ventilation, perfu-
sion, and diffusion should be performed in per-
fect conjunction.

Breathing must be adapted to the body’s meta-
bolic requirements at all times, only possible due 
to a complex system of regulation involving the 

M. I. Matias (*) · G. Gonçalves · C. Cortesão  
P. S. Santos 
Pulmonology Department, Centro Hospitalar e 
Universitário de Coimbra, Coimbra, Portugal 

A. M. Esquinas 
Intensive Care Unit, Hospital General Universitario 
Morales Meseguer, Murcia, Spain

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-76197-4_1&domain=pdf
https://doi.org/10.1007/978-3-030-76197-4_1#DOI


4

respiratory centers, that integrate the information 
received from various receptors and elaborates 
suitable response through the effector muscles 
and this loop continues [1].

1.2  Discussion and Analysis 
of the Main Topic

1.2.1  Anatomy and Function

To enable contact with the bloodstream, the air 
goes through the upper airways (nose/mouth, 
pharynx, and larynx) and reaches the lower air-
ways starting in the trachea. The trachea then 
divides into right and left main bronchi, and these 
divide subsequently, becoming narrower and 
shorter, ending in the alveolar ducts, laden with 
alveoli where gas exchange occurs [1].

The lower respiratory system exists within a 
muscle, bone, and ligament structure that sur-
rounds it, and is called the thoracic cavity. The 
diaphragm is its base and above there is the costal 
wall, formed by the succession of the costal 
arches joined by the intercostal muscles.

The lung parenchyma is involved by a two- 
layer membrane, the visceral pleura covering the 
lung and interlobar fissures and the parietal 
pleura covering the chest wall, diaphragm, and 
mediastinum [1, 2].

These structures together perform several 
functions like the function of phonation or the 
role in pH balance of the body through the fast 
bicarbonate-CO2 system. Additionally, being in 
great contact with the outside environment, the 
lung also plays an important part in removing 
of inhaled foreign particles, also it is able to 
secrete immunoglobulins like IgA in the bron-
chial mucus that contribute to its defenses 
against infection. The endocrine organ should 
be highlighted, when several vasoactive and 
bronchoactive substances are metabolized in 
the lung and may be released into the circula-
tion under certain conditions, for example, the 
conversion of angiotensin I, catalyzed by the 
angiotensin-converting enzyme, located in 
small pits in the surface of the capillary endo-
thelial cells [3].

However, to perform its cardinal function, 
three basic steps need to occur: ventilation, per-
fusion, and diffusion.

1.2.2  Ventilation

Ventilation is the passage of air into and out of 
the airways, with the goal of reaching the alveoli. 
Pulmonary ventilation depends on three types of 
pressure: atmospheric pressure, alveolar pres-
sure, and pleural pressure. Atmospheric pressure 
is the force exerted in any surface by gases in the 
air surrounding it. Alveolar pressure changes 
with breathing and corresponds to the pressure of 
the air within the alveoli while pleural pressure is 
the negative pressure (inferior to atmospheric 
pressure) originated by the elasticity of the chest 
wall, which tends to distend, opposite to the lung 
parenchyma, which tends to contract [1].

In inspiration, there is an elevation of the ribs 
and forward movement of the sternum due to 
intercostal muscles action and flattening of the 
diaphragm, increasing the capacity of the thorax. 
This causes the pleural pressure to become more 
negative and due to the adhesive nature of the 
pleural fluid, this forces the lung to follow the 
thoracic expansion. As a consequence, the alve-
oli distend and the pressure inside them drops 
below atmospheric pressure, creating a pressure 
gradient (between the atmosphere and the alve-
oli), that makes the atmospheric air penetrate 
through the bronchial tree. Expiration on the 
other hand, under normal conditions, it is a pas-
sive phenomenon which occurs by relaxation of 
the structures contracted in inspiration. When 
the inspiratory muscles relax, the chest wall 
retracts, compressing the lungs inside it, origi-
nating in the alveoli, a pressure superior to the 
atmospheric pressure, causing air to go out of the 
bronchial tree [1, 4, 5].

Mechanics of ventilation all in all depends on 
the elasticity of the thorax and lung tissue, resis-
tance to air friction in the airways, resistance to 
tissue sliding between them, and strength of the 
respiratory muscles.

Moreover, lung ventilation is not uniform, in 
the normal lung there are regional ventilation dif-

M. I. Matias et al.



5

ferences mainly due to gravity. In orthostatic 
position, the alveoli of lung apex are more 
expanded and stiffer, while alveoli of the lung 
base have a smaller diameter, contain a smaller 
air volume at rest, but expand better on inspira-
tion and therefore are better ventilated.

At rest a human being breathes 12–16 times 
a minute, mobilizing about 500  ml of air in 
each cycle. This air volume is designated as a 
tidal volume. A 500 ml of tidal volume with a 
breathing frequency of 12–16 cycles per minute 
results in 6–8  L of volume/minute or ventila-
tion/minute. However, the air must pass through 
the conducting airways and only a portion will 
penetrate the alveoli to be available for gas 
exchange. The air that does not reach the alve-
oli is called anatomical dead space. Also, a part 
of the air that reaches the alveoli will not come 
into contact with the capillary wall, making dif-
fusion impossible, this is called the alveolar 
dead space. The sum of the two dead spaces is 
called total dead space or physiological which 
is totally ineffective for gas exchange. Normally 
is about 150  ml but if there is inequality of 
blood flow and ventilation in a diseased lung 
the physiologic dead space may be much higher 
[1, 2, 4].

1.2.3  Lung Circulation/Perfusion

The pulmonary circulation receives mixed 
venous blood from the right ventricle through the 
main pulmonary artery which divides into smaller 
arteries following the bronchial tree and that sub-
sequently form a dense network of capillaries 
that facilitate diffusion. These capillaries then 
carry oxygenated blood through small pulmonary 
veins that later form four large veins that end in 
the left atrium. Additionally, the lung has another 
blood system that supplies the airways, the bron-
chial circulation [1].

The pulmonary circulation has different 
characteristics than the systemic circulation 
because although all the cardiac output passes 
through the pulmonary circulation, its vessels 
are more malleable and can quickly experience 
large variations in caliber, therefore, the pulmo-

nary arterial pressure is low. Moreover, there is 
a pressure gradient meaning that the blood dis-
tribution is uneven and depends mainly on the 
hydrostatic pressure and collapsibility of the 
pulmonary vessels that can easily extend or col-
lapse. During inspiration, lung expansion 
occurs, and the capillaries surrounded by alve-
oli are compressed and may collapse if the 
alveolar pressure is greater than the blood pres-
sure in the capillary. And finally, there is also 
the effect of gravity in pulmonary circulation 
that causes the lung regions located below the 
heart level to be perfused better in the ortho-
static position.

Pulmonary perfusion refers to the blood flow 
of the pulmonary circulation available for gas 
exchange, it has regional differences in the lungs 
that are directly influenced by the balance of 
three forces: alveolar pressure, intra-arterial pres-
sure, and venous pressure. West [1] described 
three lung regions according to the relationship 
between blood and alveolar pressures along the 
lung.

• Zone I (apical): The pressure inside the alve-
oli is greater than the intra-arterial pressure, 
causing the capillaries to collapse, reducing 
the blood flow in this area.

• Zone II (intermediate): The intra-arterial pres-
sure is greater than the alveolar pressure, the 
latter being greater than the venous pressure. 
Thus, the capillaries are distended in the arte-
rial segment and more or less collapsed in the 
venous. The output is controlled by the pres-
sure gradient existing between the arterial seg-
ment and the alveolus, resulting in the 
existence of flow only in the systolic peaks, an 
intermittent flow. Here, the venous pressure 
has no effect on the flow because it is lower 
than the atmospheric pressure in this area of 
the lung.

• Zone III (lower third of the lung): The venous 
pressure is greater than the alveolar and intra- 
arterial pressure. The vessels are permanently 
distended here and the driving force of the 
output lies mainly in the pressure gradient 
between the artery and the vein, thus being 
continuous flow. In resting conditions, it is the 
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zone III that functions and only during the 
effort are gradually used vessels from zones II 
and I.

Although passive factors dominate blood flow 
regulation, pulmonary vasoconstriction may 
occur after the reduction of PO2 of alveolar gas, 
reducing blood flow in poorly ventilated regions 
of the lung [1, 2].

1.2.4  Diffusion

Pulmonary diffusion is an essentially physical 
phenomenon, through which there is the passage 
of oxygen from the alveoli to the capillaries and 
carbon dioxide in the opposite direction. This is 
performed, through the thin alveolus-capillary 
barrier, which allows the transfer of these gases, 
available at different pressures in two physical 
phases, blood and air [1].

In respect to oxygen diffusion, at the point 
where the venous blood reaches the capillaries, 
the pressure gradient through the alveolar- 
capillary membrane favors the entry of O2 to the 
capillary blood and diffusion occurs. In capillar-
ies, oxygen is transported in a tiny portion in 
physical solution but mostly combined with 
hemoglobin (Hb). The amount of O2 carried by 
Hb presents a non-linear relationship with the 
partial pressure of oxygen in arterial blood, pres-
ents a sigmoid or S curve, called HbO2 dissocia-
tion curve [1].

Regarding carbon dioxide diffusion, the CO2 
from the metabolism passes from the cells to the 
capillaries, circulating in part dissolved in the 
plasma and in part in the chemical bond. At the 
point where the venous blood reaches the capil-
laries, carbon dioxide pressure gradient through 
the alveolar-capillary favors the exit of CO2 into 
the alveolus. These phenomena are further 
explained in Chap. 9.

1.2.5  Breathing Regulation

The respiratory muscles require stimulation by 
the nervous system that produces the pattern of 
sequential ventilatory inspiration-expiration. 

This regulation aims to adjust the capture and 
transport of O2 and CO2 to the momentary meta-
bolic needs. It is a complex mechanism, not fully 
explained, consisting of feedforward and feed-
back pathways that essentially regulate the rate 
and depth of breathing.

Ventilation control rests in three core ele-
ments: the central control in the brainstem, the 
effectory muscles that allow breathing move-
ments, and the sensors that generate the input that 
reflects momentary needs [1, 3].

The ventilatory rhythm is primarily driven by 
respiratory centers which are groups of neurons 
dispersed by the reticular substance of the brain 
stem. There are identified 2 groups of respiratory 
neurons, the dorsal respiratory group and the 
ventral respiratory group in the medulla oblon-
gata. For finer regulation of the muscle contrac-
tion and also in the genesis of breath-related 
sensations there are sensory-motor mechanisms. 
The muscle spindles of the respiratory muscles 
detect longitude alterations (distension receptors, 
irritation receptors, J receptors, and mechanore-
ceptors). The efferent impulses of the receptors 
are then transmitted to the neuronal centers brain 
stem which responds accordingly [1].

There is also a chemical regulation of ventila-
tion which keeps partial pressures of O2 and CO2 
within narrow limits. There are chemosensitive 
areas in the medulla and peripheral chemorecep-
tors (highly vascularized structures located in 
the carotid bifurcation and in the aortic crust) 
that detect decrease in arterial partial pressure of 
oxygen (PaO2), decrease in arterial pH, or 
increase in arterial partial pressure of carbon 
dioxide (PaCO2) which trigger increase in venti-
lation [1–4].

Other sensory systems also can stimulate or 
inhibit breathing, for example, proprioceptors in 
limb muscles and joints, but also touch, tempera-
ture, and pain, and even excess lung stretch.

Although this regulation is mostly autonomi-
cally controlled, in certain circumstances, for 
example, if unexpected changes are produced, 
consciousness is acquired and breathing regula-
tion can become voluntary and commanded by 
cortical areas of the brain [1–4].

Regarding breathing regulation during sleep, 
there are prominent differences. There is a gen-
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eral decrease in respiratory stimulus, lower sen-
sitivity of servomechanisms, namely a higher 
threshold for CO2 stimulus, thus occurring peri-
odical variations of the ventilation and PaCO2 
[5]. Also, there are major alterations during 
exercise, the increase of metabolic needs deter-
mines a great increase in depth and rate of 
breathing. These are two major examples of 
how the respiratory system phenomenally 
adapts to the body’s metabolic requirements at 
all times, depending on the receptors’ inputs in 
a cyclical manner [6].

1.3  Conclusion Discussion

To conclude, breathing is a very complex body 
function that adjusts the capture and transport of 
O2 and CO2 to the momentary metabolic needs 
through a feedforward and feedback signaling.

Key Major Recommendations
• The respiratory system plays multiple func-

tions but breathing is its cardinal function.
• To enable contact between the air in the envi-

ronment and the blood, three basic steps, 
 ventilation, perfusion, and diffusion should be 
performed in perfect conjunction.

• Normal lung ventilation is not uniform: alve-
oli of the lung bases are better ventilated.

• Pulmonary circulation is very different from 
systemic circulation and blood flow is 
unevenly distributed.

• Breathing regulation aims to adjust the cap-
ture and transport of O2 and CO2 to the 
momentary metabolic needs.
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Dyspnea, Pathophysiology 
in Acute and Chronic Respiratory 
Failure

Bruno Cabrita, Gil Gonçalves, André Cabrita, 
and Antonio M. Esquinas

Abstract

Dyspnea is a complex subjective symptom, 
variable between patients. It may present 
with acute or chronic onset. There are multi-
ple causes of dyspnea, including a normal 
reaction to intense efforts, or association 
with disorders, usually pulmonary or heart 
diseases, with significant limitations on 
daily-life activities and quality of life. Many 
causes of dyspnea are the causes of respira-
tory failure.

Keywords
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Abbreviations

ARDS Acute respiratory distress 
syndrome

ARF Acute respiratory failure
BDI Baseline dyspnea index
BNP Brain natriuretic peptide
CNS Central nervous system
COPD Chronic obstructive pulmonary 

disease
CPAP Continuous positive airway 

pressure
CR 10 10 category-ratio
CRF Chronic respiratory failure
IPF Idiopathic pulmonary fibrosis
IV Invasive ventilation
LCADL London chest activity of daily liv-

ing scale
mMRC Modified medical research council
NIV Noninvasive ventilation
OCD Oxygen cost diagram
PaCO2 Arterial partial pressure of carbon 

dioxide
PaO2 Arterial partial pressure of oxygen
PaO2/FiO2 Arterial partial pressure of oxygen/

fraction of inspired oxygen
PEEPi Intrinsic positive end-expiratory 

pressure
PFSDQ Pulmonary functional status and 

dyspnea questionnaire
PR Pulmonary rehabilitation
RF Respiratory failure
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RPE Rating of perceived exertion
TDI Transition dyspnea index
V’CO2 CO2 production
V’E Ventilation/minute
VAS Visual analogue scale

2.1  Introduction

2.1.1  Definition

Dyspnea is a complex symptom, a subjective 
feeling of breathlessness, breathing discomfort, 
chest tightness, and air hunger. It is variable 
between patients and may have an acute or 
chronic onset [1]. It is highly influenced by many 
factors, including patients’ past experiences, 
physiology and psychological characteristics, 
social interactions, beliefs, and also environmen-
tal factors [1].

Dyspnea may be a normal symptom associ-
ated with heavy efforts, but may also be associ-
ated with disorders, mainly pulmonary and/or 
heart diseases, and occur more often, even with 
small activities or at rest, with significant limita-
tion in daily-life activities and impact in the qual-
ity of life [1].

Many causes of dyspnea also cause the devel-
opment of respiratory failure (RF).

2.2  Discussion and Analysis 
of the Main Topic

2.2.1  Pathophysiology of Dyspnea

Dyspnea pathophysiology is complex and may 
be multifactorial. It usually occurs due to a com-
promise in the cardiovascular or respiratory sys-
tems, or, in other cases, due to metabolic 
impairment, neuromuscular disorders, or have a 
psychological component [1].

The respiratory effort occurs when there is a 
mismatch between pulmonary ventilation and 
respiratory drive, between afferent receptors in 
the airways and central respiratory motor activity 

[1]. There are three main signals responsible for 
the development of dyspnea [1]:

 1. Afferent signals.
 2. Central information processing.
 3. Efferent signals.

Afferent signals: The respiratory system has 
specific acid-sensing ion channels, mechanore-
ceptors, and lung receptors that constitute physi-
ological pathways for the development of 
dyspnea. Also, they have juxtacapillary recep-
tors, sensitive to pulmonary interstitial edema 
and stretch receptors sensitive to bronchocon-
striction. The carotid bodies and medulla are 
endowed with chemoreceptors that process the 
information regarding the state of blood gas lev-
els (O2, CO2, and H+). The muscle spindles in the 
chest wall detect the stretch and tension of the 
respiratory muscles and send afferent signals to 
the central nervous system [1].

Central information processing: The brain 
processes all the afferent information and devel-
ops the efferent responses, according to the 
required demands of airway pressure, air flow, 
and lung movement. When a mismatch occurs in 
this process, or the response of the airways is 
inappropriate, dyspnea occurs. The respiratory 
effort is perceived by the sensory cortex activa-
tion, resulting in the subjective symptoms of 
breathlessness. Psychological factors may influ-
ence this perception [1].

Efferent signals: Motor output information 
(efferent motor neuronal signal) is sent by the 
central nervous system (CNS) to respiratory 
muscles, especially the diaphragm to adjust the 
respiratory response [1, 2].

2.2.2  Causes of Dyspnea

The major causes of dyspnea (90%) are related 
with lung or cardiac disorders, including asthma 
or chronic obstructive pulmonary disease 
(COPD), pneumonia, heart failure, arrhythmias, 
or ischemic heart disease. The different causes of 
dyspnea are evidenced in Table 2.1 [1].
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2.2.3  Evaluation of a Patient 
with Dyspnea

Dyspnea is a subjective multifactorial symptom 
that may be challenging to quantify. Physicians 
must be aware of the multiple factors influenc-
ing dyspnea that mimic clinical emergencies 
and include psychosocial distress. In the evalua-
tion of a patient with dyspnea, there are clinical 
signs that should always be carefully analyzed 
and managed with emergency: hypotension, 
unstable arrhythmias, high respiratory rate (>40 
breaths/minute), altered mental status, hypoxia, 
cyanosis, stridor, unsuccessful breathing effort, 
chest wall retractions, and tracheal deviation 
with unilateral breathing sounds (suggestive of 
pneumothorax) [1]. If these signs are present, a 
patient requires emergent management, includ-
ing oxygen and consideration for ventilatory 
support [1].

Usually, patients with dyspnea may be catego-
rized into two groups:

 1. Patients with comorbidities (cardiovascular, 
respiratory, or neuromuscular) with worsen-
ing of usual dyspnea: In these patients, it is 
important to evaluate if there is a worsening 
and progression of the underlying disease and 
if there was a reversible factor contributing for 
the dyspnea. The best management usually 
involves the referral to a specialist physician 
to complete the study of the disease and opti-
mize medical treatment [1].

 2. Patients with no comorbidities and new onset 
of dyspnea: In these patients, the multiple 
causes of dyspnea have to be reviewed care-
fully. Clinical history and objective evaluation 
are the mainstays of diagnostic evaluation. In 
young patients, psychogenic dyspnea should 
be considered, especially if there is adequate 
oxygen saturation in room air, anxiety, tin-
gling movements, and a good response to 
reassurance and acknowledgment of the 
underlying problem [1].

It is important to make a detailed evaluation of 
the patients, following these steps:

Table 2.1 Possible causes for the development of dys-
pnea [1]

Causes of dyspnea
Lung disorders:
    Asthma
    COPD
    Bronchiectasis
    Pneumonia
    Sarcoidosis
    Tuberculosis
    Interstitial lung diseases
    Thromboembolic pulmonary disease
    Pulmonary hypertension
    Lung cancer
    Obstructive sleep apnea
    Pleural effusion
    Pneumothorax
Cardiac disorders:
    Arrhythmias
    Congestive heart failure
    Ischemic heart disease
    Cardiomyopathy
    Myocarditis
    Valvular heart disease
    Pericarditis
    Pericardial effusion
    Congenital heart disease
Hematological disorders:
    Anemia
    Carbon monoxide poisoning
    Thrombotic thrombocytopenic purpura
    Methaemoglobinemia
    Sulfhaemoglobinamia
Abdominal:
    Ascites
    Gastro-esophageal reflux disease
Metabolic:
    Thyroid disease
    Cushing’s syndrome
Psychogenic:
    Anxiety
    Depression
Neurological:
    Neuromuscular disorders
Physiological:
    Obesity
    Deconditioning
Others:
    Trauma
    Foreign body aspiration
    Vocal cord dysfunction
    Anaphylaxis

2 Dyspnea, Pathophysiology in Acute and Chronic Respiratory Failure
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• Personal background: Patients should be 
asked about their medical history and medica-
tion. Cardiac and pulmonary diseases are 
mostly related to the cause of dyspnea. Also, it 
is important to characterize the onset of dys-
pnea, duration, associated pain, characteristics 
of that pain, relation with effort and factors 
contributing to exacerbation or relief. The 
presence of an exacerbated cough may sug-
gest the exacerbation of a respiratory condi-
tion, or infection, especially if combined with 
worsening of sputum volume and purulence. 
The presence of a pleuritic chest pain (aggra-
vates with cough and profound respiration) is 
suggestive of pericarditis, pneumonia, embo-
lism, pneumothorax, and pleuritis. Angina 
represents a chest pain related to ischemic 
heart disease and is often accompanied by 
dyspnea and associated with a physical effort. 
Sudden dyspnea is suggestive of pneumotho-
rax or pulmonary embolism. It is important to 
ask for the history of trauma, activities like 
scuba diving, that may precipitate a pneumo-
thorax. Chronic dyspnea, with progressive 
worsening, may indicate congestive heart fail-
ure or worsening of chronic lung disease. 
Orthopnea (dyspnea in supine position) and 
paroxysmal nocturnal dyspnea (dyspnea while 
sleeping) may also be related with chronic 
heart failure or respiratory diseases. Smoking 
and other habits should be questioned. Other 
causes should be investigated, including gas-
troesophageal reflux and anxiety [1].

• Physical examination: At inspection, physi-
cians should be alert to the respiratory effort 
of the patient with dyspnea, and look for signs 
of accessory muscles use and inability to 
speak due to dyspnea. Mental status may be 
impaired and should be assessed. Stridor is 
indicative of upper airway obstruction. The 
presence of neck veins distension may be 
present in cor pulmonale or cardiac tampon-
ade. Also, thyroid size may be useful to evalu-
ate, since thyroid dysfunction associates with 
dyspnea. Lower limbs with edema are com-
mon in patients with heart failure. Cyanosis or 
clubbing of upper extremities is suggestive of 
some chronic lung diseases. Ascites may be 

present and indicate chronic liver disease, and 
so hepatojugular reflux maneuver should be 
assessed [1].

• Pulsus paradoxus, the fall of at least 10 mmHg 
in blood pressure during inspiration, suggests 
chronic lung disease (COPD, asthma), cardiac 
tamponade, or pericardial constriction. Fever 
suggests infectious etiology [1].

• Chest wall palpation is important in the suspi-
cion of pneumothorax, since subcutaneous 
emphysema may be present. Hyper-resonance 
at percussion is also suggestive of pneumotho-
rax and dullness may indicate pulmonary con-
solidation or pleural effusion [1].

• A careful auscultation of lung and heart 
sounds is crucial. The absence of lung sound 
may indicate severe lung disease, pneumotho-
rax, or pleural effusion; wheezing may indi-
cate obstructive lung disease like asthma or 
COPD, although may also be present in pul-
monary edema due to congestive heart failure. 
Dysrhythmic heart sounds may reveal 
unknown arrhythmia and a loud P2 may be 
present in pulmonary hypertension; reduced 
heart murmur may indicate heart failure or 
cardiac tamponade [1].

• Complementary investigations in the acute set-
ting: Chest radiograph has great potential to 
aid in the diagnosis, since it allows a pan-
oramic view of the lungs and may identify con-
solidations, pleural effusions, pneumothoraces, 
and other alterations. Electrocardiography 
may identify ischemic heart diseases, arrhyth-
mias, and thromboembolic diseases. Blood 
tests including D-dimers (high sensitivity for 
pulmonary embolism), brain natriuretic pep-
tide (BNP, high sensitivity for congestive heart 
failure) are also elemental in determining the 
cause, as well as blood gas tests. Lung and 
heart ultrasound may also be a quick tool to 
assess the cause of dyspnea in an emergency 
setting [1].

• Complementary investigations in the outpa-
tient setting: Cardiopulmonary exercise test-
ing and lung function tests are useful to 
identify the cause of dyspnea, especially when 
there are multiple comorbidities and causes 
for the dyspnea [1].
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2.2.4  Measures of Dyspnea

Dyspnea is subjective and variable among 
patients, but it should be assessed by healthcare 
professionals and measured its intensity [1]. This 
assessment is useful for monitoring the efficacy 
of medical interventions [3]. Dyspnea may be 
assessed indirectly, for example, evaluating lung 
function and the severity of lung disease, or 
directly with quantification scales [3].

Some available clinical scales to quantify dys-
pnea are described:

• Modified Medical Research Council (mMRC) 
Scale: 5-point scale to quantify patients’ sen-
sation of breathlessness. Easy and practical to 
use, common in clinical daily practice and 
pulmonary rehabilitation (PR) [3];

• Baseline Dyspnea Index (BDI) and Transition 
Dyspnea Index (TDI): Scales often used in PR 
to assess treatment outcome and daily-life 
activities limitation due to dyspnea. BDI is a 
discriminative tool, used as an initial baseline 
assessment in PR; TDI is a measure of change. 
Both analyze functional impairment, magni-
tude of task, and effort [3].

There are also psychosocial scales to charac-
terize patients’ dyspnea:

• Rating of Perceived Exertion (RPE): 
Categorical scale to rate breathlessness with 
verbal descriptors (strong, weak, moderate 
intensity) associated with a score. 15 levels of 
assessment, from 6 to 20, due to close correla-
tion with heart rate and workload (6 corre-
sponds to 60 beats/minute; 20 corresponds to 
200 beats/minute) [3];

• 10 Category-Ratio (CR 10): Categorical scale 
with 10 levels of breathlessness. In 1994 it 
was modified to application in respiratory 
patients, also known as Modified Borg Scale, 
widely used in PR programs [3]

• Visual Analogue Scale (VAS): Represents a 
graphical scale of a continuum of dyspnea 
perception, with pictures or verbal descriptors 
of breathlessness. May be difficult to use at 
extremes of age (children and the elderly) [3].

Since severe dyspnea may have a significant 
impact in daily-life activities, subjective mea-
sures to quantify this impact have been described, 
and include: London Chest Activity of Daily 
Living Scale (LCADL), Pulmonary Functional 
Status and Dyspnea Questionnaire (PFSDQ), 
and Oxygen Cost Diagram (OCD) [3].

2.2.5  Management of Dyspnea

Management of dyspnea completely depends 
on the relief of symptoms, stabilization of 
patient’s condition, and treatment of the under-
lying cause [1].

The main approaches may include:

• Supplemental oxygen: Oxygen is not indicated 
for the relief of breathlessness, but is useful 
for patients who are hypoxemic at rest, par-
ticularly those with chronic lung diseases [1].

• Opioids: Opioids have an important role in the 
relief of dyspnea. Short-term administration is 
useful in patients with advanced chronic lung 
and heart diseases. The usefulness of long- 
term administration of opioids remains contro-
versial and should be considered on individual 
basis in patients with advanced disease [1].

• Pulmonary rehabilitation (PR): PR is one of 
the best and most complete approaches to the 
treatment of chronic pulmonary patients with 
dyspnea, based mostly on exercise training 
and education to change behaviors and 
improve a healthy lifestyle. Studies demon-
strate a reduction in exertional dyspnea, 
improved exercise capacity, and reduced 
breathlessness in daily-life activities [1].

• Noninvasive ventilation (NIV): NIV reduces 
respiratory effort and ventilatory demand, 
therefore reducing dyspnea. It may be help-
ful in acute clinical setting (pulmonary 
edema, chronic lung disease exacerbation) or 
chronic [1].

• Other approaches: Other approaches may 
include a fan directed at a patient face, which 
has been documented to reduce breathlessness 
perception. It may be useful at rest or during 
PR [1].
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2.2.6  Pathophysiology 
of Respiratory Failure

RF represents a condition with impairment of 
lung function and gas exchange, characterized by 
the decreased arterial partial pressure of oxygen 
(PaO2 < 60 mmHg), hypoxemic RF or type I RF, 
and/or increased arterial partial pressure of car-
bon dioxide (PaCO2 > 45 mmHg), hypercapnic 
RF or type II RF [2].

RF can be caused by two factors:

• Lung failure: Occurs due to respiratory infec-
tions (pneumonia) or disease (emphysema, 
interstitial disease, obstructive disease). 
Usually causes hypoxemic RF [2].

• Pump failure: The pump is constituted by the 
chest wall and respiratory muscles. Pump fail-
ure, also known as a ventilatory failure, may 
be caused by neuromuscular diseases or drug 
overdose with altered mental state. Usually 
causes hypercapnic RF [2].

Patients with multiple comorbidities may have 
both mechanisms contributing to RF. When both 
types coexist and hypoxemia is predominant, the 
situation is more dangerous than hypoventilation 
alone [2].

Patients with acute and chronic RF tend to 
adopt rapid shallow breathing, with increased 
respiratory frequency. Although the tidal volume 
decreases, ventilation/minute (V’E) remains con-
stant or slightly increased and it prevents the 
fatigue of respiratory muscles, by decreasing the 
generated inspiratory effort. The mechanisms 
that cause this breathing pattern are not well 
understood, but it may represent a behavioral 
response to minimize breathlessness. However, 
its efficiency in terms of gas exchange is low [2].

The mechanisms of RF are linked. Lung 
impairment by respiratory diseases leads to 
increased work of breathing and energy demands. 
In a condition of hypoxemia, this generates mus-
cle fatigue and ventilatory failure due to an imbal-
ance between demanding and supplying of 
oxygen, which generates RF with hypercapnia. In 
patients with hypercapnia, usually there are clini-
cal conditions that impair ventilatory  function and 

also coughing capacity, which leads to secretions 
clearance impairment, respiratory infections, and 
lung atelectasis. These conditions are responsible 
for ventilation/perfusion mismatch, a mechanism 
that generates hypoxemia [2].

2.2.7  Type I Respiratory Failure

Type I RF, or hypoxemic RF, characterizes by 
decreased arterial oxygen tension (PaO2 < 60 mmHg) 
[2].

The main causes are:

• Ventilation/perfusion mismatching: Occurs in 
COPD exacerbation, pulmonary embolic dis-
ease [4].

• Shunt: Mechanism that occurs in pneumonia, 
atelectasis, pulmonary edema, patent foramen 
ovale, congenital heart diseases, vascular mal-
formations [4].

• Diffusion impairment: Occurs in idiopathic 
pulmonary fibrosis (IPF) [4].

• Alveolar hypoventilation: Occurs due to nar-
cotic overdose, head injury, airway obstruc-
tion, neuromuscular disorders [4].

• Low inspired oxygen: Occurs due to high alti-
tude [4].

2.2.8  Type II Respiratory Failure

Type II RF, or hypercapnic respiratory failure, is 
characterized by increased arterial carbon diox-
ide tension (PaCO2 > 45 mmHg) [2]. The main 
causes are:

• Increased production of CO2: In a steady state, 
the amount of CO2 production (V’CO2) is 
~200 ml/min, and the same amount is elimi-
nated. States of hyperthermia, including phys-
ical exercise or fever, increase the production 
of CO2 by ~14% for each Celsius degree rise. 
In normal conditions, the increase in CO2 
stimulates the CNS to increase V’E, to main-
tain PaCO2 stable. However, in conditions of 
impaired ventilatory function, this response 
does not occur, and type II RF develops [2].
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• Alveolar hypoventilation: Alveolar ventila-
tion may be impaired by conditions that 
decrease the respiratory frequency, tidal vol-
ume or total ventilation and contribute to 
hypercapnia [2].

• Pump failure: This mechanism occurs when 
there is inadequate output from CNS to 
peripheral respiratory muscles due to anesthe-
sia, drug overdose, medulla diseases, when 
there is impairment of the chest wall due to 
trauma, kyphoscoliosis, neuromuscular dis-
eases or severe hyperinflation in chronic 
obstructive pulmonary diseases, or when there 
is respiratory muscle fatigue, which may also 
happen in neuromuscular conditions, where 
respiratory muscles are weakened [2].

• Pulmonary hyperinflation: Pulmonary hyper-
inflation corresponds to a condition where 
end- expiratory lung volume is increased. 
Chronic obstructive lung diseases predispose 
to this condition. Pulmonary hyperinflation 
impairs respiratory function by shortening 
respiratory muscle fibers and demanding more 
energy to their contraction, more generated 
pressure, thus increasing the work of breath-
ing. Also, diaphragmatic contraction is 
impaired and its contribution to ventilation is 
minimized. These conditions contribute to 
increasing respiratory muscle fatigue and 
impaired ventilation, thus leading to hyper-
capnia [2].

2.2.9  Acute Respiratory Failure

Acute respiratory failure (ARF) is a frequent 
medical condition in emergency care, with high 
morbidity and mortality. Usually, it results from 
an impairment in the respiratory system, either 
affecting the respiratory pump, the lung, or even 
both [5]. COPD exacerbations are a frequent 
cause of ARF, either hypoxemic and/or hyper-
capnic, and patients’ in-hospital mortality reach 
2–8%, and up to 15% in ICU [5].

Hypoxemic ARF is frequent in an emergency 
context. In the USA, this accounts for a hospital 

mortality up to 20%. Main identifiable causes are 
pneumonia, heart failure with pulmonary edema, 
acute respiratory distress syndrome (ARDS), and 
COPD exacerbation [4]. Chest trauma may also 
contribute to hypoxemia [5]. ARDS is a frequent 
cause of hypoxemic ARF and it is characterized 
by an acute inflammatory injury of the lungs, 
with increased vascular permeability and loss of 
aerated lung tissue. ARDS may present in the 
severe form (arterial partial pressure of oxygen/
fraction of inspired oxygen [PaO2/FiO2] 
<100 mmHg) and have in-hospital mortality up 
to 42% [5].

Hypercapnic ARF may occur in the context 
of anatomical and functional defects of CNS, 
neuromuscular diseases, defects of the ribcage, 
and other conditions leading to respiratory 
muscles fatigue. Drug overdose, infections, and 
trauma may lead to impaired ventilation and 
consequently type II RF. These conditions lead 
to a decrease in tidal volume, which is compen-
sated by an increase in respiratory frequency in 
order to maintain V’E constant (rapid and shal-
low breathing). However, this response has 
poor efficacy in terms of gas exchange and 
hypercapnia develops. Due to fatigue, inspira-
tory time increases as respiratory frequency and 
V’E decrease. CNS adapts to this condition 
decreasing output signals and respiratory arrest 
occurs [2].

In conditions of pulmonary edema (ARDS or 
heart failure) the patient is hyperventilating and 
energy demands are high; however, energy sup-
ply is impaired due to hypoxemia and/or low 
cardiac output, leading to respiratory failure. 
Also, weaning from invasive ventilation (IV) 
may lead to respiratory muscles fatigue and type 
II ARF [2].

The causes of ARF are evidenced in Table 2.2.
Patients often present with acute-on-chronic 

RF due to a deterioration of their chronic condi-
tion. This is usually seen in patients with exacer-
bation of COPD due to a respiratory infection, 
and patients present with increased dyspnea. This 
aggravates their hyperinflation and intrinsic posi-
tive end-expiratory pressure (PEEPi), which is 
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responsible for increasing the work of breathing 
and consequently generating hypercapnic RF [2].

2.2.10  Chronic Respiratory Failure

There are many etiologies for the development of 
chronic respiratory failure (CRF). Its correct 
identification is crucial for adequate management 
and treatment. The most common causes of CRF, 
particularly hypoxemic, are pulmonary hyperten-
sion, COPD, pulmonary thromboembolism, heart 
failure, lung cancer, obstructive sleep apnea, 
small airway, and interstitial lung diseases [6].

Chronic RF2 is seen more often in patients 
with COPD, although the mechanisms behind its 
pathophysiology are not yet completely under-
stood. COPD patients with hypercapnia tend to 
adopt the mechanism of rapid shallow breathing, 
when compared with other COPD patients. The 
likelihood of developing RF2 is higher in patients 
with more hyperinflation. Chronic modifications 
in the CNS lead to decreased efferent output sig-
naling and impaired ventilation, through mecha-
nisms still unknown [2].

The causes of chronic respiratory failure are 
evidenced in Table 2.2.

2.2.11  Evaluation of Respiratory 
Failure

Patients with RF require peripheral oxygen satu-
ration assessment or a blood gas test 
(gasometry).

Thoracic imaging with radiograph or CT 
scans is fundamental to evaluate lung, cardiovas-
cular, and chest structural abnormalities. Blood 
tests with hemogram, D-dimers, BNP, and bio-
chemistry parameters may help identify or 
exclude many etiologies [6].

Other useful complementary studies include 
pulmonary function tests, electrocardiography, 
echocardiography, cardiopulmonary exercise 
tests, 6-min walk or shuttle walk tests. Sleep 

Table 2.2 Possible causes for the development of respi-
ratory failure [2, 4, 6]

Causes of respiratory failure
Acute respiratory failure:
    Hypoxemic:
    Pneumonia
    ARDS
    Heart failure
    COPD exacerbation
    Trauma
    Hypercapnic:
    Drugs
    Poisoning
    Encephalitis
    Sepsis
    Circulatory shock
    Stroke
    Trauma
    Tetanus
    Neuromuscular diseases
    Acute hyperinflation
    Obstructive lung diseases
    Pulmonary edema
    Prematurity
    Weaning from noninvasive ventilation
Chronic respiratory failure:
    Hypoxemic:
    Pulmonary hypertension
    COPD
    Pulmonary thromboembolism
    Heart failure
    Lung cancer
    Obstructive sleep apnea
    Small airway diseases
    Interstitial lung diseases
    Hypercapnic:
    Chronic obstructive lung diseases
    Chest wall abnormalities
    Obesity
    Thoracoplasty
    Pleural effusion
    Neuromuscular diseases
     Systemic diseases (scleroderma, polymyositis, 

systemic lupus)
     Primary alveolar hypoventilation (Ondine’s 

disease)
    Electrolyte abnormalities
    Malnutrition
    Endocrine disorders
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studies should be performed in the suspicion of 
sleep disorders [6].

2.2.12  Management of Respiratory 
Failure

Management of respiratory failure depends on 
the cause and the setting where it occurs.

Treatment of acute respiratory failure treat-
ment may include:

• Treating respiratory infections [7].
• Bronchodilators and corticosteroids are par-

ticularly important in chronic obstructive pul-
monary diseases and help reverse impaired 
lung mechanics [7].

• Supplemental oxygen (conventional nasal 
cannula or high-flow nasal cannula) [4].

• Treat sedatives/opioids intoxication with flu-
mazenil or naloxone, respectively [7].

NIV in cases of acute exacerbation of COPD 
with acidosis (pH  <  7.35), cardiogenic pulmo-
nary edema (NIV or continuous positive airway 
pressure [CPAP]), immunocompromised 
patients, post-operative, palliative care, chest 
trauma, to prevent post-extubating respiratory 
failure in high-risk patients and to facilitate 
weaning from IV in patients with hypercapnic RF 
[7, 8]. NIV is helpful in the treatment of either 
acute or chronic RF [7].

Prevention of ARF includes vaccination, 
adherence to pharmacological treatment, and 
adoption of a healthy lifestyle [7].

2.3  Conclusion Discussion

Dyspnea is a common symptom, often distressing 
and a motive for hospital admission. It is a subjec-
tive experience, highly variable, multifactorial, 

and sometimes difficult to assess. It may have an 
acute or chronic onset. The main causes are lung 
and/or heart diseases. These conditions often pre-
dispose to the development of respiratory failure, 
either hypoxemic and/or hypercapnic. The best 
management includes the relief of symptoms and 
treatment of the underlying cause.

Key Major Recommendations
• Dyspnea is a subjective multifactorial and 

complex symptom.
• Dyspnea is a common symptom, often dis-

tressing and a motive for hospital admission.
• Many causes of dyspnea lead to the develop-

ment of respiratory failure.
• Respiratory failure may have acute or chronic 

onset, and be hypoxemic and/or hypercapnic.
• Management of dyspnea and respiratory fail-

ure includes the relief of symptoms and treat-
ment of the underlying cause.
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Abstract

Noninvasive ventilation (NIV) has been estab-
lished in the last decades as an alternative to 
invasive mechanical ventilation, with better 
results in many cases. This chapter analyses 
the effects of NIV in diaphragmatic function 
and pulmonary function tests by investigating 
the action mechanisms of NIV in diseases that 
cause diaphragmatic dysfunction or compro-
mise pulmonary function and deteriorate pul-
monary function tests (PFTs).
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five

COPD  Chronic obstructive pulmonary 
disease

CPAP  Continuous positive airway 
pressure

DLCO  Diffusion capacity of the lung for 
carbon monoxide

ERV Expiratory reserve volume
FEV1 Forced expiratory volume in 1 s
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FVC Forced vital capacity
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IRV Inspiratory reserve volume
MV Minute ventilation
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PEEP Positive end expiratory pressure
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PFTs Pulmonary function tests
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RR Respiratory rate
RV Residual volume
SNIP Sniff nasal inspiratory pressure
TLC Total lung capacity
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VC Vital capacity
VO2 max Maximal oxygen consumption
Vt Tidal volume

3.1  Introduction

Diaphragm is the most important muscle of inspi-
ration. It consists of a thin sheet of muscle fibers 
which are inserted into the lower ribs forming a 
muscle with a dome-like shape. The diaphragm is 
supplied by the phrenic nerves from cervical seg-
ments three, four, and five (C3–C5). Its contrac-
tion forces abdominal contents downward and 
forward and increases the vertical and the trans-
verse dimension of the chest cavity. During nor-
mal tidal breathing, the diaphragm moves about 
1 cm, while on forced inspiration this movement 
can be extended up to 10 cm [1]. Imaging tests 
and especially ultrasound can be used to assess 
diaphragm function. The gold standard measure-
ment of diaphragmatic strength is transdiaphrag-
matic pressures during unilateral and bilateral 
transcutaneous phrenic nerve stimulation (twitch 
Pdi); however, sniff nasal inspiratory pressure 
(SNIP) measurement is more useful due to being 
easier to perform in everyday clinical practice 
and therefore is more widely used. Diaphragm 
dysfunction is associated with dyspnea, intoler-
ance to exercise, sleep disorders, hypoventilation 
with daytime hypercapnia, and a potential impact 
on survival. SNIP measurements more negative 
than −45  mmHg exclude clinically important 
respiratory muscle weakness, while measure-
ments less negative than −30 mmHg are predic-
tive of significant nocturnal hypoxia [2]. Yet, 
another widely used way to measure respiratory 
muscle strength is maximal inspiratory and expi-
ratory pressures (Fig. 3.1). Noninvasive ventila-
tion (NIV) is used as an effective long-term 
treatment in many diseases with chronic compro-
misation of the diaphragm function. In critical 
conditions, acute diaphragmatic fatigue usually 
leads to rapid respiratory arrest. In such cases, 
NIV is also effective in delaying or even prevent-
ing that by reinforcing diaphragmatic function.

Pulmonary function tests (PFTs) are the key 
measurements for the assessment of lung func-

tion. Some of the basic parameters of lung func-
tion, such as forced expiratory volume in 1  s 
(FEV1), tidal volume (Vt) and vital capacity, and 
forced vital capacity (VC and FVC), can be mea-
sured with a simple spirometer (Fig.  3.2) [2]. 
Expiratory reserve volume (ERV), inspiratory 
reserve volume (IRV), and inspiratory capacity 
(IC) can also be measured with a classic spirom-
eter, while gas dilution technique or body ple-
thysmograph are necessary for the measurement 
of functional residual capacity (FRC), residual 
volume (RV), and total lung capacity (TLC) 
(Fig. 3.3) [2]. Based on PFTs, there are two major 
pathological lung function patterns, obstructive 
and restrictive pattern. Obstructive pattern is 
defined as an FEV1/FVC ratio lower than 0.7, 
while restrictive pattern as a TLC value below 
80% of the predicted value. Patients with both 
disorders have a mixed pattern defect. Apart from 
FEV1/FVC ratio and TLC, all measurements can 
be affected in lung diseases. Patients with an 

Fig. 3.1 A portable machine for the measurement of 
maximal inspiratory and expiratory pressures
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obstructive pattern defect usually present 
increased lung volumes (RV, FRC, TLC), because 
of air trapping, and decreased FEV1, ERV, and 
IC with varying FVC. On the other hand, patients 
with restrictive pattern defect usually present 
decreased lung volumes and capacities [2]. NIV 
can be used in both acute and chronic conditions 
in patients with diseases which are presented 
with either an obstructive or restrictive lung func-
tion pattern, as well as in patients with mixed pat-
tern defect. In such cases, the use of NIV can 
improve lung function, something that is reflected 
in the improvement of PFTs’ measurement 
results.

3.2  Discussion and Analysis 
of the Main Topic

The diaphragm is the main respiratory muscle 
accounting for approximately 70% of the work of 
breathing in normal subjects. Diaphragmatic dys-
function plays a key role in respiratory failure. 
There are numerous conditions that could cause 
diaphragmatic dysfunction such as (1) neuropa-
thies, (2) myopathies, (3) metabolic abnormali-
ties, (4) decreased oxygen delivery, (5) 
medications, etc. [3]. Moreover, there is well- 
established evidence for diaphragmatic dysfunc-
tion due to mechanical ventilation both in animals 
and in critically ill patients. The mechanisms 
which are responsible for mechanical ventilation- 
induced diaphragmatic dysfunction are: (1) dia-
phragmatic injury due to excessive respiratory 
muscle loading, (2) hypercapnia under controlled 
ventilation, and (3) disuse atrophy secondary to 
diaphragm inactivity from excessive ventilatory 
support [3]. In order to prevent that, the ventilator 
could be theoretically set in an optimal way, so 
that a clinically acceptable level of work of 
breathing could be targeted. Apart from invasive 
mechanical ventilation, this could also be applied 
with NIV. Vivier et al. [4] evaluated the magni-
tude of diaphragmatic work by using diaphrag-
matic ultrasound (Envisor system; Philips 
ultrasound; Bothell, WA, USA) hypothesizing 
that the diaphragm’s thickness in its zone of 

Fig. 3.2 A person performing simple spirometry

Fig. 3.3 A body plethysmograph
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apposition could reflect the magnitude of dia-
phragmatic work and could help clinicians to 
optimize ventilator settings. They measured dia-
phragm thickness at the end of inspiration and at 
the end of expiration and calculated the thicken-
ing fraction. They also used a pneumotachograph 
(Fleisch No2; Fleisch; Lausanne, Switzerland) to 
measure air flow and a double-balloon catheter 
(Marquat; Boissy Saint Le’ger, France) to mea-
sure esophageal and gastric pressures and they 
obtained the transdiaphragmatic pressure and the 
transdiaphragmatic pressure–time product per 
breath by measuring the area under the transdia-
phragmatic pressure signal from the onset of its 
positive deflection to its return to baseline. They 
performed these measurements in intensive care 
unit (ICU) patients during spontaneous breathing 
and during three NIV periods with increasing 
pressure support (PS). They found that increasing 
PS was associated with decreased transdiaphrag-
matic pressure–time product and thickening frac-
tion and that transdiaphragmatic pressure–time 
product was significantly correlated with thick-
ening fraction, but not with expired tidal volume, 
while the directional changes in thickening frac-
tion after a change in the PS level followed rea-
sonably those in transdiaphragmatic pressure–time 
product with a significant correlation coefficient. 
Since thickening fraction values did not corre-
late with expired tidal volume, thickening of the 
diaphragm reflected muscle effort and not the 
increase in pulmonary volume induced by venti-
lation [4]. Those highly reproducible findings 
indicate that NIV could be used to help clini-
cians to optimize the magnitude of ventilator 
support to target a clinically acceptable level of 
work of breathing and prevent ventilation-
induced diaphragmatic dysfunction. The correla-
tion between the transdiaphragmatic pressure–time 
product and the diaphragmatic thickening frac-
tion in this research also points out that bedside 
ultrasonography can reliably replace diaphragm 
 electromyography, measurement of pleural or 
esophageal and gastric pressures, and derived 
variables such as work of breathing as a simple 
and accurate method to assess diaphragmatic per-
formance in the ICU. This may help identifying 
patients with diaphragmatic dysfunction during 

weaning from invasive mechanical ventilation 
making them suitable candidates for NIV.

In obstructive lung diseases, mainly chronic 
obstructive pulmonary disease (COPD)—emphy-
sema and in increasing age in a lesser degree, 
changes in pulmonary elastic properties with 
decreased elastic recoil and increased compli-
ance end up in dynamic hyperinflation, which 
can become extremely severe, and favor volume 
overload, resulting in diaphragmatic dysfunction 
due to mechanical causes. Indeed, in patients 
with COPD with frequent exacerbations the max-
imum pressure produced by the diaphragm’s con-
traction is significantly lower than in individuals 
without COPD, a fact explained by the diaphrag-
matic shortening and the mechanical derange-
ment following onset of progressive lung 
hyperinflation. In addition to that, in COPD exac-
erbation the intrinsic positive end expiratory 
pressure (PEEPi) due to the collapse of the small 
airways and the subsequent air trapping behaves 
as an additional load that the diaphragm has to 
overcome in order to generate inspiratory flow. 
Under these circumstances, the diaphragm soon 
exhausts its functional reserve, and subsequently 
mechanical impairment occurs. Marchioni et al. 
[5] assessed diaphragmatic function in patients 
with acute exacerbation of COPD who received 
NIV by a high-performance ventilator (Engström 
Carestation; GE Healthcare Life Sciences; 
Helsinki, Finland) via a face mask (Philips 
Respironics; Murrysville, PA, USA) in a respira-
tory ICU, setting inspiratory positive airway 
pressure (IPAP) so that to achieve specific Vt, 
respiratory rate (RR), minute ventilation (MV), 
and waveforms according to recommendations. 
Diaphragm function was assessed both with bed-
side ultrasound (GE Vivid 7; GE Healthcare; 
Little Chalfont, UK) by measuring the change in 
diaphragm thickness in the zone of apposition 
during the respiratory cycle with the patient in 
supine position with an average inclination of 45 
degrees and with inflatable balloon catheters 
(NutriVent® nasogastric polyfunctional catheter; 
SIDAM; Mirandola, Italy) by measuring the 
transdiaphragmatic generating pressure capacity 
obtained through a sniff maneuver starting at 
FRC.  Diaphragm dysfunction was defined as a 
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bilateral change in diaphragm thickness in the 
zone of apposition less than 20%. Patients with 
diaphragm dysfunction had significantly lower 
transdiaphragmatic generating pressure capacity 
and a significantly higher risk for NIV failure 
compared with patients without diaphragm dys-
function. A change in diaphragm thickness in the 
zone of apposition less than 20% predicted more 
accurately NIV failure than arterial blood gas 
(ABG) baseline pH and partial pressure of car-
bon dioxide (PaCO2) and pH changes within 2 h 
after NIV was started, while it demonstrated the 
same accuracy with transdiaphragmatic generat-
ing pressure capacity obtained through a sniff 
maneuver in identifying diaphragm dysfunction 
[5]. These findings suggest that the early and 
noninvasive assessment of diaphragmatic dys-
function during severe COPD exacerbation 
requiring NIV seems accurate and helpful in pre-
dicting NIV failure and avoiding the risk of 
delayed intubation. Furthermore, it indicates that 
the use of NIV in an acute COPD exacerbation 
might be more capable in improving lung 
mechanics by implementing positive end expira-
tory pressure (PEEP), which antagonizes PEEPi, 
ameliorates small airway collapse, and reduces 
air trapping and hyperinflation, than in reinforc-
ing diaphragm function. Nevertheless, the suc-
cessful implementation of NIV in cases of 
patients with evident diaphragmatic dysfunction 
demonstrates that apart from lung mechanics, 
NIV is also useful in supporting diaphragm func-
tion compromised by mechanical causes due to 
lung hyperinflation.

Post-surgery acute respiratory failure mainly 
develops following abdominal or thoracic sur-
gery. The risk for post-operative pulmonary com-
plications increases with patient-related risk 
factors such as age older than 60 years, COPD, 
obesity, functional dependence, and congestive 
heart failure. The use of anesthesia and post- 
operative pain induce hypoxemia, atelectasis, 
decreased pulmonary volumes, and diaphragm 
dysfunction. Jaber et al. [6] reviewed the effects 
of NIV on post-operative respiratory function 
and on the management and prevention of post- 
operative respiratory failure. Imaging studies 
showed that NIV may increase lung ventilation 

and decrease the amount of atelectasis during the 
post-operative period in patients undergoing 
major abdominal surgery, a fact that could be 
attributed to the enforcement of the diaphragm 
function. In obese patients with restrictive respi-
ratory disorder undergoing gastroplasty, nasal 
NIV during the post-operative period improved 
the diaphragm dysfunction and accelerated 
recovery of patients [6]. Furthermore, NIV has 
been shown to improve post-operative gas 
exchange and cardiac index. This results in better 
tissue perfusion and oxygenation and less carbon 
dioxide retention. For diaphragm particularly, 
this process improves myocyte function and dia-
phragm function in general. All of the above 
resulted in a lower percentage of patients with 
acute respiratory failure after abdominal or tho-
racic surgery, lower rates of reintubation, acute 
respiratory distress syndrome (ARDS) and anas-
tomosis leakage, shorter length of ICU stay, 
reduction in hospital length of stay, and mortality. 
In addition to that, some of the beneficial proper-
ties of NIV were also observed with combined 
prophylactic usage in the pre-operative and post- 
operative period, mainly depending on the under-
lying disease of patients rather than the 
post-operative respiratory complications [6].

Neuromuscular disorders such as Guillain–
Barré syndrome, amyotrophic lateral sclerosis 
(ALS), critical illness neuromyopathy, poliomy-
elitis, spinal cord injury, phrenic nerve trauma, 
myasthenia gravis, Eaton-Lambert syndrome, 
Duchenne muscular dystrophy, inflammatory 
myopathies (e.g., polymyositis and dermatomyo-
sitis), thyroid myopathy, and metabolic myopa-
thies usually progress in respiratory failure due to 
respiratory muscle insufficiency. Diaphragm 
plays a major role in this process, since it is 
responsible for approximately 70% of the work 
of breathing in normal subjects. Clinical features 
of such conditions could be sleep-disordered 
breathing (morning headache, daytime sleepi-
ness, disrupted sleep pattern, impaired intellec-
tual function), breathlessness, orthopnea, and 
poor cough. There are many tests of respiratory 
muscle function that are used in the diagnosis and 
follow up of these conditions. The value of sleep 
studies has been recognized the last decades in 

3 Diaphragm Function. Pulmonary Function Testing



26

these conditions since nocturnal hypoventilation 
is one of the initial dysfunctions that accompa-
nies them. Overnight oximetry and capnometry 
constitute an essential part of the assessment for 
the early detection of nocturnal hypoventilation. 
Although some investigators support the use of 
polysomnography to confirm and quantify arous-
als during respiratory events, nocturnal hypoven-
tilation can be managed simply with overnight 
titration of NIV to a defined level of hypercapnia, 
irrespective of the sleep stage of the patient. With 
disease progression, NIV is an integral part of 
patient management even at daytime as it can 
support diaphragm function and prevent respira-
tory muscle fatigue. In incurable conditions, the 
only choice to continue patient support would be 
tracheostomy and invasive mechanical ventila-
tion, which however carries substantial side 
effects and is related with poor outcomes in long- 
term survival [7].

The performance of PFTs is the cornerstone of 
the assessment of respiratory system in healthy 
subjects and in patients with thoracic and other 
diseases. The most important and most often 
used measurement is that of FEV1. In many stud-
ies, especially those concerning obstructive lung 
diseases, FEV1 is used as a primary or a second-
ary endpoint to assess clinical results after an 
intervention such as the use of a medication or 
the use of NIV.  NIV can be used as a chronic 
treatment in end-stage respiratory diseases or as a 
treatment in the acute phase of an exacerbation of 
such diseases. COPD and cystic fibrosis are char-
acteristic examples of respiratory diseases, in 
which NIV has been used successfully in their 
chronic management. Budweiser et al. [8] retro-
spectively assessed 46 patients with stable COPD 
undergoing NIV treatment after exhaustion of all 
available medical treatment (all patients had 
received β-agonists, anticholinergic agents, the-
ophylline, inhaled steroids, and on occasion sys-
temic steroids) in 6 and 12  months after NIV 
treatment initiation. NIV was administered 
through a nasal or full facemask of different sizes 
and types (nasal mask Gold or Special; 
Respironics Inc.; Murrysville, PA, USA, and NV 
ultramirage nasal or fullface mask; ResMed Inc.; 
North Ryde, Australia) or, if necessary, via an 

individually manufactured mask with four differ-
ent home respirators, most often the Onyx plus 
(Nellcor Puritan Bennett Inc.; Courtaboef Cedex, 
France) or the BIPAP synchrony ST (Respironics 
Inc.; Murrysville, PA, USA). NIV was set in the 
spontaneous-timed (assist-controlled) mode with 
low inspiratory pressure and back-up respiratory 
frequency and after a phase of adaption the venti-
lation parameters were increased to the patient’s 
comfort level, targeting a tidal volume of 
7–10 ml/kg, while oxygen was supplemented as 
required to achieve an oxygen saturation of more 
than 90%. In case of a persistent hypercapnia, the 
inspiratory pressure was increased in order to 
achieve more effective ventilation. PFTs were 
performed using a whole-body plethysmography 
(Masterlab; Jaeger Inc.; Würzburg, Germany) 
following the guidelines of the American 
Thoracic Society, based on the reference values 
of the European Community for Steel and Coal. 
They found that FEV1, VC, and IC were signifi-
cantly improved after treatment with NIV.  RV/
TLC ratio was also significantly improved after 6 
and 12 months of NIV treatment, while for the 
patients with the most severe hyperinflation (RV/
TLC  >  75%), a significant positive correlation 
between IPAP and the reduction in RV/TLC ratio 
was also found. These findings suggest that in 
stable COPD the use of long-term NIV treatment 
can decrease hyperinflation, thereby improving 
inspiratory capacity. This reduction in hyperinfla-
tion was also accompanied by a significant and 
sustained reduction in PaCO2. This improvement 
could be explained by the changes in ventilatory 
pattern with the decreased respiratory frequency 
and the augmented Vt, the decrease of RV and 
PEEPi, the reduction in the frequency or severity 
of exacerbations and the beneficial mucous clear-
ance [8]. Apart from COPD, the chronic use of 
NIV has been also shown to improve PFTs, 
mainly FEV1, in cystic fibrosis, which is another 
obstructive pulmonary disease, by improving the 
same disease parameters as in COPD.

Acute exacerbations are manifestations of 
obstructive lung diseases and NIV is a very 
important treatment option for these life- 
threatening events. During an acute exacerbation 
of an obstructive lung disease, airway obstruction 
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becomes critical, resulting in small airway col-
lapse, air trapping, lung hyperinflation, and 
increased PEEPi, while the increased volume of 
bronchial secretion deteriorates the problem. 
Dwyer et al. [9] randomly selected 40 adults with 
moderate to severe cystic fibrosis lung disease 
who were admitted to hospital for an acute exac-
erbation, with an FEV1 < 60% of the predicted 
value at admission, and assessed the use of NIV 
in the clinical outcomes of the acute exacerbation 
in a randomized controlled clinical trial setting. 
They divided their participants into two different 
groups: the control group which received stan-
dard comprehensive inpatient care, which 
included the active cycle of breathing technique, 
manual percussion, vibration, postural drainage 
positioning, autogenic drainage, positive expira-
tory pressure and oscillating positive expiratory 
pressure, and the experimental group which 
received the same care with the addition of NIV 
during airway clearance treatments from day 2 of 
admission until discharge. Among other findings, 
which included significantly less fatigue, reduced 
sputum bacterial load and increased respiratory 
muscle strength, the patients of the experimental 
group exhibited a significantly higher FEV1 
(%predicted) at discharge compared to the con-
trol group [9]. These findings indicate that NIV is 
an effective treatment intervention during an 
acute exacerbation of an obstructive lung disease, 
not only due to the improvement of lung mechan-
ics, air trapping, hyperinflation, and PEEPi, as 
discussed previously, but also due to the improve-
ment of bronchial secretion clearance. 
Furthermore, the preservation of respiratory mus-
cle strength with chest physiotherapy for those 
using NIV seems to intensify NIV effectiveness 
in improving lung mechanics. The combination 
of all these mechanisms of action results in a sig-
nificant improvement in PFTs and particularly 
FEV1, which is a key index for the assessment of 
a treatment intervention. Similar findings have 
also been reported in studies of COPD acute 
exacerbations, indicating common action path-
ways of NIV in the acute exacerbations of 
obstructive lung diseases.

Apart from obstructive pulmonary diseases, 
NIV is also useful in patients with restrictive 

pulmonary diseases. Conditions such as cardio-
genic pulmonary edema, obesity hypoventilation 
syndrome, pulmonary infections mainly in 
immunocompromised patients and post-surgery 
atelectasis are examples of both acute and 
chronic restrictive pulmonary diseases in which 
NIV can play a role in their management by 
improving lung mechanics. In patients with car-
diogenic pulmonary edema which is a conse-
quence of heart failure, alveoli get filled with 
fluid and regional atelectasis are emerged result-
ing in decreased FRC and lung compliance and 
in type I respiratory failure. In such cases, NIV 
can improve lung mechanics by increasing FRC 
with the implementation of PEEP, which can 
also be done with continuous positive airway 
pressure (CPAP). Nevertheless, compared to 
CPAP, NIV has the advantage to be effective in 
patients with cardiogenic pulmonary edema 
exhibiting hypercapnia by enforcing respiratory 
muscle strength. NIV can also be effective in 
cases of pulmonary infection, especially in 
immunocompromised patients. It has been 
shown that in these cases, when NIV is applied 
early, it can significantly ameliorate the respira-
tory symptoms of these patients and reduce the 
need for intubation and overall mortality. NIV 
improves lung mechanics in these patients by 
improving FRC with the same mechanism as in 
patients with cardiogenic pulmonary edema. On 
the contrary, NIV has not exhibited the same 
effectiveness in improving the outcomes in 
immunocompetent patients with lung infection, 
with the exception of the subgroup of patients 
with COPD. It seems that in these cases, when 
the infection is localized and there is no preexist-
ing lung pathology, the implementation of NIV 
does not improve lung mechanics. NIV has also 
been shown to be effective in cases of major sur-
gery, complicated by the occurrence of atelecta-
sis and pneumonia. In such cases NIV can 
prevent the occurrence of atelectasis, resulting in 
larger lung volumes and better lung mechanics 
with increased FRC. Another restrictive respira-
tory disease in which NIV has been shown to be 
effective is obesity hypoventilation syndrome. In 
this syndrome, the implementation of NIV is 
chronic and improves clinical outcomes by 

3 Diaphragm Function. Pulmonary Function Testing



28

improving lung mechanics and by enforcing the 
function of respiratory pump [7]. Respiratory 
morbidity due to neuromuscular disorders is 
caused mainly due to diaphragmatic dysfunc-
tion. Nevertheless, lung compliance has also 
been found to decrease in patients with neuro-
muscular disorders compared to healthy sub-
jects. Lechtzin et  al. [10] assessed lung 
compliance, in patients with ALS and in healthy 
volunteers, before and right after the appliance 
of positive pressure ventilation, administered via 
a mouthpiece. ALS patients presented signifi-
cantly lower baseline lung compliance compared 
to healthy volunteers; however, their lung com-
pliance was increased significantly after positive 
pressure ventilation, something that was not 
observed in healthy volunteers [10]. These find-
ings suggest that, apart from diaphragmatic dys-
function, patients with neuromuscular disorders 
also present disrupted pulmonary function, prob-
ably due to atelectasis or increased alveolar sur-
face forces, which are improved with positive 
pressure ventilation, mainly due to the improve-
ment of FRC.

Another useful application of NIV is in patients 
with lung cancer that are going to be subjected to 
surgery. The capability of a patient to be subjected 
to surgical resection of a lung tumor and the size 
of the part of the lung that is going to be resected 
(segmentectomy, lobectomy, and pneumonec-
tomy) are dependent by the pre- operational func-
tional status of the patient, which can be assessed 
by the PFTs and more particularly by the FEV1, 
the diffusion capacity of the lung for carbon mon-
oxide (DLCO), and the maximal oxygen con-
sumption (VO2 max). There are different thresholds 
of pre-operative predicted values for these param-
eters which correspond to the different sizes of 
lung tissue that are allowed to be resected. Bagan 
et al. [11] assessed 20 consecutive patients with a 
clinical N0 non-small cell lung cancer, in whom 
the predicted post-operative respiratory function 
(FEV1 and VO2 max) was below the guideline 
thresholds for eligibility for surgical resection 
and/or associated with severe co-morbidities. 
They subjected them into a cardiorespiratory 
rehabilitation program and 3 h of NIV each day 
and they repeated their functional tests after 

3 weeks of therapy. They found that the patients 
displayed a significant increase in their FEV1 and 
VO2 max, which allowed surgical resection to go 
ahead in all patients, with low percentage of mor-
bidity and mortality, while further postoperative 
rehabilitation allowed a return at home almost all 
the patients [11]. These findings suggest that a 
pulmonary rehabilitation program together with 
the use of NIV allows surgery to be performed in 
patients who are not initially eligible for 
resection.

3.3  Conclusion Discussion

Compared to invasive mechanical ventilation, 
NIV has shown to be effective in preventing 
ventilation- induced diaphragmatic dysfunction 
by targeting a clinically acceptable level of 
work of breathing to optimize the magnitude of 
ventilator support. NIV has also been proved to 
be useful in supporting diaphragm function 
when it is compromised both by mechanical 
causes due to lung hyperinflation and by a tho-
racic or an abdominal surgery, while it is the 
treatment of choice at the early stages of neuro-
muscular disorders, when the only symptom is 
nocturnal hypoventilation due to diaphragmatic 
dysfunction.

Apart from diaphragmatic function, NIV can 
effectively improve pulmonary function in 
patients with obstructive lung diseases, both after 
chronic use, by increasing FEV1 and decreasing 
RV/TLC, and in the phase of an acute exacerba-
tion. NIV is also effective in restrictive lung dis-
eases and in neuromuscular disorders that cause 
respiratory morbidity, mainly by increasing FRC, 
while it can improve lung function in patients 
with lung cancer before a resection surgery, so 
that they could withstand the surgery and avoid 
post-operative complications.

Key Major Recommendations
• In patients who suffer from diseases that 

cause diaphragmatic dysfunction or compro-
mise pulmonary function and necessitate 
ventilatory support, try NIV first, especially 
in cases such as COPD exacerbation, pulmo-
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nary edema, or pulmonary infection in 
immunocompromised, where NIV improves 
survival compared to invasive mechanical 
ventilation.

• When applying PEEP target a value which 
provides the optimal FRC and lung 
compliance.

• When applying IPAP target a value which pro-
vides the optimal RR and Vt and restrain 
hypercarbia and respiratory acidosis.
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Respiratory Accessory Muscle, 
Function of Inspiratory, Expiratory, 
and Bulbar Muscles

Cigdem Akyol Beyoglu

Abstract

During a heavy exercise, energy requirement 
increases, causing insufficiency of inspiratory 
muscles to overcome the elastic recoil of the 
lungs. Respiratory accessory muscles are in 
charge during forced inspiration or expiration. 
Muscles elevating chest cage during respira-
tion are referred to muscles of inspiration, 
while muscles depressing chest cage are 
termed as muscles of expiration. In case of 
high cervical spinal injury, sternocleidomas-
toid muscle remains intact and is the objective 
of physiotherapy. Expiratory muscle strength 
is significant in patients suffering chronic 
obstructive pulmonary disease. Involvement 
of bulbar muscles in patients with neuromus-
cular diseases presents a deterioration of the 
disease.

Keywords

Respiratory accessory muscle · Inspiratory 
muscles · Expiratory muscles · Bulbar 
muscles · Chronic obstructive pulmonary 
disease
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ALS Amyotrophic lateral sclerosis
COPD Chronic obstructive pulmonary disease
EMT Expiratory muscle training
NIV Noninvasive ventilation
SPS Serratus posterior superior

4.1  Introduction

Diaphragm is the main muscle of breathing. 
During a spontaneous quiet inspiration, lungs are 
expanded by diaphragm muscle contraction. 
Contraction of diaphragm provides a 1–2  cm 
downward movement causing an increase in vol-
ume of thoracic cavity both in vertical and hori-
zontal plane [1].

During a spontaneous quiet breathing, con-
traction of the diaphragm muscle alone is suffi-
cient for inspiration. Two additional muscle 
groups are involved in primary inspiratory mus-
cles, acting an active role during inspiration:

 – External intercostal muscle contraction pro-
vides an increase in radial plane in thoracic 
cavity. They also strengthen the muscles and 
tissue between ribs to prevent retraction of 
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thoracic wall against negative intrapleural 
pressure during respiration.

 – Scalene muscles: Their contraction provides 
an upward movement of the first two ribs.

Contraction of inspiratory muscles together 
provides a tidal volume during inspiration. 
Muscles elevating chest cage during respiration 
are referred to muscles of inspiration, while mus-
cles depressing chest cage are termed as muscles 
of expiration. Energy required for a quiet normal 
respiration is 3–5% of total body energy [2]. 
During a heavy exercise, energy requirement 
maybe as high as 50-fold, even much more in 
case of a high resistance or a low compliance of 
the airways. In such cases, inspiratory muscles 
are insufficient to overcome the elastic recoil or 
tissue or airway resistance of the lungs. 
Respiratory accessory muscles are in charge dur-
ing forced inspiration or expiration.

Main inspiratory accessory muscles are; ster-
nocleidomastoid, sternohyoid, sternothyroid, ser-
ratus anterior, pectoralis major, and serratus 
posterior superior [1].

Expiration is passive in the supine position, 
but it becomes active during exercise or in the 
upright position. Abdominal and internal inter-
costal muscles (rectus abdominis, external and 
internal oblique, transversus abdominis) are the 
primary expiratory muscles [1]. They provide a 
downward movement of the ribs. Forced expira-
tion also becomes significant in patients with 
chronic obstructive pulmonary disease (COPD) 
and neurologic disorders. An effective coughing 
and clearance of airways from secretions is vital 
for these patients; hence, a strong expiratory 
muscle function is fateful. Exercise increases 
oxygen consumption of the respiratory muscles, 
and increased metabolic need activates both 
inspiratory and expiratory accessory muscles.

4.2  Discussion and Analysis 
of the Main Topic

4.2.1  Accessory Inspiratory Muscles

4.2.1.1  Sternocleidomastoid Muscle
Sternocleidomastoid is a superficial neck muscle 
and easily observed during its contraction. 

Bilateral contraction elevates the clavicles. 
Human studies report that sternocleidomastoid 
showed a significant activation in case of a very 
high inspiratory drive or when the other rib cage 
muscles are inactive [3].

The sternocleidomastoid is innervated by spi-
nal accessory nerves. Innervation of sternoclei-
domastoid is not adversely affected in case of a 
cervical spinal injury contrary to diaphragm and 
scalene [4]. It is the objective of respiratory reha-
bilitation with trapezius muscle in cervical spinal 
cord injury [4].

The respiratory effects of muscles are clarified 
adopting of reciprocity theorem of Maxwell [5]. 
This theorem suggests that the respiratory effect 
of a particular muscle (△Pao: change in airway 
opening pressure) is related to mass of the muscle 
(m), the maximal active muscle tension per unit 
cross-sectional area (б), and the fractional change 
in muscle length (△L/L) per unit volume 
increase of the relaxed chest wall (△VL)Rel as 
given below:

△Pao = m б[(△L/(L△VL) ] Rel

In other words, a muscle that shortens during 
passive inflation causes a fall in Pao when it con-
tracts alone [6]. So we can say that the respiratory 
effect of a given muscle maybe generalized by 
measuring its mass and its fractional change in 
length during inflation. Researchers studied the 
respiratory effects of intercostal muscles in 
humans by using this theorem [3]. By this 
method, Legrand and collogues compared the 
respiratory effect of scalenus and sternocleido-
mastoid, they concluded that even scalene has a 
greater respiratory effect, under favor of the 
superiority of muscle mass of sternocleidomas-
toid provided a similar inspiratory effect in both 
groups [3].

Respiratory effect of sternocleidomastoid is 
significant when primary inspiratory muscles are 
weak or insufficient. Patients undergoing 
mechanical ventilation weaning are at risk of dia-
phragmatic weakness [7]. Parthasarathy and col-
leagues studied 19 patients undergoing 
mechanical ventilation weaning in which 11 
patients had failure to wean [8]. By the end of the 
study, sternomastoid activity was noted in all fail-
ure patients [8]. In case of diaphragmatic paraly-
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sis, the respiratory effect of sternocleidomastoid 
is similar. Its effect becomes distinct before expi-
ratory muscles recruit the respiratory process in 
case of respiratory insufficiency [8].

The sternocleidomastoid and trapezii contract 
at the end of maximal inspiration and during 
maximal voluntary ventilation in patients with 
severe COPD [9]. Scalenes play an active role in 
COPD patients. The sternocleidomastoid and tra-
pezii in humans have a very high threshold of 
activation [8, 9].

As a result, sternocleidomastoid has a high 
activation threshold that makes it significant in 
cases of cervical spinal cord injury and patients 
undergoing weaning in mechanical ventilation.

4.2.1.2  Sternohyoid-Sternothyroid
Sternohyoid and sternothyroid muscles are infra-
hyoid muscles and are innervated by the first, 
second, and third cervical nerve roots (C1–C3). 
These nerve roots form ansa cervicalis. The ansa 
cervicalis provides motor innervation to the ster-
nohyoid muscle [4]. Their contraction depresses 
the hyoid bone.

The sternothyroid muscle depresses the larynx 
supporting normal chewing, swallowing, and 
speech. Nonetheless, studies in animal models 
also show clear respiration-related activity in the 
sternothyroid [4]. A previous study reported that 
in 17 patients with upper aero- digestive tract 
cancer, sternohyoid and sternothyroid muscles 
showed an inspiratory activation [10]. These 
muscles play a critical role keeping upper airway 
patent during forced inspiration.

4.2.1.3  Serratus Anterior
The serratus anterior muscle derives from the 
first eight or nine ribs connecting to the medial 
border of the scapula and the thoracic vertebrae. 
The muscle primarily protracts and stabilizes 
the scapula. Thoracic nerve which is a branch of 
the brachial plexus innervates the muscle and 
the motor neurons are located in cervical seg-
ments 5–7.

Serratus anterior muscle is an accessory muscle 
of respiration [11]. Like other accessory muscles, 
its effect is distinct in case of deep breathing. 
Serratus anterior contraction elevates the ribs and 
expand thorax. A previous study reported that ser-

ratus anterior contribution to deep breathing pro-
vided a 61% increase in vital capacity in all 30 
healthy human subjects [11]. Serratus anterior 
contribution to breathing depends on the position 
of the muscle. For a maximum respiratory effect, 
the shoulder must be fixed in a neutral position [4, 
11]. Hereby, serratus anterior is an accessory inspi-
ratory muscle which is active during high respira-
tory drive and highly affected by posture [12].

4.2.1.4  Pectoralis Major
Lateral and medial pectoral nerves innervate the 
pectoralis major. Its primary function is adduc-
tion and medial rotation of the humerus. The 
respiratory effect of pectoralis major during high 
respiratory drive has not still been revealed. A 
previous study reported that pectoralis major 
generated an inspiratory effort at 80% vital 
capacity against an inspiratory resistive load in 
healthy subjects [13]. In addition, pectoralis 
major contributes to expiratory flow and acts as 
an accessory expiratory muscle in tetraplegic 
patients [14]. Authors studied the peak expiratory 
flow rate, expiratory muscle strength in 11 com-
pletely tetraplegic patients. They concluded that 
pectoralis major was activated as accessory expi-
ratory muscle and played an important role in 
expiratory function in tetraplegic patients.

4.2.1.5  Serratus Posterior Superior
Serratus posterior superior (SPS) originates from 
the lower part of the spines of the seventh cervi-
cal and upper two or three thoracic vertebrae and 
their supraspinous ligaments. It descends later-
ally and ends in external surfaces of the second to 
fifth ribs. It elevates the superior four ribs, raises 
sternum and elevates the first four ribs. This 
increases anteroposterior diameter of thorax.

4.2.2  Expiratory Muscles

The muscles that pull the rib cage downward 
during expiration are the abdominal recti with 
the most powerful effect of pulling downward 
of the lower ribs, and other abdominal muscles 
compressing the abdominal contents upward 
against the diaphragm are the internal 
intrcostals.
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Rectus abdominis, external and internal oblique, 
transversus abdominis are the primary expiratory 
muscles. Expiratory muscle contractions reduce tho-
racic volume and induce exhalation. Abdominal 
muscle contraction promotes stretching out on dia-
phragm muscle fibers and contributes to mechanical 
effect of the diaphragm [4].

The rectus abdominis depresses the ribs dur-
ing active expiration. It originates from the the 5 
to seventh costa and reaches to symphysis pubis. 
It is separated by linea alba. The segmental nerve 
supply of the abdominal muscles and the overly-
ing skin is derived from T7 to L1.

COPD may cause systemic inflammation and 
muscle weakness by changing the composition of 
muscle fibers and respiratory muscle atrophy. 
Physiotherapy has remarkable effects on improv-
ing muscle functions. Expiratory muscle training 
(EMT) strengthens the muscles, decreases airway 
obstruction and hyperinflation in COPD patients. 
Coughing effectively and forced expiration increase 
clearance of airway secretions and so avoid respira-
tory infections [15]. These advantages assist life 
quality and decrease hospital readmissions of 
COPD patients. Studies comparing inspiratory 
muscle training and expiratory muscle strength 
(EMS) report that improvements in inspiratory 
muscle strength increased exercise performance 
and decreased dyspnea, while an improvement in 
expiratory muscle strength was correlated with a 
significant increase in exercise performance alone 
[16]. A previous study reported significant increase 
(21%) in the PEmax, an improvement in the expi-
ratory muscle endurance based on the peak expira-
tory pressure increase, and a significant increase 
(19%) in the 6 min walk test [17]. EMS training 
maybe used to increase PEmax, to improve speech, 
swallow, respiration, and physical performance.

Expiratory muscle training is often suggested 
in combination to inspiratory muscle training to 
increase exercise performance in severe COPD 
patients [15, 16, 18].

4.2.3  Bulbar Muscles

Bulbar muscles are composed of pharyngeal, 
laryngeal, and oral muscles that are used for 
swallowing, speaking, and coughing. In patients 

with neuromuscular diseases, involvement of 
bulbar muscle dysfunction may worsen the symp-
toms and decrease the quality of life. Bulbar 
muscle dysfunction may usually accompany 
amyotrophic lateral sclerosis (ALS) and myas-
thenia gravis. Laryngeal glottic muscles are cru-
cial for coughing. Coughing is essential for 
clearance of secretions from the airways which is 
critical to prevent infections and progressive 
respiratory failure due to increased work of 
breathing, hypoxemia, and hypercarbia [19]. 
Bulbar muscle dysfunction results in an increased 
risk of aspiration and inadequate glottic closure 
during coughing. Impairment of swallowing may 
cause insufficient nutrition.

Patients with bulbar dysfunction are not capa-
ble of clearing their saliva from the oropharynx 
resulting in sialorrhea. Sialorrhea impairs quality 
of life and causes choking. Noninvasive mechan-
ical ventilation (NIV) is currently a recom-
mended treatment method in neurologic 
disorders. NIV improves airway patency and sup-
ports respiratory muscles causing a delay in 
respiratory insufficiency and invasive mechanical 
ventilation requirement [18]. Because of the 
saliva in the oropharynx, patients with sialorrhea 
cannot tolerate NIV treatment. Bulbar dysfunc-
tion and sialorrhea may cause aspiration and 
aspiration pneumonia.

Some pharyngeal muscles keep upper air-
way patency. Genioglossus muscle tonus keeps 
the tongue away from the posterior wall. Tonic 
activity of levator palati, tensor palati, palato-
pharyngeus, and palatoglossus prevents the soft 
palate from falling back against the posterior 
pharynx [20].

4.3  Conclusion Discussion

Muscles elevating chest cage during respiration 
are called muscles of inspiration, while muscles 
depressing chest cage are termed as muscles of 
expiration. Inspiratory and expiratory muscles 
support inspiration and expiration during exer-
cise or COPD or weaning. Expiratory muscle 
strength is significant in patients suffering 
COPD. Inspiratory and expiratory muscle train-
ing strengthens these muscles and supports 

C. A. Beyoglu



35

forced inspiration and expiration. Patients with 
bulbar dysfunction are not capable of clearing 
their saliva from the oropharynx resulting in sial-
orrhea. Sialorrhea causes choking. NIV is cur-
rently a recommended treatment method in 
neurologic disorders. NIV improves airway 
patency and supports respiratory muscles causing 
a delay in respiratory insufficiency and invasive 
mechanical ventilation requirement.

Key Major Recommendations
• Accessory inspiratory muscles are in charge 

during exercise, or high respiratory drive.
• In case of high cervical spinal injury, sterno-

cleidomastoid muscle remains intact and is 
the objective of physiotherapy.

• Expiratory muscle training in addition to 
inspiratory muscle training supports cough-
ing, clearance airway, and decreases pulmo-
nary infections.

• Bulbar muscle dysfunction accompanying 
neuromuscular disorders worsens the 
 symptoms, impairs the clearance of airways, 
and causes coughing and intolerance to NIV.
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Evaluation of Peripheral Airways

Radhika Reddy

Abstract

The small airways of the lungs are an impor-
tant site of involvement in asthma and chronic 
obstructive pulmonary disease . The tech-
niques in pulmonary function testing to assess 
small airways include spirometry, plethys-
mography, impulse oscillometry, inert gas 
washout, and exhaled nitric oxide measure-
ment. Since each test provides unique infor-
mation, a combination of these investigations 
will likely provide the best evaluation of small 
airway pathology.

Keywords
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Abbreviations

COPD Chronic obstructive pulmonary 
disease

CT Computed tomography
CV Closing volume
FEF25–75 Forced expiratory flow between 25 

and 75% of the forced vital capacity

FENO Fractional excretion of nitric oxide
FEV1 Forced expiratory volume in 1 s
FRC Functional residual capacity
Fres Resonant frequency
FVC Forced vital capacity
HZ Hertz
IOS Impulse oscillometry
MMEF Maximum mid-expiratory flow
MRI Magnetic resonance imaging
PET Positron emission tomography
R5–R20 Difference between the high (20 Hz) 

and low (5 Hz) frequency signals
RV Residual volume
SIII Slope of phase III
SPECT Single photon emission computed 

tomography
sRaw Specific airway resistance
SVC Slow vital capacity
TLC Total lung capacity

5.1  Introduction

The small airways of the respiratory tract are an 
important site of involvement in diseases, such as 
asthma and chronic obstructive pulmonary dis-
ease (COPD). The respiratory tract is divided into 
23 generations of branching airways beginning at 
the trachea and ending in the acinar sacs [1]. The 
first 15 generations of airways are the conducting 
airways, and do not take part in gas exchange [2]. 
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These conducting airways constitute anatomical 
dead space, which is approximately 100–150 ml 
in normal healthy adults. Past the conducting air-
ways are the acinar airways, which take part in 
gas exchange [2]. The small airways begin at 
approximately generation 8 of the conducting 
airways and include all of the acinar airways. 
Early involvement of the small airways, defined 
as airways less than 2 ml in diameter, contributes 
to enhanced airway hyperresponsiveness in 
obstructive lung diseases, such as asthma and 
COPD [2]. The small airways are different from 
large airways, as they lack cartilaginous support 
and mucous glands, and are lined by surfactant, 
which reduces surface tension and helps to pre-
vent collapse during expiration at low lung vol-
umes. The small airways may be prone to 
pathology because of their size and the unique 
characteristics described [2]. Previously, small 
airways were thought to be a “quiet zone” 
because of their relatively low impact on whole 
resistance of the respiratory system as compared 
to large airways [3]. However, small airways can 
increase airflow resistance in the lungs signifi-
cantly, contributing to approximately 10–25% of 
the total resistance below the larynx [2]. In 
COPD, small airway involvement can increase 
the resistance in the lungs by up to 40-fold. Small 
airway obstruction occurs through many mecha-
nisms including mucous impaction, smooth mus-
cle hypertrophy, airway wall thickening, and 
occlusion by inflammatory infiltrates [1]. Small 
airway pathology can lead to decreased airflow, 
increased airways resistance, gas trapping, and 
ventilation inhomogeneity [2]. Despite the 
importance of the small airways to the patho-
physiology of obstructive lung diseases, they are 
relatively difficult to study. In this chapter, meth-
ods for analyzing small airway pathology by pul-
monary function testing (PFT) will be discussed.

5.2  Discussion and Analysis 
of the Main Topic

There are many techniques in pulmonary function 
testing to assess small airways obstruction, includ-
ing conventional spirometry, body plethysmogra-

phy, impulse oscillometry (IOS), inert gas 
washout, and exhaled nitric oxide measurement 
[2]. Each test gives slightly different information 
regarding small airway pathology. No single test is 
adequate to assess small airway pathology, as each 
test has its own advantages and disadvantages [2].

5.2.1  Spirometry

The diagnosis of obstructive lung disease can be 
made when the ratio of forced expiratory volume 
in 1  s (FEV1) to forced vital capacity (FVC) is 
less than 70%. In general, reduction of FEV1 
reflects airflow obstruction in the large airways. 
A reduced FEV1 is not a sensitive indicator of 
small airways disease [2]. Examination of the 
expiratory flow during mid-exhalation, the forced 
expiratory flow between 25% and 75% of the 
forced vital capacity (FEF25–75) or maximum mid- 
expiratory flow (MMEF), is a commonly cited 
measure of small airway resistance. A value of 
FEF25–75 less than 65% of predicted is considered 
abnormal. The theory proposed by McFadden 
and Linden is that obstruction in the small air-
ways leads to reduced flow at low lung volumes, 
while flows at high lung volumes are much less 
affected [4]. McFadden and Linden studied 53 
non-asthmatic smokers, and found that the only 
abnormalities on routine PFTs were reduced 
MMEF and increased residual volume (RV). In 
their study, airway resistance, specific conduc-
tance, FEV1, maximum expiratory flow rate, and 
total lung capacity (TLC) were all within normal 
limits. Therefore, they proposed that MMEF rep-
resented small airway obstruction, which could 
be an early manifestation of chronic bronchitis. 
The advantage of using FEF25–75 is that it is 
widely available, reproducible, and can be inter-
preted by standardized criteria. However, there 
are many disadvantages to using FEF25–75 as a 
measure of small airways resistance. First, FEF25–

75 is dependent on the FVC, which is effort- 
dependent. Therefore, significant changes in the 
FVC between maneuvers will affect the FEF25–75. 
Because of this, if FEF25–75 is not adjusted for 
lung volumes, it will not be consistently repro-
ducible [2]. In addition, the FEF25–75 is not sensi-
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tive for small airway disease if the FEV1/FVC 
ratio is normal. In an analysis of FEF25–75, Quanjer 
et  al. determined that in only a small subset of 
cases was a low FEF25–75 associated with normal 
FEV1/FVC ratio and a normal FVC. In Quanjer’s 
study, FEF25–75 was abnormal in only 2.75% cases 
in which FEV1, FVC, and FEV1/FVC ratio were 
normal [5]. Finally, FEF25–75 does not correlate 
well with other markers of small airway pathol-
ogy, such as air tapping or small airway inflam-
mation on histology [2]. Therefore, although 
FEF25–75 is commonly used as a measure of small 
airway resistance, many experts feel that the 
FEF25–75 does not contribute much to clinical 
decision-making [5]. Other spirometric measures 
have been suggested as markers of small airway 
obstruction. These include the forced expiratory 
volume in 3 s to FVC ratio (FEV3/FVC ratio), the 
fraction of air not expired in the first 3  s (1  – 
FEV3/FVC), the change in FVC following hista-
mine provocation, and the ratio of FVC to slow 
vital capacity (SVC). Interpretations of all of 
these measurements must take into account the 
effort-dependence of these parameters.

5.2.2  Body Plethysmography

Air trapping and lung hyperinflation can be sen-
sitively measured with body plethysmography 
[6]. Hyperinflation, defined as abnormally ele-
vated lung volumes, is a function of airflow limi-
tation, lung elastic recoil, and chest wall 
compliance [2]. The three measures of airway 
resistance determined by body plethysmography 
are (1) Elevation in the residual volume (RV), (2) 
Elevation of residual volume to total lung capac-
ity (RV/TLC) ratio, and (3) Decreased specific 
airways resistance (sRaw). Elevation of the RV is 
a measure of small airways dysfunction, as this 
represents gas trapping. It is a sensitive measure, 
as RV may increase in asthma before the onset of 
abnormal spirometry [2]. The degree of elevation 
in RV correlates with small airway inflammatory 
changes in COPD and peripheral airway resis-
tance in asthma [2]. Elevation of the RV/TLC 
ratio is another useful marker of air trapping, 
especially since both RV and TLC are elevated in 

obstructive lung diseases. Finally, plethysmo-
graphic sRaw is measured during tidal breathing 
[6]. sRaw is a product of functional residual capac-
ity (FRC) and airways resistance (Raw) and is cal-
culated by examining the relationship of 
plethysmographic box pressure and flow during 
spontaneous breathing. During the maneuver to 
measure sRaw, the relationship between airflow 
and changes in plethysmographic pressure is 
assessed without the need for any special breath-
ing maneuvers against an airway occlusion [6]. 
The advantage of using body plethysmography to 
evaluate small airways is that it is widely avail-
able, reproducible, and easy to perform. Body 
plethysmography is also sensitive to early 
changes in small airways leading to air trapping. 
However, these measurements are not specific for 
small airways, since air trapping as a result of 
large airway pathology also leads to abnormali-
ties in RV, RV/TLC ratio, and sRaw. Similar to 
spirometry, measurements of airway resistance 
by body plethysmography are also largely effort- 
dependent [2]. Another disadvantage of body 
plethysmography to measure peripheral airway 
resistance is lack of standardization. Different 
manufacturers have unique software, which 
means that the relationship between plethysmo-
graphic box pressure and airflow can be analyzed 
in different ways, contributing to error [6]. 
Therefore, interpretation of these measurements 
must be done with caution, taking into consider-
ation the effort-dependence of this parameter, 
and lack of standardization.

5.2.3  Impulse Oscillometry

Impulse oscillometry is a technique that applies 
oscillating pressure variations in the form of 
sound waves at frequencies from 5 to 35 Hertz 
(Hz), to assess respiratory mechanics during 
spontaneous breathing [7]. Pressure and flow 
changes are measured at the mouth and ana-
lyzed in a Fourier transformation to determine 
the impedance of the respiratory system [2]. 
Resistance measured by IOS includes resistance 
of the oropharynx, larynx, trachea, large and 
small airways, and lung and chest wall [7]. 

5 Evaluation of Peripheral Airways



40

Higher frequencies (>15 Hz) reflect a contribu-
tion of the large airways, as these signals are 
absorbed before they reach the small airways. 
Low frequencies (5  Hz) represent the whole 
lung since they penetrate deep into the lung. 
Therefore, the contribution of the peripheral air-
ways is determined by examining the difference 
between the high- and low-frequency signals 
(R5–R20) [2]. Currently, R5–R20 is the only IOS 
parameter used for the diagnosis of small air-
way dysfunction. The documented value for 
small airway dysfunction in COPD patients and 
those exposed to dust/fumes is R5–R20 greater 
than 0.07 kPa/(L/s) [6]. Another possibly impor-
tant IOS parameter aside from R5–R20 is reso-
nant frequency (Fres), which represents the 
frequency at which reactance is 0, indicating 
that elastic and inert properties are equal and 
opposite. The normal Fres is between 6–11  Hz 
[7]. In a study by Chiu et al., the IOS parameter 
Fres as compared to R5–R20 and FEF25–75 had 
increased sensitivity in detecting small airway 
dysfunction in patients without obstructive lung 
disease [8]. The main advantage of IOS is that it 
is effort-independent, unlike spirometry and 
body plethysmography, and therefore is consis-
tently reproducible [7]. Since IOS does not rely 
on forced maneuvers, it can be performed easily 
on patients with severe lung disease and patients 
who cannot reliably perform spirometry [2]. 
Additionally, IOS is more sensitive in detecting 
small airway dysfunction than spirometry and 
body plethysmography [8]. Other advantages of 
IOS are its noninvasiveness, relative ease to per-
form, and ability to provide intra-breath analy-
sis. The main disadvantage of IOS is that it is a 
relatively newer test, and therefore equipment 
may not be widely available. Since it provides 
intra-breath analysis, there may be significant 
moment-to-moment variability in a stable indi-
vidual [7]. Therefore, multiple measurements 
may be required to obtain a reliable true value in 
an individual. In addition, there may be some 
interference from swallowing and upper airway 
artifacts in the interpretation of IOS [2]. Overall, 
some experts feel that IOS may be the best indi-
vidual test to actually measure small airway 
dysfunction.

5.2.4  Inert Gas Washout

Inert gas washouts, which measure efficiency of 
gas mixing in the lungs, are another way of evalu-
ating the peripheral airways. Overall, they assess 
the efficiency of the distribution of ventilation. 
Washout tests can provide important insight into 
mechanisms behind abnormal ventilation distri-
bution and help localize airway pathology [9]. 
The most common techniques used are the single 
breath nitrogen washout (SBNW) and the multi-
ple breath nitrogen washout (MBNW) [2]. The 
SBNW is performed by inhaling 100% oxygen 
from RV to TLC, followed by a slow exhalation 
maneuver. Subsequently, the exhaled volume and 
concentration of nitrogen are measured, which 
can be broken down into four phases [2]. Phase I 
represents anatomical dead space, the air in the 
conducting airways of the lungs, and the concen-
tration of nitrogen is close to 0%. Phase II is 
characterized by a sharp rise in nitrogen concen-
tration as the alveolar gas mixes with dead space 
gas. During Phase III, the concentration of nitro-
gen plateaus, as this represents alveolar gas. 
Phase IV is characterized by a steep rise in nitro-
gen concentration as the most poorly ventilated 
areas of the lung empty [2]. Analysis of the slope 
of Phase III (SIII) can give important information 
regarding small airway pathology. In obstructive 
lung disease, the affected lung units mix less well 
with inspired oxygen and empty more slowly, 
leading to an increase in SIII. Another important 
measurement in obstructive lung disease is the 
closing volume (CV), which is the point where 
small airways start to close due to gravity- 
dependent closing. CV represents airway closure 
occurring preferentially in dependent lung 
regions and peripheral airway obstruction [9]. 
The advantage of SBNW is that it is sensitive to 
early changes in patients with obstructive lung 
disease. Asthmatic patients with normal FEV1 
have increased CV and SIII compared to healthy 
controls, which indicates that measures may be 
more sensitive than spirometry [2]. However, 
SBNW is not very specific, as changes in both 
large and small airways can affect the SIII. 
Therefore, it is possible to infer that a normal SIII 
indicates no small airway pathology, but an 
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abnormal SIII does not help differentiate between 
small and large airway pathology. In addition, 
SBNW is not widely used as it requires special 
equipment, often restricting it to research settings 
[2]. During a MBNW test, the patient inhales 
100% oxygen from FRC with a fixed tidal vol-
ume and respiratory rate. The test stops when the 
exhaled nitrogen is less than 1/40th of the origi-
nal concentration. Similar to SBNW, the SIII is 
measured over multiple breaths. Advantages and 
disadvantages are similar to SBNW [2]. Other 
inert gases, such as helium and sulfur hexafluo-
ride can be used in washout tests as well, and 
may offer further information from the SIII mea-
surement. However, these inert gases are not as 
readily available, require a wash-in period, and 
special equipment to perform the test. Nitrogen 
washout has the advantage of being widely avail-
able and affordable. In addition, nitrogen is resi-
dent in the lungs, even in slowly ventilated lung 
compartments, and therefore is more sensitive in 
detecting abnormalities as compared to the other 
inert gases [9].

5.2.5  Exhaled Nitric Oxide

Measurement of the fractional excretion of nitric 
oxide (FENO) is another way to examine periph-
eral airways disease. Nitric oxide is formed by 
nitric oxide synthase-mediated cleavage of a gua-
nido group of arginine to form citrulline and 
nitric oxide [9]. FENO is measured by single 
breath exhalation during tidal breathing [2]. FENO 
is often up to fivefold higher in asthmatic patients 
as compared to normal control patients [10]. The 
FENO value reflects levels of inflammation in the 
lungs since alveolar and inflammatory cells pro-
duce nitric oxide [2]. Many studies have shown 
that levels of FENO correlate with levels of eosin-
ophilic airway inflammation seen in bronchoal-
veolar lavage (BAL) fluid, induced sputum, and 
endobronchial biopsies [10]. In addition, FENO 
levels increase during asthma exacerbations or 
periods of increased symptoms, and may actually 
predict exacerbations in some patients [9]. 
Exhaled nitric oxide is dependent on flow rate, 
which can help localize areas of inflammation 

within the lung. Under low flow, FENO reflects 
central airways, and under high flow, it represents 
the alveolar nitric oxide [2]. FENO has been com-
monly used for the evaluation of patients with 
asthma. In a study by Spergel et al., FENO corre-
lated more closely with asthma symptoms than 
did FEV1, indicating that it is a good indicator of 
asthma control [10]. A FENO greater than 25  in 
asthmatic patients indicates significant eosino-
philic inflammation, which improves with treat-
ment with both oral and inhaled corticosteroids. 
In COPD, FENO may be raised, but usually to a 
lesser extent than in patients with asthma. The 
advantage of FENO is that it is easy to perform and 
sensitive to treatment in asthma patients. 
However, its disadvantages are its unclear role in 
COPD, and the fact that it is affected by smoking 
status, which may affect the interpretation [2].

5.3  Conclusion Discussion

In conclusion, understanding small airway 
pathology in asthma and COPD is important, as it 
may distinguish individual phenotypes of the dis-
eases and guide therapies. There are many tech-
niques in pulmonary function testing to assess 
small airways obstruction, including conven-
tional spirometry, body plethysmography, 
impulse oscillometry, inert gas washout, and 
exhaled nitric oxide measurement. Spirometry 
and plethysmography are easy to perform, how-
ever are effort-dependent and are not specific for 
small airway pathology. FENO is easy to perform 
and well-studied in asthma, however has an 
unclear role in COPD.  Inert gas washouts and 
IOS are sensitive to early changes in small airway 
pathology, but require special equipment to per-
form. Aside from pulmonary function testing, 
imaging of the lungs by computed tomography 
(CT) scans can be used to assess small airway 
pathology. Assessing CT images for mosaic 
attenuation, areas of low attenuation, can further 
localize areas of air trapping within the small air-
ways. In addition, sputum analysis, transbron-
chial biopsy, and bronchoalveolar lavage can also 
provide additional information regarding small 
airway pathology [2]. In the near future, mag-
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netic resonance imaging (MRI) and nuclear med-
icine tests including two-dimensional gamma 
scintigraphy, single photon emission computed 
tomography (SPECT), and positron emission 
tomography (PET) may have emerging roles in 
evaluating the small airways [1]. Currently, many 
of these specialized tests require special equip-
ment, and are therefore restricted to the realm of 
research. Hopefully in the future, more research 
can be done to incorporate these tests and further 
our understanding of small airway pathology. 
Overall, since each test provides unique anatomi-
cal, functional, and physiological information, a 
combination of these investigations will likely 
provide the best evaluation of small airway 
pathology.

Key Major Recommendations
• Examination of the FEF25–75 (or MMEF) is a 

commonly cited measure of small airway 
resistance. This spirometric measurement is 
widely available and reproducible, however is 
effort-dependent, not specific for small air-
ways disease, and may not be very clinically 
significant.

• The three measures of airway resistance deter-
mined by body plethysmography are (1) 
Elevated RV. (2) Elevated RV/TLC ratio. (3) 
Decreased sRaw. These measurements are easy 
to perform and sensitive to early changes in 
small airways, but are effort-dependent and 
not specific for small airways disease.

• IOS is a technique that applies oscillating 
pressure variations to assess respiratory 
mechanics during spontaneous breathing. IOS 
is more sensitive in detecting small airway 
dysfunction than spirometry and body pleth-
ysmography, and is effort-independent, which 
is an advantage. Some experts feel that IOS 
may be the best individual test to actually 
measure small airway dysfunction.

• Inert gas washouts are sensitive to early 
changes in obstructive lung disease and can 

distinguish small airway pathology. However, 
these tests often require special equipment, 
therefore restricting them to research 
settings.

• FENO can help evaluate inflammation in the 
lungs, is easy to perform, and is sensitive to 
treatment changes in asthmatic patients, how-
ever, its role in COPD is unclear.
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Lung Compliance Measurement

Mohamad F. El-Khatib

Abstract

Measurements of respiratory mechanics and 
particularly the lung compliance are done 
widely in patients receiving mechanical ven-
tilation. This can provide information about 
the severity of disease, the response to treat-
ment, and the safety for ventilator discontinu-
ation. Measuring lung compliance and 
making appropriate ventilator adjustments 
can lead to improved outcomes in patients 
receiving mechanical ventilation. The focus 
of this chapter is on the measurement of lung 
compliance and how this can be used to help 
make clinical decisions.
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Lung compliance · Static · Dynamic 
Noninvasive ventilation · Mechanical 
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Abbreviations

ARDS Acute respiratory distress syndrome
BiPAP Bilevel positive airway pressure
CCW Chest wall compliance
Cdyn Dynamic compliance
CL Lung compliance
CRS Respiratory system compliance
Cstat Static compliance
ECMO Extracorporeal membrane oxygenation
EPAP Expiratory positive airway pressure
IPAP Inspiratory positive airway pressure
PEEP Positive end expiratory pressure
PIP Positive inspiratory pressure
Ppeak Peak airway pressure
Pplateau Plateau pressure
VT Tidal volume
VTE Expired tidal volume
VTI Inspired tidal volume
ΔP Change in pressure
ΔV Change in volume

6.1  Introduction

Measurements of respiratory mechanics allow a 
clinician to monitor closely the course of pulmo-
nary disease. At the bedside, changes in these 
mechanics can occur brusquely or they may reveal 
slow trends in respiratory condition. Due to its 
strong correlation with the underlying pathophys-
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iology in lung diseases, the measurement of lung 
compliance (CL) is highly desired whether the 
patient is receiving invasive or noninvasive 
mechanical ventilation or just spontaneously 
breathing. In acute hypoxemic respiratory failure 
such as acute respiratory distress syndrome 
(ARDS), the decrease in lung compliance is 
attributable to the impairment of surfactant func-
tion, alveolar fluid accumulation, and reduction of 
airspace volume due to alveoli collapse [1]. Most 
of the lung diseases are nonhomogeneous with 
areas of lung consolidation and atelectasis along 
with nearly normally aerated lung portions with 
nearly normal intrinsic mechanical properties [1]. 
From this perspective, diseased lung is stiffer with 
decreased compliance simply because of reduced 
aeration of some of its portion.

The assessment of CL helps in titrating and 
optimizing ventilatory support as well as for 
monitoring the progression of the lung disease. 
In most modalities of invasive and noninvasive 
 ventilatory support, it is the respiratory system 
compliance (CRS) rather than the lung compli-
ance (CL) that is directly determined. CRS not 
only reflects CL but also reflects the chest wall 
compliance (CCW) that are two separate compli-
ances interacting in parallel to make the respira-
tory system compliance [2]. To separate between 
the lung and chest wall compliances, an esopha-
geal catheter incorporating a balloon needs to be 
inserted into the patient’s esophagus for estima-
tion of the pleural pressure and appropriate sepa-
rate estimation of CL and CCW [2]. Although CRS 
is affected by both CL and CCW (Table 6.1), the 

changes in CRS most commonly result from 
changes in CL rather than CCW since the CCW does 
not change significantly during the course of the 
lung diseases and as such in most of the cases, 
the CRS is considered an acceptable surrogate of 
the CL. For the purpose of this chapter, it will be 
assumed that CCW is stable and measurement of 
CRS will serve as an accurate reflection of CL.

6.2  Discussion and Analysis 
of the Main Topic

6.2.1  Techniques for Measurement 
of Lung Compliance

In an expandable structure such as the lung, the 
compliance is the most important mechanical 
property that reflects the ability of the lung to 
stretch and absorb the applied pressures and 
delivered tidal volumes. The compliance is 
directly proportional to the change in volumes 
(ΔV) but indirectly proportional to the change in 
pressures (ΔP) and is expressed as the ratio ΔV/
ΔP.  The change in volume is simply the tidal 
volume (ΔV = VT) while the change in pressures 
is the change from peak pressure at the end of 
inspiration (PIP) to the total positive end expira-
tory pressure (PEEPTot) (ΔP  =  PIP − PEEPTot). 
Whenever there is no auto-PEEP, the PEEPTot is 
simply the applied PEEP and subsequently the 
lung compliance is expressed as CRS = VT/(PIP 
− PEEP).

6.2.1.1  Measurement of Lung 
Compliance During Invasive 
Mechanical Ventilation

In mechanically ventilated patients, two types of 
lung compliances can be determined: static (Cstat) 
and dynamic (Cdyn) lung compliances. All cur-
rent generations of mechanical ventilators pro-
vide comprehensive monitoring of key variables, 
such as inspired and expired tidal volumes (VTI 
and VTE), peak airway pressure (Ppeak), PEEP and 
auto-PEEP that are useful for the determination 
of both static and dynamic lung compliances. 
During mechanical ventilation, the static lung 
compliance is usually a better reflection of the 
lung parenchyma and alveoli since it is deter-

Table 6.1 Causes for decreases in respiratory system 
compliance

Decrease in lung compliance
Decrease in chest 
wall compliance

Tension pneumothorax Obesity
Mainstem intubation Ascites
Dynamic hyperinflation Neuromuscular 

weakness
Pulmonary edema Flail chest
Pulmonary fibrosis Kyphoscoliosis
Acute respiratory distress 
syndrome

Fibrothorax

Hypersensitivity pneumonitis Chest wall tumor
Connective tissue disorders Paralysis
Sarcoidosis Scleroderma
Lymphangitic spread of tumor
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mined during a static steady-state during periods 
of no gas flows that will eliminate any possible 
effects of the airways’ resistance. Periods of no 
flows are created by clinicians at the bedside 
where end-inspiratory pauses/holds of variable 
lengths are created. This is referred to as an 
“end- inspiratory hold maneuver” during which 
the peak alveolar pressure or plateau pressure 
(PPlateau) rather than the peak airway pressure is 
determined that specifically reflects the ability of 
alveoli and the lung as a whole to stretch and 
absorb the delivered tidal volume (Fig.  6.1). 
Knowing the PPlateau, the static CL will be VT/
(PPlateau − PEEP). The most accurate approxima-
tion of PPlateau is obtained when patients are pas-
sive and when adequate end-inspiratory holds 
(≥0.5 s) are applied.

On the other hand, dynamic lung compliance 
represents lung compliance during periods of 
gas flow where the airway resistance can influ-
ence the generated peak inspiratory pressure. 
Dynamic lung compliance is calculated as VT/
(PIP − PEEP) (Fig. 6.1). Dynamic lung compli-
ance is always lower than or equal to static lung 
compliance, because (PIP − PEEP) is always 
greater than (PPlateau – PEEP). For example, in a 
mechanically ventilated patient with VT of 
450 mL, PEEP of 8 cmH2O, PIP of 35 cmH2O, 
auto-PEEP of 0 cmH2O, and Pplateau of 24 cmH2O, 
then the Cstat = 450/(24–8) = 28.125 mL/cmH2O 
and Cdyn = 450/(28–8) = 22.5 mL/cmH2O.  In a 
normal subject on mechanical ventilation, static 
compliance should be greater than 40–50  mL/

cmH2O while dynamic compliance should be 
greater than 30 mL/cmH2O [3].

6.2.1.2  Lung Compliance 
Measurement During 
Noninvasive Mechanical 
Ventilation

Assessment of lung compliance is particularly 
difficult during noninvasive ventilation due to 
the fact that the patient is not passive, and it is 
almost impossible to measure the contribution of 
patient respiratory muscles to the total driving 
pressure. However, during noninvasive ventila-
tion such as bilevel positive airway pressure 
(BiPAP), dynamic lung compliance can be esti-
mated because during BiPAP support, it is almost 
impossible to create periods of no gas flow at the 
end of inspiration as well as to achieve stable 
plateau pressures that are necessary for the deter-
mination of static lung compliance. Periods of 
no gas flow at the end of inspiration are best cre-
ated and maintained when patients are passive 
which is not the case during BiPAP therapy. 
Nevertheless with modern BiPAP devices, the 
tidal volumes are accurately determined particu-
larly if unintended leaks (e.g., leaks around the 
patient’s interface) are minimized/eliminated 
which allows the clinicians to appropriately esti-
mate the dynamic lung compliance as VT/
(IPAP  – EPAP), where IPAP is the inspiratory 
positive airway pressure and EPAP is the expired 
positive airway pressure. For example, in a 
patient receiving noninvasive ventilation with 
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BiPAP, if the IPAP is 14  cmH2O, EPAP is 
8 cmH2O, and exhaled tidal volume is 300 mL, 
then Cdyn = 300/(14–8) = 50 mL/cmH2O.

The obvious advantage for dynamic compli-
ance is that it is continuous, and can be used as 
ventilator treatment is applied. Dynamic compli-
ance is more for monitoring than for measure-
ment, and its lack of precision is counterbalanced 
to some degree by its capacity to follow trends 
and changes in lung mechanical properties.

6.2.1.3  Lung Compliance 
Measurement 
in Spontaneously Breathing 
Patients

Modern and comprehensive systems for pulmo-
nary function testing that include a body plethys-
mograph (body box) have the capability for 
measurement of respiratory system compliance 
in spontaneously breathing patients. The body 
plethysmography is a very sensitive lung mea-
surement used to detect complex or mixed lung 
pathology. Body plethysmography involves the 
patient breathing against a shutter valve while 
sitting in a body box. The pressure changes in 
the box helps measure the lung volumes [4]. 
Once different readings of the lung volume are 
obtained at specific measured pressure points, a 
pressure–volume curve representing both elastic 
and airway resistance of the lung is obtained and 
subsequently the dynamic compliance of the 
lung is determined as the resulting slope of pres-
sure–volume curve (i.e., Cdyn = ΔP/ΔV) [4].

6.2.1.4  Factors Affecting Pulmonary 
Compliance

There are several factors that can affect the lung 
compliance. These include elastic property of 
the lung tissue, the surface tension elastic force, 
surfactant, and age.

Elastic property of the lung tissue is deter-
mined by the collagen and elastin fibers inside 
the lung parenchyma. The flexibility of these 
fibers determines the compliance of the lung. 
These fibers could be damaged or affected by 
some pulmonary pathologies and cause the lung 
to be stiff with low compliance [1].

The surface tension exerted by the fluid lining 
the walls of the alveoli is another factor that 
affect the lung compliance [1]. Thus, the saline- 
filled lung has higher compliance than the nor-
mal air-filled lung.

Surfactant is the surface-active agent in the 
fluid, secreted by type II alveolar epithelial cells 
lining the alveoli. It reduces the surface tension 
in the alveoli and indirectly affects the compli-
ance of the lung. In lung pathologies where sur-
factant production is compromised, the lungs are 
usually collapsed and hard to inflate due to the 
low compliance [1].

Finally, age can minimally influence the 
lung compliance. The small increases in lung 
compliance with age are mainly due to the 
extent of structural changes in the lung elastin 
fibers [5].

6.3  Conclusion Discussion

6.3.1  Discussion

Lung compliance represents the major load on 
the respiratory muscles and can be responsible 
for up to 60% of the work of breathing. For lungs 
with low compliances, more work from breath-
ing muscles is required to inflate the lungs. Xie 
et al. showed that the respiratory system compli-
ance affected the relationships between tidal vol-
ume and driving pressure and lung strain in 
ARDS patients. These results indicate that 
increasing tidal volume-induced lung injury 
more easily in patients with low respiratory sys-
tem compliance [6].

In specific pathologies, continuous monitor-
ing of the lung compliance curve is useful to 
understand the progression of the condition and 
to decide on therapeutic settings needed for ven-
tilator management [7]. In 154 ARDS patients, 
Bellani et al. showed that lower respiratory sys-
tem compliance (odds ratio, 0.92 [0.88–0.96]) 
are independently associated with increased 
mortality [8]. Moreover, they also showed that 
the respiratory system compliance significantly 
correlated with the volume of aerated lung 
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(r = 0.69). Furthermore, in 787 ARDS patients, 
Guerin et al. showed that when lung protective 
mechanical ventilation is applied, the respiratory 
system compliance was a risk factor for mortal-
ity [9]. In an international, multicenter, prospec-
tive cohort study of 350 patients undergoing 
extracorporeal membrane oxygenation (ECMO) 
for ARDS during a 1-year period in 23 interna-
tional ICUs, Schmidt et al. showed that improve-
ments in Cstat post-ECMO were associated with 
better outcomes [10].

The lung compliance has been used to guide 
for the optimal level of PEEP in patients with 
acute respiratory distress syndrome (ARDS). 
Different values of static compliances are deter-
mined by applying different levels of PEEP in 
intubated and mechanically ventilated ARDS 
patients, and the PEEP resulting in the highest 
value for static compliance is selected and con-
sidered as the “PEEP of best compliance.” 
Usually, this will correspond to the least ventila-
tion to perfusion mismatch, lowest dead-space 
fraction, and the maximum oxygen delivery. 
When compared to FiO 2-driven positive end 
expiratory pressure in 159 patients with severe 
ARDS, Pintado et al. showed that individualized 
PEEP selection based on the best static compli-
ance was associated with lower mortality at 
90 days, with an increase in organ dysfunction-
free days at 28 and 90 days [11].

Also, several reports have indicated that 
improvements in lung compliance back to nor-
mal values are good indicators for weaning ven-
tilatory support and liberation from mechanical 
ventilation [3, 12].

6.3.2  Conclusion

Monitoring of respiratory mechanics and partic-
ularly lung compliance is of utmost importance 
in patients receiving invasive or noninvasive 
ventilatory support. Bedside measurements of 
lung compliance can be used for the diagnosis of 
various illnesses and to assist in the proper ven-
tilatory support management to optimize out-

comes. In mechanically ventilated patients, 
measurements of lung compliance can provide 
information about the severity of disease, the 
response to treatment, and the safety of ventila-
tor discontinuation. Most modern ventilators 
incorporate technologies and algorithms that 
allow continuous measurements of lung compli-
ance that is most accurate when patients are pas-
sive and receiving controlled mechanical 
ventilation. The patients on noninvasive ventila-
tory support still present a challenge and new 
technologies and algorithms for monitoring of 
lung compliance need to be developed to facili-
tate management and improve outcomes in those 
patients.

Key Major Recommendations
• Monitoring of lung compliance is vital for the 

management of invasive and noninvasive 
mechanical ventilation.

• In mechanically ventilated patients, measure-
ments of lung compliance can provide infor-
mation about the severity of disease, the 
response to treatment, and the safety of venti-
lator discontinuation.

• Making appropriate ventilatory support adjust-
ments based on lung compliance can lead to 
improved outcomes in selected patients.
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Evaluation of Pressure, Volume, 
and Flow Waveforms During NIV

Sara Dias, Antonio M. Esquinas, Bruno Cabrita, 
and Ana Luísa Fernandes

Abstract

Noninvasive ventilation (NIV) has become the 
standard of care for the management of acute 
or chronic respiratory failure in many situa-
tions. However, to successfully ventilate a 
patient, leaks and patient-ventilator synchrony 
should be optimized. Monitoring pressure, 
volume, and flow waveforms displayed by the 
ventilators may help to improve patient- 
ventilator interaction and, therefore, lead to 
effective ventilation.

Keywords

Noninvasive ventilation · Waveforms · 
Monitoring · Asynchrony

Abbreviations

ARF Acute respiratory failure
COPD Chronic obstructive pulmonary disease
I/R  Inspiration/expiration ratio
NIV Noninvasive ventilation
Paw Airway pressure

PEEPi Intrinsic positive end-expiratory 
pressure

VTE Expiratory vital volume

7.1  Introduction

NIV is a life-saving therapeutic option that 
should be proposed to the majority of patients 
with acute respiratory failure (ARF) when 
mechanical ventilation is not indicated. However, 
the benefits of NIV can only be obtained if ade-
quate monitoring of patients is undertaken [1]. 
Monitoring flow, pressure, and volume curves, at 
least in the beginning of ventilation, is one of the 
keys to success. The analysis of these signals in 
real-time is particularly useful for evaluating the 
interaction between the patient and the machine.

7.2  Discussion and Analysis 
of the Main Topic

7.2.1  Monitoring Pressure, Volume, 
and Flow Waveforms as a Key 
to Success

Since NIV is a semi-open system, there are inevi-
table leaks associated: nonintentional leaks 
(through the mouth, when using a nasal mask, or 
around the interface) and intentional leaks 
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(through expiratory ports or valves, which are 
part of the circuit). Ideally, the ventilator should 
identify leaks and automatically adjust triggering 
and cycling-off functions to compensate them. 
Compensation of leakage is usually performed 
by most ventilators unless there are excessive 
leaks, which have a negative effect on the effec-
tiveness of NIV. This is related to changes in the 
actual tidal volume that the patient receives and 
impaired triggering and cycling-off functions of 
the ventilator [2].

Asynchrony is defined as the uncoupling of 
ventilator-delivered inspiratory flow from the 
patient’s ventilatory demands, in terms of either 
timing or drive [3]. Several variables interfere 
with the incidence and severity of asynchrony: 
ventilation mode, ventilator settings, respiratory 
system mechanics, presence of air leaks, and the 
type of interface. The prevalence of various asyn-
chrony events in a group of 60 patients receiving 
NIV for ARF was between 12% and 23% and 
severe asynchrony was observed in 43% of the 
patients. The most frequent asynchrony was 
delayed cycling, which was present in 23% of the 
patients. This was followed by double triggering 
(15%), auto-triggering (13%), ineffective efforts 
(13%), and premature cycling (12%) [4].

The flow, volume, and airway pressure (Paw) 
signals displayed in the monitor of new- 
generation ventilators are of great help in the 
identification of several aspects of patient- 
ventilator interaction. A careful inspection of 
these signals may help the caregiver to recognize 
triggering delay, ineffective efforts, and auto- 
triggering and to estimate the patient’s respira-
tory efforts [5].

In a review made by Ergan et al., the authors 
suggest the use of devices with flow and pressure 
waveforms in real-time and support with ventila-
tion parameters as numerical data: leaks, inspira-
tory and expiratory tidal volumes, minute 
ventilation, inspiratory time, respiratory rate, and 
inspiration/expiration (I/E) ratio [1]. Despite the 
evaluation of patient-ventilator asynchrony, 
waveform analysis during NIV may also inform 
about the quality of ventilation, which is related 
to the magnitude of leaks, obstruction of airways, 
and the I:E ratio. In a study conducted by Di 

Marco et  al. on a cohort of patients with acute 
exacerbation of chronic obstructive pulmonary 
disease (COPD), it was shown that the titration of 
ventilator settings based on the analysis of respi-
ratory waveforms in real-time resulted in a more 
rapid improvement in pH and arterial pressure of 
carbon dioxide and a better tolerance of ventila-
tion by patients. Moreover, the analysis of flow 
and pressure waveforms on the screen induced 
physicians to use higher levels of external posi-
tive end-expiratory pressure (PEEP), more sensi-
tive inspiratory triggers, and a faster speed of 
pressurization. [6]

7.2.2  Monitoring Basic Parameters

Expiratory vital volume (VTE) is an essential 
parameter to monitor, as it reflects alveolar venti-
lation. It is either measured directly by a proxi-
mal flow sensor in a double-limb circuit system 
or calculated from the integral of the flow signal 
with adjustments for unintentional leaks in a 
single- limb circuit system. For example, when 
using pressure-support ventilation mode, for a 
certain level of inspiratory pressure provided the 
obtained tidal volume may vary. This variation is 
the result of several physiological variables: 
resistance of airways, compliance of the lungs 
and chest, the patient’s respiratory effort, and 
time of inspiration. [1] Before starting NIV, the 
desirable VTE should be calculated based on the 
ideal body weight and ranges from 6 ml/kg for 
neuromuscular and restrictive chest wall disor-
ders to 8–10  ml/kg in obstructive diseases and 
obesity. [7]

However, parameters displayed by the ventila-
tor may have limited accuracy, as is the case of 
ineffective efforts, in which the ventilator respi-
ratory rate will be lower than the patient’s respi-
ratory rate. It has been proved that VTE reported 
by ventilator software may differ significantly 
from the real values. [1]

Unlike invasive ventilation, NIV is a nonher-
metic system, which allows a certain level of 
leaks, and it has to overcome a variable resistance 
inherent to the upper airway. These features asso-
ciated with NIV may compromise the delivery of 
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an effective tidal volume, not necessarily affected 
by increasing the delivered volume or the deliv-
ered inspiratory pressure. Also, these features 
will influence monitorization through flow or 
pressure waveforms. [8]

Intermittent obstruction of the upper airway 
commonly happens during NIV and it can be 
related to obstructive events at the oropharynx, as 
a result of insufficient expiratory airway pressure 
and unstable upper airway, or to episodes of 
intermittent obstruction related to cyclic glottic 
closure induced by hyperventilation. [8]

The relation between inspiratory and expira-
tory times, or the I:E ratio, is indirectly deter-
mined by other parameters, as respiratory rate 
and inspiratory flow, and it reflects the efficiency 
of lung’s deflation and the risk of hyperinflation. 
In obstructive disorders, the I:E ratio should be 
1:3 or greater to minimize dynamic hyperinfla-
tion, by enabling a longer expiratory time. On the 
other hand, the I:E ratio should be around 1:1 
when we are dealing with restrictive disorders, 
such as neuromuscular or chest wall diseases. [7]

7.2.3  The Relevance of Intrinsic 
Positive End-Expiratory 
Pressure

Obstructive airway diseases are usually associated 
with the presence of intrinsic positive end- 
expiratory pressure (PEEPi), which is related to 
dynamic hyperinflation, which means that end- 
expiratory lung volumes are exceeding functional 
residual capacity. [1] Patients with severe COPD 
generate suboptimal inspiratory and 
 transdiaphragmatic pressures, explained by 
hyperinflation- induced diaphragm shortening, 
restraining its ideal movement range. [5] This, 
combined with airflow limitation caused by nar-
rowed airways, leads to positive alveolar pressure 
at the end of the expiration. Inevitably, inspiratory 
muscles require extra effort to reduce alveolar 
pressure to a subatmospheric level for the next 
breath, thus resulting in increased workload. [7, 8]

PEEPi has a negative impact on ventilator 
triggering because inspiratory flow only starts 
after PEEPi is counterbalanced. Indeed, a portion 

of the pressure exerted by respiratory muscles is 
dissipated to overcome PEEPi, which leads to a 
delay between the beginning of inspiratory effort 
and the triggering. In some cases, the inspiratory 
effort of the patient is not able to counterbalance 
PEEPi, resulting in an inability to trigger the 
ventilator- ineffective efforts. [5] So, PEEPi 
assessment and the application of an external 
PEEP by the ventilator may reduce work of 
breathing, improve patient-ventilator synchrony, 
and increase VTE. [1] In some ventilators, it is 
called the expiratory positive airway pressure. 
Providing an external PEEP during NIV has 
many other advantages: flushing CO2 from the 
dead space, preventing rebreathing within the 
mask, preserving the airway patency in patients 
with unstable upper airway during sleep, and 
recruiting alveoli. [8]

However, setting the PEEP level beyond 
PEEPi may be harmful, so it is recommended to 
set PEEP at 50–80% of PEEPi. [7]

The degree of PEEPi can be measured inva-
sively with an esophageal pressure transducer. It 
corresponds to the negative deflection of esopha-
geal pressure from the onset of inspiratory effort 
to the point of zero flow at end-expiration (see 
Fig. 7.1). [1] This is not performed routinely, as it 
requires special equipment and experienced staff. 
When referring to NIV, the presence and the 
degree of PEEPi can be identified by inspection 
of the expiratory flow-time curve. [1]

7.2.4  Evaluation of Leaks

As mentioned before, excessive leaks have a det-
rimental effect on the efficiency of NIV, and for 
that reason, all types of air leaks should be moni-
tored. Large air leaks interfere with the effective-
ness of the treatment, as they may cause a 
significant drop in the delivered intra-alveolar 
pressure, reduce the tidal volume, and lead to 
patient-ventilator asynchrony by affecting trigger 
functions. On the other hand, small air leaks can 
disturb the patient, cause conjunctivitis, or create 
noise. [9]

Inspection of the pressure, volume, and flow 
waveforms provided by the new-generation ven-
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tilators may help identify leakage, for example, 
Vignaux et al. showed that the presence of inef-
fective breaths and the presence of delayed 
cycling were significantly associated with the 
magnitude of the leak. [4]

Most new-generation bilevel positive airway 
pressure devices estimate leaks automatically, 
which are displayed on the screen of the ventila-
tor. The staff must be aware of the ideal leakage 
that could be obtained in the device, interface, 
and circuit used, whether the intentional leak is 
calculated together with unintentional leaks or 
not. Moreover, the type of circuit and expiratory 
valve may influence leak assessment: single cir-
cuits used in bilevel ventilators may be vented 
(with a calibrated intentional leak) or nonvented 

(with an expiratory valve). The latter circuit only 
provides information on the inspiratory tidal vol-
ume and cannot measure the expiratory tidal vol-
ume and hence the patient’s real tidal volume 
during leaks. However, estimation of leaks per-
formed by ventilator software is less precise 
when the leak increases. [1]

Two different types of circuits can be used to 
provide NIV: double circuit, in which inspiration 
and expiration are separated and an expiratory 
valve is present to prevent CO2 rebreathing, or 
single-limb circuit, which does not have a true 
exhalation valve, so it includes an intentional 
leak to avoid rebreathing, either at the mask level 
or in the circuit. When monitoring NIV through 
waveforms, the mode of exhalation used and the 
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Fig. 7.1 Waveforms suggestive of the presence of intrin-
sic positive end-expiratory pressure (PEEPi): expiratory 
flow curve does not reach the zero-flow line when the 
inspiration starts (arrows), suggesting that the expiratory 

time was not sufficient for lung emptying. Reprinted with 
permission from Springer: Nava and Fanfulla F, Non 
Invasive Artificial Ventilation: How, When and Why, 
2014 ®
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position of the flow sensor (concerning the expi-
ratory device) both have a major influence on fea-
tures of respiratory traces. In the case of a double 
circuit provided by an expiratory valve, the expi-
ratory slope will be representative of the expira-
tory volume if the flow sensor is interposed 
between the mask and the exhalation device, but 
not when it is placed distally to the expiratory 
valve. Regarding a single circuit with an inten-
tional leak, the expiratory slope does not reflect 
the expired tidal volume and the position of the 
flow sensor does not significantly change the 
expiratory slope. [8]

Zhu et  al. proved that the adverse effects of 
leaks during the triggering phase vary according 
to not only the absolute leak level but also the 
mechanical properties of the lung and upper air-
way patency. According to different devices and 
clinical situations, the maximal leak level toler-
ated without inducing significant asynchrony 
must be determined. However, they also showed 
that without upper airway obstruction, all ventila-
tors performed well with leaks lower than 30 L/
min. This proved that modern home ventilators 
can avoid patient-ventilator asynchrony at a 
much higher level of leaks than previously 
reported. [10]

Several interventions may reduce air leaks, as 
using an appropriate interface type, with the cor-
rect size and headgear. If these are not enough to 
control air leaks, a small reduction of peak inspi-
ratory pressure or switching from a volume- 
controlled to a pressure-targeted mode of 
ventilation can be tried. Conversely, increasing 
the pressure or tidal volume, depending on the 
ventilation mode, can improve minute ventilation 
despite the higher leakage, as long as the patient 
tolerates such a strategy. [9]

7.2.5  Monitoring Patient-Ventilator 
Asynchrony

The identification of patient-ventilator mismatch 
is often possible through observation of flow- 
volume waveforms. However, it requires exper-
tise by the operator and close visual monitoring. 
Longhini et  al. assessed the ability of intensive 

care unit physicians to recognize asynchronies 
during NIV by visual inspection of airway pres-
sure (Paw) and flow-volume waveforms and they 
showed their ability in detecting severe asyn-
chrony is low. Also, they proved that asynchrony 
detection was significantly higher with mask than 
with helmet. [3]

The creation of reliable software that would 
recognize major asynchronies would overcome 
these constraints. Mulqueeny et al. validated and 
tested a noninvasive method that automatically 
detects the occurrence of the major problems of 
patient-ventilator interaction in real-time, 
namely, ineffective and double triggering. 
Besides, no differences were observed in sensi-
tivity and specificity during pressure-support 
ventilation and pressure-control ventilation, sug-
gesting the reliability of the method under differ-
ent conditions. [11] However, the variety of 
mismatching during NIV is probably higher and 
therefore the algorithm may underestimate the 
problem.

Severe asynchrony is characterized by an 
asynchrony index (AI) ⩾10%, which is defined 
by the number of asynchrony events divided by 
the total respiratory rate, computed as the sum of 
the number of ventilator cycles (patient- triggered) 
and wasted efforts. [11]

Asynchronies are associated with different 
phases of the respiratory cycle: during inspira-
tory triggering (i.e., ineffective effort, double 
triggering, and auto-triggering) or cycling from 
inspiration to expiration (i.e., premature cycling). 
[8]

7.2.5.1  Auto-Triggering
Auto-triggering happens when the ventilator is 
triggered in the absence of a patient’s effort. [5] It 
can be caused by patient movement, suctioning, 
coughing, and swallowing, and it is more likely 
to occur when the trigger sensitivity is set too 
high, especially if it is flow based. [7] Paw distor-
tion due to circuit leaks, presence of water in the 
circuit, and cardiogenic oscillators can also be 
associated with this type of asynchrony. [5] 
Actually, in a multicenter study performed by 
Vignaux et al., they reported a higher magnitude 
of the leak in patients in whom auto-triggering 
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was present, although there was no correlation 
between leak volume and the severity of auto- 
triggering. [4]

Inspection of pressure and flow waveforms 
may help to identify auto-triggering: the 
absence of the initial pressure drop below end-
expiratory pressure suggests auto-triggering. 
With flow triggering systems, however, the 
pressure drop before the mechanical breath 
may be minimal if the resistance upstream to 
the Paw measurement is very low, making the 
signal less clear. Also, the flowtime waveform 
of auto-triggered breaths may differ substan-
tially from that triggered by the patient’s inspi-
ratory effort (see Fig. 7.2). [5]

7.2.5.2  Triggering Delay 
and Ineffective Effort

As mentioned above, PEEPi is related to dynamic 
hyperinflation and it has a negative impact on 
ventilator triggering because inspiratory flow 
only starts after PEEPi is counterbalanced, lead-
ing to a delay between the beginning of inspira-
tory effort and the triggering. In some cases, the 
inspiratory effort of the patient is not able to 
counterbalance PEEPi, resulting in the inability 
to trigger the ventilator-ineffective efforts. [5]

Inspection of flow curves may be highly sug-
gestive: an abrupt decrease in expiratory flow 
happens, either when inspiratory muscle con-
tracts or expiratory muscle relaxes if expiration is 
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Fig. 7.2 Presence of auto-triggering: ventilator is trig-
gered in the absence of a patient’s effort (arrows), as it can 
be seen by the absence of pressure drop below end- 

expiratory pressure on esophageal waveform. Reprinted 
with permission from Springer: Nava and Fanfulla F, Non 
Invasive Artificial Ventilation: How, When and Why, 2014
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active. Triggering delay is the period between the 
point of expiratory flow deviation (the beginning 
of the triggering phase) and the point at which 
Paw starts to increase. A decrease in the expira-
tory flow not followed by ventilator support is 
probably due to ineffective effort, which means 
that the patient is trying to trigger the ventilator, 
but was unsuccessful (see Fig. 7.3). [5]

To decrease the triggering delay and the num-
ber of ineffective efforts, there are some strate-
gies, such as reducing the magnitude of dynamic 
hyperinflation (low tidal volume, long expiratory 
time), application of external PEEP, or decrease 
the threshold for triggering. [5]

7.2.5.3  Double Triggering
In the new algorithm proposed by Mulqueeny 
et al., double triggering was defined as two cycles 
separated by a very short expiratory time. [11]

It means that one inspiratory effort triggered 
the ventilator twice and is often associated with 
an insufficient level of pressure support in the 
face of increased inspiratory demand. [4] It can 
also be related to a high flow or a too sensitive 
expiratory trigger, leading to a transition from 
inspiration to expiration with a small flow fall.

7.2.5.4  Premature Cycling
Premature or short cycle happens when patient 
neural inspiratory time, determined from dia-
phragmatic electromyographic activity tracing, 

continues beyond the end of the ventilatory inspi-
ratory time [1]. Although premature cycling is 
usually more associated with the presence of 
restrictive pulmonary pattern, Vignaux et  al. 
reported a higher prevalence of this form of asyn-
chrony in patients with acute community- 
acquired pneumonia. [4]

7.3  Conclusion Discussion

Patient tolerance to NIV, either in the setting of 
acute or chronic respiratory failure, depends 
directly on air leaks, which in turn are usually the 
cause of patient-ventilator asynchrony. The close 
observation of pressure, flow, and volume wave-
forms displayed in the monitor of ventilators may 
give some crucial information about patient- 
ventilator interaction. Also, waveform evaluation 
may give a clue about the respiratory system 
mechanics and the effectiveness of the 
treatment.

Key Major Recommendations
• The pressure, volume, and flow waveforms 

displayed in the monitor of new-generation 
ventilators are of great help in the identifica-
tion of several aspects of patient-ventilator 
interaction.

• Monitorization of basic parameters during 
NIV, such as expiratory vital volume or the I:E 

flow
(L/s)

airway
pressure
(cmH2O)

0.8

-0.8

-0.4

0.4

0

0
5

15
20

Fig. 7.3 Presence of ineffective efforts: decrease in the 
expiratory flow of the patient, not followed by ventilator 
support (arrows). Reprinted with permission from 

Springer: Nava and Fanfulla F, Non Invasive Artificial 
Ventilation: How, When and Why, 2014
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ratio, or identification of intrinsic positive 
end-expiratory pressure, is essential to achieve 
successful ventilation.

• Air leaks should be monitored because of their 
detrimental effect on the patient-ventilator 
interaction and the efficiency of NIV.

• The identification of patient-ventilator mis-
match is often possible through observation of 
flow-volume waveforms.
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Cough Evaluation: Measurement 
and Scores

Gil Gonçalves, Rafaela Cabral, and Bruno Cabrita

Abstract

Cough protects the lung from the inhalation of 
foreign materials and clears excessive bron-
chial secretions; and its impairment has been 
associated with increased respiratory infection 
rate, atelectasis, and respiratory failure.

In this chapter, we discuss ways to measure 
cough strength and its scores, as well as indi-
cations for cough-augmentation therapy.

Keywords

Cough · Cough evaluation · Cough impair-
ment · Cough-augmentation therapy

Abbreviations

cmH2O Centimeter of water
COPD Chronic obstructive pulmonary disease
L Liter
MEP Maximal expiratory pressure

MIP Maximal inspiratory pressure
NREM Nonrapid eye movement
PCF Peak cough flow
REM Rapid eye movement
SNIP Sniff nasal inspiratory pressure
VC Vital capacity

8.1  Introduction

Cough is a physiologic mechanism that protects 
the lung from the inhalation of foreign materi-
als and clears excessive bronchial and other 
 secretions [1].

The act of cough consists of three phases: an 
inspiratory phase, where the patient inhales 
60–90% of total lung capacity; a contraction 
phase, where the glottis closes for about 0.2  s 
and the abdominal and intercostal expiratory 
muscles begin to contract, which results in a sig-
nificant intrathoracic pressure increase up to 
50–300 cm of water (cmH2O); and an expiratory 
phase where the glottis opens rapidly during 
20–40 ms, generating a forceful airflow able to 
move secretions and trapped materials, particu-
larly from the larger central airways. This gener-
ates an airflow of 360–1200 liters (L)/min in a 
healthy individual [1].

Cough impairment has been associated with 
increased respiratory infection rate, atelectasis, 
and respiratory failure. Weakness of inspiratory 
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muscles, mostly due to diaphragmatic weakness, 
prevents reaching high lung volumes and 
decreases cough effectiveness by putting the 
expiratory muscles at a mechanical disadvantage 
[2, 3]. This is a frequent finding in the heteroge-
neous group of neuromuscular diseases [2, 3].

Chest wall disorders, as significant thoracic 
scoliosis, can reduce lung and chest wall compli-
ance values to about 25–50% of predicted. 
Scoliosis also reduces maximal inspiratory and 
expiratory pressures by an inefficient relationship 
between the thoracic cage and the respiratory 
muscles [3].

8.2  Discussion and Analysis 
of the Main Topic

8.2.1  Assessment of Cough 
Impairment

The most common measurements include vital 
capacity (VC), peak cough flow (PCF), and max-
imal inspiratory and expiratory pressures [3].

8.2.2  Vital Capacity

Vital capacity (VC) is evaluated in pulmonary 
function testing. The minimum volume for the 
generation of effective cough flow should be 50% 
of VC [4–6]. A low VC compromises the patient’s 
breathing as well. When it is below this level, 
lung expansion is impaired and diffuse microat-
electasis starts to appear. When it is between 40% 
and 60% of predicted, we start to observe rapid 
eye movement (REM)-related sleep-disordered 
breathing, and when between 20% and 40% of 
predicted, sleep-disordered breathing extends to 
nonrapid eye movement (NREM) sleep. Daytime 
ventilatory failure is observed when the VC is 
below 20% of predicted [2, 4].

The higher the VC, the higher the cough effec-
tiveness, as the intrathoracic pressure increases 
when more volume is compressed against the 
closed glottis. A manual resuscitator is indicated 
in neuromuscular patients with a VC <2000 mL 
to improve lung compliance and assist cough 
technique  [2, 3, 7].

Healthy individuals have a difference in VC 
from sitting to supine positions of 7.5% ± 5.7%. 
When this difference is >10%, it is often associ-
ated with diaphragmatic dysfunction, when 
>15% it is associated with unilateral diaphrag-
matic paresis, and when >25% it is associated 
with bilateral diaphragmatic paresis [2, 4].

8.2.3  Peak Cough Flow

Peak cough flow (PCF) is measured with a peak 
flow meter or a pneumotachometer. The patient is 
asked to inspire to total lung capacity and then 
forcibly cough, through either a face mask or a 
mouthpiece attached to the peak flow device. 
This test evaluates cough as a whole and cannot 
differentiate separate components of cough limi-
tation [3, 7, 8].

PCF has the main advantage of an easy execu-
tion technique. PCF measured by a peak flow 
meter is a better and more reliable measurement 
of expiratory muscle strength in patients with 
muscular weakness, in whom effort-related test 
reproducibility is often difficult [8].

PCF magnitude determines the ability to elim-
inate respiratory secretions during a cough [3]. 
Normal individuals may produce a PCF as great 
as 720  L/min (occasionally higher in healthy 
individuals). A PCF above 270  L/min indicates 
effective cough, whereas a PCF less than 160 L/
min identifies patients with ineffective cough. 
Patients with a PCF between 160 and 270 L/min 
are at higher risk of respiratory tract infections, 
which can further reduce muscle strength. In 
individuals unable to achieve and maintain effi-
cient cough flow to remove these increased secre-
tions, assisted cough can reduce morbidity and 
mortality [7–9].

8.2.4  Maximal Inspiratory Pressure 
and Maximal Expiratory 
Pressure

Maximal inspiratory pressure (MIP) and maxi-
mal expiratory pressure (MEP) are recommended 
for monitoring respiratory strength. They are 
measured by strongly urging patients to make 
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maximum inspiratory (Mueller maneuver) and 
expiratory (Valsalva maneuver) efforts at or near 
residual volume and total lung capacity, respec-
tively, against a closed shutter [2, 3].

Both values are higher in men and decrease 
with aging. A clearly reduced MIP or MEP, not 
related to poor effort or technique, suggests respi-
ratory muscle weakness, which includes neuro-
muscular diseases and systemic conditions that 
affect skeletal muscle strength. Most chronic 
obstructive pulmonary disease (COPD) patients 
do not have respiratory muscle weakness, but 
have reduced MIP due to hyperinflation which 
shortens the inspiratory muscles [2, 3, 10].

A MIP value >80 cmH2O excludes clinically 
important inspiratory muscle weakness and a 
MEP >90  cmH2O excludes expiratory muscle 
weakness. MEP <60 cmH2O is indicative of an 
ineffective cough [2, 3, 10].

8.2.5  Other Techniques

Sniff nasal inspiratory pressure (SNIP) is a non-
invasive test of inspiratory muscle strength. 
Advantages include the simplicity of the maneu-
ver, portability, and low cost. With a bung into 
one nostril through which a thin catheter con-
nected to a pressure transducer has been passed, 
the patient is instructed to sniff as strongly as 
possible through the contralateral unobstructed 
nostril. The pressure measured in the obstructed 
nostril is an indicator of inspiratory muscle 
strength. It is sensitive in the precocious detec-
tion of inspiratory muscle weakness. A SNIP 
value >70  cmH2O in men and >60  cmH2O in 
woman excludes significant inspiratory muscle 
weakness. A value <30  cmH2O is indicative of 
cough impairment [2, 3].

Invasive tests (breathing pattern with esopha-
geal and gastric pressure; esophageal pressure and 
transdiaphragmatic pressure during a maximal 
sniff; and gastric pressure during a maximal 
cough) require the placement of esophageal and 
gastric balloon catheters, which limits their routine 
monitoring use to centers with expertise [2, 3].

8.2.6  Indications to Start Cough- 
Augmentation Therapies

Cough-augmentation therapies, which include, 
but are not limited to, (1) manual or mechanical 
insufflation, (2) breath/air stacking, (3) glosso-
pharyngeal breathing, (4) mechanical insufflation- 
exsufflation, (5) mechanical exsufflation, and (6) 
manually assisted cough, are indicated when the 
patient cannot produce an effective cough [2, 8].

Studies have identified a PCF of 160 L/min as 
the threshold value for mandatory start of cough- 
augmentation therapy; however, a PCF between 
160 and 270 L/min could fall below 160 L/min 
during a pulmonary decompensation. For this 
reason, it is recommended to start cough- 
augmentation therapy when the PCF falls below 
270 L/min [3, 9].

Other indications include MEP <60  cmH2O 
and a history of repeated respiratory infections 
[2, 3, 10].

Contraindications to mechanical insufflation- 
exsufflation include a history of bullous emphy-
sema, known susceptibility to pneumothorax or 
pneumomediastinum, and recent barotrauma [8].

8.3  Conclusion Discussion

Cough impairment has been associated with a 
high risk of developing respiratory complica-
tions, including atelectasis, pneumonias, and 
respiratory insufficiency. Respiratory tests are 
important tools to help evaluate the respiratory 
status and cough efficiency, as well as to monitor 
disease progression and aid in prognosis.

Common tests to assess cough impairment 
include VC, PCF, MIP, MEP, and SNIP.  These 
tests are unexpensive, easy to perform, and 
widely available.

These tests are usually decreased in compari-
son to a healthy population. Certain threshold 
values have been identified to guide clinicians in 
deciding when to initiate further treatments, 
including cough-augmentation therapies, or fur-
ther testing.

8 Cough Evaluation: Measurement and Scores
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Values of VC <50% of predicted, PCF <270 L/
min, MEP <60  cmH2O, and a SNIP value 
<30 cmH2O are indicative of cough impairment.

Key Major Recommendations
• Cough protects the lung from the inhalation of 

foreign materials and clears excessive bron-
chial secretions.

• Cough impairment has been associated with 
increased respiratory infection rate, atelecta-
sis, and respiratory failure.

• Low values of VC, PCF, MIP, MEP, and SNIP 
are associated with cough impairment.

• Indications for cough-augmentation therapy 
include a PCF <270 L/min, MEP <60 cmH2O, 
and a history of repeated respiratory infections.
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Gas Exchange

Eleni N. Sertaridou and Vasilios E. Papaioannou

Abstract

Oxygen delivery (DO2) from the atmosphere 
into tissues is a complex process that includes 
ventilation, oxygen transport from the alveoli 
to the blood, hemoglobin’s (Hb’s) affinity for 
oxygen, the cardiac output (CO), the oxygen 
saturation in blood, and the distribution of tis-
sue supply. Understanding this process finds 
practical application in critically ill patients’ 
treatment, as it allows identifying the problem 
and taking corrective action.
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Abbreviations

A Alveolar
A Surface area of the tissue
ABG Arterial blood gases

ARDS Acute respiratory distress syndrome
ΒP Barometric pressure
C Concentration
CaO2 Systemic arterial oxygen concentration
Ca-vΟ2 Arterio-Venous difference oxygen 

concentration
CH2O Water vapor concentration
CN2 Nitrogen concentration
CO Cardiac output
CO2 Carbon dioxide
COPD Chronic obstructive pulmonary disease
CpvO2 Pulmonary venous oxygen concentra-

tion
CVO2 Pulmonary arterial oxygen concentra-

tion
D Delivery
D Diffusion coefficient
DLO2 Lung’s diffused capability
F Fractional concentration
FAO2 Oxygen concentration in alveolar air
FECO2 Carbon dioxide concentration in expired 

air
FEO2 Oxygen concentration in expired air
FiCO2 Carbon dioxide concentration in 

inspired air
FiO2 Oxygen concentration in 

inspired air
Hb Hemoglobin
HbO2 Oxyhemoglobin
κ A constant
m2 Square meters
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min minute
mm Hg Millimeter of mercury
MW Molecular weight
Ν2 Nitrogen
O2 Oxygen
O2ER Oxygen extraction ratio
P Partial pressure
PA–aO2 Alveolar-arterial oxygen partial 

pressure difference
PACO2 Alveolar carbon dioxide partial 

pressure
PA–CO2 Alveolar-capillary oxygen par-

tial pressure difference
PAO2 Alveolar oxygen partial 

pressure
ParterialCO2, PaCO2 Arterial carbon dioxide partial 

pressure
ParterialO2, PaO2 Arterial oxygen partial pressure
Patm Atmospheric pressure
PCO2 Carbon dioxide partial pressure
PcO2 Partial pressure of oxygen in 

capillaries’ blood
PECO2 Mixed expired carbon dioxide
PEEP Positive end-expiratory pressure
PEO2 Mixed expired oxygen
PH2O Water vapor partial pressure
ΡinspiredΟ2, ΡiΟ2 Oxygen partial pressure in 

inspired air
PO2 Oxygen partial pressure
PtCO2 Tissue carbon dioxide partial 

pressure
PtO2 Tissue oxygen partial pressure
Ptotal Total pressure
Q Lung perfusion (pulmonary 

blood flow)
RQ Respiratory quotient
SaO2 Arterial blood oxygen 

saturation
Sol Gas solubility
SvO2 Mixed venous blood oxygen 

saturation
T  Tissue thickness
V’gas Rate of a gas diffusion
VA Alveolar ventilation
VCO2 Ratio of the produced carbon 

dioxide

VD Ventilation of the dead space
VE Per minute expired air volume
VI Per minute inspired air volume
VO2 Ratio of the consumed O2

Vtotal Total ventilation
ΔP Drastic partial pressure difference of oxy-

gen in the alveoli versus the pulmonary 
capillaries’ blood

μm Micrometer

9.1  Introduction

The purpose of the respiratory system is to per-
form gas exchange, oxygen (O2) absorption from 
inhaled air, tissue supply, and carbon dioxide 
(CO2) removal. To this end, the following func-
tions take place [1]:

 – Pulmonary ventilation provides air to the 
alveoli.

 – At the respiratory membrane, where the alve-
olar and capillary walls meet, gases move 
across very thin membranes, with O2 entering 
the bloodstream and CO2 exiting.

 – Blood oxygenates tissue and cells and removes 
CO2 and waste products from the body 
tissues.

 – Perfusion.

In order to understand the gas exchange mech-
anism in the lung, it is important to analyze the 
underlying principles of gases and their behavior 
[2].

9.2  Discussion and Analysis of 
the Main Topic

9.2.1  General Physics Principles: 
Definitions

All gases participating in respiratory physiology 
are small molecules moving freely along concen-
tration gradients. The exchange of gases between 
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the alveoli and the blood occurs by simple pas-
sive diffusion. There is no active transport 
involved in alveolar gas exchange, while both 
ventilation and perfusion are convective pro-
cesses that require energy expenditure and in car-
diorespiratory diseases may be compromised [2].

Gas molecules exert force (pressure) on the 
surfaces with which they are in contact. In natural 
systems, gases are present as a mixture of differ-
ent types of molecules. Partial Pressure (P) is 
the pressure of a single type of gas in a mixture of 
gases, while according to Dalton’s law a specific 
gas type in a mixture exerts its own pressure; 
thus, the Total Pressure (Ptotal) exerted by a mix-
ture of gases is the sum of all the partial pressures 
of the gases in the mixture. The total pressure is 
directly proportional to the concentration of the 
total gas molecules. Partial pressure is important 
in predicting the movement of gases. Gases tend 
to equalize their pressure in two regions that are 
connected. A gas will move from an area where 
its partial pressure is higher to an area where it is 
lower. In addition, the greater the partial pressure 
difference between the two areas, the more rapid 
is the movement of gases [2].

The atmosphere, the principal inspirational 
gaseous mixture, consists of 79% nitrogen (Ν2), 
21% oxygen (Ο2), 0.04% carbon dioxide (CO2), 
and other gaseous molecules in smaller concen-
trations (Table 9.1). This gaseous mixture exerts 
a certain pressure referred to as atmospheric pres-
sure (Patm). The total atmospheric pressure on the 
level of sea surface is Patm = 740 mm Hg (milli-
meters of mercury):

 P P Patm N2 O2� �  (9.1)

where the partial pressure of nitrogen 
(PΝ2) = 79% × 740 mm Hg = 600 mm Hg and the 
partial pressure of oxygen (PO2) = 21% × 740 mm 
Hg = 160 mm Hg.

On the other hand, Henry’s law describes the 
behavior of gases when they come into contact 
with a liquid, such as blood. It states that the con-
centration of a gas in a liquid is directly propor-
tional to the solubility and the partial pressure of 
that gas. For example, although N2 is present in 
the atmosphere, very little N2 dissolves into the 
blood, because its solubility in the blood is very 
low (Table 9.2) [2].

The composition of air in the atmosphere and 
in the alveoli differs. In both cases, the relative 
concentration (C) of gases is CN2 > CO2 > water 
vapor (CH2O) > CCO2. The amount of water vapor 
present in alveolar air is greater than that in atmo-
spheric air (Table 9.1). Recall that the respiratory 
system works to humidify incoming air, thereby 
causing the air present in the alveoli to have a 
greater amount of water vapor than atmospheric 
air. Furthermore, alveolar air contains a greater 
amount of CO2 and less O2 than atmospheric air, 
as the gas exchange removes O2 from and adds 
CO2 to alveolar air. Both deep and forced breath-
ing cause the alveolar air composition to be 

Table 9.1 Composition and partial pressure of atmospheric and alveolar air

Alveolar air Atmospheric air

Gas
Percentage of total 
composition (%)

Partial pressure 
(mm Hg)

Percentage of total 
composition (%)

Partial pressure 
(mm Hg)

Nitrogen (Ν2) 74.9 569 78.08 597.4

Oxygen (Ο2) 13.7 104 20.95 158.8

Water vapor 
(H2O)

6.2 40 0.00001–4.0 3.0

Carbon dioxide 
(CO2)

5.2 47 0.0360 0.3

Table 9.2 Solubility contributors of main respiratory 
gases

Oxygen (Ο2) 0.024

Carbon dioxide (CO2) 0.57
Carbon monoxide (CO) 0.018

Nitrogen (Ν2) 0.012

Helium (he) 0.008

9 Gas Exchange
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changed more rapidly than during shallow and 
rapid breathing. As a result, the partial pressures 
of oxygen (PO2) and carbon dioxide (PCO2) change, 
affecting the diffusion process that moves these 
materials across the membrane. This will cause 
O2 to enter and CO2 to leave the blood more 
quickly [1].

The diffusion of gases across tissues is gov-
erned by Fick’s law, according to which the rate 
of diffusion (V’gas) of a gas through a tissue layer 
is proportional to the surface area of the tissue 
(A), the diffusion coefficient (D), and the differ-
ence of the partial pressure between both sides 
(P1–P2) and inversely proportional to the tissue 
thickness (T):

 
V T D P Pgas

�
�� � �� �A / 1 2  

(9.2)

 
D

Sol

MW
=

 
(9.3)

where D: diffusion coefficient, Sol: gas solubil-
ity, and MW: molecular weight.

The surface area of separating membrane 
between the alveolar space and the blood mea-
sures 50–100 m2 and its thickness is 0.3 μm. The 
diffusion coefficient is proportional to a constant 
that depends on the characteristics of the tissue 
and the gas. In particular, this constant is directly 
proportional to the gas solubility and inversely 
proportional to the square root of its molecular 
weight. Although the molecular weights of O2 and 
CO2 are not much different, CO2 diffuses 20 times 
faster than O2, because of its greater solubility [3].

The partial pressure of each gas in the mixture 
of respiratory gases tends to push the gas molecules 
toward the alveolar membrane and subsequently to 
the capillary blood. The direction of diffusion is 
determined by the difference between both pres-
sures. If the partial pressure is greater in the gas 
phase more molecules will move into the solution, 
while if the partial pressure within the blood is 
greater, then the gas diffuses toward the alveoli [1].

9.2.2  Ventilation and Perfusion

Ventilation, the movement of air into and out the 
lungs, and perfusion, the flow of blood in the pul-

monary capillaries, are the main aspects of gas 
exchange in the lung. Volumes involved in venti-
lation and perfusion should be compatible, in 
order for gas exchange to be efficient. Normally, 
all alveoli are both ventilated and perfused. 
However, even in health, factors such as regional 
gravity effects on blood, blocked alveolar ducts, 
or disease can cause ventilation and perfusion 
imbalance.

The passage of the atmospheric air through 
the respiratory tract until the lungs results in its 
saturation in water vapor. The atmospheric air 
saturation of water vapor reduces O2 partial pres-
sure in inspired air (ΡinspiredΟ2, ΡiΟ2).

 
P BP P FiO2 H O iO2� � ��– 2  

(9.4)

PH2O is the partial pressure of water vapor at 
37οC, at sea level it is 47 mm Hg and PiO2 at sea 
level is: PiO2 = (760–47) × 0.21 = 149 mm Hg, BP 
is the barometric pressure, and FiO2 is oxygen 
concentration in inspired air.

Alveolar oxygen partial pressure (PAO2, 
Α = Alveolar) is difficult to be measured directly. 
The “ideal” PAO2:

 
P P PAO2 inspiredO2 arterialCO2= –

 
(9.5)

Equation (9.5) is based on the presumption 
that ventilation and perfusion disturbances result 
in small differences between arterial and alveolar 
CO2 partial pressure (PaCO2 – PACO2), and provides 
a rough estimation of PAO2. Its accuracy is limited 
because:

 – CO2 removal is less than inspired Ο2.
 – Inspired volume is not equal to expired [5].

The equation can be modified:

 ��� 2 iO2 aCO2P P RQ� – /  (9.6)

PaCO2 is the arterial CO2 partial pressure and 
RQ the respiratory quotient, meaning the ratio of 
the produced CO2 (VCO2) to the consumed O2 
(VO2) (usually ~0.8):

 RQ V VCO2 O2= /  (9.7)

if PACO2  =  40  mm Hg and ΡΑΟ2  =  150  – 
40/0.8 = 100 mm Hg.
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The most reliable equation that counts alveo-
lar Ο2 was proposed by Filley et al. in 1954 [6]:

��� 2 iO2 ACO2 iO2 EO2 ECO2P P P P P� �� �– – /
 

(9.8)

PEO2 is the mixed expired O2 and PECO2 the 
mixed expired CO2. In this equation, RQ is not 
required. If in Eq. (9.6), RQ is replaced according 
to Eq. (9.7), then:

 P VAaCO2 CO2� �V /  (9.9)

where κ is a constant, VCO2 the produced CO2, 
and VA the alveolar ventilation.

 VA V VDtotal= –  (9.10)

Vtotal is the total ventilation and VD the ventila-
tion of the dead space,

��� 2 H O iO2 O2BP P F V VA� � ��– – /2  
(9.11)

while ΒP is the barometric pressure. The main 
factors that affect PAO2 are BP, FiO2, the consumed 
O2 (VO2), the produced CO2 (VCO2), and alveolar 
ventilation (VA). VO2 rises in pain, fever, increased 
work of breathing, seizures, and shiver. On the 
contrary, VO2 falls during anesthesia and hypo-
thermia. When VO2 demands for ventilation are 
increasing, in order to maintain ΡAO2 in normal 
rates, the relation between alveolar ventilation 
and ΡΑO2 is determined by the following 
equation:

 � ��� 2 iO2 O2V VA� – /  (9.12)

It depicts a hyperbolic curve. When ventila-
tion is raised, ΡΑΟ2 is also increased to less than 
ΡiO2. On the other hand, ventilation reduction 
causes serious results: ΡΑΟ2 falls to very low lev-
els, while in severe hypoventilation, it is also 
eliminated [5].

The PAO2 is 104 mm Hg, whereas the PO2 of the 
oxygenated pulmonary venous blood is 100 mm 
Hg. Sufficient ventilation preserves a high rate of 
Ο2 alveoli entrance, while when ventilation is 
insufficient, PΑO2 drops and Ο2 diffusion across 
respiratory membrane is minimized. In these 
cases, blood flow is redirected to alveoli that have 
sufficient ventilation (shunt). Factors such as 
CO2, O2, and pH levels can serve as stimuli for 

adjusting blood flow in the capillary networks 
associated with the alveoli [5].

Ventilation is regulated by the airways’ diam-
eter, whereas perfusion by the blood vessels’ 
diameter. The bronchioles’ diameter is sensitive 
to the PACO2. A greater PACO2 causes the bronchi-
oles to increase their diameter similarly with 
decreased level of O2 in blood supply, allowing 
CO2 to be exhaled at a greater rate. A greater PAO2 
causes dilation to the pulmonary arterioles, 
increasing subsequently, blood flow [1, 7].

9.2.3  Gas Exchange

Gas exchange occurs due to simple diffusion and 
pressure gradients, at two sites: in the alveoli, 
where O2 is picked up by the erythrocytes and 
CO2 is released through respiratory membrane, 
and at the level of peripheral tissues. External 
respiration is the exchange of gases with the 
external environment and occurs in the alveoli of 
the lungs. Internal respiration is the exchange of 
gases with the internal environment and occurs in 
the tissues [1].

9.2.4  External Respiration

The lungs are a collection of 300 million gas- 
filled polyhedrons (alveoli), the walls of which 
are made up of little more than a rich capillary 
network, supported by a very thin intestinal 
matrix [2]. This anatomy of the lung maximizes 
the diffusion of gases: The respiratory membrane 
is highly permeable to gases; the respiratory and 
blood capillary membranes are very thin (0.5–
0.6  μm) and extended on a large surface area 
throughout the lungs (approximately 100–
140 m2) [4]. Respiratory membrane is composed 
of the squamous alveolar epithelial cell, the squa-
mous pulmonary capillary endothelial cell, and 
their fused base membranes. Each alveolus 
expands with inspiration of gas (high in O2 and 
low in CO2 concentration) that has flowed down 
the bronchial tree from the mouth during inspira-
tion. The alveoli then reduced in volume during 
expiration, returning gas (lower in O2 and higher 
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in CO2) through the bronchial tree to the mouth 
[2, 3].

The pulmonary artery carries deoxygenated 
blood into the lungs from the heart, where it 
repeatedly bifurcates into arterioles and capillar-
ies that cover 85–95% of the alveolar surface, 
forming the capillary network composed of pul-
monary capillaries, which are components of the 
respiratory membrane [4]. As the blood is 
pumped through this capillary network, gas 
exchange occurs, as a function of partial pressure 
differences in O2 and CO2 between the alveoli 
and the pulmonary capillaries’ blood. Due to the 
relatively large blood volume within the alveolar 
capillaries, blood flow slows and the transit time 
for blood decreases, normally around 0.25–
0.75  s, allowing more time for gas exchange. 
Although a small amount of O2 is able to dissolve 
directly into plasma from the alveoli, most of it is 
picked up by erythrocytes and binds to hemoglo-
bin, while CO2 is released in the opposite direc-
tion, toward the alveoli. Oxygenated blood then 
returns to the heart through the pulmonary veins. 
A small portion of the CO2 is returned to hemo-
globin, but can also be dissolved in plasma or is 
present in a converted form [4].

Although the solubility of O2 in blood is not 
high, there is a drastic partial pressure difference 
of O2 (ΔP = 64 mm Hg) in the alveoli versus the 
pulmonary capillaries’ blood: PAO2 = 104 mm Hg, 
whereas partial pressure in the blood of the capil-
lary is PcO2 = 40 mm Hg. This pressure gradient 
causes rapid O2 diffusion through respiratory 
membrane from alveoli into the blood cell. Bohr’s 
equation defines the connection between Ο2 con-
sumption (VO2) and lung’s diffused capability 
(DLO2):

 
V P P DO2 AO2 cO2 LO2� � ��–

 
(9.13)

DLO2: lung’s diffused capability. This equation 
shows that the alveolar-capillary oxygen partial 
pressure difference (PA–CO2) is dependent on the 
lung’s diffused capability.

Oxygen partial pressure in arterial blood (ΡaΟ2) 
is less than ΡΑΟ2, while the alveolar-capillary dif-
ference PA–CO2 is defined by the following 
equation:

 PA a AO2 aO2– –� � �2 �  (9.14)

The alveolar-capillary difference (PA–CO2) can 
be easily estimated and used as a marker of respi-
ratory disturbance. Normally, alveolar-arterial 
difference (PA–aΟ2) is less than 10  mm Hg and 
attributed to anatomic shunt between pulmonary 
and systematic circulation. Furthermore, natu-
rally a few V/Q disturbances exist, causing PA–aΟ2 
to increase (functional shunt).

There is also a smaller pressure gradient of 
CO2 (around 5 mm Hg) between the alveolar air 
and blood cells: the partial pressure in blood is 
45 mm Hg, whereas PACO2 = 40 mm Hg. However, 
the solubility of CO2 is much greater than that of 
O2 (about 20 times), in both blood and alveolar 
fluids. As a result, the relative concentrations of 
O2 and CO2 that diffuse across the respiratory 
membrane are similar.

9.2.5  V/Q Disturbances

V/Q ratio is not homogeneous across the entire 
lung surface. Ventilation is higher at the level of 
lung’s apexes in relation to lung’s bases, while 
lung perfusion (Q) is reduced from bases to 
apexes. Lung perfusion is related to the body 
position and can be attributed to pulmonary ves-
sels’ hydrostatic pressure distinction. V/Q rises 
exponentially from lung’s bases to apexes and 
can be affected by alveolar gases (PAO2, PACO2). 
PAΟ2 diminution of hypoventilated regions 
(V/Q < 1) results in hypoxic pulmonary vasocon-
striction, V/Q improvement, and venous admix-
ture reduction. Hypocapnic bronchoconstriction 
is another balancing mechanism for V/Q ratio 
abnormalities. In hypoperfusioned regions 
(V/Q > 1) PΑCO2 falls, causing bronchoconstric-
tion and local hypoventilation, minimizing dead 
space ventilation [4].

The product of minute ventilation (VE, L/min) 
and the difference between inspired (FiO2) and 
mixed expired O2 concentrations (FEO2) quantifies 
the amount of O2 (VO2, L/min) that leaves the 
alveolar gas and enters the pulmonary capillary 
blood per minute (O2 flow). The O2 entering the 
pulmonary capillaries is quantified by the prod-

E. N. Sertaridou and V. E. Papaioannou



67

uct of pulmonary blood flow (Q, L/min) and the 
difference between pulmonary venous (CpvO2, 
mL/dL) and pulmonary arterial (CvO2, mL/dL) O2 
concentrations. Assuming that the lungs are 
homogeneous, the concentration of O2 in the 
blood leaving every alveolus is the same, and 
passing unchanged into the systemic arterial 
blood, is equal to the systemic arterial O2 concen-
tration (CaO2, mL/dL) [8]. This can be expressed 
by the following mass conservation equations:

 
V V F F V F FO2 E iO2 EO2 A iO2 AO2� � �� � � � �� �  

(9.15)

In the right-hand side of Eq. (9.15), it is recog-
nized that the conducting airways do not them-
selves take part in air/blood gas exchange. This 
allows minute ventilation and mixed expired O2 
concentration to be replaced by alveolar ventila-
tion (VA) and alveolar O2 concentration (FAO2), 
respectively. Because the process of diffusional 
transport described above usually comes to rapid 
completion well within the red cell transit time 
(at rest at sea level), PO2 in the alveolar gas (PAO2, 
mm Hg) and the capillary blood leaving the alve-
oli can be considered to be the same (Fig. 9.1). 
Furthermore,

 
V Q C CO2 cO2 vO2� � �–

 
(9.16)

while,

 
V F F Q C CiO2 AO2 aO2 vO2� �� � � � �� �  

(9.17)

 
V Q C C F FcO2 vO2 iO2 eO2/ /� � � � �� �

 
(9.18)

and

 
V Q C C F FvCO2 cCO2 eCO2 iCO2/ /� � � � �� �

 
(9.19)

Rearranging the terms gives:

V Q C C P PaO2 vO2 IO2 AO2/ . /� � �� � �� �8 63
 
(9.20)

In the preceding section, some simplifying 
assumptions have been made. We assumed venti-
lation and perfusion are continuous processes, 
implying blood and gas O2 concentrations are 
constant in time, thus ignoring the normal, minor 
fluctuations in alveolar PO2 between inspiration 
and expiration. We also assumed that the lung is 
homogeneous, with all alveoli having the same 
V/Q ratio; that inspired and expired gas volumes 
are identical, which is true to within 1%; and that 
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Fig. 9.1 PAO2 and PACO2 relevance with V/Q. (a) Ο2 diffu-
sion from lungs toward blood is decreased, when V/Q is 
reduced 10 times (0.1), although further V/Q reduction 
slightly affects O2 delivery (DO2). V/Q increasing over the 
level of 1 slightly affects DO2. (b) The alveolar PCO2 curve 
has opposite direction in comparison to the PAO2 curve. 
V/Q discretion from 1 to 0.1 slightly affects CO2 removal, 
while its increase induces a great CO2 reduction. This dif-

ference between the two curves is attributed to the differ-
ences in their dissociation curve gradient. Carbon 
dioxide’s dissociation gradient is 10 times oxygen’s gradi-
ent. Gases that have higher detachment gradient or solu-
bility are more sensitive in higher values of V/Q. On the 
contrary, gases with lower detachment gradient or solubil-
ity are more sensitive in lower values of V/Q
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the blood leaving the alveoli and entering the pul-
monary veins reaches the systemic arteries 
(where it can be sampled clinically) without 
change in CaO2 (arterial blood O2 concentration). 
Finally, diffusion equilibration has been assumed, 
allowing CaO2 to be directly calculated from the 
oxyhemoglobin (HbO2) dissociation curve, if 
PAO2 is known.

Following through the exactly same logic pre-
sented for O2, the equation for CO2 is [8]:

 

V Q C C

P P
vCO2 aCO2

ACO2 iCO2

/ . /� � �� �
�� �

8 63

 
(9.21)

The terms on the right-hand side for CO2 are 
reversed (compared to O2) only because CO2 is 
being eliminated from the blood while O2 is being 
taken up. This keeps both the numerator and the 
denominator of Eq. (9.21) positive. If a region of 
lung becomes poorly ventilated, due to airway 
obstruction (for example, in atelectasis), but still 
remains adequately perfused, the V/Q ratio of that 
region must be reduced, and subsequently, PAO2 
and blood O2 concentration will fall (while PACO2 
will rise by a small amount). Conversely, as V/Q 
rises in a lung region due to vascular obstruction 
(for example, during pulmonary embolism), PAO2 
rises while PACO2 falls. In this case, O2 concentra-
tion rises a little, but PACO2 and CO2 concentration 
fall considerably. As a conclusion, when low V/Q 
ratio regions exist, O2 is seriously affected, more 
so than CO2, but when high V/Q ratio areas occur, 
CO2 is the more affected gas [4].

According to Eq. (9.15):

 
V V F FCO2 A ACO2 iCO2� � �� �  

(9.22)

If Eq. (9.22) is divided by Eq. (9.15), and 
ignoring FiCO2 as negligible:

 

V V RQ F F F

P P P
CO2 O2 ACO2 iO2 AO2

ACO2 iO2 AO2

/ /

/

� � �� �
� �� �  

(9.23)

RQ is by definition the respiratory quotient, 
and the change from fractional concentration (F) 
to partial pressure (P) follows Dalton’s law of 
partial pressures. Proportionally:

 P P P RQAO2 iO2 ACO2= – /  (9.24)

To be accurate and eliminate the assumption 
that the inspired and expired ventilation values 
are identical, Eq. (9.24) is modified:

 

P P P RQ P F
RQ RQ

AO2 iO2 ACO2 ACO2 iO2� � � �
� � �

/
/1�

 
(9.25)

9.2.6  Internal Respiration

Internal respiration is the gas exchange that 
occurs at the level of body tissues. Similar to 
external respiration, it also occurs through simple 
diffusion due to a partial pressure gradient, which 
however is opposite to the gradient present at the 
respiratory membrane. The oxygen’s partial pres-
sure in tissues is low (about 40 mm Hg), because 
O2 is continuously used for cellular respiration. 
Since the arterial oxygen partial pressure 
(PaO2)  =  100  mm Hg, pressure gradient is pro-
duced which causes O2 dissociation from hemo-
globin, diffusion through the endothelial layer 
toward the interstitial space and finally, entrance 
in the tissues [9].

Considering that cellular respiration continu-
ously produces CO2, the partial pressure of CO2 
is lower in the blood than it is in the tissue, caus-
ing CO2 to diffuse out of the tissue, cross the 
interstitial fluid, and enter the blood. It is then 
carried back to the lungs either bound to hemo-
globin, dissolved in plasma or in a converted 
form. By the time blood returns to the heart, the 
partial pressure of O2 has returned to 40 mm Hg 
and the partial pressure of CO2 to 45  mm Hg. 
The blood is then pumped back to the lungs to be 
oxygenated once again during external respira-
tion [9, 10].

From the total amount of Ο2 providing to the 
tissues, only a small part, according to metabolic 
needs, is committed. The Ο2 amount, which is 
consumed by the tissues per minute, is known as 
O2 consumption (VO2). VO2 can be counted 
either with Fick’s law or with indirect calorimet-
ric technique. According to Fick’s law, cardiac 
output (CO) is equal to the quotient of O2 con-

E. N. Sertaridou and V. E. Papaioannou



69

sumption (VΟ2) toward the arteriovenous differ-
ence (Ca-vΟ2):

 CO VO C Oa v� 2 2/ �  (9.26)

Cardiac output (CO) can be measured by the 
thermodilution technique, through Swan-Ganz 
catheter placed in the pulmonary artery, while 
Ca – vO2 can be counted after blood samples’ col-
lection through pulmonary and peripheral artery. 
From Eq. (9.26), it appears that:

 VO CO C Oa v2 2� � –  

or

 
VO CO Hb S SaO2 vO22 1 34 10� � � � �� �. �

 
(9.27)

where SaO2 is the arterial blood oxygen saturation 
and SvO2 is the mixed venous blood oxygen satu-
ration. Normal values of VO2 are 225–275  ml/
min or 110–160 ml/min/m2. VO2 estimation with 
Fick’s technique has serious disadvantages, 
because it does not take into consideration the 
following aspects:

 – Serious cardiac output’s fluctuations exist.
 – There is a 15% possibility of incorrect result 

in cardiac output measurement, using the ther-
modilution technique.

 – Possibility of incorrect result in Hb concentra-
tion measurement, using heparinized blood 
samples, collected through catheters.

VO2 measurement with indirect thermodilu-
tion technique is more accurate and less invasive. 
According to this method, VO2 measurement is 
based on per minute inspired (VI) and expired air 
volume (VE) and mean Ο2 and CΟ2 concentration 
measurements in inspired (FΙO2, FΙCO2, respec-
tively) and expired air (FEO2, FECO2, respectively) 
[10]:
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Under normal circumstances, VO2 determines 
the oxygen delivery (DO2) mainly through car-
diac output’s alterations. Inadequate oxygen 

delivery to cover tissue metabolic needs (for 
example, during hard exercise, anemia, 
 hypoxemia, and shock) causes Ο2 debt and tissue 
hypoxia. Oxygen extraction ratio (O2ER) reflects 
in the VO2/DO2 ratio and represents the percent-
age of delivered Ο2 that is consumed from tissues 
[10]:

 O ER VO DO2 2 2= /  

 

�2 10
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(9.29)

Normally, O2ER values range between 0.2 and 
0.3, meaning that only a quarter of delivered O2 is 
used in aerobic metabolism, while the rest returns 
through venous circulation to the lungs. In cases 
of oxygen deprivation, the organism has the 
capacity to ensure adequate tissue oxygenation 
up to a point. For example, the fall in DO2, caused 
by acute cardiac output reduction, is counterbal-
anced by an O2ER rise, so that VO2 remains sta-
ble. This Ο2ΕR increase is caused by CaO2 – CvO2 
expansion (Eq. (9.29)) and is reflected in coinci-
dent SvO2 reduction, preventing Ο2 debt and tissue 
hypoxia [9].

Mixed venous blood O2 saturation (SvO2) con-
stitutes a tissue oxygenation index, while it 
expresses the relationship between average Ο2 
consumption and delivery to the whole body. In 
particular, according to Fick’s Eq. (9.26), which 
measures cardiac output using O2 consumption 
and arteriovenous O2 difference:

 CO VO C Oa v� 2 2/ �  

 
CO VO Hb S SaO2 vO2� � �� ��2 1 34 10/ . �

 

 S S VO CO HbvO2 aO2� � �– /2 10  (9.30)

Considering that during SvO2 measurement, 
arterial blood oxygenation and VO2 are stable, 
SvO2 alterations reflect in cardiac output altera-
tions. Continuous monitoring of SvO2 alterations, 
using special fiber-optic catheters in the pulmo-
nary artery, constitutes a useful tissue oxygen-
ation index in critically ill patients in intensive 
care units. However, some serious limitations 
exist:
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 – SvO2 has small sensitivity as a tissue oxygen-
ation index, when microcirculation is dis-
turbed, like upon sepsis, where perfusion 
allocation disturbance exists.

 – SvO2 is usually increased upon hyperdynamic 
phase of septic shock despite tissue hypoxia, 
caused by inability of the tissues to use deliv-
ered Ο2 [9].

9.2.7  Diffusion, Ventilation, 
and Perfusion Limitations

The resistance to gas flow through an airway is 
determined by several factors, including airway 
caliber and configuration, flow, physical proper-
ties of the gas, such as density and viscosity, and 
whether the gas flow is laminar or turbulent [11]. 
In acute respiratory failure that requires mechani-
cal ventilation, the higher positive end-expiratory 
pressure (PEEP) reduces lung collapse and 
improves mechanics and gas exchange, while it 
also downregulated surfactant release and pro-
duction and increased epithelial cell injury [12].

Acute respiratory distress syndrome (ARDS) 
is a well-known entity in critically ill patients, 
which usually appears with hypoxia, hypercap-
nia, and concomitantly increased work of breath-
ing, due to increased dead space because of both 
surfactant dysfunction and lung inflammation 
[13, 14]. Clinical studies show a reduction in the 
work of breathing during ventilation with a mix-
ture of oxygen and helium, with a concomitant 
gas exchange improvement [15]. Helium is an 
inert gas with a lower density than air, thus the 
flow of helium through an airway is less turbu-
lent, leading to lower resistance, minimizing the 
necessary driving pressure to distribute oxygen to 
the alveoli, upgrading oxygenation [16], while it 
increases diffusion capacities of CO2, resulting in 
gas exchange improvement [17]. Helium has also 
been used to reduce the work of breathing during 
exacerbations of asthma and COPD (chronic 
obstructive pulmonary disease) [17], without 
equivalent results, especially in intubated 
patients, because it decreases frictional resistance 
when the gas flow is turbulent but has no effect 
on the resistance to laminar flow [11].

Parameters related to macrocirculation, such 
as the mean arterial pressure, central venous 
pressure, cardiac output, mixed venous satura-
tion, and central oxygen saturation, while being 
commonly used in the hemodynamic assessment 
and tissue perfusion in critically ill patients, have 
great limitations in shock, where microcircula-
tion is disturbed [18, 19]. Numerous techniques 
have been developed for microcirculation assess-
ment such as peripheral perfusion index and tem-
perature gradient, for clinical assessment, laser 
Doppler flowmetry, tissue oxygen assessment 
electrodes, video microscopy (orthogonal polar-
ization spectral imaging, sidestream dark field 
imaging, or incident dark field illumination), and 
near-infrared spectroscopy [20]. Recently, 
microvessel electrodes for tissue PO2 (PtO2) mea-
surement are used in indirect assessment, via PO2 
levels, perfusion and/or regional oxygenation, 
especially in low-flow conditions. Actually, it is 
possible to measure continuously tissue oxygen 
partial pressure (PtO2) and tissue carbon dioxide 
partial pressure (PtCO2) noninvasively, using trans-
cutaneous sensors. Carbon dioxide is approxi-
mately 20 times more diffusible than oxygen, and 
transcutaneous oxygen measurement is more 
sensitive to changes in perfusion than transcuta-
neous carbon dioxide measurement. In patients 
with normal lung function, increased FiO2 is asso-
ciated with a parallel increase in PtO2 since, in 
patients with adequate blood flow, the PtO2 and 
PaO2 values are almost identical. A lack of increase 
in PtO2 after an increase in FiO2 suggests probable 
perfusion dysfunction and portends a worse out-
come in septic shock patients [21, 22].

9.2.8  Pulmonary Gas Exchange 
Measurements

The measurement of pulmonary gas exchange 
has passed through many stages during the last 
100  years [23]. Haldane and Priestley in 1935 
reported that oxygen was actively secreted by the 
lung [24]. A few years later, the only way they 
had for detecting defective gas exchange was 
through patient’s cyanoses. A breakthrough was 
the development of electrodes that could measure 
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PO2, PCO2, and pH in a sample of arterial blood 
[25, 26]. Consequently, clinicians could recog-
nize the importance of ventilation-perfusion ratio 
disturbances and their role in hypoxemia and 
CO2 retention during lung diseases [27]. The 
advent of digital computing has made a dramatic 
change in the understanding of pulmonary gas 
exchange.

The traditional way of measuring impaired gas 
exchange in patients with pulmonary disease has 
been blood gas analysis in arterial blood samples, 
while recently it seems beneficial to use a nonin-
vasive method for measuring the pulmonary gas 
exchange . The patient breathes through a mouth-
piece for 2 or 3 min until a state of gas exchange 
has been established, and the device enables the 
continuous measurement of inspired and expired 
PO2 and PCO2 using miniaturized sensors that can 
be taken to the bedside. A pulse oximeter is used 
to calculate the arterial PO2 using the oxygen dis-
sociation curve while taking account of the effects 
of changes in PCO2 using the alveolar value. The 
difference between the end tidal PO2 and the calcu-
lated arterial PO2 is known as the oxygen deficit, 
which seems to be a very sensitive index of abnor-
mal gas exchange [23, 28].

9.3  Conclusion Discussion

Gas molecules move down a pressure gradient. 
As a result, oxygen diffuses across the alveolar- 
capillary membrane from alveoli into the blood, 
while carbon dioxide diffuses in the opposite 
direction. Ventilation and perfusion matching is 
important in gas exchange, as ventilation must be 
sufficient to create a high partial pressure of oxy-
gen in the alveoli. If ventilation is insufficient and 
the partial pressure of oxygen drops in the alveo-
lar air, the capillary is constricted and blood flow 
is redirected to alveoli with sufficient ventilation. 
Arterial blood gas (ABG) analysis remains the 
traditional way of determining impaired gas 
exchange, while upon critical illness the monitor-
ing and optimization of tissue perfusion by direct 
viewing and microcirculation management may 
become an achievable goal in the ideal 
resuscitation.

Key Major Recommendations
• Blood gas analysis and hemoximetry are rec-

ommended for evaluating a patient’s ventila-
tory, acid-base, and/or oxygenation status 
(1A) [29].

• Blood gas analysis and hemoximetry are rec-
ommended for monitoring severity and pro-
gression of documented cardiopulmonary 
disease processes (1A) and are suggested for 
evaluating a patient’s response to therapeutic 
interventions (2B) [29].

• Central venous blood gas analysis and hemox-
imetry are suggested to determine oxygen 
consumption in the setting of early goal- 
directed therapies (2B) [29].
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Biomarkers and Pulmonary 
Function Test
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Abstract

A biomarker is an objectively measured char-
acteristic that indicates normal or pathological 
state. Biomarkers of pulmonary function are 
clinical signs, radiological findings, or labora-
tory findings that reflect lung functions. In this 
chapter, we have classified biological markers 
of pulmonary functions in seven groups as 
clinical markers, lung volume and pressure 
markers, radiological markers, lung tissue, 
blood, sputum, and exhaled breath markers.
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BMI Body mass index
CalvNO Alveolar nitric oxide
CC-16 Club cell protein 16
CCL18 CC chemokine ligand 18
CO Carbon monoxide
COPD Chronic obstructive pulmonary 

disease

CRP C-reactive protein
CT Computerized tomography
DLCO Diffusing capacity for carbon 

monoxide
DNA Deoxyribonucleic acid
EBC Exhaled breath condensate
EGFR Epidermal growth factor receptor
FEF25–75 Forced expiratory flow at 25–75% of 

lung volume
FeNO Fractional excretion of nitric oxide
FEV1 Forced expiratory volume in 1 s
FVC Forced vital capacity
GSH-Px Glutathione peroxidase
GST Glutathione-S-transferase
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HNP Human neutrophil peptide
ICAM-1 Intracellular adhesion molecule-1
ICAM-2 Intracellular adhesion molecule-2
IGFBP-2 Insulin-like growth factor-binding 

protein 2
IL-8 Interleukin-8
IPF Idiopathic pulmonary fibrosis
KL-6 Krebs von den Lungen-6
MEP Maximal expiratory pressure
MIP Maximal inspiratory pressure
MMP Matrix metalloproteinase
NE Neutrophil elastase
PaCO2 Arterial blood partial pressure of car-

bon dioxide
PaO2 Arterial blood partial pressure of 

oxygen
PFT Pulmonary function test

R. Abdullayev (*) · S. U. Zengin 
Department of Anesthesiology and Reanimation, 
Marmara University School of Medicine,  
Istanbul, Turkey

10

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-76197-4_10&domain=pdf
https://doi.org/10.1007/978-3-030-76197-4_10#DOI


74

PON1 Paraoxonase 1
ROS Reactive oxygen species
RV Residual volume
SOD Superoxide dismutase
SP-A Surfactant protein A
SP-D Surfactant protein D
sRAGE Soluble receptor for advanced glyca-

tion end products
TLC Total lung capacity
TNF-α Tumor necrosis factor-α
TOS Total oxidative status
VEGF Vascular endothelial growth factor
VOCs Volatile organic compounds

10.1  Introduction

In 2001, US National Institute of Health working 
group recommended a standardized definition for 
biomarkers, which was defined as “characteristic 
that is objectively measured and evaluated as an 
indicator of normal biological processes, patho-
genic processes, or pharmacologic responses to a 
therapeutic intervention” [1]. Most individuals 
understand biomarkers as a laboratory-based test 
that provides an objective and reproducible infor-
mation about the disease state. However, accord-
ing to the definition, physiologic parameters 
(e.g., FEV1, FVC, FEF25–75) and bioimaging fea-
tures (e.g., low-density areas and emphysema-
tous holes on CT scan) could qualify as 
biomarkers. Biomarkers should enable tailoring 
of treatment interventions for the patients that 
will maximize therapeutic benefits and minimize 
the risk of treatment. Biomarkers must be safe, 
accurate, inexpensive, and easily measurable; 
and the results must be reproducible across sex, 
age, and different racial backgrounds. Ideal bio-
marker should enable clinician to better manage 
the disease state, typically meaning, intervention 
with more effective therapies for those who need 
them and elimination of ineffective or even harm-
ful therapies for those who will not benefit. Ideal 
biomarker should be (1) superior (the test should 
surpass in performance current standards), (2) 
actionable (the test should change patient man-
agement), (3) valuable (the test should improve 

patient outcomes), (4) economical (the imple-
mentation of the biomarker should be cost- 
effective), and (5) clinically deployable (there 
should be a pathway for the biomarker to be 
implemented in a clinical laboratory) [2].

10.2  Discussion and Analysis 
of Main Topic

10.2.1  Clinical Markers

Symptoms, signs, and physical examination find-
ings are traditional and indispensable markers of 
pulmonary functions and disease severity. 
Despite being subjective, symptoms are included 
in many outcomes, indicating disease progres-
sion, response to treatment, and impact on indi-
vidual health status. Many tests based on 
symptoms are applied. A questionnaire named 
Chronic Obstructive Pulmonary Disease (COPD) 
Assessment Test is one of them. Degree of 
breathlessness, exercise limitation, and low body 
mass index (BMI) are examples of the signs of 
pulmonary function. They characterize the health 
status and are associated with disease progres-
sion, morbidity, and mortality. Composite scores 
have been introduced into clinical practice to 
overcome the problems associated with using 
only one parameter, either sign or symptom. 
BODE index (Body mass index, airflow 
Obstruction, Dyspnea, and Exercise), mBODE 
(BODE modified in grading of walked distance), 
ADO (Age, Dyspnea, airflow Obstruction), 
DOSE (Dyspnea, Obstruction, Smoking, 
Exacerbation) are some examples for composite 
scores. They have been introduced to character-
ize disease activity, severity, impact on health sta-
tus, and prognosis.

10.2.2  Lung Volume-Pressure 
Markers

10.2.2.1  Spirometry
Spirometry, the traditional pulmonary function 
test (PFT), is the most basic and useful test for 
assessing the lung functions. It includes the 
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measurement of air that enters in or exits from 
the lungs during forced respiration. The most 
commonly measured markers are forced vital 
capacity (FVC), forced expiratory volume in 
1 s (FEV1), and FEV1/FVC ratio. The FVC is the 
amount of air that can be forcefully exhaled 
beginning from the total lung capacity to the 
residual volume. The FEV1 is the amount of air 
that is expelled at the first second of FEV 
maneuver. The FEV1/FVC ratio is another 
marker and indicates the airway obstruction. 
These markers are important for guiding in the 
diagnosis of obstructive and restrictive pulmo-
nary diseases. FEV1/FVC ratio is decreased in 
obstructive patterns, whereas it is normal in 
restrictive diseases. FEV1/FVC ratio below the 
fifth percentile of normal predicted value or one 
below 0.7 (70%) is considered to be abnormal 
and indicates an obstructive pattern. Forced 
expiratory flow at 25–75% of lung volume 
(FEF25–75) had been developed as an indicator of 
small airway disease; however, being nonspe-
cific, this marker is no longer recommended for 
interpretation. Some laboratories include maxi-
mum voluntary ventilation (MVV), the patient’s 
ability to breathe in and out as rapidly and 
deeply as possible, as part of routine spirometry. 
A normal value is about 40 times normal FEV1, 
and values under 30 times normal are consid-
ered low. If the test properly performed, this 
marker is indicative of upper airway obstruction 
or neuromuscular weakness [3].

10.2.2.2  Lung Volumes
Although being valuable in differentiating 
obstructive and restrictive patterns, spirometry 
does not provide information about the values in 
which residual volume (RV) is used. Lung vol-
ume measurements are needed to have informa-
tion about RV, FVC, and total lung capacity 
(TLC). Body plethysmography, helium dilution, 
and nitrogen washout are methods for measuring 
the lung volumes. Lung volume measurement is 
especially important in restrictive patterns, where 
reduced FVC is a good marker. In obstructive dis-
orders, lung volume measurements provide valu-
able information as well; RV and RV/TLC ratio 
are being markers of airway trapping and TLC is 

a marker of hyperinflation [3]. Figure 10.1 dem-
onstrates different portions of lung volumes and 
capacities.

10.2.2.3  Maximal Respiratory 
Pressures

Maximal inspiratory pressure (MIP) is the maxi-
mal pressure that can be produced by the patient 
trying to inhale through a blocked mouthpiece. 
Maximal expiratory pressure (MEP) is the maxi-
mal pressure measured during forced expiration 
through a blocked mouthpiece after a full inhala-
tion to TLC. These markers can provide valuable 
information about airway obstruction and muscle 
weakness [3].

10.2.2.4  Diffusing Capacity 
for Carbon Monoxide

Diffusing capacity of lung for carbon monoxide 
(DLCO) is a measure of gas exchange. The 
patient inhales air with trace amounts of carbon 
monoxide (CO) and helium (He) from RV to 
TLC, holds for 10  s, and then quickly exhales. 
The change in CO and He concentrations is mea-
sured. The DLCO is decreased in diseases with 
reductions in lung volume, pulmonary 
 parenchymal diseases, or pulmonary vascular 
disorders. It is increased in disorders like asthma, 
obesity, and alveolar hemorrhage [3].

10.2.3  Image Markers

Quantitative computerized tomography (CT) and 
CT densitometry are specific modification meth-
ods of high-resolution CT with software incorpo-
ration, which are able to objectively measure the 
severity of emphysema. They correlate well with 
spirometric measurements, and the literature data 
suggest that the indices can even predate the spi-
rometric changes in many instances [4]. Some of 
these indices are airway wall thickness, emphy-
sema, and bronchiectasis. These indices are fre-
quently studied as to have correlation with the 
disease severity, exacerbations, and prediction of 
mortality. Airway wall thickness and emphy-
sema, measured quantitatively by CT, had corre-
lation with decreased lung functions.
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10.2.4  Lung Tissue Markers

10.2.4.1  Gene Expression Markers
Gene expression markers provide another insight 
into biomarker research. Many genes have been 
reported to be differentially expressed in emphy-
sema and COPD. Genes that are responsible for 
tissue destruction have been found to be increased 
in emphysematous lung tissue, and they were 
correlated with decreased FEV1. Gene expression 
profiles of the lung tissue samples from the 
patients with COPD correlated with FEF25–75. 
Genes responsible for apoptosis, extracellular 
matrix synthesis, and degradation were upregu-
lated, while anti-inflammatory genes were down-
regulated [5].

10.2.4.2  Protein Markers
Protein markers of the lung tissue are another 
perspective. Many theories regarding the prote-
ase/antiprotease hypothesis in pulmonary dis-
eases implicate the idea to look for biomarkers 

that assess protease activities and their degrada-
tion products as well. However, this approach 
never comes to reality. Elastase is very difficult 
to measure, as it is rapidly inhibited by local anti-
proteases. So are the degradation products of 
elastin, as they are not lung specific. 
Bronchoalveolar lavage has been used to over-
come these problems, but drawbacks like inva-
siveness of the procedure and lack of 
standardization have been obstacles in the bio-
marker research. Neutrophil elastase detection is 
an alternative way of measuring elastase activity 
in the lung. The cleavage of the surrounding 
structures is a biochemical proof of the enzyme 
activity. A specific product of fibrinogen named 
Aα-Val360 has been used as a biomarker, and the 
values were shown to be correlated with spiro-
metric indices. Neutrophil elastases play a major 
role in activating other proteolytic enzymes, such 
as cathepsin B, matrix metalloproteinases 
(MMPs), and tumor necrosis factor (TNF)-α. 
Serum levels of collagen type I and type VI frag-
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ments, the degradation products of collagen by 
MMPs, were also correlated with spirometric 
indices, disease severity, and mortality.

10.2.5  Blood Markers

10.2.5.1  Inflammatory Markers
Reduced levels of vitamin D have been shown to 
be correlated with FEV1. Low levels of club 
(Clara) cell protein 16 (CC-16) were correlated 
with FEV1 decline. Proteins of epidermal growth 
factor receptor (EGFR) signaling pathway were 
correlated with FEV1 changes. Many biomarkers 
were studied in COPDGene and ECLIPSE stud-
ies, and CC-16, fibrinogen, soluble receptor for 
advanced glycation end products (sRAGE), 
C-reactive protein (CRP), and surfactant protein 
D (SP-D) were demonstrated to be associated 
with airflow limitation and FEV1 decline. 
Bradford et  al. have used cytokine and chemo-
kine panels from the COPDGene and 
SPIROMICS studies, and they have demon-
strated that eotaxin and IL-6 were correlated with 
airflow obstruction [6]. In a study by Mendy 
et  al., patients with high CRP, eosinophil count 
<2%, hypoalbuminemia, and hypovitaminosis D 
had low baseline FEV1 values [7]. Many serum 
inflammatory markers have been investigated 
with regard to their association with disease pro-
gression, exacerbations, prognosis, and mortality 
[5]. As mentioned earlier, only few of them have 
been shown to be significantly associated with 
pulmonary functions, but future studies in this 
respect may reveal more data about the associa-
tion of these markers and pulmonary functions. 
These markers may be used as good surrogates of 
currently used pulmonary function tests.

YKL-40, one of the members of mammalian 
chitinase-like protein family, is another marker. It 
is thought to be involved in pathophysiological 
processes, such as cell growth, migration, che-
motaxis, reorganization, and tissue remodeling. It 
may play an important role in inflammation and 
remodeling in COPD.  YKL-40 is produced by 
macrophages, neutrophils, monocytes, airway 
epithelium, and vascular smooth muscles and 
may serve as a biomarker of lung functions, dis-

ease progression, and exacerbations. Elevated 
levels of serum YKL-40 have been found to be 
negatively correlated with FEV1%predicted. No 
correlation was observed with FEV1, but taking 
into consideration the scarcity of material in the 
current literature, future studies in this respect 
would reveal more data, including the association 
of lung functions with sputum levels of the 
marker [8].

Eosinophils are another example of inflamma-
tory cells that under certain conditions recruited 
to the lungs where they facilitate inflammatory 
reaction through the secretion of cytokines, che-
mokines, and cytotoxic granular products. High 
levels of eosinophils have been found in blood, 
sputum, bronchoalveolar lavage fluid, and bron-
chial tissue in the patients with COPD and 
asthma. Absolute or relative cell count of circu-
lating eosinophils can be used as marker, but 
many studies have used 2% for relative number 
of the cells as reference; and values above this 
showed accelerated decline in FEV1, and better 
response to corticosteroids [9].

10.2.5.2  Oxidative Stress Biomarkers
In human body, there is a balance between toxic-
ity of oxidants and protective functions of anti-
oxidant defense systems. Increased oxidative 
burden plays an important role in the pathogene-
sis of many pulmonary diseases, and this oxidant/
antioxidant balance is critically important in the 
maintenance of pulmonary functions. Several 
biomarkers of oxidative stress are available, 
including reactive oxygen species (ROS) them-
selves (i.e., superoxide anion, hydroxyl radical, 
and hydrogen peroxide). ROSs are generally too 
reactive with short half-lives, so it is difficult to 
measure them. Taking this into consideration, it 
is more suitable to estimate oxidative stress by 
measuring the oxidation target products and vari-
ous antioxidants.

Lipid peroxidation products are the major 
products of oxidative damage. They mainly 
include malondialdehyde and to a lesser extent 
lipid peroxides, conjugated dienes, oxidized- 
LDL, and 8-isoprostane. There are also protein 
oxidation products, such as protein carbonyls 
and advanced protein oxidation products.

10 Biomarkers and Pulmonary Function Test



78

Instead of measuring different oxidant species 
separately, total oxidative status (TOS) in plasma 
can be measured. TOS measurement is performed 
based on the principle of the oxidation of ferrous 
ion to ferric ion by the oxidants, which is mea-
sured spectrophotometrically. Oxidatively dam-
aged DNA is another marker of oxidative damage 
and is measured by single-cell gel electrophore-
sis (also known as comet assay). A significant 
increase in DNA damage has been demonstrated 
in COPD patients.

Thiols are organic compounds that contain a 
sulfhydryl group (–SH). There are intracellular 
thiols, maintaining highly reduced environment 
inside the cell, and extracellular thiols as well. A 
significant decrease of protein SH groups have 
been observed in COPD patients, compared with 
normal population. Some authors have demon-
strated an association between the biomarker 
decrease and the disease severity. Regarding non-
protein SH groups, studies have demonstrated 
conflicting results in association of the biomarker 
and disease severity, both progression of the dis-
ease and no difference.

There is scarcity of data about the certain 
association between antioxidants and pulmonary 
functions. Most studies in the literature focus on 
the association between various antioxidant 
 levels, measured by many different tests, and pul-
monary disease severity, exacerbations, progres-
sion, response to treatment, and mortality. Studies 
focusing on the direct measurement of the above-
mentioned biomarkers together with spirometric 
pulmonary function tests in homogenous groups 
would give valuable data about the possibility of 
the future use of these markers as surrogates of 
the currently used tests.

Plasma levels of many antioxidant nutrients, 
such as vitamin A, C, E, and α- and β-carotenes; 
essential trace elements, such as selenium (Se), 
zinc (Zn), iron (Fe), copper (Cu), rubidium (Rb); 
and uric acid have been investigated with regard 
to their association with pulmonary disease 
severity, progression, and exacerbations. 
However, conflicting results have been demon-
strated, and there are still few data about the 
direct association between these and PFTs.

Enzymatic antioxidant activity can be mea-
sured in the blood. Enzymes, such as superoxide 
dismutase (SOD), catalase, and glutathione per-
oxidase (GSH-Px), and to a lesser extent, 
glutathione- S-transferase (GST), paraoxonase 1 
(PON1), and ceruloplasmin ferroxidase have 
been studied in this regard in COPD patients. 
Again, there are many studies in the literature 
focusing on the association between these 
enzyme activities and pulmonary disease sever-
ity, exacerbations, progression, response to treat-
ment, and mortality. There is scarcity of data 
about the certain association between these 
enzyme activities and PFTs [10].

10.2.5.3  Biomarkers of Idiopathic 
Pulmonary Fibrosis (IPF)

Biomarkers of IPF can be classified as alveolar 
epithelial markers, fibrogenesis and extracellular 
remodeling markers, chemokines, growth factors 
and adhesion molecules, and circulating cells.

Alveolar epithelial markers are associated 
with alveolar epithelial cell damage. These are 
Krebs von den Lungen-6 (KL-6) antigen and 
surfactant protein A and D (SP-A, SP-D). 
Fibrogenesis and extracellular remodeling 
markers are matrix metalloproteinases (MMP-1, 
MMP-7), lysyl oxidase-like 2 (LOXL2), and 
periostin. Correlation between higher MMP-7 
and lung functions (FVC, DLCO) has been 
demonstrated. Chemokines are CC chemokine 
ligand 18 (CCL18) and interleukin-8 (IL-8). 
CCL18, a small protein derived from alveolar 
macrophages, has been demonstrated to be neg-
atively correlated with TLC and DLCO. IL-8, a 
cytokine, has been demonstrated to be nega-
tively correlated with TLC, DLCO, and 
VC. Growth factors and adhesion molecules are 
YKL-40, insulin-like growth factor-binding pro-
tein 2 (IGFBP-2), intracellular adhesion mole-
cule-1 and -2 (ICAM- 1 and ICAM-2), and 
vascular endothelial growth factor (VEGF). An 
association between these markers and some 
spirometric indices like DLCO or VC has been 
demonstrated in studies, but further longitudinal 
studies are necessary to evaluate their useful-
ness as biomarkers.
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Examples for circulating cells are Sema7a+ T 
cells and fibrocytes, but there are limited data 
about these markers in the literature [11].

10.2.5.4  Arterial Blood Gases
Blood gas measurement can provide valuable 
information about the pulmonary function. 
The two measured variables, PaO2 (arterial 
blood partial pressure of oxygen) and PaCO2 
(arterial blood partial pressure of carbon diox-
ide), are good markers of various pathophysi-
ological states. Low PaO2 (i.e., values below 
60 mm Hg or 8 kPa) indicates decreased pul-
monary function, provided there are normal 
atmospheric conditions. Normal range for 
PaCO2 is 35–45 mm Hg or 4.7–6 kPa, and it is 
an indicator of CO2 production and elimina-
tion. PaCO2 is a good marker of pulmonary 
function, provided there is no hypermetabo-
lism. Higher values indicate hypoventilation 
and are suggestive of many disorders of 
obstructive and restrictive pattern. Lower val-
ues indicate hyperventilation, either physio-
logical or pathological.

10.2.5.5  Telomeres and Sirtuins
Telomeres and sirtuins are related with lung 
aging in COPD patients. Telomeres, composed 
of repetitive sequences of nucleic acids, are pro-
tective structures that stabilize chromosome 
ends. Telomere repeats shorten during cell divi-
sion. COPD patients have shorter telomeres on 
their peripheral blood leukocytes, and associa-
tion between the disease and telomere length 
was described. A correlation of telomere length 
with FEV1 and FEV1/FVC ratio was also dem-
onstrated [5].

Sirtuins are enzymes that belong to silent 
information regulatory family and are responsi-
ble for gene silencing. Sirtuins have anti- 
inflammatory and anti-aging properties. Their 
levels in peripheral blood mononuclear cells are 
decreased in COPD patients. Sirtuin levels have 
been demonstrated to be positively correlated 
with FEV1 and diffusion capacity [5].

10.2.6  Sputum Biomarkers

Sputum is considered a noninvasive method for 
biomarker sampling. The drawbacks of the meth-
ods are that it highly varies in stable disease and 
its exacerbations, and it contains many oral cav-
ity cells and nonviable cells as well. Moreover, 
the patient must produce sputum to be sampled, 
and this is not always the case. Many sputum bio-
markers have been studied with regard to their 
association with pulmonary disease progression, 
exacerbations, prognosis, and mortality. [4] 
ECLIPSE study revealed valuable data about the 
association of sputum biomarkers and pulmonary 
functions. Increased neutrophil count was associ-
ated with lung functions. High neutrophil elas-
tase (NE), human neutrophil peptides (HNPs), 
IL-8, and MMP-9 in spontaneous sputum are 
associated with FEV1 decline in COPD patients.

10.2.7  Exhaled Breath Biomarkers

10.2.7.1  Volatile Organic Compounds 
(VOCs)

Analysis of exhaled breath helps in the discrimi-
nation of many pulmonary diseases. One of the 
examples is the discrimination of the COPD pro-
file with either higher sputum eosinophilia or 
neutrophilia. Sputum cell count correlates well 
with exhaled breath compounds. However, meth-
odological issues of VOC testing should be over-
come before routine application of these tests as 
surrogates of pulmonary functions [5]. P-cymene 
had negative correlation with FVC, VC, and 
DLCO. Ethylbenzene had negative correlation 
with diffusion capacity per liter lung volume 
(%DLCO/VA) [12].

10.2.7.2  Exhaled Breath Condensate 
(EBC)

Collection of cooled exhaled breath condensate 
is another good way of sampling the airway lin-
ing fluid, given its noninvasive nature. For exam-
ple, EBC acidification is a reflection of airway 
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acidification, and this can serve as a surrogate of 
lung function and disease severity. Again, H2O2 is 
a marker of oxidative stress, and it correlates well 
with COPD severity and exacerbations. Fractional 
excretion of nitric oxide (FeNO) is another mea-
sured parameter, and it serves in aiding the diag-
nosis of COPD phenotypes, as its higher values 
(i.e., FeNO >32  ppb) correlate with sputum 
eosinophilic percentage. A negative correlation 
was demonstrated between H2O2 and 
8- isoprostane with DLCO %predicted. Alveolar 
nitric oxide CalvNO was found to be higher in the 
patients with declining lung functions [12]. 
Notwithstanding, validation of assays and inter-
pretation of clinical impact need to be solved 
before these measurements become a part of the 
routine practice [5].

10.3  Conclusion

There are many types of biological markers that 
reflect lung functions. These markers can be 
measured in invasive and noninvasive manner. 
There are plenty of data in the literature about 
these markers. However, most have investigated 
the relationship of the parameters with the dis-
ease severity, progression, exacerbations, 
responses to treatment, and mortality. The litera-
ture data still lack the exact association of imag-
ing, blood, sputum, and breath markers with 
traditional pulmonary function tests measured by 
spirometry.

Key Major Recommendations
This chapter includes the biological markers of 
human body that could be used as good surro-
gates of pulmonary functions. Advantages and 
disadvantages of the described methods, includ-
ing invasiveness and cost, must be weighted 
before deciding which test to perform. Taking 
into account the scarcity of data in the literature 
regarding the exact association of many bio-

markers with conventional pulmonary function 
tests, the clinicians must always use these bio-
markers together with traditional assessments 
of lung functions, such as symptoms, physical 
signs, spirometric measurements, and blood 
gases.

References

 1. Biomarkers Definitions Working Group. Biomarkers 
and surrogate endpoints: preferred definitions 
and conceptual framework. Clin Pharmacol Ther. 
2001;69:89–95.

 2. Hollander Z, DeMarco ML, Sadatsafavi M, et  al. 
Biomarker development in COPD.  Moving from 
P values to products to impact patient care. Chest. 
2017;151:455–67.

 3. Dempsey T, Scanlon PD.  Pulmonary function tests 
for the generalist: a brief review. Mayo Clin Proc. 
2018;93:763–71.

 4. Crossley D, Renton M, Khan M, et  al. CT densi-
tometry in emphysema: a systematic review of its 
clinical utility. Int J Chron Obstruct Pulmon Dis. 
2018;13:547–63.

 5. Cherneva RV, Kostadinov DT.  Biomarkers in 
COPD  – challenging, real or illusive. Folia Med. 
2018;60:351–63.

 6. Bradford E, Jacobson S, Varasteh J, et al. The value 
of blood cytokines and chemokines in assessing 
COPD. Respir Res. 2017;18:180–9.

 7. Mendy A, Forno E, Niyonsenga T, et al. Blood bio-
markers as predictors of long-term mortality in 
COPD. Clin Respir J 2018;12:1891–1899.

 8. Tong X, Wang D, Liu S, et al. The YKL-40 protein is 
a potential biomarker for COPD: a meta-analysis and 
systematic review. Int J Chron Obstruct Pulmon Dis. 
2018;13:409–18.

 9. Bafadhel M, Pavord ID, Russell REK. Eosinophils in 
COPD: just another biomarker? Lancet Respir Med. 
2017;5:747–59.

 10. Zinellu E, Zinellu A, Fois AG, et al. Circulating bio-
markers of oxidative stress in chronic obstructive 
pulmonary disease: a systematic review. Respir Res. 
2016;17:150.

 11. Guiot J, Moermans C, Henket M, et  al. Blood bio-
markers in idiopathic pulmonary fibrosis. Lung. 
2017;195:273–80.

 12. Hayton C, Terrington D, Wilson AM, et  al. Breath 
biomarkers in idiopathic pulmonary fibrosis: a sys-
tematic review. Respir Res. 2019;20:7.

R. Abdullayev and S. U. Zengin



Part III

Are There Any Specific Clinical Noninvasive 
Ventilation Indications and Pulmonary 

Function Measurement?



83© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021 
A. M. Esquinas (ed.), Pulmonary Function Measurement in Noninvasive Ventilatory Support, 
https://doi.org/10.1007/978-3-030-76197-4_11

Dyspnea During Noninvasive 
Ventilation Implications 
for Respiratory Function

M. I. Matias, C. Cortesão, P. S. Santos, 
and Antonio M. Esquinas

Abstract

Dyspnea is a common and disturbing symp-
tom that hosts multiple subjective experiences, 
and therefore, it is very hard to classify. 
Although noninvasive ventilation (NIV) can 
reduce it, respiratory discomfort can persist, 
reappear, or increase after NIV, and it can be 
multifactorial. Dyspnea during NIV is preva-
lent and is associated with worse prognosis.
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11.1  Introduction

Dyspnea is a common and disturbing symptom 
that hosts multiple subjective experiences, and 
therefore, it is very hard to classify [1]. However, 
regarding quality of dyspnea, there are three 
types that are currently considered, and about 
quantifying dyspnea, there are multiple question-
naires and scales. In addition, in the case of cog-
nitive impairment, heteroevaluation scales have 
also been validated [2].

Although noninvasive ventilation (NIV) can 
reduce dyspnea due to respiratory muscle unload-
ing, respiratory discomfort can persist, reappear, 
or increase after NIV. Evaluation of a patient with 
dyspnea always starts with a history and physical 
examination, and in the context of fast deterioration, 
the ABCDE approach should be conducted [3–5].

Dyspnea, in mechanically ventilated patients, 
can be multifactorial, and therefore, contributions 
from several factors should be taken into consider-
ation starting with the underlying disease and its 
stage, comorbidities, and mental status, but also 
ventilator settings and interface, as well as the pos-
sibility of complications, some of which arise 
acutely and can be life-threatening [3, 5].

Dyspnea during NIV should be taken into 
high consideration since it is prevalent and is 
associated with NIV failure and increased risk of 
intubation and higher short-term and long-term 
mortality [5].
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11.2  Discussion and Analysis of 
the Main Topic

11.2.1  Definition 
and Physiopathology 
of Dyspnea

Dyspnea is a common and disturbing symptom 
consensually defined as “a subjective experi-
ence of breathing discomfort that consists of 
qualitatively distinct sensations that vary in 
intensity.” It is an internal state of respiratory 
discomfort consisting of a set of distinct sensa-
tions resulting from the interaction of physio-
logical, social, and environmental factors that 
generate a unique physiological and behavioral 
response [1].

Physiopathology of dyspnea depends on excit-
atory and inhibitory information as well as motor 
perceptions. These sensory-motor mechanisms 
give rise to sensations related to breathing, and 
they originate from chemoreceptors as well as 
receptors in the airways, lung parenchyma, and 
respiratory muscles. They assess multiple stimuli 
as changes in the blood gases and pH level, as 
well as mechanical status of the respiratory sys-
tem, producing afferent impulses to the brain 
stem witch elaborates a suitable response [4].

Breathing is automatic while the load 
remains constant, or when load changes are 
anticipated unconsciously, the ventilatory drive 
in the brain stem (enhanced by stimuli like 
hypercapnia, hypoxia, hyperthermia, or exer-
cise) is accompanied by a suitable return in the 
stretch receptor. However, if unexpected 
changes are produced, that is, the motor drive 
to breathe (i.e., corollary discharge) is not 
matched by afferent feedback from mechano-
receptors in the lungs, airways, and chest wall, 
then cerebral cortex is activated. This means 
breathing becomes a conscious act, and one 
becomes aware that if the result of the effort no 
longer corresponds to the demands, then this is 
perceived as uncomfortable [4].

Sensory afferent stimulus and corresponding 
triggered mechanisms are summarized in 
Table 11.1.

11.2.2  Measurements 
and Assessment

Dyspnea hosts multiple subjective experiences; 
however, the wide range of afferent information 
described earlier (Table 11.1) may be associated 
more specifically to a particular dyspnea 
description.

With regard to the quality of dyspnea, the fol-
lowing types are currently considered and best 
characterized [6–8]:

• Work or effort in breathing (perception of 
excessive breathing force/effort):
 – Can occur in situations of high minute ven-

tilation, situations of increased impedance 
to inspiration (e.g., at high lung volumes 
in a hyperinflated lung with increased lung 
elastance), and situations placing inspiratory 
muscles at a disadvantageous length or even 
weakness of this muscles. This feeling may 
occur even when gas exchange needs are 
ensured. It is highly associated with obstruc-
tive diseases of the airways and diseases 
that deteriorate respiratory mechanism or 
decrease the performance of the respiratory 
muscles like neuromuscular disorders [6–9].

• Chest tightness (sense of thoracic restriction):
 – It is a sensation relatively specific from stim-

ulation of airway receptors associated with 
episodes of bronchoconstriction occurring 
namely in obstructive lung diseases [6–9].

• Air hunger/unsatisfied inspiration (unsatisfied 
urge to breathe):
 – It occurs in states where ventilatory demand 

exceeds the capacity to provide it. Appears 

Table 11.1 Sensory afferent stimulus and corresponding 
triggered mechanisms

Mechanism Stimulus
Chemoreceptors Hypoxemia, hypocapnia, acidosis
Mechanoreceptors Hyperinflation, alveolar collapse, 

muscle distension
J receptors Pulmonary vascular congestion
Airway C fibers Inhalation of irritating products
Metabolic 
receptor

Metabolic activity of the 
ventilatory pump
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to originate from a “corollary discharge,” 
an imbalance between an increased motor 
drive to breathe (efferent motor command) 
that was not matched by an inhibitory 
afferent feedback from mechanoreceptors 
in the respiratory system. “Air Hunger” is 
not specific of any disease or stimulus, it 
may occur in conditions characterized by 
restrictive mechanics and situations of lim-
ited tidal volume, for example, in dynamic 
hyperinflation. Can be enhanced by stimuli 
that increase ventilatory drive (hypoxia, 
hypercapnia, acidosis…) and may be 
relieved by a positive feedback from mech-
anoreceptors, providing information about 
achieved pulmonary ventilation [6–9].

Patients under noninvasive ventilation gener-
ally experience mixed respiratory sensations. 
Increased ventilatory drive (hypoxia, hypercap-
nia, acidosis, hyperthermia…) occurs in patients 
with a low functional reserve, for example, with 
weakened respiratory muscles, bronchospasm, or 
hyperinflated lungs with increased impedance to 
inspiration and generating inadequate tidal vol-
ume, and many other different constraints gener-
ate mixed qualities of dyspnea [6–9].

On the other hand, for quantifying dyspnea, 
several measuring instruments are proposed:

• Direct approach: patients who are able to 
answer simple questions (guided questioning 
and rating scales):
 – Intensity: Borg scale, visual analog scale 

(VAS), or modified Medical Research 
Council (mMRC) scale [2, 6–8].

 – Multidimensionality: baseline index of 
dyspnea (BDI), transitional index of 
dyspnea.

 – Specific pathology: for example, New York 
Heart Association scale [2, 6–8].

• Indirect approach: clinical surrogates:
 – Heteroevaluation scales: cognitive impair-

ment may interfere with dyspnea self- 
report. Respiratory Distress Observation 
Scale (RDOS) is based on observable signs 
and is validated in noncommunicative 
patients [2].

 – Biomarkers: the electromyographic activity 
of the extradiaphragmatic inspiratory mus-
cles and the premotor inspiratory poten-
tials detected on the electroencephalogram, 
which are validated instruments [7].

11.2.3  Dyspnea Approach 
in Noninvasive Ventilated 
Patient

NIV can reduce dyspnea due to respiratory mus-
cle unloading; however, dyspnea can persist, 
reappear, or increase after NIV.

Although patient’s words may help indicating 
the underlying mechanisms, as seen earlier, the 
subjectivity of dyspnea hinders the determination 
of the diagnosis and severity of the underlying con-
dition. Evaluation of a patient with dyspnea always 
starts with a history and physical examination. It is 
important to determine acute versus chronic dys-
pnea, intermittent versus persistent, and aggravat-
ing factors like effort, emotional stress, and body 
position, and in the context of rapid deterioration, 
the ABCDE approach should be conducted [3].

In addition to a detailed and necessary semiol-
ogy, laboratory, imagiological, and clinical stud-
ies may have diagnostic utility to confirm the 
formulated hypotheses.

Dyspnea, in mechanically ventilated patients, 
can be multifactorial, and therefore, contribu-
tions from several factors should be considered 
starting with the underlying disease and its stage, 
patient’s comorbidities, but also ventilator set-
tings and interface, as well as the possibility of 
complications, some of which arise acutely and 
can be life-threatening [3, 6–8].

• Dyspnea causes arising from the respiratory 
system [3, 7].
 – Underlying disease: In the presence of pre-

existing underlying comorbilities, namely 
respiratory or cardiac, any increase in the 
work of breathing or worsening of 
ventilation- perfusion relationships and 
consequently pH and blood gas alterations 
may precipitate and perpetuate dyspnea if 
not resolved.

11 Dyspnea During Noninvasive Ventilation Implications for Respiratory Function



86

 – Pneumothorax may occur particularly in 
the presence of emphysema and elevated 
EPAP or unusually large tidal volumes are 
used.

 – Pleural effusion is a common complication 
among others of pulmonary infection or 
cardiac decompensation, which can reduce 
compliance and worsen ventilation- 
perfusion relations.

 – Atelectasis: alveolar collapse and decreased 
tidal volume can lead to dyspnea.

 – Acute respiratory distress syndrome 
(ARDS): many situations can lead to ARDS 
and worsen the ventilation-perfusion ratio 
causing dyspnea.

 – Respiratory infection: present in the begin-
ning or complicating the course. Can cause 
increased secretions, precipitation of bron-
chospasm, increased compliance and work 
of breathing. There is also an increase of 
death space, which worsens ventilation- 
perfusion relationship.

• Dyspnea due to patient-ventilator 
characteristics.

 Inappropriate ventilator settings: optimizing 
inappropriate ventilator settings could reduce 
dyspnea intensity in 35% of patients during 
NIV [4]:
 – Patient-ventilator asynchrony: due to inad-

equate definition of inspiratory and expira-
tory trigger and inspiration and expiration 
times [6, 7].

 – Low inspiratory flow: associated with the 
sense of higher inspiratory muscle effort 
and on the other hand, increasing inspira-
tory flow originates respiratory muscle 
relaxation [6, 7].

 – Low pressure support levels: associated 
with a sense of excessive inspiratory effort 
[6, 7].

 – Low tidal volumes: in the case of increased 
ventilatory drive, via “corollary discharge,” 
a low tidal volume may not produce an 
inhibitory afferent feedback from mecha-
noreceptors, causing “air hunger “[6, 7].

 – Intrinsic positive end-expiratory pressure 
(PEEP), for example, in the case of broncho-
spasm, increase impedance to inspiration can 
produce work or effort in breathing [6, 7].

 – Patient-ventilator interface: besides dis-
comfort or claustrophobic feelings, there 
can be leaks that can cause respiratory dis-
comfort. In patients under NIV, leaks have 
been demonstrated to change breathing 
pattern and cause patient–ventilator asyn-
chronies [6, 7].

• Complications of the cardiovascular system:
 – Pulmonary edema in congestive heart fail-

ure: besides worsening of pulmonary gas 
exchange, and reducing pulmonary com-
pliance, it has been suggested that 
J- receptors, responding to vascular disten-
tion, are stimulated in this case, being 
responsible for dyspnea [3].

 – Pulmonary embolism can cause an increase 
in physiological dead space and therefore 
worsen ventilation-perfusion relations [3].

 – Cardiac arrhythmias especially present in 
the set of hypoxemia or rapid alterations in 
pH can also cause feelings of respiratory 
discomfort [3].

 – Coexisting coronary disease or valvular 
heart disease should also be mentioned as 
aggravating dyspnea [3].

 – Dyspnea due to diseases outside the respi-
ratory and cardiovascular systems.

 – Anemia can cause dyspnea through a 
ventilation- perfusion unbalance [3, 6–8].

 – Iatrogenic (pharmacological): nonselec-
tive beta-blockers and nonsteroidal anti- 
inflammatory drugs can cause 
bronchospasm and therefore feeling of 
chest tightness [3, 6–8].

 – Extrinsic stimuli of respiratory drive: fever 
or metabolic acidosis can increase ventila-
tory drive and cause “air hunger” as 
described before [3, 6–8].

 – Mental status: in mechanically ventilated 
patients, dyspnea is strongly associated 
with anxiety and relationships can exist in 
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both directions. Anxiety and pain stimulate 
the ventilatory drive, increasing dyspnea 
but also through the affective dimension of 
dyspnea, since most of the cortical regions 
activated (limbic or paralimbic) are also 
known to play an important role in emo-
tions. Besides that, depressed patients may 
have lower confidence and adherence to 
therapies adding difficulties [7, 8, 10, 11].

11.2.4  Clinical Relevance of Dyspnea 
in Mechanically Ventilated 
Patients

It is known that dyspnea alone has a bad prognos-
tic value in patients with stable COPD. Also, dur-
ing COPD acute exacerbations, dyspnea is a 
predictor of hospital mortality [12, 13]. In a more 
acute setting, in the ICU, it has been shown that 
dyspnea during invasive ventilation is frequent, 
often intense and that is correlated with delayed 
extubation and prolonged ICU stay [5, 7].

In the case of noninvasive ventilation, a large 
prospective study [5] showed similarities to other 
studies, moderate-to-severe dyspnea in 55% at 
admission and 39% after first NIV session in 
patients with acute respiratory failure. Also 
showed that dyspnea persisting or not improving 
after the first NIV session is associated with NIV 
failure and therefore increased risk of intubation 
and higher short-term and long-term mortality.

11.3  Conclusion Discussion

Dyspnea is very prevalent and clinically relevant 
during NIV, and therefore, it should be actively 
searched and addressed.

Key Major Recommendations
• Dyspnea is a common and disturbing 

symptom.
• There are three types of dyspnea that are cur-

rently considered and best characterized: work 

or effort in breathing, chest tightness, and air 
hunger/unsatisfied inspiration.

• Several measuring instruments have been pro-
posed for quantifying dyspnea in daily 
practice.

• In the presence of dyspnea during NIV, sev-
eral factors must be considered, starting with 
the underlying disease and its severity, comor-
bidities, patient’s mental state, ventilator and 
interface settings, as well as the possibility of 
complications.

• Dyspnea during NIV is prevalent and is asso-
ciated with NIV failure, increased risk of intu-
bation, and higher short-term and long-term 
mortality.
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Pulmonary Function in Rare 
Pulmonary Diseases
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Abstract

Each year approximately 250 new diseases are 
discovered and are identified as rare diseases. 
Rare diseases usually have about 5% of a ten-
dency to involve the pulmonary system. It can 
be said that although rare diseases sound to be 
uncommon as their prevalence in a given pop-
ulation is low, there is actually a large number 
of people who suffer from it.

Keywords

Respiratory function tests · Idiopathic 
pulmonary fibrosis · Cystic fibrosis · 
Lymphangioleiomyomatosis · Pulmonary 
alveolar proteinosis

Abbreviations

CF Cystic fibrosis
CFTR Cystic fibrosis transmembrane con-

ductance regulator
CT Computerized tomography
DLCO Diffuse lung capacity testing
ERV Expiratory reserve volume
FEV1 Forced expiratory volume in 1 s
FRC Functional residual capacity

FVC Forced vital capacity
ICEP Idiopathic chronic eosinophilic 

pneumonia
IPF Idiopathic pulmonary fibrosis
IRV Inspiratory reserve volume
ISWT Incremental shuttle walk test
LAM Lymphangioleiomyomatosis
PAP Pulmonary alveolar proteinosis
PFT Pulmonary function tests
RV Residual volume
SMWT Six minute walk test
TV Tidal volume
VC Vital capacity

12.1  Introduction

The total number of rare diseases is 7000. Only in 
the European Union, there are about 35 million 
patients who suffer from one of these 7000 rare 
diseases. In Europe alone, there are approxi-
mately 1–2 million people who suffer from a rare 
disease that has affected their lungs [1].

Before diving deeper into a couple of these 
rare pulmonary diseases, pulmonary function and 
pulmonary function tests (PFT) will be shortly 
discussed in order to have a better understanding 
of the pulmonary functions in rare diseases, 
which is the topic of this article.
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12.2  Discussion and Analysis

12.2.1  Pulmonary Function Tests

Pulmonary function, that is, how well one’s lungs 
work, can be determined through a number of 
tests. These tests that can all be categorized under 
pulmonary function tests include devices and 
techniques such as: spirometry, arterial blood gas 
analysis, lung diffusion capacity testing, lung 
volume testing, pulse oximetry, and a 6-min walk 
test [2].

A closer look into how each one of these tests 
works and what exactly they measure will be 
explained below.

Spirometry can measure:

• Tidal volume (TV).
• Forced vital capacity (FVC).
• Forced expiratory volume in 1 s (FEV1).
• Vital capacity (VC).
• Inspiratory reserve volume (IRV).
• Expiratory reserve volume (ERV).

However, it cannot measure residual volume 
(RV) and, hence, also functional residual capac-
ity (FRC) or total lung capacity (TLC) cannot be 
measured by a spirometry [2]. The ratio of FEV1 
to FVC is an important parameter in staging 
some pulmonary diseases and also predicting the 
prognosis.

Arterial blood gas analysis can display the 
acid-base situation in the blood which is a param-
eter of how well does the patient gets oxygen-
ized/ventilated. For this reason, as the patient 
does not need to be awake for this pulmonary 
function testing, it is commonly used in operating 
rooms and also on patients who are in the inten-
sive care unit, intubated.

The diffuse lung capacity testing (DLCO) 
involves the patient inspiring a tracer gas and a 
small amount of carbon monoxide. This allows 
the physician to evaluate the predicted diffuse 
lung capacity which then should be adjusted to 
the patient’s hemoglobin levels.

Previously it was mentioned that the spirome-
try cannot measure the residual capacity. When 
results like low tidal volume are obtained in the 

spirometry, often a lung volume testing is done to 
determine the residual volume, and the residual 
volume to total lung capacity as it is an important 
parameter for obstructive pulmonary diseases.

There are two different ways to measure lung 
volume. One of them includes the uses of gas like 
helium or nitrogen. This technique tends not to 
give accurate results as there can be leakages 
through the mouthpiece. The other technique is 
body plethysmography; even though this tech-
nique gives more accurate results, it also has its 
own limitations. Therefore, it is only appropriate 
to say that whole-body plethysmography is only 
a relatively better option of measuring the lung 
volume.

A pulse oximetry is one of the simplest meth-
ods of pulmonary function testing.

A six-minute walk test (SMWT) is used to 
determine the functional exercise capacity of the 
patients. In this test, the patient is asked to walk 
for 6  min, and how much they have walked in 
meters and their oxygen saturation, pulse, and 
blood pressure are the parameters [3].

These pulmonary function tests are going to 
be the tools to display the pulmonary functions of 
the patients who suffer from rare pulmonary dis-
eases. The rare diseases that will be discussed in 
this article are as follows: idiopathic pulmonary 
fibrosis, lymphangioleiomyomatosis, pulmonary 
alveolar proteinosis, idiopathic chronic eosino-
philic pneumonia, cystic fibrosis, and alpha 1 
antitrypsin deficiency.

12.2.2  Idiopathic Pulmonary Fibrosis

Idiopathic pulmonary fibrosis (IPF) can be sim-
ply defined as the progressive scarring of the lung 
tissue due to an unknown reason. Five out of 
10,000 people are diagnosed with it every year; 
although it is a rare condition, it still means that 
about 400,000 people get diagnosed with IPF 
each year in Europe. These epidemiological data 
also support that IPF patients make up for the 
majority of interstitial lung disease patients as 
IPF is the most common of them. Although the 
exact cause of this disease still remains unclear, a 
couple of genetic mutations have been associated 

N. Alpay



91

with IPF. For the diagnosis and prediction of pro-
gression, pulmonary function tests like spirome-
try are often used in IPF [4].

The data obtained from spirometry on IPF 
patients often suggest a restrictive pulmonary 
disease pattern and a reduced diffusion capacity 
for carbon monoxide; however, if there is an 
obstructive pattern, the coexistence of other pul-
monary disorders should be considered. The 
parameters of the spirometry all seem to reduce 
in this disease.

The decline in FVC over 10% in a given 
amount of time, such as 6 months, is a prognosti-
cator. If there is a decrease of more than 10%, 
then risk of death increases by about 2.5% [4].

Another pulmonary function test used in IPF 
is the DLCO. This test displays the impaired gas 
exchange in these patients. It is also used as a 
prognosticator and it can be said that when the 
DLCO is smaller than 35%, if DLCO is less than 
39% and limited, if DLCO is greater than 40%, 
and when the decline in DLCO in a year is greater 
than 15%, there is increased mortality.

Also, a 6-min walk test is clinically used for 
IPF patients to see their capacity for exercise. 
The desaturation being below 88% is a marker 
for increased mortality [5].

12.2.3  Lymphangioleiomyomatosis

Lymphangioleiomyomatosis (LAM) is a disease 
that affects more than one system and is seen in 
women. Proliferation of abnormal cells namely 
LAM cells result on cysts in the lungs or in the 
lymphatic and also various typesof tumoral 
grown. Although the diagnosis is based on X-ray, 
computerized tomography (CT), and biopsies, 
pulmonary function tests like spirometry, diffuse 
lung capacity, and 6-min walk are used for assess-
ing the pulmonary effects and the severity of this 
rare disease, which occurs in 1 in 6000 births.

Spirometry reveals a reduced FEV1, and the 
DLCO is also reduced in these patients [6].

Exercise testing like the 6-min walk can dis-
play if there is gas impairment or hypoxia, even 
when the lung functions seem to be within the 
normal limits.

A trend showing a decline in FEV1 and DLCO 
for more than 5–10 percent-year would be pres-
ent when the LAM is aggressive. On the other 
hand, it is also possible for patients to have a 
slower loss of function which can take many 
years before it interrupts daily activities. For this 
reason, regular pulmonary function testing in 
patients with LAM is important to define the 
severity of the disease at that given time for nec-
essary measures to be taken [7].

12.2.4  Pulmonary Alveolar 
Proteinosis

Pulmonary Alveolar Proteinosis (PAP) is a rare 
disease in which the type 2 alveoli secrete exces-
sive surfactant and this surfactant builds up caus-
ing difficulty in breathing. The disease can affect 
people of any age; however, it is mostly seen in 
people aged between 30 and 50 years. About 7 out 
of one million people are affected by PAP. There 
are three main types of PAP; congenital, autoim-
mune, and secondary. Pulmonary function tests 
such as spirometry and diffuse lung capacity test-
ing are used for diagnosis and prognosis.

These tests on PAP patients can reveal reduced 
total lung capacity and reduced forced vital 
capacity indicating a restrictive pattern on those 
who are severe cases. Others usually have normal 
readings for FVC and TLC. Diffuse lung capacity 
test is done periodically as a frequent drop on the 
diffusing capacity of the lung is a bad prognosti-
cator for the patient [8].

12.2.5  Idiopathic Chronic 
Eosinophilic Pneumonia

Idiopathic chronic eosinophilic pneumonia 
(ICEP) is a very rare disease that accounts for 
0% to 2.5% of all interstitial lung diseases. It 
presents with chronic respiratory symptoms and 
eosinophilia, either or both alveolar and blood. 
Although the diagnosis is not through the pulmo-
nary function tests, they are used to determine 
whether the disease has a restrictive or obstruc-
tive pattern. ICEP is seen in about one-third to 
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half of the patients with asthma, and those who 
have asthma often present with the obstructive 
pattern. Spirometry can also remain within the 
normal limits in one-third of the patients. The 
DLCO is also reduced. Arterial blood gas anal-
ysis is also used in these patients and it often 
reveals moderate hypoxia [9].

12.2.6  Cystic Fibrosis

Cystic fibrosis (CF) is caused by mutations on the 
cystic fibrosis transmembrane conductance regu-
lator (CFTR) gene. The main role of this protein 
is to take part in the hydroelectrolytic flux. When 
this protein is altered, it results in abnormal exo-
crine secretions.

It affects the lungs, liver, gastrointestinal sys-
tem, the vas deferens, and as mentioned the exo-
crine glands. CF is characterized by progressive 
lung disease, malabsorption, malnutrition, diabe-
tes, sinusitis, and growth retardation.

Pulmonary function tests are not traditionally 
used for the diagnosis of CF; however, they are used 
to see the prognosis of the disease. The most com-
mon test that is used in these patients is the mul-
tibreath washout test as this test is more sensitive 
than spirometry. This technique is also  considered 
to be better than a body plethysmograph [10].

Exercise tests are also used in this group of 
patients. It can be said that a recent study done by 
Saglam et al. brought a new look to the exercise 
tests on CF patients. Their study comparing a 
6-min test with an incremental shuttle walk test 
has revealed that the incremental shuttle walk test 
is more favorable to use on patients with 
CF.  Incremental shuttle walk test (ISWT) was 
able to display the symptom-related intolerances 
and predict prognosis better than the SMWT [11].

Because pulmonary manifestation is the lead-
ing cause of death in these patients, it is neces-
sary to mention lung transplantation. According 
to Cystic Fibrosis Foundation consensus guide-
lines, there are 21 recommendations but 
Table 12.1 lists only those related to pulmonary 
function tests.

12.2.7  Alpha 1 Antitrypsin Deficiency

Alpha 1 antitrypsin deficiency is an inherited disor-
der that has a prevalence of 1–5 out of 10,000 peo-
ple. The manifestation in the respiratory system is 
characterized with chronic obstructive pulmonary 
disease. PFTs are used to keep the physician up to 
date about the progression of the disease.

Decreased airflow, increased lung volume, 
and decreased diffusing capacity are displayed 
through the PFT like spirometry and DLCO [12].

12.3  Conclusion Discussion

In conclusion, it can be said that even though the 
rare diseases have a low prevalence in the total 
population of the world/countries, patients who 
suffer from rare diseases still make a very large 
number of individuals whose needs should not be 
neglected as any other patients. For this reason 
usage of more than a couple of PFTs can be good 
for patients and physicians as they may have 
more to display. There is a need for more research 
and evaluation on this study, either clinical study 
or meta-analysis and Cochrane study.

12.4 Key Recommendations

• Since pulmonary function tests have been pro-
viding a good way to diagnose and stage these 
diseases which have pulmonary involvement, 
these tests should be made.

• Not only spirometry but also diffuse lung 
capacity testing, arterial blood gas analysis, 
6-min walk, and other pulmonary function 
tests must be precisely assessed for every 
patient.

• It should be thought that the tests in the same 
group may be superior to each other and, if 
possible, these tests should be performed. For 
example, an incremental shuttle walking test 
(ISWT) may be better than a 6-min walk in 
determining the prognosis in patients with 
cystic fibrosis.
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Chronic Neuromuscular Disorders

Michalis Agrafiotis, Stavros Tryfon, 
Afroditi Boutou, and Athanasia Pataka

Abstract

Spirometry, respiratory muscles pressures, 
peak cough flow, and arterial (or capillary) 
blood gases are the most commonly used pul-
monary function tests for the assessment of 
patients with neuromuscular disorders. These 
tests can be used for disease monitoring and 
patient prognostication, as well as for decision- 
making regarding the initiation of ventilatory 
support. However, the use of daytime pulmo-
nary function tests as screening tools for the 
prediction of sleep hypoventilation cannot be 
recommended in patients with neuromuscular 
disorders.

Keywords

Vital capacity · Maximum inspiratory 
pressure · Maximum expiratory pressure · 
Sniff nasal inspiratory pressure · Peak cough 
flow · Base excess

Abbreviations

ALS Amyotrophic lateral sclerosis
BE Base excess
BG Blood gases
DMD Duchenne muscular dystrophy
FRC Functional residual capacity
FVC Forced vital capacity
IVC Inspiratory vital capacity
NIV Noninvasive ventilation
NMDs Neuromuscular disorders
PCF Peak cough flow
PEmax Maximum static expiratory pressure
PImax Maximum static inspiratory pressure
REM Rapid eye movement
SDB Sleep-disordered breathing
SNIP Sniff nasal inspiratory pressure
SVC Slow vital capacity
tcPCO2 Transcutaneous PCO2

TLC Total lung capacity
twPdi Twitch transdiaphragmatic pressure
VC Vital capacity

13.1  Introduction

The term neuromuscular disorders (NMDs) 
encompass a heterogeneous group of diseases 
that may affect the upper motor neuron, the lower 
motor neuron, the peripheral nerves, the neuro-
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muscular junction, and the muscles. Impairment 
of respiratory muscle function in patients with 
NMDs leads to various respiratory complications 
(infections, atelectases, aspiration, ventilatory 
failure, etc.), which constitute a major cause of 
morbidity and mortality [1]. From a practical 
point of view, respiratory muscles are classified 
into three groups: (1) inspiratory muscles, 
responsible for ventilatory pump function and the 
inspiratory cough phase; (2) expiratory muscles, 
responsible for active expiration and also partici-
pating in the compression/expulsion of cough 
phases; and (3) upper airway muscles, responsi-
ble for upper airway patency, deglutition, and the 
compression in cough phase [2].

Respiratory involvement in patients with 
NMDs initially manifests during sleep, leading to 
various sleep-disordered breathing (SDB) events 
of which sleep hypoventilation is the most promi-
nent. Several studies have demonstrated that the 
introduction of noninvasive ventilation (NIV) at 
the early stages of symptomatic sleep hypoventi-
lation is associated with improved survival and 
quality of life [1]. The diagnosis of sleep 
hypoventilation requires a comprehensive sleep 
study, ideally polysomnography complemented 
by capnography. In addition, a panoply of day-
time pulmonary function tests and investigations 
may assist the clinician in following up, screen-
ing, and prioritizing patients with NMDs. These 
investigations commonly include spirometry, 
respiratory muscle pressures, peak cough flow 
(PCF), and arterial (or capillary) blood gases 
(BGs). In the rest of this chapter, the utility of 
each of these tests in the management of patients 
with NMDs will be reviewed.

13.2  Discussion and Analysis 
of the Main Topic

13.2.1  Spirometry

Spirometry is the hallmark of respiratory investi-
gations in patients with NMDs, with vital capac-
ity (VC) being the most commonly used 
functional index. The VC maneuver is performed 
by instructing the subject to take a deep breath 

and blow forcibly as much air as they can into the 
spirometer via a mouthpiece (forced vital capac-
ity, FVC). However, a slow maneuver (slow vital 
capacity, SVC) can be used in patients who 
become easily fatigued with the forced maneu-
ver, without compromising prognostic classifica-
tion and clinical decision-making [3]. The VC 
maneuver is a meticulously standardized test and 
reference ranges are available across a wide span 
of ages and different races. Of note, VC is more 
sensitive than total lung capacity (TLC) in detect-
ing restriction in patients with advanced expira-
tory muscle weakness [4]. However, it can be 
influenced by the presence of parenchymal lung 
and thoracic wall disease, it cannot discriminate 
between inspiratory and expiratory muscle weak-
ness, and patients with weak mouth muscles may 
not be able to achieve a good seal around the 
mouthpiece. In addition, upright VC is fairly 
insensitive for the diagnosis of respiratory mus-
cle weakness at early disease stages [5], although 
supine VC can perform better in this aspect [6, 7]. 
Postural decreases in VC by >15% and >30% 
have been proposed as cut-off points for the diag-
nosis of unilateral and bilateral diaphragmatic 
weakness, respectively [8].

VC has been validated for the prediction of gas 
exchange disturbances in patients with NMDs. In a 
study of 81 patients with amyotrophic lateral scle-
rosis (ALS), a VC <50% could predict the pres-
ence of diurnal hypoventilation with a sensitivity 
of 89% and a specificity of 53% [9]. In a study 
of 42 patients with various primary myopathies, 
Ragette et al. defined SDB as a respiratory distur-
bance index >5 events/hour of total sleep time or 
>10 events/hours of rapid eye movement (REM) 
sleep time and “continuous sleep hypoventila-
tion” as a nocturnal transcutaneous PCO2 (tcPCO2) 
>50 mmHg for REM sleep and >50% of non-REM 
sleep time. This study demonstrated that an inspira-
tory VC (IVC) <25% could discriminate between 
patients with diurnal ventilatory failure and those 
without with a sensitivity of 92% and a specific-
ity of 93%. In the same study, an IVC <60% and 
<40% were fairly accurate in the prediction of 
SDB onset (sensitivity 91% and specificity 89%) 
and “continuous sleep hypoventilation” (sensitiv-
ity 94% and specificity 79%), respectively [10]. On 
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the other hand, based on a retrospective study of 
131 patients ALS, nocturnal hypoventilation can be 
present in half of those who did not report dyspnea 
and had an FVC >75% [11].

Many studies have established the role of VC 
assessment for prediction of outcome in patients 
with NMDs. By evaluating data from 1034 ALS 
patients, Czapliniski et al. demonstrated that an 
FVC >75% was associated with a median sur-
vival of 4.08 years, as opposed to 2.91 years for 
patients with an FVC <75%; in this study, FVC 
independently predicted survival after adjust-
ment for demographic characteristics and treat-
ment modalities [12]. On the other hand, an FVC 
>80% is a predictor of favorable outcome in ALS 
but only in the short term, that is, within a 
3-month period [13]. In a study of 95 ALS 
patients, a supine FVC <80% was 94.6% sensi-
tive (albeit 17.9% specific) in predicting death 
and/or tracheostomy within 1 year [7]. Likewise, 
an IVC <1 L has been associated with a 5-year 
survival rate of 8% in patients with Duchenne 
muscular dystrophy (DMD) [14], while an IVC 
<1.1 L could identify patients at risk for severe 
chest infections in a retrospective study of chil-
dren and adolescents with various NMDs [15].

Several scientific groups have proposed vari-
ous VC cut-off values as indications for NIV 
commencement in patients with NMDs [16–21] 
(Table 13.1). For patients with ALS, a VC <80% 
plus symptoms of hypoventilation or a VC <50% 
(regardless of the presence of symptoms) is tra-
ditionally used for initiating ventilatory support 
[20, 21].

13.2.2  Respiratory Muscle Pressures

Tests for the assessment of respiratory muscles 
pressures can be volitional or nonvolitional, and 
invasive or noninvasive. Volitional noninvasive 
tests are among the most commonly used in 
everyday practice for the assessment of respira-
tory muscle strength in patients with NMDs. 
These usually include the maximum static inspi-
ratory pressure (PImax), the maximum static 
expiratory pressure (PEmax), and the sniff nasal 
inspiratory pressure (SNIP).

PImax and PEmax are measured at the mouth 
opening using a manometer attached to a valve 
and a rubber tube or flanged mouthpiece; a 
2-mm-diameter leak prevents the subject from 
closing their glottis during the PImax maneuver 
and from recruiting their buccal muscles during 
the PEmax maneuver. The PImax maneuver is 
performed by instructing the subject to exhale to 
residual volume through the mouthpiece and then 
inhale maximally (Mueller maneuver). 
Conversely, in the PEmax maneuver, the subject 
inhales to TLC and then exhales maximally 
(Valsalva maneuver), while the cheeks are sup-
ported by the patient’s or an assistant’s hands. 
Both PImax and PEmax maneuvers require that 
the subject maintains the pressure for at least 
1.5  s so that the maximum pressure during the 
first second can be recorded. The measured pres-
sure consists of the respective inspiratory or expi-
ratory respiratory muscle pressure plus the 
respiratory system elastic recoil pressure. 
Optimal test performance requires >3 maneuvers 

Table 13.1 Recommended pulmonary function tests cut- 
off points for NIV initiation in patients with various types 
of neuromuscular disorders

Test
Pulmonary function tests cut-off points for 
NIV initiation

Vital 
capacity

NMDs: VC <50% plus symptoms [16]
ALS: VC <80% plus symptoms or VC 
<50% [20, 21]
DMD: VC <30% plus symptoms [17]
Myotonic dystrophy I: VC <50% [19]
Pompe’s disease: VC <50% plus 
symptoms [18]

PImax NMDs: PImax <60 cm H2O plus 
symptoms [16]
ALS: PImax <65 cm H2O in males and 
<55 cm H2O in females plus symptoms or 
PImax <40 cm H2O [20, 21]
Myotonic dystrophy I: PImax <60 cm 
H2O [19]
Pompe’s disease: PImax <60 cm H2O plus 
symptoms [18]

SNIP ALS: SNIP <50 cm H2O plus symptoms or 
SNIP <40 cm H2O [20, 21]
Pompe’s disease: SNIP <40 cm H2O plus 
symptoms [18]

Blood 
gases

NMDs: PCO2 ≥45 mmHg [16]
ALS: PCO2 >45 mmHg [21]
Myotonic dystrophy I: PCO2 >45 mmHg [19]
Pompe’s disease: PCO2 >50 mmHg [18]
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with <10% variability of which the best is regis-
tered [4, 8]. Generally, a PImax/PEmax >70 cm 
H2O in females and >80 cm H2O in males exclude 
clinically significant respiratory muscle weak-
ness [22]. PImax values <60% and <30% have 
been advocated by experts as clinically relevant 
cut-off points for the diagnosis of unilateral and 
bilateral diaphragmatic dysfunction, respectively 
[8]. Advantages of PImax and PEmax measure-
ments include their relative easiness of perfor-
mance and the availability of reference values 
across all age spans. However, both tests depend 
on subject’s effort and cooperation, require a 
good mouthpiece seal, and are influenced by the 
respiratory system elastic recoil, although refer-
ence values for both tests when performed at 
functional residual capacity (FRC) have also 
become available [22].

PImax has been extensively validated for the 
prediction of diurnal and sleep hypoventilation in 
patients with NMDs. A PImax <25% could diag-
nose diurnal hypoventilation with a sensitivity of 
83% and a specificity of 55% in nonbulbar ALS 
patients [9]. In the study by Ragette et  al. on 
patients with primary myopathies, SDB onset 
was predicted by PImax <46 cm H2O with a sen-
sitivity of 82% and a specificity of 89% and “con-
tinuous sleep hypoventilation” by a PImax 
<41 cm H2O with a sensitivity of 95% and a spec-
ificity of 65% [10]. Likewise, in the study by 
Mellies et al. on a mixed population of children 
and adolescents with various NMDs, PImax val-
ues <41 cm H2O and <25 cm H2O predicted SDB 
onset and nocturnal hypoventilation with sensi-
tivities of 87% and 72% and specificities of 43% 
and 83%, respectively [23]. On the other hand, 
Toussaint et al. demonstrated that a PImax≤39 cm 
H2O had only a moderate accuracy (sensitivity 
71% and specificity 54%) in discriminating 
DMD patients with nocturnal hypercapnia from 
NIV-naïve DMD patients with 24-hour normo-
capnia [24]. In addition, in a small study of 19 
DMD patients, PImax showed no correlation 
with sleep hypoventilation; the last defined as a 
t<90 >2% of the total sleep time [25]. Nevertheless, 
a PImax <67  cm H2O showed a sensitivity of 
85% and a specificity of 27% in identifying ALS 
patients requiring implementation of NIV based 

on symptoms of sleep hypoventilation and the 
presence of sleep hypercapnia [26].

PImax is strongly correlated with VC [24] and 
has been validated for following up patients with 
NMDs. In a study of 10 children with DMD, 
PImax exhibited an earlier decline than VC and 
reached 67% at 12  years when the spirometric 
parameters were still within their reference 
ranges [27]. On the other hand, in a 3-year fol-
low- up study of 33 DMD patients, PImax contin-
ued to increase with age despite a drop in VC 
after the age of 13 [28]. PImax may also play a 
role in the prediction of outcome for patients with 
rapidly progressing NMDs. In the study of 
Baumann et al. on 90 patients with ALS, a PImax 
<70  cm H2O predicted 2-year mortality with a 
sensitivity of 82% and a specificity of 57% [29]. 
In a report of 95 ALS patients, a PImax <70 cm 
H2O was predictive of death or tracheostomy 
within the first year with a sensitivity of 100% 
and a specificity of 14.3% [7].

In 1999, a group of experts proposed a PImax 
<60  cm H2O combined with symptoms of 
hypoventilation as an indication for commence-
ment of NIV treatment in patients with NMDs 
and chest wall disorders [16]. Several other 
groups have advocated various PImax cut-off 
values to facilitate clinical decision-making 
regarding NIV initiation in patients with various 
types of NMDs [18–21] (Table 13.1).

PEmax measurements have been associated 
mainly with cough efficacy and susceptibility to 
respiratory tract infections. A PEmax >60  cm 
H2O has been associated with an effective cough, 
while a PEmax <45 cm H2O commonly indicates 
impaired cough efficacy [30]. PEmax has also 
been correlated with the infection rate and the 
number of days in antibiotics in children with 
various NMDs [15]. In addition, PEmax decline 
may also offer prognostic information in patients 
with NMDs. In the study by Baumann et al. on 
ALS patients, a PEmax <70 cm H2O had a mod-
erate accuracy in predicting death at 2 years (sen-
sitivity 58% and specificity 72%) [29]. In a study 
of 78 ALS patients, which compared various 
tools for the assessment of respiratory muscle 
weakness, PEmax was among the predictors of 
3-year ventilator-free and absolute survival [13].
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SNIP is measured with a plug wedged into the 
nostril and connected to a manometer, while the 
other nostril remains unoccluded. The SNIP 
maneuver is a quasi-dynamic test performed by 
instructing the subject to sniff maximally and 
sharply from FRC; more than 10 attempts are 
sometimes required to obtain reproducible results 
[4, 8]. A SNIP >60 cm H2O in men and >50 cm 
H2O in women is thought to rule out clinically 
significant inspiratory muscle weakness [22]. 
Based on expert opinion, SNIP values<60% and 
30% are associated with unilateral and bilateral 
diaphragmatic dysfunction, respectively [8]. 
Advantages of the SNIP maneuver include the 
intuitive nature of the test and its applicability in 
patients with weak mouth muscles. However, 
SNIP appears to be limited as an index of inspira-
tory muscle strength in ALS patients with bulbar 
disease [9, 31], can be influenced by the presence 
of nasal congestion, it may underestimate esoph-
ageal pressure in chronic obstructive pulmonary 
disease [4], and it is unclear whether leaving 
unoccluded the contralateral nostril is the optimal 
measurement technique [32].

Several studies have indicated that SNIP 
decline may be an early sign of respiratory dete-
rioration in patients with NMDs. In a small report 
involving 16 ALS patients with normal VC 
(>80%), both SNIP and PImax were abnormally 
low (67% and 69%, respectively). However, 
although all variables showed a similar linear 
decline, fewer people were able to perform the 
VC and PImax maneuvers at advanced disease 
stages [33]. In the study by Neve et al. on chil-
dren and adolescents with DMD, SNIP and VC 
increased initially with age, but SNIP decline 
occurred earlier than VC (at 10.5 vs. 12.5 years, 
respectively); however, PImax showed no change 
with age. Patients with lower SNIP and VC were 
more likely to be started on NIV before the age of 
17. This advantage was not observed in Becker’s 
muscular dystrophy, a dystrophinopathy of a less 
severe phenotype, in which PImax, VC, and 
SNIP continued to increase until the age of 20 
[28]. Khirani et  al. also evaluated retrospective 
longitudinal data from 48 boys with DMD 
between 6 and 19 years old. VC started to decline 
after the age of 13–14 at a rate of 5% predicted/

year, while SNIP decreased after the age of 10 at 
a rate of 5.4% predicted/year [34]. In another 
study, involving 16 patients with types 2 and 3 
spinal muscular atrophy, SNIP and VC (but not 
PImax) exhibited the steepest decline over a 
10-year follow-up period [35].

SNIP has been advocated as a screening tool 
for identifying ALS patients with diurnal hyper-
capnia and SDB.  In the study by Lyall et  al., a 
SNIP <32% could predict diurnal hypercapnia in 
nonbulbar ALS patients with a sensitivity of 85% 
and a specificity of 81% [9]. In study involving 
98 ALS patients, Morgan et al. reported a stron-
ger correlation of SNIP with the presence and 
severity of sleep hypoxemia compared to VC and 
PImax [36]. Likewise, in a prospective polysom-
nographic study of 31 ALS patients, SNIP was 
inversely correlated with various indices of sleep 
hypoxemia, while patients with a SNIP <60 cm 
H2O had a significantly higher time spent with a 
SaO2 <90% (t90), as opposed to those with higher 
SNIP values (11.1 vs. 1.2%, respectively) [37]. In 
addition, in the study by Tilanus et  al., a SNIP 
<45  cm H2O could discriminate between ALS 
patients with an indication of NIV and those 
without with a sensitivity of 87% and specificity 
of 40%; while, among various tools (VC, PImax, 
PEmax, and PCF), SNIP exhibited the steepest 
decline 3  months before NIV commencement 
[26]. In a more recent study on 47 patients with 
ALS (11 with bulbar-onset disease), a SNIP 
<28  cm H2O predicted sleep hypoventilation 
(tcPCO2, >49 mmHg) with a sensitivity of 93.8% 
and a specificity of 85%, but only in nonbulbar 
patients [31].

SNIP offers prognostic information for the 
outcome of patients with ALS.  In the study by 
Morgan et  al., the sensitivities and specificities 
for the prediction of 6-month mortality were 97% 
and 79% for a SNIP <40 cm H2O and 58% and 
97% for a VC <50%; the respective numbers for 
a PImax <40 cm H2O were 100% and 76%, but 
fewer patients were able to perform the PImax 
maneuver at the final disease stages [36]. 
Likewise, in a study of 100 ALS patients, a SNIP 
<34 cm H2O predicted death and/or tracheostomy 
within the first year with a sensitivity of 75% and 
a specificity of 72%; the respective values for a 
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VC <76% were both 58%, however, the inclusion 
of VC did not contribute significantly to the over-
all prognostic model [38].

Various cut-off SNIP values have been pro-
posed by expert groups for the management of 
various types of NMDs, with a SNIP <40 cm H2O 
commonly considered an indication for NIV 
commencement in patients with ALS and 
Pompe’s disease [18, 20, 21] (Table 13.1).

Invasive assessments of respiratory muscle 
strength are not commonly used outside clinical 
research. However, in the study by Lyall et  al., 
sniff transdiaphragmatic pressure (measured 
using esophageal and gastric balloons while the 
subject performs a sniff maneuver) had the high-
est accuracy in predicting diurnal hypoventilation 
in nonbulbar ALS patients [9]. Polkey et al. also 
demonstrated that, among various indices of 
respiratory muscle strength, twitch transdia-
phragmatic pressure (twPdi) (obtained by phrenic 
nerve magnetic stimulation) was the single best 
predictor of 3-year ventilator-free and total sur-
vival in patients with ALS, followed by SNIP 
[13]. In addition, in the study by Khirani et al. on 
patients with DMD, cough gastric pressure (mea-
sured using a gastric balloon while the patient is 
instructed to cough) shows the steepest decline 
(together with FVC and SNIP) over a 10-year 
follow-up period [34]. According to experts, 
twPdi values <20 cm H2O and <10 cm H2O are 
indicators of unilateral and bilateral diaphrag-
matic dysfunction, respectively [8].

13.2.3  Peak Cough Flow

Normal cough consists of three phases: an inspi-
ratory phase up to 85–90% of TLC; a compres-
sion phase in which the glottis closes and the 
expiratory muscles are contracted, and an expul-
sion phase when the glottis opens and cough is 
produced [30]. Therefore, effective cough 
requires cooperation of all three groups of respi-
ratory muscles and an impaired cough is a sign of 
advanced respiratory muscle disease. Cough effi-
cacy is commonly estimated by PCF, which is the 
maximum expiratory flow generated when the 
subject is instructed to inhale maximally and 

cough as forcibly as they can into a peak flow 
meter, spirometer, or pneumotachograph. A 
mouthpiece or a mask interface can be used and 
>3 maneuvers with a <5% variability are required, 
of which the best is registered. A PCF <160 L/
min indicates impaired secretion management 
and high risk for tracheostomy decannulation 
failure; and a PCF <270 L/min has been associ-
ated with a high risk for acute respiratory failure 
and intubation during trivial respiratory tract 
infections [1, 8].

Being an index of global respiratory muscle 
strength, PCF has been evaluated as a screening 
tool to assess outcomes in patients with NMDs. In a 
prospective study of 32 ALS patients with no indi-
cation for NIV at stable condition, a PCF <174 L/
min had a sensitivity of 77% and a specificity of 
71% in predicting requirement for ventilatory sup-
port during the course of an acute respiratory tract 
infection [39]. In a study of 110 ALS patients, a 
PCF <386  L/min at the first visit discriminated 
patients with an indication of nocturnal NIV with 
a sensitivity of 88% and a specificity of 36% [26]. 
According to the results of another study, a rapid 
PCF decline (>25%/year) is an independent pre-
dictor of survival in ALS patients [40].

13.2.4  Arterial (or Capillary) Blood 
Gases

Assessment of arterial (or capillary) BGs is of 
paramount importance in the evaluation of 
patients with NMDs. The main role of BGs test-
ing is for the diagnosis of diurnal hypoventilation 
(commonly defined as a PCO2 >45  mm Hg), 
which is a definite indication for NIV [16, 18, 19, 
21]. In addition, an increased alveolar-arterial 
difference should point toward a concurrent 
parenchymal lung disease. The main disadvan-
tages of BGs assessment are the invasive nature 
of the test and the low sensitivity of PCO2 at early 
disease stages [9, 10].

Some authors have investigated the utility of 
BGs testing for predicting sleep hypoventilation. 
In the study by Hukins and Hillman on 19 patients 
with DMD, a PCO2 ≥45 mm Hg was 91% sensi-
tive and 75% specific for the diagnosis of sleep 
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hypoventilation (t<90 >2%); the respective values 
for a base excess (BE) ≥4 mmol/L were 55% and 
100% [25]. Likewise, in the study by Crescimanno 
et al. on 47 ALS patients, a BE >2.3 mmol/L was 
93.75% sensitive and 65% specific for the predic-
tion of sleep hypoventilation (tcPCO2, 
>49  mmHg); however, this advantage was evi-
dent only in nonbulbar patients [31]. In a report 
of 250 ALS patients, early morning BE, bicar-
bonate, and t<90 were all independent predictors 
of sleep hypoventilation (a tcPCO2 >49 mmHg or 
an overnight increase in a tcPCO2 >10 mmHg). 
However, an early morning BE >3 mmol/L had a 
sensitivity of 61% and a specificity of 71% in 
identifying patients with sleep hypoventilation; 
this sensitivity increased to 83% when BE was 
combined with a t<90 >5 min [41].

13.3  Conclusions

Daytime pulmonary function tests are essential 
for monitoring disease progress, prognostication, 
and clinical decision-making in patients with 
NMDs. Several cut-off points available from the 
literature may assist the clinician in selecting 
patients who would benefit from NIV. However, 
daytime pulmonary function tests are of limited 
value in predicting sleep hypoventilation, mainly 
because of low specificity. Differences in patient 
populations, types of NMDs, groups of involved 
muscles, as well as definitions of sleep hypoven-
tilation may partly account for this limitation.

Key Major Recommendations
• Daytime pulmonary function tests commonly 

used for monitoring patients with NMDs 
include spirometry, tests of respiratory muscle 
strength (PImax, PEmax, and SNIP), PCF, and 
BGs.

• Daytime pulmonary function tests offer sig-
nificant information regarding disease prog-
ress and functional decline in patients with 
NMDs.

• SNIP is an index of early functional decline in 
patients with ALS and DMD.

• Daytime pulmonary function tests are com-
monly used as screening tools to identify 

NMD patients who may benefit from NIV 
initiation.

• The use of daytime pulmonary function tests 
for the prediction of sleep hypoventilation in 
patients with NMDs cannot be recommended.
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Abstract

In the course of neuromuscular diseases, respi-
ratory failure may occur and, therefore, it may 
be necessary to start support with noninvasive 
mechanical ventilation. The most commonly 
used mode is noninvasive positive-pressure 
ventilation (NPPV). The correct selection of 
appropriate interface, respirator, and ventila-
tion mode is essential for the success of this 
technique; thus, reducing days of hospital stay 
and mortality.
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14.1  Introduction

Neuromuscular diseases, both acute and 
chronic, can cause weakness of the respira-
tory and airway muscles. Often this weakness 
is progressive and triggers respiratory failure, 
which is the leading cause of death in these 
patients [1]. So, noninvasive ventilation sup-
port is often necessary in patients with neu-
romuscular disease. The most common is the 
use of noninvasive positive- pressure ventilation 
(NPPV) [2]. For the use of this type of support, 
it is essential to know the functional anatomy 
of the respiratory system, as well as the patho-
physiology of the underlying neuromuscular 
disease and its progression [3]. To be successful 
in this technique, a correct choice of equipment 
to be used is essential, taking into account the 
needs and wishes of the patient, the familiarity 
of the doctor who prescribes it, and the avail-
ability of equipment. Support with noninva-
sive ventilation can be applied with a variety 
of interfaces, ventilators, and ventilator settings 
[2] that must be tailored for each individual 
patient. Ventilatory interventions can improve 
morbidity and mortality in patients with neuro-
muscular diseases [1, 4].

C. M. Rodríguez Mejías (*) · J. P. Valencia Quintero
Intensive Care Unit, Hospital Universitario Virgen de 
las Nieves, Granada, Spain 

14

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-76197-4_14&domain=pdf
https://doi.org/10.1007/978-3-030-76197-4_14#DOI


106

14.2  Discussion and Analysis 
of the Main Topic

Neuromuscular diseases can be classified accord-
ing to their mode of acquisition (congenital or 
acquired disorders), disease onset (acute or 
chronic), disease progression (slow, variable, 
rapidly progressive, or nonprogressive), and site 
of neuraxial affection (spinal cord, neuropathic, 
neuromuscular junction, and myopathic) 
(Table 14.1) [3].

The main mechanisms of respiratory failure in 
neuromuscular diseases are the inability to effec-
tively clear respiratory secretions, failure of 
upper or lower airway patency, and hypoventila-
tion related to poor effort and lung restriction [3]. 
Inspiratory muscle weakness results in atelectasis 
from maintained low lung volumes and inability 
to clear secretions. As the disease progresses, 
chest wall compliance may be reduced by respi-
ratory muscle atrophy. This situation may worsen 
hypoventilation which manifests first at night, 
later in day time, and finally as chronic hypercap-
nic acidosis. Sleep-disordered breathing and 
hypoxia may also occurred [3]. If airway (bulbar) 
and expiration muscles are affected, then aspira-
tion and atelectasis may happen because of the 
inadequate clearance of oral and respiratory 
secretions.

Signs to observe to diagnose ventilatory insuf-
ficiency include orthopnea, tachypnea, paradoxi-

cal breathing, hypophonia, use of accessory 
respiratory muscles, and cyanosis. Symptomatic 
hypercapnic patients present with morning head-
aches, fatigue, sleep disturbances, and hypersom-
nolence [5].

Noninvasive ventilation (NIV) should be 
offered to patients with any neuromuscular dis-
ease when there is daytime hypercapnia or symp-
tomatic nocturnal hypoventilation [6].

NIV consists of the application of continuous 
or intermittent positive pressure through an inter-
face that covers the nose, mouth, or both. The 
main modes of ventilation in neuromuscular dis-
eases are continuous positive airway pressure 
(CPAP) and bilevel positive airway pressure [3].

As the disease progresses, noninvasive noctur-
nal ventilation may be insufficient to control day-
time respiratory failure. It may be necessary for 
NIV support 24 h a day.

There are some general contraindications for 
NIV:

• Respiratory arrest.
• Low level of consciousness (Glasgow coma 

scale of ≤8/15).
• Inability to protect airway.
• Massive upper gastrointestinal bleeding or 

active vomiting.
• Hypotension or shock.
• Multiorgan failure.
• Inability to fit mask.

Table 14.1 Examples of neuromuscular diseases that cause respiratory failure

Acute Chronic
Spinal cord/neuropathic 
disorders

– Guillain-Barre syndrome
– Cervical spinal cord injury
– Multiple sclerosis
– Acute poliomyelitis
– Transverse myelitis

– Spinal cord injury
– Motor neuron disease
– Amyotrophic lateral sclerosis
– Charcot-Marie-tooth disease

Neuromuscular junction 
disorders

– Myasthenia gravis
–  Lambert-Eaton myasthenic 

syndrome
– Congenital myasthenic syndrome
– Botulism
– Organophosphorus poisoning

Myopathic disorders – Muscular dystrophies
– Myotonic dystrophy
– Inflammatory myopathies
–  Congenital and metabolic 

myopathies
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In neuromuscular diseases, NIV is contraindi-
cated when bulbar affection exists, when the 
acute respiratory failure is present with quick 
deterioration of gas exchange, or when invasive 
mechanical ventilation is required [3]. In other 
contraindications like persistent hypoxia, severe 
hypercapnia with acidosis, no patient coopera-
tion, agitation, seizures, high cervical spinal cord 
injury, acute phases of neuropathic/myelopathic 
diseases, etc., NIV can be applied with a variety 
of interfaces, ventilators, and ventilator settings.

14.2.1  Interfaces

An interface is a mask or device that directs air-
flow into the upper airway. Choosing the correct 
interface has a great impact on the comfort and 
adaptation of the patient to the NIV.  The ideal 
interface would have to be transparent, light-
weight, low dead space, easy to secure, easy to 
clean, adequate seal with low facial pressure, 
nonallergenic, inexpensive, anti-asphyxia mech-
anism, quickly removable, variety of sizes, and 
adaptable to variations in facial anatomy [2]. 
There are several types of interfaces. Here are 
some advantages and disadvantages of the most 
used models: [2, 4, 7–8]

• Mouth piece/lip cover: Used for day and night 
NIV with or without a lip cover phalange and 
straps to retain the mouthpiece.

• Nasal masks: The most popular interfaces for 
chronic administration of NPPV.  They pro-
vide greater patient comfort and better preser-
vation of speech and swallowing than other 
interfaces with low risk of aspirations, easier 
secretion clearance, less dead space, easy to 
fit, and secure. However, they have mouth 
leak, mouth dryness, nasal irritation, and 
rhinorrhea.

• Oronasal masks: They should fit just above the 
junction of the nasal bone and cartilage to just 
below the lower lip. They are the interfaces 
most often used to administer NPPV to 
patients with acute respiratory failure. This 
kind of interface helps to mouth leak control 
and it is more effective in mouth breathers but 

it has increased dead space, increased aspira-
tion risk, and increased difficulty speaking 
and eating.

• Total face mask: Less facial skin breakdown 
and easier to fit, however, it has potential for 
orthodontic injury, greater dead space, poten-
tial for drying of the eyes, and cannot deliver 
aerosolized medications.

Leak through the mouth is common with a 
nasal mask. This can affect comfort, cause dry 
mouth, and result in less effective ventilation. If 
persistent mouth leak occurs, an oronasal mask is 
often needed. In some patients, nasal interfaces 
can be used during the daytime and oronasal 
mask is used at night to minimize mouth leak and 
improve sleep quality [2].

Appropriate headgear is needed to maintain 
correct position of the mask. Most modern masks 
designed specifically for NPPV use cloth straps 
and Velcro to secure the mask [2]. Fitting the 
headgear too tightly is a common mistake and it 
may not improve the fit and may decrease patient 
comfort. It should be possible to pass at least one 
finger between the headgear and the face.

A very frequent problem is facial skin break-
down, which most commonly appears on the 
bridge of the nose. In order to avoid this issue, it 
is important to not strap the mask too tightly and 
a correct choose of mask size. Small-to-moderate 
leaks are compensated by ventilators modes.

14.2.2  Ventilator and Ventilator 
Settings

When choosing the ventilator, a series of consid-
erations must be taken into account, such as oxy-
gen delivery (acute care), monitoring, leak 
compensation, trigger, and cycle, coupled with 
patient’s breathing pattern, rebreathing, alarms 
portability, cost, etc.

Studies that have directly compared pressure- 
and volume-limited ventilators have found similar 
efficacies in terms of supporting gas exchange 
and patient adherence. In terms of patient satisfac-
tion, volume-limited ventilators may induce more 
gastrointestinal side effects, whereas pressure- 
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limited ventilators are generally perceived by 
patients as being more comfortable [7, 8].

Negative pressure ventilators have several dis-
advantages compared to NPPV (i.e., less porta-
ble, harder to apply, and apt to exacerbate 
obstructive sleep apnea). Consequently, they are 
seldom used today and are of mainly historical 
interest [8].

Abdominal respirators were useful in patients 
with bilateral diaphragmatic paralysis. However, 
the relative ineffectiveness of these devices in 
patients with acute illness or abnormal body hab-
itus limits their use. Once again, these have been 
replaced by NPPV for the most part [8].

NPPV is the most common noninvasive venti-
lation mode. It requires an interface and a posi-
tive pressure ventilator. In contrast to ventilation 
via an invasive airway, NPPV uses an open 
breathing circuit, is inherently leaky, and depends 
upon patient cooperation to achieve ventilatory 
assistance [7].

NIV should be considered the preferred 
option for ventilation even when ventilation is 
required 24  h per day. Elective tracheostomy 
ventilation may be considered and it is depen-
dent on regional resources and careful discus-
sion with the patient and caregivers [6]. No 
extent of inspiratory or expiratory muscle failure 
or ventilator dependence is in itself an indication 
for tracheotomy. The only indication for trache-
ostomy for patients with ventilatory pump fail-
ure is inability to cooperate with NIV or to 
prevent the aspiration of  airway secretions that 
cause a drop in the peripheral oxygen saturation 
below 95% despite NIV [8].

It is also very important to combine NIV with 
cough-assist devices in order to obtain an optimal 
clearance of respiratory secretions, but this is not 
the aim of this chapter.

14.3  Conclusion Discussion

The use of NPPV in patients with neuromuscular 
diseases is nowadays very common, and it is 
likely to expand. The selection of equipment for 
NPPV is mainly based on patient’s needs, the 

physiopathology of the respiratory failure, the 
desires of the patient, and the equipment avail-
able. Support with noninvasive ventilation can be 
applied with a variety of interfaces, ventilators, 
and ventilator settings that must be tailored for 
each individual patient. The right choice is essen-
tial for the patient’s comfort and therapy 
success.

Key Major Recommendations
• NIV should be offered to patients with any 

neuromuscular diseases when there is daytime 
hypercapnia or symptomatic nocturnal 
hypoventilation.

• Signs to observe for ventilatory insufficiency 
include orthopnea, tachypnea, paradoxical 
breathing, hypophonia, use of accessory respi-
ratory muscles, cyanosis. Symptomatic hyper-
capnic patients present with morning 
headaches, fatigue, sleep disturbances, and 
hypersomnolence.

• The adaptation of the patient to the ventilator 
and interfaces is crucial for the success of this 
therapy.

• NIV should be considered the preferred option 
for ventilation even when ventilation is 
required 24 h per day.

• It is very important to combine NIV with 
cough-assist devices in order to obtain an opti-
mal clearance of respiratory secretions.
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Chest Wall Disorders
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Abstract

Patients with severe chest wall deformity have 
a decreased capacity of the respiratory mus-
cles due to rib cage deformity that can cause 
chronic respiratory failure. In recent years, 
NIMV treatment has become popular in 
patients with chronic respiratory failure due to 
chest-wall deformity. NIMV treatment can 
improve quality of sleep, physical activity, and 
quality of life.
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15.1  Introduction

The chest wall is an important part of the human 
ventilatory pump [1]. Chest wall disorders 
develop a group of diseases and deformities that 
affect the rib cage, respiratory muscles, and abdo-
men. The physiologic evidence of these disorders 
is restriction caused by a poorly stretchable chest 
wall. Chest wall deformities disturb the rib cage 
expansion and result in restrictive defect 
(decrease TLC). Costosternal and costovertebral 
junctions demonstrate true synovial joints with 
synovial spaces that simplify expansion of the 
chest wall during inspiration [2]. Respiratory 
muscle weakness is unavoidable in many con-
genital neuromuscular and chest wall diseases. 
These diseases result in chronic ventilatory insuf-
ficiency, but flail chest causes acute respiratory 
insufficiency [2]. Elastic loads on the respiratory 
muscles are cause of ventilatory failure in chest 
wall diseases (Table 15.1).
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Table 15.1 Causes contributing to respiratory failure in 
chest wall diseases

Increased elastic loads on respiratory muscles owing 
to:
   (a) Decreased distensibility of the chest wall
   (b) Age-related decrease in chest wall compliance
Coexisting lung dysfunction
Sleep breathing abnormalities
Mechanical disadvantage of the diaphragm
Age-related impairment of respiratory muscle function
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15.1.1  Kyphoscoliosis

Kyphoscoliosis is the most common leading 
cause of respiratory failure among rib cage defor-
mities. The term scoliosis describes lateral defor-
mation of the spine in the coronal plane with an 
angle of spinal curvature greater than 10°. 
Scoliosis can influence the thoracic, lumbar, or 
thoracolumbar vertebrae. Kyphosis represents 
extreme forward curvature and mostly compli-
cates scoliosis [3].

Kyphoscoliosis is the cause of respiratory fail-
ure among all chest wall disorders [2]. Lung vol-
umes have been broadly studied in kyphoscoliosis. 
Schneevogt declared a remarkable reduction in 
vital capacity [4]. The reduction in vital capacity 
is significant when the dorsal spine is affected 
and patients have Cobb angle greater than 100°. 
Moreover, decrease in vital capacity is directly 
related to decrease in total lung capacity [2].

Severe deformities can cause significant car-
diopulmonary failure. Early kyphoscoliosis can 
result in rapid decrease in pulmonary functions, 
and lead to pulmonary hypertension and respira-
tory insuffiency [2]. Restrictive disorders that 
restrict lung expansion, resulting in a decreased 
lung volume, an increased work of breathing, and 
inadequate ventilation and/or oxygenation can be 
seen in patient who have angles of 90° or greater. 
Exercise intolerance and dyspnea are early sign 
of kyphoscoliosis. Oxyhemoglobin saturation 
decreases with exercise and distance walked [5]. 
Noninvasive positive-pressure ventilation 
increases alveolar pressure, reduces symptoms, 
sets up pulmonary function, and reduces mortal-
ity and pulmonary artery pressure [6].

15.1.2  Ankylosing Spondylitis

Ankylosing spondylitis is a chronic inflammatory 
disease characterized by inflammation of the 
spine and sacroiliac. Extraarticular organs can be 
involved, including the respiratory (chest wall), 
eyes, cardiovascular, and kidneys [7].

Ankylosing spondylitis has limited rib cage 
expansion due to stiffening and fusion of the cos-
tovertebral and sternoclavicular articulations. 

Intercostal muscles can be atrophy with advanced 
disease [8]. This stiffening decreases respiratory 
compliance [9]. The rib cage is stiff and the abdo-
men is compliant, and chest wall inflation is pri-
marily accomplished through diaphragmatic 
displacement of the abdomen [8].

Congenital chest wall deformities: they are 
anomalies that occur with the absence, shortness, 
bifurcation, and fusions of one or more ribs or 
cartilage, and can be seen in different forms such 
as pectus excavatum, pectus carinatum, Poland 
syndrome, sternal defects, and isolated rib carti-
lage anomalies [10]. It should be kept in mind 
that the most common of these deformities is 
pectus excavatum, and thoracic deformities may 
be accompanied by other skeletal system defor-
mities, cardiovascular, gastrointestinal, and geni-
tourinary anomalies [11].

15.1.3  Pectus Excavatum

Bauhinus in 1594 complaints of pulmonary com-
pression, dyspnea, paroxysmal cough by evaluat-
ing the clinical findings of a patient with chest 
deformity, this deformity has defined [12].

15.1.4  Pectus Carinatum

This deformity was first described by Brodkin in 
1949, which is the second-most common chest 
wall deformity after pectus excavatum. It is in the 
form of anterior protrusion of the thoracic wall. 
“Chondro-gladios,” “Chondro-manubrial,” and 
“Mixed (pectus carinatum + pectus excavatum) 
type” separated [10].

15.1.5  Poland Syndrome

Poland syndrome is accompanied by major and 
minor components and has a complete etiology. 
It is a rare syndrome that is not known, and its 
major components include the pectoralis major 
muscle agenesis, agenesis or hypogenesis of the 
minor pectoral muscle, syndactyly, hand anoma-
lies such as brachydactyly, brachydactyly, and 
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acromelia, as well as subcutaneous tissue hypo-
plasia, 2–5. agenesis of costal cartilages, less hair 
growth in the chest and axillary area, scapula 
Nowadays, accompanied by minor components 
such as deformity, many variants [10].

15.1.6  Marfan Syndrome

Marfan syndrome (MFS) is a connective tissue 
disease with an estimated incidence of 2–6 per-
sons per 100000.1 It is caused by mutations in the 
gene fibrillin-1 (FBN1) on chromosome 15 that 
encodes the FBN1 protein, which is an essential 
part of the connective tissue of the cardiovascular 
and musculoskeletal systems [13].

The syndrome includes several body systems, 
mostly the cardiovascular, ocular, and skeletal sys-
tems. MFS’ effect on the skeletal system involves 
arachnodactyly, dolichostenomelia, generalized 
ligamentous laxity, and chest, spine, pelvic, and 
foot deformities. A deformity of the thoracic cage 
(pectus carinatum or excavatum) and scoliosis are 
among the most common features of MFS and 
exist to some degree in approximately 60% of the 
patients. Pulmonary involvement in MFS can be 
found in approximately 63% of the patients.

15.1.7  Sternal Defects

Sternal defects that comprise a broad spectrum of 
deformities of the sternum, heart, and upper 
abdominal wall, from simple sternum defect to 
total absence of chest wall potentially fatal. Pectus 
excavatum and carinatum deformities are most 
common deformities than sternal defects [10].

Sternal defects:

 1. Sternal cleft (cleft sternum):
 (a) Partial.
 (b) Total.
 (c) With vascular dysplasia.

 2. Ectopia cordis.
 (a) Cervical.
 (b) Thoracic.

 3. Pentalogy of Cantrell (thoracoabdominal 
ectopia cordis).

15.1.8  Costa and Cartilage 
Anomalies

Costa and cartilage anomalies usually do not 
cause dysfunction and are deformities seen as 
synostoses, bridging, and agenesis of cartilages. 
Severe deformities may occur at later ages in 
cases with more than one costa agenesis. In 
these cases, when the deformity is not cor-
rected, the expected Since the life span is short, 
correction should be made at the early ages of 
2–3 years [10].

15.2  Discussion and Analysis 
of Main Topic

Chest wall disease is a frequent cause of respira-
tory failure. Noninvasive positive-pressure venti-
lation (NIPPV) is an established treatment in 
chronic respiratory failure due to chest wall 
deformity (CWD). A recent Cochrane systematic 
review including four current studies with a total 
of 51 patients confirmed improvements in symp-
toms of hypoventilation, daytime hypercapnia, 
and nocturnal oxygenation [14].

Supplemental oxygen and NIV are used to 
treat gas exchange abnormalities. Acute respira-
tory failure is a frequent and life-threatening 
complication in chest wall disorders. Noninvasive 
ventilation (NIV) has been used to acute and 
chronic respiratory failure. Morbidity and mor-
tality decrease with NIV as compared to invasive 
ventilation, and has been suggested for acute 
respiratory failure in immunosuppressed patients 
[15]. NIV prevents endotracheal intubation, lung 
infections, barotrauma, tracheal stenosis, as well 
as the need for tracheostomy, and reduces the 
length of stay in ICU [15]. When the maximum 
inspiratory pressure is less than 60 cm H2O, or 
forced vital capacity is less than 50% predicted, 
or if nocturnal arterial oxygen saturation is less 
than 88% for more than 5 consecutive minutes, 
NIV is started in progressive conditions [15].

Most ventilator modes are either pressure or 
volume controlled, each with potential advan-
tages and disadvantages. Since the 1980s, 
volume- targeted NIV has been the predominant 
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type of NIV used in patients with chronic respi-
ratory failure due to chest wall deformity. In 
recent years, however, pressure-targeted NIV has 
become a widely accepted alternative. Volume 
ventilation includes a predetermined set tidal vol-
ume but, in the presence of interface leakage, the 
set volume is not guaranteed, which, theoretically 
at least, is a problem, particularly during sleep 
when NIV is conventionally applied. Pressure-
targeted NIVM delivers a predetermined pressure 
that results in different tidal volumes depending 
on chest wall compliance, airway resistance, and 
patient effort. Volume- targeted and pressure-
targeted long-term NIV are equally effective in 
patients with chest wall deformity [16]. However, 
there are no guidelines for the choice between 
volume NIV and pressure NIV in these patients. 
Assuming equal effectiveness of gas exchange, a 
difference in time to adequate patient adjustment 
to NIV could help us determine whether pressure 
NIV or volume NIV is a better choice.

Improvement in gas exchange in patients with 
CDW after the application of NIV is an important 
factor that is closely related to the prognosis. The 
need to check blood gases early in the follow-up of 
these patients seems reasonable because the initial 
response observed during hospital  admission 
should be reconsidered once ventilation is used at 
home. Thus, delayed gasometric evaluation of 
NIHMV efficacy may better reflect the patients’ 
response to NIHMV.  In previous reports, it was 
shown that a relatively low PaCO2 value a few 
months after beginning NIV was a good prognos-
tic factor for hospitalization due to respiratory 
insufficiency and for mortality in patients with 
chronic restrictive ventilatory failure. A recent 
study suggested that PaCO2 level of 50 mmHg at 
1 month after starting NIHMV and the presence of 
comorbid conditions are risk factors for mortality 
in patients with chest wall disease. In a novel 
study, it was reported that PaO2 value after 
12 months of NIV may be a useful marker for pre-
dicting the prognosis in patients with restrictive 
thoracic disease who are receiving long-term NIV 
therapy. It suggested that PaO2 rather than the 
PaCO2 after 12 months of NIV was an indepen-
dent prognostic factor for mortality [17].

15.3  Conclusion Discussion

Current evidence about the therapeutic benefit of 
mechanical ventilation is of very low quality, but 
directionally consistent, suggesting alleviation of 
the symptoms of chronic hypoventilation, 
improvement in survival, and reduced risk of 
unplanned hospitalization.

Key Major Recommendations
• Chest wall deformities disturb the rib cage 

expansion and result in restrictive defect 
(decrease TLC).

• Volume-targeted and pressure-targeted long- 
term NIV are equally effective in patients with 
chest wall deformity.

• Improvement in gas exchange in patients with 
CDW after the application of NIV is an impor-
tant factor that is closely related to the 
prognosis.
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Chronic Obstructive and Cystic 
Fibrosis Respiratory Disorders

Inês Moreira, Ana Magalhães, and Mariana Cabral

Abstract

This chapter will address the pathogenic 
mechanisms of the disease, the way they influ-
ence lung function, and how it interferes with 
the way noninvasive ventilation is applied in 
COPD patients.
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COPD · Pulmonary function · Obstructive 
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Abbreviations

ATS/ERS American Thoracic Society/
European Respiratory Society

BTS British Thoracic Society
CAT COPD Assessment Test
CO Carbon monoxide
COPD Chronic obstructive pulmonary 

disease
DLCO Diffusing capacity for carbon 

monoxide
DLCO/VA DLCO divided by alveolar volume 

(transfer coefficient—KCO)

ECCS European Community of Coal and 
Steel

EFL Expiratory flow limitation during tidal 
breathing

EPAP Expiratory positive airways pressure
FEV 1 Forced expiratory volume in 1 s
FRC Functional residual capacity
FVC Forced vital capacity
GOLD Global Initiative for Chronic 

Obstructive Lung Disease
IC Inspiratory capacity
LLN Lower limits of normal
mMRC Modified Medical Research Council 

Dyspnea Scale
NIV Noninvasive ventilation
PEEP Positive end-expiratory pressure
RV Residual volume
TLC Total lung capacity
VC Vital capacity

16.1  Introduction

Chronic obstructive pulmonary disease (COPD) 
is projected to be the third leading cause of death 
by 2020 [1]. It is a common, preventable and 
treatable disease that is characterized by persis-
tent respiratory symptoms and airflow limitation 
due to airway and alveolar abnormalities caused 
by long-term exposure to noxious particles and 
gases, particularly the ones from cigarette smoke 
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[2], and also biomass fuel exposure and air pollu-
tion [1]. The development of COPD is also 
related to host factors—genetics (alpha 1 anti-
trypsin deficiency), airway hyperresponsiveness, 
and poor lung growth during childhood [1].

The symptoms include dyspnea, cough, and 
sputum production. The disease is punctuated by 
periods of acute worsening of symptoms called 
exacerbations [1].

COPD is characterized by an abnormal inflam-
matory response in the lungs, structural changes, 
and poorly reversible airflow obstruction. There 
is an enhanced or abnormal innate and adaptive 
immune response that results in mucous hyperse-
cretion (chronic bronchitis), lung tissue destruc-
tion (emphysema), and disruption of normal 
repair and defense mechanisms causing airway 
inflammation and fibrosis (bronchiolitis). These 
pathological changes result in increased resis-
tance to airflow in small airways, increased com-
pliance of the lungs, air trapping and progressive 
airflow obstruction [2].

The airflow obstruction in COPD is measured 
by spirometry, which is the gold standard for 
diagnosis and also helpful in assessing the sever-
ity of the disease and managing it once the diag-
nosis is made [1].

COPD is associated with other chronic dis-
eases, which increase its morbidity and mortality 
[1].

16.2  Discussion and Analysis 
of the Main Topic

16.2.1  Pathogenesis

Three main processes are involved in the patho-
genesis of COPD: inflammation, imbalance 
between proteases and antiproteases, and oxi-
dants and antioxidants (oxidative stress) in the 
lungs [2].

16.2.1.1  Inflammatory Cells 
and Mediators

COPD is characterized by increased number of 
inflammatory cells and its activity in the lungs: 
neutrophils, macrophages, and T lymphocytes 

(CD8 and CD4, with an increase in CD8/CD4 
ratio). These inflammatory cells release a variety 
of cytokines and mediators that participate in the 
disease process. They are present in the sputum, 
airways, bronchial glands, smooth muscle, lung 
parenchyma, or bronchoalveolar lavage fluid [3] 
of smokers and COPD patients and are related to 
disease severity [2].

Inflammatory mediators involved in COPD are as 
follows:
Leukotriene B4, a neutrophil, and T-cell 
chemoattractant
Chemotactic factors such as the CXC chemokines 
interleukin 8 and growth-related oncogene, which are 
produced by macrophages and epithelial cells
Proinflammatory cytokines such as tumor necrosis 
factor and interleukins 1 and 6
Growth factors such as transforming growth factor, 
which may cause fibrosis in the airways either directly 
or through release of another cytokine and connective 
tissue growth factor

In addition, B-lymphocytes are also increased 
in the peripheral airways and within lymphoid 
follicles, possibly as a response to chronic infec-
tion of the airways [2]. Increased eosinophil 
numbers have also been reported in COPD 
patients during exacerbations, but their relevance 
to COPD changes is less clear than in asthma and 
their presence is associated with corticosteroid 
response [3].

In general, the extent of the inflammation is 
related to the degree of the airflow obstruction 
[2].

16.2.1.2  Protease and Antiprotease 
Imbalance

Cigarette smoke and inflammation lead to the 
inflammatory cells release of a combination of 
proteases and inactivation of several antiprote-
ases, resulting in oxidative stress [2].

Proteases and antiproteases involved in COPD are 
follows:
Proteases Antiproteases
Serine proteases Alpha 1 antitrypsin
Neutrophil elastase Secretory 

leukoprotease 
inhibitor

Cathepsin G Elafin
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Protease 3 Cystatins
Cysteine proteases Tissue inhibitors of 

MMP (TIMPs 1–4)
Cathepsins B, K, L, and S
Matrix metalloproteases 
(MMP-8, MMP-9, and 
MM-12)

16.2.1.3  Oxidative Stress
Oxidative metabolism is overactivated in COPD 
[3]. Sources of oxidants include cigarette smoke 
and reactive oxygen and nitrogen species released 
from inflammatory cells. It, therefore, leads to 
amplification of inflammation by enhancing tran-
scription factor activation (such as nuclear factor 
kB) and, hence, gene expression of proinflamma-
tory mediators [2].

16.2.2  Pathophysiology

The described pathogenic mechanisms result in 
the pathological changes found in COPD patients 
which result in physiological abnormalities.

16.2.2.1  Mucous Hypersecretion 
and Ciliary Dysfunction

The hypersecretion is due to squamous metapla-
sia, increased number of globet cells, and 
increased size of bronchial submucosal glands in 
response to chronic irritation by noxious particles 
and gases [2]. Ciliary dysfunction is due to squa-
mous metaplasia of epithelial cells and results in 
an abnormal mucociliary escalator and difficulty 
in expectorating [2]. These changes result in 
chronic productive cough [2].

16.2.2.2  Airflow Obstruction 
and Hyperinflation or “Air 
Trapping”

Airflow obstruction occurs mainly in the small 
conducting airways (<2 mm in diameter) because 
of the inflammatory exudates, airway remodel-
ing, and loss of the lung elastic recoil due to 
destruction of alveolar walls [1]. The airways 
obstruction progressively traps air during expira-
tion, resulting in hyperinflation during exercise, 

which reduces the inspiratory capacity and, 
therefore, the functional residual capacity during 
exercise [2]. These changes result in dyspnea and 
limited exercise capacity [2].

16.2.2.3  Gas Exchange Abnormalities
Emphysema is characterized by a loss of lung 
parenchyma with a possibly increased apoptosis 
of endothelial and epithelial alveolar cells. The 
bronchial epithelium in the airways is modified—
squamous cell metaplasia, globet cell hyperpla-
sia, and loss of CC10+ cells (Clara cells) [3]. 
In advanced disease, this abnormal distribution 
of ventilation/perfusion ratio results in deficient 
delivery of oxygen to the bloodstream [1]. These 
changes result in respiratory insufficiency (arte-
rial hypoxemia with or without hypercapnia).

16.2.2.4  Pulmonary Hypertension
Also in advanced disease, pulmonar hypertension 
develops due to pulmonar arterial constriction (as 
a result of hypoxia), endothelial dysfunction, 
remodeling of the pulmonary arteries (smooth 
muscle hypertrophy and hyperplasia), and 
destruction of the pulmonar capillary bed [3]. 
Structural changes in the pulmonar arterioles 
result in persistent pulmonar hypertension and 
right ventricular hypertrophy or enlargement and 
dysfunction (cor pulmonale) [2].

16.2.3  Respiratory Physiology

The first definition of chronic bronchitis and 
emphysema occurred at “Ciba Guest Symposion” 
in 1959. Chronic bronchitis was defined as the 
presence of productive cough for at least 3 months 
in 2 consecutive months and emphysema as the 
widening of airspace. The definition of these two 
components was based on clinic and imaging, 
and pulmonary function assessment was not rec-
ommended. This concept persisted until the late 
1990s. Only in the first GOLD (Global Initiative 
for Chronic Obstructive Lung Disease) orienta-
tion in 2001 did it require the diagnosis and clas-
sification of the disease based on lung function, 
by means of spirometry [4].
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Pulmonary function testing has three compo-
nents: (1) spirometry, (2) lung volumes, and (3) 
diffusing capacity of the lung for carbon monox-
ide (DLCO) [4].

16.2.3.1  Spirometry
Spirometry is the gold standard for making the 
diagnosis of COPD [1]. It is also helpful in 
assessing the severity of the disease and manag-
ing it once the diagnosis is made [4]. In symp-
tomatic patients, spirometry can help determine 
whether the patient’s symptoms are due to respi-
ratory disease or other conditions [4].

Spirometry consists of (1) forced vital capac-
ity (FVC), (2) forced expiratory volume in 1  s 
(FEV1), and (3) FEV1/FVC ratio measured by 
forced exhalation maneuver [1]. These measure-
ments are expressed in liters, reported as percent 
of predicted for that patient according to refer-
ence values [4]. In Europe, the combined refer-
ence equations published in the 1993 European 
Respiratory Society (ERS) statement are often 
used for people aged 18–70 years, with a height 
range 155–195 cm in males, and 145–180 cm in 
females, but a new Europe-wide study to derive 
updated reference equations for lung function is 
needed [6].

COPD is characterized by obstruction to expi-
ratory flow, resulting in decrease in FEV1 [5]. 
The decline in FEV1 in COPD is mainly related 
to thickening of the walls of small conducting 
airways and obstruction of these airways by 
mucous exudates [3]. If the FEV1 is decreased 
disproportionately to the FVC, a diagnosis of 
COPD is made [4].

However, the definition of obstruction remains 
controversial. Current GOLD guidelines con-
tinue to define airflow limitation by a fixed FEV1/
FVC threshold of 0.7, independently of age and 
sex. American Thoracic Society (ATS)/ERS 
guidelines on COPD recommend that FEV1 is 
referred to VC (vital capacity) rather than just 
FVC and the cut-off value of this ratio is set at the 
fifth percentile of the normal distribution rather 
than at a fixed value of 0.7 [6]. British Thoracic 
Society (BTS) guidelines define it as FEV1/FVC 
<0.7 but requiring also a FEV1 < 80% predicted. 
Many studies converge to challenge the diagnos-

tic value of GOLD criteria due to the false- 
negative rate in young subjects at risk and the 
false-positive rate in older patients [3], thus over-
diagnosing the elderly with no history of expo-
sure to noxious particles or gases [6]. This is due 
to FE1V/FVC ratio declining with normal aging 
[4]. The lower limits of normal (LLN) seems to 
be more reliable for defining obstruction, particu-
larly for screening purposes [3].

In obstructive lung disease, such as COPD, the 
expiratory limb takes on a coved shape [3].

Spirometry can also be used to quantify COPD 
severity [4].

Classification of airflow limitation severity in COPD
In patients that have FEV1/FVC<0.7 after 
bronchodilator in spirometry:
GOLD 1 Mild FEV 1 ≥ 80% predicted
GOLD 2 Moderate 50% ≤ FEV 1 < 80% 

predicted
GOLD 3 Severe 30% ≤ FEV 1 < 50% 

predicted
GOLD 4 Very 

severe
FEV 1 < 30% predicted

In patients with respiratory diseases, a low 
FEV1/VC, even when FEV1 is within the normal 
range, predicts morbidity and mortality [6]. But 
FEV1 may sometimes fail to properly identify 
the severity of a defect, especially at the very 
severe stages of the diseases. FEV1 correlates 
poorly with symptoms and may not, by itself, 
accurately predict clinical severity or prognosis 
for individual patients [6]. Patients should also 
undergo assessment of dyspnea using mMRC or 
symptoms using CAT and their history of exacer-
bations should be recorded. FEV1 correlates with 
the risk of exacerbations. Exacerbating patients 
have a faster decline in FEV1. FEV1 is associ-
ated with pulmonary, cardio, and cerebrovascular 
mortality [4].

Lung hyperinflation and the presence of expi-
ratory flow limitation during tidal breathing may 
be useful in categorizing the severity of lung 
function impairment [6].

Spirometry can also be used to manage 
COPD—it can guide therapy for COPD, enable 
monitoring of progression, help determinate 
prognosis, and estimate long-term survival [4].
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16.2.3.2  Lung Volumes
Lung volumes are related to body size, and stand-
ing height is the most important correlating vari-
able. In practice, many USA and European 
laboratories use the reference equations for TLC, 
FRC, and RV recommended by the 1995 ATS/
ERS workshop or by the ECCS in 1993 [6]. Lung 
volumes are measured by helium dilution, nitro-
gen washout, or body plethysmography. The last 
one has become the gold standard because the 
first two underestimate total lung capacity in 
COPD [3].

Lung volumes consist of total lung capacity 
(TLC), residual volume (RV), and functional 
residual capacity (FRC) [3].

Measurement of lung volumes is not manda-
tory to identify an obstructive defect. It may, 
however, help to disclose underlying disease and 
its functional consequences. For example, an 
increase in TLC, RV, or the RV/TLC ratio above 
the upper limits of natural variability may sug-
gest the presence of emphysema or other obstruc-
tive diseases, as well as the degree of lung 
hyperinflation [6].

Emphysema destroys lung tissue, leading to 
loss of elastic recoil, which allows the lungs to be 
stretched to abnormally large volumes [3]. This 
plus severe airflow obstruction and dynamic 
mechanisms causes FRC, RV, TLC, and RV/TLC 
increase. The degree of hyperinflation parallels 
the severity of airway obstruction. On one hand, 
lung hyperinflation is of benefit because it modu-
lates airflow obstruction, but, on the other hand, it 
causes dyspnea because of the increased elastic 
load on inspiratory muscles [7].

Resting lung hyperinflation, measured as 
inspiratory capacity (IC)/TLC, is independent 
predictor of respiratory and all-cause mortality in 
COPD patients [7].

In addition, in either severe obstructive or 
restrictive diseases, tidal expiratory flow often 
impinges on maximum flow. This condition, 
denoted as expiratory flow limitation during tidal 
breathing (EFL), is relatively easy to measure in 
practice by comparing tidal and forced expiratory 
flow-volume loops. Its clinical importance is that 

it contributes to increased dyspnea, puts the 
inspiratory muscles at a mechanical disadvan-
tage, and causes cardiovascular side effects. 
Although there is currently no sufficient evidence 
to recommend the routine use of measurements 
of hyperinflation or EFL to score the severity of 
lung function impairment, they may be helpful in 
patients with disproportionate dyspnea [7].

In patients with moderate-to-severe COPD, 
end-expiratory lung volume increases under con-
ditions of greater minute ventilation (e.g., exer-
cise)—dynamic hyperinflation. It is key 
determinant of symptomatology and exercise 
intolerance in COPD. Reduced elastic recoil, loss 
of alveolar attachments, and increased airway 
resistance are the mechanical factors traditionally 
invoked to explain the occurrence of dynamic 
hyperinflation in COPD [7].

16.2.3.3  DLCO
DLCO is a measure of how easily carbon mon-
oxide (CO) molecules transfer from the alveolar 
gas to the hemoglobin of the red cells in the pul-
monar circulation [4]. No specific set of equa-
tions is generally recommended. The lower fifth 
percentile of the reference population should be 
used as LLN for DLCO and KC. Adjustments of 
DLCO for changes in hemoglobin and carboxy-
hemoglobin are important. The relationship 
between DLCO and lung volume is not linear, so 
DLCO/VA or DLCO/TLC does not provide an 
appropriate way to normalize DLCO for lung 
Volume [6].

Interpreting the DLCO, in conjunction with 
spirometry and lung volumes assessment, may 
assist in diagnosing the underlying disease [6].

For instance, normal spirometry and lung vol-
umes associated with decreased DLCO may sug-
gest early emphysema. In the presence of airflow 
obstruction, a decreased DLCO makes this 
hypothesis more robust [6].

DLCO decreases with increasing severity 
of disease [1]. This is because in emphysema, 
the lung has lost alveoli, resulting in lower sur-
face area available for diffusion. There is also 
a loss of capillary bed which can also increase 
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DLCO.  When DLCO falls below 55% of pre-
dicted, the patient should undergo a PM6M to 
determine if oxygen is required [4].

Dregree of severity of decresead DLCO

Degree of severity
DLCO % 
predicted

Mild >60% and 
<LLN

Moderate 40–60%
Severe <40

16.2.4  Noninvasive Ventilation 
in COPD

The role of noninvasive ventilation (NIV) in 
COPD is to decrease work of breathing and 
improve respiratory mechanics through effects 
on several pathophysiologic abnormalities pres-
ent in severe COPD [1].

In severe COPD, the lungs are hyperinflated 
because of the presence of emphysema and small 
airway disease that together contribute to 
increased lower airway resistance [4]. 
Hyperinflation together with other pathobiologi-
cal mechanisms related to muscle dysfunction in 
severe COPD lead to diaphragm muscle atrophy 
[5]. The combination of diaphragm muscle atro-
phy and the airflow obstruction central to COPD 
pathophysiology leads to increased respiratory 
muscle load [5].

Besides, hypoxemia can impact skeletal mus-
cle strength and endurance, and chronic 
 hypercapnia can induce skeletal muscle dysfunc-
tion. Chronic hypercapnia also suppresses innate 
immunity. A reduction in CO2 levels may have 
an effect in reducing COPD exacerbations lead-
ing to hospital admissions [3].

The goal of NIV in COPD is to offset the dia-
phragmatic dysfunction (achieve control of spon-
taneous breathing with near abolition of 
diaphragm activity); therefore, reducing chronic 
hypercapnia [5].

Respiratory 
physiological 
abnormalities in 
COPD

Benefit 
conferred by 
NIV

Obstructive 
airway disease

Increased 
inflammatory cells 
producing mucus 
plus increased 
smooth muscle 
contributing to 
airway constriction

Positive 
pressure keeps 
airways open

Alveolar 
destruction

Destruction of 
alveoli secondary 
to emphysema plus 
loss of elastic 
recoil contributing 
to hyperinflation

EPAP 
optimized to 
overcome 
intrinsic PEEP 
to decrease 
respiratory 
muscle load

Diaphragmatic 
dysfunction

Atrophy from 
hyperinflation, 
limited excursion 
to support 
ventilation, 
increased 
respiratory muscle 
load secondary to 
increased airway 
resistance, and 
diaphragm atrophy

High-intensity 
pressure 
support 
ventilation 
with backup 
rate reduces 
diaphragm 
effort and 
controls 
mechanism of 
breathing

Patients with COPD and respiratory failure, 
whether acute or chronic, have a poorer progno-
sis than patients without respiratory failure. NIV 
has been shown to be a useful tool in both the 
acute hospital and chronic home care setting [1]. 
NIV has been well established as the gold stan-
dard therapy for acute decompensated respiratory 
failure complicating an acute exacerbation of 
COPD with reduced mortality and intubation 
rates compared to standard therapy. However, 
NIV has been increasingly used in other clinical 
situations such as for weaning from invasive ven-
tilation and to palliate symptoms in patients not 
suitable for invasive ventilation. The equivocal 
evidence for the use of NIV in chronic hypercap-
nic respiratory failure complicating COPD has 
recently been challenged with data now support-
ing a role for therapy in selected subgroups of 
patients [5].
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16.3  Conclusion Discussion

COPD is a common condition with high morbid-
ity and mortality. COPD is characterized by an 
abnormal inflammatory response in the lungs, 
structural changes, and poorly reversible airflow 
obstruction. Spirometry is the gold standard for 
making the diagnosis. The goal of COPD man-
agement is to improve a patient’s functional sta-
tus and quality of life by improving symptoms 
preventing the recurrence of exacerbations and 
preserving optimal lung function. Oxygen ther-
apy when indicated and smoking cessation may 
reduce mortality. No treatments aside from lung 
transplantation have been shown to significantly 
improve lung function or decrease mortality. NIV 
has been shown to be a useful tool in both the 
acute hospital and chronic home care setting, act-
ing at the level of obstructive airway disease, 
alveolar destruction, and diaphragmatic 
dysfunction.

Key Major Recommendations
• Three main processes are involved in the 

pathogenesis of COPD: inflammation, an 
imbalance between proteases and antiprote-
ases, and imbalance between oxidants and 
antioxidants (oxidative stress) in the lungs.

• Spirometry is the gold standard for making the 
diagnosis. COPD is characterized by obstruc-
tion to expiratory flow, resulting in decrease in 
FEV1.

• Emphysema destroys lung tissue, leading to 
loss of elastic recoil, which allows the lungs to 

be stretched to abnormally large volumes—
hyperinflation. In patients with moderate-to- 
severe COPD, end-expiratory lung volume 
increases under conditions of greater minute 
ventilation (e.g., exercise)—dynamic 
hyperinflation.

• NIV has been shown to be a useful tool in both 
the acute hospital and chronic home care set-
ting, acting at the level of obstructive airway 
disease, alveolar destruction, and diaphrag-
matic dysfunction.
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Cystic Fibrosis
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Abstract

This chapter will address the pathogenic 
mechanisms of the disease, the way they influ-
ence lung function, and how it interferes with 
the way noninvasive ventilation is applied in 
CF patients.
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Abbreviations

ADA American Diabetes Association
CF Cystic fibrosis
CFF Cystic Fibrosis Foundation
CFTR CF transmembrane conductance 

regulator
CPET Cardiopulmonary exercise testing
FEV 1 Forced expiratory volume in 1 s
FOT Forced oscillation techniques
FRC Functional residual capacity
LCI Lung clearance index
NIV Noninvasive ventilation
PES Pediatric Endocrine Society

17.1  Introduction

Cystic fibrosis (CF) affects more than 80,000 
people worldwide. It occurs in 1 out of 3500 
births of Caucasians and northern Europeans. 
It is a life-threatening genetic disorder that 
causes an accumulation of thick and viscous 
mucus secretions in various organ systems, 
most commonly the pulmonary, gastrointesti-
nal, and genitourinary. The median survival for 
individuals with CF has increased to 40 years 
of age. Although CF is a multiorgan system 
disease, its effects on the pulmonary system 
are the leading cause of patient morbidity and 
mortality [1].

17.2  Discussion and Analysis of 
the Main Topic

17.2.1  Pathogenesis

CF is caused by a mutation in the CF transmem-
brane conductance regulator (CFTR) gene. The 
CFTR protein produced by this gene regulates 
the movement of chloride and sodium ions across 
epithelial cell membranes [2]. When mutations 
occur in one or both copies of the gene, ion trans-
port is defective and results in a buildup of thick 
mucus throughout the body, leading to respira-
tory insufficiency along with many other sys-
temic obstructions and abnormalities [1].
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To date, more than 2000 different CFTR muta-
tions have been reported; the most common one, 
F508del, accounts for 70% of all mutations. The 
severity of the disease is based on the mutation 
class [1].

Class Mutation defect
Specific effect of mutation 
class

CF classes and defects:
I Lack of CFTRS 

synthesis
No functioning CFTR 
chloride channels

II Defective protein 
processing

CFTRS is destroyed in the 
cell and does not reach cell 
surface

III Defective channel 
regulation

CFTR reaches cell surface 
but does not properly open 
for chloride transport

IV Defective chloride 
conduction

CFTR function is poor and 
chloride conduction is 
defective

V Reduced amount 
of CFTR protein

Decreased production of 
CFTR

VI Increased turnover 
of CFTR at cell 
surface

CFTR is functional but 
unstable at cell surface and 
is removed and destroyed

Initial diagnosis of CF in children is done via 
the reflex sweat chloride testing. If the test is pos-
itive for CF, a conventional sweat test (through 
transdermal administration by iontophoresis of 
pilocarpine) is performed to provide a definitive 
diagnosis of CF.  A concentration greater than 
60 mmol/L is diagnostic. Repeat of chloride test is 
performed to verify diagnosis. Patients diagnosed 
with CF by sweat test and/or newborn screening 
and genotyping require extensive follow- up and 
management for the rest of their lives [1].

17.2.2  Pathophysiology

The classic presentation of CF is respiratory 
insufficiency or gastrointestinal (GI) distur-
bances in an infant [3].

CF patients are born with apparently normal 
lungs, followed by the acquisition of chronic 
bacterial infections of the airways in the first 
few years of life, reflecting the failure of the 
innate defense mechanisms of the lung against 
inhaled bacterial organisms [1]. The initial 

pathogens are usually Staphylococcus aureus 
and Hemophilus influenzae [3]. Subsequently, 
chronic infection with Pseudomonas aerugi-
nosa becomes established in most patients. 
The aggressive use of antibiotics has led to 
the emergence of other Gram-negative bacilli, 
including the Burkholderia cepacia complex, 
Stenotrophomonas maltophilia, Achromobacter 
xylosoxidans, and Pandoria apiospermum. The 
use of anaerobic cultures has shown that lower 
airway flora contains at least as many anaerobes 
as P. aeruginosa [3].

The intense inflammatory response combined 
with chronic infection leads to bronchiectasis, 
cor pulmonale, and death from respiratory failure 
unless the patient receives a lung transplant [1].

In addition to chronic infection, there are peri-
ods of acute deterioration of respiratory symp-
toms, termed “pulmonary exacerbations.” They 
are common and effects include: (1) a marked 
adverse effect on quality of life; (2) failure to 
recover baseline lung function in up to one-third 
of exacerbations; (3) an association with accel-
erated deterioration in lung function; and (4) 
an adverse impact on prognosis. Other impor-
tant respiratory complications include allergic 
bronchopulmonary aspergillosis, pneumothorax 
(which carries a bad prognosis because of asso-
ciated severe lung disease), massive hemoptysis, 
and lung or lobar collapse [4].

Pulmonary function tests and arterial blood 
analysis are used to determine the severity of pul-
monary exacerbations as well as disease progres-
sion; patients with declining lung function may 
exhibit hypoxemia and respiratory acidosis [5].

About 3% of patients will experience a sponta-
neous pneumothorax during their lifetime; these 
occur mostly in older adults with end-stage dis-
ease. Treatment depends on the size of the spon-
taneous pneumothorax and patient stability [3].

Pulmonary hypertension is often seen in older 
adults with advanced lung disease, which is asso-
ciated with worse outcomes and increased mor-
tality. Specific pulmonary hypertension therapy 
does not benefit these patients because of their 
advanced disease. Delaying disease progres-
sion is the best treatment for limiting pulmonary 
hypertension [3].
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The most common comorbidity is CF-related 
diabetes. It occurs in 40–50% of adults and 
about 20% of children. Guidelines set by the 
Cystic Fibrosis Foundation (CFF), the Pediatric 
Endocrine Society (PES), and the American 
Diabetes Association (ADA) recommend diag-
nosis of a stable patient based on current ADA 
guidelines for diabetes. An unstable or acutely 
ill patient can be diagnosed with a fasting blood 
glucose greater than 126  mg/dL or a 2-h post-
prandial plasma glucose greater than 200  mg/
dL, without the classic symptoms of diabetes. 
CF-related diabetes is due to insulin insuffi-
ciency, so the only recommended treatment is 
insulin therapy [1].

Common GI signs and symptoms include 
abdominal distension, steatorrhea, biliary 
cirrhosis, and volvulus or intussusception. 
Genitourinary signs and symptoms include unde-
scended testes, congenital bilateral absence of the 
vas deferens, and decreased fertility in females. 
Other significant signs and symptoms are nasal 
polyps, bronchiectasis, pancreatic insufficiency, 
and sterility [4].

17.2.3  Lung Function

CF in adults can be broadly described as an obstruc-
tive lung disease, characterized by reduced FEV1 
and reduced forced vital capacity. Lung volumes 
and compliance tend to be reduced, with increased 
airway resistance as a result of airway obstruction, 
airway inflammation, increased secretions, and 
parenchymal inflammation/fibrosis. Gas transfer is 
typically preserved until late in the disease, consis-
tent with radiological and histopathological obser-
vations of preserved alveolar integrity [5].

FEV1 is not used for diagnosis but is the major 
monitoring tool of disease progression and is the 
primary measurement used to grade the severity 
of CF lung disease  – with FEV1 between 80% 
and 60% traditionally representing mild impair-
ment, 40% and 60% moderate impairment, 
and < 40% severe impairment [5].

FEV1 is also used to identify an exacerbation, 
typically regarded as a fall in FEV1 > 10% with 

accompanying clinical symptoms. It also fea-
tures in evaluations of response to new therapies 
and in decisions about when to refer for lung 
transplant [5].

Low FEV1 has been correlated with reduced 
PaO2, increased PaCO2, reduced lung compli-
ance and increased respiratory load. In severe 
CF, increased load from airflow obstruction 
(detected by FEV1) and reduced capacity from 
respiratory muscle fatigue may contribute to 
hypercapnia [6].

Lung clearance index (LCI) is derived from 
the cumulative expired volume required to wash 
out tracer, divided by the functional residual 
capacity (FRC). Improved sensitivity and thera-
peutic responsiveness of LCI mean that it has a 
particular role in those with milder disease. LCI 
is sensitive to alterations in airway physiology 
throughout the airway tree, including very 
peripheral airway effects and this probably 
accounts for its particular sensitivity in early CF. 
In CF adults, abnormalities in LCI appear to be 
caused by both increased dead space and 
increased specific ventilation heterogeneity. The 
potential for LCI in pediatrics is increasingly rec-
ognized but is much less well appreciated in 
adults who tend to have more advanced airway 
dysfunction [5].

Forced oscillation techniques (FOT) involve 
delivery of a waveform to the airway (usually at 
the mouth) using a loudspeaker. This creates 
pressure oscillations that are used to perturb the 
respiratory gas column, airway, lung paren-
chyma, and chest wall, and generate a corre-
sponding flow. Heterogeneous small airways 
obstruction can be detected using FOT systems, 
particularly at low frequencies. The role of FOT 
remains poorly understood, but recent advances 
may support greater application of this relatively 
quick and noninvasive technique using commer-
cial variants such as IOS and handheld portable 
sinusoidal FOT devices [5].

Reduced exercise capacity is common in CF, 
and the mechanisms differ depending on severity 
of lung disease. The primary mechanisms of 
reduced exercise performance in CF are ventila-
tory, as in other severe respiratory diseases [5].
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Cardiopulmonary exercise testing (CPET) 
provides useful information across the full spec-
trum of disease severity, but its role also changes 
with disease severity from one of supporting 
exercise in those with milder disease to prognos-
tication and rehab [5].

Recent developments in understanding the 
physiological impact of CF on lung function 
come from advances in hyperpolarized gas mag-
netic resonance imaging. This allows direct visu-
alization of the distribution of a single breath of 
hyperpolarized tracer gas and construction of 
high-resolution three-dimensional maps of venti-
lation distribution. This shows that ventilation 
defects broadly correlate with structural abnor-
malities. Gas distribution appears to be affected 
by a combination of fixed structural defects, 
reversible airway inflammation, and mobile 
mucus secretions; and it is these latter two com-
ponents that may be amenable to intervention [5].

17.2.4  Noninvasive Ventilation 
in Cystic Fibrosis

NIV may be a means to temporarily reverse or slow 
the progression of respiratory failure in cystic fibro-
sis by providing ventilatory support and avoiding 
tracheal intubation. Using NIV can improve lung 
mechanics through increasing airflow and gas 
exchange and decreasing the work of breathing. 
NIV, thus, acts as an external respiratory muscle [6].

NIV may be a useful adjunct to other airway 
clearance techniques, particularly in people with 
CF who have difficulty expectorating sputum or 
where fatigue or respiratory muscle weakness is 
an issue. It can also benefit patients with CF who 
experience daytime hypercapnia in terms of exer-
cise tolerance, dyspnea, and nocturnal gas 
exchange. When used together with overnight 
oxygen, NIV improves gas exchange during 
sleep to a greater extent than oxygen therapy 
alone in people with moderate-to-severe CF [6].

The impact of this therapy on pulmonary 
exacerbations and disease progression remain 
unclear. There is one trial of a single session of 
NIV that increased functional capacity in chil-
dren with stable disease [6].

In CF, NIV can be a bridge to lung transplan-
tation. NIV is often continued during end of life 
with many patients on treatment until death [6].

Pneumothorax and hemoptysis, often consid-
ered contraindication to NIV, should not limit the 
use of this technique [6].

17.3  Conclusion Discussion

CF is a life-threatening genetic disorder that 
causes multiorgan system disease. Its effects on 
the pulmonary system are the leading cause of 
patient morbidity and mortality.

Advancements in the diagnosis and manage-
ment of CF provided significant improvements in 
early diagnosis and delayed disease progression. 
The patient survival rate is increasing and support-
ive treatment is becoming more widely available.

In severe CF with respiratory insufficiency, 
NIV can be a bridge to lung transplantation and is 
often continued during end of life.

Addressing the genetic mutation ultimately 
will reduce the treatment burden on patients and 
provide a higher-quality life with greater sur-
vival. Drugs are being developed to target and 
correct the misprocessing of the CFTR protein.

Key Major Recommendations
• CF is a life-threatening genetic disorder 

caused by a mutation in the CF transmem-
brane conductance regulator (CFTR) gene; it, 
thus, causes an accumulation of thick and vis-
cous mucus secretions in various organ sys-
tems; and its effects on the pulmonary system 
are the leading cause of patient morbidity and 
mortality.

• CF is an obstructive lung disease, character-
ized by reduced FEV1 and reduced forced vital 
capacity. Lung volumes and compliance tend 
to be reduced, with increased airway resis-
tance as a result of airway obstruction, airway 
inflammation, increased secretions, and paren-
chymal inflammation/fibrosis. Gas transfer is 
typically preserved until late in the disease.

• Using NIV can improve lung mechanics 
through increasing airflow and gas exchange 
and decreasing the work of breathing.
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• In severe CF with respiratory insufficiency, 
NIV can be a bridge to lung transplantation 
and is often continued during end of life.
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Should NPPV be Used 
for Respiratory Management 
of Asthma Attacks?
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Yoshitaka Nishiyama, and Takuma Sakai

Abstract

Noninvasive positive pressure ventilation 
(NPPV) may be attempted for treatment of 
acute respiratory failure during asthma attacks. 
However, it is necessary to shift to respiratory 
management under tracheal intubation with-
out hesitation if the asthma attack worsens 
rapidly. There is currently insufficient evi-
dence that NPPV is effective for severe asthma 
attacks according to previous RCT studies.

Keywords

Asthma · Mechanical ventilation · 
Noninvasive ventilation · Severe asthma 
attacks · Noninvasive positive pressure 
ventilation

Abbreviations

ACOS Asthma and COPD overlap syndrome
CPAP Continuous positive airway pressure
EPAP End positive airway pressure
GINA Global Initiative for Asthma

GOLD Global Initiative for Chronic Obstructive 
Lung Disease

IPAP Inspiratory positive pressure
IPPV Intermittent positive pressure ventilation
NPPV Noninvasive positive pressure ventilation

18.1  Introduction

It has been estimated that there are approximately 
300 million patients with bronchial asthma 
worldwide, and a prevalence rate of 3–6% of the 
total population has been reported in Japan. More 
than 30% of patients will be poorly controlled 
even if the treatment recommended by the cur-
rent guidelines is implemented, and the impact 
on society is not small. On the other hand, regard-
ing chronic obstructive pulmonary disease 
(COPD), its prevalence over the age of 40 in 12 
regions around the world is approximately 10% 
of the total. The World Health Organization pre-
dicts that COPD will be the third leading cause of 
death among all diseases by 2020.

Asthma and COPD have different pathologi-
cal conditions due to different causes and mecha-
nisms, and the pathological conditions of airway 
inflammation and airflow obstruction are also dif-
ferent. However, it has long been known that 
there are pathological conditions with both char-
acteristics. It was common in previous studies 
and clinical trials on asthma and COPD to clearly 
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distinguish these diseases and exclude cases in 
which they were combined. However, it was 
often difficult to clearly distinguish between 
asthma and COPD in clinical practice.

GINA (Global Initiative for Asthma) and 
GOLD (Global Initiative for Chronic Obstructive 
Lung Disease), the international debate commit-
tee for asthma and COPD, jointly proposed to 
deal with this situation in 2015. “Asthma and 
COPD Overlap Syndrome (ACOS)” was the pro-
totype of ACO.

The term “syndrome” was considered inap-
propriate for a variety of reasons, in subsequent 
discussions, and “Asthma and COPD Overlap 
(ACO)” was proposed. This defined the name 
“ACO” and made it easier to understand as one of 
the clinically common pathological conditions of 
obstructive lung disease.

It will not be necessary to clearly distinguish 
between asthma and COPD in the future, and it 
may be possible to move toward diagnosis and 
treatment as ACO.

The death toll from severe asthma attacks 
remains high and is a serious problem in respira-
tory emergencies. Inhalation and oxygen admin-
istration of short-acting bronchodilators (β2 
stimulants), intravenous steroid injection, subcu-
taneous epinephrine injection in severe cases, 
and artificial respiration therapy are the basics of 
asthma treatment in the emergency area. 
Especially for artificial respiration, noninvasive 
positive pressure ventilation (NPPV) has recently 
been performed [1–3].

Many studies have been conducted on the 
exacerbation of COPD, regarding NPPV in acute 
respiratory failure, and it is recognized as a well- 
founded treatment [4]. The concept of NPPV is 
that the pathophysiology of asthma attacks is in 
many ways similar to the exacerbation of 
COPD.  Furthermore, patients with respiratory 
failure due to an asthma attack recover quickly 
when the attack is relieved, so the time for artifi-
cial respiration may be shortened [1].

The first choice of treatment for severe asthma 
attacks is inhalation or injection of β-2 stimu-
lants, systemic administration of steroids, and 
oxygen inhalation according to GINA, which is 
the global guideline for asthma. ICU admission, 

tracheal intubation, and mechanical ventilation 
therapy could be considered for patients with 
poor response to these treatments.

There are no descriptions of NPPV, and its 
effect is not clear even in other NPPV-related 
guidelines.

Mechanical ventilation by tracheal intubation 
is currently considered as the first-line mechani-
cal ventilation therapy for asthma attacks, but 
NPPV is also a treatment method whose useful-
ness is being investigated. Asthma guidelines in 
Japan indicate that NPPV may improve a patient’s 
respiratory pattern by maintaining airway patency 
at the end of exhalation with pressure assistance 
and PEEP. However, treatment by an experienced 
specialist is desirable, if attempted. Moreover, it 
is stated that patients with impaired conscious-
ness and patients with high airway secretions 
should be careful not to delay the start of tracheal 
intubation and mechanical ventilation manage-
ment [5]. This leads us to question whether NPPV 
is effective for asthma.

18.2  Discussion and Analysis 
of the Main Topic

In 1982, Martin et al. reported that the addition of 
CPAP dilates the airway, reduces airway resis-
tance, and reduces respiratory work in histamine- 
induced asthma attacks [5].

Shivaram et  al. reported that nasal CPAP 
improves respiratory rate and dyspnea in asthma 
attacks without adversely affecting the hemody-
namics [6].

Then, Meduri et al. compared the efficacy of 
NPPV and IPPV in patients with severe asthma 
attacks who were admitted to the ICU, in 1996. 
NPPV corrected respiratory acidosis in patients 
with asthma attacks, and intubation occurred in 
only 2 of 17 patients, which was similar to 
IPPV. The NPPV group had significantly lower 
airway pressure and no complications [1].

Fernandez et  al. conducted a comparative 
study of NPPV and IPPV for asthma attacks in 
the emergency room in a retrospective study. 
PaCO2 decreased, pH improved, and intuba-
tion avoidance was 67% (22/33) in the NPPV 
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group. However, they reported that there were 
no significant differences in length of stay in the 
ICU, length of hospital stay, or prognosis [2]. 
In Japan, Murase et  al. conducted a retrospec-
tive study comparing fatal asthma attacks before 
and after the introduction of NPPV. They deter-
mined that it significantly reduced the intubation 
rate after introduction of NPPV (2/57 (3.5%) vs. 
9/50 (18%), p = 0.01) and shortened hospital stay 
(8.4 ± 2.8 vs. 12.6 ± 4.2 days, p < 0.01) [7]. Holley 
et al. examined the efficacy of NPPV in a random-
ized controlled trial and reported that intubation 
rate, length of hospital stay, and cost of hospital-
ization tended to decrease even though there was 
no significant difference. In this investigation, the 
clinical trial was terminated prematurely due to 
ethical concerns about not using NPPV3.

In a randomized controlled trial, Soroksky 
et  al. examined the efficacy of NPPV in 30 
patients with severe asthma attacks who visited 
the emergency department [8]. As a result, it was 
reported that the use of NPPV for 3  h signifi-
cantly improved lung function and prevented 
hospitalization compared to the control group. 
Soma et  al. examined the efficacy of NPPV in 
combination with inhalation therapy in the emer-
gency department. In a study divided into IPAP/
EPAP 8/6 cmH2O group, 6/4 cmH2O group, and 
control group, FEV1.0 was significantly 
improved in the 8/6 cmH2O group, and dyspnea 
and wheezing were improved in the NPPV group 
[9]. Brandao et al. examined the effect of 15-min 
inhalation therapy with NPPV in the emergency 
department. Peak flow, FEV1, and FVC were 
improved in the 15/10 cmH2O group [10] com-
pared to the IPAP/EPAP 15/5  cmH2O group, 
15/10 cmH2O group, and control group.

Gupta et al. conducted a comparative study of 
NPPV therapy with IPAP/EPAP 12/5 cmH2O and 
a control group in 53 patients. There were no sig-
nificant differences in intubation rate, but NPPV 
reduced the total length of hospital stay, length of 
stay in the ICU, and total amount of bronchodila-
tors used [11]. Galindo-Filho et  al. found 
improvements in respiratory rate, tidal volume, 
expiratory volume, peak flow, FEV1, FVC, IC, 
and inhalation efficiency after 9 min of inhalation 
therapy with IPAP/EPAP 12/5 cmH2O [12].

The combined use of NPPV and inhalation 
therapy is expected to improve inhalation effi-
ciency and lung function in patients with asthma 
attacks, based on the above results of RCT stud-
ies worldwide, but the effect of avoiding intuba-
tion is not clear. Therefore, it is concluded that 
there is insufficient evidence that NPPV is effec-
tive for severe attacks of asthma.

18.3  Conclusion Discussion

On the other hand, a national survey in the United 
States between 2000 and 2008 showed that the 
proportion of invasive artificial respiration man-
agement decreased, while the proportion of 
NPPV increased, in artificial respiration manage-
ment for acute asthma attacks in clinical practice. 
The indications in clinical practice are being 
expanded.

(1) Decreasing airway resistance by applying 
positive pressure by CPAP/EPAP on the airway 
(for endogenous PEEP), (2) assisting ventilation 
by pressure support if ventilation is inadequate, 
and (3) avoiding intubation have been considered 
as the advantages of NPPV for asthma attacks. 
Complications associated with intubation can be 
avoided by avoiding tracheal intubation, in par-
ticular, and artificial ventilation can be started 
promptly. Furthermore, there is no concern about 
bronchospasm due to the tracheal tube, and there 
is the advantage that oral intake and oral treat-
ment can be continued. GINA has shown a rapid 
improvement in respiratory function with the 
combined use of NPPV, and it is expected that the 
introduction of NPPV at an earlier stage than the 
purpose of avoiding intubation is expected.

18.3.1  Criteria for Introducing NPPV 
in Asthma

The criteria for adaptation of NPPV for asthma 
attacks have not been clearly examined so far. 
The introduction standards of GINA and Japan’s 
NPPV are tentatively shown in Table 18.1. The 
point is that it may be introduced early for 
patients whose conditions, such as tachypnea and 
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respiratory acidosis, do not improve and that we 
do not significantly adhere to NPPV when the 
response to NPPV is poor. It is important to rec-
ognize that NPPV is not substitute for intubation 
management. Needless to say, drug therapy is 
also performed in parallel with respiratory man-
agement. It is desirable to use an NPPV-dedicated 
device that can regulate the inhaled oxygen con-
centration even for asthma attacks, since many 
cases of acute respiratory failure are complicated 
by hypoxemia.

18.3.2  Initial Settings for NPPV

The following method is presented for the initial 
setting and subsequent management of NPPV for 
asthma. Start with IPAP 8  cmH2O and EPAP 
4 cmH2O and increase IPAP and EPAP at bedside 
according to the patient’s respiratory rate, respi-
ratory pattern and auscultatory findings, and dys-
pnea (assessed on the Borg scale). Furthermore, 
endogenous PEEP may be released and subjec-
tive symptoms may be improved, even in CPAP 
mode alone. You should be prepared to move to 
tracheal intubation immediately if there are signs 
of exacerbation in either case.

18.3.3  Monitoring while Using NPPV

Strict continuous or intermittent measurement of 
electrocardiogram, blood pressure, and SpO2 is 
conducted during NPPV. Evaluate breath sounds 
and dyspnea. Blood gas is also measured every 
30  min for approximately 2  h after starting to 
check for the progress of respiratory acidosis. 
Until the patient is stabilized, blood gas is 
checked when changing settings for every few 
hours. Pay attention to the level of consciousness 

and consider the transition to tracheal intubation 
even when the level of consciousness decreases 
or the disorder of consciousness persists.

18.3.4  Indications for Tracheal 
Intubation

The indications for tracheal intubation are shown 
in Table 18.2. Tracheal intubation should be man-
aged from the beginning if there is respiratory 
arrest or impaired consciousness. Intubation is 
indicated when respiratory muscle exhaustion, 
rapid increase in PaCO2, or hypoxemia is 
observed even after NPPV. Furthermore, patients 
with PaCO2 of 45 mmHg or higher should be pre-
pared to switch to artificial respiration by intuba-
tion at any time because asthma attacks may 
worsen rapidly.

18.3.5  NPPV Withdrawal Criteria

It is necessary to provide sufficient explanation 
of the treatment, relaxation, and positioning 
when performing NPPV, in order to eliminate 
patient anxiety. Physiotherapy approaches, such 
as breathing instruction, respiratory assistance, 
and removal of airway secretions, are important 
to maximize the effects of NPPV in severe cases. 
Oral intake should be started if the respiratory 
condition is improved by inhalation therapy or 
steroid treatment, but NPPV should be reattached 
immediately if NPPV is removed and dyspnea 
worsens. When determining the timing of NPPV 
withdrawal, it is useful to check vital signs, SpO2, 
blood gas, etc. if NPPV is temporarily removed, 
such as during meals and breaks. Turn off NPPV, 

Table 18.1 Indications for NPPV during bronchial 
asthma attacks

1.  Dyspnea with poor improvement by inhalation of 
β2 agonist

2. Significant labored breathing
3. Obvious respiratory muscle exhaustion
4. PaCO2 rise (PaCO2 > 45 mmHg)

Table 18.2 Criteria for mechanical ventilation through 
tracheal intubation in asthma attacks

1. Respiratory arrest
2. Disturbance of consciousness
3. Obvious respiratory muscle exhaustion
4.  Rapid increase in PaCO2 (PaCO2 > 60 mmHg or 

5 mmHg or more per hour)
5.  PaO2 < 50 mmHg under maximum oxygen 

administration
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observe the progress with oxygen inhalation only, 
and check vital signs and blood gas again sev-
eral hours later if subjective/objective symptoms, 
such as wheezing and dyspnea, have improved 
and respiratory acidosis has disappeared. Then, 
it is judged whether it can be detached as it is or 
whether the NPPV must be attached again.

Although reports suggesting its effectiveness 
are being accumulated, there is still no clear evi-
dence of the usefulness of NPPV for asthma 
attacks. Respiratory function can be improved 
faster, dyspnea and hypercapnia can be improved, 
tracheal intubation can be avoided, and inhala-
tion therapy can be performed efficiently if the 
indications are examined and performed in a 
facility that is fully proficient in NPPV3. On the 
other hand, asthma attacks may worsen rapidly 
and may be life-threatening if the timing of intu-
bation is delayed. Therefore, it is necessary to 
shift to respiratory management under tracheal 
intubation without hesitation if there are signs of 
exacerbation.

Key Major Recommendations
• NPPV may be attempted for acute respiratory 

failure due to asthma attacks.
• It is necessary to shift to respiratory manage-

ment under tracheal intubation without hesita-
tion if the asthma attack worsens rapidly.

References

 1. Meduri GU, Cook TR, Turner RE, et al. Noninvasive 
positive pressure ventilation in status asthmatics. 
Chest. 1996;110:767–74.

 2. Fernandez MM, Villagra A, Blanch L, et  al. Non- 
invasive mechanical ventilation in status asthmatics. 
Intensive Care Med. 2001;27:486–92.

 3. Holley MT, Morrissey TK, Seaberg DC, et al. Ethical 
dilemmas in a randomized trial of asthma treatment: 
can Bayesian statistical analysis explain the results? 
Acad Emerg Med. 2001;8:1128–35.

 4. NHLBI/WHO global initiative for chronic obstruc-
tive lung disease (GOLD) workshop summary: global 
strategy for diagnosis, management, and preven-
tion of chronic obstructive pulmonary disease. Am J 
Respir Crit Care Med 2001; 163:1256–1276.

 5. Martin JG, Shore SA, Engel LA. Mechanical load and 
inspiratory muscle action during induced asthma. Am 
Rev Respir Dis. 1983;128:455–60.

 6. Shivaram U, Miro AM, Cash ME, et  al. 
Cardiopulmonary responses to continuous posi-
tive airway pressure in acute asthma. J Crit Care. 
1993;8:87–92.

 7. Murase K, Tomii K, Chin K, et  al. The use of non- 
invasive ventilation for life-threatening asthma 
attacks: changes in the need for intubation. 
Respirology. 2010;15:714–20.

 8. Soroksky A, Stav D, Shpirer I.  A pilot prospective, 
randomized, placebo-controlled trial of bilevel posi-
tive air- way pressure in acute asthmatic attack. Chest. 
2003;123:1018–25.

 9. Soma T, Hino M, Kida K, et  al. A prospective and 
randomized study for improvement of acute asthma 
by non-invasive positive pressure ventilation (NPPV). 
Intern Med. 2008;47:493–501.

 10. Brandao DC, Lima VM, Filho VG, et  al. Reversal 
of bronchial obstruction with bi-level positive air-
way pressure and nebulization in patients with acute 
asthma. J Asthma. 2009;46:356–61.

 11. Gupta D, Nath A, Agarwal R, et al. A prospective ran-
domized controlled trial on the efficacy of noninva-
sive ventilation in severe acute asthma. Respir Care. 
2010;55:536–43.

 12. Filho VC, Brandao DC, Ferreira R de CS, et  al. 
Noninvasive ventilation coupled with nebulization 
during asthma crises: a randomized controlled trial. 
Respir Care. 2013;58:241–9.

18 Should NPPV be Used for Respiratory Management of Asthma Attacks?



137© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021 
A. M. Esquinas (ed.), Pulmonary Function Measurement in Noninvasive Ventilatory Support, 
https://doi.org/10.1007/978-3-030-76197-4_19

Pulmonary Function Measurement 
in Noninvasive Ventilatory 
Support: Obesity Hypoventilation 
Syndrome

Mediha Turktan

Abstract

Obesity hypoventilation syndrome is a clinical 
condition characterized by the association of 
alveolar hypoventilation, hypercapnia, and 
daytime sleepiness in obese patients without 
any other causes of chronic hypercapnia. The 
most effective method in treatment is positive 
pressure ventilation including noninvasive 
ventilation and continuous positive airway 
pressure. Close monitoring of the patients’ 
pulmonary function is important for the effec-
tiveness of treatment.

Keywords

Continuous positive airway pressure · 
Noninvasive ventilation · Obesity hypoventi-
lation syndrome · Pulmonary function

Abbreviations

AHI Apnea hypopnea index
BMI Body mass index
BPAP Bilevel positive airway pressure
COPD Chronic obstructive pulmonary disease
CPAP Continuous positive airway pressure

EPAP Expiratory component
FEV1 Forced expiratory volume in 1 s
IPAP Inspiratory component
NIV Noninvasive ventilation
OHS Obesity hypoventilation syndrome
OSA Obstructive sleep apnea
PAP Positive airway pressure
PEEP Positive end-expiratory pressure
VtPS Volume-targeted pressure support

19.1  Introduction

Obesity hypoventilation syndrome (OHS) is 
defined by hypoventilation, chronic awake hyper-
capnia (PaCO2  >  45  mmHg, at sea level), and 
excessive daytime sleepiness in patients with 
body mass index (BMI) upper than 30  kg/m2 
without any other neurological, muscular, 
mechanical, or metabolic cause for chronic 
hypercapnia. There is a strong correlation 
between BMI and prevalence of OHS.

The most common symptoms of OHS are 
snoring, daytime sleepiness, fatigue, witnessed 
apnea, morning headaches, and night choking 
sensation [1]. The most common morbidities in 
the patients with OHS are cardiovascular dis-
eases such as congestive heart failure, angina 
pectoris, and cor pulmonale. The patients with 
OHS have a longer hospital stay; they need inten-
sive care more than the normal population and 
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even obese patients without OHS. Consequently, 
OHS leads to increase in health expenditures and 
decrease in quality of life and quality of sleep.

19.2  Discussion and Analysis 
of the Main Topic

19.2.1  Pathophysiology

Although the pathophysiology of OHS is not 
fully clear, inappropriate response to hypoxemia 
and hypercapnia and changes in neurohumoral 
response and lung mechanics may play a role. In 
obese patients, chest wall thickness and upper 
airway resistance increase, functional residual 
capacity decreases, respiratory muscle perfor-
mance is impaired, and all of them cause to 
increase the work of breathing. The patients have 
lower tidal volume and higher respiratory rate 
due to worsening of the ventilation/perfusion 
ratio and hypoxemia. Abnormally low lung vol-
umes led to reduced chest wall and respiratory 
system compliance. If the expiratory reserve vol-
ume becomes too low, small airways close and 
intrinsic positive end-expiratory pressure (PEEP) 
occurs. This condition is more pronounced in the 
obese patients with supine position. Increased 
intraabdominal pressure not only worsens the 
work of breathing but also increases oxidative 
stress [2]. Prolonged hypercapnia also impairs 
central chemoreceptor ventilator response. Apnea 
and hypopnea attacks occurring throughout the 
day aggravate existing hypercapnia. Elevated 
bicarbonate levels may also contribute to affect 
chemosensitivity [1]. In mice, leptin deficiency 
associated with respiratory depression, abnormal 
respiratory muscle function, awake hypercapnia, 
and leptin replacement acts as a respiratory stim-
ulant [3].

On the contrary, in humans, leptin resistance 
or central leptin deficiency develops with obesity 
over time, and it causes a decrease in ventilator 
response [3]. In addition, a strong negative cor-
relation between growth factor and both levels of 
PaCO2 and bicarbonate has been reported [3].

19.2.2  Diagnostic Tests

The diagnosis and treatment of OHS is very criti-
cal because of high prevalence and high 
morbidity- mortality in untreated patients. Other 
factors that cause hypoventilation should be 
excluded. The most common diseases confused 
in morbid obese patients with OHS are chronic 
obstructive pulmonary disease (COPD) and con-
gestive heart failure. Therefore, arterial blood gas 
analysis, pulmonary function tests, chest X-ray, 
electrocardiography, and function of respiratory 
muscles should be evaluated. Detailed physical 
examination and anamnesis are substantial.

The most common finding in biochemical 
tests are hypoxemia and secondary polycythe-
mia. For hypoventilation, PaO2  <  70  mmHg or 
SpO2 < 94% may be a warning, but higher values 
for both parameters do not exclude OHS [1]. In 
arterial blood gas analysis, an increase in HCO3 
level due to respiratory acidosis is common. 
Mokhlesi and colleagues reported that serum 
bicarbonate level greater than 27 mEq/L had 92% 
sensitivity and 50% specificity for OHS [2]. 
According to a retrospective analysis of Macavei 
et al., calculated bicarbonate levels have a sensi-
tivity of 85.7% and specificity of 89.5% for OHS 
[4]. In addition, calculated base excess above 
2  mmol/L is one of the frequently encountered 
findings. These cut-off values are still controver-
sial, but elevated bicarbonate level should alert 
the clinician in terms of OHS.

The most obvious finding in polysomnogra-
phy is severe long-term desaturation. However, 
polysomnography is not necessary for diagnosis 
of OHS, because OHS and obstructive sleep 
apnea (OSA) may not always coexist [1]. The 
lowest oxygen value <60 mmHg during sleep at 
night and high apnea hypopnea index (AHI) are 
shown to be valuable for diagnosis of OHS [3].

Right heart failure findings are common as a 
result of chronic hypoxemia and pulmonary 
hypertension. Intercalarily, arterial hypertension, 
and insulin resistance are more common in 
patients with OHS than in obese individuals 
without OHS [1].
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19.2.3  Treatment

The purposes of therapy in OHS include restor-
ing PaCO2 value, normalizing nocturnal breath-
ing and gas exchange, preventing desaturation 
during a day, correcting acid-base balance, pre-
venting the formation of cor pulmonale by cor-
recting oxyhemoglobin level, reducing body 
weight, relief of hypersomnia, and increasing life 
quality. Therefore, the treatment is multifactorial 
and the adherence of the patients to treatment is 
very important.

Lifestyle change (weight loss, increased phys-
ical activity) is the initial step for the treatment of 
OHS and may help to improve the ventilation 
parameters. Bariatric surgery and low-calorie 
diet may be applied, but some patients are not 
suitable for surgery due to their comorbidities. 
Moreover, the patients should continue to be fol-
lowed closely after bariatric surgery procedure. 
Despite faster weight loss in a shorter time with 
bariatric surgery, no difference was found 
between the two methods (conventional or surgi-
cal) in terms of AHI. Weight loss or low-calorie 
diet alone has not been shown to significantly 
improve nocturnal gas exchange, AHI, clinical 
symptoms, or awake hypercarbia [5].

Tracheostomy was one of the most frequently 
used methods in the past, but today, it is only con-
sidered in patients resistant to noninvasive venti-
lation due to current risks. It may not be chosen 
as a long-term treatment option.

One of the points to be considered in treat-
ment is to avoid excessive oxygen use.

Increased FiO2 decreases minute volume and 
tidal volume, increases dead space due to vasodi-
lation in poorly ventilated areas, causes inability 
to correct hypoxia with Haldane effect [1].

For these reasons, oxygen therapy alone is not 
recommended in hemodynamically stable 
patients without extreme respiratory distress, and 
it should be administered under clinical observa-
tion with target SpO2 range of 89–92%. Nocturnal 
oxygen therapy does not reduce hypercarbia and 
clinical symptoms.

Short-term respiratory stimulants (medroxy-
progesterone, acetazolamide, etc.) are not recom-
mended for the treatment of OHS [1].

Loop diuretics may be added to medical treat-
ment in the patients with cor pulmonale. It is rec-
ommended to start with a lowest possible dose in 
order to prevent acute prerenal renal failure and 
hypokalemia that may occur in overuse. 
Depending on the use of diuretics developed met-
abolic alkalosis may worsen CO2 retention.

Phlebotomy can be applied in patients with 
hematocrit <56% and hyperviscosity symptoms, 
but the effect on treatment of OHS has not been 
proven yet [1].

Positive airway pressure (PAP) ventilation 
strategies including continuous positive airway 
pressure (CPAP) and noninvasive ventilation 
(NIV) are the cornerstone therapy in patients 
with OHS. They decrease upper airway pressure, 
remove upper airway obstruction, increase cen-
tral respiratory activity, eliminate repetitive 
obstructive events, and improve alveolar 
hypoventilation. In addition, quality of life and 
sleep quality are improved. Early initiation of 
PAP therapy may prevent the need for invasive 
mechanical ventilation. The effect of PAP on car-
diovascular complication and mortality in the 
patients with OHS is limited, so it is recom-
mended to be combined with lifestyle changes 
(weight loss and increased physical activity) [5].

Improvements in daytime gas exchange and 
symptoms have been shown with both CPAP and 
NIV.  NIV is thought to be more effective than 
CPAP on physiological disturbances in 
OHS. However, there is no convincing evidence 
including NIV therapy is superior to CPAP ther-
apy in the patients with OHS. For all that, in both 
therapy modalities (NIV and CPAP), clinical 
symptoms, nocturnal gas exchange awake hyper-
capnia, and sleep quality are better than lifestyle 
modification [1]. There is no differences between 
CPAP and NIV in terms of treatment failure, 
quality of life, patient safety, cardiovascular 
risks, clinical symptoms, bicarbonate levels, and 
PaCO2 after 2  months of interventions [6, 7]. 
However, NIV therapy improves forced expira-
tory volume in 1  s (FEV1), quality of life, and 
functional capacity (6-min walk distance) more 
than CPAP therapy [7]. Corral et al. demonstrated 
that NIV is more effective than CPAP in improv-
ing measures of systolic pulmonary artery pres-
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sure and left ventricle hypertrophy in the patients 
with OHS [8]. In addition, CPAP reduces neural 
respiratory drive in obese patients, but it may be 
insufficient to overcome the work of breathing 
caused by obesity-induced reductions in chest 
wall compliance [9].

If the patient is clinically stable and PaCO2 
levels are acceptable (<55 mmHg), CPAP should 
be preferred as initial therapy for positive pres-
sure ventilation. The least costly and simplest 
therapy of all PAP treatment is CPAP, and it may 
be also considered after stabilization of hyper-
capnia with BPAP.  Nasal mask application is 
often preferred due to higher patient compliance 
and efficiency, but in critically ill patients with 
respiratory failure, oronasal masks are recom-
mended [1]. In most cases, upper airway obstruc-
tion can be removed with nasal CPAP and 
nocturnal hypercarbia is prevented [3]. CPAP 
therapy increases functional residual capacity 
and prevents small airway closure and this way 
helps to normalize breathing during sleep and 
improve nocturnal gas exchange [5]. Especially, 
the patients with high AHI benefit from nocturnal 
CPAP therapy and pressure support up to 10–16 
cmH2O is generally required [10]. Manuel titra-
tion of CPAP is recommended instead of autoti-
tration CPAP, and the patient should be closely 
monitored especially during the first month of 
therapy. The most important parameters affecting 
the success of CPAP therapy at 3  months are 
mean nocturnal oxygen saturation during the first 
night and daytime PaCO2 levels at 1 month [11]. 
Despite its positive effects, CPAP does not pro-
vide additional ventilatory support.

In the patients with persistent hypercarbia 
(PaCO2 > 45 mmHg) and persistent desaturation 
(SpO2 < 90%) during CPAP treatment despite the 
treatment by titration of pressure and elimina-
tion of obstructive events, NIV should be started 
[1]. Noninvasive ventilation can be applied basi-
cally with volume- or pressure-targeted mode. 
In volume- targeted mode, the tidal volume and 
flow velocity are determined by the clinician, 
but IPAP (inspiratory positive airway pres-
sure) varies depending on airway resistance. In 
pressure- targeted mode, conversely, the tidal 
volume is created by reaching a predetermined 

IPAP.  Although pressure-targeted NIV is more 
easily tolerated, more stable tidal volumes are 
provided with volume-targeted NIV.

The most commonly used NIV mode is bilevel 
positive airway pressure (BPAP). This mode pro-
vides increased tidal volume through the inspira-
tory component (IPAP) in addition to the 
expiratory component (EPAP) providing the 
same effects as CPAP therapy [10]. Although 
there is still no consensus on how best to titrate 
BPAP, pressure support (IPAP-EPAP) is recom-
mended to be at least 4  cmH20 (6–7  cmH20, 
according to some published studies) and initial 
EPAP 4–6 cmH20 to effectively improved venti-
lation [3, 10]. BPAP has spontaneous (S) and 
spontaneous-timed (ST) modes, and both are 
used in the patients with OHS. The advantage of 
BPAP mode over CPAP mode is that BPAP not 
only keeps the upper airway open but also pro-
vides active ventilation. However, patient ventila-
tor incompatibility, which is not common in 
CPAP therapy, is more common in BPAP therapy 
especially in ST mode [5]. Variability of deliv-
ered tidal volume due to respiratory effort, respi-
ratory system compliance, and changes in sleep 
position is the another disadvantage of BPAP 
[10]. Therefore, BPAP with volume-targeted 
pressure support (VtPS) or BPAP-ST mode may 
be a more suitable mode in this patient group. 
Thus, the addition of VtPS provides higher tidal 
volume and minute ventilation, a significantly 
greater reduction in nocturnal hypercapnia [10]. 
BPAP therapy significantly decreases PaCO2 and 
AHI, increases PaO2, and improves sleep struc-
ture in the patients with OHS.  Additionally, it 
offers fewer hospitalization and better quality of 
life to the patients. Since BPAP therapy is pres-
sure sensitive, if the patient has upper airway 
obstruction or the respiratory system compliance 
is low, the tidal volume formed when the set pres-
sure is reached may remain low and it may result 
in hypoventilation. Therefore, in case of severe 
upper airway obstruction, both EPAP and IPAP 
should be increased together in BPAP mode or 
volume-targeted pressure support should be used.

Standard NIV modes may not be able to main-
tain adequate ventilation during the changes in 
pulmonary mechanics. In recent years, hybrid 
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modes have been used in NIV treatment, and 
these modes may offer potential advantages, 
especially in obese patients [12]. The most stud-
ied hybrid mode is average volume-assured pres-
sure support (AVAPS) mode, and it provides a 
more constant tidal volume in addition to the tol-
erability of pressure support ventilation. In this 
sense, AVAPS may be considered as a subtype of 
VtPS mode. In AVAPS mode, automatically 
adjusted pressure support (IPAP) varies between 
minimum and maximum values (IPAPmin and 
IPAPmax). The clinicians set up tidal volume 
according to ideal body weight (7–10  mL/kg), 
EPAP (4–6  cmH20), IPAPmin (=EPAP), IPAPmax 
(20–25 cmH2O, in obese patients max 30 cmH20), 
and respiratory rate (12/min).

With AVAPS mode, nocturnal and daytime 
hypercapnia significantly decreases compared to 
initial values and the use of BIPAP-ST alone 
[13]. In the patients with chronic respiratory fail-
ure, higher minute ventilation values were 
obtained during the sleep with AVAPS mode 
compared to pressure-targeted NIV, but PaO2 and 
PaCO2 levels in the arterial blood gas analysis, O2 
saturation values were found to be similar with 
both modes [13].

19.3  Conclusion Discussion

In fact, regardless of the mode chosen, failure to 
control upper airway obstruction causes persis-
tent desaturation. Sufficient EPAP must be 
applied to prevent this condition [5]. The advan-
tages of pressure-targeted and volume-targeted 
modes to each other are not clear in the patients 
with OHS, but similar tidal volumes (7–10 mL/
ideal body weight) should be applied in both 
modes. More than 4  hours nocturnal NIV is 
required to achieve a reduction in daytime carbon 
dioxide, and nocturnal ventilatory support 
improves daytime symptoms and physical activ-
ity in this patient group [12]. The increased phys-
ical activity may contribute to weight loss, 
reducing clinical symptoms and cardiopulmo-
nary risks. During PAP therapy, vital signs, oxy-
gen saturation, blood gas analysis, tidal volume, 

and consciousness of the patients should be 
closely monitored.

Key Major Recommendation
• Obesity hypoventilation syndrome is charac-

terized by alveolar hypoventilation, hypercap-
nia, and daytime sleepiness in obese patients.

• Other causes of hypercapnia should be 
excluded for diagnosis.

• The most effective treatment is positive pres-
sure ventilation combined with lifestyle 
change.

• The patient adherence to treatment is 
extremely important.

• Pulmonary function of the patients should be 
monitored closely during the therapy.
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Obstructive Sleep Apnea. 
Sleep- Disordered Breathing

Mariana Cabral, Bruno Mendes, Carlos Figueiredo, 
and Inês Moreira

Abstract

Breathing is an essential and dynamic process 
involving complex neural and physiological 
mechanisms. There is a difference between 
the breathing pattern while awake and asleep 
and the onset of sleep provides some impor-
tant physiological changes in the organism. 
Therefore sleep is a period of great vulnerabil-
ity to ventilation irregularities and the pres-
ence of respiratory disorders during sleep is 
very common, even in healthy individuals. 
However, the mechanism that leads to these 
irregularities are poorly understood.

There are a number of pathologies related 
to these changes in breathing pattern during 
sleep. One such example is OSAS, a very 
prevalent disease worldwide. However, there 
are others, namely in patients with neuromus-
cular disease and obesity hypoventilation syn-
drome, which will be discussed in this 
chapter.

Keywords

Sleep breathing disorder · Hypoventilation · 
Apnea · Neuromuscular disease

Abbreviations

AHI Apnea/hypopnea index
BMI Body mass index
CSA Central sleep apnea
ERV End expiratory volume
FEV1 Forced expiratory volume in 1 s
FRC Functional residual capacity
FVC Forced vital capacity
NIV Noninvasive ventilation
NMD Neuromuscular disease
NREM Nonrapid eye movement
OBS Obesity hypoventilation syndrome
OSA Obstructive sleep apnea
PACO2 Alveolar carbon dioxide tension
REM Rapid eye movement
RV Residual volume
SDB Sleep breathing disorder
V’E Minute ventilation
VC Vital capacity
Vt Tidal volume

20.1  Introduction

Breathing is an essential and dynamic process 
involving complex neural and physiological 
mechanisms, where there is a constant adaptation 
to environmental and behavioral conditions in 
order to maintain blood gas homeostasis through-
out life. There is a difference between the breath-
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ing pattern while awake and asleep. While awake, 
intentional breathing control takes priority over 
automatic breathing; in contrast, this changes 
after falling asleep. Sleep is a period of great vul-
nerability to ventilation irregularities. The onset 
of sleep provides some important physiological 
adjustments in the organism such as reduction in 
alveolar ventilation and chemosensitivity, as well 
as an increase in upper airway resistance. The 
presence of respiratory disorders during sleep is 
very common even in healthy individuals and can 
result in serious health problems, a lower quality 
of life, and it is even associated with higher mor-
tality. However, the mechanism that leads to 
these irregularities are poorly understood due to 
the absence of models that mimic the complexity 
of this system.

20.2  Discussion and Analysis 
of the Main Topic

20.2.1  Sleep Physiopathology

Neurons of the reticular-activating system are 
essential to the regulation of wakefulness. Sleep 
is a process that involves complex neural activa-
tion. There are two ascending pathways. The first 
consists of the dorsal root of the cholinergic lat-
erodorsal and pedunculopontine tegmental 
nuclei, which will activate neurons that promote 
EEG activity via glutamatergic thalamocortical 
projections. The second pathway constituted by 
the ventral root through the hypothalamus 
includes the serotonergic, noradrenergic, and 
dopaminergic neurons that originate the aminer-
gic arousal system. Cortical activation is further 
influenced by orexinergic and cholinergic neu-
rons originating in the hypothalamus and basal 
forebrain, respectively. During wakefulness, 
these pathways allow the transmission of sensory 
information via thalamic gate to areas of the 
association cortex [1].

The transition from wake to sleep is controlled 
by homeostatic and circadian processes and 
occur through a process of reciprocal inhibition 
between arousal- and sleep-promoting neurons 
by way of “flip-flop switch.” It can be difficult to 
determine as there is typically brief periods of 

drowsiness with transient bursts of wakefulness 
before sleep consolidation. Sleep is divided into 
two states: rapid eye movement (REM) sleep and 
non-REM (NREM) sleep, and this different 
stages of NREM and REM occur repeatedly over 
the course of a night, in a rhythmical pattern 
known as a sleep cycle. NREM sleep occurs pref-
erably early in the night and is associated with 
sleep homeostasis. In turn, REM sleep occurs 
later in the night and is linked to circadian rhythm 
of core body temperature [2].

20.2.2  Pulmonary Function

Sleep has a significant effect on the respiratory 
muscles and therefore ventilation. The transition 
from wakefulness to non-REM sleep is associ-
ated with changes in breathing pattern. During 
sleep, the breathing control system becomes rela-
tively unstable, due to mechanisms that affect 
anatomic structures, muscles strength of the 
upper airway, and arousal threshold. This leads 
to, and affects the severity of, sleep apnea [3].

During NREM sleep breathing, a reduction in 
tidal volume (Vt) occurs with depending levels of 
NREM sleep, as well as minute ventilation (V’E), 
compared with wakefulness. Respiratory fre-
quency is either increased slightly or unaffected. 
In REM sleep, a further reduction of 30% in alve-
olar ventilation and 13% in Vt is observed. The 
reduction in Vt is attributed to a reduction in ven-
tilator drive as reflected by the decrease in Vt/
inspiratory time ratio, whereas respiratory rate is 
substantially unchanged. The reduction in Vt pro-
duces a comparable reduction in V’E during dif-
ferent sleep phases [4].

The ventilatory response to hypercapnia and 
hypoxia is reduced, particularly during phasic 
REM, when motor output is reduced and vari-
able in response to a rising chemoreceptor sen-
sory input. During REM sleep, there is inhibition 
of muscle tone, in particular the intercostal mus-
cles, when respiratory competence depends on 
the diaphragm. The reduction in alveolar ventila-
tion is associated with an increase in the alveolar 
carbon dioxide tension (paCO2), which is accom-
panied by a decrease in both carbon dioxide pro-
duction and oxygen consumption. Oxygen 
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saturation is decreased in sleep compared with 
wakefulness; this decrease is more pronounced 
in REM sleep [2].

Other changes characterize sleep period such as 
the reduced size of the pharyngeal airway lumen 
compared with wakefulness due to hypotonia of 
the upper airway muscles that occurs with poten-
tial upper airway collapse in the presence of partial 
obstruction. Sleep is associated with a reduction in 
both efferent activity to the thoracic muscles and a 
reduction in hypoglossal motor output to the upper 
airway muscles. The size of the pharyngeal airway 
lumen is reduced in sleep compared with wakeful-
ness. The patency of the upper airway is dependent 
on the upper airway size, negative intrapharyngeal 
pressures, and compliance.

These components are influenced by hypoxia 
and hypercapnia, sleep/wake transitions, blood 
pressure, and sex-specific hormones, and a 
change in them will be accompanied by a 
decrease in ventilation. In addition, the activation 
of the pharyngeal dilator muscles can also be 
influenced by lung volumes.

Both in healthy individuals and in patients 
with obstructive sleep apnea (OSA), during 
wakefulness, there is a relationship between 
upper airway caliber and changes in upper airway 
volumes. That is, a reduction in lung volumes 
will lead to increased pharyngeal resistance. 
During sleep, reduced lung volume leads to 
increased inspiratory airflow resistance and 
increased genioglossus muscle activation. 
Consequently, the pharynx is more collapsible 
during sleep at low lung volumes.

An increase in total pulmonary resistance dur-
ing sleep is observed in individuals who do not 
snore, due to the increase in the neural drive; 
however it is not significant. On the contrary, in 
individuals who snore, the increase is more 
marked, which culminates in changes in the 
breathing pattern during sleep [4].

In the waking sate, a fast and extremely vari-
able rise in the drive to breathe is prompt by add-
ing resistive or elastic recoil load to the airway 
which avoid hypoventilation. However, in sleep, 
this does not happen, that is, the compensatory 
mechanical response is not so immediate and 
hypoventilation preserves until chemoreceptor 
stimuli increase.

Loop gain is a concept that has been used to 
describe the modulation of breathing during sleep 
and to explain how changes in respiratory control 
system can lead to sleep disorders breathing 
(SDB). Loop gain occur in a context of a feed-
back system. It is the result of controller gain, 
plant gain, and feedback gain. The first one, con-
troller gain, refers to the ventilatory response to a 
change in carbon dioxide and is influenced by 
hypercapnic ventilatory response and cerebro-
vascular reactivity. The second one, plant gain, 
alludes to the efficiency with which ventilation 
removes carbon dioxide from the body, and the 
contributing factors are transfer factor (DLCO), 
metabolic rate, lung volumes, and cardiac output. 
The last one, feedback gain, is the interval 
between a change in carbon dioxide in lungs and 
its transmission to the chemoreceptor which elic-
its a response. It depends upon a reduction on 
cardiac output, prolonged circulation time, 
increased cardiac chamber size, and circulating 
blood volume. A loop gain >1.0 describes a respi-
ratory system where the response is greater than 
the insult and so is prone to instability. A loop 
gain <1.0 describes a system where an insult will 
be dampened or smoothed out by a response 
smaller than the insult itself [5].

In patients with OSA, the measurement of 
loop gain could be a good parameter to assess the 
individuals predisposed to apnea due to ventila-
tory instability rather than closure of the upper 
airway per se [6].

20.2.3  Sleep Disorder Breathing

Sleep disorder breathing forms a group of respi-
ratory disturbance that occurs during sleep and 
can cause significant reduction in the quality and 
span of life.

20.2.4  Obstructive Sleep Apnea 
Disorder

OSA is a complex disorder characterized by 
recurrent episodes, often cyclical, of breathing 
cessation (apnea) or reduced amplitude breath 
(hypopnea), sufficient to cause significant arterial 

20 Obstructive Sleep Apnea. Sleep-Disordered Breathing



146

hypoxemia and hypercapnia. The factors that 
contribute to apnea events are a compromised 
extrathoracic upper airway - obstructive event, a 
marked reduction or cessation of brain stem 
respiratory motor output - central event, or the 
combination of both.

The pathogenesis of OSA consists of an 
altered respiratory mechanics. A decrease in lung 
volume leads to obstruction of the small airways, 
which determines a modification in gas exchange 
and an abnormal response to hypercapnia and 
hypoxemia [7].

Obstructive events occur at the level of the 
pharynx, and there are many factors responsible 
to its collapsibility such as the upper airway anat-
omy and neuromuscular control, which contrib-
ute to variable degrees in each patient. Simply 
loss of wakefulness inputs to the control of the 
upper airway and chest wall muscle motor neu-
rons produces serious, short- and long-term con-
sequences to homeostasis and to health. 
Regarding lung function in OSA, it has been 
proved a relationship between lung volumes and 
OSA severity. More precisely, negative relation-
ships were reported between the severity of OSA 
and expiratory reserve volume, functional resid-
ual capacity, forced expiratory volume in 1  s 
(FEV1), and forced vital capacity (FVC). This 
way, the reduction in functional residual capacity 
(FRC) and respiratory system compliance deter-
mines an increased work of breathing translated 
by a high ventilator drive and increased respira-
tory muscle recruitment [8].

Many other authors have addressed this topic. 
Appelberg et al. concluded that patients with OSA 
display an increased ventilatory response to CO2, 
reduced end expiratory volume (ERV), and 
increased closing volume. ERV predicts nocturnal 
apnea and desaturation frequency to a similar 
extent as obesity. Also, lung aeration is reduced in 
the dorsal region during sleep, and patients with 
OSA display a lower amount of gas in compari-
son to healthy subjects. Decrease in lung volumes, 
promoting airway closure, and loss of muscle 
tone contributed to the altered lung function dur-
ing sleep [9]. In addition, a significant correlation 
between mean apnea duration and residual vol-
ume (RV) was demonstrated by Zirlik et al [10]. 

Another relation observed was that a decrease in 
FEV1 (even among normal values) was associated 
with an increased risk of severe OSA, as referred 
before, but this was not true for FEV1 < 60% of 
predicted. This degree of FEV1 reduction was a 
protective factor along with RV > 180% of pre-
dicted. This points to a possible protective role of 
air trapping in OSA severity [11].

The factors that influence the prevalence of 
OSA, such as obesity, age, and sex, may change 
the upper airway anatomy. The shape of the oro-
pharynx and hypopharynx becomes more spheri-
cal with increasing body mass index (BMI). In 
addition, the deposition of fat around the upper 
airways not only influences the upper airway vol-
ume but also affects characteristics of the upper 
airway, mostly, the collapsibility. Furthermore, in 
lean OSA patients, the anatomy of the upper air-
way is correlated with the apnea/hypopnea index 
(AHI), demonstrating that the anatomy of the 
upper airway in the obese patients is only one of 
the many factors that influences the upper airway 
occlusion.

A sleep-related reduction in the neural drive 
results in a relatively small increase in total lung 
resistance in nonobese people who do not snore, 
but this increase is much more pronounced in 
patients who snore. That is why the upper airway 
patency is compromised during sleep which 
results in changes in ventilatory mechanics dur-
ing that period that leads to obstructive SDB. In 
addition, the narrowing of the upper airway dur-
ing inspiration and exhalation that occurs in 
healthy individuals during non-REM sleep will 
once again be exacerbated in people who snore or 
have SDB.  Although there is an important nar-
rowing of the airway lumen in inspiratory time, it 
is a fact that this narrowing will end up not hav-
ing such a great impact on the airway closure. 
Relatively, at the end of expiration, the cross- 
sectional area of the upper airway lumen is deter-
mined by the narrowing during the mid-to-late 
expiratory time, which will result in the closure 
of the airway, and therefore in an obstructive 
apnea. Curiously, a reduction in the lumen and 
the collapse of the upper airway are also observed 
in central sleep apnea, when intrathoracic pres-
sure does not become more negative. This way, 
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the collapse of the upper airway will prompt the 
reflex inhibition of phrenic nerve activity which 
in turn will prolong the apnea [4].

20.2.5  Central Sleep Apnea 
Syndrome

Central sleep apnea (CSA) is defined by recur-
rent cessations of airflow and simultaneous 
reduction of the breathing effort. In contrast to 
OSA, ventilatory impulses generated by the brain 
stem are lacking in CSA.

Cheyne-Stokes breathing pattern is a sub-
group of CSA.  It is characterized by a specific 
form of periodic breathing (waxing and waning 
amplitude of flow or Vt) with a crescendo- 
decrescendo pattern of respiration between 
apneas and hypopneas.

There are also other subgroups of CSA syn-
drome such as central sleep apnea due to high 
altitude periodic breathing, medical condition or 
drug, and primary sleep apnea of infancy.

20.2.6  Sleep-Related 
Hypoventilation Syndromes

Hypoventilation syndrome is characterized by a 
paCO2 > 55 mmHg for >10 min or an increase of 
>10 mmHg in paCO2 during sleep comparatively 
to wakefulness, according to the 2012 American 
Academy of Sleep Medicine Guidelines. 
Nocturnal hypoventilation is associated with a 
decrease in the ventilatory drive, respiratory iat-
rogenic depression, alteration of respiratory 
nerve conductance, muscular disease, chest wall 
deformities, and severe obesity. This happens 
because, during sleep, the response to hypercap-
nia and hypoxemia is greatly reduced in REM 
and not so much in NREM, which leads to dys-
rhythmic breathing. Also, REM sleep alters upper 
airways patency. Consequently, there are changes 
in ventilation due to changes in volume/minute, 
Vt, and dead space.

When breathing problems are corrected at an 
early stage of the disease, mainly with nocturnal 
noninvasive ventilation, quality of life and life 

expectancy improves. An intervention later on is 
rarely successful [2].

20.2.6.1  Obesity Hypoventilation 
Syndrome

Obesity hypoventilation syndrome (OHS) is the 
most common sleep-related hypoventilation syn-
drome. It is characterized by hypercapnia 
(paCO2  >  45  mmHg) during wakefulness in 
obese patients (BMI > 30 kg/m2). Some patients, 
contrarily to OSA, can have AHI < 5 events/hour 
although in most cases obstructive apneas are 
seen. These patients frequently present with mild 
restrictive pattern due to increased thoracic 
impedance.

The pathogenesis of OHS is characterized by 
a respiratory mechanism disturbance, based on a 
decrease of FRC as well as a reduced respiratory 
system compliance. Therefore, an increase in 
work of breathing is observed, which determines 
a high ventilator drive and an increase in recruit-
ment of respiratory muscles. In addition, the 
decrease in lung volumes below the closing 
capacity is responsible for the obstruction of the 
small airways that will determine an impairment 
of gas exchange and changes in the ventilatory 
response to hypoxemia and hypercapnia. The lat-
ter are, in part, associated with chronic hypox-
emia and poor sleep quality. Overall, all of this 
will end up with worsened nocturnal hypercapnia 
and nocturnal hypoxemia.

Furthermore, obesity when associated with 
OSAS increases the severity of pulmonary func-
tion and alveolar-capillary diffusion alteration. 
This can be explained in part by the alveolar 
inflammation being that the role of adipocyto-
kines in systemic inflammation has been proved 
by many studies [12].

Alteration of ventilatory control and sensitiza-
tion of chemoreceptors are also due to hypotha-
lamic dysfunction and hormonal influences. In 
obesity and OHS, leptin levels are increased; 
however, the function of this hormone is also 
altered implying a state of resistance to leptin.

OHS is a significant cause of chronic respira-
tory failure and, in this sequence, an important 
indication for noninvasive ventilation (NIV), 
both in acute and in chronic situations. The intro-

20 Obstructive Sleep Apnea. Sleep-Disordered Breathing



148

duction of the NIV will allow the resting of the 
respiratory muscles, an increase in thoracic com-
pliance, and resetting of the respiratory centers. 
The results of this therapy will be translated by a 
rapid and sustained improvement of daytime 
arterial blood gas levels and a net reduction of 
daytime sleepiness. In the long run, it is known 
that hospitalizations for respiratory and heart ill-
ness decrease in the 3 years after the initiation of 
NIV. Overall, NIV is cost-effective and improves 
morbidity and mortality in OHS patients [1].

20.2.6.2  Neuromuscular Disorders
Sleep-related hypoventilation syndrome can also 
be associated with a medical condition such as 
neuromuscular disease (NMD). NMD is divided 
into subgroups depending on the site and the eti-
ology of involvement. They can be caused by 
impairment of the motor unit comprising the 
motor neuron, nerve root, myoneural junction, 
and muscle, as exemplified in Table 20.1.

Hypoventilation is the hallmark of SDB in 
NMD.  The involvement of respiratory muscles 
makes NMD patients vulnerable to SDB with a 
significant prevalence of SDB among such 
patients. The gradual deterioration of muscle 
strength is what best characterizes NMD.  All 
muscles can be affected but the most important 
ones are the respiratory muscles, because their 
involvement can result in respiratory failure. 
Thus, the prognosis in NMD depends mainly on 
respiratory muscle strength.

Respiratory muscle weakness, increased respira-
tory load on an already weak diaphragm, and the 
inadequacy of central drive to breathe are the basis 
of SDB.  Patients with NMD have more shallow 
breathing due to less capacity for lung expansion, 
which results in small bronchiectasis and decreased 
lung compliance. Other factors that contribute 
to less lung expansion are muscle atrophy, extra-
articular contractures, and intra- articular adhesions. 
Also spinal deformities, such as scoliosis, can affect 
the contractility of respiratory muscles. All of these 
mechanisms end up forming a vicious cycle.

The involvement of respiratory system is the 
most serious complication and the leading cause 
of mortality, as enhanced before. In progressive 
NMD, with progressive diaphragm involvement, 
respiratory insufficiency occurs initially in REM 
sleep, followed by REM and NREM, and in last 
stage of the disease in sleep and wakefulness, 
once vital capacity (VC) falls below 40%.

A decrease in airflow and alveolar ventilation 
leads to a decrease in vital capacity and gas 
exchange in addition to a mismatch of ventila-
tion/perfusion. This decrease in VC associated 
with a progressive increase in diaphragm involve-
ment increases the susceptibility to SDB.  VC 
decreases at an earlier stage of the disease com-
pared to total lung capacity, which also leads to 
an increased in RV, and for this reason, these 
patients present with a restrictive pattern. The 
nocturnal hypoventilation in these pathologies 
causes gradual diurnal hypoventilation.

NEUROMUSCULAR
DISORDERS 

Motor neuron disease

- Amyotrophic lateral
  sclerosis 
- Spinal muscular
  atrophy 

Peripheral neuropathies 

- Charcot-Marie-Tooth
   disease 

Muscular dystrophy

- Duchenne muscular
  dystrophy 
- Becker muscular
  dystrophy 

- Myasthenia gravis

Neuromuscular
transmission affected

Table 20.1 Neuromuscular disorders
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The type of sleep disorder will depend on the 
type and stage of NDM, more precisely, which 
muscles are involved. When the upper airway or 
intercostal muscles are mainly involved, obstruc-
tive events will predominate. If, on the other hand, 
it is the diaphragm that is most affected, then what 
will dominate is nocturnal hypoventilation. So in 
addition to hypoventilation, also central and 
obstructive events will occur. As an example, in 
brainstem lesions like in Arnold- Chiari malforma-
tion, the most affected muscles are the abdominals 
and those of the upper airway. Such patients are 
particularly vulnerable to central apnea. 
Furthermore, NMD predisposes to OSA because 
of bulbar dysfunction, pharyngeal muscle weak-
ness, and macroglossia (such as in muscular dys-
trophies). In patients with preserved diaphragmatic 
function, as is the case with type 2 spinal muscular 
atrophy, during sleep, there is a slight hypoxemia 
and a slight increase or even a normal paCO2 [13].

20.2.6.3  Congenital Central 
Hypoventilation Syndrome

In cases of congenital central hypoventilation 
syndrome, the ventilatory response to imposed 
hypercapnia and to hypoxemia is absent. Initially, 
hypoventilation is most marked during NREM 
sleep. In more advanced stages of the disease, 
hypoventilation begins to appear in other stages 
of sleep and even when the patient is awake. The 
prognosis is reserved since the child will need 
mechanical NIV in less severe situations and tra-
cheostomy in more severe cases, as much as life-
time mechanical assistance. In recent years, due 
to advances in this area, early diagnosis and guid-
ance has improved outcomes [6].

20.2.6.4  Others
Sleep-related hypoventilation may also have 
other etiologies due to medication or medical dis-
orders, such as interstitial lung diseases or sick 
cell hemoglobinopathies.

When all the previous etiologies have been 
ruled out, it is considered idiopathic sleep-related 

nonobstructive alveolar hypoventilation, a rare 
disorder.

In addition, patients with COPD, bronchiecta-
sis, and cystic fibrosis also have an obstructive 
disorder. The hypoxemia and hypercapnia regis-
tered during the wakefulness worsens at sleep, 
especially in REM. In COPD, nocturnal hypoven-
tilation can be found, particularly in those with 
FEV1 < 1000 ml. This is due to increased work 
of breathing, overloaded respiratory mechanics, 
and malnutrition [14].

20.3  Conclusion Discussion

Sleep is essential, but poses a risk to breathing in 
some individuals. The term SDB encompasses a 
spectrum of abnormalities from simple snoring to 
complete closure of the upper airway. There are 
important differences in lung functions between 
patients with SDB and normal subjects. A better 
understanding of the pathophysiologic mecha-
nisms of SDB and consequently lung function 
will lead to an improved clinical management of 
the disease, from early diagnosis to more targeted 
therapies.

Key Major Recommendations
• The transition from wakefulness to sleep is 

associated with changes in breathing pattern, 
and sleep is a period of great vulnerability to 
ventilation irregularities.

• Sleep disorder breathing form a group of 
respiratory disturbance that occurs during 
sleep and can cause significant reduction in 
the quality and span of life.

• The term sleep disorders breathing encom-
passes a spectrum of abnormalities from sim-
ple snoring to complete closure of the upper 
airway.

• In these diseases, lung function can provide 
tools to establish the diagnosis and guide 
the therapy with noninvasive mechanical 
ventilation.
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Chronic Heart Failure

Ahmet Cemal Pazarlı

Abstract

Chronic heart failure (CHF) is currently an 
important health problem causing significant 
mortality and morbidity. There are highly 
effective medical treatments used in the treat-
ment of chronic heart failure, and standard 
treatment guidelines provide the most efficient 
treatment benefits. Noninvasive ventilation 
(NIV) treatment modalities used in chronic 
heart failure have provided significant benefits 
in the clinical outcomes of the disease in 
recent years. The selection of these treatment 
modalities by the relevant clinicians and learn-
ing the clinical applications would make a 
great contribution to the treatment of patients 
with cardiovascular diseases.

Keywords

Chronic heart failure · Noninvasive ventila-
tion · Sleep-disordered breathing · 
Continuous positive airways pressure · 
Adaptive servo-ventilation

Abbreviations

AASM Academy of Sleep Medicine
ACCF American College of Cardiology 

Foundation
AHA American Heart Association
AHI Apnea-hypopnea index
ASV Adaptive servo-ventilation
Bi-PAP Bi-level positive airway pressure
CHF Chronic heart failure
CPAP Continuous positive airways pressure
CSA Central sleep apnea
CSB Cheyne-Stokes breathing
ESC European Society of Cardiology
HF Heart failure
IPAP Inspiratory positive airway pressure
NIV Noninvasive ventilation
OSA Obstructive sleep apnea
PAP Positive airway pressure
SDB Sleep-disordered breathing
ST Spontaneous time

21.1  Introduction

Heart failure (HF) is a clinical syndrome caused 
by structural or functional cardiac abnormalities, 
and it is characterized by typical symptoms such 
as shortness of breath, ankle edema, and fatigue 
as a result of low cardiac output and increased 
intracardiac pressures during rest or exercise by 
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signs of increased jugular venous pressure, pul-
monary rales, and peripheral edema [1]. In other 
words, it is the inability of the heart to pump suf-
ficient blood that can meet the metabolic needs of 
the body without the lack of filling. Patients with 
HF are often described as “chronic HF” for a 
while. The term “stable” is used for patients 
whose symptoms and signs have been under con-
trol for at least 1  month with treatment. If the 
chronic stable HF deteriorates, the patient can be 
described as “decompensated,” and this situation 
may develop as “acute,” requiring admission to 
the hospital.

For example, as a result of acute myocardial 
infarction, a person with acute asymptomatic car-
diac dysfunction for an unknown time may 
appear in a subacute (gradual) clinical manifesta-
tion, and the cardiac symptoms may continue or 
the patient may become “compensated” by heal-
ing. Although the clinical symptoms and signs of 
the patients are relieved, the underlying cardiac 
dysfunction may not improve, and in this case, 
patients are at risk for recurrent “decompensa-
tion.” The term “congestive HF” is still used from 
time to time, especially in the USA, and describes 
acute or chronic heart failure (CHF), which is 
evidence of congestion (water and salt retention). 
These terms can be used at different times for the 
same patient depending on the stage of the dis-
ease [1].

It is of great importance to identify and treat 
the main etiology that causes HF and to control 
the factors that can precipitate HF to provide the 
most effective treatment strategy for CF. Although 
rapid relief is provided in most patients with 
diuretics, vasodilators, inotropic agents, and sup-
plemental oxygen therapy in standard HF treat-
ment, some patients have no or only a partial 
response to treatment. Especially hypoxemic 
(Type 1) respiratory failure may develop, and 
some patients may require mechanical ventila-
tion due to accompanying hypercapnia and respi-
ratory acidosis.

In this section, it is aimed to discuss noninva-
sive treatment strategies in CHF in the light of the 
current literature and guidelines rather than med-
ical and surgical treatments of CHF.

21.2  Discussion and Analysis 
of the Main Topic

HF is a chronic condition that tends to get worse 
over time. The disease continues for life in most 
cases. Only a small group of patients with HF 
experience temporary improvements in their 
clinical course. Depending on the reason, the 
progression of HF varies from person to person. 
In CHF, cardiac performance can worsen gradu-
ally over the course of months or years and the 
heart chambers then dilate gradually. Clinical 
worsening may develop, and patients need to be 
hospitalized from time to time.

Oral medication for the treatment of HF 
should be used for a lifetime to prevent or slow 
down the progression of the course of HF over 
time, worsening of the clinical features, dilata-
tion of the heart chambers, and decrease in car-
diovascular performance, and it prevents deaths 
due to HF.

The use of interventional therapies for the 
treatment of CF is very important as well as many 
oral treatment options that are accepted to be 
effective. Considering the developments in recent 
years and understanding of the pathophysiology 
of the disease, noninvasive ventilator (NIV) thera-
pies have taken their place in the guidelines in the 
treatment of HF and are used successfully. NIV 
therapies for the diagnosis and treatment of acute 
and chronic heart failure are recommended by 
the 2016 European Society of Cardiology (ESC) 
guidelines [1]. According to this guideline, it has 
been reported that noninvasive ventilation ther-
apy with end-expiratory positive airway pressure 
(PAP) improves left ventricular function by reduc-
ing left ventricular afterload and reduces the need 
for intubation and short-term mortality in acute 
cardiogenic pulmonary edema. Furthermore, it 
is recommended to be used as quickly as pos-
sible in acute cardiogenic pulmonary edema and 
hypertensive acute heart failure, and with caution 
in cardiogenic shock and right ventricular failure 
[1]. Besides, the initiation of NIV might acutely 
improve cardiac function. Cardiac hemodynam-
ics of long-term NIV depends on the underlying 
conditions that lead to heart failure.
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The main symptoms in CHF are exercise, 
which limits exercise tolerance, dyspnea during 
daily living activities, fatigue, and dyspnea that 
develops at rest in the later periods. Exercise 
dyspnea or exercise intolerance is associated 
with abnormal respiratory function. The mecha-
nism of HF involves chronotropic incompe-
tence, reduced myocardial β-adrenoceptor 
density and sensitivity, impaired diastolic func-
tion consecutive to myocardial and vascular 
remodeling with reduced cardiac output, 
impaired tissue oxygen utilization, abnormal 
skeletal muscle metabolism, dysregulation of 
skeletal muscle blood flow, and hyperventilation 
caused by elevated physiologic dead-space in 
the edematous lung [2].

An important issue in CHF is the high preva-
lence of central sleep apnea and sleep-disor-
dered breathing (SDB) such as Cheyne-Stokes 
breathing (CSB) and obstructive sleep apnea 
(OSA). SDB affects the prognosis of patients 
with CHF and causes their functional capacity 
to deteriorate, reducing their quality of life and 
increasing mortality rates. It has been reported 
that approximately 69–76% of patients with 
CHF have SDB [3]. The evidence so far has 
shown that SBD accelerates disease progres-
sion in patients with CHF. SBD increases blood 
pressure and left ventricular afterload by induc-
ing hypoxia and hypercapnia, causing the auto-
nomic tone imbalance by sympathetic activation 
and parasympathetic inhibition which are all 
important stimuli for myocardial ischemia, 
reverse cardiac remodeling, and left ventricular 
dysfunction [4].

NIV is increasingly being used to treat patients 
with chronic hypercapnic respiratory failure of 
different etiologies [5]. Although NIV is com-
monly used in the treatment of acute heart failure 
in cardiorespiratory disorders, several modes of 
NIV have now been investigated to treat CHF.

NIV modalities that have been proven with 
their effectiveness for CHF are continuous posi-
tive airways pressure (CPAP), bi-level positive 
airway pressure (Bi-PAP), and adaptive servo-
ventilation (ASV).

21.2.1  Continuous Positive Airways 
Pressure (CPAP)

CPAP treatment in CHF is the most commonly 
used and researched NIV modality. CPAP 
through a nasal mask contributes positively to the 
treatment of HF by preventing pleural pressure 
fluctuations during breathing and reducing heart 
rate variability. CPAP application is associated 
with myocardial transmural pressure, left ven-
tricular afterload, and sympathetic activity 
decrease, and CPAP treatment increases left ven-
tricular ejection fraction by 25–34%. 
Furthermore, CPAP improves myocardial blood 
demand and supply (oxygenation), and it can 
relieve arrhythmias and prevent long-term car-
diovascular events [6]. One of the leading causes 
contributing to the development and/or progres-
sion of heart failure is sleep-disordered breathing 
in these patients. Cheyne-Stokes breathing (CSB) 
and central sleep apnea (CSA) can be seen in 
patients with heart failure and make the treatment 
more difficult causing arrhythmia and sudden 
death. Obstructive sleep apnea is found in 5–30% 
of HF patients; central sleep apnea syndrome is 
detected in 30–60% [3]. It has been suggested 
that venous congestion that develops in the upper 
airway in HF may narrow the upper airway and 
thus increase airway resistance and cause obstruc-
tive sleep apnea syndrome. Pulmonary conges-
tion, which is developed by heart failure, causes 
tachypnea and hyperventilation by stimulating 
the pulmonary vagal receptors resulting a 
decrease in apnea threshold due to hypercapnia, 
and then central apnea occurs.

The most important study conducted so far in 
patients with HF and SDB is CANPAP study. In 
the study of Bradley et al. [7], 258 CHF patients 
with CSA were randomized as with or without 
CPAP in treatment and followed for 2 years. In 
the first 3  months, statistically significant 
improvement was observed in the mean apnea- 
hypopnea index (AHI), nocturnal oxygen desatu-
ration, and 6-min walking test results in the group 
using CPAP compared to the control group, while 
there was no difference in terms of quality of life, 
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time without transplantation or hospitalization. 
Arzt et al. [8] conducted the post hoc analysis of 
the study and found a statistically significant dif-
ference in the patient group with CSA using 
CPAP, whose AHI was reduced to <15, compared 
to the control group in terms of the time spent 
without transplantation. A meta-analysis includ-
ing six randomized studies showed that CPAP 
was associated with a 5% improvement in ejec-
tion fraction in HF and OSA patients [9]. In a 
randomized study that directly compared CPAP 
with Bi-PAP, it was shown that there was more 
improvement in cardiac function compared to 
patients who received BI-PAP [10]. These shreds 
of evidence suggest that CPAP can improve out-
comes in HF in patients with persistent SDB 
despite CHF optimization. The American College 
of Cardiology Foundation (ACCF) and the 
American Heart Association (AHA) 2013 guide-
lines for the management of patients with HF 
support use of CPAP therapy in patients with HF 
and SDB to increase left ventricular ejection frac-
tion and improve functional status [11].

As can be seen from the results of recent clini-
cal studies, CPAP continues to be the first standard 
treatment option in cases where positive airway 
pressure therapy use is considered in patients 
with CHF and sleep-disordered breathing. There 
are still ongoing studies on comparative research 
with other PAP modalities and aiming to explore 
the advantages and disadvantages of CPAP such 
as effectiveness and compliance.

21.2.2  Adaptive Servo-Ventilation 
(ASV)

ASV is an NIV device designed to meet the ven-
tilation support of patients by providing inspira-
tory positive airway pressure (IPAP) and to adjust 
the rate of change of airflow by detecting the 
patient’s inspiratory changes.

In a meta-analysis of 14 randomized trials 
(n  =  538) comparing ASV with control groups 
(subtherapeutic ASV, CPAP, supplemental oxy-
gen, or no treatment) in patients with stable HF, it 
has been reported that ASV has been shown to 
significantly improve left ventricular ejection 

fraction and exercise capacity predominantly in 
patients with CHF and SDB [12].

The treatment of predominant CSA by ASV in 
patients with HF (SERVE-HF) trial, which can 
be considered as the milestone study in its field, 
investigated the effects on cardiovascular out-
comes and survival to adding ASV to medical 
treatment in patients who have low EF (EF 
<45%) with accompanying SDB (with CSA). 
All- cause and cardiovascular mortality were 
found to be higher in the ASV group than in the 
control group. Adding ASV to medical treatment 
did not improve clinical outcomes in patients 
with HF with low EF and accompanying 
CSA.  Although ASV reduced CSA, it was 
observed that it increased the risk of cardiovascu-
lar death by 34% and did not affect HF symptoms 
and quality of life. However, researchers recom-
mended that these results could not be general-
ized to patients with preserved EF and those with 
predominantly obstructive sleep apnea. Moreover, 
it was suggested that patients with EF < 45% and 
predominantly CSA should not apply ASV until 
the opposite was shown [13].

Decisions whether to continue or discontinue 
treatment in patients currently being treated with 
ASV should be personalized after reassessing the 
balance of risks and benefits. Recommendations 
for the use of ASV in CHF patients have been 
updated in the American Academy of Sleep 
Medicine (AASM) and ESC guidelines recently 
[1, 14]. The ongoing ADVENT-HF study could 
help to understand the role of ASV in this patient 
population [15].

21.2.3  Bi-Level Positive Airway 
Pressure (bi-PAP)

The different hemodynamic effects of Bi-PAP 
compared to CPAP may be due to a lower 
increase in end-expiratory lung volume second-
ary to low expiratory positive airway pressure 
(EPAP). The effects of BIPAP in patients with 
HF were shown mostly by studies conducted on 
patients who cannot tolerate CPAP.  It has been 
reported that BIPAP therapy in patients with 
CHF and SDB has a beneficial effect on both 
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abnormal breathing patterns and impaired heart 
function [16]. In addition, it has been noted that 
BIPAP can be an effective alternative for HF and 
pure CSA/CSS patients who do not respond to 
CPAP [17]. In a meta-analysis, it was stated that 
BI-PAP treatment in spontaneous time (ST) 
mode can be considered optionally, only for the 
treatment of SDB patients with CHF who have 
no response to adequate trials of CPAP, ASV, and 
oxygen therapies [18].

21.3  Conclusion Discussion

CHF is a serious medical condition. When a patient 
is acutely diagnosed, the earlier CHF is diagnosed 
and treatment started, the better the chance of suc-
cessful treatment and the patient’s chances of sur-
vival. It is important that SDBs, which are seen at 
a high rate in CHF patients, should be examined 
carefully, and the decision of NIV use and the 
type of NIV should be decided correctly. Although 
CPAP is an essential NIV option that is linked to 
clinical effectiveness in patients with HF, ASV and 
BIPAP treatment modalities should also be kept in 
mind for certain patient groups.

Key Recommendations
• Performance status for patients with a diagno-

sis of CHF should be properly evaluated, and 
it should be ensured that they receive an ade-
quate standard of medical treatment.

• SDB, which is frequently observed in patients 
with CHF, should be diagnosed correctly, and 
NIV modality selection should be made and 
applied according to patient characteristics. 
This will make a significant impact on the 
prognosis of the disease.

• CPAP should be the first-line treatment choice 
among NIV treatment modalities in patients 
with CHF and SDB. However, other modali-
ties such as ASV and BIPAP should be consid-
ered in patients who cannot tolerate CPAP 
according to their clinical characteristics.

• It should be noted that NIV therapies require 
ideal conditions and regular follow-up. 
Treatment should be started as soon as possi-
ble after the diagnosis.
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Respiratory Physiotherapy 
and Pulmonary Rehabilitation
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Abstract

Pulmonary rehabilitation is considered one of 
the most important treatment strategies of 
chronic pulmonary patients. It consists in an 
evidenced-based multidisciplinary and indi-
vidually tailored approach to the patient that 
includes exercise training, education and 
behavior change with the purpose of manag-
ing symptoms and the disease, promoting a 
healthy lifestyle, autonomy, social skills, and 
long-term adherence to health-enhancing 
behaviors.
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Abbreviations

6MWT Six-minute walk test
CAT COPD Assessment Test
CF Cystic fibrosis
COPD Chronic obstructive pulmonary disease
CRQ Chronic Respiratory Questionnaire
ILDs Interstitial lung diseases
IMT Inspiratory muscle training
ISWT Incremental shuttle walk test
mMRC Modified British Medical Research 

Council
NIV Noninvasive ventilation
NMES Neuromuscular electrical stimulation
PR Pulmonary rehabilitation
RPE Ratings of perceived exertion
SGRQ St. George’s Respiratory Questionnaire

22.1  Introduction

22.1.1  What Is Pulmonary 
Rehabilitation?

Pulmonary rehabilitation (PR) is considered one 
of the most important and cost-effective treat-
ment strategies in the management of chronic 
pulmonary patients (Fig. 22.1). It consists in 
an evidenced-based multidisciplinary and indi-
vidually tailored approach to the patient that 
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includes exercise training program, education 
and behavior change with the purpose of man-
aging symptoms and the disease, promoting a 
healthy lifestyle, autonomy, social skills, and 
also a long-term adherence to health-enhancing 
behaviors [1–5]. The multidisciplinary team 
involved in the program may be constituted by 
physicians, physiotherapists, psychologists, and 
dieticians [1, 3].

22.1.2  Why Is Pulmonary 
Rehabilitation Important?

Chronic respiratory diseases have significant 
morbidity and mortality worldwide, with a preva-
lence of more than 10% of the population. They 
include chronic obstructive pulmonary disease 
(COPD), bronchiectasis, asthma, and interstitial 
lung diseases (ILDs). These conditions manifest 
with symptoms like exertional dyspnea and 
cough, which lead to exercise avoidance with 
progressive loss of muscle mass and function. PR 
aims at interrupting this vicious cycle of physical 
and social deconditioning, helping patients con-
trol their symptoms and their disease, tolerance 
to physical daily activities, and reducing health-
care need and costs. It also lowers the incidence 
of anxiety and depression and increases quality 
of life [1–4]. PR is considered one of the most 

cost-effective treatments of chronic pulmonary 
diseases currently available [1, 3].

22.1.3  Is Pulmonary Rehabilitation 
Widely Available?

PR remains significantly underutilized world-
wide, mainly due to the lack of referral, institu-
tional resources and inaccessibility from patients 
[4]. Data from an ERS COPD audit performed in 
13 countries reported that only 30% of eligible 
COPD patients receive PR, 35% hospitals imple-
ment hospital PR, 16% implement home-based 
PR, and 30% implement both strategies [3].

22.2  Discussion and Analysis 
of the Main Topic

22.2.1  Which Patients Should Enroll 
in a Pulmonary Rehabilitation 
Program?

PR should be offered to patients with chronic 
pulmonary diseases, including COPD, bronchi-
ectasis, cystic fibrosis (CF), asthma, and ILDs 
that remain symptomatic or have functional limi-
tations despite adequate medical therapy [1–4, 
6]. PR should also be offered to patients with 
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Fig. 22.1 Cost- 
effectiveness of chronic 
pulmonary diseases 
treatment strategies2
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lung cancer, lung surgery, or transplantation and 
patients with pulmonary hypertension [4].

Disorders other than COPD for which PR can 
be beneficial are shown in Table 22.1 [7].

22.2.2  Which Patients Should Not 
be Referred to a Pulmonary 
Rehabilitation Program?

Exclusion criteria include unstable cardiac dis-
eases, severe motor or neurologic diseases, severe 
cognitive or psychiatric impairment, and termi-
nally ill patients [1, 2].

22.2.3  What Are the Benefits 
of Pulmonary Rehabilitation?

Benefits of PR are described in the literature and 
resumed in Table 22.2. They include:

• Exercise capacity: Cochrane Reviews have 
shown significant benefits of a PR program in 
chronic respiratory diseases. Patients improve 
their exercise capacity, showing an increase of 
48 m in 6-min walk test (6MWT) and 75.9 m 
in incremental shuttle walk test (ISWT) [1–3].

• Physical activity levels: Studies show that PR 
contribute to a small but significant increase in 
physical activity, improving survival and qual-
ity of life and decreasing healthcare utiliza-
tion. However, since studies lack a control 
group, these data may be difficult to interpret 
[1, 2].

• Muscle strength: Muscle weakness is an 
important systemic marker of chronic pulmo-
nary diseases, in particular COPD patients, 
since it is associated with worse prognosis, 
higher morbidity, and mortality. PR programs 
have demonstrated improvement in muscle 
strength, compared with usual care [1, 2].

• Symptoms and quality of life: Cochrane 
Reviews also evidence an increase in health 
status [evaluated by the St. George’s 
Respiratory Questionnaire (SGRQ)], dyspnea, 
and fatigue levels [evaluated by Chronic 
Respiratory Questionnaire (CRQ) and COPD 
Assessment Test (CAT)] [1, 2].

• Daily living activities: Although not yet 
reported in a randomized clinical trial, PR has 
shown significant improvements in self-
reported measures of daily living activities in 
some studies [1, 2].

• PR also improves patients’ self-efficacy 
scores. Self-efficacy measures the levels of 
confidence to successfully complete a chosen 
task and is an important outcome, since it is 
associated with adherence to PR [1, 2].

• Disease control: PR has proved benefits in the 
control of chronic pulmonary diseases, pre-

Table 22.1 List of other conditions than COPD, for 
which PR may be beneficial [8]

Non-COPD respiratory disorders for which PR 
may be beneficial
Other conditions associated with airflow obstruction:
Asthma
Cystic fibrosis (CF)
Non-CF diffuse bronchiectasis
Respiratory disorders associated with restrictive 
physiology:
ILD/pulmonary fibrosis
Acute respiratory distress syndrome survivors
Restrictive chest wall disease (scoliosis or kyphosis)
Selected patients with neuromuscular disease
Obesity-related respiratory disorders
Other respiratory conditions:
Pulmonary hypertension
Lung cancer
Before and after lung transplantation
Respiratory impairment related to spinal cord injury

Table 22.2 Benefits of pulmonary rehabilitation in 
patients with chronic pulmonary diseases

Benefits of pulmonary rehabilitation
Improved quality of life
Improved exercise capacity
Improved functional capacity
Improved muscle strength
Improved anxiety and depression levels
Improved self-efficacy and autonomy
Improved knowledge
Improved disease control
Improved symptoms control
Reduced hospitalization
Reduced health care costs
Improved survival
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vention of exacerbations, and complications, 
therefore, contributing to reduce healthcare 
need and costs, as well as morbidity and mor-
tality [3].

• Psychological status: PR has demonstrated a 
significant improvement in patients’ depres-
sion and anxiety levels [1, 2].

• Nutritional status: Studies of the effect of PR 
in nutritional status have shown variable 
results and a minor effect on body weight. 
Also, retrospective data showed that baseline 
nutritional status has no influence in the out-
comes of a PR program [1, 2].

• Survival: One randomized clinical trial with 
stable COPD patients found no statistical dif-
ference on survival when comparing patients 
who received PR with a control group; how-
ever, the study may have been underpowered 
to detect a mortality difference between the 
groups [1, 2]. Physical activity levels are the 
strongest predictor of all-cause mortality in 
COPD patients, and PR is a strategy that pro-
motes a healthy lifestyle, exercise tolerance, 
and adherence, contributes to a better disease 
control, reduces morbidity, exacerbations, and 
hospital admissions, and, consequently, 
increases survival [3].

It is currently unknown the real impact of PR 
in mortality, due to a lack of studies. The benefits 
of PR are so well established that it is considered 
unethical to include a control group without 
offering PR; therefore, the real benefits in mortal-
ity will probably remain unquantified [3].

22.2.4  Referral Process and Initial 
Assessment

Patients should be informed about the benefits of 
enrolling in a PR program, and their concerns 
should be addressed, since it has been demon-
strated that this may influence PR benefits and 
completion. The aims of enrolling the program 
should be discussed and patients should know 
that, although dyspnea and fatigue limit their 
daily activities, they may improve their exercise 
capacity and quality of life with PR [1, 2].

The initial evaluation is completed by the PR 
staff and includes a full patient history, physical 
examination, and assessment of contraindica-
tions and risk factors, such as unstable cardio-
vascular disease (unstable angina, unstable 
arrhythmias, aortic aneurysm, hypertension), or 
other inhibiting conditions, such as severe 
arthritis or neurological conditions [8]. An exer-
cise assessment is recommended to individual-
ize the exercise prescription and evaluates the 
potential need for supplemental oxygen [1, 9]. 
This may include a maximal cardiopulmonary 
exercise test (including ventilation and gas 
exchange assessment and a standardized ramp 
protocol) to evaluate the safety of exercise, 
define the factors contributing to exercise limi-
tation, and identify a suitable exercise prescrip-
tion. Submaximal exercise testing may be used 
depending on the rationale for the test and the 
patient’s clinical status [1, 9]. Referral to a spe-
cialist when necessary should be determined 
prior to commencing [8].

Patients should be informed about the PR pro-
gram, including the description of the group ses-
sions of physical exercise. Additionally, using 
cognitive behavioral techniques before enrolling 
patients in a PR program has demonstrated ben-
efits, with improved adherence rates [1, 2].

Finally, the key requirement for staff deliver-
ing the program is clinical competence, which 
requires skills and knowledge to ensure patient 
safety [1].

There are particularities and conditions con-
cerning patients and their participation in PR that 
need to be considered:

• Smokers: Although studies evidence that 
smokers tend to have lower adherence to a PR 
program, it is known they have the same ben-
efit as nonsmokers. Also, this represents an 
opportunity to facilitate smoking cessation. 
For this reason, smoking does not represent a 
contraindication to enroll in PR [1, 2].

• Chronic respiratory failure: Patients with 
chronic respiratory failure (either hypox-
emic PaO2  <  60  mmHg or hypercapnic 
PaCO2  >  45  mmHg) have the same benefit 
from PR as patients without chronic respira-
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tory failure. This should not be a contraindica-
tion to training [1, 2].

• Cardiovascular diseases: Patients with unsta-
ble cardiovascular diseases (unstable angina 
or arrythmias) should not be referred to PR 
until stabilization [1, 2]. Studies report that 
patients with higher cardiovascular comorbid-
ities may have less benefit in quality of life, 
but similar improvements in dyspnea, com-
pared with other patients. Walking distance 
has controversial results. PR may also improve 
cardiovascular risk factors such as high blood 
pressure [1, 2]. Abdominal aortic aneurysm 
has higher prevalence in COPD patients. If the 
aneurysm has <5.5 cm with controlled blood 
pressure, a PR program including moderate 
intensity aerobic exercises is considered safe. 
If the aneurysm has >5.5 cm, mild to moderate 
aerobic exercise should be safe; however, 
weight lifting, push-ups or sit-ups are contra-
indicated due to the risk of increasing blood 
pressure and rupture [1, 2].

• Depression and anxiety: Patients with depres-
sion and anxiety may have higher dyspnea and 
lower adherence to PR; however, they have 
significant benefits with the program. For this 
reason, they should not be excluded from PR 
[1, 2].

• Dyspnea: PR has significant benefits in 
patients with chronic pulmonary diseases, 
whether they have dyspnea only with moder-
ate intensity exercise [modified British 
Medical Research Council (mMRC) grade 2] 
or with daily life activities (mMRC grade 4). 
These patients with severe dyspnea, too 
breathless to leave their home, may also have 
significant benefit from domiciliary PR [1, 2].

• Bronchodilator treatment: Patients with 
chronic pulmonary disease need to be ade-
quately treated prior to referral to a PR pro-
gram. Bronchodilators decrease exertional 
dyspnea and dynamic hyperinflation and allow 
for better exercise tolerance and benefits from 
training [1, 2].

22.2.5  What Is the Ideal Duration 
and Frequency 
of a Pulmonary Rehabilitation 
Program?

Available evidence is insufficient to show the 
optimal duration of PR programs. However, a 
program duration of at least 8 weeks is recom-
mended to attain a substantial effect. Most pro-
grams last 6–12 weeks. Studies with a duration 
less than 6 weeks have different designs and nei-
ther be compared nor be recommended. PR pro-
grams lasting longer than 12  weeks have 
documented greater benefits, including walk tests 
and stair climbing; however, the cost- effectiveness 
needs to be clarified before any recommendation 
[1, 2].

The optimal frequency of PR sessions remains 
unclear. However, studies have demonstrated a 
minimum of two weekly supervised sessions to 
show improvements in health status and quality 
of life. Also, patients should be encouraged to 
have a healthy lifestyle and maintain regular 
physical activity (30-min sessions, 5 times a 
week) [1, 2].

22.2.6  What Type of Physical Training 
Does Pulmonary 
Rehabilitation Include?

Individually tailored exercise training is consid-
ered the cornerstone of PR.  These programs 
should include a combination of exercise endur-
ance and resistance training, in order to achieve 
the best results, including greater peripheral mus-
cle strength and balance compared to aerobic 
exercise alone [1, 2].

Aerobic training includes walking or cycling 
and, although the optimal intensity is not known, 
it is recommended a minimum target intensity of 
60% of patient’s predetermined peak work rate 
during at least a continuous period of 20  min, 
each session [1, 2, 10].
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Not all patients with COPD are able to exer-
cise for this period. Therefore, many other exer-
cise training modalities and settings have been 
studied, ranging from Nordic walking for COPD 
patients with a relatively preserved exercise toler-
ance to neuromuscular electrical stimulation 
(NMES) for the most dyspneic, weakened, and 
perhaps even mechanically ventilated patients 
with COPD.  Even though multiple training 
modalities and settings are available, a true per-
sonalization of the exercise training based on the 
pre-rehabilitation assessment is mostly lacking. 
A one-size-fits-all approach is a common prac-
tice [10].

Resistance training should target major mus-
cles at 70–80% of the one repetition maximum 
(1RM) and include 2–4 sets of 8–12 repetitions 
each exercise. Weights should be progressively 
increased according with the patient capacity, 
and a minimum of 48 h rest is advised [1, 2, 11].

Ratings of perceived exertion (RPE) of 5–6 of 
10 (moderate) and 7–8 of 10 (vigorous) may be 
used to help guide intensity during exercise train-
ing [10].

For weakened COPD patients with (very) 
severe dyspnea, resistance training may still be 
too burdensome to the impaired ventilator sys-
tem, and NMES can be considered a substitute 
for resistance training [10].

PR may include interval (high intensity exer-
cise interspersed with rest or low intensity exer-
cise) or continuous training, depending on the 
patients’ characteristics, since both strategies 
have the same results [1, 2].

Randomized controlled trials evidenced that 
individualized targeted exercise program had 
similar results compared with conventional PR 
[1, 2].

22.2.7  What Is the Role of Education 
in Pulmonary Rehabilitation 
Program?

Education is a major component of PR that aims 
to help patients control their disease and adopt a 
healthy lifestyle. It should include the following 
components [1, 2]:

 – Basic concepts of the respiratory system anat-
omy and function.

 – The importance of adopting a healthy life-
style, particularly smoking cessation.

 – The importance of physical exercise.
 – The importance of their medication, how and 

when to use it.
 – Management and recognition of symptoms 

and exacerbations.
 – Anxiety and dyspnea management and relax-

ation techniques.
 – Airway clearing techniques.
 – Nutritional counselling.
 – Psycho-social support.
 – Sexuality.
 – Self-efficacy and self-management.

22.2.8  Where Should Pulmonary 
Rehabilitation Take Place?

Most PR programs are hospital-based, with direct 
supervision of healthcare professionals [1, 2].

Home-based PR have shown similar benefits 
in some studies (walking distance), but certain 
conditions must be considered, including careful 
selection of patients, mechanisms of education 
and supervision, home equipment, and technol-
ogy resources [2]. Although more convenient for 
the patient, home-based PR has the disadvan-
tages of lacking group support, healthcare perma-
nent supervision, equipment and facilities 
requirements, and the costs of periodical health-
care professionals’ visits [3].

PR may also be considered in patients hospi-
talized in intensive care units, in order to reduce 
the disability associated with prolonged length of 
staying, respiratory failure, and muscle weakness 
[3].

22.2.9  Is Pulmonary Rehabilitation 
Safe after an Acute 
Exacerbation of the Disease?

The majority of studies includes patients inte-
grated in a PR program in a stable phase of their 
disease. A Cochrane Review analyzed studies 
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including COPD patients referred to early PR 
(commencing within 1 month after hospital dis-
charge due to an exacerbation). The results 
showed that early PR, when compared with usual 
care, has no higher risks of adverse events or 
mortality and has the advantage of improving 
quality of life and exercise capacity and reducing 
short-term risk of hospital readmission. For these 
reasons, patients should be offered early PR after 
an acute exacerbation of COPD [1–4].

22.2.10   What Is the Role of Adjuncts 
in Pulmonary 
Rehabilitation?

Inspiratory muscle training (IMT): IMT includes 
two types of training:

 – Inspiratory resistive training, which consists 
of inhaling through a device against a thresh-
old resistance.

 – Normocapnic hyperpnea, which consists of 
periods of rapid breathing and deep inhalation 
of a controlled gas mixture that ensures 
normocapnia.

IMT is a safe and well-tolerated strategy that 
improves respiratory muscle strength and endur-
ance. However, due to the lack of studies and 
their limitations, currently it is not recommended 
as a routine adjunct to PR [1, 2].

Hormones and nutritional supplements: 
Underweight COPD patients have worse prog-
nosis compared with other patients. Different 
studies using nutritional supplements (protein, 
carbohydrates, fat, L-carnitine, amino acids, and 
creatine) and hormones (anabolic steroids) have 
several limitations, failed at improving exercise 
performance and cannot be recommended as a 
routine adjunct, although it may be considered 
on an individual basis [1, 2].

Noninvasive ventilation (NIV): Studies with NIV 
use in PR have reported improvements in exercise 
performance, but with no significant difference in 
walk distance, compared with standard PR alone. 
Currently, it is recommended that patients already 
using domiciliary NIV due to chronic respira-

tory failure may use NIV during PR, if tolerable. 
However, if a patient does not have indication for 
long-term NIV, it should not be offered to perform 
PR with the only goal of improving its outcomes 
[2, 11]. In hospitalized patients with acute exac-
erbation of their chronic pulmonary disease, the 
use of NIV may improve exercise tolerance and 
decrease oxygen desaturation [12].

Supplemental oxygen: In COPD patients 
who desaturate with exercise (≤ 88%), the use 
of supplemental oxygen therapy is safe and may 
help increase exercise capacity and therefore the 
benefits of PR [9]. Advantages of this therapy are 
not well documented in other patients, and so, 
supplemental oxygen is not routinely advised in 
PR. In patients already receiving long-term oxy-
gen therapy, PR may be a useful opportunity to 
adjust and review the prescription [1, 2]. To pre-
vent exercise-induced oxygen desaturation, inter-
val training should be considered [10].

Supplemental heliox: Heliox consists in a gas 
mixture of oxygen and helium (usually 21% and 
79%, respectively) that provides a more laminar 
flow of oxygen, decreasing airway resistance and 
consequently, the work of breathing. However, 
its use in obstructive pulmonary diseases is con-
troversial, since it may exacerbate small airways 
collapse. Studies including heliox in PR do not 
seem to increase the benefits of PR, and it should 
not be routinely used, unless there are condi-
tions that require its administration (large airway 
obstruction or vocal cords dysfunction) [1, 2].

Neuromuscular electrical stimulation 
(NMES): NMES should not be routinely used in 
PR.  However, selected patients with low body 
mass index, severe ventilatory limitation, and 
muscle wasting, who are unable to perform a reg-
ular PR program, may be candidates for NMES 
training, especially with expertise personnel [1, 2].

22.2.11   Is Technology a Useful 
Resource in Pulmonary 
Rehabilitation?

Telemedicine may be a useful strategy in the 
supervision of selected patients undergoing 
home-based PR, especially when they have diffi-
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culties in the access to a hospital-based program. 
However, there are still scarce studies using tech-
nology as an adjunct of PR allowing safe recom-
mendations [1, 2].

22.2.12   Should a Pulmonary 
Rehabilitation Program 
be Repeated?

The benefits of PR seem to persist for at least a 
year, and then gradually decline to the baseline of 
patient, although this may be variable. For this 
reason, PR may be repeated after a year of com-
pletion of the program, especially if the patient 
had benefited the first time [1–4]. Earlier referral 
may be considered in patients with exacerbations 
or rapid decline of pulmonary function [1, 2].

In order to maintain the benefits of a PR pro-
gram, patients should be encouraged to maintain 
a healthy lifestyle and physical activity [1, 2].

22.2.13   What Else Can be Done 
to Improve Accessibility 
to Pulmonary 
Rehabilitation?

There are still many barriers in order to make 
PR an opportunity to every eligible patient. 
Both healthcare professionals and patients need 
to be more aware of the benefits of PR in order 
to improve referral and adherence to the pro-
gram, respectively. Many patients lack access 
to PR (long distance, lack of transportation) 
and the majority of institutions lack resources. 
Also, many countries lack PR programs. 
Institutions need significant more funding and 
investment, and their structure needs to facili-
tate referral processes and access to the pro-
grams. National policies need to change and to 
improve conditions of patients and healthcare 
professionals [4].

The progressive use and implementation of 
tele-PR is a potential tool that may help reduce 
many limitations of PR, but studies are still lack-
ing [4].

22.3  Conclusions

PR is one of the most important and cost- effective 
treatment strategies in the management of chronic 
pulmonary patients, promoting exercise toler-
ance, control of symptoms and disease outcomes, 
and HRQoL, and reducing healthcare need and 
costs. However, PR remains significantly under-
utilized worldwide.

Key Major Recommendations
• PR is one of the most important and cost- 

effective treatment strategies of chronic pul-
monary patients.

• PR promotes exercise tolerance, HRQoL, 
symptoms, and disease control and reduces 
healthcare need and costs.

• PR remains significantly underutilized 
worldwide.

• Healthcare professionals need to be more 
aware of the benefits of PR in order to improve 
referral to the program.

• Tele-PR is a potential tool that may help 
reduce many limitations of PR.
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Abstract

NIV is an effective alternative for elderly peo-
ple requiring ventilator support for acute car-
diorespiratory failure or during weaning in 
chronic critically ill patients. Its success is 
dependent on various factors. Several prog-
nostic factors should be taken into consider-
ation when applying NIV to post-extubation 
chronic critically ill patients, a specific group 
of patients requiring a holistic approach in 
their management.
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Abbreviations

APACHE II Acute Physiology and Chronic 
Health Evaluation II

ARF Acute respiratory failure
CHF Chronic heart failure
DNI Do not intubate
ETI Endo-tracheal intubation

ICU Intensive care unit
IMV Invasive mechanical ventilation
NIV Noninvasive ventilation
RCT Randomized control trial
RICU Respiratory intensive care unit
SOFA Sequential Organ Failure 

Assessment
VT Tidal volume

23.1  Introduction

Although noninvasive mechanical ventilation 
(NIV) has been shown to play a key role in the 
management of acute respiratory failure (ARF), 
clear evidence is lacking about its utility in 
elderly or frail population and especially in the 
context of chronic critical illness. With growing 
numbers of elderly people being hospitalized in 
critical care settings, and many of them evolving 
to chronic critically ill patients, the alternative of 
NIV is a viable and potentially effective solution 
for their initial therapeutic approach as well as 
for facilitating their weaning from invasive 
mechanical ventilation. Current evidence and 
best practices on this subject are presented in this 
chapter.
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23.2  Discussion and Analysis 
of the Main Topic

23.2.1  High-Risk and Elderly 
Population

With the increase in life expectancy, the propor-
tion of advanced age patients admitted to inten-
sive care units is growing. According to recent 
epidemiological data, very old people account for 
10–15% of ICU admissions. Acute respiratory 
failure (ARF) is one of the most frequent reasons 
for hospitalization, mainly due to cardiopulmo-
nary diseases, with nearly 50% of admissions 
needing mechanical ventilation support. The use 
of invasive mechanical ventilation (IMV) in 
elderly patients decreased significantly over time, 
whereas NIV became gradually a primary thera-
peutic option. Although it initially focused, 
almost exclusively, in patients with acute COPD 
exacerbations, its use as a first-line supportive 
therapy to other respiratory and neuromuscular 
conditions is continuously increasing. NIV is 
aiming to prevent complications related to endo-
tracheal intubation (ETI) and long-term sedation, 
whose incidence rate and severity are particularly 
high in fragile patients. Since the likelihood of 
death in adults requiring mechanical ventilation 
increases significantly with age, avoiding inva-
sive procedures seems to be crucial in the elderly.

On the other hand, albeit the number of elderly 
patients meeting the criteria for mechanical ven-
tilation is increasing, there is a tendency for 
elderly patients to be offered less invasive and 
costly treatment.

Furthermore, NIV has been proposed for the 
prevention of post-extubation failure in at-risk 
patients, as well as a “ceiling/rescue” therapy for 
patients on do-not-intubate (DNI) orders. 
Recently, the use of NIV as a palliative care, for 
patients with acute respiratory failure near the 
end of life, although debatable, gained some 
consideration.

Several studies showed increasing use of NIV 
with advancing of age. A recent study by Ugurlu 
et al. showed that NIV utilization rate, as a first- 
line ventilator treatment, was more frequent in 
patients ≥65y (49% and 47% for elderly and 

aged patients vs. 22% and 34% in young and 
middle aged). Moreover, NIV success and in- 
hospital mortality rates were similar among the 
different age groups [1]. Similar results are 
reported by Benhamou et al., who found a more 
frequent use of NIV in elderly than in younger 
patients (64% vs 47%) admitted in ICU for 
ARF.  According to the same authors, NIV sig-
nificantly reduced the rate of meeting intubation 
criteria (7.3% vs. 64.4%). Schortgen et  al. 
reported NIV use in 60% of octogenarians requir-
ing ventilator support [2].

The BTS Adult NIV Audit 2019, which 
included 3052 patients—mean age 72 y (64–
80)—selected according to evidence base for 
NIV, found that NIV was successful in resolving 
respiratory acidemia in 76% of treated patients, 
with inpatient mortality 26%, which was the first 
reduced inpatient mortality reported since Audit 
2010 [3].

According to evidence-based medicine and 
expert opinion, in patients with acute-on-chronic 
respiratory failure, cardiogenic pulmonary 
edema, or de novo ARF, the use of NIV reduces 
mortality, improves outcome, and represents an 
effective alternative of IMV for elderly patients 
needing respiratory support.

In addition to patients with ARF with no pre-
set limitations on life-sustaining treatments, the 
Task Force on the “Palliation Use of NIV” of the 
Society of Critical Care Medicine recognized 
two more categories for patients to whom NIV 
treatment might be an adequate option:

• Life support when patients and families have 
decided to forego endotracheal intubation 
(ETI).

• As a palliative measure when patients and 
families have chosen to forego all life support, 
receiving only comfort measures.

The rate of do-not-intubate (DNI) orders has 
increased over time. The decision is usually 
guided by the patient’s preference for no intuba-
tion, physician’s belief that intubation would be 
of no therapeutic benefit/inappropriate, or by the 
lack of resource availability. DNI orders may 
occur at any point during a patient’s clinical 
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course either in outpatient or inpatient settings. 
Risk of death is five times greater for patients 
with DNI orders.

DNI orders are more common in very old 
(>80 y) than in younger patients (40% vs. 8%). 
Although DNI cannot be considered an indica-
tion for NIV, patients with DNI orders are good 
candidates, in case of ARF. In a recent study by 
Wilson et al., one in four patients on NIV, due to 
ARF, had a do-not-intubate order [4]. In an RCT 
contacted by Nava et al., NIV was implemented 
as a rescue therapy to almost 53% of DNI 
patients (>75y) and was proved successful to 
75% of them. Mortality rate was lower, in com-
parison to patients treated invasively and com-
parable to the overall NIV group [5]. More 
recent studies report similar results highlighting 
the importance of NIV as an alternative ventila-
tory tool in case ETI is neglected by the patient 
or questioned by the physician. This is particu-
larly true for elderly to whom invasive treat-
ments are often considered inappropriate or 
costly.

The third category includes patients with end- 
stage COPD, CHF, neuromuscular diseases, or 
terminal malignancy, with very poor baseline 
quality of life. In these cases, NIV must not be 
used as a life-prolonging therapy but as a tool for 
palliation of symptoms near the end of life. 
Whether the use of NIV is appropriate in this 
patient category is an ethical dilemma. Some 
authors suggest that is beneficial to symptoms’ 
relief—especially dyspnea—and the facilitation 
of communication, during the dying process, 
while others consider that the tight-fitted face 
mask induce, by itself, discomfort to the patients 
and limits communication. In any case, the goals 
of this “time-limited” trial must be extensively 
discussed with patients and relatives, while 
patients must be encouraged to withdraw the 
treatment, if they cannot tolerate imposed dis-
comfort. A careful patient selection is warranted 
(i.e., exclude unconscious patients). It would be 
interesting to investigate whether NIV is as effec-
tive in palliative care as pharmacological thera-
pies. Nava et  al. reported reduction of dyspnea 
and opiates dosage in patients with end-stage 
solid cancer.

The success of an NIV trial depends on vari-
ous factors:

Setting: Inpatient mortality between patients 
who started NIV in a non-designated NIV respi-
ratory ward area and those who started NIV in a 
designated respiratory ward area was reported 
significally different (40% vs. 29%) [3]. 
Depending on hospital policies, NIV-designated 
areas comprise respiratory ward, ICU, respira-
tory intensive care unit (RICU), emergency 
department, or any other high dependency unit. 
These are premises that ensure adequate equip-
ment and are staffed by personnel—both medical 
and nursing—expert on NIV, provide cover 
24/24  h, multi-parameter monitoring, prompt 
availability for ETI, and have a clear discharge 
protocol plan. ICU is an expensive and distress-
ing environment that, although fits all these crite-
ria, is not considered an ideal place to start NIV 
in less severe elderly with no other organ dys-
function. Instead, RICUs can provide specialized 
care, with lower nurse-to-patient ratio, reserve 
patients’ privacy, and be more accessible to rela-
tives, on top of being less expensive.

The choice of the setting for NIV to start 
depends on patients’ condition, the assumed time 
response to NIV, the monitoring needs, and the 
goals set by the physician. Patients who are 
expected to poorly respond to NIV must be 
treated in ICU, with the exception of patients 
with DNI, or when it is applied for palliative rea-
sons. All other cases can be treated in NIV desig-
nated areas outside ICU [6].

Time: Providing the physician has clearly 
defined the goals of the treatment for every single 
patient, NIV must start early, in order to prevent 
further deterioration.

The Device: There is a vast selection of high- 
performance devices, providing both ventilation 
and monitoring. The adequacy of a device is 
determined by its ability to maintain tidal volume 
(VT) stability by rapidly responding to leaks. 
Monitoring of VT, leakage, and minute ventila-
tion is essential to assess NIV effectiveness. Most 
of the devices estimate these parameters through 
built-in software, but not all estimations are accu-
rate. Other factors can also affect performance. 
Most of the devices—with single or double tube 
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circuit—fail to perform efficiently in the pres-
ence of true expiratory valve. Moreover, most 
built-in software fail to estimate leaks correctly 
when masks/interface used are not their own. 
Physicians should monitor these parameters care-
fully and be aware of these pitfalls while adjust-
ing device settings according to software 
displayed values. So far, the best option for NIV 
configuration to unintentional leak compensation 
and accurate estimation of VT is a single limb 
circuit, with an intentional leak [7].

Patient selection: Age is not a contraindica-
tion. The type of acute respiratory decompensa-
tion must be defined carefully. Patients with 
hypercapnic acute respiratory failure are good 
responders to NIV, while patients with hypox-
emic ARF are less responsive. Patients with neu-
romuscular diseases leading to pump failure are 
considered good candidates. On the contrary, in 
presence of encephalopathy, with the exception 
of hypercapnic, the application of NIV is contra-
indicated. Relative contraindications are secre-
tions’ retention, cough depression, and agitation/
delirium. Moreover, severe acidosis (pH ≤ 7.25), 
de novo severe hypoxemia, and concomitant 
other organ failures increase the likelihood of 
NIV failure.

23.2.2  Chronic Critically Ill Patients

Recent advances in intensive care have enabled 
more patients to survive acute critical conditions, 
like acute cardiorespiratory failure. They also 
have created a large and growing population of 
chronic critically ill patients with prolonged 
dependence on mechanical ventilation and other 
intensive care interventions. This condition is 
considered present when the ICU length of stay 
exceeds the tenth day accompanied by invasive 
mechanical ventilation for more than 6  hours a 
day or a tracheostomy has been performed. 
Chronic critical illness is a devastating condition: 
mortality exceeds that for most malignancies, 
and functional dependence persists for most sur-

vivors. The cost of its treatment exceeds the spec-
trum of billion dollars every year worldwide and 
is continuously increasing [8]. The syndrome of 
chronic critical illness is a complex clinical 
entity. Most chronic critically ill patients are 
older adults who have underlying comorbid con-
ditions and develop sepsis and other acute comor-
bidities with treatment for acute medical, 
surgical, neurologic, or cardiac critical illness. 
Beyond the hallmark of prolonged ventilator 
dependence, increasing evidence indicates that 
chronic critical illness is a syndrome affecting 
multiple systems and organs, with high morbidity 
and mortality.

The use of NIV in ARF has increased steadily 
over the period of the last 20 years. Its use has 
been associated with more favorable outcomes in 
selected patients admitted to intensive care units, 
with its use being a recommendation in certain 
patients. Mainly patients with acute hypercapnic 
respiratory failure or acute cardiologic decom-
pensation are considered eligible for NIV, unless 
the PO2/FiO2 ratio is below 150 mmHg [9].

First-line NIV was associated with better 
60-day survival and fewer ICU-acquired infec-
tions compared to first-line intubation in a multi-
centric study by Schnell et al. [10] The researchers 
studied 3163 patients, of whom 1232 (39%) 
received NIV. The latter decreased 60-day mor-
tality [adjusted hazard ratio (aHR) = 0.75; 95% 
confidence interval (95% CI), 0.68–0.83; 
p < 0.0001]. On the other hand, NIV failure was 
an independent time-dependent risk factor for 
mortality (aHR  =  4.2; 95% CI, 2.8–6.2; 
p < 0.0001). The research showed that survival 
benefits from NIV occurred only in patients with 
acute-on-chronic respiratory failure and immu-
nocompromised patients.

Certain prognostic factors for successful non-
invasive ventilation in acute hypoxemic respira-
tory failure can be used as a reference for 
physicians who treat high-risk patients with 
NIV. These prognostic factors with their charac-
terization as favorable or adverse are summarized 
below:
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23.2.2.1  Cause of Acute Hypoxemic 
Respiratory Failure

• Favorable: cardiogenic pulmonary edema, 
postoperative, and PaO2/FiO2 > 200 mmHg.

• Adverse: PaO2/FiO2 < 200 or 150 mmHg.

23.2.2.2  Predictors of Failure
• PaO2/FiO2 < 150 mmHg.
• Tidal volume (exhaled) under noninvasive 

ventilation (NIV) ≥9.0 or 9.5 mL/kg.
• High severity score (e.g., APACHE II or 

Sequential Organ Failure Assessment 
Score—SOFA).

• Heart rate, acidosis, consciousness, oxygen-
ation, respiratory rate score (HACOR) >5 
after 1 h of NIV.

In any case, delaying intubation must be 
avoided, especially in the presence of the afore-
mentioned risk factors. Moreover, for patients 
with PaO2/FiO2 < 200 mmHg, a trial of high-flow 
oxygen with a nasal cannula is recommended as 
an alternative to NIV.

Concerning the contribution of NIV to a 
successful weaning from mechanical ventila-
tion after prolonged use of the ventilator, it 
can be stated that it is a viable option for 
chronic critically ill patients. In this context, it 
is important to recognize physiological param-
eters that are able to predict the success of the 
NIV use and guide further therapeutic options. 
In 2016, Sancho et al. [11] published a paper 
which described their observations on the 
facilitation of weaning process with the aid of 
NIV.  According to their findings, 85.71% of 
their patients achieved weaning success (mean 
weaning time from IMV 25.45 ± 16.71 days), 
of whom 21.4% needed NIV during the wean-
ing process. The variable which predicted the 
need for NIV was arterial carbon dioxide ten-
sion at respiratory care unit admission (with 
OR  =  1.08 (95% CI: 1.01–1.15), p  =  0.013), 
with a cut-off point of 45.5  mmHg yielding 
sensitivity = 0.76, specificity = 0.67, positive 
predictive value  =  0.76, and negative predic-
tive value = 0.97. The authors concluded that 
NIV is a useful tool during weaning in chronic 

critically ill patients. An interesting fact is that 
hypercapnia despite mechanical ventilation at 
respiratory care unit admission was the main 
predictor of the need for NIV during 
weaning.

The monitoring of the pulmonary function in 
chronic critically ill patients exiting the ICU is 
problematic, as these patients have poor respira-
tory muscle functionality and their comorbidi-
ties profile, or the presence of tracheostomy, 
often prevents proper examination. Restrictive 
and obstructive patterns are both often present, 
whereas reduced vital capacity and altered func-
tional residual capacity are common findings 
and mainly depict the severe muscle impair-
ment. Therefore, it is mandatory to identify risk 
factors for early or late reintubation in patients 
under NIV sessions after prolonged IMV.  The 
following are considered high-risk factors for 
reintubation:

• Age older than 65 years.
• Acute Physiology and Chronic Health 

Evaluation II (APACHE II) score higher than 
12 points on extubation day.

• Body mass index higher than 30.
• Inadequate secretions management.
• Difficult or prolonged weaning.
• More than 1 comorbidity.
• Heart failure as primary indication for 

mechanical ventilation.
• Moderate-to-severe chronic obstructive pul-

monary disease.
• Airway patency problems.
• Prolonged mechanical ventilation.

In a related study, 19.1% of the patients treated 
with NIV after extubation were eventually reintu-
bated [12]. Other researchers have shown that sub-
jects with Sequential Organ Failure Assessment 
Score  ≥  5 had a higher risk of NIV failure in 
patients admitted to ICU for ARF associated with 
influenza virus infection. In cases that involve use 
of the ventilator of the ICU in an NIV mode, it is 
obviously easier to follow some monitoring infor-
mation regarding the respiratory mechanics on the 
ventilator screen. The range of parameters are lim-
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ited by the ventilator type and the availability of 
different modes of NIV by the ICU equipment. 
Observation of the respiratory curves (usually the 
flow, volume, and pressure values over time) is a 
useful method of assessing the patient’s compli-
ance, respiratory pattern, and possible dysyn-
chrony with the ventilator, prompting corrective 
actions by the respiratory physician.

Another point of concern is the holistic 
management of ICU patients suffering from 
chronic critical illness. Apart from frequent 
need for NIV, these patients present difficulties 
in the cough function. Cough augmentation 
techniques like respiratory physiotherapy and 
mechanical cough assist devices can be used in 
parallel with NIV in high-risk cases. In addi-
tion, chronic critical illness causes an increase 
in energy expenditure, leading to proteolysis 
and related muscle loss. Careful supplementa-
tion and modulation of caloric and protein 
intake can avoid under- or overfeeding, which 
are both associated with poor outcomes. After 
weaning from the ventilator or during noninva-
sive ventilation, oral intake should be carefully 
evaluated and, in case of severe dysphagia, 
should be avoided and replaced by enteral of 
parenteral nutrition. Upon transfer from the 
ICU to the ward, adequate nutrition is essential 
for long-term rehabilitation. Continued and 
sufficient nutritional supplementation in the 
ward is necessary to avoid a suboptimal nutri-
tional state [13].

Although the pool of chronic critically ill 
patients is constantly expanding, large RCTs 
studying the optimal use of NIV and its contra-
indications are still missing. The same applies 
for recommendations regarding monitoring of 
pulmonary function during NIV application. 
Further research is required toward this direc-
tion in order to define best practices for this 
fragile population.

23.3  Conclusion/Discussion

NIV is an effective alternative for elderly people 
requiring ventilator support for acute cardiorespi-
ratory failure. The same applies for ventilatory 
support during weaning in chronic critically ill 

patients. Its success is dependent on various fac-
tors, like the setting where NIV is applied, its 
timely initiation, device specifications, and 
patient selection criteria. NIV can be used both as 
a palliative care for DNI patients and as a tool for 
weaning from IMV.

Several prognostic factors should be taken 
into consideration when applying NIV to post- 
extubation chronic critically ill patients. Older 
age, presence of comorbidities, high initial 
APACHE score, prolonged IMV or weaning pro-
cess, COPD, problems in secretions manage-
ment, and high BMI are some factors dictating 
potential failure in treatment with NIV in this 
category of patients. Cough augmentation and 
proper nutrition support are also crucial for 
chronic critically ill patients requiring NIV.

Further research is required toward definition 
of indications and pitfalls of NIV in chronic criti-
cal illness as well as recommendations for opti-
mal cardiorespiratory monitoring during NIV in 
this fragile population.

Key Major Recommendations
• NIV is an effective alternative for elderly peo-

ple requiring ventilator support for acute car-
diorespiratory failure.

• NIV success in elderly subjects is dependent 
on factors like the setting of NIV application, 
the initiation time, the device used, and patient 
selection.

• NIV is a useful tool during weaning in chroni-
cally critically ill patients.

• Several prognostic factors should be taken 
into consideration when applying NIV to 
post-extubation chronic critically ill patients.

• Nutrition support is crucial for chronic criti-
cally ill patients requiring NIV.
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Hypoxemic Respiratory Failure. 
VILI

R. D’Amico, A. Marra, M. Vargas, C. Iacovazzo, 
and G. Servillo

Abstract

Acute hypoxemic respiratory failure (AHRF) 
is severe arterial hypoxemia that is refractory 
to supplemental oxygen and could be caused 
by pneumonia, cardiogenic pulmonary edema, 
ARDS, and chronic obstructive pulmonary 
disease (COPD). ARDS is an important syn-
drome of noncardiogenic edema in which the 
most common risk factors include pneumonia, 
nonpulmonary sepsis, and aspiration (Stefan 
et al., J Hosp Med, 8:79–82, 2013).

Ventilator-induced lung injury is the acute 
lung injury inflicted or aggravated by mechan-
ical ventilation during treatment and has the 
potential to cause significant morbidity and 
mortality. The predominant mechanisms by 
which the ventilator-induced lung injury 
occurs include alveolar overdistention (volu-
trauma), barotrauma, atelectotrauma, and 
inflammation (biotrauma).

Keywords
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Abbreviations

AHRF Acute hypoxemic respiratory failure
ALI Acute lung injury
APRV Airway pressure release ventilation
ARDS Acute respiratory distress syndrome
COPD Chronic obstructive pulmonary 

disease
CPAP Continue positive airway pressure
ECMO Extracorporeal membrane 

oxygenation
ED Emergency department
HFOV High-frequency oscillatory ventilation
HFPV The high-frequency percussive 

ventilation
IPF Idiopathic pulmonary fibrosis
P plat Pressure of plateau
PE Pulmonary embolism
PEEP Positive end expiratory pressure
PFO Patent foramen ovale
PP Prone positioning
RCT Randomized controlled study
VILI Ventilator-induced lung injury

24.1  Introduction

Hypoxemia refers to low oxygen content in arte-
rial blood, and there are several factors that 
impact this state: oxygen content of inspired gas, 
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the matching of blood and alveolar gas, and 
amount of Hb in blood and its binding properties. 
Hypoxemia is defined as a partial pressure of 
oxygen of less than 80 mm Hg or arterial blood 
hemoglobin saturation of less than 95%.

The mechanisms of hypoxemia are as 
follows:

 – Hypoventilation, as in narcotic overdose, head 
injury, airway obstruction, and neuromuscular 
weakness.

 – Right-to-left shunt (anatomic or physiologic): 
PFO (patent foramen ovale), congenital car-
diac disease, vascular malformations, atelec-
tasis, pneumonia, and pulmonary edema.

 – Ventilation/perfusion ratio mismatch: PE (pul-
monary embolism) and COPD.

 – Impaired diffusion: IPF (idiopathic pulmo-
nary fibrosis).

 – Low inspired oxygen: altitude.

24.1.1  VILI

Ventilator-induced lung injury (VILI) is an 
acute failure of pulmonary parenchyma caused 
by mechanical ventilation. It is characterized 
both by macroscopic damage that is pneumo-
thorax and pneumomediastinum that represent 
the  classic barotrauma and by microscopic 
injury like the alteration of alveolocapillary 
membrane, the degeneration of surfactant, and 
inflammatory modification very similar to the 
ones described in acute respiratory distress syn-
drome (ARDS).

The predominant mechanisms by which the 
ventilator-induced lung injury occurs include 
alveolar barotrauma, overdistention (volutrauma), 
atelectotrauma, and inflammation (biotrauma). 
Other mechanisms that are attributed include 
adverse heart-lung interactions, deflation related, 
and effort induced injuries. Related factors being 
studied in this context also include heterogeneous 
local lung mechanics, alveolar stress frequency, 
and stress failure of pulmonary capillaries. 
Variation in the expression of genetically deter-
mined inflammatory mediators has been known to 
affect VILI susceptibility [2].

Barotrauma is a pressure-related lung injury. It 
is defined as the presence of extraalveolar air 
in  locations, where it is not normally found in 
patients receiving mechanical ventilation caused 
by high transpulmonary pressure. It may occur 
even at lower airway pressure if pleural pressure 
is very negative (e.g., forceful inspiratory effort). 
It includes pneumothorax and pneumomediasti-
num that can be found in lung X-ray in patients in 
high-pressure mechanical ventilation. Sometimes, 
there was also the presence of embolism above all 
in lower lung regions.

Volutrauma is lung injury caused by alveolar 
overdistension. It is caused by a ventilation based 
on high tidal volumes and high transpulmonary 
pressure.

Cyclical opening and closing of the atelectatic 
alveoli during the respiratory cycle could damage 
the adjacent non- atelectatic alveoli and airways 
by shear stress forces. This mechanism is called 
atelectotrauma. For atelectatic alveoli, high shear 
stress is generated during recruitment at the inter-
face between the air bolus and collapsed airway, 
causing mechanical injury [3]. For flooded alve-
oli, formation and destruction of foam bubbles at 
the gas–liquid interface of flooded alveoli contrib-
ute additional local interfacial stress that disrupts 
plasma membrane–cytoskeletal adhesions and 
leads to lung injury [4]. The use of positive end 
expiratory pressure (PEEP) can prevent this dam-
age because it avoids the continuous opening and 
collapse of alveolus, reducing also the inflamma-
tory response associated with it. The application 
of optimal PEEP is important in the prevention of 
atelectrauma. Higher PEEP can cause alveolar 
overdistension, and lower PEEP may be inade-
quate to stabilize the alveoli and keep them open.

Biotrauma is the release of inflammatory 
mediators from the cells in the injured lungs in 
response to volutrauma and atelectotrauma. In 
ventilator-induced lung injury, the neutrophils, 
macrophages, and probably alveolar epithelial 
cells secrete various inflammatory mediators, 
including TNF-alpha, interleukins 6 & 8, tran-
scription factor nuclear factor(NF)-kB, and 
matrix metalloproteinase-9. These cytokines 
could trigger detrimental effects locally and sys-
temically, resulting in multiorgan failure.
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24.2  Discussion and Analysis 
of the Main Topic

Given that mechanical ventilatory support with 
high volumes and pressures can cause preventable 
morbidity and mortality in critically ill patient, the 
first two mechanisms that were described at the 
basis of VILI were barotrauma and volutrauma. In 
fact, in 2000, the ARDS Network trial established 
that limiting tidal volume (6 vs. 12  ml/kg pre-
dicted body weight) and plateau airway pressure 
(</= 30 vs. </= 50 cmH2O) brought a major sur-
vival in patients with ARDS.

The main cause of VILI is represented by 
transpulmonary pressure, which is the difference 
between alveolar pressure and pleural pressure, 
the difference between the pressure inside and 
the pressure outside the lung [3, 4].

There is a strong relation between transpulmo-
nary pressure and tidal volume and a given lung 
volume produces a defined transpulmonary pres-
sure. The alveoli are likened to balloon-like struc-
tures that stretch during insufflation of the tidal 
volume. In this phase, the alveolar walls seem to 
unfold so as to minimize this stretching up to the 
volume limit which corresponds to the total lung 
capacity. The stretching of the alveolar walls pro-
duces a rapid migration of lipids toward the plasma 
membranes so as to increase the cell surface and 
prevent its rupture [3, 5, 6].

When this inflammatory response is over-
whelmed because a tidal volume greater than the 
total pulmonary capacity is insufflated, a systemic 
response and barrier damage with alveolar and 
interstitial edema, rupture of the joints and bubbles 
in the alveolar-capillary interstitium are triggered.

The other mechanism responsible for VILI is 
atelectrauma, which occurs through the cyclical 
opening and closing of the alveolar units. For 
atelectatic alveoli, shear forces that cause the 
mechanical damage come into play; in the 
 edematous alveoli, on the other hand, air bubbles 
are formed and destroyed in the liquid–gas inter-
face, which causes the destruction of the cellular 
junctions, at the basis of the microscopic lung 
damage. Low tidal volume ventilation may 
reduce the likelihood of atelectrauma because it 
avoids the exceeding of the critical opening pres-

sure of the collapsed lung units. In addition, the 
role of PEEP is fundamental because of sustained 
recruitment and may prevent atelectrauma.

Finally, biotrauma is caused by an extensive 
biological response, including the activation of 
proinflammatory and proinjurious cytokine cas-
cade that promote pulmonary and extrapulmo-
nary organ injury. Epithelial surface area of adult 
lung is estimated to be 65–84 m2; for this reason, 
the biological response undergoes an amplifica-
tion mechanism as the entire volume of blood 
passes through the pulmonary filter with conse-
quent damage at a systemic level and multiorgan 
failure syndrome.

Both the magnitude and frequency of peak 
alveolar stretch likely contribute to VILI in 
human studies, the use of infrequent high- volume 
breaths, like recruitment maneuvers, do not seem 
to cause lung injury, whereas the delivery of high 
tidal volumes with every breath worsens VILI 
and ARDS. For this reason, the right ventilation 
strategy of a patient with ARDS is to use low 
tidal volumes and high PEEPs.

There are risk scores that can be used to strat-
ify the risk of developing a VILI: the lung injury 
prediction score (LIPS) and the early acute lung 
injury score. The first one is a score used to iden-
tify patients at risk for ARDS in the emergency 
department (ED). The second one is based on 
similar parameters:

 – Oxygen requirement.
 – Maximal respiratory rate.
 – Baseline immune suppression.

These predictors accurately identify patients 
who can progress to acute lung injury requiring 
positive pressure ventilation (1 point for oxygen 
requirement >2–6  L/min or 2 points for >6  L/
min; 1 point each for a respiratory rate ≥ 30 and 
immune suppression). An early acute lung injury 
score greater than or equal to 2 identified patients 
who progressed to acute lung injury with 89% 
sensitivity and 75% specificity.

Through these scores, patients at risk of devel-
oping lung damage from mechanical ventilation 
are identified but it is not possible to plan strate-
gies to prevent the damage itself.

24 Hypoxemic Respiratory Failure. VILI
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VILI prevention strategies in patients at risk 
include the following:

 – Limitation of tidal volume (</ = 8  ml/kg 
PBW) in order to prevent volutrauma, decrease 
barotrauma, shear forces via smaller volume 
inflation of aerated alveoli adjacent to flooded/
atelectatic alveoli and atelectrauma.

 – Limitation of the inspiratory pressure to 
reduce the plateau pressure, the driving pres-
sure or the transpulmonary pressure.

 – Use a level of PEEP that maintains positive lung 
distending transpulmonary pressure at end-expi-
ration leading to minimizing dependent collaps, 
but, at the same time, avoiding barotrauma.

 – The use of prone position for at least 16 h to 
improve lung homogeneity and decrease shear 
forces.

 – Respiratory rate limitation, to maintain either 
the lowest pH possible or the highest allowed 
PaCO2. This strategy may require deep seda-
tion, curarization, as well as extracorporeal 
CO2 removal techniques.

 – Limitation of respiratory effort through 
increased sedation and curarization to reduce 
expiratory effort and prevent cyclic derecruit-
ment (atelectrauma).

The Berlin criteria categorize the severity of 
hypoxemia with a minimum positive end- 
expiratory pressure (PEEP) of 5 cmH2O.  On the 
basis of this definition, severe ARDS is defined as a 
PsO2/FiO2 </= 100 mmHg, moderate ARDS with a 
paO2/FiO2 between 100  mmHg and 200  mmHg, 
and mild ARDS with a PaO2/FiO2 >/= 200 mmHg. 
Several recent studies have focused on patients 
with ARDS in whom PaO2/FiO2 is <150 mmHg. 
This kind of ARDS is defined severe-moderate/
severe ARDS, and it includes all patients most 
likely to respond to interventions such as prone 
positioning (PP) and neuromuscular blockade.

For patients suffering from severe respiratory 
failure volume-control and pressure-control modes 
are preferred, possibly associated with paralysis and 
deep sedation of the patient. The target tidal volume 
should be between 4 and 8 ml/kg predicted body 
weight and reduced to 4 ml/kg if the pressure of pla-
teau (Pplat) exceeds 30 cmH2O. In obese subjects, 

in abdominal hypertension, and in spinal deformi-
ties, conditions in which the chest wall exerts a col-
lapsing effect on the lungs, it is safer to use a plateau 
pressure greater than 30 cmH2O as long as an 
acceptable transpulmonary pressure is maintained. 
Gattinoni et al. [7] have suggested that the transpul-
monary pressure should not exceed 22/23 cmH2O 
since patients with ARDS suffer from a significant 
reduction of the lung parenchyma in which atelec-
tatic areas are flanked by normally ventilated areas 
and, they can experience overdistension. For these 
reasons, patients with ARDS must receive protec-
tive mechanical ventilation with permissive hyper-
capnia. An important concept concerns the driving 
pressure mechanism which represents the differ-
ence between Pplat and PEEP.

Recent studies have correlated the driving pres-
sure with patient outcome: the relative risk of 
death is >1 when the driving pressure > 15 cmH2O.

24.2.1  Peep

The first step to optimize oxygenation and venti-
lation in patients with refractory hypoxemia is 
setting an optimal PEEP. In subjects with moder-
ate and severe ARDS, hospital mortality was 
34% with higher PEEPs and 39% with lower 
PEEPs. In subjects with mild ARDS, on the other 
hand, mortality was 27% with higher PEEP lev-
els and 19% with lower levels. These data sug-
gest that only patients with severe and moderate 
ARDS (P/F  <  150  mmHg) benefit from higher 
end-expiratory pressures while those with mild 
ARDS do not derive any benefit from high PEEPs 
which can even be harmful.

Chiumello et al. [8] have shown that in the best 
PEEP trial, it is necessary to consider the changes 
in oxygenation reached after 5 min from the setting 
of a certain value of PEEP, while to evaluate the 
trend, it is necessary to wait 60 min or even more. 
The benefit of using PEEP in patients with refrac-
tory hypoxemia depends on the potential degree of 
alveolar recruitment. Gattinoni et al. [7] suggested 
that the same PEEP levels should be applied in 
patients with lungs with high and low recruitment 
potential and that choosing PEEP based on FiO2 is 
the best choice. On the basis of the severity of 
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ARDS, the various levels of PEEP are set: 5–10 
cmH2O in mild ARDS, 10–15 cmH2O in moderate 
ARDS, 15–20 cmH2O in severe ARDS.

The choice of a PEEP suitable for the patient’s 
respiratory mechanics is an essential aspect of 
proper ventilation. It is a balance between recruit-
ment and overrelaxation. Goligher et  al. [9] 
reported that an increase in P/F with an increase 
in PEEP is associated with a lower mortality, 
while a decrease in the P/F ratio after an increase 
in PEEP is associated with a higher mortality.

24.2.2  Recruitment Maneuvers

A recruitment maneuver is a transient increase in 
transpulmonary pressure in order to promote the 
reopening of collapsed alveoli, improving gas 
exchange and the distribution of volume in the 
lungs.

There are two possible approaches:

 – Sustained high-pressure inflation using pres-
sures of 30–40 cm H2O for 30–40 s,

 – A stepwise increase in PEEP with a constant 
Delta P or a fixed tidal volume.

Kenan et  al., [10] suggested that stepwise 
recruitment maneuvers are more effective than 
abrupt applications of high peak pressure with 
less adverse hemodynamic effects.

One way to set the PEEP correctly is to per-
form a recruitment maneuver followed by a 
decreasing titration of the PEEP. The decremen-
tal titration is achieved by setting the positive 
pressure of finer expiration from 20 to 25 cmH2O 
and then lowering it by 2 or 3 cmH2O every 
4/5 min. The correct level of PEEP is set to the 
value that can ensure good oxygenation and good 
compliance of the respiratory system.

There are also unconventional modes of venti-
lation used to treat refractory hypoxemic respira-
tory failure such as the high-frequency oscillatory 
ventilation (HFOV), the high-frequency percus-
sive ventilation (HFPV), and airway pressure 
release ventilation (APRV).

HFOV delivers very low tidal volume (1–2 ml/
kg) at high frequency (3–15 Hz/min). HFPV con-

sists of pneumatically powered, pressure-limited, 
time-cycled, and flow-interrupted breaths with 
biphasic percussions. It generates pulses of sub-
tidal volume that produce intrapulmonary per-
cussive waves. These kinds of ventilation 
facilitate clearance of secretions, lung recruit-
ment and reduce the need for sedation.

APRV applies CPAP (P high) for a prolonged 
time (T high) to maintain adequate lung volume 
and alveolar recruitment, with a time-cycled release 
phase to a lower set of pressure (P low) for a short 
period of time (T low) or (release time) where most 
of ventilation and CO2 removal occurs.

24.2.3  ECMO

Extracorporeal membrane oxygenation, plays a 
crucial role in the management of acute hypox-
emic respiratory failure. To perform standard 
respiratory ECMO, two vascular accesses are 
established, one for removal of venous blood and 
the other for infusion of oxygenated blood. Blood 
is drained from a major vein and pumped through 
a circuit that includes an oxygenator, which oxy-
genates the blood and removes carbon dioxide 
(CO2), after which the oxygenated blood is 
returned via the other cannula. When blood is 
returned to the venous side of the circulation, the 
procedure is known as veno-venous ECMO (VV 
ECMO), which provides gas exchange but cannot 
give cardiac support. When blood is returned to the 
arterial side of the circulation, this is called veno-
arterial ECMO (VA ECMO), and it can be 
employed for both gas exchange and cardiac sup-
port. Initiation of ECMO for adult ARDS should 
be considered when conventional therapy cannot 
maintain adequate oxygenation. Although there 
are no universally accepted criteria for ECMO ini-
tiation in ARDS, severe hypoxemia (PaO2 to FiO2 
ratio < 80), uncompensated hypercapnia with aci-
demia (pH < 7.15), or excessively high end-inspi-
ratory plateau pressures (>35–45 cm of water), 
despite standard of care ventilator management, 
have been proposed as reasonable indications for 
ECMO. ECMO can stabilize gas exchange and 
haemodynamic compromise, consequently pre-
venting further hypoxic organ damage.
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24.3  Conclusion Discussion

Treatment strategies for acute respiratory failure 
therefore include the use of a protective ventila-
tion with low tidal volumes, high respiratory 
rates, and high PEEP values. This strategy allows 
to ventilate the hypoxemic patient by limiting the 
damage from pulmonary overdistension, which is 
responsible for barotrauma and volutrauma. The 
use of high positive pressure values   at the end of 
expiration allows to recruit the alveoli, which 
would tend to collapse at the end of each respira-
tory cycle and to keep them open in order to 
avoid the formation of areas of atelectasis. The 
mode of ventilation that should preferably be 
used in these conditions is a mechanical ventila-
tion with volume or pressure control that also 
limits the effort of the respiratory muscles. If the 
attempted controlled ventilation fails, additional 
strategies may be used including prone position, 
intermittent high- frequency ventilation, and ulti-
mately, ECMO.

VILI is a pulmonary injury caused by mechan-
ical ventilation. Its mechanisms are similar to 
those of ARDS because they recognize the same 
pathophysiology. In order to prevent barotrauma, 
atelectrauma, volutrauma and biotrauma, we use 
the same ventilatory strategy used for the treat-
ment of ARDS. The goal of supportive therapy 
with artificial ventilation has changed over time, 
passing from normalization of plasma oxygen-
ation and PaCO2 values, at the cost of using high 
pressures or tidal volumes, to a ventilatory strat-
egy based on the protection of the lung paren-
chyma in order to avoid alveolar overdistension 
and maintain its recruitment.

Key Major Recommendations
• VILI is a pulmonary damage caused by 

mechanical ventilation and multiple mecha-
nisms have been described: barotrauma, volu-
trauma, atelectrauma, and biotrauma.

• VILI prevention strategies include limitation 
of tidal volume, use of PEEP, and limitation of 
the inspiratory pressure.

• PEEP is the first step to optimize oxygenation.

• Recruitment maneuvers consists of a transient 
increase in transpulmonary pressure that can 
reopen previously collapsed alveoli.

• ECMO provides an alternative to rescue 
patients with severe respiratory failure that 
conventional mechanical ventilation fails to 
maintain adequate gas exchange.
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Pulmonary Function-NIV. Cardiac, 
Thoracic, and Abdominal Surgery
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Abstract

Postoperative pulmonary complications 
(PPCs) increase hospital length of stay, mor-
bidity, and mortality in surgical patients. 
Perioperative noninvasive ventilation (NIV) 
may reduce the incidence of PPCs and should 
be considered, in a selected population, as a 
prophylactic and therapeutic tool to improve 
gas exchange. NIV demonstrated to be a better 
treatment than invasive ventilation in patients 
developing acute postoperative respiratory 
failure.
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Abbreviations

AAA Abdominal aortic aneurysms
BPAP Bilevel positive airway pressure
COPD Chronic obstructive pulmonary disease
CPAP Continuous positive airway pressure
ICU Intensive care unit
IMV Invasive mechanical ventilation
MV Mechanical ventilation
NIV Noninvasive ventilation
OSA Obstructive sleep apnea
PPC Postoperative pulmonary complications
RCTs Randomized controlled trials
VATS Video-assisted thoracoscopic surgery

25.1  Introduction

Surgery can be associated with respiratory and 
cardiovascular complications, especially in high- 
risk patients. Maintenance of adequate periopera-
tive respiratory function is mandatory for 
successful induction of anesthesia, execution of 
surgery, and recovery thereafter [1]. Hence, it is 
crucial to optimize a patient’s physiological sta-
tus in the preoperative period, provide lung pro-
tective ventilation in the intraoperative period, 
and extend optimal respiratory care into the post-
operative period [2].
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Invasive ventilation methods, such as reintu-
bation and mechanical ventilation, have been the 
mainstay of treatment of postoperative respira-
tory failure, but they are associated with many 
complications [2]. The overall incidence of PPCs 
is quoted as 5–10% among all surgical patients 
and can be related to either complications of sur-
gery or general anesthesia. PPCs can include 
atelectasis, postoperative pneumonia, pulmonary 
edema, and acute respiratory failure. It may 
adversely affect surgical morbidity and mortality 
and lead to an increased economic burden on 
healthcare systems [3].

NIV has been an established treatment in 
acute acidotic hypercapnic respiratory failure, 
caused by exacerbation of chronic obstructive 
pulmonary disease (COPD) or cardiogenic pul-
monary edema, and as a facilitating tool for tran-
sitioning from invasive ventilation to spontaneous 
breathing. Nowadays NIV has also been used to 
prevent the occurrence of acute respiratory fail-
ure after surgery (prophylactic use) [3]. NIV has 
an important role in the prevention and treatment 
of PPC as it may prevent patient deterioration, 
reduce the incidence of hospital-acquired pneu-
monia, length of stay in critical care, need for 
invasive mechanical ventilation (IMV), and also 
confer mortality benefits in selected patient 
groups [1].

25.2  Discussion and Analysis 
of the Main Topic

25.2.1  NIV in Surgical Patients

NIV denotes administration of ventilatory sup-
port without using an invasive artificial airway 
(endotracheal tube or tracheostomy). Benefits of 
NIV include improvement in gas exchange, 
reduction of atelectasis, and work of breathing, 
while avoiding the complications associated 
with IMV. Hence, NIV has been adopted to pre-
vent PPCs [1–3]. Compared to IMV, NIV is 
associated with improved patient comfort, 
reduced need for sedation, improved neurocog-

nitive function, and a lower rate of nosocomial 
infections. Beside its advantages, NIV has some 
limitations, contraindications, and complica-
tions [1, 2]. NIV carries risk of patient-ventilator 
asynchronies, gastric distension, hemodynamic 
effects, and discomfort [4].

NIV in the perioperative period can be pro-
phylactic or therapeutic. Prophylactic NIV aims 
to prevent the development of PPC. Therapeutic 
NIV is used in established respiratory compro-
mise to prevent progression on to IMV and the 
associated detrimental sequelae [1, 2].

NIV can be recommended at any stage of the 
patient’s perioperative journey. Preoperative con-
tinuous positive airway pressure (CPAP) may 
have beneficial effects on symptom severity and 
PPC in patients with obstructive sleep apnea 
(OSA). Intraoperative use of NIV is poorly inves-
tigated and clinical trials are required on this sub-
ject [4]. Intraoperative use of NIV along with 
neuraxial anesthesia may be justifiable in selected 
patients. NIV can partially compensate for the 
affected respiratory function by unloading the 
respiratory muscles and reducing the work of 
breathing, as well as improving alveolar recruit-
ment with preservation of lung volumes, result-
ing in better gas exchange, reduce right ventricular 
preload and left ventricular afterload, and avoid 
complications of invasive mechanical ventilation 
[4]. However, NIV is most commonly used in the 
postoperative period, either due to the patient’s 
comorbidities or after surgery carrying a high 
risk of PPC [1, 3]. The overall incidence of PPC 
is quoted up to 10% among all surgical patients 
and can be as high as 40% after abdominal sur-
gery. PPC may adversely affect surgical morbid-
ity and mortality and lead to an increased 
healthcare financial burden. Studies suggested 
that NIV was associated with a lower risk of 
acute respiratory failure after cardiac or thoracic 
surgery [5].

A clear mortality benefit with NIV usage in 
elective surgical populations has not been estab-
lished, due to a relatively low baseline risk, 
although there may be survival benefits in 
selected high-risk patient groups [1].
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25.2.2  Thoracic Surgery

Pulmonary complications remain the leading 
cause of death after thoracic surgery, occurring 
in 60–80% of patients [3]. NIV use after thoracic 
surgery has been demonstrated to be safe, with-
out an increase in bronchial stump disruption 
and persistent air leaks. By requiring an intact 
respiratory drive, NIV may optimize the pulmo-
nary ventilation to perfusion match, even better 
than in intubated patients, favoring the normal-
ization of blood gas tension during the surgery, 
but with avoidance of intubation-related compli-
cations (trauma, airways mechanical irritation, 
infections). NIV improves gas exchange, reduces 
the need for IMV, and lowers mortality in 
patients with respiratory failure after lung resec-
tion [1, 5].

Evidence from thoracoabdominal aortic aneu-
rysm repair suggests that prophylactic nasal 
CPAP reduces the incidence of pulmonary com-
plications and leads to a shortened hospital length 
of stay. Also, patients with respiratory compro-
mise after thoracoabdominal esophagogastrec-
tomy have been shown to benefit from therapeutic 
NIV, with reductions in reintubation, septic 
shock, and critical care length of stay [1]. NIV 
also may alleviate acute respiratory failure sec-
ondary to blunt chest injuries. A recent meta- 
analysis suggested that NIV may lead to improved 
oxygenation, reduction in pulmonary complica-
tions, lower rate of intubation, and improved 
overall mortality [1].

Video-assisted thoracoscopic surgery (VATS) 
has been replacing the classical thoracotomy for 
several indications and the importance of this 
minimally invasive procedure has gradually 
increased. It represents an important element of 
enhanced recovery program in thoracic surgery. 
The goal is to minimize stress response, reduce 
postoperative pulmonary complications, and 
improve patient outcome [6]. A successful VATS 
under NIV in a terminal cancer patient with 
recurrent pleuro-pericardial effusion has been 
reported. NIV may facilitate the need to relieve 
symptoms due to recurrence of malignant pleural 
effusion without using endotracheal intubation, 
which may require postoperative ventilation [4].

25.2.3  Cardiac Surgery

Cardiac surgery can be accompanied by postop-
erative complications, which are associated with 
increased postoperative morbidity and mortality. 
Modern surgery techniques have been successful 
in decreasing adverse effects and both the opera-
tive and postoperative mortality [5]. Despite 
these good results, the incidence of postoperative 
morbidity is still significant [7]. PPC are the most 
common, with a prevalence ranging from 5% to 
20% [5, 8]. Some authors reported that 40–90% 
of patients undergoing cardiac surgery have pul-
monary complications [3]. Up to 10% of patients 
require a prolonged postoperative care, with lon-
ger intensive care unit (ICU) stays and worse 
long-term outcomes, which carries a higher 
healthcare cost. A meta-analysis suggests that 
early goal-directed hemodynamic therapy 
reduces postoperative complications and hospital 
length of stay after cardiac surgery, but no 
improvement in mortality has been found [7].

Few studies have demonstrated that NIV could 
improve the outcome of cardiothoracic patients 
with respiratory failure [9]. A randomized con-
trolled study, comparing NIV with standard treat-
ment, was negative in subjects with COPD after 
lung resection, although it improved oxygenation 
and pulmonary complications after cardiac sur-
gery [9]. Compared to conventional manage-
ment, NIV improved patient’s oxygenation and 
decreased the need for endotracheal intubation, 
without significant complications, but did not 
demonstrate a significant effect on the risk of 
other outcomes [3, 5].

Obesity is a risk factor for postoperative 
hypoxemia after cardiac or thoracic surgery and 
prophylactic use of NIV is recommended in this 
specific population, in the postoperative period or 
after extubation, because it can unload the inspi-
ratory muscles of obese patients [9].

A series of randomized controlled trials 
(RCTs) support the use of prophylactic nasal 
CPAP and demonstrated a reduction in PPC and 
need for critical care admission [1]. A meta- 
analysis suggested that prophylactic use of NIV 
reduced the rate of PPCs in patients after cardiac 
surgery. Prophylactic NIV could lower the rate of 
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atelectasis, reintubation, and other respiratory 
complications (pleural effusion, pneumonia, and 
hypoxia) [3, 8]. A mortality benefit has not been 
demonstrated with NIV therapy in elective surgi-
cal populations, probably due to a relatively low 
baseline risk. However, NIV has proven its ben-
efits in prevention of PPC and reductions in criti-
cal care and hospital length of stay [1]. Although 
NIV was effective in the treatment of patients 
with postoperative acute respiratory failure, its 
role as a preventive tool, for PPC and need for 
IMV, remains unclear and is probably limited to 
high-risk patients [5].

25.2.4  Abdominal Surgery

Diaphragmatic dysfunction and severe reduction 
in vital capacity are among the most frequent 
complications of abdominal surgery and often 
lead to atelectasis and hypoxemia [2]. It has been 
reported that 9–40% of patients undergoing 
abdominal surgery developed at least one PPC 
[3]. Up to 50% of patients after abdominal sur-
gery suffer from hypoxemia and 8–10% will 
ultimately require tracheal intubation. Current 
evidence suggests that both prophylactic and 
therapeutic use of CPAP may improve postoper-
ative oxygenation, reduce atelectasis, decrease 
the incidence of pneumonia and rates of reintu-
bation, and also reduce the length of ICU stay 
[1–3]. Among patients with hypoxemic respira-
tory failure following abdominal surgery, use of 
NIV, compared with standard oxygen therapy, 
reduced the risk of tracheal reintubation within 
7  days, while fewer patients developed 
healthcare- associated infections, but there were 
no significant differences in gas exchange [10]. 
These findings could be explained by NIV effect 
on reducing atelectasis, which could decrease 
bacterial growth and mitigate bacterial translo-
cation from the lung into the bloodstream. 
Furthermore, avoidance of endotracheal intuba-
tion is probably the major reason for the pneu-
monia reduction. In multiple RCTs, NIV has 
shown benefits in the treatment of respiratory 

failure of nonsurgical patients. However, no 
RCTs have evaluated whether NIV could reduce 
the need for IMV and its effect on the incidence 
of healthcare- associated infections in patients 
who develop hypoxemic acute respiratory failure 
after abdominal surgery [10].

Stock et  al. reported that patients receiving 
CPAP after cholecystectomy had a significantly 
improved functional residual capacity and lesser 
evidence of atelectasis than those treated with 
kinesiotherapy [2]. Yurtlu et al. reported the suc-
cessful application of NIV, together with epidural 
anesthesia, for emergency open cholecystectomy 
in a COPD patient with severe airflow obstruc-
tion and hypercapnic respiratory failure [4]. 
Squadarone et  al. verified that CPAP use in 
patients who developed postoperative hypoxemia 
after laparotomy significantly reduced the inci-
dence of endotracheal intubation and other severe 
complications [2]. Application of nasal CPAP 
after abdominal aortic aneurisms repair was 
found to result in significantly improved oxygen-
ation and fewer episodes of severe hypoxia, but 
had no effect on rates of mortality, cardiac or 
respiratory complications, and length of stay [1].

In the largest prospective worldwide database 
on bariatric surgery, acute respiratory failure rep-
resented the fourth cause of mortality (11%). 
Current evidence has demonstrated clear benefits 
of prophylactic NIV in the postoperative period 
of abdominal surgery, in morbidly obese patients 
[3]. Joris et  al. applied bilevel positive airway 
pressure (BPAP) in these patients, which signifi-
cantly improved the peak expiratory flow rate, 
the forced vital capacity, and the oxygen satura-
tion on the first postoperative day. The beneficial 
effects of NIV were attributed to an improvement 
in lung inflation, prevention of alveolar collapse, 
and reduced inspiratory threshold load [2].

Some studies have denoted complications 
with NIV use, including gastric distention and 
pulmonary aspiration [10]. There is concern 
about increased anastomotic leakage in patients 
treated with NIV after abdominal surgery. 
However, there have been several studies on the 
use of NIV in patients who had undergone proce-
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dures like esophagectomies, digestive surgeries, 
gastrectomies, and colostomies showing 
increased benefits and reduced morbidity with 
use of NIV postoperatively [2].

25.3  Conclusion Discussion

Anesthesia and surgery can severely impair respi-
ratory function, resulting in PPCs and respiratory 
failure. Despite the limited data and the need for 
more RCTs, NIV has proven to be an effective 
treatment, decreasing the need for invasive venti-
lation, in the setting of moderate to severe acute 
postoperative respiratory failure. Early adminis-
tration of NIV should be considered both as a 
prophylactic and therapeutic tool in postopera-
tive patients [3]. NIV improves the matching of 
ventilation to perfusion in the dependent lung 
areas and reduces respiratory muscles workload. 
These benefits are especially desirable in patients 
affected by restrictive or obstructive lung dis-
eases [4]. Peri- and postoperative use of NIV has 
not only reduced intubation rates but has also 
reduced morbidity and hospital length of stay [2]. 
Clear mortality benefits from perioperative NIV 
are difficult to demonstrate but may be present in 
high-risk surgical patients. The optimal settings 
and duration of therapy remain unclear [1].

Key Major Recommendations
• NIV may reduce the incidence of postopera-

tive complications.
• NIV should be considered both as prophylactic 

and therapeutic tool in postoperative patients.

• NIV has proven to be an effective treatment 
option, preventing the need for invasive 
ventilation.

• Mortality benefits from perioperative NIV 
have not been clearly proven.
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Pulmonary Function-NIV. 
Traumatic Cervical Spinal Cord 
Injury and Neurosurgery

Ertay Boran

Abstract

The spinal level of neurologic injury, the type 
of neurologic deficit, and the duration of 
injury are all factors that define the degree of 
respiratory impairment. Usually, functional 
compromise worsens as the level of injury is 
higher. Detailed monitoring must be applied 
in all patients with cervical spine injury and 
after neurosurgery for early detection of respi-
ratory failure.
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Abbreviations

COPD Chronic obstructive pulmonary disease
CPP Cerebral perfusion pressure
CSCI Cervical spinal cord injury
FRC Functional residual capacity
FVC Forced vital capacity
GCS Glasgow Coma Scale
GPB Glossopharyngeal breathing
ICP Intracranial pressure
ICU Intensive care unit

NIV Noninvasive ventilation
OSA Obstructive sleep apnea
PEEP Positive end-expiratory pressure
Pimax Maximal inspiratory pressure
RV Residual volume
SCI Spinal cord injury
VC Vital capacity

26.1  Introduction

Motor vehicle accidents are the most frequent 
cause of cervical spine cord injury (CSCI), fol-
lowed by falls, sports injuries, and gunshot or 
stab wounds. People experiencing head-first 
falls and unrestrained (by seat belts) drivers or 
passengers in high-speed, front-end motor vehi-
cle accidents are at particularly high risk for 
CSCI [1].

Respiratory complications are one of the most 
common and serious clinical conditions in trau-
matic CSCI patients and are an important cause 
of morbidity and mortality also after neurosurgi-
cal operations [1].

The level of spinal cord injury (SCI) is a defi-
nite factor in ventilator dependence; 85% of C1 
patients, 72% of C2, and 40% of C3 require 
mechanical ventilation [2].

Intensive pulmonary therapy initiated early 
after acute C1–C5 CSCI and after neurosurgery 
is associated with increased survival, decreased 
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incidence of pulmonary complications, and 
decreased need for ventilatory support [2, 3].

Primary pulmonary function evaluation and 
follow-up assessments are mandatory for early 
diagnosis of acute respiratory failure [3].

The use of noninvasive ventilation (NIV) for 
patients with high-level tetraplegia was first 
showed in 1990. It was reported that chronic SCI 
patients with tracheostomy tube could be extu-
bated and managed by NIV.  Largely, most 
patients with SCI and ventilatory insufficiency 
are suitable candidates for NIV [2].

There is little information on the clinical ben-
efits and indications of NIV for CSCI and neuro-
surgery, especially the timing of introduction of 
NIV [2].

The aim of this study is to overview the pul-
monary function and the NIV’s clinical effective-
ness in traumatic cervical spine injury and 
neurosurgery patients.

26.2  Discussion and Analysis 
of the Main Topic

26.2.1  Pulmonary Function After 
CSCI and Neurosurgery

Patients undergoing neurosurgical procedures 
experience a greater frequency of respiratory fail-
ure compared with other surgical specialties. 
Potential reasons for this increased risk include a 
higher incidence of altered mental status, 
 prolonged surgical procedures, and central respi-
ratory dysfunction secondary to postoperative 
swelling (i.e., retraction near the brain stem). 
Vital structures, such as the brain stem and cra-
nial nerves, which are susceptible to compres-
sion, may be affected during surgery. Furthermore, 
intraoperative prone positioning may precipitate 
mechanical airway obstruction from macroglos-
sia, whereas resection near the brain stem may 
produce central respiratory dysfunction and cra-
nial nerve injury [4].

A decline in conscious level results in dimin-
ished airway reflexes. Generally, patients with a 
Glasgow Coma Scale (GCS) below 8 cannot pro-
tect their airways; similarly, those patients with 

lower cranial nerve dysfunction (e.g., after poste-
rior fossa surgery) are at risk if laryngeal reflexes, 
cough, or swallow are diminished [5]. Intracranial 
hypertension is a risk factor for the development 
of neurogenic pulmonary edema.

Shortly after a traumatic SCI, there is a period 
of spinal shock lasting weeks and months, result-
ing in flaccid paralysis of muscles below the 
injury level. The flaccid paralysis of the intercos-
tal muscles establishes an unstable thoracic wall 
such that negative intrathoracic pressure during 
inspiration causes paradoxical inward collapse of 
the ribs. This mechanical instability and disad-
vantage results in less effective ventilation, 
increased work of breathing, and a propensity 
toward distal airway collapse and microatelecta-
sis. Airway secretions may accumulate in the 
bronchi and bronchioles through increased pro-
duction or decreased clearance due to reduced 
coughing. During this period, the possibility of 
intubation and ventilation for respiratory support 
is high [6].

Over time and due to weakness, the active 
chest wall movement decreases, the tendons, 
ligaments, and joints of the rib cage harden. 
Together with spasticity of the intercostal mus-
cles, the thoracic wall will be stabilized at a 
lower absolute lung volume. The resolution of 
spinal shock may also improve lung volumes as 
the thoracic and abdominal muscles begin to 
develop spasticity [6]. The respiratory failure 
risk is directly related to the level of injury. 
Trauma above C3 is reason to nearly complete 
respiratory muscle paralysis. These patients use 
the platysma, mylohyoid, sternohyoid, and tra-
pezius muscles to support the sternocleidomas-
toid muscles with respiration. The situation 
becomes even more complicated when central 
alveolar hypoventilation developed. The auto-
matic control of breathing is impaired by dis-
rupting the reticulospinal pathways of the upper 
cervical cord (lesions ventrally located). Lesions 
located laterally protect the automatic control 
but weaken voluntary ventilation [7].

In injuries above C6, sympathetic innervation 
of the heart is disrupted and vagal tone with bra-
dycardia increases. This may cause cardiac arrest 
during suctioning in intubated patients and 
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sometimes a temporary pacemaker may be 
required. According of the level of SCI, periph-
eral paralysis of the arms, legs, or both will 
occur, followed later by spasticity. The symp-
toms of upper SCI are dyspnea, which may be 
worsening in the sitting position, due to paralysis 
of respiratory muscles. Coughing is also dam-
aged because the inspiratory phase of cough 
consists of a deep inspiration. Further, the expi-
ratory muscles that participate to cough are also 
paralyzed. As a result, secretion blockage and 
development of atelectasis develop. Also, speech 
is affected and patients speak in a low voice. 
Lung function shows a restrictive pattern with 
reduced vital capacity (VC) and total lung capac-
ity (TLC). Patients generally have rapid shallow 
breathing [6, 7]. The absent tone of the chest 
wall muscles results in a reduction of the chest 
wall recoil pressure [7]. C4–7 injury leads to a 
forced vital capacity (FVC) of 52% and a maxi-
mal inspiratory pressure (Pimax) of 64% pre-
dicted normal [6, 7].

The body position has a significantly high 
influence on lung function according to healthy 
subjects. Patients with cervical cord transection 
show an increase in VC and Pimax and a 
decrease in RV and FRC when moving from a 
sitting position to a supine posture. In the sitting 
position, the diaphragm is pulled down by the 
abdomen, but in the supine position, the abdo-
men moves the diaphragm upward. Furthermore, 
the loss of the intercostal muscle function may 
move the upper rib cage paradoxically inward 
during inspiration. Spinal cord injuries between 
C3 and C8 usually do not lead to ventilatory 
failure. But respiratory failure may develop 
more often with comorbidities (e.g., chronic 
obstructive pulmonary disease [COPD], obesity, 
sleep apnea) [7].

Another complication of CSCI is nocturnal 
disordered breathing during the chronic stage. 
Irregular breathing, Cheyne-Stokes respiration, 
and both central and obstructive sleep apnea have 
been described in such patients [2]. These respi-
ratory problems during sleep could worsen the 
ventilatory status and lead to daytime ventilatory 
impairment [2].

26.2.2  Physiologic Effects of NIV 
on Neurologic System

High positive end-expiratory pressure (PEEP) 
may induce an increase in intracranial pressure 
(ICP) through increasing central venous pres-
sure. Also, the hemodynamic effects of high 
PEEP, as reduction of cardiac output and blood 
pressure, could produce critical reductions in 
cerebral perfusion pressure (CPP) and may lead 
to cerebral ischemia. NIV also leads to increase 
in ICP and lowers CPP, which has to be remem-
bered when applying NIV to neurosurgery 
patients [8]. The hypoxemia that arises after 
CSCI may exacerbate spinal cord ischemia [3].

Both respiratory and central nervous systems 
are intimately interconnected through a delicate 
balance. Any disorder in this equilibrium can 
translate to devastating consequences for a 
patient [8].

26.2.3  Risk Factors for Postoperative 
Pulmonary Complications

Intraoperative blood loss and hypotension 
requiring transfusion and excessive IV fluids 
and prone positioning resulting in facial and air-
way edema which reduce lung compliance may 
further deteriorate patient’s respiratory status. 
Therefore transfusion- related acute lung injury 
may develop [3].

The already affected airway reflexes, including 
cough and gag, may further lessen by the residual 
anesthetic agents and opioids. Therefore, these 
patients should be transferred to the ICU. Already 
patients with preoperative reasonable respiratory 
status may require postoperative mechanical ven-
tilation. Patients with lesions of C5 and above are 
especially at risk for respiratory failure [3].

Risk factors for respiratory failure after neuro-
surgery include older age, longer procedure time, 
renal and pulmonary comorbidity, nonelective 
(emergency) surgery, preoperative alcohol use, 
functional dependence prior to surgery, operation 
type (cranial, infratentorial), high SCI, stroke, 
altered mental status, and central respiratory dys-
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function secondary to postoperative swelling [4, 
5, 9].

The spinal level of neurologic injury, the type 
of neurologic deficit, and the duration of injury 
are all factors that define the degree of respiratory 
impairment. Usually, functional compromise 
worsens as the level of injury is higher.

Respiratory complications following CSCI 
are poor coughing, increased airway secretions, 
and bronchospasm, which predispose to atelecta-
sis, pneumonia, and exacerbations of respiratory 
failure [2].

Early surgical stabilization of the spine is typi-
cal practice in the majority of traumatic CSCI 
patients [6]. Patients are generally intubated for 
surgery, and once surgically stabilized they are 
admitted to intensive care postoperatively [6]. 
Because of acute respiratory insufficiency due to 
the spinal trauma the patient’s intubation dura-
tion may be prolonged and followed by tracheos-
tomy. The times of spontaneously breathing may 
be decreased by tracheostomy due to diaphragm 
deconditioning, tube-induced airway secretions, 
hyperventilation causing hypercapnea, inability 
to cough, and loss of glottis valving [7].

The major sleep-related respiratory problem 
post CSCI is obstructive sleep apnea (OSA). The 
OSA appears as a direct consequence of cervical 
injury and is up to 83% prevalent in the first year 
[6]. Neurocognitive impairments including 
decreased memory and attention have also been 
linked to nocturnal hypoxia in tetraplegic sub-
jects with untreated OSA [6].

26.2.4  Benefits of NIV

NIV may be an important tool to prevent (pro-
phylactic treatment) or treat (curative treatment) 
respiratory failure by avoiding intubation.

NIV could be indicated to prevent respiratory 
failure in high-risk patients, like patients affected 
by obesity, OSA, COPD, coronary artery disease, 
muscular dystrophy, or neurologic disease.

NIV can be a logical solution when curariza-
tion is not absolutely required. NIV can support 
the respiratory function, allowing maintenance of 
the correct position. Also, NIV can counterbal-
ance the respiratory depression associated to 
sedative and local anesthetic agents [10].

NIV benefits can be summarized as: (1) to 
reduce the work of breathing; (2) to improve 
alveolar recruitment resulting in better gas 
exchange; and (3) to reduce left ventricular after-
load, increasing cardiac output and improving 
hemodynamy [11].

Applying positive pressure can prevent atelec-
tasis, reduce the severity of inflammatory pulmo-
nary effusion, and improve cardiac function [10].

NIV is notified to decrease the complications 
of granulation formation, stomal infection, tra-
cheomalacia, tracheal perforation, stenosis, fis-
tula formation, decreased voice volume during 
long-term tracheostomy ventilation, and helps 
perform glossopharyngeal breathing (GPB) after 
CSCI [2].

Clinical improvement after the initiation of 
NIV within 1  year of CSCI can strengthen the 
sternocleidomastoid and trapezius muscles to 
expand the chest and enhanced voluntary ventila-
tion and increased the ventilator-free time [2].

One of the major potential clinical benefits of 
NIV in CSCI patients was the increased force of 
the cough act, which facilitated the exhalation of 
thick sputum [2].

CSCI patients who used NIV with a mouth-
piece were able to start spontaneous breathing 
safely and without assistance. They practiced 
voluntary ventilation with the continued use of 
NIV, which promoted ventilatory sufficiency and 
prevented fatigue. Strengthening of respiratory 
accessory muscles should be an important goal of 
NIV therapy [2].

In CSCI cases, compared with invasive venti-
lation, NIV improves quality of life, reduces 
nursing requirements and costs, improves the 
quality of speech, and is more effective in cough-
ing. NIV also enables the ability of GPB, which 
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is a protection in the event of ventilatory equip-
ment failure [7].

26.2.5  Complications of NIV

The serious complications associated with NIV 
in perioperative use are very uncommon. The 
most serious is the increase in mortality associ-
ated with late intubation when NIV fails. In most 
cases they are only mild complications that are 
conditioned by the type of interphase and patient-
fan interaction, gas flow, and circuit pressuriza-
tion [10]. The use of NIV in patients with 
high-level CSCI did not cause major clinical 
complications during a period of 2 years [2].

26.3  NIV in CSCI Patients

The time on NIV is often longer in patients with 
SCI compared with other diseases and lower 
inspiratory pressure is required [7]. The extensive 
time on NIV sometimes requires interfaces other 
than full face mask, and the use of a mouthpiece 
or a combination of different interfaces is com-
mon [7].

Setting up a daytime mode using a mouth-
piece and a volume-controlled mode without 
PEEP followed by a night time mode using a 
nasal mask with a pressure-controlled mode with 
PEEP is one possible way to establish NIV in spi-
nal cord paralysis [7].

Another major problem with high-level quad-
riplegia is decreased ability of coughing, which 
requires techniques to remove bronchial secre-
tions like mechanically assisted coughing. This 
problem is not solved by intubation and invasive 
ventilation, and simple tracheal sucking does not 
prevent the incidence of atelectasis. Hereof, NIV 
is better than invasive ventilation, particularly 
when using specialized techniques like “air 
stacking.” Air stacking permits voluntary sigh-
ing, shouting, and assisted coughing [7].

A different treatment option consists of elec-
trophrenic nerve stimulation. For patients with no 
ventilator-free breathing ability or ability to grab 
a mouthpiece for NIV, electrophrenic pacing may 

be an alternative ventilator approach or may 
facilitate decannulation. Decannulation and 
applying NIV is generally possible with patients 
who have a functioning bulbar musculature [7]. 
The ability of neck rotation may also be a 
decision- making purpose in management of NIV, 
because it facilitates the use of a mouthpiece for 
ventilation [7].

Restoration of lung volume is the treatment 
goal of a person with acute tetraplegia or high 
paraplegia. Intermittent NIV via a mouthpiece or 
facemask to support inspiration prior to manually 
assist coughing can increase lung volume and 
exhalation flow [6].

High-level tetraplegic patients can be safely 
treated without invasive ventilation or tracheos-
tomy in units with significant SCI and NIV prac-
tice. Early extubation and intensive physiotherapy 
may decrease the intensive care length of stay in 
suitable patients [6].

People with tetraplegia are much more likely 
to need NIV for OSA, but upper limb motor dys-
function, less independence in donning and 
removing masks, and increased need for care-
giver support time make use difficult [6].

Neurological level for complete SCI, typical 
respiratory impairment, and support are summa-
rized as:

• C1–C3: Likely full time, ventilator–depen-
dent, secondary to severe diaphragm weak-
ness (paralysis). May be able to come off 
ventilation for brief period if able to ade-
quately self- ventilate using frog breathing/
GPB.  Potential candidate for diaphragm 
pacing.

• C3–C4: Diaphragm function will be impaired; 
reducing tidal volume and vital capacity. 
Periods of unassisted ventilation (ventilator-
free time) are likely and may be adequately 
supported with nocturnal ventilation alone 
domiciliary ventilatory support may be nonin-
vasive, particularly if lung volumes are high 
enough during day while seated.

• C5: Independent respiration is possible in 
long term, although common initial ventila-
tory support. Diaphragm function intact, but 
intercostal and abdominal muscle paralysis 
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results in decreased lung volumes and cough 
strength and effectiveness.

• C6–8: Independent breathing people with 
lesions caudal to C7 typically can augment 
inspiration and cough with accessory mus-
cles, particularly pectoralis major and 
minor [6].

26.4  Intraoperative 
and Postoperative NIV

Intraoperative NIV was used uneventfully in 
anesthesia for awake craniotomy in selected 
high-risk patients to prevent ARF [10]. NIV also 
was applied successfully in the treatment of sub-
arachnoid pleural fistulas [12].

Although severe encephalopathy (GCS <8) 
has been proposed as a possible contraindica-
tion to the use of NIV, some articles have shown 
its effectiveness in patients with altered state of 
consciousness or even coma secondary to respi-
ratory failure [8]. In patients with hemorrhagic 
stroke, PEEP values up to 14 cmH2O did not 
alter cerebral perfusion pressure or mean blood 
pressure [13].

CPAP and noninvasive nasal ventilation may 
be necessary in patients with reduced ventilatory 
capacity, but both modes of support are contrain-
dicated if the neurosurgical wound involves the 
nasopharynx, with potential continuity with the 
intracranial space (e.g., after transsphenoidal sur-
gery) [5].

Also to prevent the rise of intracranial pres-
sure and decrease of the PaCO2 levels which can 
cause the cerebral vasospasm, CPAP treatment 
must be carefully applied [14].

Effect of prophylactic insensitive spirometry 
and CPAP on respiratory functions after craniot-
omy was investigated and favorable effect of spi-
rometry in neurosurgery patients was shown. 
Also, no side effect of CPAP of 10 cmH2O was 
detected [14].

Whether routine or prophylactic NIV can pre-
vent respiratory failure in neurosurgical patients 
is unknown. At present, there is no evidence sup-
porting the effectiveness of NIV in patients 
undergoing craniotomy. Applying PPV to patients 

with intracranial lesions should be weighed care-
fully against the risk of increasing intracranial 
pressure or the risk of cerebral vasospasm with 
decreased PaCO2 from NIV [12].

26.5  Patient Care

In neurosurgical patients, application of adequate 
PEEP should be applied under monitoring of 
mean arterial pressure, ICP, and CPP, as well as, 
ideally, some additional surrogate marker for 
cerebral perfusion [9].

Detailed monitoring must be applied in all 
patients with cervical spine injury for early detec-
tion of respiratory failure. Primary pulmonary 
function evaluation and follow-up assessments 
are mandatory for early diagnosis of acute respi-
ratory failure [3].

ICUs with facilities for continuous monitoring 
of central venous pressure, arterial pressure, 
pulse, respiration rate and pattern, and oxygen-
ation–perfusion parameters must be available for 
all patients with neurological injuries following 
acute SCI, particularly those injuries above the 
C6 level [3].

26.6  Conclusion Discussion

Respiratory impairment following SCI is more 
severe in high cervical injuries and is character-
ized by low lung volumes and a weak cough sec-
ondary to respiratory muscle weakness.

Postoperative lung expansion with incentive 
spirometry, chest physical therapy, postural 
drainage, and continuous positive airway pres-
sure are useful for the prevention of atelectasies 
and pulmonary failure.

In high-level CSCI patients who are depen-
dent on mechanical ventilation, introduction of 
NIV within 1  year of injury is recommended. 
Switching tracheostomy ventilation to NIV was 
proved safe and was associated with better clini-
cal outcome [2]. NIV is superior compared with 
invasive ventilation concerning quality of life, 
nursing requirements and costs, effectiveness of 
coughing, and speech. The preferred devices for 
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NIV adaptation are the nasal mask, nasal pillows, 
and the mouthpiece, whereas full face and total 
face masks should be avoided.

Further research on NIV in CSCI and neuro-
surgical conditions can be conducted to extend 
the use of NIV.

Key Major Recommendations
• A trained team, careful patient selection, and 

optimal choice of devices can optimize out-
come of NIV.

• NIV is the preferred approach to ventilation in 
patients with SCI. Special care has to be taken 
because of the patients’ limb paralysis, which 
affects self-management of NIV and requires 
interfaces such as a mouthpiece.

• Every patient undergoing surgery should 
be clinically assessed for respiratory 
conditions.

• Respiratory impairment following SCI is more 
severe in high cervical injuries and is charac-
terized by low lung volumes and a weak cough 
secondary to respiratory muscle weakness.

• The management following acute high cervi-
cal SCI is tracheostomy and ventilation, with 
NIV and assisted coughing techniques being 
important in lower cervical injuries.
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Assessment of Right Ventricular 
Function in Pulmonary 
Hypertension

Dorina Esendagli and Gulseren Elay

Abstract

Pulmonary hypertension (PH) can affect the 
course of different lung diseases, mainly 
chronic obstructive lung disease (COPD), 
interstitial lung diseases (ILD), and obesity 
hypoventilation syndrome (OHS). It is crucial 
to diagnose PH by using biomarkers, pulmo-
nary function testing, imaging modalities, 
echocardiography, and, if possible, the gold 
standard test right heart catheterization. 
Noninvasive ventilation can improve 
PH-related symptoms in these patients.
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Abbreviations

6MWD 6-min walk distance
COPD Chronic obstructive lung disease
DLCO Diffusing capacity of the lung for car-

bon monoxide
FEV1 Forced expiratory volume
FVC Forced vital capacity
HRCT High-resolution computed tomography
ILD Interstitial lung diseases
IPF Idiopathic pulmonary fibrosis
LA Left atrium
mPAP Mean pulmonary arterial pressure
NIV Noninvasive mechanical ventilation
OHS Obesity hypoventilation syndrome
OSAS Obstructive sleep apnea syndrome
PaCO2 Partial pressure of carbon dioxide
PAH Pulmonary arterial hypertension
PAWP Pulmonary arterial wedge pressure
PH Pulmonary hypertension
PVR Pulmonary vascular resistance
RA Right atrium
RV Right ventricular
SvO2 Mixed venous oxygen saturation
WU Wood units

D. Esendagli (*) 
Department of Chest Diseases, Baskent University, 
Ankara, Turkey 

G. Elay 
Department of Internal Medicine, Intensive Care 
Unit, Gaziantep University, Gaziantep, Turkey

27

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-76197-4_27&domain=pdf
https://doi.org/10.1007/978-3-030-76197-4_27#DOI


196

27.1  Introduction

Pulmonary hypertension (PH) can be encoun-
tered in many different diseases and its presence 
can affect both the prognosis and the survival of 
patients. Early diagnosis and appropriate treat-
ment according to the underlying pathology are 
crucial for a better outcome. In this chapter we 
will focus mainly on the role right ventricular 
function and PH have in chronic lung diseases 
and the benefit noninvasive ventilation has in cer-
tain conditions. PH presence may not correlate 
with other pulmonary function tests and points 
out a specific group of patients who have a cer-
tain genetic signature usually with a worse out-
come. Patients who are progressing and have a 
bad prognosis even with the maximum available 
treatment should undergo extensive diagnostic 
testing to confirm PH and identify the underlying 
cause to begin the appropriate treatment.

27.2  Discussion and Analysis 
of the Main Topic

27.2.1  Definition and Clinical 
Classification of PH

Symptoms and signs of PH are not specific, and 
its diagnosis is often delayed as clinicians are 
mainly focused on treating the underlying dis-
ease and suspect PH only when the medical 
 condition becomes worse or progressing. 
Typically patients present with dyspnea and 
fatigue that progress over time, and years later 
severe pulmonary hypertension and right ven-
tricular failure can develop. Chest pain especially 
when exercising, edema, abdominal pain, and 
swelling are some other common symptoms [1]. 
A detailed physical examination is crucial for dif-
ferential diagnosis. Increased intensity of the pul-
monic component of the second heart sound, 
signs of right ventricular failure, elevated jugular 
venous pressure, wide splitting of the second 
heart sound, a holosystolic murmur of tricuspid 
regurgitation, hepatomegaly, a pulsatile or tender 
liver, peripheral edema, ascites, and pleural effu-
sion are the most common physical signs [1].

Based on etiology and the underlying cause, 
patients with PH are classified mainly into five 
groups (Table 27.1).

Patients in group 1 are considered to have pul-
monary arterial hypertension (PAH), which has 
several causes like inheritable diseases, various 
drugs, and connective tissue disorders. Whereas 
patients in group 2 are mainly the ones who 
develop PH because of a cardiac pathology usu-
ally due to left-sided heart diseases. Group 3 that 
includes the PH due to chronic lung disorders and 
hypoxemia will be the main group discussed in 
detail in this chapter. Group 4 includes mainly 
pulmonary artery obstructions and chronic 
thromboembolic PH, and group 5 is the group of 
PH as a result of unclear or multifactorial mecha-
nisms [2].

Another classification for PH is pre- or post- 
capillary PH presence. In pre-capillary PH the 
primary elevation of pressure is in the pulmo-
nary arterial system whereas in post-capillary 
PH the elevation of pressure is in the pulmonary 
venous and pulmonary capillary systems. Group 
3 that includes lung diseases is mainly defined 
as being a pre-capillary one with a pulmonary 
arterial wedge pressure less than 15 mmHg and 
a pulmonary vascular resistance greater than 3 
Wood units [2]. Some patients might have mixed 
pre-and post-capillary features (Table 27.2).

27.3  PH in Chronic Lung Disease 
and Hypoxia

PH is present in a subset of patients with chronic 
lung disease, and it usually has been shown to be 
related to bad prognosis and poor outcome. The 
etiology behind PH development in only a frac-

Table 27.1 Clinical classification of pulmonary 
hypertension

PAH
PH due to left heart disease
PH due to lung disease and/or hypoxia
PH due to pulmonary artery obstructions
PH with unclear and/or multifactorial mechanisms

PH pulmonary hypertension, PAH pulmonary arterial 
hypertension
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tion of patients is still not clearly understood, and 
the degree of pulmonary artery pressure some-
times can be very high and cannot be justified 
with only the underlying lung disease. The detec-
tion of PH in suspected patients can be performed 
initially by noninvasive methods. The plasma 
levels of N-terminal pro-BNP are usually ele-
vated in severe PH patients but the specificity is 
low since it can be influenced by other heart dis-
eases. Pulmonary function tests that are routinely 
performed for the diagnosis of lung disease and 
follow-up of patients can also be used for PH 
diagnosis, and usually diffusing capacity of the 
lung for carbon monoxide (DLCO) and exercise 
capacity are decreased together with impaired 
gas exchange even at rest. Imaging modalities 
that can help to calculate a ratio greater than 1 of 
the pulmonary artery to ascending aorta can be 
used as a tool for PH detection in IPF and COPD 
patients. On the other hand, the gold standard 
technique for PH is right heart catheterization 
that should be performed in patients with clinical 
progression and worsening gas exchange abnor-
malities or exercise limitations. The suggested 
diagnostic measurements for mild to moderate 
PH in lung diseases are mPAP 21–24 mmHg with 
PVR ≥3 WU, or mPAP 25–34 mmHg. Severe PH 
is defined as mPAP  ≥  35  mmHg or 
mPAP  ≥  25  mmHg with a low cardiac index. 
Sometimes it can be difficult to decide if a patient 
belongs to group 1 or group 3 for PH, and the 
criteria favoring group 3 are mainly the follow-
ing: FEV1˂% predicted value for COPD, 
FVC ˂ 70% predicted value for IPF, a compatible 
DLCO result with the changes in spirometry, 

reduced breathing reserve, mixed venous oxygen 
saturation above lower limit, increase in PaCO2 
during exercise, typical airway and parenchymal 
changes shown on high resolution computed 
tomography of the chest (HRCT), and PH of mild 
to moderate degree [3]. There is a lack of data on 
this field as few randomized controlled trials have 
been performed, and we will focus mainly on the 
lung diseases that have been studied so far.

27.3.1  COPD

PH prevalence in COPD depends on both the 
severity of the disease and the method used to 
diagnose it. Some studies have even shown that 
in a subgroup of COPD patients there does exist 
a genetic signature that predisposes to PH devel-
opment. A majority of severe COPD patients 
who are classified as GOLD stage 4 have a mPAP 
greater than 20 mmHg. Of these, 1–5% of patients 
are classified as severe PH. A pulmonary vascu-
lar COPD phenotype has been defined for patients 
who have a severe decrease in airflow and DLCO, 
normo- or hypocapnia, and cardiovascular exer-
cise limitation. Studies have shown that radiol-
ogy for mild to moderate and severe PH-COPD 
patients is not different and that usage of echo-
cardiography had only a weak correlation with 
systolic PAP measured by right heart catheteriza-
tion. These findings suggest that COPD patients 
who are progressing or have a bad prognosis 
should be further evaluated with invasive meth-
ods like right heart catheterization as they cannot 
be identified by noninvasive measurements like 
echocardiography or imaging techniques; thus 
under evaluation is a matter of concern. Hurdman 
et  al. have identified predictors of survival in 
COPD patients with pulmonary hypertension that 
consist of age, DLCO, mixed venous oxygen 
saturation (SvO2), and WHO functional class. A 
SvO2 less than 65% and DLCO less than 27% 
could be used to define the subgroup with a worse 
outcome within PH-COPD patients. This group 
of patients was shown to be more hypoxemic and 
hypocarbic instead of hypercarbic due to hyper-
ventilation. Interestingly the correction of 
hypoxia by providing supportive oxygen treat-

Table 27.2 Pre- and post-capillary pulmonary 
hypertension

Pre-capillary PH mPAP >20 mmHg
PAWP ≤15 mmHg
PVR ≥3 WU

Isolated post-capillary PH mPAP >20 mmHg
PAWP >15 mmHg
PVR <3 WU

Combined pre-and 
post-capillary PH

mPAP >20 mmHg
PAWP >15 mmHg
PVR ≥3 WU

PH pulmonary hypertension, mPAP mean pulmonary 
arterial pressure, PAWP pulmonary arterial wedge pres-
sure, PVR pulmonary vascular resistance, WU wood units
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ment did not lead to an improvement of PAP, and 
this supports the idea that hypoxia is not the only 
cause driving PH in COPD patients. COPD is a 
disease that can present with exacerbations, and 
since the measurement of PAP might not reflect 
the real value in presence of an attack it is recom-
mended that PH assessment be performed when 
the patients are in stable disease [4].

Meta-analysis regarding PAH-targeted thera-
pies in PH-COPD patients has shown a benefit in 
hemodynamic effects with sildenafil and bosen-
tan. On the other hand, no distinct improvement 
could be shown in the 6-min walk distance 
(6MWD) test, dyspnea, and quality of life; thus, 
further and larger studies are needed in this field 
to define a possible benefit of these medical drugs 
in COPD patients.

27.3.2  ILD

Interstitial lung diseases have also been associ-
ated with PH development in a portion of 
patients, but current knowledge is mostly about 
idiopathic pulmonary fibrosis (IPF). A correla-
tion of IPF severity and the frequency of the 
presence of PH has been shown. Even at the ini-
tial screening of newly diagnosed IPF patients, 
8–15% have a mPAP greater than 25 mmHg. In 
advanced IPF, PH frequency is around 30–50% 
and in end-stage disease it is more than 60%, 
thus stressing the importance of right heart 
assessment in this group of patients. The pres-
ence of PH harms the prognosis and survival of 
IPF patients and like COPD there is poor corre-
lation with lung function impairment and HRCT 
findings. Some studies have shown a genetic 
predisposition for some IPF patients to develop 
PH and to progress rapidly, which is also related 
to a poorer prognosis when compared to other 
causes of PH [3].

Another group of patients is those with com-
bined pulmonary fibrosis and emphysema with a 
prevalence of PH as high as 30–50%. Patients 
have a significant decrease in DLCO, and deep 
hypoxemia and survival rates are low. Clinical 
trials regarding PH treatment with PAH-specific 
drugs in these groups of patients have shown that 

riociguat and ambrisentan are contraindicated 
and that other drugs, despite an average improve-
ment of 46 m in the 6MWD, were of no benefit in 
dyspnea or improving quality of life, suggesting 
that the usage of these drugs should be studied 
further in detail.

27.3.3  OHS

Obesity is a matter of concern because of 
increased incidence and its relation to high mor-
bidity and mortality. Obesity is related to both 
obesity hypoventilation syndrome (OHS) and 
obstructive sleep apnea-hypopnea syndrome 
(OSAS). Alveolar hypoventilation is shown to be 
the most important driving factor for PH develop-
ment in this group of patients. It is an interesting 
fact that the presence of hypoxia or hypercapnia 
is not enough for the pathogenesis since not all 
these patients have PH, and administration of 
oxygen did not reduce PAP value or improved 
hemodynamics in OHS patients. Studies have 
shown that OSAS alone can increase PAP above 
the normal limit. The prevalence of right ventric-
ular overload is quite frequent in OHS patients 
ranging from 43.3% to 58% depending on the 
cut-off value for PAP, and the technique used for 
the diagnosis is either an invasive one like right 
heart catheterization or a noninvasive method 
like echocardiography. Since the latter is difficult 
to perform in obese patients the usage of nonin-
vasive methods as a diagnostic tool can underes-
timate the presence and severity of PH in this 
group of patients.

27.3.4  Other Diseases

Sarcoidosis has also a high incidence of PH rang-
ing from 5.7 to 74%. The presence of PH in this 
group of patients is usually shown in diffuse 
parenchymal involvement and is related to poor 
survival. The etiology for PH is multifactorial 
including remodeling and fibrosis, compression 
by lymphadenopathies of pulmonary vessels, left 
ventricular dysfunction, and portopulmonary 
hypertension.
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PH can be present in Langerhans cell histiocy-
tosis, lymphangioleiomyomatosis, chronic 
hypersensitivity pneumonitis, bronchopulmo-
nary dysplasia, cystic fibrosis, and even lung can-
cer patients.

There are still not enough data for the approval 
of PAH-targeted drugs in the treatment of PH in 
this group of diseases.

27.4  PH and Noninvasive 
Ventilation

The presence of PH in lung diseases is a sign of 
bad prognosis and poor outcome, and not enough 
data are present regarding the usage of certain 
medications in these groups of patients. 
Regarding the usage of noninvasive ventilation as 
a means of treatment in both COPD and OHS 
patients that develop hypercapnia, a few studies 
have been performed to investigate its role in PH 
as well.

27.4.1  COPD Including Exacerbations

There are only a few studies regarding the benefit 
of NIV in COPD patients who are diagnosed with 
PH. Long-term NIV usage was shown to improve 
gas exchange but not pulmonary function in 
COPD patients [5]. The mPAP value did not 
change after NIV for COPD but it was reduced 
for patients who had thoracic restriction. One of 
the reasons for the lack of response to NIV might 
be mechanical distortion that is caused by pro-
gressive airway obstruction and which is not 
expected to be changed. Another study investi-
gated the role of NIV in PH-COPD patients with 
acute exacerbations and showed an improvement 
of blood gas parameters, walking autonomy, and 
symptoms for patients with a systolic pulmonary 
artery pressure less than 55 mmHg. Unfortunately, 
COPD patients with severe PH had a poor 
response to NIV treatment [6].

27.4.2  OHS

Different studies have been performed regarding 
the effect of NIV on OHS patients including dif-
ferent periods of time starting from 3 months to 
12 years follow-up. Held et al. showed that with 
only 3  months of treatment with NIV systolic, 
diastolic, mPAP together with PVR decreased, 
and improvement up to 66 m was observed in the 
6MWD test [7]. The volume of the right atrium 
(RA) decreased, left atrium (LA) increased, and 
right ventricular (RV) function improved. 
Cardiac function improvement was also accom-
panied by decreased serum NT-proBNP levels. 
Another study showed a decrease in mean sys-
tolic PAP in patients with right ventricular over-
load and a significant increase in the 6MWD test 
after 6 months of NIV treatment. A longitudinal, 
observational study that included OHS patients 
in a home ventilation program for 12  years 
showed that bi-level positive airway pressure led 
to improvement of FEV1 and FVC and blood gas 
values. In this study, FVC was shown as the pre-
dictor factor for mortality for this group of 
patients [8, 9].

27.5  Conclusion Discussion

The assessment of right ventricular function and 
the presence of PH in patients with lung diseases 
are important in order to estimate prognosis and 
outcome. Unfortunately there are not enough 
data regarding the treatment of PH in this group 
of patients, and further studies are crucial in the 
field. Development of animal models, research 
on novel biomarkers, and clinical trials are 
encouraged. Future studies that focus on identifi-
cation of patients at risk and aim at the prevention 
or reversal of vascular remodeling are important. 
The role of specific drugs in prognosis/survival 
and the usage of NIV for subgroups of patients 
that might benefit are matters of concern that 
should be enlightened.

27 Assessment of Right Ventricular Function in Pulmonary Hypertension
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Key Major Recommendations
• The presence of PH and right ventricular 

assessment are recommended for progressing 
chronic lung diseases with worse outcomes.

• NIV treatment has been shown to reduce 
mPAP in OHS but not in COPD patients.

• PAH-targeted therapies in group 3 PH patients 
need further investigation.

References

 1. Frost A, Badesch D, Gibbs JSR, et al. Diagnosis of 
pulmonary hypertension. Eur Respir J. 2019;53.

 2. Simonneau G, Montani D, Celermajer DS, Denton 
CP, Gatzoulis MA, Krowka M, Williams PG, Souza 
R.  Haemodynamic definitions and updated clinical 
classification of pulmonary hypertension. Eur Respir 
J. 2019;53(1):1801913.

 3. Nathan SD, Barbera JA, Gaine SP, Harari S, Martinez 
FJ, Olschewski H, Olsson KM, Peacock AJ, Pepke-
Zaba J, Provencher S, Weissmann N, Seeger W. 
Pulmonary hypertension in chronic lung disease and 
hypoxia. Eur Respir J. 2019;53(1):1801914.

 4. Hurdman J, Condliffe R, Elliot CA, Swift A, Rajaram 
S, Davies C, Hill C, Hamilton N, Armstrong IJ, 

Billings C, Pollard L.  Pulmonary hypertension in 
COPD: results from the ASPIRE registry. Eur Respir 
J. 2013;41(6):1292–301.

 5. Schönhofer B, Barchfeld T, Wenzel M, Köhler D. Long 
term effects of non-invasive mechanical ventilation on 
pulmonary haemodynamics in patients with chronic 
respiratory failure. Thorax. 2001;56(7):524–8.

 6. Parola D, Romani S, Petroianni A, Locorriere L, 
Terzano C.  Treatment of acute exacerbations with 
non-invasive ventilation in chronic hypercapnic 
COPD patients with pulmonary hypertension. Eur 
Rev Med Pharmacol Sci. 2012;16(2):183–91.

 7. Held M, Walthelm J, Baron S, Roth C, Jany 
B. Functional impact of pulmonary hypertension due 
to hypoventilation and changes under noninvasive 
ventilation. Eur Respir J. 2014;43(1):156–65.

 8. Castillejo EO, de Lucas RP, Martin SL, Barrios PR, 
Rodríguez PR, Caicedo LM, Cano JM, Gonzalez- 
Moro JM.  Noninvasive mechanical ventilation in 
patients with obesity hypoventilation syndrome. 
Long-term outcome and prognostic factors. Arch 
Bronconeumol (English Edition). 2015;51(2): 
61–8.

 9. Castro-Añón OL, Golpe R, Pérez-De-Llano LA, 
Lopez Gonzalez MJ, Escalona Velasquez EJ, Perez 
Fernandez R, Testa Fernandez A, Gonzalez Quintela 
A. Haemodynamic effects of non-invasive ventilation 
in patients with obesity-hypoventilation syndrome. 
Respirology. 2012;17(8):1269–74.

D. Esendagli and G. Elay



Part IV

Lung Function Measurement in 
Noninvasive Ventilation Are There Any 

Impact of Implementation?



203© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021 
A. M. Esquinas (ed.), Pulmonary Function Measurement in Noninvasive Ventilatory Support, 
https://doi.org/10.1007/978-3-030-76197-4_28

Equipment for Pulmonary 
Function Evaluation: Devices 
and Technology

Márcia Araújo, Sara Dias, Bruno Cabrita, 
and Bárbara Seabra

Abstract

Pulmonary function tests are essential for the 
diagnosis and management of pulmonary dis-
eases. Spirometry is the most commonly used 
test and can be complemented by body pleth-
ysmography that is capable of measuring all 
lung volumes and airway resistance. Another 
important test is the diffusing capacity for car-
bon monoxide that indirectly evaluates the 
alveolar-capillary interface. Impulse oscillom-
etry may add useful information to the remain-
ing lung function tests. The equipment and 
technology used in these tests will be dis-
cussed in this chapter.
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Abbreviations

ATS American Thoracic Society
CO Carbon monoxide
DLCO Diffusing capacity for carbon 

monoxide
ERS European Respiratory Society
FACQ Alveolar carbon monoxide fraction
FEV1 Forced expiratory volume in one second
FOT Forced oscillation technique
FRC Functional residual capacity
FVC Forced vital capacity
IOS Impulse oscillometry system
ISO International Organization for 

Standardization
PaCO Partial pressure of carbon monoxide
Raw Airway resistance
RGAs Rapid gas analyzers
RV Residual volume
sRaw Specific airway resistance
TLC Total lung capacity
Va Alveolar volume

28.1  Introduction

Pulmonary function tests are essential for the 
diagnosis and the management of pulmonary 
diseases.

Spirometry is the most commonly used pul-
monary function test that is particularly useful 
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due to its accessibility and relative simplicity 
[1, 2]. Its most relevant measurements are 
forced vital capacity (FVC), forced expiratory 
volume in one second (FEV1), and FEV1/FVC 
ratio [2].

There are two major types of spirometers: vol-
ume displacement spirometers (wet and dry spi-
rometers) and flow-integrated pneumotachographs. 
Continuous improvement in spirometry hardware 
and software led to the development of numerous 
types of spirometers from the large apparatus 
used in laboratories to portable ones used for tele-
monitoring [1, 3–5].

Body plethysmography is capable of measur-
ing static lung volumes such as functional resid-
ual capacity (FRC), total lung capacity (TLC), 
and airway resistance (Raw) [6]. There are three 
types of plethysmographs: variable- pressure 
plethysmograph, volume-displacement, and, 
most recently, pressure-corrected variable- 
volume plethysmograph [7]. The apparatus con-
sists of a sealed glassed box similar to a 
telephone box. The flow rates are measured by a 
spirometer and pressure changes inside the box 
and the patient’s mouth are measured by a trans-
ducer [6].

The diffusing capacity for carbon monoxide 
(DLCO) evaluates the alveolar-capillary inter-
face, and its structural and functional properties. 
Classically, gas analyzers used a sample of the 
exhaled gas to determine DLCO. These are pro-
gressively being replaced by modern rapid gas 
analyzers (RGAs) capable of continuous mea-
surement of DLCO. Despite the evolution of the 
devices over time all the equipment relies on the 
same basic principles [8].

Oscillometry is used to measure mechanical 
properties of the respiratory system during tidal 
breathing. It can be used as an alternative to tra-
ditional lung tests in patients who are unable to 
perform “traditional” lung function maneuvers, 
such as small children and mechanically venti-
lated patients. The impulse oscillometry system 
(IOS) has a loudspeaker that generates an oscil-
lating pressure into the respiratory tract and uses 
the breathing activity response to assess lung 
function [7, 9].

28.2  Discussion and Analysis 
of the Main Topic

28.2.1  Spirometry

Spirometry is an essential tool in respiratory 
medicine. Besides diagnosing lung disease and 
monitoring lung function, especially obstructive 
airway disorders, it is also useful for assessing 
prognosis and preoperative risk in some patients 
[1, 2]. Despite its utility and accessibility, spi-
rometry has a major downside: its dependency on 
patient cooperation [2].

There are two major types of spirometers: vol-
ume displacement spirometers (e.g., wet and dry 
spirometers) and flow-integrated pneumotacho-
graphs [1, 10].

Volume-measurement spirometers, as their 
name implies, measure volume and calculate 
flow [11]. These spirometers have the advantage 
of being highly accurate. However, they are large, 
have several moving parts, and are expensive [1, 
10, 11]. This equipment can be divided into wet 
and dry spirometers [11].

Flow-measurement spirometers measure flow 
directly while volume is calculated indirectly. It 
is the most common technology used in labs. 
Fleish and Lilly types of pneumotachographs 
were used in the past. Nowadays pneumotacho-
graphs use the pressure difference generated by 
the flow passing through a resistance, normally a 
sieve resistance [10, 11]. Typically these are 
small and portable devices without moving parts. 
As for disadvantages, this system needs more fre-
quent calibration when compared to the volume-
measurement spirometer and can be contaminated 
with sputum or moisture [1, 10].

There are other less common types of spirom-
eters. One type consisted of a turbine flow meter 
(Fig.  28.1), which determined the flow passing 
through the device based on the speed of the 
rotating vane inside the device [10]. One of its 
drawbacks was that with high flows the vane 
could continue rotating after the flow had stopped 
[11]. However, nowadays, we have turbine spi-
rometers of high reliability and with little neces-
sity of calibration [10].
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Another option is the mass flow sensor (ane-
mometer). The flow is determined based on a 
temperature decrease caused by the gas flow 
passing through a wire electrically heated to a 
constant temperature [10, 11]. However, the sen-
sor resistance is connected with cables and con-
nectors, and changes in those components can 
interfere with the airflow measurement [11].

Finally, we have ultrasonic spirometers. The 
flow passing through the device accelerates ultra-
sound waves flowing in the same direction but 
slows down the waves flowing in the opposite 
direction. The time difference between waves is 
used to measure flow [10]. This type of technol-
ogy is generally expensive [11].

All spirometers must meet the standards 
according to the current update of the International 
Organization for Standardization (ISO) 26782 
[2]. In 2019 the ATS and ERS issued an update of 
the technical statement for the standardization of 
spirometry.

With the advances in technology we dispose 
of numerous types of spirometers from the larger 
ones used in labs to portable ones. The office spi-
rometers are characterized by their small size and 
lower cost. However, they have low precision in 
FVC measurement and inability to show volume- 
time or flow-volume curves, although it appears 
that in patients already diagnosed with an 
obstructive lung disease the values of FEV1 e 

FVC correlate with the ones measured by labora-
tory spirometry [4, 5].

Pocket spirometers are small, portable, and of 
low cost. They are used for measuring FEV1 e 
FEV6 and monitoring patients at home [5]. In 
this field, recent technological advances have 
developed smartphone apps capable of obtaining 
real-time spirometry results from a spirometer 
connected by Bluetooth to the smartphone. These 
systems can be used for self-management of the 
disease in asthmatic patients, for example [3].

28.2.2  Whole-Body 
Plethysmography

Body plethysmography allows for the measure-
ment of static pulmonary volumes such as the 
residual volume (RV), total lung capacity (TLC), 
and functional residual capacity (FRC) as well as 
assessing airway resistance: sRaw and Raw. 
Despite being the gold standard in lung function, 
spirometry cannot measure all lung volumes; 
therefore, plethysmography is an important and 
complementary study providing a more detailed 
analysis [6].

The apparatus consists of a glass sealed 
chamber with 700–1000 L of volume, where the 
subject sits, with a controlled leak to stabilize 
the internal pressure. It has a pressure trans-
ducer to measure the pressure inside the ple-
thysmograph and another one to measure the 
pressure inside the patient’s mouth. The respira-
tory flow is measured by conventional equip-
ment already described above in the spirometry 
equipment [6, 7].

This system’s technology is based upon the 
law of Boyle-Mariotte that correlates pressure 
and volume changes [6, 7]. Using changes in the 
box pressure, mouth pressure, and flow rate we 
can determine static lung volumes and airflow 
resistance [6]. Usually, sRaw is the first parame-
ter to be measured, then FRC, and, lastly, the 
remaining lung volumes by spirometry methods 
[7]. Raw can be interpreted as a measure of air-
way obstruction and corresponds to the ratio of 
sRaw to FRC [6]. One important concept used to 

Fig. 28.1 Turbine flow meter spirometer
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determine sRaw and FRC is the shift volume. To 
initiate an inspiration or expiration it is necessary 
to create a pressure gradient. At inspiration, for 
example, the contraction movements of the respi-
ratory muscles cause an increase in lung volume, 
and, therefore, a decrease in alveolar pressure 
occurs leading to airflow into the lungs. This vol-
ume change, needed to provide a gradient for 
inspiratory/expiratory flows, is named shift vol-
ume [6, 7]. This parameter is assessed during a 
shutter maneuver, and it is deducted from vol-
ume/pressure changes caused in the plethysmo-
graph sealed box with decompression and 
compression movements [6]. The shutter maneu-
ver consists of transient airway obstruction while 
the patient makes respiratory efforts and changes 
in mouth pressure are measured; in this condition 
mouth pressures are considered equal to alveolar 
pressure [6, 7].

Whole-body plethysmography has been 
improving since the first equipment, the constant- 
volume or variable-pressure plethysmograph [6]. 
It was used to measure small volume changes 
occurring during compression and decompression 
of thoracic gas while the patient breathed entirely 
within the plethysmograph. To detect such minor 
pressure changes a very sensitive pressure trans-
ducer was necessary. Despite its simplicity this 
plethysmograph had good accuracy [7].

The constant-pressure or volume- 
displacement plethysmograph was used to mea-
sure large volumes, assessing volume changes 
of the thorax directly. In contrast to the previous 
model, in this type of plethysmograph the 
patient breathed in and out across the wall of the 
plethysmograph. When compared to the con-
stant volume plethysmograph, it had the advan-
tage of measuring slow or forced vital capacity 
but given the difficulty in building this type of 
machine and the recent technology improve-
ments it has been supplanted by the flow ple-
thysmograph [7].

The pressure-corrected variable-volume ple-
thysmograph (Fig. 28.2), also known as a trans-
mural plethysmograph or flow plethysmograph, 
is a combination of the two systems presented 
above: it is capable of measuring pressure and 

volume changes with high sensitivity. The low 
sensitivity for small volume changes typical of 
the volume-displacement plethysmograph, in this 
equipment, can be compensated with the occlu-
sion of the pneumotachograph that converts the 
machine into a variable-pressure plethysmo-
graph. Thereby with the same equipment it is 
possible to obtain sensitive measurements of 
maximal expiratory flow-volume curves, FRC, 
sRaw, and Raw, allowing to distinguish thoracic 
gas compression and airway trapping. Beyond 
that, it is less dependent on patient cooperation 
when compared to the previous models [7]. The 
last ATS/ERS update concerning the standardiza-
tion of measurement of lung volumes using body 
plethysmography was in 2005 [12].

Fig. 28.2 Plethysmograph
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28.2.3  Diffusing Capacity for Carbon 
Monoxide

The exchange between O2 and CO2 is the main 
function of the lungs, depending on ventilation, 
alveolo-capillary diffusion, and perfusion [7]. 
There are many types of equipment capable of 
measuring DLCO, although the basic principles 
are the same. The determination of DLCO is 
based upon equations using alveolar volume 
(Va), alveolar carbon monoxide fraction (FACQ), 
and partial pressure of carbon monoxide (PaCO). 
In patients with decreased DLCO it is possible to 
determine the components of the DLCO and dif-
ferentiate the causes: interstitial/capillary pathol-
ogy [8].

The system uses a tracer gas that must be inert, 
has a diffusion capacity identical to carbon mon-
oxide, and is absent from alveolar gas or has a 
known concentration. The most commonly used 
tracer gases are helium (He) and methane, which 
are important to determine the alveolar volume 
and alveolar concentration of carbon monoxide 
[8]. The flows can be measured with flow inte-
grated pneumotachographs [7].

In classical DLCO systems the patient 
breathes through a two-way valve system and 
after a maximal expiration the subject inhales a 
gas mixture with carbon monoxide (CO) and a 
tracer gas from a container. Then 1500 mL vol-
ume of exhaled air is required; the first 750 mL is 
used for washout of airways and device dead 
space and the other 750 mL is analyzed [7]. This 
maneuver, named single-breath method, involves 
a breath-holding period of 10  s at TLC before 
exhaling [7, 8]. Although for patients with 
obstructive disease, without sufficient flows to 
perform rapid inspiration or expiration, the three 
equations method can increase the accuracy of 
the test [7].

Nowadays the most commonly used system is 
the rapid gas analyzer (RGA), which is capable 
of real-time measuring carbon monoxide during 
a single and slow exhalation with a constant flow, 
after a breath-holding period of only 1–2 s [7, 8]. 
In this case, the patient does not need to exhale 
1500  mL volume of air and only needs a brief 
period of breath-holding; however, not every 

patient will be able to perform a low and constant 
flow exhalation. Due to the continuous measure-
ment of DLCO, RGAs can be useful for the iden-
tification of unequal distributions of transfer 
factor or ventilation [7]. ERS and ATS last 
updated in 2017 the technical standards for 
single- breath carbon monoxide especially in rela-
tion to RGAs [8].

In children or very ill patients a multiple 
breath method can be used: the steady-state 
method or the rebreathing method. In the steady- 
state method, the patient breathes from a gas con-
tainer for a certain period of time. In the 
rebreathing method the patient had to hyperventi-
late with a large tidal volume for about 30 s from 
a closed system with a gas mixture containing 
CO and He. Nowadays we have rebreathing 
methods at normal resting ventilation [7].

There are some extrinsic factors capable of 
influencing DLCO measurements that must be 
taken into the account. One of them is hemoglo-
bin concentration, which always requires correc-
tion. In patients administered supplementary O2 
the oxygen supply must be disconnected for at 
least 10 min before the test, and for smokers the 
CO back tension requires correction. Another 
important aspect is body position; for the mea-
surement of DLCO the patient must be seated 
upright because of the uneven physiological dis-
tribution of blood flow in the lungs in this posi-
tion [7]. Furthermore, because of the recruitment 
of the upper lung zone with physical activity, 
patients must rest for 5  min before starting the 
test and between maneuvers an interval of 4 min 
of rest and seated is required, although patients 
with airflow obstruction may require a longer 
period [7, 8].

28.2.4  Oscillometry

Oscillometry measures the mechanical properties 
of the respiratory system during tidal breathing 
assessing obstruction in the large and small 
peripheral airways as well as bronchodilator 
response and bronchoprovocation testing [9]. 
Since it requires minimal patient cooperation, it 
is suitable for use in both children and adults and 
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may be used in subjects who are unable to per-
form a spirometry or a plethysmography test, 
including mechanically ventilated patients [7, 9]. 
From home monitoring to intensive care units it 
has a wide range of clinical application settings 
[9].

The equipment applies an oscillating pressure 
signal into the respiratory tract and uses pressure 
or flow responses to determine input impedance 
(resistance and reactance) that represents the 
total mechanical properties of the respiratory sys-
tem [9]. ERS last updated the technical standards 
for respiratory oscillometry in 2020 [9].

The first equipment available, the forced oscil-
lation technique (FOT), used a single frequency 
wave [13]. Nowadays, the impulse oscillometry 
system (IOS) uses multiple wave frequencies and 
may be more sensitive to detect small airway 
obstruction when compared to spirometry [9, 
13].

The IOS apparatus has a loudspeaker that gen-
erates pressure impulses with a frequency range 
of 4–50 Hz. The lower frequencies are capable of 
reaching small airways while high frequencies 
are used to assess large airways. Frequencies 
below 4 Hz may be generated by a piston-type 
mechanical device, pneumatic proportional sole-
noid valves, or a loudspeaker [9, 13]. Conversely, 
frequencies above 35  Hz can be produced by 
woofer speakers or by an interrupter valve, which 
is seldom used [9]. The loudspeaker is connected 
by a y-adaptor to a terminal resistor that provides 
a low-impedance pathway. The resulting impulse 
pressure is then transmitted to the respiratory 
tract through the pneumotachograph and mouth-
piece. A pneumotachograph and an attached 
pressure transducer receive the breathing activity 
information, and the flow and pressure signals 
are then processed by an analog-to-digital con-
verter [7].

28.3  Conclusion Discussion

Spirometry is the most commonly used pulmo-
nary function test [1]. The spirometers can be 
divided into two major types: volume- 
measurement and flow-measurement spirometers 

which are the most commonly used in labs. Many 
advances have been made since the first spirom-
eters. Nowadays we have numerous types of 
technology from small and simple portable 
devices to sophisticated and expensive ones [11].

Whole-body plethysmography is the gold 
standard for measuring lung volumes; it mea-
sures static lung volumes and airway resistance. 
Initially, there was a variable-pressure plethys-
mograph used to measure small volume changes, 
then volume-displacement for large volumes, 
and, finally, the pressure-corrected variable- 
volume plethysmograph that combines the tech-
nology found in the two previous models [7].

DLCO evaluates the alveolar-capillary inter-
face. Previously with simple gas analyzers a sam-
ple of exhaled gas was collected and then 
analyzed; nowadays with RGAs a continuous 
measurement of DLCO during an entire maneu-
ver is possible. The most common methodology 
used to measure DLCO is the single-breath tech-
nique that implies measuring the uptake of car-
bon monoxide from the lung after a breath-holding 
period [8].

The impulse oscillometry system (IOS) uses 
multiple wave frequency impulses to assess lung 
function through the measurement of both airway 
resistance and airway reactance [13]. It may be 
used in children and adults but is particularly use-
ful for evaluating patients unable to perform tra-
ditional lung function measurements [9].

The lung function tests are an essential tool in 
respiratory medicine. There has been a lot of 
improvement in this field in the past years, allow-
ing the emergence of more accurate and sophisti-
cated equipment. For each of these devices and 
tests there are ERS and ATS standardization 
recommendations.

Key Major Recommendations
• Pulmonary function tests are essential for the 

diagnosis and management of pulmonary 
diseases.

• There are two major types of spirometers: vol-
ume displacement spirometers and flow- 
integrated pneumotachographs.

• Body plethysmography allows for the measur-
ing of static pulmonary volumes and airway 
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resistance. The most commonly used system 
is the pressure-corrected variable-volume 
plethysmograph.

• DLCO evaluates the alveolar-capillary inter-
face and with systems nowadays, RGAs, it is 
possible to measure DLCO continuously dur-
ing a maneuver.

• Oscillometry measures the mechanical prop-
erties of the respiratory system and is useful in 
patients unable to perform traditional lung 
function tests.
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Oxygen Supplementation: High- 
Flow Nasal Oxygen

Mohamad F. El-Khatib

Abstract

High-flow nasal cannula (HFNC) oxygen sup-
plementation has several physiological advan-
tages compared with other standard oxygen 
therapies, including washing out anatomical 
dead space, generation of positive airway 
pressure, providing constant oxygen concen-
trations, and optimal heating and humidifica-
tion of delivered gas. HFNC has emerged as 
an effective modality for early treatment of 
adults with respiratory failure with diverse 
underlying diseases. This chapter covers the 
mechanisms of HFNC and its potential use in 
common clinical settings.

Keywords

High-flow nasal cannula · Oxygen supple-
mentation · Conventional oxygen therapy · 
Mechanisms · Clinical use

Abbreviations

AHRF Acute hypoxemic respiratory 
failure

ARDS Acute respiratory disease syn-
drome

CO2 Carbon dioxide
COT Conventional oxygen therapy
COVID-19 Coronavirus disease-19
CPAP Continuous positive airway pres-

sure
FiO2 Fraction of inspired oxygen
HFNC High-flow nasal cannula
ICU Intensive care unit
NIPPV Noninvasive positive-pressure ven-

tilation
O2 Oxygen
PaO2 Partial pressure of arterial oxygen
PEEP Positive end expiratory pressure
SpO2 Arterial oxygen saturation
WHO World Health Organization

29.1  Introduction

Supplemental oxygen remains the first-line inter-
vention in acute and chronic hypoxemic respira-
tory distress/failure. Fractions of inspired oxygen 
(FiO2) at concentrations greater than room air 
(i.e., >21%) are usually delivered to hypoxemic 
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patients to reverse hypoxemia and alleviate respi-
ratory distress symptoms and manifestations.

There are several medical devices for oxygen 
supplementation in patients with hypoxemic 
respiratory distress/failure [1]. These devices 
range from simple nasal cannulas to nonrebreath-
ing masks. The choice of a specific device is 
based on several factors including the desired 
FiO2 to be given to the patient, the range of oxy-
gen flows allowed for the specific oxygen deliv-
ery device, and the patient’s tolerance of the 
device.

The major challenge for clinicians at the bed-
side is to provide accurate and stable fractions of 
inspired oxygen at concentrations greater than 
room air and up to 100% that are required to alle-
viate hypoxemia. The traditional oxygen therapy 
devices including cannulas and masks (e.g., sim-
ple and nonrebreathing masks) are limited by 
their restricted flow rates (≤10 L/min), by sub- 
optimal relative humidity ranges (50–80%), by 
poor tolerance, and, most importantly, by inac-
curate and unpredictable levels of FiO2s [1]. The 
oxygen flow rate requirements in patients with 
respiratory distress are usually high and often 
exceeds the oxygen flow rates provided through 

traditional oxygen delivery devices. As a result, 
patients will compensate for the needed flow 
rates and minute volume requirements by entrain-
ing room air. This will lead to dilution of deliv-
ered oxygen and subsequently compromise the 
capability of clinicians to deliver consistent and 
accurate FiO2 for patients with hypoxemic respi-
ratory distress [2].

29.2  Discussion and Analysis 
of the Main Topic

29.2.1  Mechanisms of Action 
of High-Flow Nasal Cannula

High-flow nasal cannula (HFNC) oxygen therapy 
is an alternative method for oxygen supplementa-
tion. HFNC devices allow modification of only 
two variables: the rate of gas flow and the per-
centage of oxygen being delivered. It generates 
extremely high flow rates (60–100 L/min) of air- 
oxygen mixture that is optimally humidified to 
100% relative humidity and heated to 37  °C 
before delivering the mixture to the patient using 
a special nasal cannula interface (Fig. 29.1). The 

Fig. 29.1 High-flow nasal cannula
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air–oxygen mixture is achieved with an air- 
oxygen blender to allow the delivery of consis-
tent and accurate FiO2 in the range of 21–100%. 
HFNC has several physiological advantages and 
benefits over traditional oxygen therapy devices. 
It exerts a range of important and independent 
physiological effects on a variety of factors that 
may determine clinical outcomes for patients 
with acute respiratory failure (Table 29.1).

Since the air-oxygen mixture is optimally 
humidified and heated in HFNC systems, the 
 balance of temperature and humidity that dimin-
ishes airway dryness and maintains the function 
of the mucociliary transport system is preserved 
for improved secretion clearance and minimal 
dependence on mucolytic agents. By delivering 
high gas flows directly into the nasopharynx, 
HFNC will induce flushing of carbon dioxide 
(CO2) in the pharynx and create a reservoir of 
fresh gas that will minimize CO2 rebreathing, 
reduce dead space, and increase the alveolar ven-
tilation over minute ventilation ratio. Furthermore, 
the generated high flows that match or exceed the 
patients’ peak inspiratory flow demands can 
decrease the nasopharyngeal resistance, thereby 
decreasing the resistive work of breathing. Some 

levels of positive airway pressure (2–6 cmH2O) 
are generated during HFNC that induce a positive 
end inspiratory pressure (PEEP) effect in the 
lungs, which can prevent/minimize alveolar col-
lapse and recruit atelectatic lung regions. The 
degree of generated PEEP effect is dependent on 
the flow rate, geometry of the patient’s upper air-
way, breathing through the nose or mouth, and 
the appropriate size of the cannula relative to the 
patient’s nares. During HFNC therapy, the accu-
rate and consistent delivery of the required FiO2 
eliminates the need to switch among different 
oxygen therapy delivery systems as patients wean 
off oxygen requirements or their condition 
becomes more acute as HFNC can provide a 
wide range of stable FiO2s (21–100%).

29.2.2  Application of HFNC 
in Clinical Settings

HFNC is simple and user friendly yet very versa-
tile with beneficial outcomes in a wide range of 
diseases and medical conditions. In recent years, 
clinical uses of HFNC in patients with acute 
hypoxemic respiratory failure and acute respira-
tory distress syndrome (ARDS), with coronavi-
rus (COVID-19), with respiratory compromises 
induced by heart failure, by obstructive airway dis-
ease, and by respiratory infection, have emerged. 
Also, HFNC has been shown to be helpful as an 
adjunct in airway instrumentation, in the post-
extubation period. Patients who are immunocom-
promised and with end-of-life management can 
benefit from the safety and simplicity of the tech-
nology while achieving desired end points. HFNC 
should not be restricted to critical care areas and 
can be used in a low-monitoring environment with 
no need for prior knowledge of techniques for 
invasive or noninvasive ventilatory support.

29.2.3  Acute Hypoxemic Respiratory 
Failure/ARDS

Among patients with acute hypoxemic respira-
tory failure (AHRF), HFNC therapy correlates 
with higher partial pressure of arterial oxygen, 

Table 29.1 Physiological benefits of high-flow nasal 
cannula oxygen therapy

Clinical features of HFNC Physiological benefits
1.  Optimal heating and 

humidification of 
inhaled air-oxygen 
mixture

–  Improves mucociliary 
clearance

–  Decreases 
bronchoconstriction

–  Decreases metabolic 
cost of breathing

2.  Washout of upper 
airways

–  Decreases deadspace

3.  High nasal inspiratory 
flow

–  Decreases 
nasopharyngeal 
resistance

4.  Continuous positive 
airway pressure

–  Increases functional 
residual capacity

–  Increasing alveolar 
recruitment in the 
lungs

5.  Limited entrainment of 
ambient air

 –  Stable and increased 
FiO2
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lower respiratory rates, lower dyspnea scores, 
less mouth dryness, and is better tolerated and 
more comfortable than more traditional alterna-
tives such as non-rebreathing or venturi oxygen 
masks. Short-term physiological effects of HFNC 
on inspiratory muscle effort and gas exchange 
and acid-base balance are positively more evi-
dent in comparison with conventional oxygen 
therapy in patients with AHRF [3]. These find-
ings suggest that patients with AHRF can be 
safely managed with HFNC therapy particularly 
during the initial stages and that HFNC therapy 
can benefit a relatively good proportion of the 
total number of AHRF patients. In a multicenter, 
open-label trial, Frat et  al. randomly assigned 
310 patients without hypercapnia who had acute 
hypoxemic respiratory failure (PaO2/FiO2 ≤ 300) 
to HFNC oxygen therapy, standard oxygen ther-
apy delivered through a face mask, or noninva-
sive positive-pressure ventilation (NIPPV). Their 
outcomes were the proportion of patients intu-
bated at day 28, all-cause mortality in the inten-
sive care unit at 90  days, and the number of 
ventilator-free days at day 28. The intubation rate 
was 38% in HFNC oxygen group, 47% in the 
face mask group, and 50% in the noninvasive- 
ventilation group. Patients treated with HFNC 
oxygen therapy had more ventilator-free days (if 
intubated) and better survival rates [4]. Two 
recent meta-analyses compared HFNC oxygen 
therapy to conventional oxygen therapy (COT) 
and noninvasive ventilation in patients with acute 
hypoxemic respiratory failure [5, 6]. Mortality 
remains unaffected among the three therapies but 
HFNC oxygen therapy appears to be better toler-
ated than conventional oxygen therapy and non-
invasive ventilation in these patients. Even 
though there seems to be an inclination to suggest 
that HFNC oxygen supplementation may reduce 
intubation rate, this issue remains controversial 
and more studies on the topic are needed.

HFNC therapy can be a useful treatment for 
ARDS due to COVID-19 either as a respiratory 
support alone or as a bridge therapy to orotra-
cheal intubation. When administered in a unit 
monitored by an expert staff, HFNC therapy can 
avoid intubation in almost 50% of patients with 
COVID-19 or delay admission to an intensive 

care unit, without increasing overall mortality 
secondary to delayed intubation [7].

Optimal set flow rates during HFNC therapy 
remain elusive, heterogenous, and wide (15  L/
min to 100 L/min) in published clinical studies 
despite that the set flow rate is the top parameter 
that influences HFNC success in patients with 
AHRF/ARDS, and the key question continues to 
be as to what is the best flow rate during HFNC 
treatment. In a prospective randomized cross- 
over study of non-intubated patients with AHRF 
and a PaO2/FiO2 ratio of ≤300  mmHg, the 
increase of HFNC flow rates progressively 
decreased inspiratory effort and improved lung 
aeration, dynamic compliance, and oxygenation 
while most of the effect on inspiratory workload 
and CO2 clearance was already obtained at the 
lowest flow rates [8].

Since HFNC may not be beneficial and suc-
cessful in all patients with ARHF/ARDS, some-
one should be cautious as when to terminate 
HFNC therapy and escalate ventilatory support 
since delays to identify failure of HFNC to 
improve patient symptoms in these might lead to 
delayed intubation and potentially worsen clini-
cal outcomes. As such careful selection criteria 
by clinicians for initiation and termination of 
HFNC in AHRF/ARDS is quite important. 
Several variables like PaO2/FiO2 ratios and respi-
ratory rates are helpful as important clinical crite-
ria for the success of HFNC therapy. Needless to 
say, clinicians need established protocols to 
quickly identify patients who require NIPPV or 
intubation and mechanical ventilation when they 
recognize signs of HFNC therapy failure.

29.2.4  Coronavirus Disease-19

COVID-19 is a respiratory tract infection caused 
by a newly emergent coronavirus that was first 
recognized in Wuhan, China, in December 2019. 
Currently, the World Health Organization 
(WHO) has defined the infection as a global pan-
demic, and there is a health and social emer-
gency for the management of this new infection. 
Oxygen supplementation is an essential compo-
nent of the clinical management of COVID-19 
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patients. With its ability to provide stable and 
wide range of FiO2s as well as some level of 
PEEP, HFNC can be an efficient intervention for 
oxygen supplementation in COVID-19 patients 
inside and outside the intensive care unit (ICU). 
Several case series indicated that 11–21% of 
COVID-19 patients received HFNC oxygen sup-
plementation and were successfully treated with 
HFNC inside and outside the ICU [9, 10]. In a 
retrospective analysis of the outcomes of patients 
with COVID- 19 with moderate-to-severe hypox-
emic respiratory failure receiving HFNC ther-
apy, the arterial oxygen saturation (SpO2) to 
FiO2 ratio improved from 123 on day 1 to 234 on 
day 7 along with drops in respiratory rate from 
30  breaths/min to 26  breaths/min and in heart 
rate from 88 beats/min to 75 breaths/min. Also, 
using HFNC resulted in significant improve-
ments of chest x-ray scores from day 1 to day 7. 
With the use of HFNC, 64% of COVID-19 
patients were able to avoid invasive mechanical 
ventilation and the incidence of hospital-associ-
ated pneumonia was 2.9%. Available data 
strongly support the use of HFNC therapy in 
COVID-19 patients as it can reduce intubation 
rates and has the potential to reduce mortality 
and morbidity associated with it [11].

One possible concern for the use of HFNC in 
COVID-19 patients is the fact that HFNC is a 
potential aerosol-generating technique, with the 
consequent risk of infection. This risk can be 
minimized by placing patients in negative 
 pressure rooms while receiving HFNC as well as 
by limiting the high-flow rates to the least effi-
cient values (usually ≤30 L/min) and by placing 
surgical masks on the patient’s face on top of the 
HFNC cannula.

29.2.5  Chronic Obstructive 
Pulmonary Disease

Phlegm retention and airway surface dehydration 
in chronic obstructive pulmonary disease (COPD) 
cause frequent exacerbations, lung function 
reduction, and poor life quality. HFNC is known 
to provide optimal levels of humidity and heat of 
inspired gas for superior conditioning of inspired 

gas and minimal secretions dryness and mucus 
formation.

Short-term use of HFNC in stable normo- and 
hypercapnic COPD patients is safe and can 
induce significant physiological improvements. 
Following 60 min of HFNC, significant decreases 
in PaCO2, increases in PaO2, increases in SpO2, 
and decreases in alveolar to arterial oxygen pres-
sure difference were observed in normocapnic 
and hypercapnic COPD patients [12].

In patients with COPD and chronic hypoxemic 
respiratory failure, the long-term effects of HFNC 
oxygen supplementation (approximately 6 h per 
day) include lower acute exacerbation of COPD, 
lower hospital admission rate, improved modified 
Medical Research Council scores from 3 months 
onward, improved St. George’s Respiratory 
Questionnaire at 6 and 12 months, and improved 
PaCO2 and 6-min walk test at 12 months with no 
significant effect on mortality [13].

29.2.6  Respiratory Compromise 
Secondary to Heart Failure

Due to its continuous positive airway pressure 
(CPAP) effect, HFNC may decrease preload 
reduction associated with beneficial hemody-
namic and respiratory effects in adults with heart 
failure. HFNC flow rates greater than 20 L/min 
are associated with a decreased degree of inferior 
vena cava collapse. Other improvements associ-
ated with HFNC in heart failure patients include 
decrease respiratory rate and improvement in 
oxygenation [14].

29.2.7  Respiratory Compromise 
Secondary to Respiratory 
Infection

Research on the use of HFNC oxygen supplemen-
tation in the management of severe acute respira-
tory infection has been limited and scarce. In 2009 
during the H1N1 outbreak, HFNC was utilized to 
improve oxygen saturation in adult patients who 
could not achieve SpO2 ≥  92% with traditional 
oxygen therapy. HFNC was successful in 45% of 
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the patients, and there was no nosocomial pneu-
monia during treatment with HFNC [15].

The rate of success of HFNC in pneumonia 
patients with acute hypoxemic respiratory failure 
can reach 75%. Twelve hours of daily treatment 
with HFNC can significantly reduce the need for 
intubation and mechanical ventilation in these 
patients [16].

29.2.8  Pre-Intubation/Airway 
Instrumentation

Due to its ability to provide stable and high FiO2 
concentrations along with some level of PEEP 
via a nasal cannula, HFNC can improve the 
safety and success rate during manipulation of 
the airway (e.g., bronchoscopy, tracheal intuba-
tion) in both low- and high-risk critically ill 
patients.

HFNC at an FiO2 of 50% and flow rates of 
60 L/min that resulted in a median airway pres-
sure of approximately 4  cmH2O maintained 
higher PaO2 values, higher arterial-alveolar oxy-
gen tensions, and higher PaO2/FiO2 ratios com-
pared to a venturi mask both during and after 
bronchoscopy in patients with SpO2 > 90% while 
breathing room air [17].

Critically ill patients with respiratory fail-
ure undergoing intubation have an increased 
risk of hypoxemia-related complications. 
Delivering oxygen via HFNC through the nares 
has several theoretical advantages that may 
prevent or minimize the risks and complica-
tions associated with tracheal intubation. 
HFNC may be left in place, theoretically main-
taining CPAP and thereby prolonging the non-
hypoxemic apnea time. When compared to 
bag-valve-mask for preoxygenation before tra-
cheal intubation of ICU patients with mild to 
moderate hypoxemic respiratory failure, HFNC 
was feasible and safe and did not result in sig-
nificant decreases in SpO2 during the apnea 
phase before intubation as with bag-valve-
mask preoxygenation [18]. When compared to 
non- rebreathing bag reservoir mask, HFNC 
significantly improved pre-oxygenation and 

maintained SpO2 at 100% during intubation of 
ICU patients whereas SpO2 dropped to 94% 
with non- rebreather mask [19]. Data from a 
recent meta- analysis that included seven ran-
domized controlled trial and 959 patients with 
acute hypoxemic respiratory failure indicated 
that patients preoxygenated with HFNC had 
significantly less desaturation than patients 
preoxygenated with conventional oxygen ther-
apy (COT). Furthermore, HFNC resulted in 
lower risk of intubation-related complications 
than COT [20].

29.2.9  Post-extubation

After tracheal extubation and liberation from 
mechanical ventilation, patients are usually sup-
ported with conventional oxygen therapy and 
possibly noninvasive positive pressure ventila-
tion when there is an element of hypercapnic 
respiratory distress. The role of HFNC oxygen 
supplementation has been evaluated in the post- 
extubation period to either prevent or treat post- 
extubation respiratory failure. In high-risk 
patients who developed hypoxemia after cardio-
thoracic surgery, HFNC was shown to be a valid 
treatment option and was not inferior to NIPPV 
in terms of treatment failure, reintubation rate, 
time to treatment failure, and mortality with the 
advantages of better tolerance and less pressure 
sores and skin breakdown [21].

Evidence suggests that HFNC should have a 
role in pre-emptive post-extubation management 
of ICU patients at risk of post-extubation hypox-
emia. In these patients, HFNC led to higher 
PaO2/FiO2 ratios and less interface displacement 
causing the patients to desaturate less, undergo 
fewer reintubations, and require less ventilator 
support [22].

In post-extubation COPD patients who were 
recovering from an episode of acute hypercap-
nic respiratory failure of various etiologies, the 
application of HFNC post-extubation signifi-
cantly decreased the neuroventilatory drive and 
work of breathing compared with conventional 
O2 therapy [23].
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29.2.10   Sleep Apnea

Obstructive sleep apnea (OSA) is attributed to 
upper airway collapse during sleep. Stenting of 
the airway with positive pressure can prevent col-
lapse and prevent associated intermittent hypox-
emia, neurocognitive dysfunction, and 
cardiovascular morbidity. Although CPAP is the 
most effective treatment, adherence is subopti-
mal. With its low CPAP/PEEP effect, HFNC can 
alleviate upper airway obstruction in children and 
to a lesser extent in adult. HFNC at flow rates of 
15–20  L/min reduces arousals and apnea- 
hypopnea scores in OSA patients [24].

29.2.11   Immunocompromised 
Patients

When intubated for respiratory failure, immuno-
compromised patients have higher mortality rates 
than non-immunocompromised patients. 
Instrumentation of the trachea can significantly 
increase the risk for ventilator-associated pneu-
monia. Choosing the adequate oxygenation strat-
egy in immunocompromised patients with acute 
respiratory failure is of utmost importance to 
minimize risks and complications and improve 
outcomes. When compared with standard oxy-
gen, HFNC did not achieve significant reduction 
in intubation or survival rates in immunocompro-
mised patients with hypoxemic acute respiratory 
failure despite that HFNC had significant 
 physiological improvements [25]. HFNC oxygen 
supplementation can achieve similar outcomes 
but fewer complications compared to NIPPV in 
renal transplant recipients with AHRF secondary 
to severe pneumonia [26].

29.2.12   End-of-Life Care

Oxygen therapy is prescribed for patients with 
advanced cancer if it can alleviate the symptom 
of breathlessness. In advanced cancer patients 
with do-not-attempt-resuscitation order, treat-
ment with HFNC oxygen supplementation yields 
improvements in 41% of patients, no changes but 
stable conditions in 44% of patients, and deterio-

rations in 15% of patients during therapy with an 
overall mortality of 55% [27]. Also, ICU patients 
with a do-not-intubate order can benefit from 
HFNC.  Despite the high mortality in these 
patients, HFNC oxygen supplementation leads to 
significant improvements in oxygenation, 
decrease in respiratory rate, and degree of breath-
lessness and dyspnea [28].

29.2.13   HFNC in Emergency 
Departments

Dyspnea is one of the most common chief com-
plaints upon presentation to emergency depart-
ments and acute hypoxemic respiratory failure is 
a major cause of admission to ICU. Usual first- 
line treatments of dyspnea and hypoxemia 
include standard oxygen therapies with nasal 
cannula or non-rebreathing masks. HFNC oxy-
gen supplementation overcomes almost all the 
limitations of those devices especially in deliver-
ing of high and controlled FiO2s. Although with-
out pressure support, the set high flow during 
HFNC generates a low level of positive pressure 
in the upper airway and subsequent PEEP effect. 
Furthermore, HFNC continuously washes out 
dead space in the upper airways. All these physi-
ological effects make HFNC therapy feasible for 
first line of intervention for acute respiratory dis-
tress in the emergency department. Early initia-
tion of HFNC oxygen therapy in patients admitted 
to the emergency department for acute hypox-
emic respiratory failure improves oxygenation, 
feeling of breathlessness, and the likelihood of 
recovery from respiratory failure compared to 
treatment with standard oxygen (61% vs. 15%) 
[29]. Also, HFNC is better tolerated in the ED 
with greater patient’s comfort, no serious adverse 
events, and lower hospitalization [30].

29.2.14   Adverse Effects of HFNC

HFNC is not a panacea and it has many limita-
tions (Table  29.2). Measures that help in over-
coming the limitations of HFNC include applying 
the appropriate flow rates, closing the mouth as 
much as possible during therapy, and using 
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appropriate sized prongs (usually 50–75% of the 
nares opening). Inappropriate use of HFNC may 
lead to adverse outcomes particularly if HFNC is 
used longer than necessary and other noninvasive 
or invasive means of respiratory support are over-
looked and delayed. Serious side effects are rare 
but individual cases of air leaks (e.g., pneumo-
thorax, pneumomediastinum) have been reported 
mainly in children and young adults [31]. 
Subsequently the predictors of HFNC treatment 
failure are of special interest. The primary pre-
dictors include failure of respiratory rate to 
decrease, poor SpO2, and persisting 
 thoraco- abdominal asynchrony within the first 
1-h post initiation of treatment [31].

29.3  Conclusion Discussion

High-flow nasal cannula oxygen therapy is a 
valuable clinical application alternative to con-
ventional oxygen therapy for critically ill patients. 
A growing body of evidence suggests its feasibil-
ity and safety in treating patients with respiratory 
distress/failure, respiratory infection, COVID- 19, 
obstructive airway diseases, and during the pre- 
intubation and post-extubation periods. HFNC 
should not be restricted to critical care units and 
can be of great help in emergency departments 
and general hospital wards.

Key Major Recommendations
• High-flow nasal cannula has several physio-

logical advantages compared to traditional 
standard oxygen devices.

• High-flow nasal cannula oxygen supplemen-
tation is beneficial and safe in common clini-
cal settings.

• Success of HFNC depends on the appropriate 
selection of patients, timing of therapy, and 
adequate knowledge of the adjustable HFNC 
variables.

• Clinicians should be vigilant as to when to ter-
minate HFNC therapy and consider other 
forms of respiratory support.
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Abstract

Mechanical ventilation replaces or supple-
ments the respiratory muscles’ activity. 
Invasive mechanical ventilation is performed 
using a device that bypasses the upper air-
ways, such as the nasal/orotracheal tube or the 
tracheostomy tube. Noninvasive mechanical 
ventilation (NIV), on the other hand, uses an 
interface that does not bypass the upper air-
ways, thus avoiding some of the complica-
tions associated with intubation and improving 
patient comfort. Noninvasive ventilation tech-
niques can be used using positive or negative 
pressure ventilators.

Negative pressure ventilation, most widely 
used during the first half of the twentieth cen-
tury, had some disadvantages such as patient 
discomfort, difficult ventilation in subjects 
with variable anatomical conformations, and 
poor handling of the equipment. This led to a 
progressive replacement, after the 1970s, of 
negative pressure ventilators with new posi-
tive pressure ventilation systems.
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30.1  Introduction

Mechanical ventilation replaces or supplements 
the respiratory muscles’ activity. Invasive 
mechanical ventilation is performed using a 
device that bypasses the upper airways, such as 
the nasal/orotracheal tube or the tracheostomy 
tube.

Noninvasive mechanical ventilation (NIV), on 
the other hand, uses an interface that does not 
bypass the upper airways, thus avoiding some of 
the complications associated with intubation and 
improving patient comfort.

Noninvasive ventilation techniques can be 
used using positive or negative pressure 
ventilators.

Negative pressure ventilation, most widely 
used during the first half of the twentieth century, 
had some disadvantages such as patient discom-
fort, difficult ventilation in subjects with variable 
anatomical conformations, and poor handling of 
the equipment. This led to a progressive replace-
ment, after the 1970s, of negative pressure venti-
lators with new positive pressure ventilation 
systems.

30.2  Discussion and Analysis 
of the Main Topic

30.2.1  Negative Pressure Ventilation

Negative pressure ventilation (NPV) was the first 
ventilatory technique used in the clinical setting.

In the 1930s and 1940s it was used during 
polio epidemics. Subsequently it was replaced by 
orotracheal intubation and positive pressure ven-
tilation due to the lack of protection of the air-
ways and their collapse in patients with paralysis 
of the pharyngeal muscles.

In recent years, however, it has again been 
used successfully in patients with acute respira-
tory failure secondary to obstructive and restric-
tive lung and chest wall diseases.

The mechanism of action consists in artifi-
cially generating a sub-atmospheric pressure dur-
ing inspiration: the negative pressure expands the 
chest wall and reduces the alveolar pressure; the 

pressure gradient between the opening of the air-
ways and the alveoli generates an inspiratory 
flow which determines the alveolar ventilation. 
The exhalation occurs passively through the elas-
tic forces of the respiratory system.

Negative pressure ventilator consists of a rigid 
container that encloses the chest wall and a pump 
capable of generating sub-atmospheric pressures 
inside the container.

There are three types of negative pressure 
ventilators:

• Steel lung, in which the rigid container (in 
plastic or aluminum) encloses the entire body 
surface of the patient with the exception of the 
head. It applies pressure changes to the entire 
body surface of the patient and requires only 
one seal with respect to the external 
environment.

• Poncho, consisting of a rigid support, which 
encloses the thoracic cage and abdomen of the 
patient and a nylon suit which, once worn, 
completely envelops the rigid support and is 
sealed at the neck, wrists, pelvis, and ankles of 
the patient.

• Armor, consisting of a hard plastic shell to be 
placed around the rib cage and upper abdo-
men, the only parts exposed to pressure 
variations.

The pumps can be located inside the container 
(steel lung) or outside (poncho and armor). These 
pumps allow a pressure-controlled and time- 
cycled ventilation so that the inspiratory flow and 
the tidal volume are not constant but depend on 
the mechanical characteristics (elastance and 
resistance) of the patient’s respiratory system.

The pumps currently available allow you to 
set the level of sub-atmospheric pressure to be 
delivered during inhalation, the pressure level to 
be maintained inside the container during exhala-
tion and the times of the respiratory cycle. 
Maintaining a sub-atmospheric pressure around 
the chest wall during exhalation (negative end- 
expiratory pression/NEEP) has physiological 
effects equivalent to those of PEEP (positive end- 
expiratory pression) during positive pressure 
ventilation.

G. Torretta et al.
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The main factors determining the effective-
ness of negative pressure fans are:

• Pump power (the maximum negative pressure 
generated varies from −60 to −100 cmH2O 
depending on the models).

• Type of pressure wave generated by the pump 
(pumps that generate a square wave determine 
a tidal volume greater than those that produce 
a sine wave).

• Surface of the chest wall exposed to pressure 
changes.

• Number of seals required.

The following ventilation modes are currently 
possible:

• Negative cyclic pressure: ventilator delivers 
the sub-atmospheric pressure level set by the 
operator for the set time, during exhalation, 
which occurs passively, t pressure around the 
chest wall returns to the atmospheric level.

• Negative/positive pressure: ventilator delivers 
a sub-atmospheric pressure during inspiration 
and a positive pressure (greater than atmo-
spheric pressure) during exhalation.

• Continuous extra thoracic negative pressure: 
ventilator delivers constant sub-atmospheric 
pressure throughout the respiratory cycle while 
the patient breathes spontaneously. The physi-
ological effects of CNEP are similar to those of 
CPAP (continuous positive airway pressure).

• Negative pressure/NEEP: ventilator delivers 
two predetermined levels of negative pressure, 
respectively during inhalation and exhalation.

30.2.1.1  Clinical Applications
COPD (chronic obstructive pulmonary disease) 
patients can be treated with NPV by means of a 
steel lung in order to improve the ventilatory pat-
tern (increase in tidal volume and minute ventila-
tion, reduction in respiratory rate, reducing the 
work of the respiratory muscles) [1].

In patients suffering from neuromuscular dis-
eases and chest wall deformities, the use of NPV 
allows you to rest the respiratory muscles, 
improve the breathing pattern, and slow the evo-
lution of chronic respiratory failure [2].

Several studies show that the use of NPV is 
useful in pediatric patients and in neonatal respi-
ratory distress syndromes.

30.2.1.2  Side Effects
The main side effect is the tendency to collapse 
of the upper airways: during NPV, the pressure 
inside the upper airways during inspiration 
becomes sub-atmospheric; this phenomenon 
facilitates the collapse of the upper airways at the 
pharyngeal level.

In addition, the patient’s airways are not pro-
tected with a consequent potential risk of aspira-
tion in case of vomiting.

30.2.2  Positive Noninvasive 
Ventilation

30.2.2.1  Background
The first work on the use of positive pressure 
ventilation dates back to 1912, when Bunnel [3] 
used a face mask to maintain lung expansion dur-
ing thoracic surgery.

A series of studies conducted by Barach et al. 
[4] during the 1930s showed that continuous pos-
itive pressure (CPAP) applied using a face mask 
could be useful in the treatment of acute cardio-
genic pulmonary edema and other forms of acute 
respiratory failure.

In the 1990s, the evidence of a reduction in 
complications related to nasal/orotracheal intu-
bation [5] and the reduction of mortality and 
morbidity in selected patients with acute respira-
tory failure led to the explosion in the use of non-
invasive ventilation methods.

30.2.2.2  Instruments and Techniques
The NIV uses an interface and different types of 
ventilation. Interfaces are devices that guarantee 
the connection between patient and ventilator 
allowing the release of pressurized gases in the 
airways. The available interfaces are nasal and 
oronasal masks, and helmets and nasal olives. 
Selecting an appropriate interface is crucial to the 
success of the NIV.

A nasal mask is a plastic device that is placed 
on the patient’s nose. The tightness is guaranteed 
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by means of a soft cushion and anchoring sys-
tems (fastening straps). It is preferred in cases of 
chronic administration of NIV due to its high tol-
erability. It is not indicated in the early stages of 
ALI (acute lung injury) as the patient breathes 
through the open mouth.

Nasal olives are soft silicone or rubber plugs 
which, by not exerting any pressure on the root of 
the nose, can be useful in patients who develop 
irritation or skin ulcers on the face.

Oronasal masks cover both the nose and the 
mouth. They are preferred in the emergency 
department as dyspneic patients mostly breathe 
through the mouth. They interfere with language, 
with expectoration, and with nutrition, making 
them less tolerable in the long term. When the 
opening pressure of the upper esophageal sphinc-
ter (25.30 mmHg) is exceeded, the introduction of 
a nasogastric tube is recommended to reduce gas-
tric distension. A particular type of oronasal mask 
is the total face mask which also incorporates 
eyes, avoiding pressure on the root of the nose, 
and, consequently, reducing the risk of skin ulcers.

The helmet, made of transparent latex free 
material, has a plastic ring that joins it to a soft 
collar that adheres to the patient’s neck. It is 
secured to the armpits by padded straps. The 
patient has the possibility to drink through a 
straw and to feed on a liquid diet. Its advantages 
include good tolerability, even in pediatrics, low 
risk of skin lesions, and better comfort. The limi-
tations of the helmet are the difficult assessment 
of the patient’s effective ventilation. With this 
interface, in fact, a part of the tidal volume deliv-
ered by the ventilator stretches the helmet and 
does not participate in gas exchanges. The 
 internal volume of the helmet varies between 6 
and 8  L.  Another limit is the possibility of 
rebreathing which, however, is modest if suffi-
cient levels of gas flow are guaranteed.

30.2.2.3  Ventilation Modes in NIV

30.2.2.3.1  CPAP (Continuous Positive 
Airway Pressure)

CPAP is a ventilation that maintains a constant 
positive pressure in the airways without provid-
ing any assistance in the inspiratory phase to the 

patient. Mechanical ventilators or continuous- 
flow systems can be used for the application of 
CPAP.  The continuous flow systems consist of 
flow generators (flowmeters), a reservoir able to 
reduce pressure oscillations within the system 
during the respiratory cycle phases and a PEEP 
valve able to ensure the maintenance of a con-
stant pressure.

CPAP determines an improvement in oxygen-
ation in many pathological conditions associated 
with the presence of edema or alveolar exudate. 
The improvement in oxygenation depends on 
various physiological mechanisms: the increase 
in functional residual capacity determined by 
CPAP with a reduction in the shunt rate and the 
shift of the patient’s respiratory activity to a 
steeper area of the pressure/volume curve with 
reduced work by the patient, and, consequently, 
the oxygen consumption.

Furthermore, CPAP has important effects on 
heart; in fact, in patients with heart failure, posi-
tive intrathoracic pressure determines reduction 
of ventricle’s transmural pressure and afterload.

30.2.2.3.2  PSV (Pressure Support 
Ventilation)

PSV is an assisted ventilation: the patient main-
tains the ability to initiate the breath by activating 
a trigger, which can be pressure or flow, and termi-
nating it by a flow trigger. The main parameters to 
be adjusted are the pressure level of the inspiratory 
phase and the level of PEEP. Other parameters to 
set are the sensitivity level of the inspiratory trig-
ger and the expiratory trigger (by varying the per-
centage of the peak inspiratory flow at which the 
ventilator opens the expiratory valve).

A typical starting setting in PSV during NIV 
is a supportive inspiratory pressure of 8–12 
cmH2O and a PEEP of 3–5 cmH2O. In the pres-
ence of major air leaks, the cycling mechanism 
between inhalation and exhalation may be 
ineffective.

30.2.2.3.3  Controlled Mechanical 
Ventilation

Controlled mechanical ventilation can be pres-
sure (PCV) or volume (VCV). In PCV the venti-
lator delivers sequences of high and low pressure 
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(PEEP). The tidal volume delivered to the patient 
will be the function of lung and rib cage compli-
ance and flow resistance. In VCV, the tidal vol-
ume is set by the operator and the resulting 
pressures are a function of thoraco-pulmonary 
compliance.

30.2.2.4  Practical Applications
The starting point for the application of NIV is 
the identification of the patient suffering from 
signs and symptoms of respiratory distress:

• Increased dyspnea.
• Respiratory rate > 24 breaths/min.
• Use of accessory respiratory muscles and/or 

the presence of paradoxical breathing.
• Respiratory acidosis and/or hypoxemia 

(PaCO2  >  45  mmHg with pH  <  7.35 and/or 
PaO2/FiO2 < 200).

At the same time, patients with contraindica-
tions to NIV should be excluded:

• Patients in respiratory arrest.
• Severe hemodynamic instability (hemody-

namic shock, ongoing myocardial infarction).
• Lack of protective reflexes in the upper air-

ways (coughing and swallowing mechanism 
inadequate).

• Severe state of agitation or lack of 
cooperation.

• Traumatic or surgical facial injuries such as to 
prevent the application of the interface.

• Severe upper gastroesophageal bleeding.
• Undrained pneumothorax.
• Vomiting.

It is also necessary to identify NIV predictors 
of success or failure in order to recognize patients 
who may benefit from noninvasive ventilation 
and avoid unnecessary applications, delaying the 
start of invasive ventilation. The severity of aci-
dosis can be a starting point. Brochard et al. [6] 
demonstrated that success in NIV in COPD 
patients is less likely with a more acidemic start-
ing pH.

Once the patient has been identified, the 
choice of interface is essential for the success of 

NIV.  The first choice falls on the face mask, 
which guarantees a more effective delivery of 
positive pressure in patients who, in the initial 
stages of respiratory distress, have mainly mouth 
breathing. The second choice, in case of intoler-
ance to the mask or side effects due to decubitus, 
must be oriented on the helmet keeping in mind 
the problems related to the CO2 rebreathing, 
especially in hypercapnic patients; therefore 
monitoring of patients undergoing NIV is essen-
tial for the achievement of clinical results and for 
improvement of symptoms.

Clinical parameters to be assessed will be the 
level of consciousness, reduction in expiratory 
work (respiratory rate, chest wall movement, use 
of accessory muscles) and patient-ventilator syn-
chrony. Other instrumental parameters to be con-
sidered will be the tidal exhaled volume (more 
significant in patients undergoing NIV), pressure 
and flow curves, hemodynamic parameters (heart 
rate and arterial pressure), continuous ECG, and 
continuous oximetry blood gas analysis (basic 
and after 1–2 h).

If the response to NIV is insufficient, invasive 
mechanical ventilation should be considered 
early.

30.2.2.5  Indications
• COPD exacerbation.
• Asthma.
• Acute heart failure.
• Community-acquired pneumonia.
• Weaning from mechanical ventilation.
• Patient not to be intubated/not resuscitated.
• Post-operative.
• OSAS (obstructive sleep apnea syndrome).
• Trauma.
• Restrictive neurological diseases.

The major scientific evidence concerns the use 
of NIV in patients suffering from ALI caused by 
exacerbation of COPD. During NIV, the combi-
nation of external PEEP and inspiratory pressure 
support reduces the respiratory work, which is 
increased in the patient with COPD, counterbal-
ancing the auto-PEEP.

The first study conducted by Meduri et al. [7] in 
1989 shows improvements in respiratory exchanges 
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with reduction in intubation rates. In another ran-
domized study, comparing NIV and conventional 
therapy, Kramer et  al. [8] confirmed a reduction 
in the need to intubation and showed a significant 
improvement in PaO2, heart rate, and respiratory 
rate, without a significant decrease in PaCO2.

Several studies have shown a higher rate of 
NIV failure with the need to tracheal intubation 
in patients starting with more severe respiratory 
insufficiency (PaCO2  <  7.25), without evidence 
of problems associated with late onset of invasive 
ventilation. Finally, emerges that NIV should be 
considered the first-line therapeutic option in 
patients with COPD exacerbations.

NIV is routinely used in patients with ACPE 
(acute cardiogenic pulmonary Edema) both in the 
emergency department and in the ICU.

In these patients, NIV can be delivered either 
by CPAP or by ventilatory assistance under pres-
sure (PSV), offering a series of positive effects, 
such as reduction of preload with an improve-
ment in heart failure, reduction in respiratory 
work, and related consumption oxygen second-
ary to an improvement in lung compliance. This 
improvement is secondary to an extrathoracic 
redistribution of lung water, an increase in resid-
ual functional capacity, and a shift on a steeper 
area of the pressure/volume curve.

Several studies such as a review and meta- 
analysis by Collins et al. [9] showed a reduction 
in the need for intubation and in mortality com-
pared to medical therapy (oxygen, diuretics, and 
nitrates) associated with the early onset of NIV.

Recently, a prospective randomized study 
conducted by Gray et al. [10] (3CPO trial) did not 
demonstrate any difference in terms of the need 
for tracheal intubation and mortality despite the 
improvement in blood gas parameters and 
dyspnea.

The ERS/ATS clinical practice guidelines [11] 
recommend (not firmly) NIV as a preventive 
strategy for avoiding intubation in hypoxemic 
acute respiratory failure (ARF) only when per-
formed by experienced teams in highly selected 
cooperative patients with community-acquired 
pneumonia or early ARDS without any associ-
ated major organ dysfunction.

Severe COVID-19 causes significant numbers 
of patients to develop respiratory symptoms that 
require increasing interventions. Initially, the 
treatment for severe respiratory failure included 
early intubation and invasive ventilation as this 
was deemed preferable to be more effective than 
noninvasive ventilation (NIV). However, emerg-
ing evidence has shown that NIV may have a 
more significant and positive role than initially 
thought. NIV includes continuous positive air-
way pressure (CPAP) and bi-level positive air-
way pressure (BiPAP).

NIV can be reserved for patients with mild 
ARDS, with close monitoring, airborne precau-
tions, and preferably in single rooms. In patients 
with suspected or diagnosed COVID-19 requir-
ing NIV, helmets may be the best solution for 
CPAP or NIV because of minimal or no disper-
sion from leaks and easy to filter/scavenge 
exhausted gas. Due to the scarcity of this inter-
face it is probable that traditional oronasal masks 
will be the most commonly used. In this case a 
suboptimal NIV set-up with interface with inap-
propriate seals and improper circuitry will not be 
tolerable. If NIV is the option, try “protective- 
NIV” with lower tidal volumes between 6 and 
8 mL/kg [12].

Although there is a role for noninvasive respi-
ratory therapie77s in the context of COVID-19 
ARF, more research is still needed to define the 
balance of benefits and risks to treatment of 
COVID patients.

30.2.2.6  Adverse Events 
and Complications

The most frequent complications are related to 
the interface, the flow delivered by the ventilator, 
and the patient-ventilator interaction.

The various interfaces can cause, as a result of 
the pressure they exert on the face, discomfort, 
erythema, or ulceration.

Air leaks can cause conjunctival irritation, 
while the pressure generated by ventilation can 
cause pain in the sinuses and ears. Patient ventila-
tor asynchrony is a common cause of NIV failure 
and is often related to patient agitation or exces-
sive air loss.
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30.3  Conclusion Discussion

The indication best supported by the literature for 
the use of NIV is acute respiratory failure linked 
to the exacerbation of COPD. After the COVID 
19 pandemic, more and more evidence is accu-
mulating to justify its use in patients with ALIs of 
other etiology.

Key Major Recommendations
• In patients suffering from neuromuscular dis-

eases and chest wall deformities, the use of 
NPV allows you to rest the respiratory 
 muscles, improve the breathing pattern, and 
slow the evolution of chronic respiratory 
failure.

• NIV should be considered the first-line thera-
peutic option in patients with COPD 
exacerbations.

• NIV can be reserved for patients with mild 
ARDS.

• NIV is routinely used in patients with ACPE.
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Interface, Mouthpiece, Nasal Face 
and Alternative Interface
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Abstract

In the last decades many new interfaces have 
been developed, and interfaces such as mouth-
piece and armor have been further implemented 
thanks to the evolution of software. These 
advances have allowed the clinician today to 
have a wide choice, such as to be able to opti-
mize the treatment for each individual patient 
and pathological condition. For those who 
approach noninvasive mechanical ventilation, 
it is necessary to be clear about all the possible 
interfaces and complications related to their use.

Keywords

Nasal mask · Oral mask · Total face mask · 
Helmet · Mouthpiece

Abbreviations

ALS Amyotrophic lateral sclerosis
ARF Acute respiratory failure
BDP Bilateral diaphragmatic paralysis

COPD Chronic obstructive pulmonary disease
CPAP Continuous positive airway pressure
DMD Duchenne muscular dystrophy
EPAP Expiratory positive airway pressure
IAPV Intermittent abdominal pressure venti-

lation
MPV Mouthpiece ventilation
NIV Noninvasive ventilation

31.1  Introduction

The success of noninvasive ventilation (NIV) 
depends often from alternative external devices 
acknowledged as interfaces. Various types of 
interfaces can be used during NIV therapy  – 
mouthpiece, nasal mask, face mask, and helmet 
mask. Patient comfort and enhanced compliance 
are critical factors in determining the NIV out-
come. The impact of the device itself on the skin 
and the skin breakdown in this context is now 
recognized to be another clinically significant 
adverse effect of NIV [1]. Nasal bridge pressure 
ulcers linked to the use of NIV masks happen in 
5–20% cases [2]. The role of therapeutic devices 
in the development of hospital-acquired pressure 
ulcers has been increasingly recognized over 
recent years. The development of pressure lesions 
can appear in prejudice to NIV and decide possi-
ble treatment failure. So, the choice of interface 
for each patient is crucial.
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31.2  Discussion and Analysis 
of the Main Topic

31.2.1  Interfaces

31.2.1.1  Types of Interfaces
Different kinds of interfaces can be used during 
NIV treatment in the acute context. Deciding the 
fitting interface for patients, including ARF, 
requires thinking of patient preferences and toler-
ance, and discovering the exact size and fit is cru-
cial to successful ventilation. Although interfaces 
are created from a variety of materials, the most 
usually used material is silicone; gel masks are 
prepared by some producers as well. The benefit 
of gel masks is that they accommodate to the sil-
houettes of the face. The availability of different 
types of interfaces makes the choice of appropri-
ate interface for patients with ARF a significant 

challenge. Noninvasive support in the use of neg-
ative ventilation, CPAP, bi-level positive airway 
pressure, or other pressure- and volume-limited 
ventilatory modes is applied in patients with 
ARF.  Unrelatedly of mode, however, a well-fit 
interface is necessary for all forms of NIV.

Nasal Mask. This mask covers the nose only 
and is preferable for long-term ventilation but has 
also been used for acute hypercapnic and hypox-
emic respiratory failure. Preliminary studies with 
normal adults suggested that nasal ventilation is 
of limited effectiveness when nasal resistance 
exceeds 5 cmH2O (Fig. 31.1a).

Oro-Nasal Mask (also known as a full-face 
mask). This mask incorporates the nose and 
mouth and rests on the mandible, and the surfaces 
of the nose and mouth (Fig. 31.1b).

Oral Mask. This mask fits inside the mouth 
connecting the teeth and lips and has a tongue 

a b c

d

g h i

e f

Fig. 31.1 Different interfaces. (a) Nasal mask, (b) oro-nasal mask, (c) oral mask, (d) mouthpiece, (e) nasal pillows, (f) 
full face mask, (g) helmet, (h) IAPV, (i) cuirass
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controller to inhibit the tongue from blocking the 
airway passage. This type is not usual in practice 
(Fig. 31.1c).

Mouthpiece. A flexed mouthpiece fixed near 
the mouth by a flexible support arm is most use-
ful for air supply. Many patients used a simple 
mouthpiece NIV since 1953. The Bennett Lipseal 
is made for fixing the mouthpiece in the mouth 
during sleep and closes the lips to avoid insuf-
flated air from leaking out of the mouth. Patients 
described the mouthpiece as easy to use, espe-
cially during activities of daily living such as 
eating and speaking. Custom-molded bite-plates 
have also been made for mouthpiece NIV with 
or without retaining straps. Bach also described 
the usage of daytime mouthpiece NIV in com-
bination with lip-covering custom-molded orth-
odontic bite plates for mouthpiece NIV use 
overnight. More recently, mouthpiece NIV was 
described to be as effective as a full-face mask 
NIV in decreasing inspiratory effort for treating 
ARF. Mouthpieces for daytime use may produce 
salivation, and long-term use can cause orth-
odontic malformations (Fig. 31.1d).

Nasal Pillow Mask. This mask fixes on the 
perimeter of the nose. This type of mask is regu-
larly designated for persons who find nasal or 
oro-nasal masks painful or involvement of skin 
breakdown on the nasal bridge. Nasal pillows 
like nasal slings have less dead space than masks, 
are less likely to create claustrophobia, and per-
mit the patient to wear glasses. Nasal pillows are 
used principally in stable patients with sleep- 
disordered breathing (Fig. 31.1e).

Total Face Mask. This mask covers the full 
face and is used mainly in patients with ARF 
(Fig. 31.1f).

Helmet. The helmet is a transparent shade that 
covers the complete head and face of the patient 
and has a rubber collar neck tape. It is used as an 
alternative for the oro-nasal mask in patients with 
acute hypoxemic respiratory failure or acute car-
diogenic pulmonary oedema in some states. It 
was acquired to improve tolerability and decrease 
difficulties in patients with ARF on NIV [3]. It is 
not generally used in patients with acute hyper-
capnic respiratory failure (Fig. 31.1g).

IAPV: Intermittent abdominal pressure venti-
lation consists of an elastic inflatable bladder 
incorporated within a corset surrounding the 
abdomen. With bladder inflation by a ventilator, 
the abdominal content and diaphragm move 
upward, assisting expiration. With bladder defla-
tion, inspiration occurs passively. IAPV facili-
tates diaphragmatic motion and may be 
particularly useful in patients with bilateral dia-
phragmatic weakness or paralysis (Fig. 31.1h).

Cuirass: The chest cuirass (a rigid case) and 
wrap-type structure (nylon poncho) are enclo-
sures that allow application of negative pressure 
to the thorax. The effectiveness in producing tidal 
volume is correlated to the grade of body surface 
area that is exposed to negative pressure; it is 
larger with the iron-lung type than with the cui-
rass or poncho type of negative pressure ventila-
tors (Fig. 31.1i).

31.2.2  Different Interfaces 
in the Acute Setting

In ARF, NIV effectiveness is more prominent 
than patient comfort, yet appropriate mask fitting 
and care are necessary to improve patient toler-
ance and, subsequently, to develop NIV outcome. 
Because there is no extensively ideal NIV inter-
face, determining an interface requires a thor-
ough evaluation of patient characteristics, 
ventilatory modes, and respiratory failure type. 
NIV can be used through a closed dual-limb cir-
cuit, an open single-limb circuit, or a closed 
single- tube circuit with a breath valve. A dual- 
limb circuit is formed by one tube for inhalation 
and another for exhalation, and a built-in exhala-
tion port or filter for CO2 elimination. Therefore, 
a non-vented mask is used to support the closed 
circuit. On the other hand, a vented mask should 
be used in open single-limb circuits. If a non- 
vented mask is utilized (open single-limb cir-
cuit), an additional exhalation valve in the circuit 
must be combined to allow CO2 removal. 
Clinicians and respiratory therapists must be con-
scious of this life-threatening difference between 
ventilators because the use of a non-vented mask 
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in an open single-tube system without an exhala-
tion port in the system can be tragic. It is worth 
considering that the interface itself acts as a dead 
space, which probably may improve the risk of 
CO2 rebreathing and retention, especially in 
hypercapnic respiratory failure. The dead space 
is correlated to the internal volume of the inter-
face. Nevertheless, an in vivo study revealed that 
the internal volume of the masks had no manifest 
short-term dead-space consequence on gas 
exchange, minute ventilation, or patient work [4]. 
Additionally, a different study that used compu-
tational fluid dynamics to describe pressure, flow, 
and gas composition during ventilation with the 
various interfaces showed that the adequate dead 
space is not correlated to the inside gas volume of 
the interface, which specifies that the internal 
volume is not a restrictive factor for the interface 
efficacy during NIV [5]. This recommends that 
the interfaces may be interchangeable in clinical 
practice with the difference of the helmet.

The decision of using just the interface is 
determined by the contour of the patient’s profile, 
mouth, nose, breathing pattern, choice, and the 
experience of the medical staff. Two randomized 
controlled trials that confronted the oro-nasal 
mask with the nasal mask in subjects with ARF 
recorded no evidence that one type of interface is 
consistently more reliable than another in terms 
of clinical efficacy [6]. A recent study randomly 
selected 48 subjects with ARF into groups using 
an oro-nasal mask or a total face mask and 
observed responses for 24 h. At 6 h, the use of a 
full-face mask was significantly more effective in 
reducing PaCO2 [7]. However, there was no dif-
ference between the two masks once subjects 
received the acute phase. Recognition and com-
fort were similar in both groups [7]; to increase 
comfort and reduce interface complexities of 
NIV in patients with ARF, the helmet was indus-
trialized, which has the advantage of avoiding 
skin contact and hence improving patient toler-
ance independent of face morphology. The hel-
met has some intrinsic benefits as it allows 
patients to drink, communicate, and expectorate 
freely. Furthermore, it allows for the clearance of 
secretions and interaction with caregivers with-
out removing the NIV interface. Studies have 

revealed that the patient tolerance scale in the 
helmet group is significantly more effective than 
with face masks [8].

The possible use of alternative interfaces such 
as mouthpieces and IAPVs must foresee experi-
ence with these interfaces, and the possibility of 
combining or alternating them to avoid the onset 
of decubitus requires careful choice of the candi-
date patient and close monitoring.

MPV. Several conditions may also be respon-
sible for the failure of NIV, including claustro-
phobia, mask-induced skin lesions, rhinitis, and 
non-tolerance of pressure on the face. Other day-
time NIV procedures should be considered in 
highly ventilator-dependent patients in addition 
to mask ventilation. Mouthpiece ventilation 
(MPV) is a type of noninvasive ventilation deliv-
ered via a mouthpiece. MPV was used for the 
first time on a ventilator-dependent polio patient. 
MPV, as we know it today, has been used for 
many years, and there is already evidence in lit-
erature documenting the efficiency of manage-
ment and improved compliance by patients. 
Notwithstanding this, there is little data on the 
use of noninvasive mechanical ventilation with 
mouthpieces. Due to a recent evolution since 
2013, mouthpiece ventilation modes are being 
introduced to commercially available portable 
ventilators, increasing the interest for this ancient 
modern interface [9]. For all clinicians working 
with mechanical ventilation, it is advantageous to 
have many treatment options available to sew the 
best suit for each patient.

Mouthpiece ventilation used a single-limb 
non-vented circuit ventilator in pressure- 
controlled or, more often, in the volume- 
controlled mode for permitting air stacking. The 
patient can catch mouthpiece ventilation, breathes 
inactively, using the set backup frequency on the 
ventilator, or he/she can actively trigger the 
breath, maintaining a part or all of the delivered 
volume. It is possible to use a simple single-tube 
circuit or a circuit with a valve. The valve is pref-
erable for patients who cannot disconnect to 
exhale outside the circuit. Patients with the valve 
can stay connected for a long time in a row. The 
clinician should evaluate the patient’s ability to 
synchronize with the mouthpiece held in the 
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mouth and to exhale outside the mouthpiece or 
not. Depending on the capacity to move the neck, 
the patient can constantly retain the mouthpiece 
between his/her lips or disconnect it for a vari-
able time. The patient can self-sufficiently dis-
connect from the mouthpiece to speak, eat, 
cough, or call a family member. It presents no 
risk of skin breakdown and conjunctivitis, 
absence of claustrophobia, and lower probability 
of gastric distension. It is safer by permitting the 
use of glossopharyngeal breathing in the event of 
sudden ventilator failure or accidental disconnec-
tion from the ventilator [10]. Despite these obvi-
ous benefits, this modality is not frequently used. 
The same problem has been detected with a tradi-
tional interface in pediatric patients. Nose clips 
or nasal pledges can be used to avoid air leak 
through the nares for patients using lip-covering 
interfaces for mouthpiece NIV especially during 
sleep [11]. During the night, most patients use a 
mask because a mouthpiece needs cooperation 
and is uncomfortable. Air may also be swallowed 
and produce gastric enlargement. Mouthpiece 
and nasal NIV are open systems of ventilator 
support; the low-pressure alarms of ventilators 
not having mouthpiece NIV modes can often be 
sound. Back pressure from a 15  mm angled 
mouthpiece is sufficient to inhibit a low-pressure 
alarm set at 2 cmH2O. The patient starts the inha-
lation by placing the mouth on the mouthpiece 
and making a slight negative pressure in the cir-
cuit by swallowing or gasping. Mouthpieces are 
very advantageous in adjunct daytime ventilation 
for patients suffering from neuromuscular dis-
eases who cannot maintain adequate diurnal arte-
rial blood gases without frequent recurrent 
periods of support [12]. Still, the risk of the use of 
MPV is that the patient may accidentally under- 
ventilate themselves because of the common dis-
connection from the mouthpiece [13]. The period 
of disconnection is probably the major limitation 
of this approach to NIV. The authors recognized 
that the periods of disconnection were connected 
with >5 mmHg paCO2 increases and >2% spO2 
decreases, but no clinical complication happened 
before or after the monitoring period. Few 
patients accepted protracted disconnections with-
out developing hypercapnia [13]. The most com-

mon type of asynchrony was an ineffective effort, 
also suggesting a need for improved trigger sen-
sitivity. The recently introduced MPV software 
that allows insufflation to be triggered only by 
the positioning of the patient’s lips appears to be 
an option for the patient with severe muscle 
weakness. Moreover, the software of many new 
ventilators is adding the mouthpiece mode. EPAP 
cannot be maintained for patients who use an 
open NIV system, and is indeed rarely, if ever, 
necessary for these patients. Apnea alarms, when 
existing, should be fixed at the maximum thresh-
old to avoid avoidable start and discomfort. The 
usual ventilator mode used is assisted volume- 
and pressure-controlled with no EPAP, and the 
low-pressure alarm set to apnea minimum and 
maximum durations. The specificities of MPV, 
such as the intermittent disconnection of the 
patient and the presence of continuous leaks, may 
thus represent a challenge for turbine-based 
home ventilators. There is a great variance in the 
capacity of the different life support ventilators to 
deal with the rapidly changing respiratory load 
features that characterize MPV, which can be fur-
ther accentuated according to the choice of venti-
lator settings. It is always indispensable to 
prudently observe the patient during the adaption 
phase since MPV needs true collaboration from 
the patient, and not all ventilators ensure rapid 
adjustment to the patient’s respiratory acts [13]. 
However, due to its specific features and inconve-
niencies (air leaks, etc.), MPV must be used by 
professional hands and well-monitored. The use 
of MPV is likely limited to a few centers, for the 
longest time required to adapt and monitor the 
patient. In summary, the mouthpiece is a prefer-
able and comfortable alternative to NIV, but more 
active participation is needed compared to the 
use of traditional masks.

Amyotrophic lateral sclerosis (ALS). Data 
in literature confirmed the usefulness of 
MPV.  Bedard and McKim recently studied the 
utilization of daytime mouthpiece ventilation in 
an ALS population using 24-h NIV. Results dem-
onstrate the effectiveness of mouthpiece ventila-
tion as well as the importance of preserved bulbar 
function and ability to produce an acceptable 
peak cough flow with lung-volume recruitment 
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for survival. Mouthpiece ventilation is infre-
quently used in patients with ALS requiring con-
tinuous ventilatory support [12]. With adequate 
bulbar muscle function, mouthpiece ventilation 
was shown to be an effective alternative to tra-
cheostomy [12]. The use of mouthpiece ventila-
tion, combined with other interfaces, leads to an 
improvement in QoL and adherence to NIV. The 
patient who uses ventilation even during the night 
can alter an interface for sleeping and use MPV 
during the day; also, patients with skin lesions 
can benefit from using MPV.

31.2.2.1  Duchenne Dystrophy
The custom of mouthpiece ventilation in patients 
with DMD is documented in the literature. 
McKim discusses that 24 h NIV should be con-
sidered a safe alternative for patients with DMD 
because its use may obviate the need for trache-
ostomy in patients with chronic respiratory fail-
ure demanding more than nocturnal ventilation 
alone [13]. The authors examine the impact of 
diurnal mouthpiece intermittent positive pressure 
ventilation and conclude that daytime mouth-
piece ventilation is safe, prolongs survival, and 
stabilizes vital capacity in Duchenne muscular 
dystrophy patients. As time passes, patients with 
DMD develop constant hypoventilation and need 
respiratory support 24 h a day; then, the mouth-
piece can be very valued, principally in patients 
who use the NIV many hours a day and showing 
skin lesions, gastric distension, or eye irritation, 
sometimes alternating nasal and full-face masks. 
It is useful also to promote adherence to NIV.

31.2.2.2  Other Neuromuscular 
Disease

Bach and others have described a sizeable num-
ber of patients with neuromuscular diseases 
achieved long beyond the point of respiratory 
failure with 24 h NIV. Even patients before venti-
lated 24 h per day via a tracheostomy have been 
adapted to noninvasive mechanical ventilation 
with MPV [14]. Bach also describes noninvasive 
acute and long-term management of quadriplegia 
due to high spinal cord lesions. This includes 
full-setting, continuous ventilatory support by 
noninvasive intermittent positive pressure venti-

lation to support inspiratory muscles and mechan-
ically assisted coughing to support inspiratory 
and expiratory muscles.

Bilateral diaphragmatic paralysis (BDP) is 
associated with dyspnea that worsens when the 
patient is recumbent, increased work of breath-
ing, and exercise intolerance. With BDP progres-
sion, there is increasing ventilatory failure with 
hypoxemia and hypercapnia, which may further 
worsen due to atelectasis and ventilation–perfu-
sion mismatch. There are reports showing that 
MPV is a clinically beneficial treatment to 
improve exercise tolerance and exercise-induced 
dyspnea in patients with BDP [15]. MPV can be 
useful for weaning from orotracheal tube or 
tracheostomy.

There are inadequate data on the usage of 
MPV in patient with Steinert dystrophy. Some 
authors described that it can be useful for Steinert 
patients (Fig. 31.1) who previously rejected the 
application of NIV for tightness, claustrophobia, 
and reduced compliance interface [16].

COPD. The benefits of noninvasive mechani-
cal ventilation (NIMV) as first-line therapy in 
patients with exacerbations of COPD and hyper-
capnic respiratory failure are widely established. 
NIMV avoids intubation and is successful 
(>85%) especially in cases of mild to moderate 
acidosis with the aim to prevent further deteriora-
tion and the need for intubation [17].

Recent ERS/ATS guidelines on the manage-
ment of noninvasive ventilation in acute respira-
tory failure (ARF), in fact, commend that there is 
no lower limit of pH below which a trial of NIMV 
is inappropriate in hypercapnic COPD exacerba-
tion; however, its failure is directly related to 
severity of acidosis [18] so a close monitoring is 
necessary, and failure can often occur for poor 
tolerance to NIMV, mostly depending on the fit 
and shape of the interface used [19]. In approxi-
mately the large majority of cases, noninvasive 
positive pressure ventilation in ICU is adminis-
tered through face or nasal masks, with some 
common disadvantages, such as air leaks, dis-
comfort, pain, anxiety, secretions, skin lesions 
until to pressure necrosis, claustrophobia, asyn-
chrony between the patient and the ventilator, 
and inability to eat, drink, speak, or cough. 
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Regrettably, all these adverse effects not infre-
quently lead to discontinuation of ventilation.

Intermittent abdominal pressure ventila-
tion (IAPV). It consists of a corset with an elas-
tic inflatable bladder that fits over the abdomen. 
The bladder is attached by a hose to a ventilator 
that give up to 2.5  L of air to the bladder and, 
thereby, to the abdominal wall. This raises the 
diaphragm to cause expiration below the func-
tional residual capacity. Bach in 1990 described 
the use of intermittent abdominal pressure ven-
tilator in ventilator- dependent traumatic quadri-
plegic patients, spinal cord injury, non-Duchenne 
myopathy, Duchenne muscular dystrophy, 
myelopathy, polymyositis, Friedreich’s ataxia, 
and also employed it for long-term respiratory 
support. Intact mental status and bulbar muscu-
lature, absence of obstructive lung disease, and 
patients with traumatic high-level spinal cord 
injury are candidates to benefit from these tech-
niques. New models avoid clothing taking on the 
corset buckles and are more comfortable [20]. 
They are now lightweight, suitable, easy to fit, 
and employ Velcro for fastening. The following 
IAPV parameters can be set: pressure inside the 
bladder, inspiratory time (real inspiratory time 
when the diaphragm moves down), frequency 
(respiratory rate), and rise time (time to inflate 
the bladder). The IAPV works well when a 
patient is in sitting position at an angle of 30° or 
greater and is optimal at 75°. IAPV is described 
in patients with a post-ischemic cervical myelop-
athy with success. IAPV can be used in patients 
who require NIV many hours a day [21]. Patients 
with gastric distension may benefit from the 
abdominal compression exerted by the device 
during the exhalation phase. Also, IAPV should 
be considered for patients with chronic disease 
who need to start NIV; it is helpful to promote a 
positive approach to NIV.

31.2.3  Negative Interface

Negative pressure ventilation (NPV) has played a 
crucial role in the history of ventilatory support 
for patients with respiratory failure in preventing 
endotracheal intubation in patients with acute 

exacerbation of COPD or neuromuscular disease. 
Jacket ventilators provided an inner framework 
of metal or plastic which was covered with a her-
metic jacket with closures around the neck, arms, 
and thighs. The air in the jacket was alternatingly 
exiled, providing the ventilator action. Patients 
often desired assistance to put on and seal these 
jackets but they were proper for home use. 
Cuirass negative pressure ventilators were princi-
pally advantageous in children with neuromuscu-
lar disorders. Children had their own cuirass built 
from a plaster prototypical of the thorax and 
abdomen. This is important when there was 
severe thoracic scoliosis. The cuirass is a plastic 
model of the front and sides of the trunk; the 
edges were padded with air tight material and the 
cuirass attached to the patient with a back strap 
[22]. Pressure lesions with cuirasses were usual 
and new cuirasses were necessary as the patient 
grew. Cuirass ventilators were easy to wear and 
suitable for home use with a variety of negative 
pressure pumps which provided a preset negative 
pressure within the cuirass.

NPVs preserve physiological functions, such 
as speech, cough, swallowing, and feeding, and 
its major advantage is the prevention of endotra-
cheal intubation and its related problems. The 
limitations are the lack of upper airway protec-
tion, particularly in comatose and/or neurological 
patients, that may end in aspiration, given the 
described consequence of NPV on the lower 
esophageal sphincter. Upper airway obstruction 
may occur or be amplified in unconscious 
patients, in patients with neurological disorders 
with bulbar dysfunction, and in those with sleep 
apnea syndrome. This can be overcome by the 
use of nasal CPAP, although in this situation, it 
may be more applicable to change to NPPV. Most 
of the descriptions of side-effects of NPV origi-
nated from stable, chronically ventilated patients: 
poor compliance, upper airway obstruction, and 
musculoskeletal pain. NPV has been associated 
with the possibility of rib fractures and 
 pneumothorax. NPV can be efficaciously used in 
patients in whom excessive airway secretion or 
difficulty in wearing a mask avoid the application 
of NPPV. The iron lung is cumbersome and needs 
a large amount of space rather than problems 
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associated with NPV. The effectiveness of NPV 
depends on strict supervision by well-trained 
nurses and physiotherapists with significant skill 
with NPV. The major problems correlated to the 
support of patients with NPV by an iron lung are 
the transfer from the bed to inside the chamber of 
the tank ventilator and the access to patients for 
nursing practices during mechanical ventilation.

31.2.4  Problems Related 
to the Interface

31.2.4.1  Interface Type and Upper 
Airway Obstruction

It is vital to know the physiological effects of 
positive airway pressure applied through various 
interfaces on upper airway dynamics. To explain 
the consequences of different interfaces on upper 
airway patency, we need to review the difference 
between nose breathing and mouth breathing 
briefly. When breathing happens through the 
mouth, there is an improvement in upper airway 
resistance and an augmented propensity to 
acquire upper airway obstruction. Moreover, 
open-mouth breathing while awake decreases the 
retropalatal and retroglossal cross-sectional area 
and reduces the positive pharyngeal critical clos-
ing pressure during sleep. The oro-nasal mask 

applies pressure through the mouth and nose 
simultaneously, which may lead to a collapse of 
the airway. It is proposed that oro-nasal compli-
mentary airway pressure therapy applies equal 
positive pressure in both nasopharyngeal and 
oropharyngeal compartments, which reduces the 
pressure gradient and allows gravity to displace 
the tongue and soft palate backward, resulting in 
airway obstruction [6]. The therapist needs to 
understand that the diversity in the efficacy of 
positive airway pressure applied via nasal and 
oro-nasal masks may determine the efficiency of 
NIV therapy, particularly in patients with hyper-
capnic obesity hypoventilation syndrome. 
Therefore, oro-nasal masks or face masks are 
favored in the acute settings; however, once the 
patient is stable, shifting to a nasal mask, if 
accepted, is suggested (Fig. 31.2).

31.2.4.2  Air Leaks
Air leaks are prevalent during NIV. There are two 
varieties of air leaks: intentional and uninten-
tional leaks. Intentional leaks are intentionally 
produced during NIV when a one-limb circuit 
without an expiratory valve is present. An inten-
tional leak is designed to bypass breathing again, 
having holes in the mask or circuit to allow for a 
leak proportional to their size, and set inspiratory 
pressure or typical inspiratory flow. Air leaks 

Fig. 31.2 Oronasal 
mask pressure on month
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depend on the sealing features of the interfaces; 
leakage is proportionally more prominent with a 
smaller face mask than with a larger mask or hel-
met [7]. Large air leaks are detrimental to the 
success of NIV as leaks decrease FiO2 arterial 
oxygen saturation and improve in the automatic 
activation of the ventilator, thereby improving 
patient-ventilator asynchrony, which increases 
the risk of NIV failure. Additionally, air leaks can 
cause dry mouth and throat, conjunctivitis, or 
sleep disturbances [6]. In general, nasal masks 
tend to have more air leaks than face masks. 
Besides, the use of an oro-nasal mask reduces 
changes in relative humidity related to leaks from 
the mouth. Air leakage is negligible when a suit-
able interface for the NIV is chosen and installed 
[4]. Tight fitting of the interface can partly 
enhance the air outflow and patient asynchronous 
ventilator; yet, it should be done with caution as 
it raises the risk of facial skin discomfort and 
ulceration [4]. Also, it is essential to know that 
masks have different levels of loss. Therefore, 
each time activating sensitivity, pressure level, 
and rebreathing must be reduced when switching 
to a mask with a different degree of leakage.

31.2.4.3  Nasal or Oral Dryness 
and Nasal Congestion

Nasal or oral dryness and nasal congestion are 
typical during NIV. These side effects can be cor-
related to air leaks and the interface utilized. 
Previous studies have explained that during NIV, 
nasal or oral dryness and nasal congestion 
 influence 10–20% and 20–50% of subjects, par-
ticularly when a nasal mask is applied [5]. 
Progressive nasal mucosal dryness releases 
inflammation mediators that increase nasal con-

gestion and hence nasal obstruction, which 
decreases tidal volume and patient comfort. 
Strategies for reducing airway dryness and con-
gestion during NIV mainly focus on reducing air 
leak [23].

31.2.4.4  Decubitus
With extensive use of NIV, nasal skin lesions 
such as erythema and ulcers may develop at the 
site of mask contact. Nasal erythema or ulcers 
account for a significant portion of interface 
developments during NIV reported to occur in 
5–30% of patients, which increases to 50% of 
patients after a few hours; skin lesions may occur 
in almost 100% of patients after 48 h of NIV with 
a mask [23]. Although the nasal bridge is the 
most delicate area, skin lesions can also appear 
on other facial areas, in particular, over the zygo-
matic bone. There are many types of skin lesions, 
ranging from slight redness over the nasal bridge 
to open ulcers. The evolution of skin abrasions or 
necrosis is an influential factor that limits the tol-
erance and continuance of NIV. There is also evi-
dence of decubitus during negative ventilation 
(Fig. 31.3).

31.3  Conclusion Discussion

The decision of the proper interface is crucial for 
the success of NIV therapy. Most interfaces are 
presented with a fitting measure to help choose 
the exact size to improve tolerance and bypass 
complications. Settling the interface too tightly 
minimizes patient tolerance and raises the risk of 
facial skin breakdown; consequently, if the head-
gear is fixed, it should be reasonable to permit 

Fig. 31.3 Decubitus from positive and negative ventilation
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two fingers beneath it. If the patient does not tol-
erate the interface or if a significant leak is identi-
fied, a distinct interface should be utilized to 
avoid NIV failure. When a different interface is 
used, trigger sensitivity, pressurization level, and 
compatibility with the circuitry must be verified. 
Once the patient’s health is stable, a nasal mask 
can be tried because it is less claustrophobic and 
is correlated with a lower risk for skin problems. 
Knowledge of the risk factors associated with 
pressure ulcer development is the key to the suc-
cess of prevention strategies. The risk of develop-
ing pressure ulcers should be assessed in patients 
in all care settings within the first 6 h after patient 
admission. Routine assessment of the skin (check 
every 3–4  h) and possibility of pressure ulcers, 
regular pressure support, and skin-protective tac-
tics should be involved in the routine use of NIV 
to decrease discomfort and the occurrence of soft 
tissue injury. Rotation or alteration of the inter-
face and the interruption of usage duration of 
NIV may help to prevent face lesions.

Key Major Recommendations
• The decision of the proper interface is crucial 

for the success of NIV therapy.
• Non-optimal interface can produce several 

leaks and can produce patient intolerance.
• We can also think a negative or positive 

abdominal ventilation if the patient is 
intolerant.

• To avoid decubitus, we can use an interface 
alternation.

• When a different interface is used, trigger sen-
sitivity, pressurization level, and compatibility 
with the circuitry must be verified.
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Noninvasive Ventilation (NIV): 
Timing, Screening, and Follow-Up

F. Merciai, A. Marra, M. Vargas, C. Iacovazzo, 
and G. Servillo

Abstract

Noninvasive ventilation (NIV) is the support 
of mechanical ventilation through the upper 
airways of the patient, and its outcomes are 
influenced not only by diagnosis of respiratory 
failure but also by the timing of its use. It is 
essential to identify patients who may benefit 
from the NIV and monitoring and following 
them to evaluate the therapeutic progress.

Keywords
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Abbreviations

ALI Acute lung injury
ARDS Acute respiratory distress syndrome
ARF Acute respiratory failure
COPD Chronic obstructive pulmonary disease
CPAP Continuous positive airway pressure

CPE Cardiogenic pulmonary oedema
ETI Endotracheal intubation
FiO2 Fraction of inspired oxygen
ICU Intensive care unit
IMV Invasive mechanical ventilation
NIV Noninvasive ventilation
NPPV Noninvasive positive pressure 

ventilation
OHS Obesity hypoventilation syndrome
PaCO2 Partial pressure of carbon dioxide
PaO2 Partial pressure of oxygen
PAV Proportional assist ventilation
PEEP Extrinsic positive end expiratory 

pressure
PSV Pressure support ventilation
RCT Randomized controlled trial
SaO Oxygen saturation

32.1  Introduction

Noninvasive ventilation (NIV) refers to the sup-
port of mechanical ventilation through the upper 
airways of the patient using masks and other 
devices. NIV differs from invasive mechanical 
ventilation (IMV) that bypass airways with 
endotracheal intubation (ETI) or laryngeal mask 
or tracheotomy. Compared with invasive 
mechanical ventilation, NIV achieves the same 
physiological benefits of reduced work of 
breathing and improved gas exchange [1]. 
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Furthermore, NIV avoids the complications of 
intubation and reduces the risk of ventilator-
associated pneumonia, especially in patients 
who are immunosuppressed or have other 
comorbidities [1].

NIV techniques can be performed using posi-
tive or negative pressure ventilator. Noninvasive 
positive pressure ventilation (NPPV) is defined 
as any form of ventilatory support applied with-
out the use of an invasive artificial airway. 
NPPV can be applied with pressure generators 
or volume preset ventilators. Continuous posi-
tive airway pressure (CPAP) maintains a con-
stant positive pressure in the airways without 
any inspiratory support. Respiratory cycle is 
started and terminated by the patient spontane-
ously breathing. Breathing rate, flow, and tidal 
volume are defined by the characteristics of the 
respiratory system of the patient. In particular, 
CPAP is used as a valid presidium in the treat-
ment of cardiogenic pulmonary oedema (CPE) 
and peri- operative acute respiratory failure 
(ARF). Pressure levels used to administer CPAP 
in patients with ARF are usually between 5 and 
12 cmH2O. Pressure-support ventilation (PSV) 
assists inspiration using a preset positive- 
pressure boost triggered by the patient. The 
operator decides the higher pressure of the 
inspiratory phase and extrinsic positive end-
expiratory pressure (PEEP) level. The inspira-
tory pressure is delivered until the flow rate falls 
below a target pressure. In this way, the patient 
sets not only the breathing rate but also inspira-
tory and expiratory durations, the feature that 
distinguishes it from other ventilator modes. A 
typical starting setting during NIV provides an 
inspiration pressure of 8–12 cmH2O and a PEEP 
of 3–5 cmH2O. BiPAP ventilation is a combina-
tion of pressure support to reduce inspiratory 
work and PEEP to counterbalance intrinsic pos-
itive end-expiratory pressure. In this way it 
allows a greater reduction in work of breathing, 
especially in patients with chronic obstructive 
pulmonary disease (COPD). Proportional-assist 
ventilation (PAV) targets spontaneous inspira-
tory flow rate as a surrogate of patients’ effort 
and might improve synchrony between patient 

and ventilator and tolerance in some patients. 
Although this mode might be more comfortable 
and needs fewer adjustments than some 
pressure- support modes, it is more complex to 
use than pressure-support ventilation and has 
not been widely adopted.

NPPV was applied not only to patients with 
chronic pulmonary disease but is also used to 
support those with ARF.  The ARF included 
patients with exacerbation of COPD, CPE, pul-
monary infiltrates in immunocompromised 
patients, and acute respiratory distress syndrome 
(ARDS), patients developing ARF in the peri-
operative period, and those with either difficulty 
weaning from invasive mechanical ventilatory 
support or in whom ETI was considered 
inappropriate.

The endpoints of NPPV differ depending 
upon the clinical context. In acute exacerbation 
of COPD, the aim is to reduce CO2 by unloading 
the respiratory muscles and augmenting alveolar 
ventilation, thereby stabilizing arterial pH.  In 
EPA, the aim is to improve oxygenation, reduce 
work of breathing, and increase cardiac output. 
During episodes of hypoxemic ARF, the aim is to 
ensure an adequate PaO2 until the underlying 
problem can be reversed. In patients with chronic 
ventilatory failure, the goal of NIPPV is to obtain 
sufficient oxygenation and/or CO2 elimination 
reducing work of breathing. When used intermit-
tently in patients with obesity hypoventilation 
syndrome (OHS), the aim is to limit sleep- and 
position-induced adverse changes in oxygenation 
and CO2 elimination by stenting the upper 
airway.

The outcomes of NIV treatment are influenced 
not only by diagnosis of respiratory failure and 
patients’ characteristics but also by the timing 
and the setting in which the patient is treated. The 
success of NIV depends on several factors, such 
as the type of ARF (hypoxemic or hypercapnic), 
the underlying disease, the location of the treat-
ment, and the experience of the care team. Time 
is also important, both in terms of the moment at 
which NIV is applied and its total duration (i.e., 
the number of days of NIV and the daily hours of 
use).
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32.2  Discussion and Analysis 
of the Main Topic

32.2.1  Timing

The success of NIV depends on several factors, 
such as the type of ARF (hypoxemic or hypercap-
nic), the underlying disease, the location of treat-
ment, and the experience of the care team. Time 
is also important, both in terms of the moment at 
which NIV is applied and its total duration (i.e., 
the number of days of NIV and the daily hours of 
use). NIV may be used at different moments: to 
prevent the occurrence of impending (but not 
established) acute or post-extubation failure, at 
an early stage, when respiratory failure is already 
established, to avert the need for endotracheal 
intubation, and as an alternative to invasive venti-
lation at a more advanced stage of acute respira-
tory failure or to facilitate the process of weaning 
from mechanical ventilation. The duration and 
intensity of NIV strongly depend on the time it is 
instituted.

Early use of noninvasive ventilation is recom-
mended because the opportunity for a successful 
start might be lost if delays arise and the patient’s 
underlying disease progresses too far. NIV should 
be used as soon as respiratory failure is so severe 
that ventilator assistance is required.

The timing of the application of NIV is a criti-
cal factor. A longer delay between admission and 
NIV use was shown to be an independent risk 
factor for NIV failure in patients with hemato-
logical malignancy and hypoxemic ARF, proba-
bly due to the progression of the underlying 
disease [2]. Therefore, early use of NIV is recom-
mended. It is also critical not to unduly delay the 
decision to intubate a patient with failed NIV 
because the risk of unanticipated respiratory or 
cardiac arrest could lead to increased morbidity 
and mortality.

Early use in patients with mild respiratory aci-
dosis (as low as pH 7.30) and respiratory distress 
prevents further deterioration, avoiding endotra-
cheal intubation and improving survival com-
pared with standard medical therapy [3]. Because 
of the abrupt onset of ARF, its rapid progression 
and/or delays in receiving medical evaluation and 

appropriate treatment, some patients may worsen 
so much that mechanical ventilation becomes 
mandatory. However, ETI in such patients is not 
strictly required because of gasping for air, 
unconsciousness, or the need to protect the air-
way, NIV might still be advantageous compared 
with invasive ventilation. In a multicenter trial in 
patients with mild-to-moderate acidotic COPD, 
Plant et al. [3] noted that intubation and mortality 
rates were lower with NIV than with standard 
therapy alone, but subgroup analysis showed that 
these rates did not differ when pH at enrollment 
was less than 7.30. A study randomized patients 
with acute exacerbations of COPD to full-face 
mask PSV or standard therapy [4]. After 1 h of 
NPPV a significant decrease of breathing rate 
was observed, but not of arterial partial pressure 
of carbon dioxide (PaCO2) levels. Both reported 
significant improvements in vital signs and a 
reduced rate of ETI and decreased length of hos-
pital stay and in-hospital mortality for those 
treated with NPPV. Most of the complications in 
the control group were attributable to ETI and 
consecutive mechanical ventilation, but their 
mortality was higher (29%) than reported in other 
studies [5].

Very few studies have evaluated the use of 
NIV as a means to prevent and to treat post- 
extubation respiratory failure. A randomized trial 
was recently performed [6] to assess whether 
NIV is effective in preventing the occurrence of 
post-extubation failure in patients at risk. The 
study showed that the groups treated with NIV 
had a lower rate of re-intubation than did the 
groups in which standard therapy was used and 
intensive care unit (ICU) mortality was also 
reduced in the subgroup of hypercapnic patients 
treated with NIV.  In conclusion, a promptly 
started use of NIV for at least 48 h in selected 
patients “at risk” may prevent post-extubation 
respiratory failure.

ARF in immunocompromised patients often 
signals a terminal phase of the underlying dis-
ease. Early use of NIV could be very helpful, as 
shown by randomized studies in intensive care 
units that. Antonelli et al. [7] compared NIV in 
facemask with standard treatment in patients 
receiving a solid-organ transplant and who had 
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hypoxemic ARF. NIV was associated with a sig-
nificant reduction in the rate of ETI, ICU long of 
stay, mortality in ICU, and fatal complications.

The use of NIV has been suggested to avoid 
re-intubation in patients who show signs of 
“incipient” or even overt respiratory failure fol-
lowing extubation. In a more recent randomized, 
controlled trial [8] NIV was applied to patients 
who developed ARF within 48 h after extubation 
and compared with standard medical therapy. 
The patients were randomized to standard ther-
apy alone or to NIV. The authors did not find any 
difference in re-intubation rate, hospital mortality 
rate, ICU stay, and hospital stay, despite there 
being a trend to a shorter duration of hospital stay 
in the NIV group.

There is a group of ventilated patients who 
require more gradual and longer withdrawal of 
mechanical ventilation. NIV has become a com-
monly used alternative to invasive ventilation. 
NIV is theoretically able to counteract several 
physiological mechanisms associated with wean-
ing failure or difficulties. Extubation to NIV fol-
lowing a failed spontaneous breathing trial may 
be an attractive weaning strategy. The benefits of 
this approach include avoidance of the injurious 
effects of invasive mechanical ventilation and 
reduction in sedation requirements and a lower 
risk of nosocomial pneumonia. Weaning from 
mechanical ventilation is an important decision- 
making moment, the timing of which can influ-
ence the length of the stay and sometimes the 
prognosis. Unnecessary delays in the suspension 
of mechanical ventilation can prolong the stay in 
ICU, increasing the risks of complications and 
costs. Conversely, premature attempts can be a 
source of respiratory distress and delay the 
 weaning process, hampering the resolution of 
ARF. Weaning should be started after resolution 
of the underlying problems responsible for ARF 
and when the patient has a good compensation of 
the basic acid balance, adequate oxygenation, low 
PEEP values, and sufficient strength of the respi-
ratory muscles. In ventilator-dependent COPD 
patients, NIV has been shown to be as effective as 
invasive ventilation in reducing inspiratory effort 
and improving arterial blood gases [9].

As opposed to IMV, discontinuing and resum-
ing ventilator support with NIV is not cumber-
some and can be carried out several times a day. 
To prevent intubation and re-intubation, NIV is 
commonly applied intermittently for a variable 
number of hours, depending on various factors, 
such as the severity of the ARF and the patient’s 
tolerance. It is worth noting that 3–4 days of NIV 
for less than 12  h/day are usually sufficient to 
reverse ARF; in patients with EPAC, NIV is com-
monly required for less than 6  h. Not surpris-
ingly, the total duration of mechanical ventilation 
and the mean hours of daily application are lon-
ger when NIV is applied as an alternative to 
endotracheal intubation or in the weaning pro-
cess. This may help to explain the higher rate of 
NIV failure due to discomfort and intolerance 
observed when NIV is used as an alternative to 
invasive ventilation [10].

Time is also a critical factor when assessing 
the success or failure of NIV because it is impor-
tant not to unduly delay the decision to intubate 
a patient. Most of the studies evaluating predic-
tors of NIV outcome suggest that patients who 
do not improve within a few hours should be 
considered for intubation. Changes in arterial 
blood gases (i.e., pH for hypercapnic respiratory 
failure and PaO2/FiO2 for hypoxic respiratory 
failure) have been considered the best predictors 
although respiratory rate has also been found to 
be a good predictor of response to NIV [11]. 
Despite prompt improvement soon after the 
institution of NIV, this treatment may fail in 
some patients later on.

32.2.2  Screening

It is essential that healthcare workers know 
how to identify patients who may benefit from 
the NIV and exclude those for whom the NIV 
would be useless or risky. The cause of respira-
tory failure is important in determining the 
likelihood of a successful outcome with 
NIV. Therefore, the starting point is to identify 
the patient with sign and symptoms of respira-
tory distress such as:
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• Increased dyspnea (moderate to severe).
• Tachypnoea (>24 breaths per min in obstruc-

tive, >30 per min in restrictive).
• Signs of increased work of breathing, acces-

sory muscle use, and abdominal paradox gas 
exchange.

• Acute or acute on chronic ventilatory failure 
(PaCO2 > 45 mm Hg, pH < 7·35).

• Hypoxemia (partial pressure of oxygen 
(PaO)2/fraction of inspired oxygen (FIO)2 
ratio < 200).

To start NIV, patient should be conscious and 
cooperative, although hypercapnic patients in 
narcosis may be an exception. During NIV, seda-
tion should be performed with no/minimal respi-
ratory depression and no/minimal impairment of 
the upper airway.

NIV should not be used in patients with respi-
ratory arrest; unable to fit mask; medically unsta-
ble (blood pressure instability or arrhythmia); 
agitated, uncooperative; unable to protect airway; 
swallowing impairment; excessive secretions not 
managed by secretion clearance techniques; mul-
tiple (i.e., two or more) organ failure; recent 
upper airway or upper gastrointestinal surgery; 
hemodynamically unstable; and in patients who 
cannot protect airways.

At the same time, it is important to recognize 
the criteria for discontinuing NIV and proceeding 
with ETI in order to avoid dangerous delays. 
They are represented by:

• Patients’ intolerance (discomfort, pain, or 
claustrophobia).

• Hemodynamic instability (hypotensive shock, 
uncontrolled cardiac ischemia, uncontrolled 
copious upper gastrointestinal bleeding).

• Failure to improve gas exchange and/or 
dyspnea.

• Deteriorating level of consciousness.

Identify the predictive factors of success or 
failure of the NIV can help to recognize the best 
candidates. Based on data from randomized con-
trolled trials (RCTs), three temporal moments 
were identified: (1) immediate failure (within 
minutes to <1 h), (2) early failure (1–48 h), and 

(3) late failure (after 48 h) [4]. Immediate NIV 
failure refers to failure within minutes and not 
beyond the first hour. The causes are [4] weak 
cough reflex and/or excessive secretions, hyper-
capnic encephalopathy and coma, intolerance 
and psychomotor agitation, and “fighting with 
the machine”: patient-ventilator asynchrony. 
Nearly 65% of NIV failures occur within 1–48 h 
of NIV use [4]. Most studies have focused on 
NIV use in either hypercapnic or pure hypoxic 
ARF.  Oxygenation impairment, as shown by a 
decreased ratio of PaO2 to FiO2 (P/F ratio), is one 
of the most risk factors and predictors of NIV 
failure. Other hypoxic ARF risk indexes to con-
sider are increased severity of disease and 
increased respiratory rate (>35 breaths/min). 
Instead hypercapnic ARF risk indexes are [4] 
poor nutritional status, increased heart rate, 
higher baseline C-reactive protein/white blood 
cell count, lower serum potassium, and airway 
colonization by non-fermenting gram-negative 
bacilli. Although the definition of late NIV fail-
ure has not been standardized; it is usually 
defined as failure that occurs 48 h after initiation 
of NIV, following an initial successful response. 
Late NIV failure has received less attention and 
has been studied mainly in hypercapnic ARF 
[12]. Actually, it occurs in a considerable subset 
of patients (about 15% of NIV failures). The 
occurrence of late failure in COPD patients 
admitted with hypercapnic ARF to ICUs when 
NIV was used >24 h was found to be associated 
with the presence of hyperglycemia and a lower 
pH at admission [12].

32.2.3  Follow-Up

Monitoring and follow-up of NIV patients is nec-
essary to determine whether the method is able to 
achieve improvement in symptomatology, reduc-
tion of work of breathing, improvement of gas 
exchanges, good patient-ventilator synchrony, 
and patient comfort.

The patient can start NIV anywhere but as 
soon as possible should be transferred to UTI 
for continuous monitoring, until clinical stabil-
ity is achieved. In fact, to use NIV, staff with 
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much experience, who are prepared to intubate 
promptly if goals are not met (i.e., hemody-
namic stability, adequate oxygenation, good 
cooperation) [4]. Implementation of NPPV 
involves selecting the appropriate patient inter-
face, connected to a ventilator and capable of 
applying positive pressure to the upper airway 
during an episode of acute respiratory failure. 
Six types of interfaces are commercially avail-
able: full-face (or oronasal) mask, total face 
mask, nasal mask, mouthpieces, nasal pillows 
or plugs, and a helmet.

Close follow-up is required to detect early and 
late signs of deterioration, thereby preventing 
unavoidable delays in intubation. It is therefore 
possible to evaluate the monitoring of gaseous 
exchanges by means of pulse oximetry and 
hemogasanalytic values obtained before the start 
of the NIV, after 1–2 h from the start and when 
indicated by clinical conditions. Physiological 
responses are evaluated by continuous electrocar-
diography, monitoring of breathing rate, blood 
pressure, and heart rate. Flow and pressure curves 
are used to detect the possible occurrence of 
patient/ventilator mismatching. The level of 
compliance, mental statucs, physical condition, 
oxyhemoglobin saturation, signs of air leakage 
around the mask, and respiratory rate were con-
tinuously monitored. Arterial blood gas analysis 
are performed at regular intervals to evaluate 
PaO2/FiO2, PaCO2, HCO3, SaO2, electrolytes, and 
lactates.

The length of NIV is established according to 
clinical criteria and arterial blood gas values. 
Weaning from NIV is defined as complete inde-
pendence from mechanical ventilation for at least 
72 h. Initial success of NIV is defined as objec-
tive and subjective improvement in the first 
hours: objective criteria include the disappear-
ance of respiratory distress signs, and the follow-
ing changes from spontaneous breathing in these 
parameters (pH = 7·35, decrease in PaCO2, with 
oxygen saturation (SaO)2 [with or without oxy-
gen]  =  90%), while subjective criteria include 
improvement or absence of dyspnea, and each 
patient’s comfort.

NIV should be discontinued in a timely man-
ner if the patient is deteriorating on the basis of 
worsening pH and respiratory rate (for acute 
hypercapnic respiratory failure) or exhaled tidal 
volume > 9.5 mL/kg and heart rate, acidosis, con-
sciousness, oxygenation, and respiratory rate 
score  >  5 after 1  h (for hypoxemic respiratory 
failure).

32.3  Conclusion Discussion

NIV has an important role in the management of 
respiratory failure. The use of NIV in the treat-
ment of acute respiratory failure related to COPD 
exacerbations is the best supported indication in 
the literature. Many other applications are under-
going further investigation.

Knowledge of NIV features and choice of the 
right patient in the appropriate setting and in the 
right time are key factors for the success of 
NIV. Every physician dealing with NIV should be 
aware of risk factors and closely monitor each 
patient for their presence or development to achieve 
a good response and to improve the prognosis. If a 
patient fails to improve sufficiently, prompt ETI 
should be performed without delay because there is 
an increased risk of morbidity and mortality with 
ETI after failed NIV.  A satisfactory initial NIV 
attempt is not always a marker of a good outcome.

Key Major Recommendations
• NIV has an important role in the management 

of respiratory failure.
• The timing of the application of NIV is a criti-

cal factor in determining the likelihood of a 
successful outcome.

• The length of NIV is established according to 
clinical criteria and arterial blood gas values.

• Screening is essential to identify patients who 
may benefit from the NIV and exclude those 
for whom the NIV would be useless or risky.

• Monitoring and follow-up of NIV patients 
is necessary to determine whether the 
method is able to achieve improvement in 
symptomatology.
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Ventilatory Modes: Neurally 
Adjusted Ventilatory Assist 
(NAVA)/Pressure Support 
Ventilation/Bi-PAP Mode/
Continuous Positive Airway 
Pressure
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and Giuseppe Servillo

Abstract

The purpose of this chapter is to describe the 
following ventilatory modes: neurally adjusted 
ventilatory assist (NAVA), pressure support 
ventilation, bi-PAP mode, and continuous 
positive airway pressure.

The aim is to analyze their main features, 
focusing on their indications, contraindica-
tions, and fields of application.

Keywords

Assisted ventilation · Neurally adjusted 
ventilatory assist (NAVA) · Pressure support 
ventilation (PSV) · BIPAP mode · Continuous 
positive airway pressure (CPAP)

Abbreviations

ARDS Acute respiratory distress syndrome
BIPAP Bilevel positive airway pressure
CPAP Continuous positive airway pressure
CPE Cardiogenic pulmonary edema
EAdi Electrical activity of the diaphragm
FRC Functional residual capacity
ICU Intensive care unit
IMV Intermittent mandatory ventilation
NAVA Neurally adjusted ventilatory assist
OSA Obstructive sleep apnea
PCV Pressure Controlled Ventilation
PEEP Positive end-expiratory pressure
PEEPH PEEP high
PEEPL PEEP low
PSV Pressure support ventilation
WOB Work of breathing

33.1  Introduction

The listed ventilatory modes need to be acknowl-
edged from the clinicians who wish to refine their 
practice in the management of invasive and non-
invasive ventilation.
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Neurally adjusted ventilatory assist is a pro-
portional ventilatory mode that uses the electrical 
activity of the diaphragm to offer a better patient- 
ventilator interaction, with a fine proportion to 
the patient effort.

Pressure support ventilation is a form of 
assisted ventilation in which the ventilator pro-
vides a constant pressure during inspiration once 
the patient has made an inspiratory effort.

Continuous positive airway pressure is a spon-
taneous breathing mode that take place at a cer-
tain level of positive pressure maintained 
throughout the whole ventilatory cycle, while in 
bilevel positive airway pressure the circuit 
switches between a high and a low airway pres-
sure level.

33.2  Discussion and Analysis 
of the Main Topic

33.2.1  Neurally Adjusted Ventilatory 
Assist

Neurally adjusted ventilatory assist (NAVA) is a 
proportional ventilatory mode that uses the elec-
trical activity of the diaphragm (EAdi) to offer 
ventilatory assistance in proportion to the 
patient’s effort, in contrast to all other modes of 
ventilation, which adopt conventional pneumatic 
signals (flow, volume, and airway pressure). The 
diaphragm’s electrical activity is considered the 
best available signal to assess the respiratory 
drive, to trigger on and cycle off the mechanical 
assistance, and to regulate its amount [1].

The motivation that led to the development of 
NAVA mode is essentially the necessity to reduce 
the occurrence of patient-ventilator asynchrony 
in patients receiving mechanical ventilation. It 
has been estimated that 25% of mechanically 
ventilated patients experience asynchrony events, 
increasing the length of ventilatory support [2, 3].

When a patient is not synchronized to the ven-
tilator, this can potentially damage the dia-
phragm, resulting in a loss of force-generating 
capacity [4]. Moreover, when asynchrony is pres-
ent, it is common practice in ICU settings to 

sedate the patient, to further reduce diaphragm 
activity.

In the NAVA mode, the inspiratory signal is 
detected using diaphragmatic electromyography 
through the Edi catheter, which is basically a 
nasogastric tube with miniaturized electrodes 
near the distal tip. The Edi catheter is inserted 
into the esophagus, and the electrodes are posi-
tioned at a level that is adjacent to the dia-
phragm. The values are reported in microvolts 
(μV) (Fig. 33.1).

Triggering of a breath occurs when a deflec-
tion greater than the set threshold (mostly 0.5 μV) 
occurs in the Edi waveform [5].

Delivery of pressure during inspiration is 
based on the strength of the Edi signal and the 
level of NAVA support (“NAVA level”), set by the 
operator together with the PEEP level. The NAVA 
level determines the amount of pressure deliv-
ered by the ventilator in proportion to the Edi. An 
estimated peak pressure that will be delivered 
during the breath is based on the following equa-
tion: [6]

 

NAVAPpeak = NAVA level
Edi peak - Edimin + PEEP�� �  

This means that the final mechanical assist 
delivered by the ventilator in NAVA will be pro-
portional to the neural output as measured by the 
Edi signal: in this way, the support delivered by 
the ventilator is constantly under the control of 
the patient’s respiratory center and corresponds, 
moment by moment and breath to breath, to the 
patient’s ventilatory request.

Furthermore, the clinician has to set two dif-
ferent backup modes: the first one is a pressure 
support ventilation (PSV) that is activated in case 
the Edi signal is lost (e.g., displacement or dete-
rioration of the catheter); the second one is a 
pressure controlled ventilation (PCV) backup 
mode that switches on in case of apnea (e.g., for 
excessive sedation, curarization) [6].

NAVA mode is specifically for use in patients 
who are capable of spontaneous breathing, that 
is, patients who have an Edi signal. Patients with 
the following conditions are excluded from the 
use of the NAVA mode:
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• Heavily sedated and/or paralyzed.
• Damaged brain center.
• Absence of phrenic nerve activity.
• Diseases that prohibit neuromuscular 

transmission.
• Presence of apnea.

Further limitations are contraindications to 
Edi catheter placement, such as recent gastric or 
esophageal surgery and the presence of esopha-
geal varicose veins.

Compared to other modes, NAVA shows the 
achievement of a better patient-ventilator interac-
tion in terms of number of asynchrony events, but 
the ventilator-related complications (e.g., baro-
trauma, VAP), ICU mortality, ICU stay time, and 
hospital stay time are not significantly reduced, 
while the duration of ventilation can be even lon-
ger when NAVA is compared to PSV [7].

In conclusion, there is no direct evidence from 
human clinical trials that better patient-ventilator 
synchrony with NAVA results in better outcomes, 
but it remains a useful, promising tool.

33.2.2  Pressure Support Ventilation

Pressure support ventilation (PSV) is a form of 
assisted ventilation in which the ventilator pro-

vides a constant pressure during inspiration once 
it senses that the patient has made an inspiratory 
effort. Specifically, this ventilation mode is:

 – Patient-triggered: Inspiration begins if a nega-
tive airway opening pressure (pressure- 
triggering) or a drop in flow (flow-triggering) 
is detected by the ventilator, of which the cli-
nician has to set the sensitivity; this setting 
determines the patient’s effort (in terms of 
pressure or flow change) that is required to 
trigger the ventilator.

 – Pressure-limited: The ventilator pushes a vol-
ume of gas into the circuit, which leads to a 
rise in pressure until it reaches a certain value, 
set by the clinician.

 – Flow-cycled: The ventilator switches into the 
expiratory phase once the flow has decreased 
to a predetermined value during inspiration, 
usually a certain percentage of the peak inspi-
ratory flow.

While the operator sets the sensitivity level, 
inspiratory pressure (along with PEEP, if needed), 
and flow cycle criteria, the patient establishes the 
rate, inspiratory flow, and inspiratory time. Tidal 
volume is the result of pressure gradient 
(ΔP = Set pressure − EEP), patient effort, respi-
ratory system compliance, and resistance.

Fig. 33.1 Maquet 
Critical Care, NAVA 
monitor [6]
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It is important to recognize that, as a patient- 
triggered mode, pressure support should be used 
exclusively in patients with a reliable, steady 
spontaneous respiratory pattern, even though 
more recent ventilators provide backup ventila-
tion (volume-controlled or pressure-controlled 
mandatory ventilation) if apnea occurs during 
PSV.

The role of PSV, alone or combined with other 
modes, is substantially to overcome ventilator 
system resistance and reduce work of breathing 
(WOB) in spontaneous breaths; PSV is the most 
commonly used mode during weaning from 
mechanical ventilation [8, 9].

33.2.3  Continuous Positive Airway 
Pressure

Continuous positive airway pressure (CPAP) is a 
spontaneous breathing mode that takes place at 
an operator-determined level of positive pressure, 
which is maintained throughout the whole venti-
latory cycle. No mandatory breaths are delivered: 
CPAP provides patient-triggered and patient- 
cycled breaths.

CPAP can be provided as a standalone mode 
or in combination with other modes, like PSV or 
even intermittent mandatory ventilation (IMV). It 
can be applied by mask or via a cuffed endotra-
cheal or tracheostomy tube; it may be provided 
through the ventilator or even using a high-flow 
gas source and a PEEP valve. Portable CPAP 
machines have also been developed for non-acute 
care setting and even in-home use.

With CPAP, the airway pressure is elevated 
during inspiration and expiration. In this way 
CPAP may both reduce the inspiratory WOB 
 during spontaneous breathing, improve oxygen-
ation, prevent alveolar collapse and atelectasis, 
and increase FRC and the lung surface area for 
gas exchange.

CPAP setting requires careful hemodynamic 
monitoring, as the augmentation of intrathoracic 
pressure decreases venous return, cardiac output, 
and blood pressure.

The CPAP mode is most commonly used to 
evaluate whether the patient can be weaned from 

the ventilator in spontaneous breathing trials but 
is also applied with the aim of improving gas 
exchange in patients with respiratory failure or 
preventing postoperative atelectasis [10]. 
Moreover, CPAP is considered as a first-line 
strategy in the management of patients with car-
diogenic pulmonary edema (CPE), as it decreases 
the systemic venous return and left ventricle fill-
ing pressure, limiting pulmonary edema; CPAP 
has been proven to decrease the need for endotra-
cheal intubation and hospital mortality in these 
patients [11].

Moreover, very high levels of CPAP for brief 
periods of time (e.g., 40 cmH2O for 40  s) have 
been suggested as a part of recruitment maneu-
vers to open collapsed alveoli in selected patients 
with ARDS.

CPAP could be also used both in hospital and 
home settings, and in the treatment of obstructive 
sleep apnea (OSA): noninvasive CPAP delivered 
by oral or nasal mask at pressures in the range of 
4–20 cmH2O forces air into the upper airways to 
prevent soft tissues from collapsing, airway 
obstruction, and apnea [12]. If a CPAP of 20 
cmH2O fails to adequately control OSA, BIPAP 
may be employed.

33.2.4  Bilevel Positive Airway 
Pressure

Bilevel positive airway pressure (BIPAP) is 
another form of pressure ventilation in which the 
circuit switches between a high and a low airway 
pressure level in an adjustable time sequence.

The main operator controls are:

 – FiO2.
 – PEEPH: High pressure level, set to achieve an 

inspiratory pressure of 5–15  cmH2O above 
PEEPL and titrated to achieve adequate venti-
lation and reduced work of breathing.

 – PEEPL: Low pressure level, initially set in the 
range of 5–10 cmH2O and titrated to achieve 
desirable oxygenation, minimizing patient 
discomfort.

 – TH: Length of time at PEEPH.
 – TL: Length of time at PEEPL.
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 – Pressure support: Additional ventilator sup-
port can also be added in the form of PS at 
both pressure levels to augment the patient 
effort and can be left at 0 if no additional pres-
sure is needed.

Inspiration is typically patient triggered; ven-
tilation can be flow or time cycled. It is com-
monly used as a NIV mode through an oral or 
nasal mask, but it is often applied to intubated or 
tracheostomized patients.

Even though inspiration is patient triggered, 
the BIPAP mode cannot be considered as a pure 
assisted ventilation, since the transition between 
PEEPL and PEEPH inevitably generates a man-
datory inspiration, similar to a PCV. During the 
mandatory inspiration, in opposition to PCV in 
which the expiratory valve is closed, the patient 
is able to exhale anytime. Similarly, when the 
pressure level changes from PEEPL to PEEPH, it 
provokes an expiration.

During the phases with no change in pressure 
level, technically the patient is essentially receiv-
ing a CPAP, with an established pressure value, 
high or low.

Conclusively BIPAP is a combination of a 
pressure-controlled ventilation and an assisted 
ventilation and, thanks to its diversified charac-
teristics and setting chances, its fields of appli-
cation are wide both in ICUs and non-critical 
settings for the treatment of acute or chronic 
respiratory failure linked to difference etiolo-
gies [13].

33.3  Conclusion Discussion

The ventilatory modes debated in this chapter 
offer a wide range of application in different clin-
ical scenarios. Even if there is no direct evidence 
that better patient-ventilator synchrony with 
NAVA results in better outcomes, it remains a 
useful and fascinating tool. Instead PSV has a 
clear and established role in reducing WOB in 
spontaneous breaths, being frequently chosen for 
trials of weaning from mechanical ventilation, 
similarly to CPAP. Besides CPAP improves oxy-
genation, prevents alveolar collapse and atelecta-

sis, and increases FRC and the lung surface area 
for gas exchange; furthermore CPAP is consid-
ered a first-line strategy in the management of 
patients with CPE, being able to decrease the 
need for endotracheal intubation and hospital 
mortality in these patients.

Key Major Recommendations
• If asynchrony occurs, NAVA is an advanta-

geous tool to provide a better ventilator-patient 
interaction.

• PSV can be properly used in trials of weaning 
from mandatory ventilation.

• CPAP should be considered in the first place 
in CPE or OSA patients.

• If CPAP fails in case of OSA, BIPAP should 
be contemplated.
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Abstract

It is essential to investigate pulmonary func-
tion measurements in the management of 
patients with respiratory conditions or dis-
eases. The measurements help in diagnosis, 
monitoring response to treatment, and can 
provide assistance in guiding clinical deci-
sions. Noninvasive ventilation (NIV) is com-
monly used for respiratory failure. Delay in 
assessing and monitoring NIV failure can lead 
to fatal outcomes. Therefore, pulmonary func-
tion tests are crucial in monitoring lack of 
responsiveness to NIV, respiratory failure pro-
gression, or complications related to either 
underlying pathology or machine. Patient- 
ventilator synchrony is an important issue 
affected by machine performance and its 
interface and patient characteristics. Accurate 
recognition and management for asynchrony 
require proper bedside assessment of ventila-
tor graphics and a patient’s clinical 
observation.

Keywords

Noninvasive mechanical ventilation · Patient- 
ventilator interaction · Asynchrony · Leak 
compensation · Failure

Abbreviations

ARF Acute respiratory failure
COPD Chronic obstructive pulmonary disease
NIV Noninvasive mechanical ventilation
O2 Carbon dioxide
PaCO2 Arterial carbon dioxide tension
PEEP Positive end-expiratory pressure
PEEPi Intrinsic positive end-expiratory 

pressure
VTE Expiratory tidal volume

34.1  Introduction

NIV can be a life-saving modality for patients 
with acute and chronic respiratory failure. The 
goal is to reduce the work of breathing by unload-
ing the respiratory muscles and improving gas 
exchange [1].

There is clear evidence that patient-ventilator 
interaction is suboptimal, and the prevalence of 
asynchrony is common. Many factors lead to 
such suboptimal interactions such as clinical 
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observation, type of patients’ conditions, detec-
tion methods, NIV mode types and settings, and 
type of asynchronies. Adverse effects resulting 
from patient-ventilator asynchrony include 
improper work of breathing, patient discomfort, 
increased length of hospital stay, and failure to 
wean of the ventilator, which may lead to higher 
mortality rate [2].

This chapter will review issues related to 
patient-ventilator interaction using NIV.

34.2  Discussion and Analysis 
of the Main Topic

34.2.1  Why Is Patient-Ventilator 
Interaction Important?

Understanding how a patient interacts with the 
NIV machine is important to highlight factors 
that may lead to improper management or failure 
of the NIV.  These factors include the patient’s 
condition and the process of the disease that 
affects respiratory function and related interven-
tions [3]. Patient-ventilator interaction can be 
heavily affected by the type of interface, whether 
invasive or noninvasive tubes/masks. It is espe-
cially important clinicians respond properly and 
in a timely manner to these interactions. 
Table 34.1 lists several adverse consequences of 
patient-ventilator interaction [4].

34.2.2  NIV and Patient-Ventilator 
Interaction

It has been shown that patient-ventilator asyn-
chrony (PVA) is prevalent and common [3]. 
Dean Hess showed that the frequency of PVA 
is crucially correlated with patient comfort 
during NIV, and the greatest factor in PVI dur-
ing NIV application was air leakage which 
showed that higher leakage led to more asyn-
chrony, with high levels of pressure support 
[3]. Therefore, understanding an NIV machine 
and its specifications during NIV application is 
important. Some NIV machines have sufficient 
air leak compensation and others do not. It is 
critical that clinicians understand the trigger-
ing and cycling functions before switching to a 
different mask with different leak characteris-
tics. Another factor addressed that may inter-
fere with PVI during NIV was the sleep-wake 
cycle state and how it is related to over- and 
under-ventilation due to changes in ventilatory 
drive and airway resistance.

34.2.3  NIV Failure

NIV is the first line of therapeutic intervention 
in selected conditions and shows clear evidence 
of reducing the need for endotracheal intuba-
tion [1]. However, some patients fail NIV and 
reintubation becomes required. Randomized 
controlled trials showed significant reduction in 
intubation rate in patients with exacerbated 
COPD and acute cardiogenic pulmonary edema 
[5, 6]. However, 16% who received NIV were 
intubated. A French study showed 38% NIV 
failure rate with acute respiratory failure in a 
mixed population [7]. This proves that NIV is 
helpful in various populations [8]. Table  34.2 
shows potential causes of NIV failure with 
some related to asynchrony [5].

Evidence showed successful NIV is associ-
ated with proper NIV tolerance [8] and good syn-
chrony led to improved NIV comfort [9].

Table 34.1 Adverse consequences of patient-ventilator 
interaction

Increased work of breathing
Poor ventilation and oxygenation
Respiratory muscle dysfunction
Lung hyperinflation and distention
Patient discomfort
Un-readiness for weaning
Excessive sedatives and neuromuscular blocking 
agents
Prolonged mechanical ventilation
Prolonged immobility and neuromuscular 
complications
Distress for family members
Miscommunication among team members
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34.2.4  Asynchrony

The interface for NIV can be oronasal masks, 
nasal masks or pillows, total face masks, mouth-
pieces, or helmets [10]. It is common these inter-
faces promote air leaks compared to invasive 
ventilation interfaces, as seen in Table  34.3. In 
intensive care units (ICUs), the preferred NIV 
interface is the oronasal mask [11, 12].

The helmet acts as a semi-closed interface, 
which has a larger volume than the tidal volume. 
This results in increased inspired partial pressure 
of CO2. Such increased PCO2 in a helmet depends 
on the patient’s production of CO2 and the gas 
flow that flushes the helmet [13, 14]. Therefore, a 
minimum of 40–60  L/min gas flow (40–60  L/
min) is needed to maintain a low inspired partial 
pressure of CO2 [13]. The use of a helmet with 
pressure support ventilation compared with a 
face mask showed an increase in respiratory 
efforts and dyspnea, reduction in CO2 clearance, 
and patient-ventilator asynchrony.

Rebreathing during NIV is another important 
issue. Potentially, it induces asynchrony because 
it increases respiratory drive and dyspnea. It has 
been shown that air hunger is detectable at an 
end-tidal PCO2 4 mmHg and becomes intolera-
ble with an increase in end-tidal PCO2 of 
11 mmHg [15].

Costa et  al. performed a study that assessed 
synchrony with NIV using the oronasal mask and 
helmet as the interface [16]. The study showed 
that the helmet resulted in significant asynchrony 
compared to the face mask. One the issues that 
led to patient-ventilator asynchrony was the use 
of different interfaces for different ventilators. 
Mixing interfaces from one manufacture to 
another, trying to find best fit, does not work. In 
fact, this potentially creates an interface- 
ventilator mismatch. In such cases, it is important 

when switching masks to assess the leak charac-
teristics in order to fix the trigger sensitivity and 
pressure settings and to avoid rebreathing.

34.2.5  NIV Leak Compensation

Unfit interface or the ventilator manufacture type 
can cause failure of the NIV. There are two main 
differences between invasive interface and NIV 
with the airway sealed in the former and leaks 
occurring in the latter. NIV leaks led to signifi-
cant patient-ventilator asynchrony which com-
promises respiratory pressures and the amount of 
delivered tidal volume [3]. The most common 
NIV asynchrony is auto-triggering. The auto- 
triggering is caused by the inability of the 
machine to detect the patient’s trigger signal.

The two proper approaches to handle the leak 
is to deal with minimization and compensation 
for such NIV leaks. To minimize the leak, selec-
tion of the proper interface and fitting techniques 
should be carried out. To compensate for the leak, 
bilevel ventilators in critical care perform better 
in terms of synchrony due to automated leak 
compensation algorithm. These critical care ven-
tilators allow the clinician to adjust and improve 
the patient-ventilator interaction, including trig-
ger type, flow cycle, and sensitivity. Evidence 
suggests that the best option for better patient- 
ventilator synchrony is critical care bilevel venti-
lators with an NIV mode that provides better leak 
compensation.

34.2.6  Improvement of NIV 
Synchronization

There is less evidence supporting improved out-
comes of patient-ventilator interaction with 
NIV. To improve outcomes of patient-ventilator 
synchronization, the clinician needs to perform 

Table 34.2 Potential causes of NIV failure

Improper selection for the interface
Untrained and inexperienced clinicians
Selection of patient is poor due to degree of severity 
and diagnosis
Selection of ventilator type: leak compensation issue
Inappropriate ventilator settings

Table 34.3 Potential consequences of NIV leaks

Poor efficiency of NIV
Patient intolerance
Frequent awakenings and sleep fragmentation
Patient-ventilator asynchrony

34 Pulmonary Function Measurement in Noninvasive Ventilatory Support
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sufficient patient examination and ventilator 
assessment via waveforms. The clinician also 
needs to detect the type of triggering from venti-
lator waveforms: ineffective, double, auto, 
delayed, and premature cycling [3].

In order to improve the synchrony outcomes 
of NIV ventilators, there are several ways to first 
improve patient-ventilator interactions [3]. 
Properly fitting the interface is a crucial strategy 
in all synchronization methods. For trigger syn-
chrony, PEEP can be used for auto-PEEP and 
adjustment for trigger sensitivity in order to bal-
ance between auto-triggering and trigger effort. 
For cycle synchrony, it is recommended to use 
time-cycled versus flow-cycled ventilation and 
adjust pressure support settings to minimal based 
on the clinical picture.

For flow synchrony, it is recommended to 
improve the synchrony by using volume-or- 
pressure targeted ventilation with proper adjust-
ment to inspiratory pressure and flow and tidal 
volume accordingly. In addition, adjustment to 
the rise time can be helpful to comfort patients. 
The last strategy is NIV mode; in this method, it 
is recommended to use the backup rate in case of 
periodic breathing or apnea.

Ventilator adjustments are needed not only to 
improve the synchronization but also to improve 
patient underlying problems, as well. For many 
patients with NIV, the respiratory system goes 
through pathological and physiological changes 
that require frequent manipulations to ventilator 
settings in order to avoid improper ventilator- 
patient interactions.

34.2.7  Monitoring of Pulmonary 
Parameters

Data obtained by an NIV built-in algorithms 
device that describes patient’s ventilation status 
is an important, useful tool in the assessment of 
the ventilation efficacy. Such data provide addi-
tional help to understand a lack of clinical 
improvement. NIV-ICU ventilators have shown 
more patient- ventilator asynchrony due to auto- 

triggering [17] created by a semi-open system 
and air leaks.

Expiratory tidal volume (VTE) is one of the 
main parameters to monitor NIV as it reads the 
patient’s alveolar ventilation. Before initiating 
NIV, the VTE should be determined, can be cal-
culated on the basis of ideal body weight and 
depends on disease or condition categories [18]. 
There is sufficient evidence that monitoring the 
rapid shallow breathing index (respiratory rate 
divided by VTE) may be a good NIV predictor of 
success.

Intrinsic positive end-expiratory pressure 
(PEEPi) is present in variable degrees in patients 
with moderate to severe COPD. Normally, it causes 
dynamic hyperinflation, lower respiratory compli-
ance, and higher respiratory workload. During 
NIV, the presence of PEEPi can be investigated by 
inspection of the expiratory flow-time curve.

34.3  Conclusion Discussion

NIV is a supportive therapeutic option for the 
vast majority of ARF patients. The benefits of 
NIV application can be achieved only if adequate 
pulmonary function monitoring of patients is 
undertaken. The level of pulmonary function 
monitoring should depend on the severity of 
respiratory failure and the general condition of 
patients. The other pulmonary function parame-
ter is the analysis of the ventilatory parameters: 
VTE, leak and I:E ratio, provided by the ventila-
tor as pulmonary waveforms and numerical data. 
There is still evidence needed to improve patient- 
ventilator synchrony and to avoid NIV failure in 
early and late stages of a patient’s condition.

Key Major Recommendations
• NIV is a crtucial ventilatory approach that 

show a strong relations with pulmonary func-
tion basic parameters (pressure/tidal volume 
and airflow) waveform.

• NIV response to early and late failure are 
related with patterns of patient-ventilator 
synchronization.
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Noninvasive Ventilation Failure
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Abstract

Noninvasive ventilation (NIV) is widely used 
in patients with respiratory failure. The need 
for invasive mechanical ventilation or death 
during NIV therapy has been defined as NIV 
failure. Predictors of NIV failure has been 
determined. Early recognition of the findings 
of NIV failure is necessary to not delay the 
need for invasive mechanical ventilation.
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Abbreviations

APACHE Acute Physiologic Assessment and 
Chronic Health Evaluation Score

ARDS Acute respiratory distress syndrome
BMI Body mass index
COPD Chronic obstructive pulmonary 

disease
CPE Cardiopulmonary edema

FiO2 Fractional inspired oxygen
GCS Glasgow Coma Scale
IMV Invasive mechanical ventilation
NIV Noninvasive ventilation
PaCO2 Partial arterial carbon dioxide 

pressure
PaO2 Partial arterial oxygen pressure
SAPS Simplified Acute Physiology Score
SOFA Sequential Organ Failure 

Assessment
SpO2 Oxygen saturation

35.1  Introduction

Noninvasive ventilation (NIV) is widely used in 
patients with respiratory failure of different 
causes to avoid endotracheal intubation. But, the 
success of NIV application depends on the clini-
cian’s expertise, selection of patients, choice of 
interface, ventilator settings, and patient’s com-
pliance. The need for invasive mechanical venti-
lation or death during NIV therapy has been 
defined as NIV failure. NIV failure may occur 
after a few hours of ventilation or one or more 
days later [1, 2].

The established indications of NIV therapy are 
as follows: moderate to severe dyspnea, tachypnea, 
acute or acute on chronic ventilatory failure 
(pH < 7.35, partial arterial carbon dioxide pressure-
PaCO2 > 45 mmHg), signs of increased work of 
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breathing such as using accessory respiratory mus-
cles, and moderate-severe hypoxemia where the 
ratio of arterial oxygen partial pressure (PaO2) to 
fractional inspired oxygen (FiO2) < 200 [1–3].

After determining the patient with the appropri-
ate indication, patients should be evaluated in 
terms of contraindications for NIV applications. 
Cardiorespiratory arrest, severe hemodynamic 
instability, non-hypercapnic coma, multiple organ 
failure, inability to protect airway or clear secre-
tions, and severe upper gastrointestinal bleeding 
are contraindications for NIV therapy [4, 5].

In some of the patients, NIV therapy fails 
because of disease progression or lack of ade-
quate ventilation. It is not always clear which 
patients will benefit from NIV initially, but there 
are recognized predictors for NIV failure [3].

At the beginning and continuation of NIV 
therapy, clinicians should monitor patients 
closely and consider the predictors of NIV failure 
including the etiology of respiratory failure, level 
of consciousness, type of interfaces, parameters 
of ventilator settings, patient’s tolerance and 
comfort, and respiratory parameters. Early recog-
nition of the signs indicating NIV failure is criti-
cal to not delay the need for invasive mechanical 
ventilation (IMV) [3–5].

35.2  Discussion and Analysis 
of the Main Topic

35.2.1  Determinants of NIV Failure 
and Success

35.2.1.1  Etiology of Respiratory 
Failure

NIV applications have become the primary treat-
ment modality in patients with cardiogenic pul-
monary edema (CPE) and hypercapnic respiratory 
failure related to chronic obstructive pulmonary 
disease (COPD) exacerbation. It was shown that 
NIV reduced mortality and intubation rates were 
comparable with standard therapy in patients 
with acute decompensated respiratory failure 
complicating an acute exacerbation of 
COPD.  CPE is the other clinical condition in 

which the benefits of NIV therapy have been 
well-recognized. Thus, the rate of NIV failure is 
very low in patients with CPE. Patients with other 
etiologies are less likely to benefit.

NIV is also used in hypoxemic respiratory 
failure in immunosuppression conditions and 
weaning from IMV in chronic hypercapnic 
patients. Although some studies showed the 
favorable outcomes of NIV treatment in patients 
with hypoxemic respiratory failure due to pneu-
monia, the usage of NIV is weakly recommended 
in these patient groups. NIV failure is more com-
mon in hypoxemic respiratory failure due to 
pneumonia or acute respiratory distress syn-
drome (ARDS). It is crucial to consider the etiol-
ogy of hypoxemic respiratory failure (cardiogenic 
or noncardiogenic) and the severity of hypoxemia 
[1, 3, 6, 7].

35.2.1.2  The Severity 
of the Respiratory Failure

Oxygenation impairment, as shown by a 
decreased PaO2/FiO2, is one of the well- 
documented predictors of NIV failure. Previous 
data showed that PaO2/FiO2 ratios could predict 
NIV failure in patients with community-acquired 
pneumonia. Similarly, a low level of PaO2/FiO2 at 
admission was found to be a risk factor for NIV 
failure in immunocompromised patients with 
pneumonia. Several studies showed average 
PaO2/FiO2 < 150 at both baselines and after 1 h of 
NIV therapy predict NIV failure. Oxygen satura-
tion measured by pulse oximetry (SpO2) to a 
fraction of inspired oxygen (FiO2) ratio (SpO2/
FiO2) can also be used as a surrogate of PaO2/
FiO2 in evaluating patients with hypoxemic respi-
ratory failure [1–3].

The pH level of arterial blood gases is an indi-
cator of the severity of hypercapnia and has been 
shown to be a factor in predicting NIV success. 
The low level of pH (pH < 7.25) at baseline is a 
risk factor for NIV failure. Furthermore, pH 
improvement one hour after the initiation of NIV 
therapy is shown to be a predictor of the success 
of NIV. Persistence of low pH after 1 h of NIV 
therapy is associated with an increased risk of 
NIV failure [3, 7, 8].
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35.2.1.3  Mental Status
Altered mental status is an absolute or relative 
contraindication for NIV application. These 
patients are at risk for aspiration; in consequence 
of they could not protect their airway. Cognitive 
impairment may develop after the initiation of 
NIV therapy as well as at first. So, the monitoring 
of consciousness of the patients is required. The 
mental status of the patients can be evaluated 
with the Glasgow Coma Scale (GCS) or the 
Kelly–Matthay score. Recent data showed that 
low GCS score was associated with NIV failure. 
The Kelly–Matthay score was also evaluated in 
some studies, and a score of >3 may predict for 
depressed consciousness and high risk of NIV 
failure [7].

35.2.2  Severity of Disease

Previous studies suggested that baseline disease 
severity scores are associated with NIV therapy 
outcomes. Higher Sequential Organ Failure 
Assessment (SOFA), Acute Physiologic 
Assessment and Chronic Health Evaluation 
Score (APACHE II), and Simplified Acute 
Physiology Score (SAPS II) were found associ-
ated with NIV failure [3, 5, 8].

35.2.2.1  Poor Cough Reflex 
and Excessive Secretions

Cough is a mechanism that removes excessive 
secretions from airways. Weakness in cough 
reflex indicates a decreased ability to maintain 
airway patency and associate with aspiration risk. 
No/weak cough strength is found to be associated 
with NIV failure. Increased airway secretions are 
a characteristic of patients with pneumonia. If 
excessive secretions cannot be removed from the 
airway, atelectasis may occur, then gas exchange 
is diminished. This may explain the NIV failure 
in these patients. Patients with excessive respira-
tory secretions or without improvement after 
60 min of NIV may also be at high risk of failure 
[1, 4, 9].

35.2.2.2  Respiratory Rate
Studies suggested that an average respiratory 
rate > 25 breaths/min on NIV is a predictor of 
failure. Respiratory rate is one of the indica-
tors of increased work of breathing. An 
increased respiratory rate at the initiation of 
therapy and lack of reduction of respiratory 
rate after 1  hour of NIV therapy have been 
shown to be associated with NIV failure. 
Respiratory rate should be monitored every 
30 min for the first 12 h and then hourly after 
the initiation of NIV therapy [3, 7].

35.2.2.3  NIV Tolerance
Tolerance to the noninvasive ventilation interface is 
another key for NIV success. The choice of the 
interface depends on the patient’s characteristics, 
ventilation modes, and the type of respiratory fail-
ure. A suitable-sized mask should be selected based 
on the patients’ facial type. When this balance 
between skin compression and excessive air leaks 
is not achieved, patient tolerance deteriorates, and 
treatment failure may occur. Claustrophobic reac-
tions may be seen with an oronasal and full-face 
mask. Patient discomfort and mask intolerance are 
one of the major cause of NIV failure [4, 10].

35.2.2.4  Other Factors
Low BMI, increased white blood cell count, low 
serum potassium, and an increased heart rate are 
reported as risk factors for NIV failure. The experi-
ence of the clinicians is another critical component 
of NIV success. Also, the delay between admission 
and NIV use, duration of NIV use, and increase in 
radiographic infiltrates within the first 24 hours were 
shown as other risk factors for NIV failure [5, 6].

35.3  Conclusion Discussion

In conclusion, there are numerous risk factors for 
NIV failure. Every clinician should be aware of 
these risk factors and monitor each patient’s 
course and response to NIV therapy. Early recog-
nition of the findings of NIV failure is necessary 
to not delay the need for IMV.

35 Noninvasive Ventilation Failure
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Key Major Recommendations
• Noninvasive mechanical ventilation is widely 

used in patients with acute respiratory failure.
• NIV is not always successful, and in the case 

of NIV failure, a delay in intubation may 
cause increased morbidity and mortality.

• The selection of appropriate patients is signifi-
cant for NIV success, and the predictors of 
NIV success or failure may help the selection 
of appropriate patients.

• Early recognition of the signs indicating NIV 
failure is very important to not delay the need 
for invasive mechanical ventilation (IMV).
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Pharmacological Treatments 
and Pulmonary Function Tests
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Abstract

Many pharmacological agents could be used 
during NIV to treat various conditions con-
tributing to patient respiratory failure. 
Aerosols should normally be administered 
during breaks from NIV.  If the patient is 
dependent on NIV, the aerosol generator 
should be placed proximal to the patient and 
synchronized with inspiratory airflow. Patients 
on NIV should be closely monitored for clini-
cal parameters/pulmonary functions until 
stabilized.
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IPAP  Inspiratory positive airway 
pressure

iPEEP  Intrinsic positive end-expiratory 
pressure

IV Intra-venous
JN Jet nebulizer
MAP Mean airway pressure
MIP Maximal inspiratory pressure
MMAD  Mass median aerodynamic 

diameter
MVV Maximal voluntary ventilation
NIV Noninvasive ventilation
NMD Neuromuscular disease
O2COB Oxygen Cost of Breathing
OHS Obesity hypoventilation syndrome
OI Oxygenation index
P0.1 Airway occlusion pressure
PaO2/FIO2  Partial pressure of arterial oxygen/

Fractional inspired concentration of 
oxygen

pCO2 Partial pressure of carbon dioxide
PEEP positive end-expiratory pressure
PEF Peak expiratory flow
PH  An indicator of the relative acidity 

or alkalinity of a solution
PS Pressure support
PSV Pressure support ventilation
PTP Pressure time product
PVD Patient-ventilator dyssynchrony
RR Respiratory rate
SABAs Short-acting beta-agonists
SAMAs  Short-acting muscarinic 

antagonists
SaO2 Oxygen saturation
TcpCO2  Transcutaneous partial pressure of 

carbon dioxide
Te Expiratory time
Ti Inspiratory time
TV Tidal volume
VC Vital capacity
VE Exhaled volume/breath
VMN Vibrating mesh nebulizer
WOB Work of breathing

36.1  Introduction

NIV is intended in the treatment of various con-
ditions including stable chronic obstructive pul-
monary disease (COPD) patients treated with 
chronic NIV, acute exacerbations of COPD 
(AECOPD), and end-stage disease with respira-
tory failure in patients with cystic fibrosis (CF) 
in addition to all causes of acute hypercapnic 
respiratory failure (AHRF). NIV is rarely used 
in acute asthma exacerbations (AAEs) due to a 
lack of official guidelines or consistent data 
reinforcing its effectiveness. Therefore, NIV is 
sometimes implemented as a short-term attempt 
in AAEs, oriented on avoiding intubation or 
transfer to the intensive care unit (ICU) [1]. 
Many pharmacological agents could be used 
during NIV including aerosolized medications 
that could be delivered through either nebulizers 
or pMDIs. Multiple factors could affect the effi-
ciency of aerosol therapy during NIV and that 
must be considered by physicians responsible 
for treatment planning and drug dosage choice to 
achieve higher rates of successful NIV therapy 
[2]. While the patient is treated, ventilator 
requirements change and ventilator settings 
should be reviewed regularly which necessitate 
close monitoring of patient clinical parameters 
and pulmonary functions to meet new patient 
criteria, assess wearability, or predict NIV fail-
ure as early as possible for intubation. Several 
parameters are available for monitoring patient 
respiratory effort during NIV [2, 3]. Before con-
sidering NIV failure, there are some technical 
issues to be applied first to optimize ventilation 
settings [4]. Once patient clinical parameters or 
pulmonary functions get normalized, a weaning 
plan for NIV could be started [5]. This chapter 
describes the pharmacological treatments during 
NIV and factors affecting their efficiency, moni-
toring plan, methods for optimizing ventilator 
settings, and possible weaning plans for NIV.
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36.2  Discussion and Analysis  
of the Main Topics

36.2.1  Pharmacological Treatments 
During NIV

36.2.1.1  Aerosol Therapy with NIV
The use of aerosol therapy during NIV has dem-
onstrated a great clinical benefit to ventilated 
patients if compared to systemic delivery due to 
lower doses targeting the lungs with minimal side 
effects of drugs [6].

36.2.1.1.1 Pharmacological Agents
Many pharmacological agents could be used dur-
ing NIV to treat various conditions contributing 
to patient respiratory failure including corticoste-
roids, bronchodilators, prostanoids, antibiotics, 
surfactants, mucolytics, and concentrated saline 
solutions.

Inhalation therapy for stable COPD patients 
treated with chronic NIV is oriented on broncho-
dilators (both short- and long-acting beta- agonists 
and muscarinic antagonists) and nebulized anti-
biotic therapy (e.g., colistin, tobramycin, or 
gentamycin). However, short-acting beta- 
agonists (SABAs), e.g., albuterol, and/or short- 
acting muscarinic antagonists (SAMAs), e.g., 
ipratropium bromide, are medications frequently 
used in the treatment of AECOPD as a rescue 
medication [1].

In AAEs, NIV may be implemented as a short- 
term attempt to avoid intubation or transfer to 
ICU.  Patients treated for AAE with albuterol 
administered with bilevel positive airway pres-
sure (BiPAP) exhibited greater improvement in 
peak expiratory flow (PEF) values than patients 
treated only with albuterol administered through 
standard nebulization. During corticosteroid neb-
ulization, superficial fluid processing reveals a 
significant increase in the in-vitro deposition of 
aerosol particles and enhanced the drug’s bio-
availability. Moreover, positive pressures admin-
istered during NIV reduce aerosol particle 
diameter and respiratory rate (RR) but increase 
tidal volume (TV) and drug delivery. Furthermore, 
slower RR increased expiratory time that pro-
motes particle sedimentation and influence 

 aerosol deposition patterns during exhalation. 
Pressure support (PS) and continuous positive 
airway pressure (CPAP) are highly effective in 
reducing work of breathing (WOB) in patients 
with bronchoconstriction, which leads to a 
decrease in demand for bronchodilator use and 
enhances the response to aerosol therapy [1].

Nebulization with concentrated saline solu-
tions is often used in the treatment of COPD and 
CF with a large amount of dense sputum. 
Generally, 0.9% NaCl is used, especially in 
patients with a tendency for bronchoconstriction. 
It is rather recommended to start with 3.5% 
hypertonic saline and then proceed with more 
concentrated solutions, up to 7%. This method 
oriented on increasing sputum clearance is often 
ineffective in patients with CF. Protocols based 
on recombinant human deoxyribonuclease fol-
lowed by hypertonic saline or nebulized antibiot-
ics such as tobramycin are implemented with 
these patients. Antibiotics that are typically 
administered intravenously (IV) may be also 
administered through nebulization, often as 
maintenance therapy. Nebulization therapy in 
that case is followed by chest physiotherapy [7]. 
Moreover, PSV implemented with CF patients 
during chest physiotherapy prevented oxygen 
desaturation. It was found that the higher the PS, 
the more significant the increase in TV, the 
greater the decrease in RR, and the higher the 
peripheral pulmonary aerosol deposition with 
stable CF. Routine use of bronchodilators is not 
recommended for CF patients. Nebulization of 
antibiotics is a well-established treatment method 
in CF, in the treatment of post-lung transplant 
patients and severe COPD patients with bron-
chial Gram-negative colonization [7].

36.2.1.1.2  Factors Affecting 
the Efficiency of Aerosol 
Therapy During NIV

Numerous factors influence the efficiency of 
aerosol therapy in NIV-ventilated individuals: 
ventilator related factors, like ventilation mode, 
circuit conditions, and interface type. Ventilation 
modes have a great impact on aerosol delivery 
due to diverse pressure settings or airflow rates. 
Generally, the PS mode reduces both inspiratory 
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effort and RR and increases TV and minute ven-
tilation, thus improving arterial blood gases 
(ABG) values. It also minimizes areas of atelec-
tasis, thanks to positive end-expiratory pressure 
(PEEP), and prevents small airways from clos-
ing, which may result in more uniform drug 
deposition than controlled modes [1].

Circuit humidity has the disadvantage of 
increasing aerosol particle size, which results in 
increased impaction losses and decreased aerosol 
delivery if compared to a dry circuit. During NIV, 
the air is additionally humidified during passage 
through the nasal cavity to the lung (relative 
humidity of the lungs approximately 99.5%). 
Many factors influence air humidification within 
NIV circuit, including the use of external humidi-
fier, air temperature, breathing pattern (through 
the mouth or nose), air leak, and gas flow rate. 
High airflow rates (high pressures) may increase 
nasal resistance and induce bronchial hyper- 
responsiveness. Airway resistance is inversely 
proportional to the beneficial effects of broncho-
dilators. Heliox, an 80/20 mixture of helium/oxy-
gen, makes airflow more laminar due to lower gas 
density, which reduces WOB in AECOPD, there-
fore, improving tolerance of therapy. Heliox 
increases aerosol deposition in peripheral lung 
tissues, decreasing its deposition in the upper air-
ways in healthy individuals, therefore, reducing 
drug deposition in both the endotracheal tube and 
the ventilator circuit. It could be attributed to its 
physical characteristics, high viscosity and low 
density (compared to oxygen), that facilitate lam-
inar and less turbulent airflow, generating longer 
expiration time, allowing hyperinflation reduc-
tion, therefore, increasing IC. Furthermore, PEEP 
application during exercise helps to reduce pul-
monary hyperinflation and prolong exercise [1].

The choice of the interface must depend on 
the patient’s underlying condition and comfort. 
Oronasal masks should be chosen for first-line 
treatment with NIV.  They facilitate the rapid 
improvement of ABG in a patient with AECOPD 
and are effective if breathing through an open 
mouth cannot be eliminated. They are also easily 
adjusted with head straps. They are the best 
choice in patients receiving ipratropium bromide 
through nebulization. However, full face masks 

or helmets are the interfaces of choice in patients 
with acute hypercapnic respiratory failure 
(AHRF) who are breathing through the open 
mouth and suffer from claustrophobia or facial 
skin injuries but they are not suitable for aerosol 
therapy during NIV due to high patient exposure 
to aerosols (leak into the patient’s eyes). Full face 
masks could not be used with ipratropium bro-
mide due to its irritancy to the eye. Moreover, it 
was reported that acute angle-closure results 
from its administration, which is of special 
importance in patients with glaucoma. Nasal 
masks may be used in the patients who do not 
tolerate oronasal, helmet, or full face masks. In 
those cases, NIV may be conducted together with 
nebulization throughout the standard mouthpiece 
because nasal masks significantly reduced pul-
monary aerosol deposition if compared to 
mouthpiece- based inhalation. It could be attrib-
uted to high drug deposition in the nasal passage 
(significant extra-thoracic particle deposition) 
and high air leak through the open mouth. 
Moreover, during continuous nebulization, pul-
monary drug deposition may be significantly 
decreased if a patient removes a mouthpiece from 
their mouth. Nasal masks are also ineffective in 
case of nares obstruction. Therefore, its use was 
limited to patients with large sputum volume 
expectoration [1].

Secondly, aerosol-generator-related factors, 
like aerodynamic characteristics of aerosol 
(MMAD, FPD, and FPF), device type and its 
location in the circuit, and leak port positioning. 
Targeting aerosol is a matter of its particle size 
and inhalation rate. Particles >5 μm are mainly 
deposited in the large conducting airways and 
oropharyngeal region by inertial impaction to be 
subsequently swallowed and contribute mini-
mally, if has oral absorption, to the therapeutic 
response. Particles 0.5–5  μm are deposited by 
sedimentation in small airways and alveolar 
regions. However, particles below 0.5 μm, mainly 
deposited by diffusion, are not deposited and re- 
exhaled. An increase in the inspiratory flow will 
enhance deposition by inertial impaction in the 
upper airways as well as the oropharynx. Also, an 
increased inhalation volume will lead to an 
increase in the penetration of particles deeper 
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into the lung and thus enhance deposition into the 
alveolar region. Moreover, longer inspiratory 
time allows for better aerosol deposition. It was 
reported that NIV settings impact pulmonary 
deposition of aerosols; higher inspiratory posi-
tive airway pressure (IPAP) improves pulmonary 
deposition; however, higher expiratory positive 
airway pressure (EPAP) decreases medication 
delivery. It is indicated to adjust NIV settings in a 
way that increases bronchial drug deposition of 
aerosol rather than oro-pharyngeal deposition, 
decreasing inspiratory pressures and prolonging 
the inspiratory time for the duration of drug 
administration [1].

Patients on NIV are incapable of inhaling 
drugs through standard DPIs due to severely 
decreased inspiratory capacity (IC) resulting 
from poor inspiratory muscle strength, dia-
phragm reposition, and secondarily impaired 
inspiratory flow rates (<30 L/min). Aerosol ther-
apy may be administered to a patient receiving 
NIV through pMDIs or nebulizers. Delivery effi-
cacy of pMDI is greater than that of nebulizers 
due to lesser medication loss during expiration 
with pMDIs. Pulmonary deposition achieved 
with vibrating mesh nebulizer (VMN) exceeded 
this achieved through jet nebulizers (JN) but 
deposition of a smaller nominal dose of salbuta-
mol delivered from pMDI was comparable to the 
deposition of bigger doses from both nebulizers. 
However, due to frequent difficulties in synchro-
nizing inhalation and pMDI actuation, especially 
in elderly patients who have low mental-state 
scores, hand strength, and ideomotor dyspraxia, 
there is an increasing need to implement aerosol 
therapies that reduce the necessity of such actua-
tion coordination in practice when chronic NIV 
is intended. Nebulizers are most commonly used 
with chronic NIV [1]. The aerosol generator type 
may contribute to a four-fold difference in the 
pulmonary deposition of the aerosolized medica-
tion; therefore, physicians responsible for treat-
ment planning and drug dosage choice should be 
aware of the characteristics of available devices.

Nebulized drugs given concomitantly with 
NIV in stable patients produced less benefit than 
when given while patients were breathing sponta-
neously. Brief discontinuation of NIV for the 

administration of aerosols appears to be safe. 
Accordingly, aerosol therapy is probably better 
given during breaks in NIV. This may also facili-
tate coughing and the clearing of respiratory 
secretions. If discontinuing NIV results in patient 
distress, it should be continued and a nebulizer 
sited proximal to the patient interface [6].

The nebulizer location between the leak port 
and the patient interface increases medication 
delivery during NIV independently of the aero-
sol generator type and, therefore, results in the 
best clinical effects (Fig. 36.1). There were pre-
vious reports that the use of masks with leak 
ports reduces pulmonary deposition if compared 
to masks without such a port. The positioning of 
the leak port is significant as it affects medica-
tion loss to the environment during expiration. It 
was concluded that the nebulizer location 
between patient interface and the leak port dur-
ing NIV may result in the delivery of approxi-
mately 25% of the nominal dose in case of high 
IPAP and low EPAP settings [1]. Moreover, 
positioning the nebulizer before the humidifier 
decreased the pulmonary deposition of aerosol 
during NIV in the pediatric lung model. 
Therefore, humidification during acute NIV is 
not routinely indicated. Also, it is essential to 
synchronize aerosol generation with inspiratory 
airflow of a ventilator. Intermittent operation of 
the nebulizer, synchronized with inspiratory air-
flow from the ventilator, is more efficient for 
aerosol delivery than a continuous aerosol gen-
eration. Similarly, the actuation of a pMDI must 
be synchronized with the precise onset of inspi-
ratory airflow from the ventilator to minimize 
aerosol wastage during the exhalation phase of 
the breathing cycle [8].

Additionally, there are patient-related factors, 
like underlying diagnosis as an indication for 
NIV, breathing parameters, the severity of airway 
obstruction, tolerability of particular mask/inter-
face type, synchronization of inspiration with 
intermittent drug flow, patient-ventilator syn-
chrony, intrinsic positive end-expiratory pressure 
(iPEEP) presence, and excessive leakage that 
could affect the efficiency of aerosol therapy dur-
ing NIV and must be considered by health care 
professionals to individualize NIV therapy [1].
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36.2.1.2  Supplemental Oxygen 
Therapy with NIV

Controlled oxygen therapy should be used in 
patients with AHRF due to CF, AECOPD, neuro-
muscular disease (NMD), chest wall disease 
(CWD), or obesity hypoventilation syndrome 
(OHS). Oxygen enrichment should be adjusted to 
achieve oxygen saturation (SaO2) of 88–92% in 
all causes of AHRF treated by NIV. This is usu-
ally easily achieved in AECOPD, but severe 
hypoxemia may complicate AHRF in other dis-
eases such as CWD [2].

Introducing oxygen directly into the NIV 
mask was more effective than oxygen introduced 
at the ventilator end of the tubing; so oxygen 
should be entrained as close to the patient as 
 possible (at or near the mask). The flow rate of 
supplemental oxygen may need to be increased 
when ventilatory pressure is increased to main-
tain the same SaO2 target but the higher the inspi-
ratory pressure, the lower the additional benefit 
with higher flow rates above 4  L/min (because 
higher pressures increase leak and delay ventila-
tor triggering). This promotes patient-ventilator 
dyssynchrony (PVD), which prompts a careful 
frequent check of SaO2 [2]. Technically advanced 
NIV ventilators with an integral oxygen blender 
that allow precise oxygen blending (and a higher 
fractional inspired concentration of oxygen 
“FiO2” enrichment) are better recommended 
when hypoxemia is severe and oxygen at 4 L/min 
fails to maintain SaO2 > 88% [9].

36.2.1.3  Sedation with NIV
Patient agitation and distress are very common in 
AHRF and may be made worse by the applica-
tion of NIV before gas exchange improvement 
and WOB reduction. Relieving patient distress is 
an important goal and might be expected to 
increase comfort and NIV success. However, 
sedatives, anxiolytics, and/or opiates are infre-
quently used due to the risk of depressing respira-
tory drive. Case series have reported that infusions 
of propofol, dexmedetomidine, remifentanyl, and 
midazolam are safe, improve patient comfort, 
and reduce the failure rate of 
NIV. Dexmedetomidine is notable for its ability 
to provide sedation without risk of respiratory 
depression (unlike propofol and fentanyl) and 
can provide cooperative or semi-rousable seda-
tion. In another report, the addition of infused 
dexmedetomidine to a standard protocol of “as 
needed” bolus IV midazolam and fentanyl failed 
to show benefit, but sedation goals were readily 
achieved and there was good NIV tolerance and 
success with the standard protocol [2]. There is 
inadequate evidence to guide the use of sedation/
anxiolysis in acute NIV.  Opiates are more pre-
ferred than benzodiazepines because the latter 
promotes upper airway obstruction through 
inhibiting the pharyngeal dilating muscles. Their 
use in a critical care setting is reported to improve 
outcome and reduce patient distress [10]. They 
should only be used with close monitoring in a 
high dependency unit (HDU) or ICU setting. In 

Ventilator

Controller

Expiration Port

Connections to Nebulizer

SOLO Nebulizer

Fig. 36.1 Recommended 
nebulizer location within 
the NIV circuit

H. S. Harb et al.



271

the agitated/distressed and/or tachypneic indi-
vidual on NIV, IV morphine 2.5–5 mg (±benzo-
diazepine) may provide symptom relief and may 
improve tolerance of NIV [2].

36.2.2  Monitoring of Patients 
During NIV

The mechanical characteristics of the ventilated 
lung can only be interpreted when the volume of 
the lung, elastic properties, and degree of airway 
obstruction have been accurately quantified by 
pulmonary function measurements. Clinical 
parameters and pulmonary function measure-
ments could provide useful diagnostic and thera-
peutic information to assess the weanability of 
the patient or guide in the selection of appropriate 
ventilator settings in the case of PVD. PVD may 
be caused by excessive mask leak, insufficient or 
excessive IPAP, the inappropriate setting of Ti or 
Te, high levels of iPEEP, or excessively sensitive 
triggers. Inappropriate use of NIV can lead to 
NIV failure and morbidity. Therefore close moni-
toring of clinical parameters including pulmo-
nary functions during NIV is imperative to 
mitigate any potential injury and provide effec-
tive and safe ventilatory support with appropriate 
weaning at a reasonable time. All patients started 
on NIV should be monitored closely for signs of 
NIV failure until stabilized [11].

36.2.2.1  Monitoring of Clinical 
Findings During NIV

This should be used to formulate a management 
plan especially within the first 4 h of NIV assist 
to decide if there is a need to escalate to intuba-
tion or not. SaO2 should be continuously moni-
tored during NIV with intermittent measurement 
of the partial pressure of carbon dioxide (pCO2), 
pH, and ABG measurement before and following 
starting NIV.  Transcutaneous pCO2 (TcpCO2) 
monitoring is a commonly employed investiga-
tion in-home ventilation units and is increasingly 
being employed in hospitals. Also, RR and heart 
rate (HR) is necessary. ECG monitoring is 
advised if the patient has an HR >120 bpm or if 
there is dysrhythmia or possible cardiomyopathy 

[2]. The schedule for the monitoring plan of 
patient clinical parameters during the first 12 h of 
NIV is summarized in Table 36.1.

Some laboratory indices are more sensitive 
than clinical findings; an unimproved or wors-
ened partial pressure of arterial oxygen/fractional 
inspired concentration of oxygen ratio (PaO2/
FIO2) during a 1 h NIV accurately predicts NIV 
failure. Moreover, the oxygenation index (OI) 
provides a superior estimate of lung function 
involvement and is a better predictor of NIV fail-
ure if compared with the PaO2/FIO2 ratio [12].

36.2.2.2  Monitoring of Pulmonary 
Functions During NIV

In critically ill patients, special constraints and 
problems are important to be considered by the 
therapist such as safety and patient ability to 
cooperate during pulmonary functions measure-
ment [3]. Basic measurements such as maximal 
inspiratory pressure (MIP), vital capacity (VC), 

Table 36.1 Schedule for monitoring plan of patient clin-
ical parameters during the first 12 h of NIV

Clinical parameter Schedule
– ABG
– RR
– HR

– Baseline observations

– Pulse oximetry
– Electrocardiograma

– Continuous 
measurement during the 
first 12 h

Repeat ABG – After 1 h of NIV therapy 
and 1 h after every 
subsequent change in 
settings
– Further ABG at 4 h or 
earlier in patients who are 
not improving clinically

– RR
– HR
– Level of consciousness
– Patient comfort
– Compliance
– Chest wall movement
– Ventilator synchrony
– Accessory muscle use
–  Mask fit (skin 

condition and degree of 
the leak)

Frequent clinical 
monitoring (acutely ill 
patients):
– Every 15 min in the first 
hour
– Every 30 min in the 
1–4 h period
– Hourly in the 4–12 h 
period

ABG arterial blood gas measurements, RR respiratory 
rate, HR heart rate, ECG electrocardiogram
aWith existing cardiomyopathy
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TV, maximal voluntary ventilation (MVV), 
exhaled volume/breath (VE), and RR are com-
monly made to assess weanability. For the 
difficult- to-wean patient, WOB, pressure time 
product (PTP), airway occlusion pressure (P0.1), 
and oxygen cost of breathing (O2COB) may be of 
potential value (lack evidence). Also, measure-
ments of compliance, resistance, discomfort, air 
leaks, mean airway pressure (MAP), and unin-
tended positive end-expiratory pressure (autoP-
EEP) provide useful diagnostic and therapeutic 
information. Finally, waveform monitoring can 
reveal patient-ventilator interactions such as 
autoPEEP, lung overdistension, patient effort, or 
the presence of secretions. Waveform monitoring 
can bring important issues to the close attention 
of the practitioners involved in the management 
of the ventilated patient [3].

36.2.3  Possible Outcomes of Patient 
Monitoring During NIV

The commonest reasons for NIV failure are exces-
sive mask leak, insufficient PS, and PVD. Before 
considering NIV to have failed, always check that 
common technical issues have been addressed 
and ventilator settings are optimal.

36.2.3.1  Optimizing Ventilator 
Settings During NIV

While the patient recovers, ventilator require-
ments change, and ventilator settings should be 
reviewed regularly. Therefore, careful patient and 
display monitoring help to optimize ventilator 
settings. It could be achieved by optimizing ven-
tilatory support (i.e., increasing PS, adding PEEP, 
increasing inspiratory flow trigger, and using low 
RR for the helmet) and checking factors for PVD 
(i.e., air leaks, water in the circuit, noise) and 
taken care of promptly. The leak should always 
be minimized by mask adjustment and/or by 
changing the mask type. Positional upper airway 
obstruction may result in ineffective NIV.  It is 
often indicated by a variable mask leak. Care is 
needed to ensure head flexion is avoided, particu-
larly in sleep (Table 36.2). As gas exchange will 
improve with increased alveolar ventilation, NIV 

settings should be optimized before increasing 
the FiO2. If that is ineffective, or if this results in 
distress, a senior review is indicated while the 
FiO2 is temporarily increased. Moreover, neu-
rally adjusted ventilatory assist reduces PVD by 
reducing the triggering and cycling delays, espe-
cially at higher levels of assistance and, at the 
same time, preserves spontaneous breathing and 
blood gases [4]. Finally, patients who benefit 
from NIV during the first 4 h of treatment should 
receive NIV for as long as possible (minimum of 
6 h) during the first 24 h and treatment should last 
until the acute cause has resolved, commonly 
about 2–3 days. However, the use of NIV should 
not delay escalation to invasive mechanical venti-
lation (IMV) if there is persistent acidosis 
(PH < 7.15) or deterioration of the case despite 
attempts to optimize the delivery of NIV.  The 

Table 36.2 Technical issues to optimize NIV delivery

Problem Causes Solutions
Ventilator cycling 
independently of 
patient effort

– Inspiratory 
trigger 
sensitivity is 
too high
– Excessive 
mask leak

– Adjust 
trigger
– Reduce 
mask leak

Ventilator not 
triggering despite 
visible patient 
effort

– Excessive 
mask leak
– Inspiratory 
trigger 
sensitivity too 
low

– Reduce 
mask leak
– Adjust 
trigger
– For NM 
patients 
consider 
switch to 
PCV

Inadequate chest 
expansion despite 
apparent triggering

– Inadequate 
tidal volume

– Increase 
IPAP
– In NMD or 
CWD 
consider 
longer Ti

Chest/abdominal 
paradox

– Upper airway 
obstruction

– Avoid neck 
flexion
– Increase 
EPAP

Premature 
expiratory effort by 
patient

– Excessive Ti 
or IPAP

– Adjust as 
necessary

EPAP expiratory positive airway pressure, IPAP inspira-
tory positive airway pressure, NIV noninvasive ventila-
tion, NMD neuromuscular disease, CWD chest wall 
disease, PCV pressure-controlled ventilation, Ti inspira-
tory time
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decision of IMV should normally be made within 
the first 4 h or sooner of starting NIV as improve-
ments in RR, HR, and ABG parameters are usu-
ally apparent within this time. Moreover, IMV 
rather than further NIV should be considered in 
patients suffering “late failure” (defined as a fail-
ure after 48 h of NIV) [4].

36.2.3.2  Weaning from NIV
It is appropriate to start a weaning plan for NIV 
when there has been a normalization of pH and 
pCO2 or a general improvement in the patient’s 
condition as presented by arterial pH  ≥  7.35, 
SpO2  >  90% on FiO2  ≤  50%, respiratory 
rate  ≤  25/min, heart rate  ≤  120/min, systolic 
blood pressure  ≥  90  mmHg, and no signs of 
respiratory distress like agitation, diaphoresis, or 
anxiety following the first 24 h or longer [5].

36.2.3.2.1  Stepwise Reduction 
of the Duration of NIV Use

This strategy involves gradually increasing the 
NIV free interval over a few days (usually 

2–3  days) and then complete the removal of 
NIV (Fig. 36.2). BTS/RCP recommends a pro-
tocol which takes 4  days for weaning. In this 
protocol, patients continue NIV for as much as 
possible on day 1, for 16 h (including 6 h–8 h 
overnight) on the day 2 h and 12 h on the day—3 
(including 6 h–8 h overnight). NIV may be dis-
continued on day 4 unless continuation is clini-
cally indicated [5].

36.2.3.2.2  Stepwise Reduction 
in Pressure Support

It involves gradual reduction (2–4 cm of H2O) of 
IPAP and EPAP every 4 h–6 h. The NIV may be 
removed once the patient can tolerate the IPAP of 
6–8 cm of H2O and EPAP of 4–6 cm of H2O [5].

36.2.3.2.3 Immediate Withdrawal of NIV
This strategy involves the immediate removal of 
NIV once the patient is fulfilling above men-
tioned weaning criteria. It has the highest failure 
rate leading to the re-institution of NIV, so it is 
not favored by clinicians [5].

ACUTE PHASE: Respiratory distress and/or acute respiratory acidosis

Maximize NIV use with 3 cycles/day (morning, afternoon and night)

Resolution of respiratory distress and/or respiratory acidosis

Start NIV weaning with interruption of morning cycle

Recurrence of respiratory distress and/or respiratory acidosis

NO YES

Continue weaning with
suspencion of afternoon cycle

and, for last, night cycle

Stop weaning, consider to re-
increase NIV cycles

Every cycle should last at least 3 hours

Fig. 36.2 Stepwise 
reduction of the duration 
of NIV use
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36.3  Conclusion Discussion

In conclusion, once NIV is started, patients 
should be closely monitored until adequately sta-
bilized, paying attention not only to vital signs 
and gas exchange but also to compliance, resis-
tance, discomfort, air leaks, patient-ventilator 
interaction, and pulmonary functions. The proper 
pharmacological treatment, proper choice of 
interface and aerosol generator, proper position-
ing within the circuit, optimizing ventilatory sup-
port with patient ventilatory requirements, and 
accurate clinical/instrumental monitoring of 
PVD are crucial to minimizing the risk of NIV 
failure.

Key Major Recommendations
• Nebulized drugs should normally be adminis-

tered during breaks from NIV. If the patient is 
dependent on NIV, nebulized drugs can be 
given via a nebulizer inserted into the ventila-
tor circuit, proximal to the patient interface. 
Intermittent operation of the nebulizer should 
be synchronized with inspiratory airflow. 
Similarly, the actuation of a pMDI must be 
synchronized with the precise onset of inspi-
ratory airflow from the ventilator.

• The flow rate of supplemental oxygen may 
need to be increased when ventilatory pres-
sure is increased to maintain the same SaO2 
target. At flow rates >4  L/min, promptly a 
careful check for PVD should be done. A ven-
tilator with an integral oxygen blender is rec-
ommended if oxygen at 4  L/min fails to 
maintain SaO2 > 88%.

• In the agitated/distressed and/or tachypneic 
individual on NIV, IV morphine 2.5–5  mg 
(±benzodiazepine) may provide symptom 
relief and may improve tolerance of NIV, only 
administered in HDU or ICU.

• All patients started on NIV should be moni-
tored closely for SaO2, pCO2, pH, ABG, RR, 
HR, and ECG monitoring (for possible cardio-
myopathy) besides waveform monitoring until 
adequately stabilized besides measurements 
of compliance, resistance, discomfort, air 
leaks, MAP, and autoPEEP.  Basic 
 measurements such as MIP, VC, TV, MVV, 

VE, and RR are commonly made to assess 
weanability.

• Before considering NIV to have failed, NIV set-
tings should be optimized by optimizing ventila-
tory support (increasing PS, adding PEEP, 
increasing inspiratory flow trigger, and using 
low respiratory rates for the helmet) and check-
ing factors for PVD (air leaks, water in the cir-
cuit, noise) and taken care of promptly (preferring 
neurally adjusted ventilatory assist). If that is 
ineffective then FiO2 should be increased.
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Abstract

Noninvasive ventilation (NIV) is widely used 
during chronic or acute respiratory failure. 
However, a successful response to NIV will 
depend on adequate monitoring, as the delay 
in recognition of unresponsiveness to NIV 
may be harmful and devastating for the patient. 
In this chapter, we focus on the different mon-
itoring techniques available in the hospital 
setting.

Keywords

Noninvasive ventilation · Intensive care unit · 
Diaphragm · Respiratory muscle · Monitoring

Abbreviations

ABG Arterial blood gas
ARF Acute respiratory failure
BTS British Thoracic Society
COPD Chronic obstructive pulmonary disease
DD Diaphragmatic dysfunction
EMG Electromyography
HRF Hypercapnic respiratory failure

ICS Intensive Care Society
ICU Intensive care unit
NIV Noninvasive ventilation
PaCO2 Arterial CO2 pressure
PCO2 Partial pressure CO2

Pdi Transdiaphragmatic pressure
Pes Esophageal pressure
PetCO2 End-tidal pressure CO2

PNS Phrenic nerve stimulation
PNSmg Magnetic stimulation phrenic nerve 

stimulation
PNStc Transcutaneous electrical phrenic 

nerve stimulation
PtcCO2 Transcutaneous pressure CO2

PTPdi Diaphragmatic pressure-time product
RHDU Respiratory high dependency unit
SpO2 Pulse oximetry
TF Thickening fraction

37.1  Introduction

A hospitalized patient under noninvasive ventila-
tion (NIV) is usually treated in one of these three 
levels of facilities: intensive care unit (ICU), a 
respiratory high dependency unit with expertise 
in NIV (RHDU), or the respiratory general ward. 
Important factors to consider include the patient’s 
need for monitoring, the unit’s competences, the 
skills, and experience of the unit staff. The sever-
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ity of the patient’s respiratory compromise and 
risk of NIV failure determine the intensity of 
monitoring needed [1].

ICU should be recommended as a location for 
NIV treatment only for severely ill patients, with 
a high risk of NIV failure, such as severe respira-
tory acidosis (pH <7.20–7.25), significantly 
impaired level of consciousness, and multi-organ 
failure, but the decision about admission to ICU 
should be based on other multiple parameters [1].

The ICU setting provides some advantages 
over the RHDU: high levels of nurse staffing, 
facilities for prompt escalation of therapy, and 
access to invasive or highly specialized monitor-
ing, such as pulmonary artery catheterization and 
determination of central venous oxygen satura-
tion, invasive arterial blood pressure, and trans-
diaphragmatic pressure [1]. On the other hand, 
different RHDUs offer variable levels of care, but 
usually they are all composed of staff experi-
enced in NIV. On a RHDU, vital parameters are 
continuously monitored with noninvasive meth-
ods to early detection of NIV’s failure [1].

Despite countless studies on this topic, no 
evidence-based data seems to prove the best way 
of monitoring NIV neither trials comparing dif-
ferent levels of monitoring, because this is not an 
issue that could be clearly standardized. Usually, 
the level of monitoring is dependent on the risk of 
NIV failure: the more risk factors present, the 
higher the level of monitoring needed [1].

37.2  Discussion and Analysis of  
the Main Topics

Several clinical parameters such as patient comfort, 
tolerance of the interface, accessory muscle use, 
respiratory and heart rates, blood pressure, and oxy-
genation should be monitored every 30 min for the 
first hours of NIV and regularly thereafter [1, 2]. 
Additionally, the consciousness and patient’s ability 
to protect upper airways with an effective cough 
should be monitored on a routine basis as well as 
the screening of delirium during NIV [1].

Besides basic parameters monitored during 
NIV, as in the case of gas exchange monitoring, 
there are countless other parameters, according to 

the levels of intensity of care and monitoring 
necessary.

37.2.1  Monitoring of Gas Exchange

According to the British Thoracic Society (BTS)/
Intensive Care Society (ICS) guidelines, oxygen 
saturation should be monitored continuously and 
arterial CO2 pressure (PaCO2) and pH should be 
monitored intermittently [3].

37.2.2  Pulse Oximetry

The target of arterial oxygen saturation measured 
by pulse oximetry (SpO2) under NIV should be 
different in hypercapnic and hypoxemic patients. 
Oxygen enrichment should be adjusted to achieve 
SaO2 88–92% in all causes of acute hypercapnic 
respiratory failure (HRF) treated with 
NIV.  However, before increasing the fractional 
inspired concentration of oxygen, NIV settings 
should be optimized as this may lead to an 
increase in alveolar ventilation and, therefore, an 
improvement in gas exchange [3].

Pulse oximetry has become a standard moni-
toring device and therapeutic interventions are 
frequently based on SpO2 values, although its 
accuracy is apparently influenced by the type of 
oximeter, the presence of hypoxemia, and the 
patient’s hemodynamic status [1].

37.2.3  Arterial Blood Gas Analysis

Arterial blood gas (ABG) analysis is the gold 
standard for monitoring respiratory failure. After 
the first trial of ventilation, pH and arterial oxy-
gen pressure/inspiratory oxygen fraction ratio 
changes have important prognostic value in 
hypercapnic and hypoxemic acute respiratory 
failure (ARF) patients, respectively. Furthermore, 
the advantages of ABG measurements include 
the assessment of additional parameters such as 
hemoglobin and electrolytes [1].

Additionally, monitoring the partial pressure 
CO2 (PCO2) is essential to assess alveolar ven-
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tilation in patients with chronic hypercapnic 
respiratory failure, particularly in those receiv-
ing nocturnal NIV.  Measurement of arterial 
PCO2, with an ABG analysis, for example, is 
recommended in these patients [4]. Typically, 
blood samples are taken either via a single arte-
rial puncture or an arterial catheter [1]. 
However, these are painful methods and disrupt 
patient’s sleep. Besides, it represents an iso-
lated measurement and it may not be represen-
tative of varying status of alveolar ventilation 
during sleep [4]. Arterialized earlobe blood gas 
analysis is a simpler and less painful alternative 
to ABG.  One advantage of RHDU/ICU is the 
possibility to use of an indwelling arterial line 
for blood sampling [3].

ABG measurements should be undertaken at 
baseline and 1–2 h after NIV. A positive response 
to NIV could be considered a decrease of 
3  mmHg of PCO2 and an increase of 0.03  in 
pH. Typically, ABG monitoring should be main-
tained until normalization of pH and arterial 
PCO2 is achieved. After discontinuation of NIV, 
ABG should be repeated in cases of suspected 
relapse [1].

37.2.4  Transcutaneous CO2

As mentioned above, measurement of arterial 
PCO2 remains the gold standard to evaluate alve-
olar ventilation in patients receiving NIV, but it is 
preferable to monitor PCO2 with a noninvasive 
and continuous method, for example, end-tidal 
(PetCO2) and transcutaneous CO2 (PtcCO2), 
instead of ABG analysis.

According to Sanders et al. neither PetCO2 nor 
PtcCO2 monitoring provided an accurate reflec-
tion of PaCO2 during sleep [5]. However, PtcCO2 
monitoring is independent of both air leakage 
and the underlying lung disease, and it seems to 
be more reliable than PetCO2 [4].

An important limitation of PtcCO2 monitoring 
is the possibility of technical drifts, which may 
have an impact, especially when monitoring is 
performed for a period of several hours or 
throughout the night. Store et  al. showed that 
calibration drifts in PtcCO2 values and the differ-

ences between transcutaneous and PaCO2 have 
been low when modern monitors are used to 
assess PtcCO2 and proved that overnight PtcCO2 
monitoring is a reliable and robust tool for assess-
ing alveolar ventilation during sleep, suggesting 
that PtcCO2 monitoring may become the new 
gold standard for nocturnal monitoring of alveo-
lar ventilation in chronic HRF patients with posi-
tive pressure NIV [4].

According to BTS/ICS guidelines, PtcCO2 
measurement may better facilitate the discontinu-
ation of NIV than measurement with arterial or 
capillary sampling. Thus, transcutaneous CO2 
monitoring could replace frequent ABG mea-
surements for monitoring patients with ARF 
undergoing NIV, since it is reliable and more 
comfortable for the patient [3]. Although the evi-
dence is growing about PtcCO2 monitoring, the 
gold standard remains the PaCO2 value. Besides, 
acidosis level can only be assessed accurately 
with ABG analysis [1].

37.2.5  End-Tidal CO2

The measurement of PetCO2 or capnography is 
used more frequently for intubated patients and it 
is not as accurate as PtcCO2 due to the physiolog-
ical dead space [1]. Furthermore, it is known to 
have limitations in parenchymal lung disease and 
in the case of air leakage around the mask or 
through the mouth, which regularly occurs with 
NIV [4].

Considering chronic obstructive pulmonary 
disease (COPD) patients, flow limitation, with 
the consequent incomplete emptying of the lung, 
and poor ventilation/perfusion ratios are possible 
arguments for the underestimation of PaCO2 
observed in invasively and noninvasively venti-
lated patients [1].

As shown by Sanders et al., PetCO2 measured 
from exhaled gas in a mask does not provide a 
reasonable reflection of arterial values, particu-
larly during the administration of supplemental 
oxygen or during positive pressure therapy via 
mask, which uses a delivery system that man-
dates constant flow through the mask or may be 
subject to unintentional leakage [5]. Therefore, 
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PtcCO2 appears more appropriate for the continu-
ous monitoring of PaCO2 in NIV.

37.2.6  Monitoring of Cardiac 
Function

Besides improving the ventilatory system, NIV 
will also interfere with the cardiovascular sys-
tem. For example, positive pressures may 
decrease arterial PCO2 and simultaneously 
decrease cardiac output and oxygen delivery to 
tissues, mainly because it produces positive intra-
thoracic pressure throughout the respiratory cycle 
[1]. So cardiovascular function should be 
assessed continuously or periodically.

Blood pressure should be systematically 
assessed, and hypotension (systolic blood pres-
sure < 90 mmHg) may be considered a relative 
contraindication to NIV. However, the impact of 
NIV on blood pressure is less significant than that 
of invasive ventilation [1].

In BTS/ICS guidelines, ECG monitoring is 
advised for all patients with a tachycardia above 
120 beats per minute, dysrhythmia or known car-
diomyopathy [3].

In some cases, echocardiography may be indi-
cated to exclude acute pulmonary edema [3]. 
However, the technical quality of the echocardio-
graphic visualization can be significantly limited 
due to conditions frequently present in this type 
of patients, for instance, emphysema, obesity or 
kyphoscoliosis [1].

37.2.7  Assessment of Respiratory 
Muscles and Diaphragm 
Functions

37.2.7.1  Lung Volumes
Few studies have been conducted in critically ill 
patients to examine the usefulness of lung vol-
ume measurements and, due to technical difficul-
ties involved in these type of measurements, they 
are usually primarily evaluated in research insti-
tutions [6, 7]. Nevertheless, knowledge of func-
tional residual capacity is essential if mechanical 
ventilation is considered and other lung function 

parameters, for example, the compliance of the 
respiratory system, are to some extent volume- 
dependent [7].

Lung volumes are classically measured by 
body plethysmography, which may be difficult 
and unsafe to use in critically ill patients [7].

Inductive plethysmography, through the deter-
mination of thoracoabdominal movements, indi-
rectly measures respiratory muscle function and 
it seems to be an accurate noninvasive method of 
measuring tidal volume. However, it is difficult to 
calibrate and chest wall motion may reflect other 
events instead of respiratory muscle function, 
making it difficult to interpret and rely on in the 
ICU scenario [6].

37.2.7.2  Maximal Inspiratory 
and Expiratory Pressures

Respiratory muscle weakness may contribute to 
or worsen respiratory failure in critically ill 
patients. The ability to assess respiratory muscle 
strength and, therefore, risk of fatigue may enable 
the clinician to predict both the need for mechan-
ical ventilation and the success of weaning. 
Maximal inspiratory and expiratory pressures 
can be measured directly in intubated patients, 
but with NIV it can be measured during a brief 
disconnection using a handheld pressure moni-
toring device. These maneuvers require a consid-
erable degree of patient cooperation and 
coordination. Therefore, high values exclude 
clinically significant weakness, but low values 
are common and may reflect poor technique or 
effort as well [6, 8].

37.2.7.3  Esophageal 
and Transdiaphragmatic 
Pressure

Transdiaphragmatic pressure (Pdi), a specific 
measure of diaphragm muscle strength, is the dif-
ference between abdominal and pleural pressure. 
In practice, it is calculated by the difference 
between gastric and esophageal (Pes) pressures, 
measured by using air-filled or liquid-filled bal-
loons attached to a nasogastric tube connected to 
a pressure transducer. Voluntary measurements 
of maximum Pdi can be obtained by having the 
patients inspire as forcefully as possible against a 
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closed airway or by having the patient sniff force-
fully. This last one is more reproducible than the 
maximum inspiratory Pdi [8]. However, these 
procedures require the subject’s cooperation and 
increase of Pdi may fail because of a lack of coor-
dination, in the absence of any diaphragmatic 
abnormality [6].

According to clinical trials, prolonged Pes 
measurement seems to be feasible in ICU 
patients. Monitoring Pes can be used to track 
and even quantify the activity of the inspira-
tory and expiratory muscles and detect patient-
ventilator asynchrony. However, analysis of 
work of breathing and energy expenditure are 
sophisticated parameters, the interpretation of 
which is complex and not suitable for routine 
monitoring [9]. Besides, gastric and esopha-
geal balloons are not used routinely in clinical 
care, probably because of their invasiveness, 
even though they are extensively used for 
research purposes [8].

37.2.7.4  Diaphragm and Accessory 
Muscle Electromyography

Electromyography (EMG) comprises the tempo-
ral and spatial summation of neural impulses 
from the brain that are translated into muscle 
fiber action potentials. Diaphragm EMG can be 
acquired with surface or esophageal electrodes. 
The latter is more reliable mostly because of 
reduced cross talk from other muscles. Besides, 
its utility for research purposes, the EMG signal, 
referred to as the amplitude of the electrical activ-
ity of the diaphragm, can be obtained rather eas-
ily and continuously in ICU patients, which 
opens an opportunity for its use in patient 
 monitoring. It may allow monitoring of respira-
tory muscle loading, patient-ventilator syn-
chrony, and efficiency of breathing in critically ill 
patients [8, 9].

Alternatively, surface EMG can be used to 
detect the electrical activity of the diaphragm and 
other respiratory muscles. Practical aspects 
including a cross talk from other muscles, low 
signal-to-noise ratio in certain patients, because 
of obesity or edema, and impaired patient mobili-
zation, limit routinely use of surface EMG in 
clinical practice [9].

37.2.7.5  Phrenic Nerve Stimulation
The diaphragm is innervated exclusively by the 
phrenic nerve, and thus phrenic nerve stimulation 
(PNS) provides a specific means to investigate 
the diaphragm independent of other inspiratory 
muscles and without the influence of the central 
nervous system [6]. PNS allows nonvoluntary 
evaluation of diaphragm strength, measured as 
the magnitude of twitch transdiaphragmatic pres-
sure or twitch airway pressure. It is possible to 
evaluate the integrity of the phrenic nerve through 
the calculation of its conduction time and subse-
quent detection of phrenic nerve injury. Despite 
the extensive use of phrenic nerve stimulation in 
research settings, this technique is not applicable 
routinely for bedside monitoring because it is an 
invasive and, possibly, not a well-tolerated proce-
dure [8].

Four main PNS techniques have been used: 
needle stimulation and implanted wire stimula-
tion, both invasive and with the risk of hematoma 
and phrenic nerve damage, transcutaneous elec-
trical PNS (PNStc), and magnetic stimulation 
(PNSmg). These last two techniques have been 
more extensively studied and have minimal side 
effects [6].

During PNStc, an externally applied electri-
cal field induces depolarization of phrenic nerve 
fibers and, if the stimulus is intense enough, all 
fibers are activated synchronously, giving pre-
dictable and reproducible results representative 
of diaphragm properties alone. However, it may 
be uncomfortable for the patient when supra-
maximal stimulation is achieved, and it requires 
technical expertise that may be a source of vari-
ability [6].

Magnetic stimulation creates intense and 
brief magnetic fields, which, unlike electric cur-
rents, are only mildly attenuated by natural bar-
riers such as skin and bone and can therefore 
reach deep nervous structures. The mechanisms 
of neural response to magnetic stimulation are 
different from those of the response to electrical 
stimulation, so the results obtained with the two 
techniques may have different interpretations. 
Magnetic stimulation applied to the cervical 
spine elicits a bilateral diaphragm contraction, 
as well as it stimulates other elements of the cer-
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vical roots and nearby nerves, thus causing 
some contraction of the neck and upper rib cage 
muscles. PNSmg has the advantage of being 
relatively painless and is thus easily applicable 
in the clinical setting, with reliable results, 
although it lacks the specificity of PNStc for the 
diaphragm [6].

37.2.7.6  Lung Ultrasonography
Ultrasound has become a very popular option in 
the management of critically ill patients because 
of its portability, low cost, and the absence of 
contraindications. It is a noninvasive and 
radiation- free procedure, which can be performed 
quickly at the bedside in all patients, and enables 
a dynamic assessment of lungs, diaphragm, and 
pleura, which may give important clues for the 
management of patients requiring ventilation [1].

Bedside lung ultrasonography may diagnose 
some thoracic disorders and help to identify some 
causes of ARF.  Lichtenstein et  al. proposed an 
algorithm, the bedside lung ultrasound in emer-
gency—the BLUE protocol. They compared lung 
ultrasonography results on initial presentation, 
performed on patients admitted on the ICU with 
ARF, with the final diagnosis. Three items on 
ultrasound were assessed: artifacts (horizontal A 
lines or vertical B lines), lung sliding, and alveo-
lar consolidation and/or pleural effusion, com-
bined with venous ultrasound analysis. These 
items were grouped to compose ultrasound pro-
files that would correspond to asthma or COPD 
(predominant A lines plus lung sliding), pulmo-
nary edema (multiple anterior diffuse B lines 
with lung sliding), pulmonary embolism (normal 
anterior profile plus deep venous thrombosis), 
pneumothorax (anterior absent lung sliding plus 
A lines plus lung point), or pneumonia (anterior 
alveolar consolidations, anterior diffuse B lines 
with abolished lung sliding, anterior asymmetric 
interstitial patterns, posterior consolidations or 
effusions without anterior diffuse B lines) [10].

The work of breathing is a central physiologic 
parameter in the assessment of a critically ill 
patient’s respiratory function. The diaphragm is 
the main respiratory muscle and plays a central 
role in the pathophysiology of respiratory failure. 
During the ultrasonographic evaluation of the 

diaphragm, there are two important parameters: 
measurement of diaphragmatic movement, 
defined as diaphragmatic excursion, and mea-
surement of diaphragm thickness during end- 
expiration [1].

Vivier et  al. evaluated the usefulness of dia-
phragm thickening to assess work of breathing in 
ICU patients and found a parallel decrease in dia-
phragmatic pressure–time product (PTPdi) and 
thickening fraction (TF) during NIV with increas-
ing pressure support level, with a good correla-
tion between the two parameters. PTPdi is the 
integration of the area under the transdiaphrag-
matic pressure curve versus time and is a very 
useful tool for quantifying respiratory muscle 
effort in mechanically ventilated patients and 
assess the oxygen cost of breathing, although its 
execution requires considerable attention. TF 
was obtained by calculating the difference 
between diaphragm thickness at end-inspiration 
and at end-expiration, with good repeatability of 
TF assessment for both intra-observer and inter- 
observer reproducibility [11].

Diaphragmatic dysfunction (DD) assessed by 
ultrasound is defined by Marchioni et  al. as a 
change in diaphragm thickness  <20% during 
tidal volume. They proved that DD was associ-
ated with a higher risk for NIV failure in patients 
with acute exacerbation of COPD, which was 
also reflected in higher mortality rates, longer 
mechanical ventilation duration, higher tracheos-
tomy rate, and longer ICU stay. They also showed 
better accuracy of DD to predict NIV failure than 
baseline pH value and early change in both arte-
rial blood pH and PCO2 following NIV start [12].

37.2.7.7  Sleep Studies
NIV may induce sleep disruption due to interface 
intolerance and patient-ventilator asynchrony. 
On the other hand, NIV may improve sleep qual-
ity by decreasing the work of breathing and 
obstructive sleep apnea.

The acute setting is not an optimal timing for 
assessment of sleep, but Roche et al. performed 
an interesting study assessing sleep disturbances 
with a polysomnography 2–4 days after starting 
NIV for hypercapnic ARF.  The authors found 
that sleep disturbances, such as abnormal electro-
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encephalographic patterns, greater circadian 
sleep-cycle disruption and less rapid eye move-
ment sleep, were associated with late NIV fail-
ure. The practical significance of this finding is 
unclear; however, this observation broadens the 
spectrum of the possibility of monitoring patients 
under NIV [13].

Despite the results of this study, it seems that 
sleep studies could be helpful, mostly in the 
recovery phase of ARF, especially for the detec-
tion of breathing-related sleep disorders and 
making decisions about chronic treatment. 
Besides, the analysis of the memory of a ventila-
tor with adequate software can be very useful to 
analyze overnight ventilation and its efficacy [1].

37.3  Conclusion Discussion

NIV may be a lifesaving therapeutic option, use-
ful either on chronic HRF or ARF. However, the 
benefits of NIV can be obtained only if adequate 
monitoring of patients is undertaken, which will 
depend on the severity of respiratory failure and 
the patient’s general condition. Monitoring gas 
exchange is a basic parameter to monitor when a 
patient is treated with NIV, such as continuous 
monitoring of SpO2 and periodic ABG analysis, 
but other sophisticated parameters may improve 
ventilation efficacy through assessment of respi-
ratory muscles, diaphragm functions, and sleep 
quality.

Key Major Recommendations
• A hospitalized patient under NIV is usually 

treated in one of these three levels of facilities, 
according to the risk of NIV failure: ICU, a 
RHDU with expertise in NIV, or the respira-
tory general ward.

• Oxygen saturation should be monitored con-
tinuously, and PaCO2 and pH should be moni-
tored intermittently; noninvasive and 
continuous methods, for example, PetCO2 and 
PtcCO2, may be an alternative to ABG 
analysis.

• There are several techniques to evaluate respi-
ratory muscle and diaphragm functions, but 

the most promising in clinical practice are 
transdiaphragmatic pressure, electromyogra-
phy, and phrenic nerve stimulation.

• Ultrasonography is widely used in critically ill 
patients, and it enables a dynamic assessment 
of lungs, diaphragm, and pleura.
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Discharge from Hospital to Home 
Care

Hilmi Demirkiran and Hafize Oksuz

Abstract

The care levels, locations, and transfers of 
patients during discharge are critical pro-
cesses. Out-of-hospital discharge with ventila-
tion support is associated with high mortality. 
Among the factors determining the success of 
HMV, the indication for HMV, current stage 
of disorder, comorbid conditions, likely pro-
gression of the disorder, and the level of 
dependency on ventilator support can be 
counted.
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Abbreviations

AHRF Acute hypoxemic respiratory failure
ALS Amyotrophic lateral sclerosis

CF Cystic fibrosis
COPD Chronic obstructive pulmonary disease
DTF Diaphragm thickening fraction
DU Diaphragm ultrasonography
FEV Forced expiratory volume
FVC Forced vital capacity
HMV Home mechanical ventilation
LU Lung ultrasonography
MIE Mechanical insufflation-exsufflation
MRC Medical Research Council
NIV Noninvasive ventilation
OHS Obesity hypoventilation syndrome
REM Rapid eye movement
VC Vital capacity

38.1  Introduction

Home mechanical ventilation (HMV) can be 
used successfully for patients with chronic respi-
ratory failure, especially chronic obstructive pul-
monary disease (COPD)/emphysema, restrictive 
chest wall disorders, neuromuscular disease, and 
obesity hypoventilation syndrome. The estimated 
prevalence of HMV in Europe for 2005 is 6.6 per 
100,000 people [1]. In the last decades, the num-
ber of patients who are dependent on ventilators 
after staying in the acute intensive care unit has 
gradually increased [2]. These patients are now 
discharged home from acute intensive care units. 
These patients have high comorbidity and limita-
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tions of various organ functions. COPD patients 
treated with NIV for acute hypoxemic respiratory 
failure (AHRF) were found to have a high risk of 
recurrent AHRF in the following year. Chu et al. 
analyzed against potential risk factors the rehos-
pitalization, recurrent AHRF, and death times of 
COPD patients with AHRF who survived after 
NIV treatment. One year after discharge, of 
those, 79.9% were rehospitalized, 63.3% had 
another life-threatening event, and 49.1% died. 
The survivors have spent a median of 12% of the 
following year in the hospital. Home oxygen use 
(p  =  0.002) and APACHE II score (p  =  0.006) 
predicted early recurrent AHRF or death; Medical 
Research Council (MRC) dyspnea score 
(p < 0.001) predicted premature death [3].

There is no guideline defining the criteria for 
patients being discharged from acute intensive 
care; however, typically patients who do not 
require intensive monitoring or who are consid-
ered by clinicians to be at low risk for physiologi-
cal decompensation are housed on general care 
floors. Most unplanned intubation occurs in 
patients at risk of respiratory failure. However, it 
is associated with high mortality. In particular, 
cardiopulmonary arrest is significantly more 
common in patients with coronary artery disease, 
congestive heart failure, COPD, and pneumonia. 
Although sleep apnea is a risk for respiratory fail-
ure, the frequency of cardiopulmonary arrest did 
not increase significantly [4]. Because of these 
reasons, discharge from hospital with ventilation 
support should be done when patients are stable. 
Additional oxygen needs of the patients should 
be determined and mechanical ventilation set-
tings should be made. In cases such as progres-
sive COPD or amyotrophic lateral sclerosis 
(ALS), it may be necessary to switch to invasive 
ventilation in patients whose permanent ventila-
tion dependence becomes evident. Treatment 
limitation or palliative care can be planned in line 
with the patient’s life desire [2]. This should be 
proven by measuring respiratory functions. 
Therefore, hospital discharge is associated with 
long-term rehospitalization and mortality risks, 
which vary according to the need for ventilator 
support. On the other hand, HMV success is 
complex and there are many factors that affect 

this success. Among the factors, the indication 
for HMV, current stage of disorder, comorbid 
conditions, likely progression of the disorder, and 
the level of dependency on ventilator support can 
be counted. Anticipating problems in order to 
reduce problems that may occur at home and 
identifying procedures that can reduce the nega-
tive impact of complex home care are important 
for the long-term success and safety of HMV [5].

38.2  Discussion and Analysis 
of Main Topics

38.2.1  NIV-Treated Diseases

38.2.1.1  Restrictive Chest Wall 
Disorders

Hypoventilation and oxygen desaturation can be 
observed together at night in restrictive chest wall 
disorders. In addition, these diseases can impair 
the patient’s quality of life due to shortness of 
breath at night and chronic hypercapnia during 
the day. NIV can provide significant improve-
ment in a patient’s performance and quality of 
life. On the other hand, it can completely elimi-
nate the symptoms of respiratory failure. Night 
polysomnography is recommended within 
3 months in patients who have severely restricted 
ventilation due to a restrictive chest wall disorder, 
but who do not have significant hypercapnia [2].

38.2.1.2  Neuromuscular Diseases
In the neuromuscular disease group, peripheral 
muscles are usually affected and the situation is 
important in differential diagnosis. To determine 
the condition of the respiratory pump muscles, 
respiratory muscle strength, lung function, and 
blood gases should be examined. On the other 
hand, such measurements should be made at reg-
ular intervals. If the forced vital capacity (FVC) 
value is above 70%, polysomnographies and 
transcutaneous PCO2 measurement should be 
performed. Because at the beginning of the dis-
ease, hypoventilation may occur in: Rapid eye 
movement (REM) sleep at night [2]. Sung Min 
Kim et  al. have demonstrated that capnography 
accurately reflected PaCO2 levels and correlated 
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well with nocturnal respiratory symptoms in 
patients with amyotrophic lateral sclerosis using 
NIV. If NIV is started too early in patients with 
ALS, a feeling of discomfort may occur and 
impair compliance. Capnography can be used to 
determine the NIV need of these patients [6].

38.2.1.3  Obesity-Hypoventilation 
Syndrome (OHS)

Another clinical condition for which NIV is indi-
cated is OHS. OHS is defined as chronic alveolar 
hypoventilation and daytime hypercapnia 
(PaCO2 ≥  45 mmHg during rest). Polysomno-
graphic evaluation is mandatory as it can be con-
fused with obstructive sleep apnea. Mortality 
increases significantly in untreated patients with 
typical symptoms. Meanwhile, regular polysom-
nography and blood gas measurements are 
required.

Oxyhemoglobin saturation decreases during 
sleep in various lung diseases, and neuromuscu-
lar and skeletal disorders. Desaturation is usually 
greater in REM sleep. In respiratory failure, 
hypoventilation most commonly emerges ini-
tially under conditions of increased activity and/
or during sleep, particularly REM sleep.

Becker et  al. measured ventilation during 
sleep in 26 patients with nocturnal desaturation 
due to different respiratory diseases who have 
chronic obstructive pulmonary disease (COPD) 
(n = 9), cystic fibrosis (CF) (n = 2), neuromuscu-
loskeletal disease (n = 4), and obesity hypoventi-
lation syndrome (OHS) (n = 11). Hypoventilation 
has been most prominently observed during 
REM sleep regardless of the underlying disease. 
Average VT values from wakefulness to REM 
sleep have decreased by 40.9 ± 12.8% in OHS, 
31.8  ±  13.3% in COPD, and 46.0  ±  20.9% in 
other disorder groups. It shows that 
 hypoventilation may be the main factor leading 
to hypoxia during sleep and that reversing 
hypoventilation during sleep should be an impor-
tant therapeutic strategy for these patients.

38.2.1.4  Chronic Obstructive 
Pulmonary Disease

Out-of-hospital NIV may improve clinical symp-
toms of blood gas and affected physical exercise 

capacity in patients with stable COPD and day-
time hypercapnia (PaCO2 ≥ 50 mmHg). It should 
also be kept in mind that the initiation of NIV in 
advanced COPD and according to the above cri-
teria requires a high degree of motivation and 
cooperation on the patient side. Therefore, as a 
prerequisite for long-term treatment adherence in 
patients with often comorbidity, hospitalization 
should be continued until a stable therapy setting 
is achieved [2].

38.2.1.5  Stable COPD
NIV can improve survival and reduce hospital-
ization in selected patients with COPD (daytime 
hypercapnia, PaCO2  ≥  52  mmHg). Long-term 
administration of oxygen can improve survival in 
patients with severe chronic hypoxemia at rest. 
In patients with stable COPD and moderate 
exercise-induced hypoxemia, long-term oxygen 
prescription does not prolong death or first hospi-
talization or does not provide permanent benefit 
in health status, lung function, and 6-min walking 
distance. In addition, altitude can affect patients’ 
oxygen demand. Hypoxemia may deepen while 
being transferred by air in a patient with suffi-
cient resting oxygenation at sea level.

Rehospitalizations for acute exacerbations of 
COPD place a burden on the healthcare system. 
For patients with an acute exacerbation of COPD 
who were diagnosed with COPD based on spiro-
metric tests and who showed airflow obstruction 
(FEV 1 / FVC < 70% and FEV 1 > 80%), the rate 
of rehospitalization within 1  month has been 
reported as 22.78% [7]. For acute exacerbations 
of COPD, NIV can be initiated as an acute mea-
sure. In these patients, NIV can generally be 
maintained as home ventilation therapy, but the 
importance of such a procedure has not yet been 
conclusively proven. In these patients, blood gas 
analysis should be performed two weeks after 
discharge from the hospital, and if hypercapnia 
persists during the day (PaCO2 ≥ 53 mmHg), the 
NIV indication should be evaluated [2].

38.2.1.6  End-of-Life Care
The use of acute noninvasive ventilation can 
serve as a flag for considering referral to pallia-
tive care services, as it can be valuable for both 
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active symptom control and end-of-life care. On 
the other hand, intubation may not be suitable if 
the patient is in the final stage. In a study con-
ducted in the United States on ARF patients with 
DNI orders, about half of the patients treated 
with NIV have survived and have been discharged 
from the hospital. Patients with congestive heart 
failure were much better than those with COPD 
and pneumonia. In addition, in another study on 
the use of NIV as a “single” palliative measure, 
NIV has improved dyspnea and has reduced the 
amount of morphine requirement in end-stage 
cancer patients faster than oxygen alone [8]. 
Therefore, the underlying reversible reasons for 
NIV in patients with DNI orders should be 
reviewed.

38.2.2  Current Practices in Patient 
Follow-Up

38.2.2.1  Pulse Oximeter
One of the treatment goals in hypercapnic or 
hypoxemic respiratory failure during the wean-
ing period from the mechanical ventilator of 
patients with COPD is to keep SPO2 in the range 
of 88–92. Complementary oxygen therapy, the 
ventilator, suppresses the impulse, increases 
hypercapnia, and can make the pulse oximeter 
unusable to monitor the decreases in alveolar 
ventilation and increases in secretions. If the 
patient needs high oxygen, it should be kept in 
mind that home ventilators do not provide more 
than 50% oxygen in inspiration, and if rapid 
desaturation develops when the patient leaves 
NIV, IMV should be considered [9].

38.2.2.2  Capnography and Skin 
Carbon Dioxide (CO2)

Capnography and skin carbon dioxide (CO2) 
monitoring are useful for demonstrating day and 
night hypercapnia. Daytime hypercapnia 
(>44  mmHg) may indicate severe sleep hyper-

capnia and oxyhemoglobin desaturation of less 
than 95%. It is important to evaluate whether 
there is alveolar hypoventilation during the mon-
itoring of patients treated with NIV.  The gold 
standard for this is the evaluation of arterial 
blood gas. However, this is uncomfortable for 
patients who are followed up at home. And it 
requires experienced staff. Transcutaneous cap-
nography, which is recommended in patients 
with COPD due to undesired mask-induced 
leakages, allows distinguishing hypoxemia due 
to ventilation- perfusion incompatibility and 
hypoventilation [10].

38.2.2.3  Lung and Diaphragm 
Ultrasonography (DU)

The use of lung ultrasonography (LU) as a pre-
dictive tool to evaluate NIV effectiveness is being 
investigated. More evidence is needed to evaluate 
hypoxemic respiratory failure. Diaphragm ultra-
sonography allows direct imaging of the dia-
phragm muscle and evaluation of its activity. The 
evaluation of diaphragm thickening fraction 
(DTF) may be useful in evaluating diaphragm 
function and its contribution to respiratory work-
load. Diaphragm movement, which measures the 
distance the diaphragm can move during the 
respiratory cycle, can help distinguish diaphragm 
dysfunction. These two parameters can be a 
guide in optimizing the ventilator settings [11].

38.2.2.4  Mechanical Insufflation- 
Exsufflation (MIE)

In patients with neuromuscular and chest wall 
disease, breathing without a ventilator may not 
always be provided during or after a respiratory 
infection attack. However, NIV and MIE may 
need to be used aggressively during intermediate 
respiratory tract infection episodes in patients 
requiring NIV and MIE who are followed-up at 
home. Therefore, to avoid the need for intubation 
in these patients, patients with ventilator pump 
failure and low vital capacity (VC) should be 
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identified in advance. VC measurement should be 
performed in both sitting and supine positions. 
MIE should be provided when the patient’s maxi-
mum assisted cough peak flows are less than 
270–300 L/min [12].

38.3  Conclusion Discussion

There is no guideline defining the criteria for 
patients being discharged from the acute inten-
sive care unit. Clinicians generally discharge 
patients who are considered to be at low risk for 
physiological decompensation. Unplanned intu-
bation often occurs in patients at risk of respira-
tory failure. Therefore, hospital discharge is 
associated with long-term rehospitalization and 
mortality risks, which vary according to the need 
for ventilator support. Among the factors affect-
ing the success of HMV, the indication for HMV, 
current stage of disorder, comorbid conditions, 
likely progression of the disorder, and the level of 
dependence on ventilator support are important. 
Out-of-hospital discharge with ventilation sup-
port should be done when patients are stable.

Key Major Recommendations
• Supplemental oxygen needs of patients should 

be determined.
• Capnography can be used to determine the 

need for NIV in patients with ALS.
• MIE should be provided when the patient’s 

maximum assisted cough peak flows are not 
sufficient.

• Out-of-hospital discharge with ventilation 
support should be done when patients are 
stable.
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Home Care Ventilator-Dependent 
Patients
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Abstract

Home mechanical ventilation is an increasing 
treatment choice for patients with chronic 
respiratory failure, such as chronic obstructive 
pulmonary disease, sleep disorders, and neu-
romuscular diseases. It has proven benefits in 
the reduction of symptoms and hospital 
admissions, and improved survival and health- 
related quality of life. Although the benefits 
are significant for the patient, family, and/or 
caregivers, there is still uncertainty about the 
best treatment strategy. More studies are 
required in this field.
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Abbreviations

ALS Amyotrophic lateral sclerosis
APAP Automatic positive airway pressure
ASV Adaptive servo ventilation
AVAPS Average volume-assured pressure 

support ventilation
BiPAP Bi-level positive airway pressure
BMI Body mass index
CO2 Carbon dioxide
CompSA Complex sleep apnea
COPD Chronic obstructive pulmonary disease
CPAP Continuous positive airway pressure
CSA Central sleep apnea
DMD Duchenne muscular dystrophy
EPAP Expiratory positive airway pressure
FEV1 Forced expiratory volume in 1 second
FiO2 Inspiratory oxygen fraction
HF Heart failure
HMV Home mechanical ventilation
IPAP Inspiratory positive airway pressure
IV Invasive ventilation
iVAPS Intelligent volume-assured pressure 

support
LTOT Long-term oxygen therapy
MIP Maximal inspiratory pressure
NIV Noninvasive ventilation
NMD Neuromuscular disease
O2 Oxygen
OHS Obesity-hypoventilation syndrome
OSA Obstructive sleep apnea
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PaCO2 Arterial partial pressure of carbon 
dioxide

PaO2 Arterial partial pressure of oxygen
Pro-BNP Pro-brain natriuretic peptide
PS Pressure support
REM Rapid eye movement
RF Respiratory failure
ST Spontaneous timed
USA United States of America
VC Vital capacity
Vt Tidal volume

39.1  Introduction

Home mechanical ventilation (HMV) has a highly 
variable prevalence, but the number of patients has 
been progressively increasing. Data from European 
countries refer to 0.1/100000 patients in Poland, 
but 10/100000 in Sweden, and an estimated 13% 
users of invasive ventilation (IV) via tracheostomy. 
In Canada, the prevalence is 12.9/100000 patients, 
where 72% receive noninvasive ventilation (NIV) 
and 18% are ventilated via tracheostomy. In 
Australia, the prevalence is 9.9/100000 patients, 
with only 3.1% of patients receiving IV.  In the 
United States of America (USA) there are 11000 
patients receiving HMV [1].

In the last few years these numbers have been 
increasing, along with the increasing evidence and 
indication to treat patients with HMV.  Initially, 
the main indication was neuromuscular diseases 
(NMD), but recently there have been an increas-
ing number of patients treated with NIV due to 
obesity-hypoventilation syndrome (OHS) and 
chronic obstructive pulmonary disease (COPD). In 
Australia and New Zealand, 31% of HMV patients 
are being treated due to OHS, the most common 
cause, followed by NMD with 30% of cases [1].

In the USA, the prevalence of children under 
HMV treatment is 4.7–6.4/100000. In this age, 
there have been increasing cases with indication 
to HMV and a growing tendency to transition to 
adulthood with this treatment [1].

39.2  Discussion and Analysis 
of Main Topics

39.2.1  Indications for Home 
Mechanical Ventilation

Guidelines recommend the use of HMV for the 
treatment of chronic respiratory failure (RF). 
This strategy has proven benefits in the reduction 
of symptoms related with RF (dyspnea, day-time 
sleepiness, fatigue), hospital admissions, 
improved survival, and health-related quality of 
life. Although the benefits of this treatment are 
significant for the patient, family, and/or caregiv-
ers, there is still uncertainty about the best venti-
lation strategy [2].

The main indications for HMV are described 
in Table 39.1 and include COPD, OHS, obstruc-
tive sleep apnea (OSA), central sleep apnea 
(CSA) with Cheyne-Stokes breathing, and NMD 
[1, 3].

Table 39.1 Indications for home mechanical ventilation 
[7]

Indications for home mechanical ventilation
Lung diseases
   COPD
   Bronchiectasis
   Cystic fibrosis
Ventilatory disorders
   Ondine’s curse
   Cheyne-Stokes breathing
   Obesity-hypoventilation syndrome
   Complex sleep apnea
Upper airway abnormalities
   Obstructive sleep apnea
   Pierre Robin syndrome
Chest wall abnormalities
   Kyphoscoliosis
   Sequelae of tuberculosis
Neuromuscular diseases:
   Amyotrophic lateral sclerosis
   Duchenne dystrophy
   Myotonic myopathy
   Spinal muscle atrophy
   Acid maltase deficiency

COPD chronic obstructive pulmonary disease
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39.2.1.1  Chronic Obstructive 
Pulmonary Disease

There are established benefits in the treatment of 
acute COPD exacerbations with hypercapnia 
using NIV [4]. On the other hand, the role of 
HMV in COPD remains controversial, although 
benefits have been described [2].

Studies regarding the role of NIV combined 
with long-term oxygen therapy (LTOT) for 
patients with severe COPD lack in the literature. 
Previous studies failed to demonstrate benefits 
probably due to the use of low levels of pressure 
support, not targeted to improve day-time hyper-
capnia, and due to its use in patients with border-
line chronic RF.  Recent investigations were 
developed with the use of high-intensity NIV 
(high inspiratory positive airway pressure [IPAP] 
and high respiratory back-up rate) with the objec-
tive of reducing arterial partial carbon dioxide 
pressure (PaCO2). Studies that used mean IPAP 
of 28 cmH2O showed improvements in forced 
expiratory volume in 1 s (FEV1) with 2 months 
of treatment. Others showed better adherence 
with no influence in sleep quality. The concern 
about high pressures in patients with heart failure 
(HF) are explained by the increased intra- thoracic 
pressure applied by the ventilator, with the risk of 
compromising venous blood return, reduced car-
diac output, and increased pulmonary vascular 
resistance. However, median-term cardiovascular 
safety has been proved [4]. Current data recom-
mend high-intensity NIV use in patients with 
stable COPD and hypercapnia [1].

The benefits of HMV in post-exacerbation 
COPD patients remain controversial and unclear 
since many patients improve without this treat-
ment [1]. COPD patients who have persistent 
hypercapnia after exacerbation and require NIV 
have a worse clinical outcome than others who 
return to a state of eucapnia, in terms of hospital 
readmission (40% 90-day readmission rate) and 
mortality (50% 1-year mortality). This group of 
patients might benefit from HMV with supple-
mental oxygen therapy [ 4].

Some patients with COPD are obese and may 
develop OSA, defined as COPD-OSA overlap. 
There are many factors in COPD that contribute 
to obesity and OSA development, including low 

levels of physical activity and corticosteroid ther-
apy. The prevalence of obesity varies from 15% 
in Europe and 54% in North America, and, para-
doxically, there seems to be a protective effect in 
lung function and survival. COPD patients with 
chronic bronchitis and cor pulmonale are more 
likely to develop OSA, since they tend to have 
higher body mass index (BMI) and a shift of fluid 
in supine position, in contrast with emphysema-
tous phenotype. Patients with untreated COPD- 
OSA overlap have worse prognosis than COPD 
alone, with 9-year mortality of 42% and 24%, 
respectively. The first-line treatment for these 
patients is continuous positive airway pressure 
(CPAP). NIV should be reserved for COPD 
patients that have more significant hypercapnia, a 
suboptimal response to CPAP or after an exacer-
bation with decompensated RF.  Predictors of 
CPAP failure include daytime hypercapnia and 
nocturnal hypoxemia (oxygen saturation < 90%). 
In patients treated with NIV, the levels of expira-
tory positive airway pressure (EPAP) are superior 
to COPD patients alone. The optimal strategy of 
ventilation in patients with COPD-OSA overlap 
is currently unknown and guidelines recommend 
polysomnography study to guide treatment [4].

Other phenotype of COPD patients may 
exhibit episodic rapid eye movement (REM) noc-
turnal hypoventilation without severe daytime 
hypercapnia (PaCO2 < 55 mmHg). These patients 
have higher risk for developing pulmonary hyper-
tension and COPD exacerbations. Studies with 
1-year treatment using NIV in these patients 
showed reduction in exacerbation rate, but more 
evidence is required [4].

In patients with severe COPD, palliative care 
is a crucial part of the best treatment, and it may 
include HMV combined with supplemental oxy-
gen therapy in selected patients [4].

39.2.1.2  Obesity-Hypoventilation 
Syndrome

OHS was first described in 1956. Despite these 
years, there is still uncertainty about the patho-
genesis of this disorder. OHS is defined as the 
combination of obesity (BMI ≥30 kg/m2), day-
time hypercapnia and respiratory changes during 
sleep, in the absence of other causes of hypoven-
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tilation. It is multifactorial and characterized by 
impaired lung mechanics and respiratory muscle 
dysfunction. The prevalence of OHS in obese 
patients is currently unknown, but in obese 
patients with OSA varies between 10% and 20%. 
Obese patients with OHS have increased 
mortality [5].

The treatment of OHS requires CPAP, or NIV 
in cases of suboptimal response. NIV treatment 
in these patients has shown improvements in 
blood gases, polyglobulia, respiratory function, 
reduction of hospital admissions, and improved 
quality of life and survival [5]. Despite these ben-
efits of HMV, the best treatment must also include 
rehabilitation, weight-loss support, and consider 
the referral for bariatric surgery [1].

39.2.1.3  Chronic Heart Failure
HF is a life-threatening condition with high 
socioeconomical burden; therefore, it should be 
considered a global health priority. It affects 
1–2% of developed countries’ population. It 
reduces functional capacity, quality of life, and 
has poor prognosis [6].

The main symptoms of HF include exertional 
dyspnea and fatigue, with limitation in daily life 
activities, and progression to dyspnea at rest in 
severe cases. Chronic HF shares common risk 
factors with chronic lung diseases, particularly 
smoking. Therefore, many patients with chronic 
obstructive lung diseases also have chronic HF 
[6].

The best ventilatory strategies to treat patients 
that have RF and chronic HF include CPAP and 
bi-level positive airway pressure (BiPAP) ther-
apy. In these patients, CPAP improves cardiore-
spiratory performance by increasing functional 
residual capacity, recruiting collapsed alveoli, 
decreasing right-to-left intrapulmonary shunt, 
improving oxygenation, and lung compliance. 
Also, CPAP has shown improved survival, and 
decreased health care readmissions, length of 
stay, and costs. The ideal CPAP pressure is still 
unknown. Some authors use 6 cmH2O to improve 
patients’ tolerance and cardiac output; others use 
10  cmH2O for better alveolar recruitment and 
effective blood gases exchange; still others use 
less than 6 cmH2O with benefits in exercise toler-

ance and improved adherence [6]. The use of 
BiPAP in these patients has the advantage of 
improving exercise tolerance, relieving cardiac 
stress, and improving cardiac function. Pressure 
support (PS), the difference between IPAP and 
EPAP, unloads respiratory muscles and improves 
exercise endurance. A PS of 5  cmH2O reduces 
transmural pressure gradient and increases car-
diac output, therefore, improving exercise capac-
ity and enhancing the cleaning of carbon dioxide 
(CO2) and waste metabolites [6].

CPAP improves outcomes in patients with 
OSA and HF. In the treatment of CSA with HF, 
the best treatment remains controversial [1]. 
Currently, routine use of adaptive servo ventila-
tion (ASV) to treat sleep disturbances is contrain-
dicated if the patient has symptomatic HF 
(NYHA >II) with left ventricular ejection frac-
tion <45% [1, 6].

COPD patients typically have cardiovascular 
comorbidities. NIV treatment of patients with 
chronic RF has shown positive effects, reducing 
systemic inflammation and pro-brain natriuretic 
peptide (pro-BNP). The use of high positive pres-
sures may raise the concern of decreasing cardiac 
output in patients with HF; however, studies with 
3-months therapy in COPD patients showed it is 
a safe approach. Treatment with high-intensity 
NIV (respiratory rate 20–22 breaths/minute) and 
low-intensity NIV (respiratory rate < 12 breaths/
minute) in stable COPD patients have both shown 
improvements in exertional dyspnea, lung func-
tion, and health-related quality of life. However, 
high-intensity NIV tends to have better outcomes 
in gas exchange. If the patient has chronic HF, the 
adoption of a low-intensity NIV might be less 
harmful. Despite the preferred strategy, NIV 
must be used with caution in patients with COPD 
and HF, and cardiac function should be checked 
regularly [6].

39.2.1.4  Sleep Disorders
Patients with chronic RF commonly have sleep 
disturbances and nocturnal hypoventilation. 
Sleep disturbances are frequent in modern soci-
ety. Studies report a pathological apnea- hypopnea 
index (≥5/h) incidence of 9% in healthy women 
and 24% in healthy men [3].
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During the REM phase of sleep, changes in 
PaCO2 and arterial partial pressure of oxygen 
(PaO2) occur. Vt decreases and consequently also 
does minute ventilation. Therefore, patients with 
chronic RF frequently have deoxygenation and 
hypercapnia during REM sleep, where airway 
resistance also increases. Sleep tends to be more 
fragmented, with more arousals, and patients 
describe daytime fatigue and impaired concentra-
tion. Hence, adequate treatment with HMV is 
crucial to improve sleep quality, gas exchange, 
daytime symptoms, and quality of life [3].

Sleep disorders with indication for HMV 
include OSA, complex sleep apnea, disorders 
associated with cardiac dysfunction, and OHS 
[7].

OSA is characterized by recurrent episodes 
of upper airway obstruction during sleep, partial 
(hypopnea) or complete (apnea), causing arousals 
and desaturation, and its incidence is 4% in men 
and 2% in women. Symptoms include daytime 
sleepiness, fatigue, difficulty in concentration, 
memory-loss, and loss of sleep quality due to 
frequent arousals, choking, and awakenings. Its 
complete pathophysiology remains unknown, but 
it is acknowledged that obesity plays an impor-
tant role in the obstruction of the upper airways 
due to infarction of the tongue and/or dilation of 
the muscles of the pharynx. Sleep time promotes 
these episodes due to the supine position, since 
the tongue tends to occlude the rear wall of the 
oropharynx and increase the risk of airway occlu-
sion. Long-term outcomes of untreated disease 
include the development of hypertension, coro-
nary artery disease, stroke, and sudden death. 
The risk of traffic accidents due to sleepiness is 
also highly increased. Treatment of this disorder 
includes CPAP therapy, shown to improve sleep 
quality, resolution of the airway obstructions, 
improved cognitive function, cardiovascular 
morbidity, and mortality [7].

In patients under treatment for OSA a particu-
lar complication might occur, designated by 
complex sleep apnea (CompSA). CompSA 
defines the development of central apneas in a 
patient with OSA under treatment with CPAP. The 
obstructive events are resolved (<5 events/h) but 
central events are >5/h. The first approach should 

be to evaluate if CPAP pressures are too high and 
causing pressure toxicity. If so, it is advised to 
decrease the pressure, if possible, assuming a 
permissive flow-limitation that allows a mild 
degree of airway obstruction without increasing 
the risk of central apneas development. The addi-
tion of supplemental oxygen therapy may help 
control hypoxic ventilatory response. Other strat-
egy is the implementation of BiPAP therapy in 
spontaneous-timed (ST) mode [7].

CSA is a sleep disturbance often associated 
with a periodic breathing pattern, Cheyne-Stokes 
breathing, in patients with chronic HF.  CSA is 
characterized by a cessation of respiratory drive 
during sleep, without respiratory movements (in 
contrast to OSA), causing RF and worsening of 
patients’ prognosis, if untreated. The main risk 
factors for CSA are male gender, hypocapnia, 
atrial fibrillation, and older age. Treatment with 
CPAP and BiPAP is often suboptimal and ASV 
might be required [7].

Studies regarding IV in home-care setting and 
its influence in sleep quality still lack in the lit-
erature [3].

39.2.1.5  Neuromuscular Diseases
Many NMD have indication for treatment with 
HMV, and NIV is considered standard practice in 
these patients. They include amyotrophic lateral 
sclerosis (ALS), muscular dystrophy, and others. 
Treatment benefits include prolonged survival, 
symptom relief, and reduced hospital admissions 
[1, 2, 8]. The combination of NIV and cough- 
assist is crucial to prevent the expected outcomes 
of the disease that include recurrent respiratory 
infections and the need for tracheostomy ventila-
tion [1].

The study of patients with NMD should 
always include respiratory functional parameters 
that help physicians decide the best timing to 
start treatment. They consist of the following:

Pulmonary function tests: Vital capacity (VC) 
is valuable to decide the beginning of NIV in 
NMD patients. When VC <50% of the predicted 
value, there is indication to start the therapy. In 
patients with diaphragm weakness, supine VC is 
a more useful indicator compared with standard 
erect VC [8].
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Maximal inspiratory pressure (MIP) is also 
indicative of the necessity of NIV, when its value 
is less than 60cmH2O. Another measure for inspi-
ratory pressure capacity is the sniff test, which 
measures the generated nasal pressure in one 
nostril during a sniff manouvre [8].

Nocturnal oximetry: The evaluation of noctur-
nal desaturation with oximetry may help diag-
nose nocturnal hypoventilation [8].

Polysomnography: Sleep study with polysom-
nography is useful in NMD to help identify the 
need for NIV and ideal ventilatory parameters 
[8].

There is recommendation for the beginning of 
NIV in the treatment of NMD patients when they 
have symptoms (fatigue, dyspnea, morning head-
aches) and PaCO2  ≥  45  mmHg, or nocturnal 
desaturation of ≤88% during five consecutive 
minutes, or VC <50% predicted, or MIP 
<60  cmH2O.  Other indications include support 
during gastrostomy tube placement, IV extubat-
ing, and in patients submitted to tracheostomy 
who were successfully decannulated [8].

39.2.1.6  Other Indications
HMV may have a role in facilitating discharge 
for hospitalized patients, preserving the best 
treatment and improving their independence in 
daily-life activities in an outpatient setting [2].

Another interesting field for the use of NIV is 
to improve exercise tolerance during a pulmo-
nary rehabilitation program [9].

39.2.2  Home-Mechanical Ventilation 
Equipment

HMV can be offered to patients through different 
forms and settings, including tracheostomy tube 
(IV) or NIV with a mask. A wide range of venti-
lators are available and the basic knowledge of 
their functioning and indications is essential to 
allow physicians provide the best treatment for 
their patients [10].

A ventilator transforms energy input into a 
mechanical output that includes a desirable pres-
sure, flow, or volume. It can apply positive pres-
sure in the airways to assure its patency or 

generate negative pressure to apply externally on 
the chest and assist the coughing process (cough- 
assist) [10].

Ventilators are constituted by a respiratory cir-
cuit, a pneumatic system, inspiratory and expira-
tory valves, controlled variables (trigger, limits, 
cycling), different modes of mechanical ventila-
tion, interface, alarm system, monitoring system, 
and some accessories. User interfaces are highly 
variable and include facial masks, nasal masks, 
mouthpieces or tracheostomy tube. The type of 
circuit also may differ and include single-limb 
(single tube for inspiration and expiration that 
requires a non-rebreathing expiratory valve or a 
vented system to prevent CO2 rebreathing) or 
double-limb (different inspiratory and expiratory 
tubes) devices [10].

Many home-care ventilators have a low- 
pressure oxygen (O2) inlet, although this oxygen 
delivery system is not constant and the inspira-
tory oxygen fraction (FiO2) cannot reach 100%, 
if desired [10].

All home-care ventilators are equipped with 
long-lasting internal batteries, usually with short 
charging time. These batteries’ autonomy may 
last 3–9 h of utilization, depending on the defined 
parameter settings [10].

Ventilator accessories include heated humidi-
fiers, carriers, and filters [10].

39.2.3  Home-Mechanical Ventilation 
Modes

Home ventilators have multiple forms of ventila-
tory assistance, and recent devices for life- 
support are prepared to work in volume and/or 
pressure-controlled modes [10].

Some modalities of ventilatory support 
include:

CPAP: Currently it is the preferred mode of 
ventilation for the treatment of OSA and acute 
hypoxemic RF in patients with chronic HF. CPAP 
consists in the application of constant positive 
pressure in spontaneous breathing patients [7].

Automatic Positive Airway Pressure (APAP): 
APAP delivers a self-titrating positive airway 
pressure, using algorithms that detect variations 
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in the degree of airway obstruction, thus, self- 
adjusting the required pressure to assure patency. 
It may be used during a polysomnography to 
titrate the ideal CPAP pressure to treat 
OSA. Currently, APAP treatment is only advised 
in patients with OSA or respiratory events related 
with position. It is not recommended in patients 
with other comorbidities, such as chronic HF, 
COPD, CSA, or hypoventilation [7].

BiPAP: BiPAP is a ventilation mode that 
includes IPAP and EPAP.  The main indications 
for its use are disorders that result in hypoventila-
tion (OHS, NMD) and sleep disturbances (OSA, 
CSA). Patients with OSA who do not tolerate 
high CPAP pressures may be candidates for treat-
ment with BiPAP.  The IPAP assists inspiration 
and reduces work of breathing and fatigue. The 
EPAP assists expiration, maintaining airway 
patency and improving functional residual capac-
ity. The PS (difference between IPAP and EPAP) 
is important to maintain alveolar ventilation and 
to reduce PaCO2 [7].

Auto-BiPAP: This is a recent device with 
automatic adjustment of IPAP and EPAP, pro-
viding greater treatment flexibility in pressures 
changes [7].

ASV: ASV is used in the treatment of CSA 
with Cheyne-Stokes breathing pattern. It is a 
complex mode of ventilation that delivers EPAP 
to treat obstructive apneas and automatically 
adjusted IPAP to maintain a target ventila-
tion, aiming to stabilize breathing patterns and 
reduce respiratory alkalosis that triggers central 
apneas [7].

Average Volume-Assured Pressure Support 
Ventilation (AVAPS): AVAPS delivers self- 
adjusted pressure to the airways, aiming to 
maintain a target Vt. It is used in patients with 
chronic hypoventilation, including OHS, NMD, 
and COPD. The main advantage of this ventila-
tion mode is that it guarantees the desirable Vt 
and automatically adjusts pressures as the dis-
ease progresses, making it useful in NMD like 
ALS [7].

Pressure ventilatory support allows better 
non-intentional leaks compensation, compared 
with volume support. However, tidal volume (Vt) 
may not be guaranteed with pressure support, but 

only with volume support. AVAPS is a hybrid 
mode of ventilation that works with both pressure 
and volume control. The compensation of non- 
intentional leaks depends on the “vented” or 
“not-vented” circuit [10].

Intelligent Volume-Assured Pressure Support 
(iVAPS): Recently, other modes of ventilation 
support, known as iVAPS, are able to assure a tar-
get alveolar ventilation [10].

Sighs: This mode of support has increasing 
interest. It allows the definition of volume or 
pressure sighs, their frequency, and amplitude. 
Although studies are lacking, recent clinical trials 
demonstrated improved oxygenation with this 
recruitment maneuver in patients with acute RF 
[10].

Mouthpiece Ventilation: This is a useful inter-
face in patients with NMD that require NIV 24 h/
day, such as end-stage Duchenne muscular dys-
trophy (DMD) [10].

39.2.4  Monitoring of Home- 
Mechanical Ventilation

Home-care ventilators are equipped with moni-
toring display, allowing users the direct visual-
ization of ventilatory parameters, including 
non-intentional leaks and pressure/volume wave-
forms which inform about patient-ventilator 
interaction [10].

HMV monitoring strategies may vary. There 
are three main systems of telemonitoring:

First-generation system: Data from ventilators 
are transferred via a telephone system to the clin-
ical team database [1].

Second-generation system: Data transfer from 
ventilators is synchronous with an automated 
algorithm but has the risk of compromising 
immediate decisions by the clinical team, if mon-
itoring only occurs at certain times [1].

Third-generation system: This has constant 
decision-making support with monitoring centers 
constituted by physicians and specialist nurses 
with full authority to effect therapy changes, 
24 h/day, every day [1].

Telemonitoring is fundamental to assist 
patients and provide the best possible care. 
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Studies demonstrate that telemonitoring is asso-
ciated with higher treatment compliance, less 
hospital admissions, improved quality of life, and 
reduced healthcare costs [1].

The ventilation interface should always be 
optimized in order to reduce non-intentional 
leaks since it is associated with worse sleep qual-
ity. Polysomnography should be performed to 
assess suboptimal treatment results and improve 
ventilator settings [3].

Patients’ opinion about their home ventilators 
must be taken into account in the monitoring pro-
cess. Although there are studies lacking regard-
ing this subject, it seems reasonable to assume 
that a patient who is comfortable with his ventila-
tor has higher adherence and, therefore, improved 
outcomes and prognosis [10].

Further investigation on HMV is still required 
in order to define clear recommendations and 
guidelines on telemonitoring-assisted HMV [1].

39.3  Conclusion

HMV has significant benefits in the treatment of 
ventilation-dependent patients, improves quality 
of life, and reduces healthcare costs and hospital 
admissions. The main indication is the treatment 
of chronic RF and includes different etiologies, 
such as NMD, COPD, and sleep disorders. 
Patients’ opinion about their home ventilators 
should always be taken into account in the moni-
toring process to improve treatment adherence 
and outcomes.

Areas of future research include improve-
ments in tele-medicine in order to define the best 
treatment, monitoring, and follow-up strategies 
for these patients.

Key Major Recommendations
• HMV has significant benefits in the treatment 

of chronic RF.
• The main indications for HMV include NMD, 

COPD, and sleep disorders.
• Patients’ opinion about their home ventilators 

should always be taken into account.
• More investigation into tele-medicine and 

tele-monitoring is required.
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Abstract

Patients under home mechanical ventilation 
(HMV) are increasing across the world and are 
associated with elevated costs and difficulty in 
discharge. Therefore, it is crucial to provide 
a regular follow-up programme. Lung func-
tion tests have an important role for diagnosis 
and follow-up of respiratory and neuromus-
cular disorders. Recently, home programmes 
and telemonitoring have emerged as possible 
useful options to combine with the “standard 
care” to provide better supervision in HMV.
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Abbreviations

ABG Arterial blood gas
ALS Amyotrophic lateral sclerosis
CO2 Carbon dioxide
COPD Chronic obstructive pulmonary disease

CRF Chronic respiratory failure
ELBG Ear lobe blood gas
ER Emergency department
etCO2 End-tidal carbon dioxide
FEV1 Forced expiratory volume in 1 s
FVC Forced vital capacity
HMV Home mechanical ventilation
ICU Intensive care unit
IPAP Inspiratory positive airway pressure
MEP Maximum expiratory pressure
MIP Maximal inspiratory pressure
NIV Noninvasive ventilation
PaCO2 Arterial carbon dioxide tension
PaO2 Arterial oxygen tension
PCF Peak cough flow
RMS Respiratory muscle strength
SNIP Sniff nasal inspiratory pressure
TcCO2 Transcutaneous carbon dioxide

40.1  Introduction

The overall prevalence of home mechanical ven-
tilation (HMV) in Europe is around 6.6/100,000 
and it is rising; however, this varies greatly 
between countries [1]. The increasing prevalence 
of severe chronic obstructive pulmonary disease 
(COPD) and severe obesity, the better identifica-
tion of adult neuromuscular diseases and the 
growing lifespan of the general population point 
to a major increase in the disease burden associ-
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ated with chronic respiratory failure (CRF) in the 
following years.

HMV is a well-established treatment in some 
diseases that cause CRF, such as amyotrophic lat-
eral sclerosis (ALS), as it increases survival and 
prevents hospital admission. However, the use of 
chronic long-term noninvasive ventilation (NIV) 
in COPD is still discussed, as it seems that the 
addition of NIV improves survival when it is 
aimed to reduce significantly arterial carbon 
dioxide tension (PaCO2) [2].

Nevertheless, there is no universal consensus 
regarding what type of follow-up programme 
would be most effective in chronic patients and 
the organization of HMV differs widely among 
countries. Some countries refer these patients to 
a limited number of respiratory care units for ini-
tiation and follow-up, but in other countries there 
is a larger number of outpatient departments and 
they report to a national organization. In addi-
tion, some countries may offer visits by a health-
care team; however, this is not a universal reality. 
Moreover, there are other challenges when pro-
viding HMV, including the need of a multidisci-
plinary team, setting to initiate NIV (hospital or 
home), type of patient-professional contact, 
patient mobility, reimbursement policy, type and 
variables to be measure during follow-up as well 
as patients and caregiver training and coopera-
tion [3].

Recently, another question that accompanies 
HMV is the development and utility of telemoni-
toring technology. With the increasing number 
of HMV patients and difficulties associated with 
hospital discharge, telemonitoring seems to be 
an opportunity that offers early remote detection 
of signs and symptoms of clinical decompensa-
tion, remote monitoring of ventilator settings 
and education reinforcement for the patient and 
caregiver [4].

Therefore, in the next this chapter, we will 
review the evidence for evaluation of lung func-
tion, home care and usage of telemedicine in 
patients under HMV.

40.2  Discussion and Analysis 
of Main Topics

40.2.1  Pulmonary Function Test 
in HMV

Some healthcare professionals may believe that 
the evaluation of patients with CRF necessitating 
HMV requires no more than measurement of 
arterial blood gas (ABG) to obtain oxygen (PaO2) 
and carbon dioxide (CO2) values. However, a 
detailed physiological assessment of the key 
areas of the respiratory system is often appropri-
ate. In one hand, it helps confirm that the correct 
diagnosis for the cause of CRF is made, as the 
initial management of a neuromuscular patient 
may be different from a COPD patient. On the 
other hand, lung function may be crucial for 
patient follow-up because it influences treatment 
decisions and is a prognostic marker in some 
diseases.

40.2.1.1  Gas Exchange
ABG analysis is an important tool to evaluate gas 
exchange in the assessment of patients receiving 
HMV. The results are rapidly available allowing 
prompt clinical decisions mainly related to venti-
lation parameters. It is also possible in some cen-
tres to use arterialized ear lobe blood gas (ELBG) 
as an alternative to ABGs as it appears to reflect 
PaCO2 accurately and can be less painful. 
Nonetheless, ELBGs can be a less faithful reflec-
tion of PaO2 [4, 5].

Medical devices are evolving to become less 
invasive and more comfortable for the patient. 
There are two different techniques for noninva-
sive PaCO2 monitoring currently being used in 
clinical practice: the end-tidal carbon dioxide 
(etCO2) and the transcutaneous PCO2 (TcCO2) 
measurements. However, end-tidal carbon diox-
ide measurements seem to correlate poorly 
with PaCO2 levels, particularly in patients with 
airways disease. Several studies have demon-
strated that transcutaneous measures of CO2 are 
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reliable and offer a pain-free method [4, 6]. But, 
there are two drawbacks: the measurement per-
formed by electrochemical sensors requiring a 
temperature increase may cause burns in long-
term monitoring and there is a 2-min lag time 
for PaCO2 changes to be reflected in TcCO2. The 
appearance of optical sensors in the market has 
resolved the burn problem by the electrochemi-
cal sensor [6]. Moreover, some systems can also 
be portable, which makes possible a TcCO2 
evaluation during a home visit by the healthcare 
professionals.

Portable oximetry is also a valuable tool for 
patients under HMV. In case of clinical deteriora-
tion, it may allow trained caregivers and patients 
to quickly evaluate oxygen status and the need to 
search for medical aid. Additionally, it may also 
be useful when neuromuscular patients are being 
initiated in mouthpiece ventilation to use it when 
there is a desaturation until they feel accustomed 
to this ventilatory mode. Some devices can be 
connected to the ventilator-monitoring system to 
provide oxygen data during the night or greater 
periods in patients more dependent of ventilation 
[4]. Finger pulse oximeters may be uncomfort-
able to wear during large intervals, such as 24 h 
oximetry, but the same measurement may be per-
formed in a different body part such as the wrist 
or earlobe [4, 6].

A new trend in the market is a non-contact 
measurement using a camera or a mobile phone 
[4, 6]. This technology is based on photoplethys-
mography imaging and requires that a small area 
of skin is placed in front of the camera for a few 
seconds. It obtains peripheral oxygen saturation, 
heart rate and respiratory rate. The interest in this 
technology is increasing as it seems particularly 
suited for home application.

40.2.1.2  Pulmonary Mechanics
Basic spirometry, used to measure forced expira-
tory volume in 1 s (FEV1) and forced vital capac-
ity (FVC), is the most commonly encountered 
measure of pulmonary mechanics and is useful to 
support the cause of CRF and to monitor progres-
sion of a range of diseases including COPD.  It 
has also been demonstrated to be predictive of 
survival in some disorders, including ALS [4].

As patients become progressively more depen-
dent, home visits and telemonitoring of lung func-
tion may be a valuable option. There are portable 
spirometers or tele-spirometers in the market that 
allow measurements of FVC and FEV1 during 
home visits or by distance with devices connected 
to a smartphone. Some authors have also used 
consecutive peak expiratory flow values for fol-
low-up of patients under HMV accompanied by 
questionnaires during home visits or at distance 
[4]. However, these options require patient coop-
eration, specific manoeuvres (not spontaneous 
breathing) and still are not available worldwide.

A detailed review of lung volumes may be 
useful for initial diagnosis confirmation and 
prognostic evaluation in some diseases. 
Nevertheless, specific devices, which are not eas-
ily transportable, are needed for evaluation. 
Therefore, it is a less convenient option for fol-
low- up of patients under HMV who are progres-
sively becoming more dependent.

Regarding more dependent and severe 
patients, another important aspect to take into 
consideration is the progressive difficulty in per-
forming the necessary manoeuvres for lung func-
tion evaluation. The forced oscillation technique 
is a noninvasive method that employs small- 
amplitude pressure oscillations superimposed on 
the normal breathing, and it does not require the 
performance of respiratory manoeuvres. As it 
does not need patients’ cooperation, it is an 
attractive test to use in home settings [6, 7].

The exhaustive measurement of pulmonary 
mechanics demands the use of invasive equip-
ment, and it is not available in all lung function 
laboratories. The pressure transducers needed 
require invasive catheters that must be inserted in 
the oesophagi as a surrogate to pleural pressure. 
After this, several mechanical variables may be 
obtained, as, for example, compliance, positive 
end-expiratory pressure and work of breathing. 
The detailed definition of these pulmonary vari-
ables has been previously addressed in this book.

40.2.1.3  Respiratory Muscle Function
The change in vital capacity from sitting to 
supine is a simple test of respiratory muscle 
strength (RMS). However, as previously stated in 
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this book, more specific tests, including sniff 
nasal inspiratory pressure (SNIP) and maximal 
inspiratory pressure (MIP), are available. Both 
these pressure measurements can be performed 
using handheld devices with a nasal bung or 
mouthpiece, respectively.

Additionally, expiratory muscle function may 
be assessed noninvasively using maximum expi-
ratory pressure (MEP) with a pressure measured 
at the mouth during a forced expiration. MIPs 
and MEPs have a wide range of normal values 
and are dependent on the patient’s ability to per-
form the manoeuvre correctly. Therefore, low 
readings should be interpreted with caution and 
sometimes multiple tests may be required to 
assess RMS adequately and exclude muscle 
weakness in symptomatic patients [4].

Peak cough flow (PCF) is another simple test 
to evaluate the expiratory muscle function and it 
is usually performed using a standard peak flow 
meter. This is usually easily performed in a home 
visit, and it is a crucial evaluation in neuromuscu-
lar disorders. Patients with PCF inferior to 180–
200 L/min have been shown to be unable to clear 
secretion in an adequate way [4]. Thus, these 
patients usually need manual physiotherapy and 
use insufflation-exsufflation devices to improve 
the ability to cough.

In an equivocal clinical case, invasive mea-
surement of RMS may be performed. However, 
this is frequently used previously to help in the 
diagnosis, and, consequently, it is not usually 
necessary in patients under HMV.  Moreover, 
these tests require specialized equipment and are 
not possible to perform at home. For these rea-
sons, it is not an attractive test for the follow-up 
of any patient.

40.2.1.4  Overnight Monitoring
The use of nocturnal oximetry in the assessment 
of HMV can provide the clinician with valuable 
insights into the severity of disease and efficacy 
of the prescribed ventilator parameters without 
requiring the patient to be admitted into the hos-
pital for full physiological monitoring studies. 
TcCO2 can also be performed at home in more 
dependent patients, and it is an important tool to 
evaluate the persistence of nocturnal hypoventi-

lation and efficacy of treatment in patients under 
mechanical ventilation [4, 8].

Cardiorespiratory polygraphy or a full poly-
somnography with electroencephalogram moni-
toring is rarely required in HMV management, 
although it can be useful if it is desired to eluci-
date the cause of persistent sleepiness or symp-
toms despite therapy as well as diagnosing 
synchronization issues between the patient and 
the ventilator. These studies may be essentially 
used for the initial titration of HMV, accordingly 
to the organization of each hospital [4].

40.2.1.5  Systems for Continuous 
Monitoring of Breathing

Systems for continuous monitoring breathing can 
be divided in wearable devices or non-wearable 
devices. The wearable devices derive physiologi-
cal variables such as tidal volume, heart rate, 
minute-ventilation or respiratory frequency from 
analysing body surface motion detection using 
specific bands, sensors or patches to measure 
these differences/body movements. The wearable 
devices may be respiratory inductance plethys-
mography, resistance-based sensors, capacitance- 
based sensors, inertial measurements units by an 
accelerometer and fibreoptic sensors [6].

Regarding non-wearable devices, most of the 
options used have already been described in this 
chapter, such as pulse oximetry, TcCO2 and poly-
somnography. Another example is the existence of 
commercial devices that calculate respiratory rate 
via the detection of pressures changes in the oxy-
gen line in patients under long-term oxygen therapy 
[6]. Finally, an additional device that can give infor-
mation on breathing is the home ventilator, as the 
majority of models allows to analyse or to download 
data over the previous weeks or months regarding 
compliance, leaks, tidal volume, minute-ventilation, 
respiratory rate, percentage of inspirations triggered 
by the patient and apnoea-hypopnoea indexes. 
However, reliability of these measures may be lim-
ited. Most noninvasive ventilators tend to underes-
timate the tidal volume delivered, especially with 
high inspiratory positive airway pressure (IPAP) 
levels and significant leaks [8]. Furthermore, the 
clinical relevance of measuring these parameters 
has not been thoroughly investigated.
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40.2.2  Physical Activity

Sedentarism in patients with respiratory or neu-
rologic disorders is a “vicious cycle” as constitu-
tional and respiratory symptoms related to the 
disease lead progressively to a decrease in exer-
cise capacity and quality of life. Therefore, stim-
ulation of physical activity is also a crucial part of 
the treatment of patients under HMV. Objective 
methods to quantify physical activity are usually 
based on the measurements of metabolic cost, 
heart rate, body temperature or biomechanical 
effects (such as acceleration, velocity and dis-
placement). This technology is usually divided 
into sensor-based, vision-based and radio-based 
devices. The most known sensor-based devices 
are accelerometers (the base of actigraphy) and 
gyroscopes. The video-based recognition system 
includes a camera, but it restricts the activity of 
the patients to the limited range of the camera. 
The radio-based devices normally use radiofre-
quencies to detect activity and positions [6].

Nowadays, pedometers or counting step func-
tions on mobile phones are easily available and 
have been proposed as motivational tools for 
people wanting to increase their physical activity 
[6].

Therefore, there are several options to stimu-
late physical activity in patients under 
HMV. Some patients under HMV have severe ill-
nesses with significant oxygen desaturation, 
mobility limitation and decreased exercise capac-
ity. A respiratory rehabilitation programme is a 
valid option for these patients to improve  physical 
activity and to educate them on how to do it in a 
safe manner at home.

40.2.3  Home Care and Telemedicine 
in HMV

40.2.3.1  Initiation of Home NIV
One important question that remains unanswered 
is if it is safe to initiate NIV at the patients’ home. 
Home initiation of NIV would greatly alleviate 
the burden on the healthcare system and would 
prevent demanding hospital visits in a disabled 
dyspnoeic patient population. Nonetheless, it 

needs to be proven safe, effective and cost- 
effective. In patients with neuromuscular disease, 
obesity-hypoventilation and thoracic wall restric-
tive disease, it has been demonstrated that initia-
tion of chronic NIV at home, with the use of 
telemonitoring, is non-inferior to initiation in the 
hospital [8, 9].

Recently, Duiverman MJ et al. published the 
first study showing that home initiation of NIV 
in stable hypercapnic COPD patients using tele-
medicine is non-inferior to in-hospital initiation 
[10]. However, these studies have some limita-
tions like the small number of participants, being 
a single centre experience and the need of technol-
ogy/professionals that are not available in every 
hospital. Therefore, more studies are necessary 
to evaluate the potential clinical and economi-
cal benefits of HMV initiation. Improvements in 
the technical and digital opportunities, during the 
last couple of years, will facilitate the develop-
ment of future telemonitoring studies.

40.2.3.2  Follow-up of Patients 
Under HMV

There is no universal consensus regarding what 
type of follow-up programme would be most 
effective in chronic patients under HMV. Is it bet-
ter a regular visit to the outpatient clinic? Or a 
follow-up with home visits by a trained team in 
NIV? Or a combination of both? Probably a one 
size fits all will not be possible in this area. In one 
hand, as patients become more ventilator depen-
dent, it is progressively more difficult to dislocate 
to the hospital. On the other hand, the most cited 
traditional home care programmes are based on 
home visits by specialized nurses or respiratory 
therapists [4]. Though, it presents some 
 limitations such as the number of patients who 
can be included, costs, distance and time needed 
to reach the patient’s home. Hence, some groups 
have published their version of home care for 
mechanical ventilated patients, most including a 
combination of multiple variables such as self- 
management, education of patients and caregiv-
ers, available telephonic contact with the team, 
outpatient visits and home visits by dedicated 
staff and using of telemedicine technology for 
follow-up.
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The clinical surveillance of patients under 
mechanical ventilation is a complex process as it 
may involve a large number of healthcare profes-
sionals, a substantial number of variables that can 
be measured and the different settings where it 
can occur (Fig. 40.1).

The primary goal of the follow-up in HMV, 
either in-hospital, at the patient’s home or by 
phone, should be to evaluate if the overall effect 
of HMV is both beneficial and tolerable to the 
patient. Firstly, a clinical interview should be sys-
tematically performed addressing the persistency 
or resolution of symptoms using standardized 
questionnaires, exacerbations, need of hospital 
admissions, adherence and adverse effects of 
NIV. Secondly, most home ventilators have inter-
nal monitoring clocks that measure and record 
the total ‘blower’ hours with data cards that can 
be used for the measurement of adherence. These 
data should be compared against the patient 
reported adherence and any discrepancies dis-
cussed with the patient and caregivers. Poor 
adherence should prompt further questioning to 
identify areas to improve compliance. 
Furthermore, a key role for the success of HMV 
is the caregiver and, consequently, it is of utmost 

importance to question about its well-being and 
needs. Another important position is the external 
respiratory company that provides the device 
and, in some countries, accompanies the patient 
stimulating adherence and does also the mainte-
nance of the ventilator and masks. After the ini-
tial assessment, several exams may be performed 
to understand the cause of symptoms or problems 
reported by the patient and/or caregiver.

Another important question is how often 
patients should be contacted by phone or visited 
by the home care team or at the hospital and what 
variables should be measured during these visits. 
Which patients may benefit more from a tool, 
such as telemonitoring? Unfortunately, there are 
countries where home care is not a reality. 
Moreover, as previously stated, published data 
offer several different care protocols with differ-
ent inclusion criteria and disease severity as well 
as the tools measured during clinical evaluation. 
Therefore, no standard recommendation may be 
made on how or when to visit; however, reduc-
tion in hospitalisation and use of other acute 
healthcare services reduction in mortality rate, 
improvement in the sickness impact profile 
scores and patient satisfaction have all been 

Hospital titration/Home
initiation of NIV

Follow-up participants: Variables measured: Follow-up setting:
-     Family/Caregiver
-     Hospital (ICU,
      rehabilitation, ER,
      outpatient clinic)
-     Respiratory therapists
-     Nurses
-     Home care team
-     Social Assistant
-     Psychological Support
-     Nutritional Support
-     General Practitioner
-     Palliative Care
-     Ventilation service
      company
-     ...

-     Symptoms
      (questionnaires)
-     Adherence
-     Caregiver burden
-     Physical examination
-     ABG/TcCO2/oximetry
-     Ventilator data
      (compliance, leaks)
-     Lung function tests
-     Sleep studies
      (patients-ventilator
      asynchronies)
-     End-of-life decisions
-     ...

-      Outpatient clinic
-      Home care team
-      Telemonitoring
-      Visits from ventilator
       service company
-      Phone number (for
       facilitating contact
       between patient and
       team)

Combined strategy

Fig. 40.1 The participants, variables measured, and set-
tings needed for home mechanical ventilated patient’s 
follow-up. (NIV noninvasive ventilation, ICU intensive 

care unit, ER emergency department, ABG arterial blood 
gas, TcCO2 transcutaneous carbon dioxide)
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reported with programmes providing regular fol-
low- up with home care interventions and patient 
education [4]. Multicentred randomized con-
trolled studies with larger follow-up periods are 
needed to create generalized recommendations 
regarding HMV follow-up, specially focusing on 
the cost-effectiveness of the home care strategy.

Despite all the questions indicated above and 
with the technological advances in our society, 
the use of telemonitoring in the follow-up of 
HMV is a rational thought. Telemonitoring is a 
complex intervention that aims to deliver special-
ized healthcare remotely that includes the elec-
tronic transmission of patient information to the 
healthcare system and the follow-up response by 
the healthcare professional. As the use of NIV is 
increasing worldwide, with the significant costs 
associated with hospital admission and the diffi-
culty in discharging the ventilator dependent 
patients, the use of telemonitoring is becoming 
an attractive option. Some advantages reported 
would be the possibility of easier contact between 
patients and healthcare team, less dislocation for 
patients/caregivers, continuous or more frequent 
monitoring of ventilation variables with immedi-
ately remote titration of ventilator parameters, 
possibility of earlier detection of clinical decom-
pensation or other problems related to the venti-
lator [2, 4, 8].

Regarding home care, the protocols for the use 
of telemonitoring have been variable across pub-
lished articles in the literature. Some authors 
have used different electronic devices and 
 follow- up strategies using a combination of 
phone calls or video conference with different 
time ranges (weekly to 3  months), compliance 
data from the ventilator downloaded accordingly 
to a designed study protocol with remotely venti-
lator titration, punctual, nocturnal or continuous 
SpO2 monitoring or use of tele-spirometry/peek 
expiratory flow meter or other portable wearable 
devices that continuously measure a number of 
physiologic variables (SpO2, heart rate, electro-
cardiogram, among others) [2, 4]. Concerning 
cost-effectiveness, Vitacca et  al. have demon-
strated that tele-monitoring is cost-effective in 
more severe and frail patients, dependent of 
HMV and/or oxygen therapy mainly due to the 

prevented hospitalizations [11]. However, most 
studies are single centred with a small sample, 
with different inclusion and exclusion criteria 
and without cost-effectiveness evaluation, mak-
ing it difficult to be confident about the role of 
telemonitoring in patients with CRF under HMV.

Telemedicine may be helpful not only as a 
part of the follow-up programmes but also to pro-
vide other services such as rehabilitation, social 
support and palliative or end-of-life care. Some 
authors have been reporting positive experiences 
in tele-rehabilitation using phone calls, video-
conference, reinforcement messages, emails or 
websites, biological sensors able to send data or 
medical devices able to be programmed at dis-
tance, mainly in COPD patients [2]. Regarding 
palliative care, improvements in symptoms con-
trol and easier communication between patients/
caregivers and the health professional have been 
stated; however, groups defend that telemedicine 
should be an additional tool and not a substitute 
for hospital or home visits [2, 12]. Most of this 
encouraging information arises from studies in 
non-ventilated patients; consequently, more stud-
ies are needed to extrapolate results to HMV.

Nevertheless, given the scarcity of standard-
ized and controlled studies with cost- effectiveness 
evaluation and the inequality of access to these 
technologies across the globe, much more 
research must be done before considering tele-
medicine a key element in improving the man-
agement of HMV patients. Furthermore, there 
are other barriers that prevent the wider diffusion 
of telemedicine, such as lack of awareness and 
confidence in electronic solutions among patients 
and healthcare professionals, lack of interopera-
bility between devices from different companies, 
lack of legal clarity for its usage/reimbursement 
and lack of transparency of utilization of data 
collected and regional differences [2, 8].

40.3  Conclusion Discussion

The management of patients receiving HMV 
requires the clinician to integrate clinical and 
respiratory physiological data as well as sleep 
assessment and knowledge of ventilator technol-
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ogy. The recommended approach is to evaluate 
these patients regularly and in a multidisciplinary 
team. A combined approach of outpatient clinic, 
home care and telemonitoring may be a more 
suitable way to follow-up these patients; there-
fore, more multicentred, controlled trials with 
standardized protocols are needed to confirm this 
assumption.

Key Major Recommendations
• Chronic diseases, including home mechanical 

ventilated (HMV) patients, increase dramati-
cally the burden on healthcare systems.

• Follow-up of HMV should be performed reg-
ularly by a multidisciplinary team to prevent 
hospitalizations.

• The range of lung function tests should be tai-
lored to the individual patient, depending on 
the underlying disease and if there are any per-
sistent symptoms or problems related to the 
ventilator.

• Home care and telemonitoring may be added 
as one of the services offered during the fol-
low- up programme. However, more studies are 
needed to identify who are the ideal  candidates, 
what variables should be measure, when and 
for how long should patients receive it.
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Pulmonary Function Testing: 
Predictors and Readmissions
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Abstract

Hospital readmission is a key measure for 
quality of patient care in U.S. hospitals. 
Readmission not only takes a financial toll on 
the patient and the system, but it also becomes 
a burden on the patient’s psychosocial wellbe-
ing. Pulmonary diseases are among top condi-
tions identified with the most readmissions. 
Pulmonary function testing has been consid-
ered as a tool to identify the patients that can 
safely be discharged from hospital.

Keywords

Pulmonary function test (PFT) · Suboptimal 
peak inspiratory flow (sPIF) · Chronic 
obstructive pulmonary disease (COPD) · 
Six-minute walk test (6MWT)

Abbreviations

6MWT 6-minute walk test
ABG Arterial blood gas
AHRQ Agency for Healthcare Research and 

Quality
COPD Chronic obstructive pulmonary dis-

ease
DLCO Diffusion capacity for carbon monox-

ide
FEV1 Forced expiratory volume in one sec-

ond
FVC Forced vital capacity
PFT Pulmonary function test
PIF Peak inspiratory flow

41.1  Introduction

Quality pulmonary function testing (PFT) can be 
a reliable component in diagnosing and screening 
patients to aid in directing care and determine 
risk for surgery. PFT can also be used to predict 
the likelihood of readmission.

According to the Healthcare Cost and 
Utilization Project by the Agency for Healthcare 
Research and Quality (AHRQ), hospital readmis-
sion rates are a key indicator for quality patient 
care in the United States and help identify poten-
tial savings [1, 2]. In 2016, the AHRQ determined 
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that the average overall all-cause readmission 
within 30 days cost was roughly 13% more com-
pared to the initial admission cost. However, 
when broken down by principal diagnosis and 
looking into respiratory system diseases alone, 
the average 30-day readmission cost was 26% 
higher than initial admission cost. Therefore, 
employing readmission predictor data to mitigate 
patient decline post discharge could lead to cost 
effective medicine and improved patient wellness 
in the long term.

This chapter will discuss studies that have 
shown that initial and serial PFT, along with 
other discharge criteria, could predict potential 
decline and avoidable readmission.

In this chapter, we will discuss certain pulmo-
nary function tests and how it could impact inpa-
tient care as well as its usefulness in determining 
readiness for release from hospital. We will also 
discuss tests to be used to alert healthcare provid-
ers of any interventions needed to ensure suc-
cessful discharge and manageable outpatient 
support.

41.2  Discussion and Analysis 
of the Main Topics

41.2.1  Pulmonary Function Testing

Pulmonary function testing, in conjunction with 
radiologic imaging and arterial blood gasses 
(ABG), affords healthcare providers a compre-
hensive look into patients’ pulmonary health to 
aid in appraising dyspnea and disease manage-
ment. PFTs also allow for objective risk assess-
ment and alert clinicians of need for change or 
progression in treatment [3].

Basic PFT determine lung functionality by 
measuring volumes and capacities, air flow, 
 diffusion rate, and respiratory muscle strength 
among other functions as well.

Simple spirometry measures vital capacity 
(VC) or the most air one can move in and out of 
one’s lungs. FVC or forced vital capacity involves 
moving the most air in and out of lungs but with 
significant effort to empty out the lungs of air as 
quickly and as thoroughly as possible. This 

maneuver captures maximal air flow as well as 
VC.  A comparison study by obtaining FVC 
before and after bronchodilator administration 
can assess airway hyperreactivity or unmask any 
latent reversible airway obstruction. FEV1, or 
forced expiratory volume in the first second of 
exhalation, measures the volume of air expired in 
the first second when performing an FVC. FEV1/
FVC, or the expression of FEV1 relative to FVC, 
shows the ratio of expired air in the first second in 
proportion to the total volume of air exhaled.

Other pulmonary function tests, such as mea-
suring maximal inspiratory and expiratory pres-
sures (MIPs and MEPs) which is used to assess 
respiratory muscle strength or a simple six- 
minute walk test (6MWT) which determines the 
point of maximal oxygen uptake [3], can also be 
used to ascertain patients’ readiness for dis-
charge. Referring to tests prior to admission, 
even unrelated to cause of admission, can be a 
useful source of information and should be uti-
lized to complete the picture of the patient’s 
health. Although the tests listed are not compre-
hensive, it gives us an idea of how PFTs can be 
one of the determining factors whether discharge 
is safe and signals risk for readmission.

41.2.2  Readmission Predictors

Once a patient is admitted, the collaborative goal 
of every discipline is to progress to discharge. 
Having all the necessary information to conclude 
that a patient is ready for discharge could better 
predict how a patient will fair post discharge.

Comorbidity measures such as the Charlson 
Comorbidity Index (CCI) and the Elixhauser 
Score, commonly used to for clinical prognosis, 
include chronic obstructive pulmonary disorder 
(COPD) as a category for scoring. Comorbidity 
measures condense comorbidity data into clear 
and useful metrics rather than trying to appraise 
each comorbidity independently [4]. Using PFT 
to determine COPD diagnosis contributes to 
readmission indices scoring such as LACE 
(length of stay, acuity on admission, comorbidity 
and emergency department visits) or PARR 
(Patient at Risk of Hospital Readmission). PFT 
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obtained prior to admission, whether planned or 
unplanned, can, therefore, be used to quantify 
risk of readmission as well as identifying any 
underlying cause of complications that could be 
prevented.

When assessing patients for impending dis-
charge and taking into consideration an accumu-
lation of recent PFTs, we see that with just simple 
spirometry, health care providers can obtain rea-
sonable insight into a patient’s pace and course of 
recovery. Even referring to a single recent PFT 
can alert a prescribing provider if certain means 
of taking medication, for example, DPI vs. nebu-
lizer, is appropriate according to the patient’s 
ability to generate enough inspiratory force.

A study conducted between May 2014 and 
December 2015 by the Wake Forest School of 
Medicine Medical Center in North Carolina 
found that patients with peak inspiratory flow 
(PIF) of less than 60  L/min were considered 
suboptimal (sPIF) and had higher rates of 
90-day readmission for COPD, days to all-
cause readmissions [5]. PIF is derived from the 
inspiratory curve of a flow volume loop. sPIF 
is common during an acute COPD exacerbation 
(AECOPD). This study showed that patients 
discharged with nebulizers compared to DPIs 
(dry powder inhalers) have a significantly lower 
rate of all-cause and COPD 30- and 90-day 
readmission. DPI delivery is dependent on PIF, 
and, therefore, patients with sPIF would benefit 
from using a nebulizer, if available, as a means 
of delivering inhaled medication. Nebulized 
treatments do not require the patient to generate 
a higher than normal inspiratory flow and would 
only require tidal breathing for the treatment to 
be effective.

COPD patients that are seen in the emergency 
department (ED) who have a post-bronchodilator 
FEV1 of 40% and below should have more 
aggressive treatment or consider hospital 
 admission. Patients with an FEV1/FVC ratio of 
46.4 ± 15.2 have a higher frequency of readmis-
sion. A lower FEV1 along with a dyspnea score of 
3 or higher should be flagged for an increased 
risk hospital readmission [6]. A lower FEV1 has 
been associated with an increased risk of hospi-
talization [7] as well as readmission, and some 

studies identified patients with an FEV1 of 40% 
and below of predicted normal to be at risk of 
rehospitalization [8, 9].

Patients admitted for rib fractures could ben-
efit from daily FVCs to monitor for any signs of 
deterioration. A study conducted by the 
Department of Surgery in West Virginia 
University in 2018 concluded that patients whose 
FVC declined to less than 1 L during admission 
are at high risk for pulmonary complications 
[10]. Even without decompensation, increased 
intervention, such as initiation of incentive spi-
rometry (IS) and positive expiratory pressure 
(PEP) therapy, should be considered to prevent 
further deterioration. It is also recommended that 
daily FVCs be performed on patients with rib 
fractures with FVCs over 1 L.  If an FVC mea-
surement falls 25% from baseline, then PEP and 
IS should be increased in frequency and consider 
pain consult [10].

Pulmonary function tests, such as cardiopul-
monary exercise test (CPET), spirometry, and 
carbon monoxide diffusion capacity of the lung 
(DLCO), are commonly used to assess preopera-
tive risk. Based on a study published in the 
Japanese Association of Thoracic Surgery, pre-
operative FEV1 and DLCO are used to calculate a 
postoperative predicted (ppo) FEV1 and DLCO 
for lung surgery patients. Patients with a ppoFEV1 
and ppoDLCO of ≥60% are low risk [11]. 
Complemented with the 6-minute walk test 
(6MWT), oxygen desaturation is also a good pre-
dictor for surgery outcome [12].

Cystic fibrosis patients are regularly moni-
tored through PFT and, therefore, have a well- 
documented spirometry trend. Patients admitted 
to the hospital for acute pulmonary exacerbation 
will be closely followed to alert healthcare givers 
of any early signs of deterioration and to evaluate 
for discharge. A study by Krivchenia et al. aimed 
to determine optimal length of stay by initiating 
spirometry early into the hospitalization to detect 
improvement and plateauing of FEV1. The study 
suggests that a quick rebound early into hospital-
ization could be attributed to poor compliance at 
home. The typical course of treatment in hospital 
addresses decrease in FEV1 due to mucus plug-
ging brought on by compliance issues, and a pla-
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teau in FEV1 is noted around day eight of 
hospitalization. By early detection of stabiliza-
tion of in-hospital peak FEV1, length of stay 
could be shortened in a safe and cost effective 
manner [13]. Discharging patients close to pre- 
exacerbation baseline with documented stabiliza-
tion could likely prevent readmissions by offering 
clinicians an objective perspective on a patient’s 
measurable outcome and steady progress.

41.3  Conclusion Discussion

Hospital readmission is considered as a key mea-
sure for the quality of patient care in U.S. hospi-
tals. Pulmonary diseases such as pneumonia and 
COPD are among the top ten conditions identi-
fied with the most readmissions. A literature 
review revealed scant number of publications that 
investigated the role of pulmonary function test-
ing as a predictor of hospital readmission for pul-
monary conditions. One of the limitations to use 
pulmonary function testing in acutely hospital-
ized patient is the inability to optimally perform 
the test. With objective, absolute, and reliable 
data, derived from quantifying mechanisms such 
as pulmonary function testing, healthcare givers 
can justifiably extend the stay or safely discharge 
patients with some confidence by confirming or 
analyzing incongruous symptoms. Based on cur-
rent evidence, we recommend using pulmonary 
function testing, measuring post-bronchodilator 
FEV1, peak inspiratory flow (PIF), and perform-
ing exercise oximetry to assess the readiness of 
patients for discharge and to predict the risk of 
hospital readmission.

Key Major Recommendations
• Pulmonary function testing with FEV1/FCV 

ratio.
• Pre- and post-bronchodilator FEV1 and FVC.
• Peak inspiratory flow (PIF) measurement.
• Exercise oximetry prior to discharge.
• Maximal inspiratory and expiratory pressure 

(MIPs and MEPs) measurement to assess 
respiratory muscle strength.
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The Effect of Intensive Care on 
Quality of Life

İlhan Bahar and Antonio M. Esquinas

Abstract

When treating and intervening in intensive 
care units, mortality effect is generally taken 
into consideration. The quality of life the 
patient will have in intensive care and after-
wards is not considered. Patients’ quality of 
life is also important. Some people may prefer 
a quality life to mortality.

Keywords
Quality · Life · Intensive care

Abbreviations

EQ-5D EuroQOL Five Dimensions Ques-
tionnaire

EQ-5D-3L EuroQOL Five Dimensions Ques-
tionnaire 3-Level Version

EQ-VAS The EuroQol Visual Analogue Scale
SF-12 The 12-Item Short Form Health Survey
SF-36 The 36-Item Short Form Survey

42.1  Introduction

Health-related quality of life is measured on 
admission to the intensive care unit. Patients, their 
relatives, physicians, and nurses want to know 
about the effects of long-term intensive care stay 
on physiological and psychological factors [1].

Quality of life has several components. Ability 
in different roles such as physical activities and 
fulfilling beliefs, the degree and quality of social 
interaction, psychological well-being, happiness, 
life situations, and life satisfaction are listed 
amongst these. It also reflects life experiences, 
important life events, and the current stage of life, 
and in this regard, factors that define quality of 
life also include gender, socioeconomic status, 
age, and generation [2].

It covers the individual’s point of view and is 
evaluated through the eyes of the relative.

42.2  Discussion and Analysis 
of Main Topics

42.2.1  Measurement Methods

There are three types of health-related quality of 
life measurement instruments: disease- 
independent generic, disease-specific, and com-
plaint or domain-specific. Generally, generic and 
disease-specific ones are preferred.
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As a result of the 2002 Expert Consensus 
Roundtable Conference, they propose two The 
36-Item Short Form Survey (SF-36), and 
EuroQOL five dimensions questionnaire (EQ- 
5D) measurement methods [3]. The measure-
ment methods frequently preferred in intensive 
care units are generic and are less sensitive to 
specific conditions, in general [4]. SF-36 
includes 36 questions that examine patients from 
eight different angles: physical function, social 
function, social function, role limitation based 
on physical problem, role limitation due to emo-
tional problem, general mental problems, energy/
vitality, body pain, and general health percep-
tion. The shorter version of SFf-36, the 12-Item 
Short Form Health Survey (SF-12), is an easy 
and feasible form of measurement and can also 
reduce intensive care costs [5]. However, it may 
have a lower power to predict the result than 
p-36. SF-12 provides information about physical 
health summary score and mental health sum-
mary score [6].

Another survey that is not specific for any dis-
ease was developed by the EuroQol group in 
1990. However, it can predict an outcome regard-
ing the overall health, and it is easy to use. It has 
been translated into 171 languages. The EQ-5D 
questionnaire has two components: health state 
description and evaluation. The 5D part is about 
general health and tries to define it from five 
aspects: mobility, self-care, usual activities, pain/
discomfort, and anxiety/depression. In the evalu-
ation part, the respondents evaluate their overall 
health status using (SF-12), The EuroQol Visual 
Analogue Scale (EQ-VAS) [7].

Can instruments guide the applications and 
treatments for intensive care patients?

Healthcare professionals may want to know 
the quality of life of patients hospitalized in 
intensive care with acute illness before intensive 
care admission. It is necessary to inform the 
patients correctly whether the treatment of the 
patient will be continued or not [8]. Previous 
studies have shown that poor quality of life before 
admission to intensive care is seriously associ-
ated with the prognosis in terms of survival and 
leads to impairment in quality of life after dis-
charge [9]. The effects of treatments and applica-

tions performed in intensive care units on 
mortality and morbidity are generally taken into 
consideration. Whereas, the effect of the treat-
ment or application on the quality of life of the 
patient is not considered, in general. In their 
future life, some people find it important to be 
able to do their daily work or pain-free life. 
Patients do not want to experience any situations 
that are described as worse than death. These sit-
uations include urinary or bowel incontinence, to 
be dependent on a mechanical ventilator, being 
unable to get out of bed, not being able to eat, and 
persistent cognitive impairment. Quality is also 
important in the concept of life expectancy. The 
measurements can provide information about the 
necessary interventions to improve the quality 
life.

42.2.2  Use of Instruments 
in Intensive Care Conditions

The instruments can predict the quality of life 
of intensive care patients in the short, middle, 
and long terms. In a study conducted in an 
intensive care unit, the mental score of quality 
of life was found to be low, and the score was 
improved significantly following 8–26  weeks 
of discharge [10]. In the study of Feemster 
et  al., the patients were followed for 2  years 
and the quality of life score of patients was 
found to be lower compared to the pre-hospi-
talization score. Both scores may not provide 
sufficient information about intensive care-
related quality of life [11]. Evidence on the 
power of instruments to predict the quality of 
life of patients in intensive care is not yet 
sufficient.

The relatives of the patients usually answer 
measurement questions about the life quality 
expectancy [12]. Therefore, the studies per-
formed on this subject may not yield completely 
matching results in terms of expectancy of 
patients and their relatives.

Determining the quality of life for someone 
else requires empathy, to imagine what it feels 
like to be that person, and speculate about the 
impact of healthcare on their life experiences. 
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The literature on the agreement between patients 
and their relatives on the assessment of quality of 
life expectancy before admission to the ICU is 
not very precise. However, the relatives of 
patients are important for information about the 
future life of the patients.

42.3  Conclusion Discussion

The patient’s quality of life is as important as 
mortality in intensive care treatments and appli-
cations. The instruments can guide the treatments 
and applications in intensive care. There is a need 
for future, randomized large-scale studies on this 
subject.

Key Major Recommendations
• When treating patients in intensive care, the 

life expectancy of patients should be 
considered.

• More reliable scales should be developed.

References

 1. Wu A, Gao F. Long-term outcomes in survivors from 
critical illness. Anaesthesia. 2004;59:1049–52.

 2. Sevinc S, Akyol AD. Cardiac risk factors and quality 
of life in patients with coronary artery disease. J Clin 
Nurs. 2010;19:1315–25.

 3. Angus DC, Carlet J, On behalf of the 2002 Brussels 
Roundtable Participants. Surviving Intensive Care: a 
report from the 2002 Brussels Roundtable. Intensive 
Care Med. 2003;29:368–77.

 4. Vainiola T, Roine RP, Pettilä V, et al. Effect of health- 
related quality-of-life instrument and quality-adjusted 
life year calculation method on the number of life 
years gained in the critical care setting. Value Health. 
2011;14:1130–4.

 5. Ware JE, Kosinski M, Keller SD.  A 12-Item short- 
form health survey: construction of scales and pre-
liminary tests of reliability and validity. Med Care. 
1996;34:220–33.

 6. Hofhuis JG, Spronk PE, van Stel HF, et al. Quality of 
life before intensive care unit admission is a predictor 
of survival. Crit Care. 2007;11:R78.

 7. EuroQol Group. EuroQol—a new facility for the 
measurement of health-related quality of life. Health 
Policy. 1990;16:199–208.

 8. Tereran NP, Zanei SSV, Whitaker IY. Quality of life 
before admission to the intensive care unit. Rev Bras 
Ter Intensiva. 2012;24:341.

 9. McKinley S, Aitken LM, Alison JA, et al. Sleep and 
other factors associated with mental health and psy-
chological distress after intensive care for critical ill-
ness. Intens Care Med. 2012;38:627–33.

 10. Feemster LC, Cooke CR, Rubenfeld GD, et  al. The 
influence of hospitalization or intensive care unit 
admission on declines in health-related quality of life. 
Ann Am Thorac Soc. 2015;12:35–45.

 11. Hofhuis JGM, van Stel HF, Schrijvers AJP, Rommes 
JH, Spronk PE.  ICU survivors show no decline in 
health-related quality of life after 5 years. Intensive 
Care Med. 2015;41:495–504.

 12. Hofhuis J, Hautvast JLA, Schrijvers AJP, et al. Quality 
of life on admission to the intensive care: can we query 
the relatives? Intensive Care Med. 2003;29:974–9.

42 The Effect of Intensive Care on Quality of Life



317© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021 
A. M. Esquinas (ed.), Pulmonary Function Measurement in Noninvasive Ventilatory Support, 
https://doi.org/10.1007/978-3-030-76197-4_43
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Abstract

Health-related quality of life defines the qual-
ity of life associated with health status, dis-
ease, and its treatment. In the last decades, 
there has been an increasing number of people 
living with chronic respiratory diseases and 
severe symptoms that limit daily life activi-
ties. An improvement in quality of life can be 
assessed by questionnaires and should be a 
primary treatment outcome.
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43.1  Introduction

43.1.1  What Is Health-Related 
Quality of Life?

Health-related quality of life (HRQoL) is a com-
plex broad concept that defines the quality of life 
associated with health status, disease, and its 
treatment. It includes a comprehensive assess-
ment of physical, social, and psychological bur-
den of patients’ diseases and disabilities [1, 2]. It 
also represents the patients’ perception of their 
current level of functioning and status in life 
compared with their belief of ideal condition, 
influenced by their culture, value systems, goals, 
and expectations. It is described in relation with 
patients’ previous life experiences, gender, socio-
economic status, age, and generation [2]. 
According to the World Health Organization 
(WHO), health does not simply represent the 
absence of disease, but also a complete state of 
well-being, regarding psychical, mental, and 
social conditions [2].

With the significant improvement of health-
care in the last decades, there has been an increas-
ing number of people living with chronic 
diseases, including chronic pulmonary obstruc-
tive diseases with severe symptoms that limit 
daily life activities [2, 3]. Chronic obstructive 
lung diseases, like chronic obstructive pulmonary 
disease (COPD), asthma and bronchiectasis are 
usually slowly progressive, and require progres-
sively more treatment and healthcare assistance 
and costs. These conditions contribute to overall 
worsen of quality of life, limiting daily routines 
and productivity [2]. Besides symptoms, chronic 
lung diseases often present with other comorbidi-
ties, including depression and anxiety disorders, 
that also have an impact in symptoms and disease 
burden, affects quality of life, and should be reg-
ularly evaluated in consultation [1].

HRQoL is an indicator of overall health and 
its improvement should, therefore, be a primary 
treatment outcome and a determinant of thera-
peutic benefits, whether in hospital or primary 
care setting [2]. It can be assessed by self- 
questionnaires or interview and some specific 
tools are described and validated in the literature. 

They consist in multiple questions of self- 
perceived health condition, including physical 
and emotional well-being. There is an increasing 
necessity to aim, not only, to treat for the restora-
tion of health status, but also the restoration of 
HRQoL as well to, at least, acceptable levels [3]. 
Ideal assessment tools must have reliability, con-
tent validity, sensitivity to changes, and respon-
siveness in order to evaluate clinical evolution 
over time. They also need to be simple and practi-
cal to use in clinical day practice [2].

43.2  Discussion and Analysis 
of Main Topics

43.2.1  How Is the Quality of Life 
in Patients with Chronic 
Obstructive Pulmonary 
Disease?

COPD represents one of the major causes of mor-
bidity and mortality worldwide [1, 4, 5]. It is 
characterized by persistent and progressive air-
flow limitation and chronic respiratory symptoms 
with significant negative impact in daily-life 
activities [3, 6]. Symptoms include dyspnea, 
cough, fatigue, and skeletal muscle dysfunction 
when the disease progresses over time. COPD 
symptoms in men may differ from women. 
Women tend to have more dyspnea and higher 
prevalence of depression and anxiety, with direct 
relation with HRQoL [1].

Lung function is characteristically impaired in 
patients with COPD.  Forced expiratory volume 
in 1 second (FEV1) is decreased but has a poor 
correlation with symptoms and HRQoL [6]. 
Patients who have moderate to severe COPD 
(FEV1 30–79% of predicted value) have more 
exacerbations and higher risk of hospital admis-
sions with progressive worsening of lung func-
tion and disease severity, compared with patients 
with less severity of the disease (FEV1 ≥ 80% of 
predicted value). Thus, exacerbations of COPD 
are related with worse HRQoL in these patients 
[7, 8].

COPD may also have severe compromise of 
normal ventilation and patients may present with 
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respiratory failure. These have worse survival and 
an estimated 5-year mortality of 70–100% [5].

COPD often coexists with other comorbidities 
with direct impact in physical and emotional 
well-being [1, 6]. These risk factors, like smok-
ing, the major risk factor for the development of 
COPD, contribute to the development of other 
diseases that often coexist in the same patient, 
increasing the morbidity and mortality. These 
include cardiovascular diseases, musculoskeletal 
impairment, diabetes mellitus, depression, among 
others. In these patients, health status is compro-
mised, the need for more medication and the risk 
of hospitalization increases, contributing to 
higher healthcare related costs [8].

COPD pharmacological and non- 
pharmacological treatments are crucial for 
symptom control and have significant impact in 
HRQoL [5]. Pharmacological treatments include 
inhalers with bronchodilators (anti-muscarinic 
and β-agonist agents), sometimes inhaled cortico-
steroids. Non-pharmacological treatments include 
vaccination (influenza and anti- pneumococcal), 
smoking cessation, pulmonary rehabilitation, 
and adoption of a healthy lifestyle [8]. Self-
management approaches are very important and 
include written action plans that aim to help and 
teach patients to recognize and manage early 
signs of exacerbations, reducing the need for hos-
pitalization care. Studies beyond the use of this 
self-management strategy and the association 
with HRQoL still lack in the literature [4].

43.2.2  Which Tools Are Available 
to Measure Quality of Life 
of Patients with COPD?

Global Initiative for Chronic Obstructive Lung 
Disease (GOLD): GOLD categorizes COPD 
patients according to the severity of airway 
obstruction, using post-bronchodilator FEV1. 
GOLD 1 is mild obstruction with FEV1 ≥ 80% 
of predicted, GOLD 2 is moderate obstruction 
with FEV1 50–79% of predicted, GOLD 3 is 
severe obstruction with FEV1 30–49% of pre-
dicted, and GOLD 4 is very severe obstruction 
with FEV1 < 30% of predicted [4, 8].

Modified Medical Research Council (mMRC): 
mMRC represents a five-item scale for measur-
ing dyspnea in daily life activities and disease 
burden in COPD patients (Table 43.1) [4]. It is 
related with health status and also helps predict-
ing mortality risk [8].

COPD Assessment Test (CAT): CAT is an 
eight-item tool used to measure symptoms and 
health status impairment in COPD patients 
[8].

Self-Management Ability Scale 30 (SMAS- 
30): SMAS-30 is a valid and reliable tool to mea-
sure self-management in chronic diseases, 
including physical and social well-being. This 
score is independently associated with HRQoL in 
COPD patients [4].

Chronic Respiratory Questionnaire Self- 
Administered Standardized Format (CRQ-SAS): 
CRQ-SAS is a validated questionnaire with 1–7- 
point scale that measures health status of patients 
with COPD [4].

Chronic Respiratory Questionnaire (CRQ) 
and St. George’s Respiratory Questionnaire 
(SGRQ): These are comprehensive assessments 
of symptoms in COPD, although too complex for 
routine use in clinical practice [8].

COPD Control Questionnaire (CCQ): CCQ 
represents a suitable and simple assessment tool 
in COPD patients, with a 10-item scale, used to 
assess HRQoL in patients with COPD [8].

Severe Respiratory Insufficiency Questionnaire 
(SRIQ): SRIQ is considered the most extensive 
measure for HRQoL in patients with COPD and 
hypercapnic chronic respiratory failure [5].

Table 43.1 Modified Medical Research Council 
(mMRC) for dyspnea scale

Modified Medical Research Council
mMRC Grade 0: Dyspnea only with strenuous 
exercise
mMRC Grade 1: Dyspnea when hurrying on the 
level or walking up a slight hill
mMRC Grade 2: Dyspnea when walking at own pace 
on the level
mMRC Grade 3: Dyspnea when walking 100 m on 
the level
mMRC Grade 4: Dyspnea when dressing/undressing

Used with the permission of the Medical Research 
Council. Adapted from [11]
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43.2.3  How Is the Quality of Life 
in Patients with Asthma?

Asthma is a chronic respiratory disease that may 
present with severe symptoms with significant 
limitations on daily life activities [3, 9]. It is char-
acterized by chronic inflammation and hyperre-
sponsiveness of the airways and patients refer 
wheeze, dyspnea, chest tightness, and non- 
productive cough. Typically, these symptoms and 
airflow limitation vary over time and in intensity, 
allowing the diagnosis. Patients frequently have 
worse symptoms at night, with exposure to cold 
air, allergens, and with physical exercise. In 
severe cases, the airflow may become persistent, 
especially when there is a history of smoking 
habits or uncontrolled disease [10]. The control 
of the disease depends of the management of 
symptoms, medication, and reducing the risk of 
future exacerbations and adverse outcomes, 
although these may not be completely related 
[10].

Asthma severity is assessed by the required 
level of therapeutic to control symptoms and 
exacerbations [10]. It is estimated that 5–10% of 
patients with asthma have a severe uncontrolled 
condition, despite optimal medical treatment, 
with great impact in HRQoL [9]. These patients 
experience great limitation in daily life activities 
and a heavy burden related with severe symp-
toms, exacerbations, sleep disorders, prescrip-
tions, and their side-effects, particularly systemic 
corticosteroids often prescribed in severe cases. 
Corticosteroids increase the risk of adverse 
effects and morbidity of patients with asthma, 
including obesity, osteoporosis, cataracts, diabe-
tes mellitus, hypertension, increased risk of 
infections, depression, and anxiety disorders. 
Also, these patients are limited in their social life 
and interactions, work capacity, and emotional 
and mental health. Patients with severe asthma 
have a significant economic burden related with 
the chronic prescriptions and medical care 
required, but also due to the conflict with their 
professional activities that often contribute to 
worsening of their symptoms and require chang-
ing or suspension of the activity [10].

There is a relation between symptoms sever-
ity, especially chest tightness and dyspnea, exac-
erbations, specific asthma triggers, and impaired 
HRQoL. Regarding this matter, the most impor-
tant clinical parameters are the disease severity, 
including spirometry values, hospitalization due 
to exacerbations, and also the participation on 
social activities [9].

Patients with asthma commonly present with 
other comorbidities that have a direct impact in 
symptoms and HRQoL, including depression and 
anxiety disorders, sleep disturbances, gastro-
esophageal reflux, and obesity [9].

43.2.4  Which Tools Are Available 
to Measure Quality of Life 
of Patients with Asthma?

Asthma Control Test (ACT): ACT includes four 
symptom/reliever questions and also a self- 
assessment level of control (Table 43.2) [10].

Table 43.2 Asthma Control Test (ACT) questionnaire 
and possible answers

Asthma Control Test
In the past 4 weeks, how much of the time did your 
asthma keep you from getting as much done at 
work, school or at home?
All the time; most of the time; some of the time; a 
little of the time; none of the time
During the past 4 weeks, how often have you had 
shortness of breath?
More than once/day; once/day; 3–6 times/week; 1–2 
time(s)/week; not at all
During the past 4 weeks, how often did your 
asthma symptoms (wheezing, coughing, shortness 
of breath, chest tightness, or pain) wake you up at 
night or earlier than usual in the morning?
≥4 nights/week; 2–3 nights/week; once/week; once or 
twice; not at all
During the past 4 weeks, how often have you used 
your rescue inhaler or nebulizer medication (such 
as salbutamol)?
≥3 times/day; 1–2 time(s)/day; 2–3 times/week; 
≤once/week; not at all
How would you rate your asthma control during 
the past 4 weeks?
Not controlled at all; poorly controlled; somewhat 
controlled; well controlled; completely controlled
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Asthma Control Questionnaire (ACQ): ACQ 
represents a tool to assess symptoms, reliever 
use, and FEV1 values. The score is calculated as 
the average value of all responses [10].

Asthma Quality of Life Questionnaire 
(AQLQ): AQLQ assesses activity limitations, 
symptoms, emotional functioning, and environ-
mental stimuli in patients with asthma [9].

43.2.5  How Is the Quality of Life 
in Patients 
with Bronchiectasis?

Bronchiectasis represents a chronic pulmonary 
disease characterized by an abnormal persistent 
dilatation and distortion of bronchi, with destruc-
tion of the airway wall [1]. This promotes difficul-
ties in the clearance of the airways with bacterial 
colonization, recurrent respiratory infections with 
prolonged use of antibiotics, hospitalization, and 
also progressive loss of lung function [1, 11]. 
Patients usually have chronic cough and sputum 
production, may be limited in daily life activities, 
and have impaired HRQoL [11, 12].

Non-cystic fibrosis (NCF) bronchiectasis 
treatment choices are limited due to lack of stud-
ies with validated clinical trial endpoints. In stud-
ies with patients treated with colistin versus 
placebo, a decrease in bacterial density of the 
airways was observed; however, there were no 
improvements in symptoms or lung function 
(FEV1), although an improvement in SGRQ was 
reported. Treatment endpoints should also focus 
on the improvement of symptoms and HRQoL, 
in order to develop new treatment strategies [12].

Bronchiectasis are often associated with 
COPD and both can significantly impair symp-
tom control and HRQoL.  Thus, bronchiectasis 
represents a predictive factor for poor quality of 
life in patients with COPD [1].

43.2.6  Which Tools Are Available 
to Measure Quality of Life 
of Patients 
with Bronchiectasis?

Quality of Life Questionnaire-Bronchiectasis 
(QOL-B): QOL-B is a valid and reliable tool 

developed to assess symptoms, physical and 
emotional functioning, treatment burden, and 
HRQoL in patients with NCF bronchiectasis 
[12].

SGRQ and Leicester Cough Questionnaire: 
These are tools designed to assess patients with 
COPD and patients with cough, respectively, that 
may be used for bronchiectasis patients [11].

43.2.7  Which Factors Influence 
Quality of Life in Chronic 
Pulmonary Diseases?

Disease and symptom control: An optimized 
medical therapy helps controlling patients’ symp-
toms and the respiratory condition. In clinical 
day practice, some patients have problems with 
adherence to therapy, especially when their 
symptoms are mild. It is crucial that patients with 
chronic respiratory conditions adhere to their 
treatment in order to maintain control of their dis-
ease and preserve or improve HRQoL [9].

Health risk behaviors: Smoking habits are a 
well-known risk factor for chronic obstructive 
respiratory diseases. Drinking habits, obesity, 
and physical inactivity are all associated with 
worse HRQoL in chronic respiratory patients, 
and contribute to higher morbidity and mortality 
[2].

Comorbidities: The presence of multiple 
comorbidities, often present in chronic respira-
tory patients, include cardiovascular diseases, 
depression and anxiety disorders, or musculo-
skeletal disease, contribute to worse HRQoL [2, 
8]. As previously explained, some respiratory 
diseases may coexist in the same patients (for 
example, COPD and bronchiectasis) and aggra-
vate clinical evolution and outcomes [1].

Heart diseases: Patients with chronic respira-
tory diseases often have comorbidities, especially 
cardiovascular diseases. Heart diseases may pres-
ent with several symptoms, like dyspnea, cough 
and chest tightness, that limit daily life activities, 
physical exercise, and contribute to worsen qual-
ity of life [2, 8]. Also, the exacerbation of one 
disease may precipitate the exacerbation of 
another.

Insomnia: Insomnia represents a common 
sleep disturbance of patients with chronic respi-

43 Quality of Life in Chronic Obstructive Pulmonary Diseases



322

ratory diseases. It is responsible for a decline in 
health status, physical and psychological well- 
being, worse HRQoL, and increased mortality [2].

Disease perception: Studies refer that patients 
with a positive perception of the disease and 
belief that its impact on daily-life activities is less 
serious tend to have better HRQoL [6].

Culture: Studies report the influence of differ-
ent cultural beliefs in HRQoL.  Disease percep-
tion may differ among individuals and, 
consequently, HRQoL as well [2].

Positive affections: Positive affections influ-
ence HRQoL in chronic patients, improve mental 
health, and ability to cope with distress events 
and self-management [4].

Mindfulness: Mindfulness has reported bene-
fits in pain-related symptoms and catastrophiz-
ing, decreasing negative thinking, and improving 
self-efficacy [4].

43.2.8  How to Improve Quality 
of Life in Patients with Chronic 
Respiratory Diseases?

Chronic obstructive respiratory diseases have sig-
nificant impairment in HRQoL, morbidity, and 
mortality of patients. The best treatment available 
often requires chronic medication, including 
inhalers with bronchodilators, systemic cortico-
steroids in uncontrolled disease, and antibiotics. 
Severe disease management also includes treat-
ment with long-term oxygen therapy and some-
times noninvasive ventilation when the patient has 
chronic respiratory failure. Healthcare need is 
part of the natural course of progressing diseases, 
especially when the risk factors persist, involving 
healthcare appointments, regular noninvasive and 
sometimes invasive diagnostic procedures, and 
hospital admissions due to exacerbations. 
Healthcare professionals are aware of these risks 
and outcomes and must provide patients the 
opportunity to improve their health literacy in 
their consultations. A well- informed patient who 
is provided with optimal medical therapy and 
written action plan to recognize early signs of 
worsening are key elements for promoting self-
management and achieving success in the control 
of the disease and improved HRQoL [4].

Adherence to therapy may represent a chal-
lenge in clinical day practice. It has a major rel-
evance in the control of the disease and, hence, 
disease outcomes and HRQoL. To improve adher-
ence, it is important to educate patients about the 
disease, the purpose and timing to use their inhal-
ers, and how to use them. Currently, there are 
many available choices in the market and each 
device has specific steps and small differences. 
Physicians must always try to adjust and simplify 
therapeutic regimens, especially in older patients 
with polymedication where the risk of confusion 
and mistakes are greater [9]. In the consultations, 
healthcare professionals need to find the time to 
review, correct errors, explain, and demonstrate 
the correct use of patients’ inhalers.

Although not formally tested, the reduction 
of exacerbations in respiratory patients may 
improve well-being and HRQoL. Thus, the rec-
ognition of patients with higher risk of exacer-
bations may influence treatment approach and 
reduce morbidity and mortality, especially in 
patients with COPD [7].

Patients should be encouraged to improve 
their self-management skills and adopt a healthy 
lifestyle, including social activities, practice 
physical exercise or enroll in a pulmonary reha-
bilitation program to help control symptoms and 
cardiovascular risk factors, adopt a balanced diet, 
and quit drinking and smoking habits [2, 9].

For severely ill patients that remain symp-
tomatic despite optimal bronchodilator therapy 
and non-medical treatment strategies, palliative 
care may be considered and have increasing 
importance in the management of severe cases. 
It provides life-enhancing approaches, focus-
ing primarily on the treatment of symptoms and 
aiming to improve HRQoL, despite the expected 
course of the disease [2].

43.3  Conclusion

HRQoL is a complex concept that defines the 
quality of life associated with health status. Since 
the increasing number of people living with 
chronic obstructive lung diseases with severe 
symptoms limiting daily life activities, it has 
become of major importance the improvement in 
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HRQoL.  It should be a primary outcome for 
medical interventions and should be more fre-
quently assessed in consultations. In the available 
literature there are specific questionnaires to help 
physicians assess the quality of life of patients 
that might also be a helpful tool to guide and 
adjust treatment strategy.

Chronic obstructive pulmonary diseases 
include COPD, asthma, and bronchiectasis. 
These conditions may coexist in the same patient 
and also with other important comorbidities that 
share the same risk factors, like cardiovascular 
diseases, obesity, diabetes mellitus, depression 
and anxiety disorders, and sleep disturbances. 
These factors contribute to increased morbidity 
and mortality in these patients. Also, the control 
of the respiratory conditions depends on optimal 
medical and non-medical treatments, in patients 
often polymedicated, and so therapeutic adher-
ence is often challenging.

Healthcare professionals need to promote 
health literacy among their patients, explain the 
natural course, characteristics and treatment of 
their respiratory conditions, give them written 
action plans, and promote self-management. 
These strategies help optimizing disease control, 
clinical evolution, and decreasing healthcare 
needs and costs, thus, promoting HRQoL despite 
patients’ chronic conditions.

Key Major Recommendations
• HRQoL is a complex concept that defines the 

quality of life associated with health status.
• There is an increasing number of people living 

with chronic obstructive lung diseases with 
severe symptoms limiting daily life activities.

• The improvement in patients’ HRQoL 
should be a primary outcome for medical 
interventions.

• HRQoL should be more frequently assessed 
in consultations.

• HRQoL may be assessed with specific tools 
and questionnaires validated in the literature.
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Quality of Life in Neuromuscular 
Disorders

Gilda Cinnella, Guido Gambetti, 
and Michela Rauseo

Abstract

Neuromuscular disorders (NMDs) are a het-
erogeneous group of diseases causing progres-
sive muscular impairment, which can even 
evolve into respiratory failure. Mechanical 
ventilation, mostly noninvasive ventilation 
(NIV), can often be necessary. In this chapter 
we will review the role of NIV in NMDs and 
how it could contribute to improve survival 
and quality of life (QoL), especially when 
timely employed.

Keywords
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Abbreviations

AHI Apnea/hypopnea index
ALS Amyotrophic lateral sclerosis
BiPAP Bilevel positive airway pressure
cmH2O Centimeters of water

CO2 Carbon dioxide
DMD Duchenne muscular dystrophy
FVC Forced vital capacity
HRQOL Health-related quality of life
INQoL Individualized Neuromuscular Qual-

ity of Life Questionnaire
iVAPS Intelligent volume-assured pressure 

support
MEP Maximum expiratory pressure
MIP Maximal inspiratory pressure
NIV Noninvasive ventilation
NMDs Neuromuscular disorders
O2 Oxygen
pCO2 Carbon dioxide partial pressure
Ppl Pleural pressure
PSG Polysomnography
QoL Quality of life
SMA Spinal muscle atrophy—congenital 

myopathy
SNIP Sniff nasal inspiratory pressure
SpO2 Pulsatile oxygen saturation
VC Vital capacity

44.1  Introduction

Neuromuscular disorders are a heterogeneous 
group of life-limiting diseases causing progres-
sive muscular impairment. In the long term they 
can even affect respiratory muscles, thereby 
evolving into respiratory failure [1, 2].
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Of note, respiratory muscle weakness varies 
highly according to the underlying disease due to 
the involvement of the muscles that can differ in 
terms of site, timing, reversibility, and modes of 
acquisition (Table 44.1) [1].

Regardless of the pattern through which respi-
ratory muscle dysfunction develops, when severe, 
it invariably leads to respiratory insufficiency 
requiring mechanical ventilation [3].

44.2  Discussion and Analysis 
of Main Topics

44.2.1  Pathogenesis

There are three groups of respiratory muscles 
that can be affected:

 1. Inspiratory muscles
• Diaphragm.
• Parasternal muscles.
• Scalene muscles.
• Accessory muscles.

 2. Expiratory muscles
• External intercostal muscles.
• Abdominal muscles.

 3. Muscles of the upper airway
• Palatine muscles.
• Pharyngeal muscles.
• Genioglossal muscles.

The involvement of each group of respiratory 
muscles has well defined roles in the pathogene-
sis. Inspiratory muscles impairment, for example, 
leads to alveolar hypoventilation that can result 
in hypoxemia and hypercapnia. Expiratory mus-
cles involvement can also contribute to alveolar 
hypoventilation since it is usually followed by 
secretions retention as a result of ineffective 
coughing. The latter prevents the patient from 
protecting the airways from aspiration of saliva 
and food particles, which usually takes place as a 
consequence of upper airway muscle impair-
ment. At this point, it is clear how patients 
affected by neuromuscular diseases have an 
increased rate of respiratory infections contribut-
ing to a further increase in the work of breathing 
that can lead to respiratory failure [3, 4].

Taking a look at the respiratory mechanics, 
two overlapping processes seem to occur. On one 
side, micro-atelectasis and decreased thorax 
compliance secondary to deformities caused by 
chest wall muscles weakness tend to increase the 
work of breathing resulting in inspiratory muscle 
weakness. By consequence, patients need to gen-
erate greater pleural pressures (Ppl) to generate 
inspiratory flow at the same time having a com-
promised ability to generate maximal inspiratory 
pressure (MIP). In these patients, the Ppl/MIP 
ratio is in fact invariably increased. The other 
mechanisms contributing to the development of 
chronic, progressive respiratory failure can be 
attributed to a decreased respiratory muscular 
response. The presence of an apnea/hypopnea 
sleep pattern, caused by the combination of respi-
ratory muscle weakness and upper airway 

Table 44.1 Classification of NMD according to the site 
of injury

Sites NMD disorders
Spinal cord/
nerve roots

Acute
• Guillain–Barre syndrome
• Cervical spinal cord injury
• Critical illness neuropathy
• Multiple sclerosis
• Transverse myelitis
• Epidural abscess
• Acute poliomyelitis
• Paralytic rabies
Chronic
• Spinal cord injury
• Motor neuron disease
• Amyotrophic lateral sclerosis
• Spinal muscular atrophy
• Post-polio syndrome
•  Chronic inflammatory 

demyelinating polyneuropathy
• Charcot–Marie–Tooth disease

Neuromuscular 
junction

• Myasthenia gravis
•  Lambert–Eaton myasthenic 

syndrome
•  Congenital myasthenic syndrome
• Botulism
•  Venoms (snake, scorpions, ticks)
•  Neuromuscular junction blockers
• Organophosphorus poisoning

Muscle fibers • Muscular dystrophies
• Myotonic dystrophy
• Inflammatory myopathies
•  Congenital and metabolic 

myopathies
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obstruction, leads to chronic CO2 retention, 
which causes a reduction in respiratory drive. 
Interestingly, this could only represent an adap-
tive mechanism aimed to decrease the work of 
breathing, thereby preventing the development of 
inspiratory muscle exhaustion [3].

Lastly, patients with progressive NMD can 
often develop chest and spinal deformities that 
could increase thoracic impedance and to a fur-
ther raise of the breathing effort (Fig. 44.1) [1, 3].

44.2.2  Clinical Presentation

Neuromuscular diseases have a different presen-
tation depending on the speed through muscle 
weakness develops (Table 44.2). In the subacute 
forms, dyspnea and orthopnea are the prevailing 
symptoms. However, respiratory arrest can even 
occur. These respiratory manifestations, which 
are usually accompanied by symptoms of bulbar 
weakness and inability to clear secretions, can 

Neuromuscular disease

Inspiratory muscles
impairment

Expiratory muscles
impairment

Bulbar muscles
impairment

Swallowing
capacticy

Frequent food
aspirations

Recurrent infectionsAtelectasis

Cough and
secretions
clearance

Vital capacity
MEP

Expiratory reserve
volume

Cough expiratory
flow

MIP
Tidal volume and

inspiratory
reserve volume

Fatigue
+

alveolar
hypoventilation

PaCO2

PaO2

↓ ↓↓
↓

↓

↓

↓

↓

↓

↓

Fig. 44.1 Impairment of different respiratory muscles groups in NMDs and their influence on pathogenesis

Table 44.2 Signs and symptoms suggestive of NMD

Signs Symptoms
Tachypnea Dyspnea to minimal effort 

or speech
Use of accessory 
respiratory muscles

Orthopnea

Thoraco-abdominal 
paradox

Frequent nocturnal 
awakenings

Reducing amplitude of 
thoracic movements

Disturbed sleep and 
nightmares

Weak sniff Daytime sleepiness and 
fatigue

Poor cough Morning headaches
Sweating Apathy, loss of appetite
Tachycardia Learning difficulties (in 

children)
Weight loss Daily concentration 

deficiency and memory 
impairment

Dry mouth or 
hypersalivation

Impaired speech

Difficulty to expectorate 
secretions
Recurrent pneumonia
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initially be overlooked. When alveolar hypoven-
tilation develops gradually, it in fact occurs first 
during sleep and could be suspected on the basis 
of a broken sleep pattern, nocturnal confusion, 
morning headache, daytime fatigue, mental 
clouding, and somnolence [2].

Several clinical signs could be identified just 
by carefully observing the patient. It may appear 
overtly breathless, and activation of accessory 
respiratory muscles even in the form of paradoxi-
cal abdominal motion can be noted. When inter-
viewed, the patient may be unable to complete 
sentences or even take deep breaths when asked 
to. A significant decrease in vital capacity (VC) 
or forced vital capacity (FVC) can be suspected 
when the patient is unable to count from 1 to 
20  in a single breath. Somnolence and mental 
clouding may be also noted as a consequence of 
the combination of hypoxemia and respiratory 
acidosis. Inability to clear secretions and limb 
weakness can be present as a consequence of bul-
bar and limbs muscles involvement, respectively 
[2].

44.2.3  Monitoring the Evolution

Classically, patients affected by NMD can be 
divided in three groups, which dictate the fre-
quency of clinical and instrumental evaluations:

• Ambulant patients who can walk without 
external assistance.

• Non-ambulant patients unable to maintain the 
sitting position without help.

• Non-ambulant patients who can stay seated 
without assistance but need help for walking.

Generally, a respiratory evaluation is recom-
mended every 3–6  months, with a frequency 
depending on the rate of progression and clinical 
gravity.

Several instruments are available, such as:

• Pulse oximetry.
• Arterial blood gases.
• Spirometry and capnography.
• Polysomnography (PSG).

• Measurement of MIP and maximum expira-
tory pressure (MEP).

• Sniff nasal inspiratory pressure (SNIP).
• Cough peak flowmetry.

Spirometry and lung function testing can be 
useful in detecting a reduction in FVC and moni-
toring the diseases’ course, especially when per-
formed in supine position. While a decreased 
VC < 1.11 liters has been related to an increased 
risk of respiratory infections, a VC < 680 mL is a 
very sensitive indicator of daytime hypercapnia. 
The decline in VC from sitting to supine position 
could even be a useful follow-up tool [2, 5]. 
Moreover, a cough expiratory flow <270 ml/min 
may warn about ineffective coughing. Pulse 
oximeters are simple tools that can be useful for 
detecting hypoxemia during the day and night-
time. The occurrence of a SpO2 < 94% suggests 
that clearance of the airways may be needed; 
however, continuous monitoring has not been 
suggested yet.

At the same time, if SpO2 is lower that 94% in 
a patient who does not have a lung disease, the 
execution of a blood gas analyses may highlight 
an eventual concurrent hypercapnia. However, 
noninvasive methods (i.e., capnography) can be 
preferred for pediatric patients.

When sleep disorders are suspected, PSG 
could be indicated and the result actually consti-
tutes the most reliable indicator that NIV should 
be initiated. However, PSG may not be routinely 
available, so the use of a cardiorespiratory poly-
graph could be recommended. It is important 
though that at least O2 saturation, heart rate, nasal 
flow, and chest movements could be registered.

The strength of respiratory muscles can be 
measured through the evaluation of MIP, MEP, 
and SNIP.  A joint evaluation is strongly sug-
gested since in patients affected by NMD with a 
prevalent impact on bulbar muscles, a discrep-
ancy between MIP and SNIP could occur. In 
these cases, the highest pressure should be regis-
tered [2]. However, there is no clear evidence 
regarding the best method to measure 
MIP. Currently plateau pressures sustained more 
than 1 second and measured at residual volume 
are usually recommended [5].
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44.2.4  Indications for NIV

Several studies have been made to establish 
the correct timing to initiate NIV.  Current evi-
dence suggests that awaiting the onset of day-
time hypercapnia before beginning NIV might 
be risky. However, the prophylactic use of NIV 
before the onset of symptoms or nocturnal 
hypoventilation could offer no additional benefit. 
A correct time for initiation could be the onset 
of nocturnal hypoventilation, demonstrated by 
sustained nocturnal oxygen desaturations [3, 5]. 
More specifically, in symptomatic patients, NIV 
must be initiated when at least one of the follow-
ing is present:

• Signs and symptoms or respiratory distur-
bances in a patient with NMD.

• Nocturnal desaturation to SpO2 ≤ 88% for at 
least 5 consecutive minutes in room air.

• PaCO2 in the morning ≥45 mmHg.
• FVC < 50% predicted.
• MIP or SNIP <60 cmH2O.

Other indications for NIV may be:

• FVC < 80% of predicted + signs/symptoms of 
respiratory compromise.

• MIP or SNIP <65 cmH2O for males and 55 
cmH2O for females + signs/symptoms of 
respiratory impairment.

For patients with amyotrophic lateral sclerosis 
(ALS), NIV can be indicated in the presence of 
nocturnal SpO2 ≤ 90% for at least 1 cumulative 
minute or MIP  <  60 cmH2O or both, and 
FVC < 50% predicted [1, 2].

44.2.5  Contraindications for NIV

Contraindications for NIV in patients with NMD 
can be very similar to those with other condi-
tions. They include:

• Respiratory arrest or rapid progression of 
acute respiratory failure.

• Severely impaired mental status (usually 
GCS < 8).

• Inability to protect the airway, in the form of:
 – Inefficient cough or swallowing with 

chronic aspiration.
 – Excessive airway secretions.
 – Need for continuous or almost continuous 

ventilation.
• Hypotension or shock.
• Massive upper gastrointestinal bleeding or 

vomit.
• Multiorgan failure.
• Physiological/pathological facial features that 

prevent a proper mask application (i.e., burns/
trauma/recent surgery).

• Lack of motivation, by the patient or the 
family.

• Inability to cooperate or understand the proce-
dure [1, 3].

44.2.6  Choosing the Ventilator

When long-term NIV is indicated, the clinician 
must choose among several types of ventilators 
including:

• Pressure-support ventilators, delivering vary-
ing tidal volumes depending on the chosen 
support pressure and the NMD pattern, affect-
ing lung and chest wall compliance.

• Volume-targeted ventilators, which deliver a 
specified tidal volume for each breath.

• Hybrid mode ventilators: pressure-targeted, 
volume-granted.

The most used pressure-support ventilator 
model in NMD patients is surely the bilevel posi-
tive airway pressure ventilator (BiPAP). The 
machine, initially developed to improve patient’s 
tolerance to high CPAP pressures in individuals 
with OSA, cycles between preset levels of inspi-
ratory and expiratory positive airway pressures 
(IPAP and EPAP respectively) [2, 4]. It has been 
shown how BiPAP can effectively improve stabi-
lization of the upper airway, which often is com-
promised in NMD patients, and reduce atelectasis 
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[2, 6]. Even if there is insufficient evidence to 
prefer one type of ventilator, pressure-support 
ventilators generally provide more comfort and 
tend to be lighter and cheaper [2].

An example of hybrid mode ventilator is rep-
resented by the intelligent volume-assured pres-
sure support (iVAPS). The main feature is 
represented by the ability to automatically adjust 
the pressure support to achieve a target ventila-
tion. When compared to BiPAP this mode can 
lead to higher overnight compliance by improv-
ing patient-ventilator synchrony. However no dif-
ference was found in spirometry, respiratory 
muscle strength, sleep quality, arousals, or desat-
urations [2].

44.2.7  Choosing the Interface

Choosing the right interface is maybe the most 
important factor to grant adherence to treatment 
and maximize synchrony between the patient and 
the ventilator.

When low to moderate pressure support is 
needed (< 20 cmH2O), i.e., in cooperative patients 
with low severity of disease or in children, nasal 
mask and pillow mask could represent a good 
choice. They in fact preserve the possibility for 
the patient to interact with her caregivers, speak, 
eat, cough, and clear secretions. However it 
should be noted how nasal mask are more prone 
to leaks, thereby causing asynchronies, and could 
have a limited efficacy in patients with nasal 
obstructions or deformities [2]. Moreover nasal 
mask could cause nasal dryness and irritation to 
the bridge of the nose, although the latter compli-
cation has been greatly reduced by the introduc-
tion of innovative materials [4].

For patients who are less cooperative and have 
more or less severe NMD, orofacial masks could 
be best suited. Encompassing both nose and 
mouth they could be particularly useful in mouth- 
breathing patients. However, they surely are more 
uncomfortable, without preserving the ability to 
talk and to eat, and they may be contraindicated 
in claustrophobic patients [2].

44.2.8  Adverse Effects 
and Complications

Adverse effects are usually mild in gravity and 
are commonly related to the interface, occurring 
more frequently when nasal and oronasal masks 
are used. The most common are claustrophobia, 
skin irritation, pressure ulcers on the nose, nasal 
congestion, dryness of the nose, and/or the mouth 
and eye irritation. Despite their frequency, their 
occurrence could be reduced by the use of simple 
interventions, like changing the interface fre-
quently or employing humidifiers [2, 3].

Other less common complications are hemo-
dynamic compromise, and pneumothorax and 
aspiration pneumonias (frequency < 5%) [2].

Finally, healthcare staff should remember to 
check respirators frequently, as one death due to 
respirator malfunctioning has occurred [3].

44.2.9  Monitoring NIV Therapy

Monitoring represents a crucial step to maximize 
NIV compliance and benefits. At the present 
time, there is no clear evidence suggesting a best 
strategy to monitor NIV efficacy in NMD [7]. 
Continuous oximetry, capnography, and blood 
gases represent the minimum requirements for a 
sleep study. The frequency, however, depends on 
the disease course [2].

A specific algorithm has been proposed by the 
European SomnoNIV Group, including oximetry 
as the first screening tool in order to select 
patients needing further nocturnal investigations. 
For example, successful ventilation has been 
defined if an improvement of daytime hypercap-
nia and a mean nocturnal SpO2 < 90% for at least 
90% of the time. However, SpO2 may not be the 
most sensible parameter to screen for nocturnal 
hypoventilation due to a weak relationship with 
outcomes. A far better parameter could be repre-
sented by nocturnal capnometry. The reason 
could be represented by the fact that NMD patho-
genesis reflects mainly the model of restrictive 
respiratory failure, without underlying lung dis-

G. Cinnella et al.



331

ease. Decreases in pO2 thereby occur on the flat 
portion of the hemoglobin dissociation curve and 
are poorly reflected by the changes in SpO2 [7].

The American Academy of Sleep Medicine 
even recommends PSG as the best tool to monitor 
NIV, although costs and limited availability could 
hamper this practice. Luckily, most of the home 
NIV ventilators available on the market are now 
equipped with software able to register data 
regarding adherence to the therapy, leaks, apnea/
hypopnea index (AHI) along with other ventila-
tor parameters. Some even have internal oxime-
ters making the data registered very similar to 
those obtained by PSG [7].

44.2.10   Quality of Life, Lung 
Function Measurements, 
and Other Outcomes

NIV has been effective in improving breathless-
ness on exertion, quality of sleep, and the occur-
rence of related symptoms such as daytime 
sleepiness and early morning headaches among 
patients with chest wall disorders. An improve-
ment in the activities of daily living was also reg-
istered, along with the possibility to continue 
schooling and returning to work. Psychosocial 
and mental function can ameliorate as well. 
Shifting the attention to physiological parame-
ters, sleep architecture, SpO2, transcutaneous 
pCO2, and blood gases often improve just after 
few days of treatment. Small improvements in 
vital capacity, functional residual capacity, MIP 
and MEP, inspiratory muscle endurance, and 
respiratory drive have also been registered. Even 
pulmonary hemodynamics has been show to 
improve after 1 year. Data on survival in patients 
suffering from chest wall disorders and ventilated 
with NIV come mainly from uncontrolled stud-
ies, showing around 90% 1-year survival and 
around 80% 5-year survival, depending mainly 
on the NMD causing the specific chest wall dis-
order [6].

In patients affected by non-progressive and 
slowly-progressive NMD (i.e., previous polio-
myelitis), NIV has been capable to significantly 
improve daytime and nocturnal arterial gas val-

ues, mortality, and quality of life. Survival rates 
for patients with previous poliomyelitis almost 
reach near 100% at 5 years [6].

The use of NIV in progressive NMD, i.e., 
Duchenne muscular dystrophy (DMD), has for 
long time indeed been questioned, with some cli-
nicians fearing that the use of a ventilator in a 
terminal stage of the disease might simply pro-
tract death rather than extent good quality life. 
Recommendations on this topic are mainly 
derived from case series data since in some 
instances randomized controlled trials may even 
be unethical. However, while patient selection 
remains of critical importance, NIV has been 
shown to improve quality of life and symptoms in 
some cohorts. Patients affected by DMD and 
ventilated with NIV have shown similar health- 
related quality of life (HRQOL) to age-matched 
controls and other non-progressive NMD 
patients, with most of them judging their quality 
of life as satisfactory. Although poor data is avail-
able regarding the impact of NIV on the evolu-
tion of cardiomyopathy, lung function, respiratory 
muscle strength, and functional impairment, 
1-year survival and 5-year survival of DMD 
patients using NIV have been registered to be 
85% and 73%, respectively [6].

Amyotrophic lateral sclerosis (ALS) is another 
progressive NMD which differs from DMD by 
having a more rapid course, making psychologi-
cal and physiological adaptations more challeng-
ing. Evidence regarding the impact of NIV in this 
cohort of patients is really limited but shows how 
substantial improvements in quality of life could 
be achieved despite the progressive worsening of 
physical function. When NIV is used, a slower 
decline in vital capacity can be registered, sug-
gesting that NIV should be indicated when FVC 
falls below 50% of the predicted. It should be 
noted, however, how NIV failure rates in patients 
affected by ALS are significantly higher than in 
other NMD, especially for those with moderate 
to severe bulbar symptoms [6, 8]. This has also 
been demonstrated by a recent observational 
study investigating the 5-year outcomes of differ-
ent NMD patients ventilated with NIV [8]. For 
example, 5-year NIV maintenance rates were 
91% for spinal muscle atrophy (SMA)-congenital 
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myopathy, 89% for DMD, and 23% for ALS. At 
the same time average NIV maintenance dura-
tions were 21.5 ± 19.3 months, 55.2 ± 11.5, and 
57.5 ± 8.3 months, respectively, with a high pro-
portion of patients tolerating NIV.  Due to the 
natural course of the disease, NIV duration sig-
nificantly increased in patients affected by ALS 
while in DMD and SMA-congenital myopathy 
groups only a trend toward increase was regis-
tered. 5-year survival rate was similar in DMD, 
SMA-congenital myopathy, and other NMDs 
(near 90%) while it was only 38% in ALS 
patients. While the authors also compared FVC 
measurements at NIV initiation and after 5 years, 
which significantly decreased in all patients 
except for those affected with SMA-congenital 
myopathy, no data regarding quality of life was 
registered [8].

An interesting study by the Italian group of 
Crescimanno et  al. has tried to understand the 
relation between several lung function measure-
ments and QoL in adult patients affected by 
DMD and receiving long-term NIV [9]. For the 
evaluation of quality of life the authors used the 
Individualized Neuromuscular Quality of Life 
questionnaire (INQoL), a tool developed in a het-
erogeneous group of patients affected by congen-
ital and inflammatory myopathies and muscular 
dystrophies, including those progressed to 
 respiratory failure. Physical health and areas of 
life were the most affected domains, the loss of 
independence the most highlighted concern, 
whereas the psychosocial domain was relatively 
preserved [9]. Among the lung function parame-
ter studies, MIP emerged as the only independent 
predictor of global INQoL. SNIP was also corre-
lated to INQoL sections, but less often than MIP 
and not to the global INQoL score. It may sug-
gest, however, that ameliorating respiratory func-
tion in these patients would also improve their 
quality of life. The second significant indepen-
dent predictor for global INQoL was represented 
by sleep quality, especially in relatively old DMD 
patients. Thereby efforts aiming to improve sleep 
in these patients could ensure them a better 
QoL.  The psychosocial aspect was indeed the 
least affected domain of INQoL, maybe due to 
good support and care given to these patients. 

Finally, age was correlated only to the physical 
domain of the INQoL but not with the other, sug-
gesting a relation mediated by the common—and 
physiological—worsening of respiratory func-
tion [9].

Few data are indeed available in the pediatric 
population. For this reason, a very recent study 
by Johannsen et al. has investigated the health- 
related quality of life and mental health of venti-
lated and non-ventilated children with NMDs 
and their families [10]. In their work the authors 
showed how children with NMDs and their par-
ents reported reduced child’s overall QoL, espe-
cially regarding physical and psychological 
well-being and social integration, even lower to 
other children with different chronic conditions 
[10]. Interestingly, however, the results were not 
related to the need of mechanical ventilation 
suggesting how ventilator use per se had no neg-
ative influence on patients HRQOL and mental 
health. These data even support an improvement 
in QoL and physical performance after initiation 
of NIV, especially in the later stages of the dis-
ease [10]. However, the impact and the course of 
different NMDs and other underlying conditions 
should be always kept in mind. In ventilated 
children a reduction in the contact with peers 
was reported only by the parents but not by the 
children themselves. HRQOL and mental health 
related outcomes of parents were only slightly 
decreased with no relationship to the use of 
mechanical ventilation in their children. 
However, the results may have been influenced 
by several other factors, including social com-
parison, external support, family dynamics, and 
relations [10].

44.3  Conclusion Discussion

In patients affected with NMDs, NIV represents 
an effective tool to improve gas exchange, respi-
ratory pattern, and quality of life. In this cohort of 
patients, the change in several lung function mea-
sures used to monitor the evolution of the disease 
seems even to reflect the impact of NIV on sev-
eral domains of health-related quality of life. 
This surely reflects how QoL in NMD patients is 
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strongly affected by the degree of their respira-
tory impairment. Among these parameters, vital 
capacity, maximal inspiratory pressure, and sniff 
nasal inspiratory pressure seem to have the most 
reliable relationship with HRQOL.

Key Major Recommendations
• The progressive muscular impairment caused 

by NMDs could even evolve into respiratory 
failure, whose manifestations should be 
actively searched by the clinician.

• Several lung function indices are used to mon-
itor the progression of the disease. Among 
these, polysomnography is the best tool to 
monitor for nocturnal hypoventilation.

• When signs or symptoms of hypoventilation, 
prolonged nocturnal desaturations, and/or sig-
nificant alteration in lung function parameters 
are registered, NIV therapy should be started 
promptly.

• As in other conditions characterized by respi-
ratory failure, the correct choice of a NIV 
interface plays a key role in maximizing the 
efficacy of the therapy.

• The same lung function indices used to moni-
tor disease progression have been found cor-
related with NIV efficacy and HRQOL. Among 
all the therapeutic resources available, the 
effective management of respiratory 
 compromise could have the strongest impact 
on the quality of life of NMD patients and 
their families.
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Abstract

Recently evidence-based recommendations 
for the most common lung function assess-
ments take into account patient-related psy-
chosocial, psychological and neuropsychiatric 
factors that may influence both the perfor-
mance and interpretation of lung function 
tests. We discuss the assessment of these fac-
tors that must be evaluated by the clinician not 
only to determine the patient’s respiratory pro-
file but also to identify any problems (such as 
alterations in mental status, delirium, cogni-
tive deficits and psychological problems) that 
could affect both therapeutic adherence and 
efficacy of NIV.
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HCO3 Hydrogen carbonate concentration
HRQL Health-Related Quality of Life
IADL Instrumental Activities of Daily Living
MCI Mild cognitive impairment
MEP Maximal expiratory pressure
MIP Maximal inspiratory pressure
mMRC Modified Medical Research Council 

Dyspnea Scale
MMSE Mini-Mental State Examination
MoCA Montreal Cognitive Assessment
MRF-26 Maugeri Respiratory Failure 

Questionnaire
NIV Noninvasive ventilation
PaCO2 Partial pressure of carbon dioxide in 

arterial blood,
PaO2 Partial pressure of oxygen in arterial 

blood
PEF Peak expiratory flow
PFTs Pulmonary function tests
pH Potential of hydrogen
SGRQ St George’s Respiratory Questionnaire
SRI Severe respiratory insufficiency

45.1  Introduction

Noninvasive ventilation (NIV) is currently one 
of the most commonly used support methods in 
hypoxaemic and hypercapnic acute respiratory 
failure (ARF). With advancing technology, 
increasing knowledge and clinical evidence, not 
only the indications for NIV are on the rise but 
more patients are treated with this methodology. 
However, it is important to remember that 
patients with ARF are always very frail with pos-
sible high mortality risk. Therefore, it is crucial 
to know all the implications that determine the 
efficacy of NIV including the relationship 
between pulmonary function test and clinical, 
psychological and environmental factors [1]. 
Pulmonary function tests (PFTs) allow physi-
cians to evaluate the respiratory function of their 
patients. Current tests (spirometry that measures 
forced vital capacity (FVC) and forced expira-
tory volume (FEV), diffusion capacity that stud-
ies the diffusion of gases across the 
alveolar-capillary membranes, the respiratory 

muscle pressures such as the maximal inspira-
tory pressure (MIP), the maximal expiratory 
pressure (MEP) and the peak expiratory flow 
(PEF with vital capacities measured in the 
upright (-U) and supine (-S) position) are repro-
ducible and accurate but their results are influ-
enced by the level of cooperation and effort of 
patients. PFTs, in addition to helping to reach a 
diagnosis together with the history and clinical 
evaluation of the patients, also allow physicians 
to quantify the severity of the pulmonary dis-
ease, follow it up over time and assess its 
response to pharmacological and non-pharmaco-
logical treatments. PFTs also provide prognostic 
information, with lung function measures pre-
dicting mortality and the development of clinical 
complications. The results of the PFTs might not 
be accurate if there is lack of cooperation or poor 
ability to understand instructions from the 
patient. Also, if patients have an acute illness or 
symptom (for example, altered mental status, 
delirium, anxiety or depression or stressful con-
ditions such as panic attack or anger) they are 
likely to have suboptimal results. Recently the 
Association for Respiratory Technology & 
Physiology (ARTP) published the most up-to-
date and evidence- based recommendations for 
the most common lung function assessments; 
these recommendations take into account 
patient-related environmental and psychosocial 
factors that may influence both the performance 
and interpretation of lung function tests [2]. In 
this chapter we discuss the assessment of emo-
tional, neuropsychiatric and psychological fac-
tors that must be evaluated by the clinician not 
only to determine the patient’s respiratory profile 
but also to identify any problems (such as altera-
tions in mental status, delirium, cognitive defi-
cits and psychological and psychosocial factors) 
that could affect both therapeutic adherence and 
efficacy of NIV. This situation is even more rel-
evant for older patients who represent a poten-
tially broad category in need of this therapeutic 
intervention. Another factor to consider is the 
involvement of the family caregiver; a study con-
ducted on patients with motor neuron disease 
who needed NIV showed that psychological sup-
port and proactive involvement of family care-
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givers (particularly caregiver resilience) in the 
management of the disease improve acceptance 
and optimization of NIV treatment [3].

45.2  Discussion and Analysis 
of the Main Topics

45.2.1  The Assessment of Emotional, 
Neuropsychiatric 
and Psychosocial Factors

In order to verify the conditions that could limit 
acceptance and adherence to NIV, the assessment 
of the patient will have to foresee, according to a 
recent study, the socio-demographic conditions, 
the medical problems and clinical evaluation 
associated with respiratory function tests, the 
psychological rating with validated tests includ-
ing also quality of life and a cognitive and behav-
ioural assessment [4]. At the first evaluation of 
the patient, it is important to collect information 
regarding the socio-demographic profile such as 
age, gender, weight, level of education, current 
and previous employment condition, cohabita-
tion, lifestyle information, levels of physical 
activity, duration of disease, drug therapies (pay-
ing particular attention to the investigation on the 
use of psychotropic drugs), comorbidities and the 
number of hospital admissions during the last 
year. Medical evaluation should include respira-
tory function tests such as simple spirometry, 
emogasanalysis (EGA) and fatigue. Spirometry 
allows the evaluation of the following parame-
ters: forced expiratory volume in the first second 
(FEV1), forced vital capacity (FVC) and 
Tiffeneau index (FEV1/FVC ratio). EGA pro-
vides information on the potential of hydrogen 
(pH), partial pressure of oxygen in arterial blood 
(PaO2), partial pressure of carbon dioxide in arte-
rial blood (PaCO2) and hydrogen carbonate con-
centration (HCO3). Fatigue is a primary disabling 
symptom in chronic respiratory diseases (CRD) 
with major clinical implications. However, 
fatigue is not yet sufficiently explored and is still 
poorly understood in this area, making this symp-
tom often underdiagnosed and undertreated. 
Most studies in CRD evaluated perceived fatigue 

as a trait characteristic using multidimensional 
scales, providing precious information about its 
prevalence and clinical impact. These multidi-
mensional scales also provide evidence that 
fatigue in CRD is distinguishable from other 
related symptoms also prevalent in these people, 
such as sleepiness, dyspnoea, anxiety and depres-
sion which must however be considered in the 
global assessment of these patients. Many fatigue 
rating scales have been considered in the litera-
ture but to date the ideal tool has not been found 
because fatigue is an unstable, dynamic phenom-
enon which can result from various real-life situ-
ations with varying degrees of severity. In fact, 
the evaluation of this symptom is affected more 
than others by psychosocial and emotional fac-
tors such as depression, anxiety and stress as well 
as factors that affect the quality of life of patients. 
Fatigue can have both a pathophysiological basis 
that includes brain mechanisms or metabolic 
exhaustion [5] and a psychological basis that 
identifies it as a consequence of stress [6]. A 
widely used test is the Fatigue Severity Scale 
(FSS) which has shown good psychometric prop-
erties and the ability to detect change over time 
[7, 8]; this tool consists of nine items which mea-
sures the severity of symptom ‘fatigue’ and its 
effects on a person’s ability to carry out daily 
activities and lifestyle habits in patients with a 
variety of disorders. The items are scored on a 
seven point scale with 1 = strongly disagree and 
7  =  strongly agree; the higher score (the score 
ranges from a minimum of 9 to maximum of 63) 
indicates a more severe severity level of the 
fatigue. It has also been shown that the FSS-7, 
used in rehabilitation settings, showed better psy-
chometric properties and had better potential to 
detect changes in fatigue over time than the 
FSS-9 version [9]. Particularly important may be 
the measurement of anxiety and depression (fre-
quently associated with respiratory diseases) that 
can affect respiratory function. At present there 
are confirmations which indicate the importance 
of mood depression to negatively interfere, some-
times in an important way, with the ability of the 
patient to adhere to a program of respiratory 
rehabilitation or more complex treatments such 
as NIV; in fact, one in three patients does not 
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complete the respiratory treatments due to a con-
comitant depressive disorder. Furthermore, these 
studies report, in COPD patients, a higher mor-
tality in the class of those who do not follow a 
respiratory rehabilitation program or other treat-
ments compared to those who instead complete it 
[10]. It has been identified an inverse association 
of depressive symptoms and pulmonary function 
in healthy adults especially in men and individu-
als with a heavy smoking history and chronic 
lung disease is often exacerbated by comorbid 
psychiatric issues; in fact the treatment of depres-
sion may improve pulmonary disease symptoms 
[11]. For this reason it is important a preliminary 
assessment of mood is done in respiratory 
patients (especially patients with COPD respira-
tory failure) potentially eligible for long-term 
treatments. The Hospital Anxiety and Depression 
Scale (HADS) is one of the most used and known 
tools for measuring anxiety; although the HADS 
questionnaire was originally developed to mea-
sure anxiety and depression in non-psychiatric 
patients treated in hospitals, it has also been 
reported to be valid in other health care settings 
such as home care or long-term care facility [12, 
13]. HADS could be a useful screening tool for 
use in non-psychiatric patients to identify patients 
with emotional distress. The HADS consists of 
14 questions of which 7 measure symptoms of 
anxiety and 7 measure symptoms of depression 
during the previous week and are given using a 
four-point scale (0, 1, 2, 3) and total score for 
each subscale ranges from 0 to 21; in fact the tool 
is organized into two 7-item subscales: HADS-A 
and HADS-B which generate separate sub-scores 
for anxiety and depression, respectively. A score 
between 0 and 7 indicates ‘normal state’, a score 
between 8 and 10 a ‘borderline state’ whereas a 
score between 11 and 21 an ‘anxiety state’. Some 
studies have shown that anxiety symptoms and 
respiratory function are independently associated 
with reporting dyspnoea [14]. Other quick assess-
ment tools could be the CES-D and the short ver-
sion of the Geriatric Depression Scale. The 
CES-D scale is a brief self-report scale designed 
to measure self-reported symptoms associated 
with depression experienced in the past week. 
The items of the scale are symptoms associated 

with depression (such as anxiety, sleep distur-
bances, fatigue, loneliness, easy crying) which 
have been used in previously validated longer 
scales, but some investigations, despite their pop-
ularity, highlighted the need for revision on some 
items indispensable for the diagnosis of depres-
sion [15]. Due to the presence of increasingly 
older patients with respiratory problems who 
could be candidates for NIV, it could be useful to 
use tools more suitable for this population such 
as the Geriatric Depression Scale. The GDS orig-
inal form is a brief, 30-item questionnaire in 
which patients are asked to respond by answering 
‘yes’ or ‘no’ in reference to how they felt over the 
past week. The most used and fastest version is 
the ‘Short Form GDS’ consisting of 15 questions 
which was developed some years ago. Questions 
from the Long Form GDS which had the highest 
correlation with depressive symptoms in valida-
tion studies were selected for the short version. 
Scores of 0–4 are considered normal, depending 
on age, education and complaints; 5–8 indicate 
mild depression; 9–11 indicate moderate depres-
sion and 12–15 indicate severe depression. The 
GDS may be used with healthy, medically ill and 
mild to moderately cognitively impaired older 
adults. This assessment tool can be used in a wide 
range of patients, and it has been extensively 
used in community, acute and long-term care set-
tings [16]. The most widely used assessment 
tools for depression is the Beck Depression 
Inventory (BDI) which evaluates a patient’s emo-
tional, cognitive, motivational and physiological 
status. The BDI has a high sensitivity and speci-
ficity for diagnosing depressive symptoms and it 
consists of 21 self-reporting items, and the score 
ranges from 0 to 63 with higher scores reflecting 
greater levels of depression [17]. A Korean study 
showed that a higher BDI score was associated 
with a lower FEV1 after adjusting for age, sex, 
body mass index (BMI) and smoking status, and 
there is a correlation between the severity of 
depression and FEV1, especially in adults older 
than 50 years [18]. Emotional stress-related fac-
tors such as anger should also not be underesti-
mated; in fact a relationship between decline in 
lung function in older men and the emotional 
characteristic of anger has been discussed, and 
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there is considerable evidence for a relationship 
between negative emotion (anger, anxiety, sad-
ness) and deterioration in pulmonary function 
probably through a chronic dysregulation. 
However, it has not yet been clarified the exact 
pathway by which this happens [19]. In addition 
to the assessment of the medical condition (body 
mass index (BMI), arterial blood gas, pulmonary 
function, dyspnoea) and psychological status 
(anxiety, depression and stressful situations) 
measuring quality of life can be significant 
through the use of patient-reported measure-
ments of HRQL (Health-Related Quality of Life). 
Among the most well-known tools we mention 
are the SGRQ (St. George’s Respiratory 
Questionnaire) [20], the SRI (Severe Respiratory 
Insufficiency) questionnaire [21] and the MRF- 
26 (Maugeri Respiratory Failure) questionnaire 
[22]. The SGRQ was originally developed for 
patients with chronic airflow limitation such as 
COPD and was subsequently validated for other 
breathing problems. This disease-specific instru-
ment has three components: symptoms, activities 
and impact which are added together in a total 
score; in fact it was designed to measure impact 
on overall health, daily life and perceived well- 
being in patients with obstructive airways dis-
ease. The Severe Respiratory Insufficiency (SRI) 
questionnaire consists of seven subscales: respi-
ratory complaints (eight items), physical func-
tioning (six items), attendant symptoms and sleep 
(seven items), social relationships (six items), 
anxiety (five items), psychological well-being 
(nine items) and social functioning (eight items); 
one summary scale (SS) is obtained from the sum 
of the mentioned above subscales. The Maugeri 
Respiratory Failure (MRF)-26 is a modified ver-
sion of the original instrument with 28 items 
(MRF-28) designed for patients with chronic 
respiratory failure. It has two domains: daily 
activities and perceived disability, from which 
the total score is calculated. In each question-
naire, the score ranges from 0 to 100: higher 
scores indicate a better health-related quality of 
life in the SRI while in the SGRQ and MRF-26 a 
higher score indicate more limitations. Another 
well-known tool used in various diseases is the 
EuroQoL (EQ-5D), an instrument which evalu-

ates the generic quality of life developed in 
Europe. This tool allows you to evaluate the qual-
ity of life through two sections: in the first section 
are included five health-related items (mobility, 
self-care, usual activities, pain/discomfort, anxi-
ety/depression) and it is used to assess the sever-
ity of health-related problems; the second section, 
on the other hand, consists of a visual-analogue 
scale (similar to tools used for pain assessment) 
that indicates the person’s current perception of 
their state of health (from ‘0’ worst possible 
health state to ‘100’ best possible health state) 
[23]. An important parameter is the assessment of 
dyspnoea during the activities of daily living 
which can be evaluated with the modified 
Medical Research Council (mMRC) dyspnoea 
scale. This scale is very simple and it is based on 
a 5-point graduation (from “0” to “4”) that evalu-
ates various levels of physical activity that pre-
cipitate dyspnoea Higher scores indicate worse 
dyspnoea [24]. A very interesting Japanese study 
showed that the mMRC (Medical Research 
Council dyspnoea scale) and HADS (Hospital 
and Anxiety Depression Scale) were significantly 
related to all domains of the SRI, MRF-26 and 
SGRQ. In fact, the SRI and MRF-26 are directly 
related to physical and psychological impair-
ments in health similarly to the well-known 
SGRQ, although the MRF-26 had no specific 
psychological domains. Conversely the links 
between Health-Related Quality of Life (HRQL) 
parameters and physiological measurements 
were not strong, indicating that HRQL indicators 
are independent of the physiological parameters 
and cannot be estimated from pulmonary func-
tion or blood gases alone [25]. In a longitudinal 
analysis in patients receiving NIV, although both 
the SRI and MRF-26 strongly predicted mortal-
ity, the SRI only (but not the MRF-26) was able 
to predict mortality independently of physiologi-
cal and respiratory function parameters such as 
BMI (body mass index), FVC (forced vital capac-
ity) and PaCO2 (partial pressure of carbon diox-
ide) [26]. In summary, these studies have shown 
that both SRI and MRF-26 were reliable ques-
tionnaires in patients with chronic hypercapnic 
respiratory failure receiving NIV. Dyspnoea and 
psychological status likewise were their main 
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determinants while their relations with physio-
logical measurements were weaker. The SRI cov-
ers more psychological health problems than the 
MRF-26. The assessment of the patient selected 
for NIV must also include cognitive evaluation 
which can affect both cognitive functions in gen-
eral or especially executive functions. In fact, 
executive functions could interest the patient’s 
decision-making abilities in adhering to a certain 
type of treatment. Cognition involves different 
cognitive processes which can be divided into 
some neuropsychological domains including 
learning and memory, visuospatial and motor 
function, attention and concentration capacity, 
language, social cognition/emotions and execu-
tive functions. Each domain contains specific 
functions which provide people with basic infor-
mation and complex skills that determine per-
sonal intellectual capacities and global 
knowledge. The relationship between lung 
impairment and cognitive function decline has 
already been confirmed in numerous studies, 
which have demonstrated the negative impact of 
inadequate respiratory function on cognitive 
domains; these negative consequences on cogni-
tive function are a result of complex interactions 
between lung pathophysiological factors (as it 
happens in COPD) and genetic and environmen-
tal factors [27]. If the oxygen supply is insuffi-
cient to satisfy the metabolic demands of the 
brain due to impaired or inadequate lung mechan-
ics respiratory function (such as in COPD 
patients), this can trigger the loss of vulnerable 
brain neurons; in fact, high levels of oxygen 
desaturation increase the risk of cognitive dys-
function as reported in some studies [28] as well 
as elevated carbon dioxide tension (PCO2) levels 
are associated with lower cognitive performance 
[29]. Other studies observed that cognitive 
impairment is significantly worse in both hypox-
aemic and non-hypoxaemic COPD patients when 
compared to healthy individuals [30]. A wide 
range of tools have been developed for screening 
cognitive function and the duration of screening 
ranges from a few minutes up to several hours in 
the case of a formal neuropsychological assess-
ment. Most of the tests designed for use in prompt 
cognitive assessment during the daily clinical 

routine take from 4 to 12 min to be completed. 
The most widely used tests which explore multi-
ple cognitive domains are the Mini Mental State 
Examination (MMSE) [31], the Addenbrooke’s 
Cognitive Examination (ACE-R) [32], the 
Montreal Cognitive Assessment (MoCA) [33] 
and the Clock Drawing Test (CDT) [34]. The 
ACE-R (a brief cognitive test that assesses five 
aspects of cognition such as attention/orientation, 
memory, verbal fluency, language and visuospa-
tial abilities) is one of the best tests to detect a 
condition of dementia (or major neurocognitive 
disorders according to DSM-5) while MoCA has 
been particularly studied to identify the condition 
of mild cognitive impairment (MCI or minor 
neurocognitive disorders according to DSM-5) 
characterized by the presence of cognitive defi-
cits that do not impact on the activities of daily 
life [35]. The executive functions are the cogni-
tive ability to determine the performance of skills 
as well as instrumental activities (IADL) neces-
sary for an independent life (such as e.g., exercise 
a profession, manage a family, money, use of 
medications, drive, etc.). Neurocognitive disor-
ders compromise executive functions and must 
therefore be investigated and monitored. The 
executive functions and, therefore, the ‘compe-
tence’ can fluctuate during the course of the neu-
rocognitive disorders or during the development 
of delirium and can been compromised due to 
various causes: drugs, acute diseases, pain, 
insomnia or depression. Many tools for the 
assessment of competency instruments have been 
developed in research contexts. The cognitive 
assessment in adult patients without severe men-
tal illnesses showed that the MMSE, developed 
as a screening tool, known and used all over the 
world, to detect cognitive failure does not evalu-
ate executive functions. In fact, the executive 
cognitive dysfunction is typically the first area of 
cognitive impairment and these problems can 
precede the other symptoms such as impaired 
memory or language. People with executive cog-
nitive dysfunction can have a normal MMSE 
score but still have severe functional limitations. 
The screening tests evaluating executive func-
tions include the Montreal Cognitive Assessment 
(MOCA), quick to administer (15–20  min) and 
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correlates with more comprehensive testing, the 
Frontal Assessment Battery (FAB) [36] and the 
Executive Interview (EXIT) [37], both quick to 
administer (<15  min and 15–20  min, respec-
tively). A formal neuropsychological testing is 
the gold standard to assess cognitive functions 
but it is not simple to use in hospital wards 
because some barriers like time consuming 
(hours), high cost (requires specialized health 
professionals), difficult to access and may not 
well tolerated by patients with comorbid medical 
or psychiatric conditions. Finally, the assessment 
of the patient candidate for NIV must also include 
the assessment for possible delirium, a very fre-
quent condition especially in the elderly hospital-
ized person. Delirium is a severe neuropsychiatric 
syndrome characterized by the acute onset of 
deficits in attention and others cognitive or neu-
robehavioural symptoms. Despite its high preva-
lence, it often remains unrecognized; a recent 
study estimated the rate of undetected delirium to 
be as high as 60%. Moreover, patients with delir-
ium can be found in all medical or surgical spe-
cialties of the hospital [38]. The American 
Psychiatric Association’s fifth edition of the 
Diagnostic and Statistical Manual of Mental 
Disorders (DSM-5) revised the diagnostic crite-
ria for delirium, which remains a clinical diagno-
sis [39]. This includes an acute onset and 
fluctuating course of symptoms, inattention, 
impaired level of consciousness and disturbance 
of cognition, indicating disorganization of 
thoughts (e.g., disorientation, memory impair-
ment, or alteration in language). The Confusion 
Assessment Method (CAM) [40] continues to be 
the most widely used delirium instrument world-
wide. The CAM provides an algorithm based on 
the four core features of delirium: acute onset, 
fluctuating course of symptoms, inattention and 
either disorganized thinking or altered level of 
consciousness. Other characteristics which are 
supportive of the delirium diagnosis include 
alterations in the sleep-wake cycle, perceptual 
disturbances (e.g., hallucinations or mispercep-
tions), delusions, inappropriate or unsafe behav-
iour and emotional lability). The CAM algorithm 
has been validated in research and has high sensi-
tivity (94–100%) and specificity (90–95%) with 

good interrater reliability. The CAM has also 
been adapted for use in the ICU, emergency 
departments, nursing homes and in palliative 
care. A brief assessment for the CAM is the 
3-minute diagnostic assessment (3D)-CAM, 
which provides an assessment via a 20-item 
checklist with sensitivity of 95% and specificity 
of 94% in hospitalized patients. Since more fac-
tors are involved in the aetiology of delirium, 
there are probably several neurobiological pro-
cesses that contribute to the delirium pathophysi-
ology, including neuroinflammation, cerebral 
vascular dysfunction, impaired brain metabo-
lism, imbalances in neurotransmission and 
impaired neuronal network connectivity. In 
patients with respiratory failure and mechanical 
ventilation, a number of interactions between 
brain function and respiratory function need to be 
considered. A cooperative sedation strategy and a 
multi-professional approach (i.e., the patient is 
awake and free of pain and delirium) is feasible 
in many patients requiring invasive mechanical 
ventilation [41].

45.3  Conclusive Remarks

There is currently much discussion on the role of 
psychological status and psychosocial factors on 
lung function tests and how crucial their influ-
ences are in determining both adherence and the 
success of a therapeutic intervention but studies 
in this area are still scarce. For example, a recent 
study (that examined factors associated with poor 
quality of life focusing on psychological mea-
sures that can easily be controlled with interven-
tion and treatment) indicates that psychological 
factors such as symptoms of depression and anxi-
ety (performed with Hospital Anxiety and 
Depression Scale- HADS) in COPD are associ-
ated with lower physical functional performance 
and poorer lung function in the 6-minute walking 
test [42]. Some studies suggest that it is neces-
sary to pay attention to psychological factors in 
both therapy and rehabilitation of respiratory dis-
eases; psychological changes may be a conse-
quence of physical symptoms, but they may also 
influence the course of illness, as happens in the 
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majority of chronic diseases [43]. Many studies 
have confirmed that noninvasive ventilation 
(NIV) has been found to have a therapeutic goal 
on some variables such as patient’s satisfaction 
(improvement of symptoms and quality of life), 
efficacy of ventilatory support (improvement of 
daytime PaCO2, nocturnal hypoventilation, 
appropriate nocturnal SpO2), reduction of respi-
ratory events (no apnoea during NIV, low level of 
unintentional leaks, optimum patient-ventilator 
synchrony) and improvement of prognosis 
(reduction of respiratory morbidity and disease-
related burden and improved survival) [44, 45]. 
Despite these potential positive effects, in addi-
tion to the important role of frailty and comorbid-
ity on NIV treatment especially for older people 
[46], a critical role is offered by neuropsychiatric, 
psychosocial and emotional factors. Psychosocial 
factors and mental health wellbeing can influence 
the pathogenesis and pathophysiology of respira-
tory diseases either directly through autonomic, 
endocrine, immunological and central nervous 
system mechanisms, or indirectly through life-
style factors, mental health problems, cognitive 
impairment [47] and NIV management including 
adherence and reduction of adverse events. The 
capacity for acceptance of noninvasive ventila-
tion (NIV) is an example of the interaction of 
psychological and physical factors. Despite the 
fact that NIV can produce an improvement in 
clinical condition, patients often reject it or fail to 
use it appropriately causing worsening of symp-
toms and increased health care costs. Acceptance 
and adherence to NIV treatment is crucial 
because it can reduce the number of prescribed 
drugs, the hospital admissions and physician vis-
its [48]. There are few studies that have identified 
the individual psychological factors that increase 
the risk of rejection or improper use of NIV. An 
Italian study recently focused on the role of 
global assessment (including cognitive and 
behavioural aspects) and psychological support 
in determining acceptance and adherence to NIV 
in patients with COPD [49]. Certainly, future 
research will have to be addressed in this area 
such as the role of multidimensional assessment 
tools in the selection of patient candidates for 
NIV both because of the progressive rise of older 

patients (who require the typical methodology of 
the geriatric approach) and of the increasing rel-
evance of neuropsychiatric determinants and psy-
chosocial factors (including health-related 
quality of life) connected to lung function and 
related diseases.

Key Major Recommendations
• Psychosocial and emotional (health-related 

quality of life, environmental factors, low 
social support, personality, negative feeling 
such as anger, loneliness and stressful life 
events, characteristics of the caregiver) and 
neuropsychiatric symptoms (anxiety, depres-
sion, neurological disorders and cognitive 
impairment) are not rarely associated with 
chronic lung disease which can lead to respi-
ratory failure. Physical and mental health are 
strongly interrelated in respiratory diseases. 
An important role is played by anxiety and 
depression though the cause-and-effect rela-
tionships between these conditions, dyspnoea 
and respiratory function parameters are 
unclear. It is likely that these factors may play 
a mediating role between objective symptoms 
and respiratory function tests and health- 
related quality of life. The identification and 
control of psychosocial, emotional and neuro-
psychiatric conditions could be an optimal 
strategy in the management of respiratory dis-
eases including assessing adherence to spe-
cific treatments such as NIV. For this reason, a 
global evaluation of the respiratory patient is 
recommended. This assessment can be useful 
to associate the evaluation of the respiratory 
function parameters with cognitive, behav-
ioural, functional and health-related quality of 
life through questionnaires and validated 
scales. The importance of these tools is 
increasing not only in research but especially 
in clinical practice.

• The presence of neurobehavioural impairment 
and delirium are often negative predictors of 
NIV adaptation. Delirium is a frequent condi-
tion associated with patients (especially 
elderly people) treated with NIV or managed 
in intensive care unit but it often remains 
unrecognized. There is a need to learn to rec-
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ognize delirium through the use of adequate 
tools such as CAM both for better patient care 
and, particularly, for its prevention; in fact, 
delirium prevention still represents the best 
management approach in all care settings.

• The cognitive assessment of these patients is 
proving increasingly necessary; in fact, cogni-
tive impairment is an important limitation in 
respiratory patients and cognitive deficits (that 
could limit the effectiveness of therapy) 
should be considered prior to health care plan-
ning. Healthcare professionals in respiratory 
settings are advised to know how to adminis-
ter a brief cognitive assessment test to detect 
cognitive impairment. In particular, executive 
functions are to be evaluated because they are 
directly related to the person’s ability to man-
age the activities of daily life linked to 
problem- solving, thinking and sequencing 
tasks. Cognitive assessment permits to also 
define ‘decisional capacity’ understood as the 
ability to make a choice, control his/her emo-
tions, the daily life activities and the expres-
sion of preferences and wishes.

• Many studies highlight the need for a patient- 
tailored multidisciplinary approach that 
includes respiratory function tests, cognitive- 
behavioural and neuropsychological assess-
ment to optimize patient training and 
compliance with NIV. The framework of com-
prehensive geriatric assessment (CGA), which 
has been shown (compared with usual care) to 
improve health outcomes of older persons, 
could be the reference model for the evalua-
tion of complex patients and, in particular, 
those with respiratory failure who may need 
NIV but future research is needed to investi-
gate these aspects.
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Abstract

The pulmonary function test is most often per-
formed by a spirometer. It is important to pro-
vide objective information in monitoring lung 
health and recognizing pulmonary diseases. 
To this end, some standardizing guidelines 
have been published since 1979. The guide-
line, which was updated jointly by ATS and 
ERS in 2019, offers standards and common 
recommendations to manufacturers, clini-
cians, operators, and researchers.
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Abbreviations

ATS  American Thoracic Society
BEV  Back-extrapolated volume
EOFE  End of forced expiration
EOT End of test
ERS European Respiratory Society
FET Forced expiratory time
FEV Forced expiratory volume
FIVC Forced inspiratory vital capacity
FVC Forced vital capacity
GLI The Global Lung Initiative
IC Inspiratory capacity
PEF Peak expiratory flow
TLC Total lung capacity
VC Vital capacity

46.1  Introduction

Pulmonary function tests are most commonly 
performed by spirometry. The American Thoracic 
Society (ATS) and the European Respiratory 
Society (ERS) accepted technical standards for 
spirometry testing in 2005. Later, the evidence- 
based guideline for spirometry was updated by 
ATS and ERS in 2019. The 2005 standards were 
revised in this guide, including additional factors 
not having been previously considered. 
Additional standards in the last update have been 

M. S. Comez (*) 
Anesthesiology and Reanimation Department, Tayfur 
Ata Sökmen Faculty of Medicine, Hatay Mustafa 
Kemal University, Hatay, Turkey 

A. M. Esquinas 
Intensive Care Unit, Hospital General Universitario 
Morales Meseguer, Murcia, Spain

46

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-76197-4_46&domain=pdf
https://doi.org/10.1007/978-3-030-76197-4_46#DOI


350

improved for occupational observation and pre-
school children. In general, the 2019 guideline 
includes descriptions, equipment specifications, 
quality control, patient-related processes, and 
data reporting. These standards are the minimum 
criteria that must be fulfilled for the spirometry 
test [1].

The recommendations in the 2019 guideline 
represent a consensus of task force members on 
available evidence for various aspects of spiro-
metric measurement, and otherwise reflects the 
expert opinion of the task force members for 
areas where peer-reviewed evidence is not avail-
able or missing. The term “must” used in the 
guideline is used to state a necessity to meet stan-
dards, and the term “should” is used to state 
activities that may not be mandatory but are con-
templated to be best applications [1].

46.2  Discussion and Analysis 
of the Main Topics

46.2.1  The 2019 Guideline 
for Spirometry

46.2.1.1  The Patient Experience
Patients stated the need for more information 
concerning spirometry prior to the test in a sur-
vey conducted by the European Lung Foundation 
[1].

46.2.1.2  Indications
Spirometry allows to measure the impact of the 
disease on lung function, to evaluate airway 
responsiveness, to monitor the outcome of thera-
peutic interventions or disease course, to assess 
preoperative risk, and to determine a prognosis 
for many respiratory conditions [1].

46.2.1.3  Relative Contraindications
Intrathoracic, intraabdominal, and intracranial 
pressures may increase during the forced expira-
tory maneuver used in spirometry [1, 2]. Potential 
risks of forced expiratory maneuver are mainly 
associated with maximum pressures produced in 
the thorax and their effects on intraabdominal 
and intrathoracic organs, venous return and sys-

temic blood pressure, and expansion of the chest 
wall and lung. In addition, the physical effort 
required for maneuvering can raise the oxygen 
demand of myocardium. Caution must be exer-
cised for patients with medical circumstances 
that may be adversely influenced by these physi-
ological outcomes (Table  46.1). The potential 
risks related to testing should all the time be 
weighed against the advantage of learning about 
pulmonary function. If the patient feels pain dur-
ing maneuvering, spirometry should be stopped 
[1, 3].

46.2.1.4  Laboratory Details
The temperature and pressure of the medium and 
the time of day must be recorded. Tests should 
preferably be carried out in a quiet and comfort-

Table 46.1 Relative contraindications for spirometry 
(based on data from 1)

1.  Due to increases in myocardial demand or 
changes in blood pressure

a. Acute myocardial infarction within 1 week
b. Systemic hypotension or severe hypertension
c. Significant atrial/ventricular arrhythmia
d. Noncompensated heart failure
e. Uncontrolled pulmonary hypertension
f. Acute cor pulmonale
g. Clinically unstable pulmonary embolism
h.  History of syncope related to forced expiration/

cough
2.  Due to increases in intracranial/intraocular 

pressure
a. Cerebral aneurysm
b. Brain surgery within 4 weeks
c. Recent concussion with continuing symptoms
d. Eye surgery within 1 week
3.  Due to increases in sinus and middle ear 

pressures
a.  Sinus surgery or middle ear surgery or infection 

within 1 week
4.  Due to increases in intrathoracic and 

intraabdominal pressure
a. Presence of pneumothorax
b. Thoracic surgery within 4 week
c. Abdominal surgery within 4 week
d. Late-term pregnancy
5.  Infection control issues
a.  Active or suspected transmissible respiratory or 

systemic infection, including tuberculosis
b.  Physical conditions predisposing to transmission of 

infections, such as hemoptysis, significant 
secretions, or oral lesions or oral bleeding
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able environment. Drinking water should be 
present. Tissues or paper towels should be pro-
vided to help patients cope with secretions. The 
patient should sit upright, shoulders lightly back 
and jaw lightly raised. A chair with arms, with a 
height adjustment, and without wheels should be 
used to prevent the patient’s fall. A smaller chair 
or a raised footstool should be ensured for chil-
dren and small adults. A noseclip or manual plug-
ging of the nostrils should be used for the 
maneuvers. If testing is performed while the 
patient is in another position, this must be docu-
mented in the report [1].

46.2.1.5  Hygiene and Infection 
Control

The operator must wash their hands or use an 
approved hand sanitizer prior to touching the 
patient [4]. The patient should be given hand dis-
infectant after the first entrance into the test sta-
tion [1].

Whole disposable products, including mouth-
pieces, nose clips, gloves, and filters, must be dis-
carded at the end of the test. Hands must be 
washed immediately following direct transport of 
mouthpieces, tubes, breathing valves, or internal 
spirometry surfaces to prevent operator exposure 
and cross-contamination. Gloves should be 
dressed when touching potentially contaminated 
equipment and/or if the operator has open cuts or 
wounds. Manufacturers must clearly define 
admissible methods for cleaning and disinfecting 
their equipment, including recommended chemi-
cals and concentrations, as well as protective 
measures for the operator [1, 3].

Extra measures should be taken for patients 
with or suspected contagious diseases. Possible 
measures include testing equipment only for 
infected patients or testing these patients at the 
end of the working day and/or testing patients in 
their own rooms with sufficient air conditioning 
and proper precaution for the operator [1, 5].

46.2.1.6  Equipment
Manufacturers must secure that all spirometers 
meet the standards covered in the current ISO 
26782 update [1, 3, 6]. Regardless of perfor-
mance requirements, within ±3.0% for accuracy, 

linearity, and repeatability adopted in the ISO 
26782, the 2005 guideline [3], spirometric equip-
ment must have a maximum allowable error of 
±2.5% when testing with a 3-L calibration 
syringe and using ISO 26782 test profiles. In 
order to digitize the flow or volume signal, the 
sampling rate must be>100 Hz with a resolution 
of at least 12 bits [1].

Both volume-time and flow-volume real-time 
monitors are required for optimum quality con-
trol. Operators must visually inspect each maneu-
ver’s performance for quality guarantee prior to 
moving on to another maneuver. For the flow–
volume graph, expiratory flow must be drawn 
upward and expiratory volume to the right. A 2:1 
aspect ratio must be maintained between flow 
and volume scales. At the beginning of test dis-
play, the volume–time graph must start at the 
maximum inspiration point or 1 second prior to 
Time 0, whichever comes first. The display of the 
maneuver should proceed until the end of the pla-
teau or the onset of inspiration [1, 3].

Ambient barometric pressure, saturated water 
vapor, and body temperature must be presented 
in all spirometry outcomes. The ambient temper-
ature must be enrolled with an accuracy of 
±1 °C. Operators should have notice of possible 
issues with tests done outside the range of ambi-
ent temperatures and barometric pressures speci-
fied by the manufacturer for their specific 
spirometers. Changes in spirometer or flow sen-
sor temperature can be a cause of variability. The 
spirometer temperature should be measured and 
should not be supposed to be stable even during a 
test session. The temperature inside the spirome-
ter should be measured for every respiration 
maneuver, when using a volume spirometer [1, 
3].

46.2.1.7  Device Quality Assurance
The minimum requirements for equipment qual-
ity assurance and calibration are as follows: (1) 
maintenance of a log of calibration results, (2) 
documentation of repairs or other alterations 
that return the equipment to acceptable opera-
tion, (3) recording of dates of computer software 
and hardware updates or changes, and (4) 
recording the dates equipment is changed or 
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relocated. Calibration verifications and quality 
control procedures must be repeated after any 
such changes before further testing begins [1]. 
The main aspects of equipment quality guarantee 
are summarized in Table 46.2.

The spirometry system must determine the 
zero flow level by blocking the spirometer before 
calibration, calibration verifications, and patient 
tests. Spirometer calibration verifications must 
be done at least daily by using a 3-L syringe 
cycled at least three times to provide a range of 
flows varying between 0.5 and 12 L/s (with 3-L 
injection times between 0.5 and 6 s). The volume 
at each flow must meet the accuracy requirement 
of ±3% (±2.5% for spirometers plus ±0.5% for 
calibration syringes) for both inspiration and 
expiration (or for expiration only for volume- 
based spirometers) [1].

46.2.1.8  Operator Details
Operator training, competence acquisition, and 
maintenance must be integrated in any spirome-
try testing service [1]. In addition, changes in the 
2019 guideline include requirements for operator 
comments and the spirometry system to provide 
feedback to the operator.

46.2.1.9  Patient Details
It must be recorded age in years, height in centi-
meters, and weight in kg (up to the nearest 0.5 kg) 
to one decimal place. Body mass index should be 
calculated in kg/m2. Height must be measured 
without shoes, feet together, standing as tall as 
possible at eye level and looking straight ahead, 
and leaning against the back wall or stadiometer. 
For patients who cannot stand upright, height 
may be predicted using the ulna length or arm 
span, being aware that there are gender, age, and 
ethnic differences in such predictions [1, 3].

Gender and ethnicity should be included in 
patient information regarding spirometry 
demand. If gender and/or ethnicity data are not 
revealed, operator annotations must warn the 
interpreter about this negligence and indicate 
which default values are used to calculate the pre-
dicted values [1, 3].

Patients should avoid the activities listed in 
Table  46.3 prior to testing, and these demands 
should be given to the patient when making the 
appointment. All these manners must be checked, 
and all deviations must be enrolled before the 
spirometry test. Patients should be as comfort-

Table 46.2 Equipment quality assurance (for both vol-
ume- and flow-based sensors); based on data from 1

1. Spirometer
a.  Daily calibration verification at low, medium, and 

high flows: If the calibration verification fails, check 
for and remediate problems and repeat calibration 
verification.

b.  If an in-line filter is used in spirometry testing, then 
it must also be used during recalibrations and 
verifications.

c.  Recalibrate the spirometer both after failed 
calibration verification and at intervals specified by 
the manufacturer.

d.  If the change in calibration factor is ≥6% or varies 
by more than ±2 SD from the mean, inspect and, if 
necessary, clean the spirometer according to the 
manufacturer’s instructions; check for errors and 
recalibrate the spirometer.

e.  Perform routine checks and maintenance at intervals 
specified by the manufacturer.

2. 3-L calibration syringe
a. Daily inspection for displacement of the piston stop.
b.  Daily check for smooth operation of the syringe 

with no sticking or catching.
c.  Accuracy of ± 0.015 L verified by manufacturer on 

delivery and at intervals recommended by the 
manufacturer.

d. Monthly syringe leak test.
3. Documentation
a.  A log of all quality control findings, repairs and 

adjustments, and hardware and software updates.
b.  Verification of reference value calculations after 

software updates.

Table 46.3 Activities that should be avoided before lung 
function testing (based on data from 1)

1.  Smoking and/or vaping and/or water pipe use within 
1 h before testing (to avoid acute bronchoconstric-
tion due to smoke inhalation)

2.  Consuming intoxicants within 8 h before testing (to 
avoid problems in coordination, comprehension, 
and physical ability)

3.  Performing vigorous exercise within 1 h before 
testing (to avoid potential exercise-induced 
bronchoconstriction)

4.  Wearing clothing that substantially restricts full 
chest and abdominal expansion (to avoid external 
restrictions on lung function)
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able as possible prior to and pending the tests. 
Patients should be requested to loosen their tight- 
fitting clothing [1, 3].

Instructions on drugs that should be discontin-
ued should be given to the patient at the time of 
appointment. The operator must enroll the type 
and dosage of drugs that may change pulmonary 
function and when the drugs were last taken. The 
operator should declare viewed signs or symp-
toms such as coughing, wheezing, dyspnea, or 
cyanosis [1, 3].

46.2.1.10  Forced Expiratory Volume, 
First second (FEV1) 
and Forced Vital Capacity 
(FVC) Maneuver

Test Procedure: The main measurements are 
FEV1 and FVC. There are four different stage of 
the FVC maneuver for spirometers that measure 
expiration and inspiration: (1) maximal inspira-
tion, (2) a “blast” of expiration, (3) continued 
complete expiration for a maximum of 15 s (the 
spirometry must signal the operator when a pla-
teau is arrived or forced expiratory time (FET) 
arrives 15th second), and (4) inspiration at maxi-
mal flow back to maximum lung volume [1].

The operator must demonstrate the proper 
technique and follow the procedure defined in 
Table 46.4. In some cases, such as patients with 
tracheostomy or nasal resection, noninvasive reg-
ulations (sealing face mask, tubing connectors, or 
occlusion valves, etc.) can be implemented at and 
must be enrolled in the operator’s annotations 
[1].

Operators participating in the pulmonary 
function test of young children should be spe-
cially trained and able to work with this popula-
tion [1, 7].

Within-Maneuver Evaluation: The 2019 
update spirometry standards focus on the accept-
ability of individual FEV1 and FVC measure-
ments rather than maneuver as a whole. New 
standards include new objective methods to 
establish which FEV1 and FVC measurements 
are acceptable and which technically unaccept-
able measurements could still be of clinical util-
ity (Table 46.5) [1].

The onset of forced expiration is determined 
by the back-extrapolated method for timing pur-
poses [1, 3, 6]. The back-extrapolated volume 
(BEV) is the volume of gas that has been expired 

Table 46.4 Procedures for FVC maneuvers (based on 
data from 1)

1. Wash hands (or use an approved hand sanitizer)
2. Prepare the patient
a. Dispense hand sanitizer for the patient
b.  Confirm patient identification, age, birth sex, 

ethnicity, etc.
c. Measure weight and height without shoes
d.  Ask about activities listed in Table 46.3, medication 

use, and any relative contraindications flagged on 
the requisition; note respiratory symptoms

3. Instruct and demonstrate the test
a. Position of the mouthpiece and noseclip
b. Correct posture with head slightly elevated
c. Inspire rapidly until completely full
d. Expire with maximal effort until completely empty
e. Inspire with maximal effort until completely full
f.  Confirm that patient understands the instructions 

and is willing to comply
4. Perform maneuver
a. Have patient assume the correct posture
b.  Attach noseclip, place mouthpiece in mouth, and 

close lips around the mouthpiece
c. Breathe normally
d.  Inspire completely and rapidly with a pause of ≤ 2 s 

at TLC
e.  Expire with maximal effort until no more air can be 

expelled while maintaining an upright posture
f. Inspire with maximal effort until completely full
g.  Repeat instructions as necessary, coaching 

vigorously
h.  Repeat for a minimum of three maneuvers, usually 

no more than eight for adults
i.  Check FEV1 and FVC repeatability and perform 

more maneuvers as necessary
5. Perform maneuver (expiration-only devices)
a. Have patient assume the correct posture
b. Attach noseclip
c.  Inspire completely and rapidly with a pause of ≤ 2 s 

at TLC
d.  Place mouthpiece in mouth and close lips around 

the mouthpiece
e.  Expire with maximal effort until no more air can be 

expelled while maintaining an upright posture
f.  Repeat instructions as necessary, coaching 

vigorously
g.  Repeat for a minimum of three maneuvers, usually 

no more than eight for adults
h.  Check FEV1 and FVC repeatability and perform 

more maneuvers as necessary
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from maximal lung volume to Time 0 and is 
included in the FEV1 and FVC measurements 
[1]. To obtain a right Time 0 and provide that the 
FEV1 comes from a maximum effort, the BEV, 
whichever is greater, must be <5% of the FVC or 
0.100 L [1, 8].

End of forced expiration (EOFE) is essential 
for achieving a true FVC. It is necessary to reach 
one of the following three recommended EOFE 
indicators:

 1. There is less than a 0.025-L change in volume 
for at least 1 s (a “plateau”) (the most depend-
able sign). The spirometry system must ensure 
both a sign on the real-time display and an 
audible warning (a single beep) when this cri-
terion is achieved [1].

 2. The patient has achieved an FET of 15 s. The 
spirometry system must ensure both a sign on 
the real-time display and an audible warning (a 
single beep) when this criterion is achieved [1].

 3. If the patient cannot expire long enough to 
achieve a plateau (restrictive lung disease, 
etc.), the measure of whether EOFE is reached 

is whether the patient has again and again 
attained the same FVC. For within maneuver 
acceptability, the FVC must be greater than, 
or within the repeatability tolerance of, the 
largest FVC observed before this maneuver in 
the current testing set [1].

Maneuvers that do not fulfill any of the EOFE 
acceptability criteria will not ensure acceptable 
FVC measures. If the maximum inspiratory vol-
ume (FIVC) after EOFE is greater than FVC, it 
indicates that the patient has not started maneu-
ver from TLC (Total Lung Capacity). FEV1 and 
FVC measurements from a maneuver with FIVC- 
FVC  >  0.100  L or 5% of FVC, whichever is 
greater, are unacceptable [1].

There must be no leakage in the mouth during 
the maneuver [8]. In the first second of the 
maneuver, cough can affect the measured FEV1 
value, and from this maneuver, FEV1 is neither 
acceptable nor usable. However, FVC may be 
acceptable. Glottic closing or early finish, such as 
inspiration or get out of the mouthpiece, makes 
FVC unacceptable and, if it happens during the 

Table 46.5 Summary of acceptability, usability, and repeatability criteria for FEV1 and FVC (based on data from 1)

Acceptability and usability criteria

Required for 
acceptability

Required for 
usability

FEV1 FVC FEV1 FVC
Must have BEV ≤ 5% of FVC or 0.100 L, whichever is greater Yes Yes Yes Yes
Must have no evidence of a faulty zero-flow setting Yes Yes Yes Yes
Must have no cough in the first second of expiration (Age ≤ 6 yr.: 0.75 s) Yes No Yes No
Must have no glottic closure in the first second of expiration (Age ≤ 6 yr.: 
0.75 s)

Yes Yes Yes Yes

Must have no glottic closure after 1 s of expiration No Yes No No
Must achieve one of these three EOFE indicators: 1. Expiratory plateau 
(≤0.025 L in the last 1 s of expiration) 2. Expiratory time ≥ 15 s 3. FVC is 
within the repeatability tolerance of or is greater than the largest prior 
observed FVC

No Yes No No

Must have no evidence of obstructed mouthpiece or spirometer Yes Yes No No
Must have no evidence of a leak Yes Yes No No
If the maximal inspiration after EOFE is greater than FVC, then FIVC-
FVC must be ≤0.100 L or 5% of FVC, whichever is greater

Yes Yes No No

Repeatability criteria (applied to acceptable FVC and FEV1 values)
Age > 6 yr.: The difference between the two largest FVC values must be ≤ 0.150 L, and the difference between the 
two largest FEV1 values must be ≤ 0.150 L
Age ≤ 6 yr.: The difference between the two largest FVC values must be ≤ 0.100 L or 10% of the highest value, 
whichever is greater, and the difference between the two largest FEV1 values must be ≤ 0.100 L or 10% of the 
highest value, whichever is greater

BEV back-extrapolated volume, EOFE end of forced expiration, FEV0.75 forced expiratory volume in the first 0.75 s, 
FIVC forced inspiratory VC
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first 1 s, makes FEV1 unacceptable and unusable. 
A similar finish during the first 0.75  s makes 
FEV0.75 unacceptable and unusable [1].

The spirometry must provide to the operator 
clear feedback showing FEV1 and FVC accept-
ability at the finish of each maneuver. The opera-
tor must have the capability to run over the 
acceptability assignment because the operator 
may notice a leak, cough, insufficient inspiration 
or expiration, or an incorrect zero flow level not 
perceived by the software. Records of all maneu-
vers that include acceptable or usable FEV1 and / 
or FVC must be kept since for some patients; their 
best performance may only provide usable data 
that do not fulfill the acceptability criteria [1].

Between-Maneuver Evaluation: The aim of 
each prebronchodilator test set and postbroncho-
dilator test set is to obtain at least three accept-
able FEV1 and three acceptable FVC 
measurements. Acceptable FEV1 and FVC mea-
surements are not mandatory to be performed 
from the same maneuver. The operator must 
ensure that the patient has sufficient time to 
recover between maneuvers and agree to do 
another maximum maneuver. FVC repeatability 
is accomplished when the difference between the 
largest and the next largest FVC for patients older 
than 6 years is ≤0.150 L and for those 6 years and 
younger, whichever is greater, ≤0.100 L or 10% 
of the largest FVC [1, 7]. FEV1 repeatability is 
accomplished when the difference between the 
largest and the next largest FVC for patients older 
than 6 years is ≤0.150 L and for those 6 years and 
younger, whichever is greater, ≤0.100 L or 10% 
of the largest FEV1. If these criteria are not ful-
filled in three maneuvers, up to eight maneuvers 
must be attempted in adults. If the FEV1 from an 
acceptable test falls below 80% of the beginning 
value, the test procedure should be discontinued 
for patient safety. While testing children, more 
than eight attempts may be required as not every 
attempt may be a complete maneuver [1].

46.2.1.11  Bronchodilator 
Responsiveness Testing

The bronchodilator responsiveness test is the 
measurement of the degree of recovery of air 
flow in response to bronchodilator administration 
with changes in FEV1 and FVC.  Since normal 

baseline spirometry does not rule out the bron-
chodilator response, the first spirometry should 
be performed both before and after bronchodila-
tor administration. Recommended withholding 
times for various bronchodilators are listed in 
Table 46.6. Inhaled corticosteroids and leukotri-
ene modifiers do not need to be withheld [1].

Each facility that performs a bronchodilator 
response test must have a written protocol for the 
test. Spirometry must allow the operator to 
change the assignment of the maneuver from 
prebronchodilator to postbronchodilator, and 
vice versa. When the first postbronchodilator 
maneuver is performed by the operator, spirom-
etry must show the time elapsed since the last 
prebronchodilator maneuver. If the elapsed time 
is less than the waiting time for the bronchodila-
tor effect, spirometry must give the operator a 
cautionary message [1].

46.2.1.12  Reported Values
The variables measured in spirometry are FVC, 
FEV1, FEV1/FVC, PEF (peak expiratory flow), 
FET, FIVC, and FEV0.75, FEV0.75/FVC (for 
children 6 years and under). Spirometry systems 
must be able to measure and report these vari-
ables as recommended in the ATS standardized 
format [1, 9]. The measurements are reported 
separately for the sets of prebronchodilator and 
postbronchodilator maneuvers. The measure-
ments are recorded separately for the prebron-
chodilator and postbronchodilator maneuver 
sets.

Table 46.6 Bronchodilator withholding times (based on 
data from 1)

Bronchodilator medication
Withholding 
times

SABA (e.g., albuterol or salbutamol) 4–6 h
SAMA (e.g., ipratropium bromide) 12 h
LABA (e.g., formoterol or salmeterol) 24 h
Ultra-LABA (e.g., indacaterol, 
vilanterol, or olodaterol)

36 h

LAMA (e.g., tiotropium, 
umeclidinium, aclidinium, or 
glycopyrronium)

36–48 h

LABA long-acting b2-agonist, LAMA long-acting musca-
rinic antagonist, SABA short-acting b2-agonist, SAMA 
short-acting muscarinic antagonist
Note: In the case of dual bronchodilators, the withholding 
time for the longer-acting bronchodilator is used
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In patients with airflow obstruction, the FVC 
may rely on FET. The interpreter must be aware 
that a marked change in FVC following broncho-
dilator administration may depend on a change in 
FET [1].

The ATS/ERS states that FEV0.75 and FEV0.5 
should also be reported in the respiratory func-
tion test in preschool children [7]. If FET is >1 s, 
FEV1 should also be reported [10].

The ATS standard report form [9] should be the 
default report form for spirometry. The set of 
default reference values for all ages should be ref-
erence equations of The Global Lung Function 
Initiative (GLI) [10]. Apart from the outline reports, 
the interpreter should have access to a report of all 
maneuvers within a test session. The flow and/or 
volume data must be available for the facility man-
ager to obtain outcomes and plot volume- time and 
flow-volume charts. The system should also be 
able to transfer data to electronic medical records. 
Names and codes should be used to identify test 
data. The date and time must be recorded for each 
maneuver (to confirm pre- and post-bronchodilator 
maneuvers and diurnal variations) [1].

The system must allow the operator to enter 
interpretations from the drop-down menu as well 
as free text. The facility manager should be capa-
ble to direct the list of menu options [1].

46.2.1.13  Grading the Quality 
of the Test Session

The grading system recommended by ATS for 
spirometry reporting [9] should be used 

(Table 46.7). This system informs the interpreter 
about the level of trust. FEV1 and FVC are 
graded separately. While some maneuvers may 
be usable or acceptable at grade levels lower than 
A, the operator’s primary aim must always be to 
reach the best possible test quality for every 
patient [1].

46.2.1.14  Vital Capacity (VC) 
and Inspiratory Capacity 
(IC) Maneuvers

The spirometry must comply with the necessities 
of FVC maneuvers for VC and IC measurements. 
The display of the VC maneuver must cover both 
inspiratory and expiratory maneuvers. A display 
of the whole recorded VC maneuver (regardless 
of the use of inspiratory or expiratory maneuver) 
must be ensured to determine whether the patient 
has received a plateau in expiratory effort [1].

46.2.2  The 2019 Updates 
from the 2005 Guidelines

 (a) The previous relative contraindication of 
testing within one month of myocardial 
infarction is altered to 1 week [1].

 (b) Spirometers are required to meet ISO 26782 
standards, with the exception that they must 
have a maximum permissible error of ±2.5% 
for accuracy, linearity, and repeatability 
when tested with a 3-L calibration syringe 
and using ISO 26782 [1].

Table 46.7 Grading system for FEV1 and FVC (graded separately) (based on data from 1 and 9)

Grade Number of measurements Repeatability: age > 6 yr. Repeatability: age ≤ 6 yr.a

A ≥3 acceptable Within 0.150 L Within 0.100 La

B 2 acceptable Within 0.150 L Within 0.100 La

C ≥2 acceptable Within 0.200 L Within 0.150 La

D ≥2 acceptable Within 0.250 L Within 0.200 La

E ≥2 acceptable > 0.250 L > 0.200 La

or 1 acceptable N/A N/A
U 0 acceptable and ≥ 1 usable N/A N/A

F 0 acceptable and 0 usable N/A N/A

N/A not applicable
Note 1: The repeatability grade is determined for the set of prebronchodilator maneuvers and the set of postbronchodi-
lator maneuvers separately. The repeatability criteria are applied to the differences between the two largest FVC values 
and the two largest FEV1 values. Grade U indicates that only usable but not acceptable measurements were obtained
aOr 10% of the highest value, whichever is greater; applies for age 6 years or younger only
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 (c) The procedures regarding accuracy require-
ment and calibration verification for device 
quality assurance have been updated [1].

 (d) Operator training and competence acquisi-
tion and maintenance must be integrated in 
any spirometry testing service [1].

 (e) The list of activities that patients should 
refrain prior to testing has been updated [1].

 (f) The new standards of FEV1 and FVC maneu-
ver focus on the use of devices that measure 
both expiration and inspiration, with four dif-
ferent stages to the FVC maneuver: (1) maxi-
mal inspiration; (2) a “blast” of expiration; 
(3) continued complete expiration for a max-
imum of 15 s; and (4) inspiration at maximal 
flow back to maximum lung volume [1].

 (g) The maximum acceptable BEV, whichever 
is greater, is reduced to ≤5% of the FVC or 
0.100 L. The time to increase from 10% to 
90% of the peak flow should be ≤150 ms. 
The term “EOFE” has been replaced with 
the term “end of test” (EOT) due to the fact 
that EOFE is not the end of the maneuver. 
New criteria have been set for an accept-
able EOFE.  If the maximum inspiratory 
volume (FIVC) after EOFE is greater than 
FVC, FEV1 and FVC measurements from 
a maneuver with FIVC-FVC > 0.100 L or 
5% of FVC are unacceptable, whichever is 
greater. For children ≤6 years old, the dif-
ference between the two largest FEV1 val-
ues and the two largest FVC values must 
be ≤0.100  L or 10% of the maximum 
value, whichever is greater. A standard 
warning messages table is ensured to alert 
the operator of possible problems with 
each maneuver. Criteria are provided to 
determine whether unacceptable FEV1 and 
FVC measurements may still be clinically 
useful [1].

 (h) The term bronchodilator responsiveness test-
ing has been replaced with reversibility test-
ing to avoid unwarranted interference. A new 
table of bronchodilator withholding times is 
presented. An example procedure is provided 
for bronchodilator administration by nebu-
lizer. In addition, an updated bronchodilator 

administration by metered dose inhaler is 
provided. If the time between the last pre-
bronchodilator maneuver and the first post-
bronchodilator maneuver is less than the 
waiting time required to respond to the bron-
chodilator, the system is required to issue a 
warning message [1].

 (i) The 2017 ATS Recommendations for a 
Standardized Pulmonary Function Report 
should be used for grading the quality of the 
test session [1].

 (j) A drop down menu is required for standard 
operator feedback [1].

 (k) The repeatability criterion is changed for VC 
and IC maneuvers. The VC difference 
between the biggest and the following big-
gest maneuver must be ≤0.150 L or 10% VC, 
whichever is smaller, for>6  years old, 
and  ≤  0.100  L or 10% VC, whichever is 
smaller, for ≤6 years [1].

46.3  Conclusion Discussion

Even if the recommended standards are not per-
fect, they reflect current knowledge in the field. 
That is why, the updated guidelines should be 
used as a guide for good clinical practice till 
changes are made on new scientific evidence. If 
the PFT done does not meet the standards set in 
the guide, in that case the reliability of the results 
will decrease. New research studies, improved 
quality assurance approaches, and improvements 
in instrumentation and computer skills require 
constant revision.

Key Major Recommendations

• Current evidence-based guidelines should be 
used as a guide for good clinical practice till 
changes are made on new scientific evidence.

• The healthcare professional should decide the 
spirometry request on the basis of benefit and 
harm for the patient.

• In some cases, the acceptability and repeat-
ability criteria of the test may not be met; 
however, the results may be used clinically.
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