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Preface

With the widespread pandemic of COPD , obesity, OSA, and cardiovascular diseases, non-
invasive ventilation (NIV) has become a common and standard modality of care for such
patients and these patients/diseases are the most common indications for NIV use as well as
their role in other diseases such as neuromuscular disease and patients of tracheostomy and
hypoxic respiratory failure as a bridge to avoid intubation pending the resolution of the pri-
mary disease and consequent hypoxia. NIV is a very simple and very important machine for
the ICU physicians, anesthetists, pulmonologists, and many other specialties. Obtaining
complete knowledge of how to operate and fine-tune the NIV is not difficult as there are
hundreds of resources including websites, CMEs, conferences, and workshops available.
The most important component of the NIV application in clinical practice is to gain expertise
and experience in applying the technique and acquiring problem-solving skills.

A vast amount has been written about NIV, including books and guidelines hence we
thought to produce a book called “Noninvasive Ventilation in Medicine - Recent Updates”
to cover the untouched components of such this machine. In this book, we tried to include
advances in the NIV and the how NIV could be used in synchrony with the mechanical ven-
tilator including a weaning stage. The clinical scope of NIV is changing day-to-day and its
rapidly emerging and constantly changing field includes many more indications of utiliza-
tion of NIV. The current book contains a rich extract from the masters in the NIV field who
have vast experience of NIV in areas other than conventional indications and would like to
share their experience with all of the readers. Various challenges in NIV patient care include
noncompliance, confused, hypercapnic patient or small children coping with a mask, avoid-
ing interface leaks, and balancing ventilatory needs with patient tolerance.

We very much hope this book will help to broaden the scope of the NIV in clinical practice
and will help readers to gain more insight and practical advice in NIV. I am extremely grate-
ful to all the contributors and reviewers, and to IntechOpen for giving me the opportunity to
prepare this book. Heartfelt thanks go to the publisher team (Ms Ana Panther, Ms Iva Lip-
ovic, and others) for their great untiring support and enthusiasm. We are very much hopeful
that this book “Noninvasive Ventilation in Medicine - Recent Updates” will help the target
audience, pulmonary, internal medicine, sleep physicians gain a better understanding of
disease and improved patient care.

I'would like to extend my thanks to my parents (Dr Gian Chand Sharma and Mrs Kamla Vats)
for their blessings, my family (wife Dr Deepa Vats, daughters Spraha and Aadhya) for their
continuous support and IntechOpen publishing team for their great support and enthusiasm.

Dr Mayank Vats

MBBS, MD, DNB, FNB, MRCP, EDRM, FRCP, FACP, FCCP, MBA
Interventional Pulmonologist

Intensivist and Sleep Physician

Rashid Hospital

Dubai, United Arab Emirates






Chapter 1

Introductory: Non Invasive Ventilation in Medicine

Mayank Vats
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.82663

1. Introduction

With the worldwide increasing use of noninvasive ventilation (NIV) and many updated evi-
dences coming under the application of NIV in neuromuscular disease, neonates, and open
circuit mouthpiece ventilation apart from the documented success of NIV in OSA, COPD,
type 2 respiratory failure and pulmonary edema, it is the time to get more knowledge about
its application for various chronic respiratory diseases such as interstitial lung disease and
non-respiratory disease characterized by type 1 or type 2 respiratory failure in due course of
time, and it is also important to know the potential application of NIV in children and neo-
nates and as a mode for weaning from the mechanical ventilation, NIV is a rapidly changing
field; hence, it is very important in clinical practice to have expertise in applying the technique
and acquiring problem-solving skills of NIV.

If we go back to history, initially, negative pressure ventilators were invented primarily to tide
over the ventilatory crisis of polio epidemic (epidemics of poliomyelitis), which had begun in the
First World War and swept across Europe and the USA in the 1930s-1950s. They were of differ-
ent types including cuirass ventilator, chest bellow, iron lung, tank ventilators, and many more
but the main drawback with all these was that they were large, heavy, and cumbersome to oper-
ate and handle and were primarily used for the neuromuscular disease. Practical limitations
were compounded by the huge outbreak of polio in Denmark in 1952, which was associated
with a very high prevalence of cases with bulbar weakness. Not only an insufficient number of
iron lungs were available, but these were also inadequate in caring for patients with bulbar prob-
lems—mortality rose to 90% and the only solution was invasive positive-pressure ventilation via
a tracheostomy. This switch to positive pressure continued heralding the development of mod-
ern ICU. Later on, positive-pressure ventilators were developed with endotracheal intubation,
which is a must for the application of these ventilators. From 1980 onward, positive pressure
was applied through the face mask and found to be really effective for patients with COPD and

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN
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obstructive sleep apnea, and it heralded the era of NIV globally. There was a brief resurgence of
NIV in 1980s, but mainly to care for those with chronic ventilatory failure.

Long-term chronic use of NIV began to spur to ventilatory progress during 1980s. This was
related to better understanding of the sleep physiology and the discovery of OSA and ben-
eficial effects of CPAP. The original CPAP machines were very large, but newer machines are
smaller, compact, and portable. Importantly, mask design and comfort has also improved,
leading to success of NIV application. NIV is now one of the most evidence-based areas of
respiratory medicine. NIV reduces mortality and morbidity in acute exacerbations of COPD,
and this improved outcome in Duchenne muscle dystrophy and other neuromuscular dis-
eases, OSA, in acute hypoxemic respiratory failure secondary to pulmonary edema and wean-
ing from mechanical ventilation including high-risk patients for weaning. An additional major
change in the past 3040 years has been the increasing indications for long-term, chronic NIV
and, of course, long-term application of CPAP in OSA.

For patients with a range of causes of ventilatory failure, the natural history progresses from
normal breathing to a gradual loss in lung volumes and then, initially, changes in blood gases
are seen at night due to hypoventilation, and if that is not addressed, ultimately, progress to day-
time respiratory failure, cardiac decompensation, and premature death. In Duchenne muscular
dystrophy and other neuromuscular diseases, once a patient starts developing high carbon
dioxide level during the daytime and or night time, suggestive of ventilatory muscles fatigue
and carries a dismal prognosis if the Home NIV support is not provided earliest possible. In
COPD, recent trials have shown NIV may be beneficial in stable hypercapnic patients. NIV has
been extended to the pediatric age range, with the feasibility of using NIV to control noctur-
nal hypoventilation in children initially being demonstrated predominantly in neuromuscular
conditions. Many of these children now survive to adolescence or adulthood, as shown in the
section entitled “Chronic NIV in hereditary neuromuscular disorders.”

There is also growing interest in NIV in cardiology. There is no doubt that patients with heart
disease and OSA benefit from treatment of the OSA. By contrast, Cheyne-Stokes respiration
is a form of central sleep apnea in patients with chronic heart failure. Recent work shows that
around half of patients with mild heart failure have sleep disordered breathing too. CPAP
can be used to treat OSA, but it does not work in central sleep apnea or Cheyne-Stokes res-
piration. NIV is now being used in some situations to palliate symptoms without the aim of
prolonging survival. Here, goals such as reduction in dyspnea and control of symptoms of
nocturnal hypoventilation should be set preemptively so that if these are not met, NIV can be
discontinued and palliative efforts are directed elsewhere. NIV combined with cough assist
devices can also be used to manage severely ill type 1 spinal muscular atrophy infants with
the aim of discharging the patient to their home and managing breathlessness.

2. Implementation of NIV in clinical practice

There is evidence that patients who would benefit from NIV are not receiving it even for gold
standard indications, such as acute hypercapnic COPD, mainly because the medical team does
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not feel comfortable to start NIV; in such case, they must take MICU or pulmonary medicine
doctor’s opinion for the NIV in COPD and they must try to emphasize the use of NIV to the
patients to improve quality of life and to reduce morbidity and mortality in not only COPD but
also in all well-established indications for NIV use in various respiratory diseases. Pulmonary
and MICU doctors are at forefront to recommend the use of NIV in established and potential
indications to improve quality of life and survival.

Author details

Mayank Vats
Address all correspondence to: mvatsonline@gmail.com

Interventional Pulmonologist, Pulmonologist, Intensivist and Sleep Physician at Rashid
Hospital and Dubai hospital, Dubai, UAE
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Chapter 2

Obstructive Sleep Apnea: A Pathophysiology and
Pharmacotherapy Approach

| Jyothi, K Renuka Prasad, R Rajalakshmi,
RC Satish Kumar, Talatam Ramphanindra,
TM Vijayakumar and llango Kaliappan

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.77981

Abstract

Obstructive sleep apnea (OSA) is a common sleep disorder characterized by complete
cessation of upper airflow during sleep, leading to repetitive episodes of desaturations
and arousals. The symptoms include excessive daytime somnolence and are associated
with a significant cardiovascular morbidity and mortality. The prevalence of OSA is
higher in men with an approximate rate of 14 and 5% in women respectively. Typical
risk factors for obstructive sleep apnea in the normal adult population are obesity, aging,
gender, menopause, ethnicity, genetical predisposition, craniofacial anatomy, smoking,
alcohol consumption and some other factors such as REM sleep, surface tension, and
impaired sensory processing. Several screening questionnaires can be performed in out-
patient settings to identify the patient symptoms. Polysomnography is considered as the
gold standard for diagnosis of OSA. Different surgical treatments and devices are readily
available for an effective management of this disease. Proper diagnosis and treatment
improves not only the quality of life but also relatively decreases patient morbidity and
mortality. A multifaceted approach is necessary for an accurate management of the OSA.

Keywords: obstructive sleep apnea, excessive daytime somnolence, obesity,
polysomnography, quality of life

1. Introduction

The first clear modern description of obstructive sleep apnea (OSA) was given by Burwell in
1956 in the publication entitled, “Extreme Obesity Associated with Alveolar Hypoventilation:

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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A Pickwickian Syndrome.” The name came from Charles Dickens’ The Posthumous Papers
of the Pickwick Club (1837). It is unclear if the patient named Joe with overweight exhibited
symptoms of OSA, and it took another decade before Gastaut and colleagues in 1966 recog-
nized OSA in obese patients and noted these nocturnal disturbances to possibly be linked to
their daytime somnolence [1].

Obstructive sleep apnea (OSA) is a potentially serious and life-threatening disorder affecting
millions of people around the world. It is a sleep-related respiratory condition, characterized
by the complete or partial collapse of breathing because of a narrowing or closure of the upper
airway during sleep, resulting in intermittent cessations of breathing (apneas) or reductions in
airflow (hypopneas) despite ongoing respiratory effort [2]. The symptoms include excessive
daytime sleepiness, Mood changes, Fragmented sleep, as well as the decreased health-related
quality of life. Patients often complain of snoring, Gasping or choking, frequent nocturnal awak-
enings, early morning headaches, poor concentration and coordination, anxiety, irritability, and
insomnia, yet many patients are unaware of these symptoms and disease onset is insidious [3, 4].
The underlying mechanism of OSA is still under investigation, but it is precisely multifaceted.

The economic burden of OSA is substantial due to its high prevalence and economic costs in
the community globally, the profound clinical effects on an individual’s cognitive and general
functioning and the increased risk of adverse health complications [2]. Moreover, mount-
ing evidence suggests that OSA can increase the risk of cardiovascular diseases (hyperten-
sion, coronary heart failure, stroke etc.), metabolic syndrome, Neurological problems and
increased in societal effects such as traffic accidents [3, 5-7].

2. Prevalence of OSA

OSA is a common chronic disorder with an estimated prevalence of 2-4% in general and
the disorder was believed to be rising continuously with an approximate rate of 14% in men
and 5% in women aged 30-70 years respectively [8-10]. It is higher in patients with obesity;
diabetes mellitus type II and other cardiovascular disorders which includes ischemic heart
disease, heart failure, cardiac arrhythmias, stroke, atherosclerosis and myocardial infarction
[8, 10]. Research on current prevalence (Seventh Joint National Committee) shows that OSA
was identified as a secondary cause of Hypertension (HTN) and ranges from 37 to 56%, the
prevalence rate of OSA in resistant hypertensive patients were estimated to be 70-83% [11].
Among the pediatric population, the rate affects between 1.2 and 5.7% and it is estimated that
36% of obese children are at high risk of OSA [12]. Since it is reported that more than 85% of
patients with OSA symptoms have never been diagnosed clinically [13].

3. Pathophysiology of OSA

The pathogenesis of OSA can be multifactorial, complex and incompletely understood
[13, 14]. The changes in upper airway anatomy tissue characteristics and neuromuscular
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function, sleep-dependent changes can assume to play the major role between the individuals
(Figure 1). Certain factors that may contribute to OSA include obesity, thickened lateral pha-
ryngeal walls, nasal congestion, enlarged uvula, facial malformations, and tonsillar hypertro-
phy. As the patient falls asleep, the muscle tone of the nasopharynx is reduced during sleep
and airways become contracted. These episodes are typically accompanied by repeated oxy-
hemoglobin desaturation, oxygen levels in the body start to drop and carbon dioxide levels
rise by short micro-arousals by the patient when the airway patency is restored. This causes
activation in sympathetic nervous system and contraction of nasopharyngeal tissue, which
results in obstruction of the airway. These cyclic episodes continue throughout the night
with reduced deep Non-Rapid eye movement sleep (NREM) and Rapid eye movement sleep
(REM) [13]. Several studies have confirmed that the airway dilating muscles in OSA patients
can no longer resist the negative pressure in airways during inspiration. In severe cases, the
respiratory events can occur 50-100 times per hour; each event lasts for about 20-40 s [9].The
severity of OSA is measured by the apnea-hypopnea index (AHI). The frequency of apneas
and hypopneas per hour of sleep. Apnea is defined by complete obstruction of the upper air-
ways lasting for at least 10 s (i.e. airflow restriction by more than 90% (according to AASM cri-
teria). Hypopnea is defined as airflow restriction more than 30% (according to AASM criteria)

Figure 1. Pathophysiology of OSA.
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OSA severity RDI measurement (events/hr)
Mild OSA >5

Moderate OSA >15

Severe OSA >30

Table 1. OSA severity is defined by the AASM.

lasting for more than 10s. The oxygen desaturation index (ODI) is defined as the number of
desaturations per 1 h of monitored sleep when oxygen saturation is reduced as compared to
the baseline standard level. The respiratory effort related arousal (RERA) can also be used.
RERA is defined as an episode characterized by an increased respiratory effort caused by
upper airway airflow reduction resolved with arousal and accompanied in most cases with
hypoxemia. The respiratory disturbance index (RDI) is the sum of RERA and AHI [9, 15].

According to the third edition of the International Classification of Sleep Disorders (ICSD-3),
obstructive sleep apnea (OSA) is defined as polysomnography derived obstructive respiratory
disturbance index (RDI) >5 events/h associated with typical OSA symptoms, or an obstructive RDI
>15/h in the absence of clinical OSA symptoms [9]. According to American Academy of sleep medi-
cine (AASM), OSA is commonly divided into three levels of severity as detailed in Table 1 below.

4. Diagnosis of OSA

The diagnosis of Obstructive sleep apnea starts with thorough history and physical exami-
nation to elucidate the signs and symptoms of the syndrome. Common symptoms patients
complain of snoring, disturbed sleep, daytime somnolence, decreased libido as well as a his-
tory of hypertension, cardiovascular disease, and diabetes. Depending on the nonspecific and
other variable features of OSA, its diagnosis based on a clinician’s subjective analysis alone
may be inaccurate [13]. A number of out-patient screening questionnaires such as Epworth
sleepiness scale (ESS), Berlin Questionnaire STOP-BANG questionnaire, Sleep Apnea of Sleep
Disorder Questionnaire SA-SDQ, OSA50 questionnaire etc. to help and identify patients with
OSA [9, 16, 17]. Advances in sleep medicine and the availability of improved diagnostic tools
have led to a better recognition and treatment of the disease. The outpatient examination
should be repeated and the patients should be then referred, depending on the result of the
follow-up examination, to a sleep laboratory [8].

An overnight polysomnography is considered to be the gold standard for the diagnosis of
obstructive sleep apnea (Figures 1 and 2). A screening tool is necessary to stratify patients
based on their clinical symptoms, their physical examinations, and their risk factors, in order
to ascertain patients at high risk and in urgent need of PSG and/or further treatment [18]. The
diagnostic PSG was performed using the computerized polysomnographic system including
the monitoring of electroencephalogram (EEG), submental and anterior tibial electromyo-
gram (EMG), oxygen saturation (SaO,), electrocardiogram (ECG), inductance plethysmography
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Figure 3. Polysomnography representation of airflow obstruction with desaturation.
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of chest walls and abdomen, nasal pressure sensor, and oronasal thermistor. The polysom-
nographic recording was scored manually by the sleep specialist. The sleep stage scoring
and event scoring were done in accordance with the American Academy of Sleep Medicine
(AASM) Manual for the Scoring of Sleep and Associated Events [19] (Figure 3).

Total obstructive Apnea/hypopnea index (AHI) was calculated as the number of obstructive
apneas and hypopneas per hour of total sleep time (TST). The threshold for diagnosis of OSA
was set at an AHI >5 and the severity of OSA was arbitrarily defined by cut-off levels of AHI
[20]. Additional diagnostic models for OSA include portable sleep monitors, radiographic stud-
ies for anatomic analysis. It is necessary to remember that OSA can occur and progress over
short periods of time, and its association with significant morbidity, coupled with the relatively
low risk and high reward of therapy, that requires a thorough workup and treatment plan [13].

5. Complications of OSA

Several risk factors have been identified in the development of OSA namely male gender(up to
age 65), increasing age, menopause, overweight, truncal obesity reflected by several markers
including BMI, neck circumference, and waist-to-hip ratio, craniofacial abnormalities, upper
airway anatomy, smoking, alcohol, and genetic predisposition [21]. Obesity is considered as
the most important clinical risk factor for the development of OSA. Several studies have shown
that more than half of the prevalence of OSA is attributable to excess body weight as opposed
to substantial improvement with weight reduction [19]. Fat Deposition around the pharyn-
geal airway and abdomen may likely to reduce residual capacity function, which would be
predicted to reduce lung volume tethering effects on the upper airway [22]. This latter mecha-
nism emphasizes the great importance of central obesity as compared with peripheral obesity
since it is the abdomen much more than the thighs that affect upper-airway size. Therefore,
obesity has been associated with functional impairment in upper airway muscles [23].
Figure 4 represents the complications of OSA.

The prevalence of OSA increases with age and the gender differences diminish significantly
after menopause [21]. Although several potential mechanisms have been proposed, the expla-
nation for this aging increase in the prevalence of OSA remains unknown. The exact mecha-
nism of OSA was not fully known but, it begins as just loud snoring, then gradually over a
period of time cessations of breathing and symptoms of excessive sleepiness develop, and
thereafter may remain stable or worsen with weight gain. Numerous studies have attempted
to know the cause of the age-related impact on OSA, no definitive conclusions have been
reached [22]. Anatomical and pathophysiological susceptibility to OSA appears to increase
with age in older people, who had a poorer responsiveness of pharyngeal dilator muscles, the
genioglossus negative pressure stimuli appear to deteriorate with aging [23].

Craniofacial anatomy is probably one of the important factors in non-obese cases with
OSA. Several soft and hard tissue factors may alter the mechanical properties of the upper
airway muscles and increase its propensity to collapse during sleep. Features such as retrog-
nathia, tonsillar hypertrophy, soft palate, inferiorly positioned hyoid bone, maxillary and
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Figure 4. Complications of OSA.

mandibular retroposition, can narrow upper airway dimensions and promote the occurrence
of apneas and hypopneas during sleep. Differences in craniofacial structures may alter the risk
for obstructive sleep apnea across different racial groups. Therefore, different racial groups
are prone to develop obstructive sleep apnea at varying degrees of obesity, clinicians should
consider the possibility of this disorder particularly in the presence of clinically detectable
craniofacial abnormalities [4]. According to clinic-based studies, the significant gender gap in
the prevalence of OSA was reported. Recent population-based studies have confirmed that the
prevalence of OSA is higher in men than women. This difference between clinic and epide-
miological prevalence suggests several explanations for the gender gap. Firstly, women may
not present with a similar symptomatic profile as men (loud snoring, nocturnal snorting or
gasping, and witnessed apneas). Women were more likely to present with atypical complaints
namely insomnia, depression, fatigue, and lack of energy, less likely to have apnea. The other
reasons for this gender disparity are differences in body fat distribution (or other gender-
related upper airway anatomy differences), control of ventilation, physiology of the pharyn-
geal airway dilator muscles activation, and hormonal differences. Therefore, the evidence
suggests that women are underdiagnosed and untreated for OSA compared to men [21].

Social factors such as smoking and alcohol consumption are considered as possible risk fac-
tors for progression of obstructive symptoms [13]. Epidemiological studies show that current
smoking is associated with high prevalence of snoring and obstructive sleep apnea. Smoking
can alter the upper airway properties and increase its collapsibility during sleep [4]. Ingestion
of alcohol especially at dinner or during the evening relaxes dilator muscles, increases upper
airway resistance, and decreases respiratory reflexes, and so it leads to snoring and apnea
episodes in susceptible individuals [24].

11
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Familial aggregation of obstructive sleep apnea was first recognized in the 1970s by Strohl
and co-workers in a family with several affected individuals. The relative risk of obstruc-
tive sleep apnea can be two-four fold higher in first-degree relatives [23]. Genetic factors of
obesity, soft tissue characteristics, and craniofacial abnormalities together given the wealth of
evidence implicating these factors in the pathogenesis of the disorder. However, the genetic
basis of obstructive sleep apnea needs a better attention, the available study reports suggest
that inquires about family history can help the clinician to diagnose the disorder early for fur-
ther treatment [4].Medications such as muscle relaxants, sedative hypnotics (benzodiazepines
and barbiturates), narcotics, opioid analgesics and other central nervous system depressants,
preferentially inhibit upper airway muscle activity while also depressing the respiratory cen-
ters of the brain [24].

There are several other risk factors associated with OSA namely nasal congestion, pregnancy,
menopause, hypothyroidism, diabetes and pregnancy. Available data suggest that OSA is
three times higher in patients with insulin resistance than it is in the general population.
Hypothyroidism leads to deposition of mucoproteins in the upper airway that causes enlarge-
ment of the soft palate, pharyngeal and laryngeal mucous membranes, thereby increasing
the propensity for upper airway collapse during sleep. Thus, patients with hypothyroidism
may have increased susceptibility to obstructive sleep apnea. Pregnant women also experi-
ence higher rates of snoring particularly in the third trimester due to some of the physiologic
changes that accompany pregnancy (e.g., higher progesterone levels, decrease in sleep time in
the supine position). Thus, early case identification may have implications for maternal and
fetal outcomes. Knowledge of risk factors for obstructive sleep apnea is therefore crucial for
proper diagnosis and treatment at those with the highest risk [4, 21].

6. Pharmacotherapy of OSA

OSA is a common condition in which nasal and oral airway ceases in spite of continued
diaphragmatic efforts and is associated with poor quality of life, increased healthcare-
related costs. Numerous efficacious treatments are available, but the patient should not shy
away from therapeutic options, and medical practitioners should not hesitate to implement
treatment regimens in addressing the problem of OSA. Treatment of OSA depends on the
severity, duration, and cause of the patient’s symptoms as well as the patient’s lifestyle,
comorbidities, and overall health [13]. The detailed treatment procedures are discussed
below (Figure 5):

6.1. Positive airway pressure treatment (PAP)

First-line therapy for most patients with OSA continues the use of PAP especially in patients
with greater apnea-hypopnea index score (AHI). PAP devices work as pneumatic support
that allows maintaining adequate airway patency above a critical value (pressure value
below which the airway collapses). The device is applied to the patient, through a nasal
or oronasal mask during sleep in overnight at a required positive pressure. The pressure
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Figure 5. Pharmacotherapy of OSA.

can be varying with the severity of OSA and high pressures are required to avoid apneas
during rapid eye movement sleep (REM) in the supine position or in severe obesity cases.
However, patient compliance for PAP devices levels average 40-50% due to mask leaks,
nasal congestion and sleep disruption. In moderate to severe OSA cases PAP therapy is
remains as life-long treatment, many advanced PAP ventilators such as continuous posi-
tive airway pressure (CPAP), auto-titrating positive airway pressure (APAP), and bi-level
positive airway pressure (BPAP) therapies have been commercialized in order to maintain
efficacy and maximal comfort for patients [8, 25].

6.2. Continuous positive airway pressure (CPAP)

CPAP therapy was initially applied as treatment of OSA by Sullivan and colleagues in 1981
[26]. Since its initial description, the device is considered as the gold standard treatment for
OSA. The clinical application of this CPAP has deeply modified the course of the disease
over the last three decades, offering to thousands of patients the first non-invasive method
to control their disorder. Worldwide, CPAP is constantly recommended as the first-choice
treatment for patients with moderate to severe OSA. Continuous PAP (CPAP), generally
administered through the nose (nCPAP), delivers a single pressure to the posterior pharynx
throughout the night and acts as a pneumatic splint that maintains the patency of the upper
airway in a dose-dependent fashion. The best pressure for CPAP treatment is typically
determined during an in-laboratory attended sleep study. CPAP therapy is indicated in all
patients with an AHI greater than 15, independently from the presence of comorbidities,
type of work and severity of symptoms; if the AHI is above 5 and below 15, CPAP is indi-
cated in the presence of symptoms (i.e. sleepiness, impaired cognition, mood disorders)
or in the presence of hypertension, coronary artery disease or previous cerebrovascular
accidents [8, 25, 27].

13
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6.3. Oral appliances

Over the last 10 years, oral appliances have gained increasing recognition as a useful alterna-
tive to CPAP for the treatment of patients with mild to moderate OSA and for those who do
not tolerate or adhere to CPAP. The most frequently used oral appliances are mandibular
advanced splints (MAS). These splints attach to both the upper and lower dental arches in
order to advance and retain the mandible in a forward position, further the size of upper
airway will be widened particularly in its lateral dimension, and the function of upper airway
dilator muscles, particularly the genioglossus, will improve through the protrusion of the jaw
during sleep [30]. As the pharyngeal collapsibility is reduced, the risk of apnoeic events will
be lowered. Side effects that are more persistent include arthralgia, teeth pain and occlusal
changes [8]. Several randomized trials have evaluated the efficacy of MAS versus CPAP in
mild to moderate obstructive sleep apnea, treatment with MAS significantly reduces the num-
ber of apneas/hypopneas (normalizing nocturnal SaO2), reduces daytime somnolence, and
improves quality of life [28]. It has been demonstrated that the treatment success is achieved
in patients with the following characteristics: young people, women, patients with small
necks, and milder OSA [29]. Another group of oral appliances includes the orthodontic micro-
implants that are connected to the extra-orally anchored mask. Overnight application of these
devices significantly reduces the AHI and few studies have shown similar efficacy compared
with MAS. This type of implants could be used in patients with few teeth, exaggerated gag
reflex, or intolerance for classic MADs [27]. Although its efficacy is still undetermined to rec-
ommend the use of these oral appliances in clinical practice [30].

The role of surgery in the management of OSA has been widely explored in an attempt to find
a treatment option that could be definitive [6]. A wide variety of procedures are available,
many of which are directed at the site of obstruction [2]. Initially, Kuhlo and colleagues in
1969 followed by Lugaresi and colleagues in 1970 were the first to treat OSA effectively (or
Pickwickian syndrome) by means of a tracheostomy. By bypassing the upper airway, trache-
ostomy is purported to be curative for OSA. The surgical procedure is effective at preventing
OSA-related arrhythmias, reducing pulmonary artery pressures, and improving hyperten-
sion and diabetes in patients with OSA. Unfortunately, tracheostomy has several problems
including patient dissatisfaction (e.g., psychosocial aspects), perioperative complications
(e.g., wound infection, tissue necrosis, bleeding), recurrent bronchitis, granulation tissue,
trachea-innominate fistula formation, and stoma stenosis [31].

6.4. Surgical treatment

The aim of the surgery is to remove the cause of upper airway obstruction and to widen
the airway, after a precise detection of the site where the obstruction occurs [8]. The most
common sites of obstruction are the oropharyngeal tract (collapse of the retropalatal and
retrolingual regions due to macroglossia, low-lying soft palate or enlarged tonsils) and the
nose (congestion, polyposis, chronic rhinitis) [32]. Tonsillectomy and adenoidectomy are
the most commonly used surgical procedures to treat OSA in children and are highly effec-
tive [8]. Uvulopalatopharyngoplasty (UPPP), either conventional or laser assisted (LAPP),
is a widely used surgical procedure for the treatment of OSA. This technique consists of the
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resection of the uvula, part of the soft palate and tissue excess in the oropharynx, and is
usually performed with simultaneous tonsillectomy [31]. The success rate for UPPP alone is
30, 60% along with a tonsillectomy. The common side effects of UPPP surgery include velo-
pharyngeal insufficiency (up to one-third of patients), dry throat and swallowing difficulty
[33]. Tracheotomy is the most established surgical treatment for OSA and must be carried out
in selected patients with severe OSA for whom all other treatment approaches have failed
[34]. Maxillomandibular advancement (MMA) is indeed a highly effective treatment for tra-
cheotomy. In fact, the efficacy of most treatments decreases with age and weight gain. This
indicates a major factor determining the recurrence of OSA after surgery [8].

6.5. Weight control and bariatric surgery

Excess body weight and obesity are considered as largest predisposing factors for obstructive
sleep apnea (OSA) over 70% of OSA patients have obesity. Population-based studies have
documented a strong correlation between body mass index (BMI) and apnea-hypopnea index
(AHI). Observational studies on the effects of dietary or surgical weight loss which show that
reducing obstructive sleep apnea severity is possible with a decrease in body weight where a
significant reduction in AHI score can be seen [4]. In patients with morbid obesity (BMI > 40)
bariatric surgery, including gastric bypass and bandage, is presented as the optimal alterna-
tive for achieving considerable weight reduction when conservative treatments like CPAP,
oral devices, and upper airway surgeries are failed [35]. Evidence has demonstrated, that
bariatric surgery is co-adjuvant in the treatment of OSA, effectively reducing severity in up to
75% of cases. But, the remission rate for OSA 2 years after bariatric surgery in relation to the
quantity of weight loss is up to 40% [27].

6.6. Educational and behavioral therapies

Educational and behavioral therapies are the first step in approaching patients with OSA,
independently from the treatment chosen. Patients should be instructed to avoid risk fac-
tors such as tobacco, alcohol consumption (particularly in the evening), using sedatives and
hypnotics. The physician main priority is to explain the patients the role that obesity plays
in their disorder, and advice to maintain an optimal weight [8]. Another goal of the edu-
cational therapy is to help each patient to recognize the need for regular use of nocturnal
CPAP. Recent reports suggest that a supportive intervention can significantly increase com-
pliance in patients with moderate to severe OSA [36].

6.7. Positional therapy

Body position during sleep greatly affects the number and severity of obstructive events due
to anatomical and physiological mechanisms. The supine position, mainly due to effects of
the gravity on the tongue and soft palate position, is generally associated with an increased
number of apneas/hypopneas [37]. Postural OSA can take place mainly in patients sleep-
ing in the supine position. If postural OSA is diagnosed with standard criteria, patients
can benefit from a positional therapy (PT). The therapy includes “Tennis ball technique”
consisting of a tennis ball strapped to the back to discourage supine position, supine alarm
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devices and a number of positional pillows. The success rate can be considered by proper
selection of patients and post-treatment AHI has to below 10. However, trials on the long-
term effects of PT on important outcomes, such as metabolic and neurocognitive changes,
are still need to be studied [38].

A number of novel therapeutic options for management of obstructive sleep apnea are
now under evaluation. The stimulation of upper airway muscles has been considered as
a potential approach to prevent obstructive apneas over the years [39]. The Inspire Upper
Airway Stimulation is the first system recently approved in patients with moderate to
severe OSA, who are intolerant to use CPAP. Trials conducted on patients with moderate
to severe OSA intolerant to CPAP showed 68% reduction in the median AHI score with a
subjective improvement in daytime sleepiness and quality of life over 12 months of period
[40]. Other emerging treatment options are intended for patients with mild disease or as
a remedy for simple snoring. Among these nasal expiratory PAP (nEPAP) has recently
gained attention [41]. The nEPAP is a disposable adhesive device placed over each nos-
tril in order to increase the airflow resistance during the exhalation with a consequent
improvement in the upper airway patency. A study in patients with mild to moderate
OSA, nEPAP significantly reduce apneas, snoring, AHI score and improves subjective day-
time sleepiness [42]. Therefore, further research is necessary to assess the potential benefits
of this evolving technology.

7. Conclusion

Over recent decades, diverse studies have carried out to improve our understanding of
the physiological mechanisms and outcomes of OSA, providing relevant insights into its
potential contribution to the development of various treatment alternatives. Although an
effective treatment is still unavailable, the combination of several therapeutic strategies to
prevent of risk factors, improving sleep disturbance and quality of life should be the focus
in patients with OSA. A multidisciplinary approach is needed for a treatment protocol
that is able to directly address the etiological processes of the disease in order to reduce
its prevalence.
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Abstract

Respiratory muscle weakness is the main contributor to respiratory imbalance in patients
with neuromuscular diseases (NMD). In the advanced stages of the disease, patients
develop a chronic respiratory failure due to muscle weakness, which is the principal
cause of death among these patients. Respiratory muscle weakness ultimately causes
alveolar hypoventilation, initially nocturnal, and later daytime respiratory failure. The
signs and symptoms of early respiratory muscle weakness are discrete, namely: dyspnoea
on effort, orthopnea, insomnia, frequent nocturnal awakenings, morning headache, loss
of appetite, excessive daytime sleepiness, depression, anxiety, and marked fatigue. The
management of respiratory failure in neuromuscular diseases requires the use of non-
invasive ventilation (NIV) to assist the respiratory muscles in order to correct the alveo-
lar hypoventilation and ameliorate gas exchange. NIV thus slows down the decline of
forced vital capacity thereby improving the patient’s quality of life, physical activity and
hemodynamics, normalization of blood gases, slight improvement in other physiological
measures, and maximal mouth pressures and increases survival. NIV support should be
offered to all patients who present with early signs of ventilatory failure as it is probably
the most effective among treatments in prolonging life in neuromuscular patients.

Keywords: non-invasive ventilation, respiratory failure, neuromuscular diseases

1. Introduction

Neuromuscular diseases (NMD) are a group of diseases that affect the nerves that control
voluntary muscles, including respiratory muscles in more advanced stages, that varies
according to underlying disease [1]. The weakness of the respiratory muscles causes alveolar
hypoventilation, initially during sleep, and then leading to respiratory insufficiency in the
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daytime [1, 6]. Respiratory infections, in which neuromuscular patients are predisposed, usu-
ally aggravate the evolution of respiratory insufficiency.

Muscle weakness affects three categories of muscles involved in breathing:

* Inspiratory muscles, which contribute to the act of ventilation and voluntary inspiration.
¢ Expiratory muscles performing forced expiration and forced expiratory flow.

¢ Bulbar muscles, which have a glottic function, thus contributing to swallowing/speech,
increased intra-thoracic pressure and cough [4, 9, 13].

Affection of inspiring muscles in NMD leads to dyspnoea, orthopnea, alveolar hypoventila-
tion and hypercapnia. Alveolar hypoventilation occurs initially during rapid eyes movement
sleep (REM) sleep, then in non-REM sleep, leading to morning hypercapnia and later in the
evening hypercapnia as well as hypoxia [2, 3, 8, 13]. The weakness of the expiratory muscles
leads to an inefficient clearance of the airway, ineffective cough, thus predisposing to respira-
tory infections. Affecting bulbar muscles causes swallowing and speech disturbances, aspira-
tion secretions, reduced airway clearance, and recurrent respiratory infections [1, 6, 8, 13].

Existing studies have shown, mostly uncontrolled trials, that non-invasive ventilation (NIV)
in neuromuscular diseases improved quality of life, physical activity and hemodynamic, nor-
malization of blood gases and slight improvement in other physiological measures, such as
the vital capacity and maximal mouth pressures [1, 3, 5, 6, 11, 12].

Monitoring of patients diagnosed with NMD is essential for the early detection of signs of
respiratory failure and the establishment of NIV at an early stage of respiratory distress.

2. Signs and symptoms of respiratory failure in neuromuscular
diseases

2.1. Symptoms

The symptoms of respiratory muscle weakness depend on the speed of its development. When
the onset is subacute (for example, in Guillain-Barre syndrome), the predominant symptoms
are dyspnoea and orthopnea, or sometimes respiratory arrest. These symptoms are often
accompanied by those of bulbar weakness and inability to clear respiratory secretions. The
symptoms of respiratory failure may easily be overlooked and should be specifically sought
in any patient with rapidly progressive weakness, especially when the bulbar muscles and
shoulder girdle are affected [4, 8, 9, 11].

When respiratory muscle weakness develops gradually, inadequate respiration usually
occurs first during sleep. Symptoms of nocturnal hypoventilation include a broken sleep pat-
tern, nightmares, nocturnal confusion, morning headache, daytime fatigue, mental clouding
and somnolence [4, 8, 9, 11].



Noninvasive Ventilation in Neuromuscular Diseases
http://dx.doi.org/10.5772/intechopen.77173

Symptoms Signs

Dwspnea to minimal effort or speech Tachvpnea

Orthopnoea The use of auxiliary respiratory muscles

Frequent nocturnal awakenings DParadoxical abdominal movements

Excessive daytime sleepiness Feducing the amplitude of the thoracic
mMovements

Daytime fatigue Ineffective cough

Moming headaches Sweating

Difficulty to expectorate secretions Tachvcardia

Apathv, loss of appetite Moming confusion, hallucination

Hypomnesic concentration deficiency and | Weight loss

memory impairment

Difficulty sleeping Drv mouth or hvpersalivation

Table 1. Signs and symptoms of respiratory failure in neuromuscular diseases.

Rapidly progressive NMD | Variable progression Slowly progressive or non-
progressive

Amvotrophic lateral Limb girdle muscular Spinal muscular atrophv

sclerosis (ALS) dwstrophy

Duchene muscular Miopathies Poliomyelitis, post-polio

dvstrophy (DMD) Nemaline miopathy svndrome

Metabolic miopathy
Merosin negative congenital | Facio-scapulohumeral
muscular distrophy muscular dystrophv
Becker muscular dystrophy

Table 2. Classification of Neuromuscular disorders (NMD) according to evolution [1].

Exertional dyspnoea is encountered less frequently in neuromuscular patients than in
those with other cardiorespiratory disorders, particularly when the patient has reduced
mobility. Dyspnoea when lying flat or immersed in water specifically suggests weakness of
diaphragm [4, 9].

2.2. Signs

A patient with severe respiratory muscle weakness or respiratory failure may appear overtly
breathless and may be using accessory muscle of respiration. The patient may be unable
to speak in complete sentences or take deep breaths to command. Inability to count from 1
to 20 in a single breath indicates significant reduction of vital capacity (VC) or forced vital
capacity (FVC) [4, 9, 11]. Paradoxical abdominal motion (inwards movement of the abdomi-
nal wall with inspiration) suggests significant weakness of the diaphragm. The combination
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of hypoxemia and respiratory acidosis may produce mental clouding or somnolence. It is
also important to assess the bulbar musculature, weakness of which can hinder clearing of
respiratory secretions and so allow aspiration. Most of the patients with respiratory muscle
weakness resulting from a neuromuscular condition have limb weakness. Acute respiratory
failure in patients with neuromuscular disorders is often precipitated by respiratory infection
(4,89 11].

Particular attention should be paid to:

* Presence or absence of bulbar weakness.

* A tall, thin face (congenital myopathy, myotonic dystrophy)
* Ptosis of ophthalmoparesis (myasthenia)

¢ Fasciculation (motor neuron diseases)

¢ Paraspinal muscle wasting (acid maltase deficiency)

* Skin rash (dermatomyositis)

The main signs and symptoms of respiratory failure in the NMD can be found in Tables 1
and 2.

3. Course of neuromuscular disorders

Neuromuscular disorders can be divided into slowly progressive, rapidly progressive and
NMD with variable progression; understanding the speed of progression of the disease is
important in deciding the appropriateness of NIV [1, 2].

In the rapidly progressive NMD, the prototype of this category is Duchenne muscular dystro-
phy (DMD). Monitoring these patients begin in early ambulance stage, when the patient can
walk independently, by using serial spirometry, sleep studies and blood gases, for capturing
early FVC decline and respiratory disturbance in REM and non-REM sleep [11, 14].

In general, reducing FVC demonstrated by spirometry does not correlate very well with the
occurrence of dyspnea as a symptom at these patients. Therefore, monitoring of clinical signs
and symptoms of respiratory disturbance is not enough. Alveolar hypoventilation, secondary
to respiratory muscular weakness, initially occurs in REM sleep, and it can be early diagnosed
by using polysomnography. In a later stage, sleep disturbances occur both in REM and non-
REM sleep, resulting in morning hypercapnia, and in the final stages, it also occurs during
the daytime [11, 14].

The classical spirometry measuring FVC has some limitation in detecting moderate inspi-
ratory muscle weakness; performing lung function test in supine position, could improve
the value of FVC [16]. In DMD and other rapidly progressive NMD, initial evaluation using
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spirometry, polysomnography, blood gases and SaO2 is performed once a year, subsequently
two times a year, and in advanced stages at 3 months [11, 14]. In slowly progression NMDs
and those with variable progression, annual monitoring is sufficient.

4. Monitoring evolution of NMD

From a functional stand point, neuromuscular patients can be classified as following:

* Ambulant patients, who can walk without any help.
* Non-ambulant patients, who cannot stand seated without any help.
¢ Non-ambulant patients, who can stand seated without any help, but cannot walk without

any help [14].

The monitoring of the patients is in relation with the specific neuromuscular disease and
the rate of progression of the disease in each patient. It is recommended that the respira-
tory evaluation be done every 3-6 months, less frequently for ambulant patients, and more
frequently for the nonambulant patients, and where the disease progresses at a faster pace.

Methods for respiratory monitoring in NMD:

* Spirometry

* Pulse oximetry

* Blood gases or capnography

¢ Polysomnography and/or cardiorespiratory polygraph

* Manometry for measurement of maximum inspiratory pressure (MIP) and maximum expi-
ratory pressure (MEP)

¢ Cough peak flowmetry

* Sniff nasal inspiratory pressure (SNIP)

Spirometry and lung function testing are useful for detection of reducing FVC [11, 21] It can
be applied while the patient is standing, however, classical spirometry measuring FVC has
some limitations in detecting moderate inspiratory muscle weakness, spirometry in supine
position is recommended. When measured FVC is in the supine position, vital capacity is
lower, especially in patients with diaphragmatic weakness. Supine vital capacity may be use-
ful in monitoring disease progression [11, 20]. A vital capacity of <1.11 liters predicted risk of
chest infection with a sensitivity of 90.5% and a specificity of 70.8% [11].

Peak flowmetry during cough [cough peak expiratory flow (PEF)] allows efficient evaluation
of coughing. A cough with PEF <270 ml/min suggests ineffective coughing [16].
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Pulse oximetry can be used for highlighting hypoxemia during day, but also for guiding
during the clearance of the airways. If the O, saturation is lower than 94%, clearance of the
airways must be initiated. Continuous night pulse oximetry can be used for screening of the
nigh time hypoxemia. Currently, it is not recommended to routinely monitor SaO, at home,
more studies being required for this issue [11, 14, 16].

Blood gases or capnography allows the assessment and evaluation of the initial morning
hypercapnia; then, it becomes permanent. Blood gases should be performed if SaO, <94% and
the patient do not have lung disease [16, 17]. In children with NMD, the use of capnography
is preferred, a noninvasive method, in order to determine the transcutaneous CO,, and to
monitor the exchange of gases routinely [11, 14].

Polysomnography represents a diagnostical investigation option for respiratory distur-
bances during sleep and during alveolar hypoventilation in NMD and is the most perti-
nent indicator for proposing NIV [10, 21]. Polysomnography (Figures 1 and 2) is useful in
nonambulant patients who cannot stand without any help and can be used for initiation
and titration of the respiratory support, more specifically non-invasive ventilation. If poly-
somnography is not available, the cardiorespiratory polygraph is recommended, with a
minimum of four channels: O, saturation, cardiac frequency, nasal flow, and chest move-
ments during sleep [11, 14, 16].

A specific evaluation of respiratory muscle strength is the measurement of maximum inspira-
tory pressure (MIP), maximum expiratory pressure (MEP), and sniff nasal pressure (SNIP). In
some patients, specifically in NMD with bulbar determination, some discrepancies are regis-
tered between the maximum inspiratory pressure (MIP) and sniff nasal pressure (SNIP). As
a consequence of the discrepancies, it is recommended to do both tests, taking note to select
the highest pressure [11, 16].
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Figure 1. Polysomnography in 9 years old patient with Central Core Myopathy. Obstructive and central apnoea, AHI1 =
15,7/hour of sleep, desaturation in O2 in REM sleep.
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Figure 2. Polysomnography in a patient aged 45 years with ALS generalized form, spastic tetraplegia, pseudobulbar
syndrome, syalorrhoea, eating difficulties, dyspnoea. Epoch with predominantly hypopneic flow, accompanied by
desaturations in O,, in stage N,, morning PCO, = 51 mmHG.

5. Indications and contraindications for long-term NIV in NMD

The most frequent indications for NIV in NMD are:

* Amyotrophic lateral sclerosis (ALS)

¢ Duchenne’s muscular dystrophy

* Becker’s muscular dystrophy

¢ Steinert’s muscular dystrophy

* Myasthenia gravis

¢ Spinal muscular atrophy [2, 7, 13, 15]

Depending on the natural evolution of neuromuscular disease to respiratory distress, NIV
can be introduced to the management of the disease as soon as possible.

Contraindications for NIV in NMD:

¢ Facial burns/trauma/facial surgery or recent upper respiratory tract surgery
* Anatomical or functional obstruction

¢ Gastrointestinal or ileus bleeding
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¢ Vomiting
¢ Hypersalivation
* Severe hypercapnia or severe respiratory acidosis (pH < 7.1)

* Without patient’s consent for setting up NIV [2, 7, 15].

6. Neuromuscular diseases and long-term NIV: when?

There is plenty of evidence that precociously introducing NIV to the neuromuscular patient
brings improvements in the quality of life and even prolongs survival. The question the clini-
cian must ask is: when is the optimum moment for starting NIV with the neuromuscular
patient?

NIV must be initiated when:

¢ The neuromuscular patient shows signs and symptoms of respiratory disturbances
¢ pCO, in the morning >45 mmHg

* FVC <50% predicted value

¢ MIP or SNIP<60 mmHg

* Nocturnal Sa0, < 88% for more than 5 min while under room air [1, 2, 14, 17].
Or

* FVC <80% predicted value plus any symptoms or signs of respiratory impairment

* SNIP or MIP <65 cm H,O for men or 55 cm H,O for women plus any symptoms or signs of
respiratory impairment, particularly orthopnoea [17].

The classical indications to start NIV, when pCO, > 45 mmHg or when a patient has an exac-
erbation, as markers for respiratory failure could be too late. The history of neuromuscular
diseases has a prolonged period of discrete symptoms of respiratory impairment, but with
variable period of nocturnal hypoventilation. Performing polysomnography every year in a
neuromuscular patient, as a routine method of disease monitoring, we can identify nocturnal
hypoventilation very early and NIV could be started early [10]. Starting NIV earlier in the
course of respiratory failure should be accompanied by a significant improvement in quality of
life, and probably in prolonging life. There is no data for the moment to demonstrate this [10].

7. Introducing NIV in NMD, ventilator choices, interfaces

Non-invasive ventilation in NMD improved or corrected diurnal hypoxemia and hypercapnia,
improved nocturnal hypoventilation and increases maximal respiratory pressures [7, 11, 14, 15, 22].
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From the clinical point of view, NIV improved quality of life, control of symptoms of sleep
related breathing, for example, headaches, sleep fragmentation, decreased daytime sleepiness,
increased ability to perform daily activities, provide patients with sense of control and autonomy
in advance stages, reduce hospitalizations and prolonged survival [1, 2, 3, 7].

Type of ventilators for long-term NIV:

¢ Pressure-support ventilator

* Volume-targeted ventilator: deliver known tidal volumes, but most machines have a lim-
ited capacity to correct leaks, leading to underventilation

* Hybrid mode ventilator: pressure-targeted volume-assured mod

Bi-level positive airway pressure ventilator (BiPAP), spontaneous/timed (S/T) mode is the
most common type of pressure-support ventilator used for long-term NIV in NMD. There is a
lack of study to compare different types of ventilators used for long-term NIV. But, pressure-
targeted ventilators tend to be lighter and cheaper and also comfortable to the patient than
volume-targeted ventilators [6, 11, 18].

Intelligent volume-assured pressure support (iVAPS) is a hybrid mode ventilator, providing
constant automatic adjustment of pressure support (PS) to achieve a target ventilation deter-
mined by the patient’s pathology [11, 18]. iVAPS demonstrated, in small studies, similar arterial

Figure 3. Choosing the interfaces: Pillow mask.
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blood gases control to BiPAP, but iVAPS had higher overnight adherence, due to better patient-
ventilator synchrony; there was no difference in outcome between ventilator modes for spi-
rometry, respiratory muscle strength, sleep quality, arousals or O, desaturation index [11, 18].

7.1. Choosing the interfaces

Extremely important for good compliance to NIV is choosing the right interfaces. Nasal mask
and pillow mask are best suited for cooperative patients that have a lower severity of the
disease, or for children, needed low to moderate pressures only (<20 cm H,O). It also allows
the patient to speak, drink, cough and clear his/her secretions while receiving the treatment.
Nasal masks are more prone to leaks and the effectiveness is limited in patients with nasal
obstructions, septal defects or other kind of deformities. Nasal and pillow mask are more
comfortable for the patient than orofacial mask [11, 38, 39].

Orofacial mask, which encompass the mouth and nose are best suited for less cooperative
patients who have more or less severe illnesses. It particularly fits patients who are mouth-
breathing and edentulous and they are contraindicated in claustrophobic patients. Orofacial
mask does not allow the patient to talk or eat and it is more uncomfortable for the patient than
nasal or pillow mask [11, 38, 39].

Nasal mask, pillow mask and orofacial mask are illustrated in Figures 3-5.

Figure 4. Choosing the interfaces: Nasal mask.
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Figure 5. Choosing the interfaces: Orofacial mask.

7.1.1. Adverse effects and complications of NIV

The majority of adverse events of NIV are related to the mask: discomfort, skin rush, claus-
trophobia, nasal ulceration nasal congestion, eyes irritation, nasal or oral dryness. This mask
related adverse events could be easily resolved by changing the interface and adding humidi-
fier for the dryness of the mucosa.

Other NIV complications are aspiration pneumonia, pneumothorax or hypotension, with a
low frequency < 5% [11, 38, 39].

8. Monitoring NIV in NMD

Effectiveness of NIV depended on a several factors: settings, interfaces, compliance and adher-
ence of the patient to his ventilator. For obtaining a good compliance and adherence to NIV,
monitoring NIV is crucial. The minimum requirement is a sleep study recording continuous
oximetry, capnography or blood gases.

The frequency of monitoring NIV is depending of the cases; for new cases, monitoring is
required to be done more often, every few weeks, until established that we obtained correction
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of nocturnal hypoventilation and blood gases. In stable cases on home-ventilation, with
slowly progressive or non-progressive disease, annual assessment is sufficient [11, 38]. The
new type of ventilators provided a compliance card, which permitted a minimum set of data
to monitor: hours of usage, AHI index, leaks.

8.1. Using ultrasound to monitor NIV in NMD

One of the main causes of morbidity and mortality in patients with neuromuscular diseases
(NMD) is respiratory failure. The diaphragm acts as the main respiratory muscle during
inspiration and accounts for 70% of the inspired air volume during regular breathing [19].
The diaphragm function can indirectly be analyzed by techniques such as fluoroscopy and
chest radiography, which are non-specific and also ionizing exams [23]. Ultrasound (US) as
a non-invasive, radiation-free imaging tool, allows an accurate, reproducible and safe assess-
ment of diaphragm anatomy and function at the bedside [24-27]. Ultrasound has been shown
to be similar in accuracy to most other imaging modalities for diaphragm assessment [28].

8.1.1. Technique of diaphragmatic ultrasound (US) assessment

With ultrasound, the diaphragm is typically identified by its deep location, curved shape and
muscular echo-structure. Longitudinally it has a mixed echogenic appearance, consisting of
hypo echoic (dark) muscle fibers separated by two hyper echoic (bright) layers: peritoneum
and pleura (Figure 6).

e PLEURA

PERITONELIM

THICKME

Figure 6. Normal US appearance and thickness of the diaphragm.
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Patients are typically examined during spontaneous respiration to help identify the dia-
phragm moving. The supine position of the patient is preferred, because there is less overall
variability, less side-to-side variability, and greater reproducibility [29]. Also, it could identify
any paradoxical movement.

The right diaphragm can be visualized through the liver window. Visualization of the
left diaphragm could be sometimes more difficult because of the smaller window of the
spleen.

Classically, there are two methods to evaluate the diaphragm: the analyses of the movement
of diaphragmatic dome using the M mode and the measurement of diaphragmatic thickness
and the thickening during inspiration in the area of apposition using the B mode.

The anterior subcostal view is preferred for evaluation of diaphragm excursion. It requires a
lower frequency, ideally curvilinear, transducer (2-6 MHz) placed between the mid-clavicular
and anterior axillary lines (Figure 7), so that the ultrasound beam could reach the posterior
third of the diaphragm. B mode is used to visualize the diaphragm moving toward or away
from the transducer. Imaging is then changed to M mode with the line of sight positioned in
order to obtain maximum excursion (Figure 8). Either dome of the diaphragm can be evalu-
ated using the liver and spleen window and the amplitude of excursion can be measured on
M mode, and diaphragm velocity can be calculated (Figure 8).

For an intercostal view, a higher frequency linear array transducer (7-18 MHz) is placed at
the anterior axillary line, with the transducer positioned to obtain a sagittal image at the inter-
costal space between the 7th and 8th, or 8th and 9th ribs (Figure 9). The zone of apposition is
assessed for measurement of the diaphragm thickness and echogenicity.

8.1.2. Measurements

Diaphragm thickness is measured at the zone of apposition during inspiration or expiration
using the intercostal approach. The average thickness of the diaphragm is 0.22-0.28 cm in
healthy volunteers [30]. Diaphragm thickness less than 0.2 cm, measured at the end of expira-
tion, have been proposed as the cut-off to define diaphragm atrophy [31].

Figure 7. Diaphragm assessment in anterior subcostal view.
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Figure 8. Assessment of diaphragm movement in M mode and 2D mode (A-wave amplitude).

Muscle fibers shorten with contraction and cause muscle thickening. A chronically para-
lyzed diaphragm is thin, atrophic, and does not thicken during inspiration. The mea-
surement of thickness alone may miss an acutely paralyzed diaphragm with normal
thickness or could incorrectly identify atrophy in a low weight individual with a healthy,
yet thin, diaphragm. Therefore, the degree of diaphragm thickening has been proposed
to be more sensitive than measurement of thickness alone [32]. Thickening fraction (TF)
was calculated as: [thickness at end-inspiration (TEI)-thickness at end-expiration (TEE)]/
TEE and expressed as a percentage (TEI thickness at end-inspiration; TEE thickness at
end-expiration). Diaphragm thickening of less than 20% is proposed to be consistent with
paralysis [32].

Diaphragm movement is recorded using the M mode assessment of the dome in the ante-
rior subcostal view. The diaphragm is seen as a single thick echogenic line, and its move-
ments with respiration can be plotted against a time curve. Measurement of the amplitude of
excursion can be used to compare movement of the two hemi-diaphragms and for follow-up
of diaphragmatic function (Figure 8). The normal range of motion from the resting expira-
tory position to full inspiration in adults has been reported to range from 1.9 cm in normal
breathing to 9 cm in deep breathing [33]. Excursion greater than 2.5 cm in adults has been
proposed as a cut-off for excluding severe diaphragm dysfunction [34]. Diaphragm weakness
is indicated by less than normal amplitude of excursion on deep breathing with or without
paradoxical motion on sniffing. Some variations are mentioned related to sex, age, weight or
height.
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Figure 9. Diaphragm assessment in intercostal view, using a high frequency linear probe.

8.1.3. Clinical application

Mechanical ventilation is associated with decreased muscle weight and alterations in con-
tractile properties of the diaphragm within 48 h of intubation [35]. Diaphragm dysfunction
may contribute to weaning failure, even in patients with no obvious reason to suspect phrenic
nerve or diaphragm pathology. Decreased diaphragm excursion on M-mode ultrasound has
been shown to predict weaning failure, with a 1.4 cm cut-off for the right hemidiaphragm and
1.2 cm for the left hemidiaphragm [36].

In critically ill patients under non-invasive ventilation, the diaphragm thickness and the
thickening fraction (TF) are decreased as the level of pressure support increased (5, 10, 15 cm
H,0). The measurements done in the zone of apposition during tidal ventilation showed that,
during NIV, thickening of the diaphragm is due to muscle effort and not due to increase in
pulmonary volume induced by ventilation [37].

TF could be used in the ICU setting to assess diaphragmatic function and could contribute
to respiratory workload in various situations, including ventilator-induced diaphragmatic
dysfunction and ICU-acquired paresis [32].

9. Conclusions

Non-invasive ventilation in neuromuscular diseases should be introduced earlier in the evo-
lution of respiratory failure, for obtaining maximum benefit for the quality of life, control of
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symptoms, increased ability to perform daily activities, reduce hospitalizations and prolonged
survival. Choosing the ventilator, the most appropriate interface, the ventilation mode, and
periodic monitoring of the NIV is essential in obtaining success.

Abbreviations

ALS Amyotrophic lateral sclerosis

BiPAP bi-level positive airway pressure ventilator
DMD Duchenne muscular dystrophy

FVC forced vital capacity

iVAPS intelligent volume-assured pressure support
NMD neuromuscular disease

NIV non-invasive ventilation

pCO, arterial pressure of CO,

PS pressure support

REM rapid eyes movement sleep

S/T spontaneous/timed

SNIP sniff nasal pressure

us ultrasound

TF thickening fraction

MIP maximum inspiratory pressure

MEP maximum expiratory pressure
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Abstract

Cardiopulmonary resuscitation (CPR) consisting of chest compressions and assisted ven-
tilation is crucial to treat out-of-hospital cardiac arrest (OHCA). It is well reported that
quality of manual ventilations, in terms of rate and volume, is suboptimal, with a high
incidence of hyperventilation, which is linked to poor outcomes. The lack of a noninva-
sive technology to monitor ventilations during out-of-hospital CPR precludes feedback
on ventilations to the rescuer, and it handicaps the evaluation of the effect of ventilations
on the outcome of the patient. This chapter addresses the possibilities and challenges
of monitoring the quality of manual ventilations in current defibrillators. Methods are
proposed to monitor ventilations based on the thoracic impedance and the capnogram.
These methods can be integrated in defibrillators used in both basic and advanced life
support. The algorithms are described, and the accuracy of the methods to monitor the
ventilation rate and the quality metrics of the ventilations is reported using real OHCA
episodes. The accuracy and limitations of the methods as well as the implications of inte-
grating them in the treatment of patients in cardiac arrest are discussed.

Keywords: manual ventilation, cardiopulmonary resuscitation, out-of-hospital cardiac
arrest, thoracic impedance, capnogram

1. Introduction

Sudden cardiac arrest is the sudden cessation of effective blood circulation due to heart fail-
ure. If not treated promptly, cardiac arrest can lead to sudden cardiac death within minutes
[1]. Sudden cardiac death is one of the leading causes of death in the industrialized world [2, 3].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Although the overall incidence depends on the definition and inclusion criteria applied by
each study, it is documented that it ranges from 150,000 to 530,000 person-year in the United
States, and about 275,000 in Europe [1, 2, 4].

Most cardiac arrest occur in the out-of-hospital setting [5]. There are two levels of treatment
for out-of-hospital cardiac arrest (OHCA), basic life support delivered by emergency medi-
cal technicians and advanced life support (ALS) with the intervention of clinicians. Despite
important progress in epidemiology, profiling and treatment of OHCA in the last decades,
the survival rates to hospital discharge are dismally low, with rates between 8.4 and 10.7%
[2, 6].

In OHCA, the first minutes are crucial as the chances of the patient to survive decrease about
10% per minute [7]. The chain of survival defines the key steps to treat a person in cardiac
arrest. Two of the most important links of the chain are early defibrillation and early cardio-
pulmonary resuscitation (CPR). Defibrillation is delivered either by an automated external
defibrillator (AED) or by more advanced monitor defibrillators used by ALS clinicians. The
objective of CPR is to maintain a minimum oxygenated blood flow to the heart and brain until
advanced care is available.

Quality of CPR is a key factor for the survival of OHCA patients. The 2015 resuscitation guide-
lines recommend that chest compression are provided with a rate of at least 100 compressions
per minute and a depth of 5 cm [8]. During CPR, two ventilations may be given between series
of chest compressions before intubation. Lay rescuers should open the airway using a head-
tilt-chin-lift maneuver and blow steadily into the mouth while watching for the chest to rise,
as shown in Figure 1 [9]. The time taken to give a ventilation should be around 1 s, with no
more than 5 s for two ventilations. After intubation, the resuscitation guidelines recommend
CPR including continuous bag-mask ventilation with and without supplementary oxygen, as
shown in Figure 2. The recommended ventilation rate is about 1 breath every 5-6 s, or about
10-12 breaths per minute [11]. However excessive ventilation, either by rate or tidal volume is

Figure 1. Head-tilt-chin-lift maneuver to provide ventilations. Extracted from [9].
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Figure 2. Bag-mask ventilation. Extracted from [10].

common during resuscitation [12-16]. Several analyses on OHCA episodes report rates rang-
ing from moderate (14 min™) to severe (>20 min™) hyperventilation.

The negative effect of hyperventilation during CPR is well known: it increases intrathoracic
pressures, reshapes the oxygen dissociation curve (increasing oxygen affinity) and behaves as
a cerebral vasoconstrictor [17, 18]. Many studies have also proven that it contributes to a lower
coronary perfusion pressure and to hemodynamic deterioration in animals [19, 20]. All these
factors decrease the probability of survival of a patient in cardiac arrest, so the monitoring and
evaluation of ventilation during CPR.

The real-time monitoring of the instantaneous ventilation rate during OHCA would enable
feedback to the rescuers, so they could adhere to current guidelines. Furthermore, retrospec-
tive evaluation of the ventilation rates may help in debriefing to improve the quality of CPR
provided by emergency medical services. Unfortunately, no commercial systems are avail-
able for BLS or ALS defibrillation equipment that give real-time feedback to the providers,
and no automatic methods are available for debriefing on the quality of ventilation. Several
quality metrics have been proposed to monitor quality of ventilations in OHCA [21], such as
the mean value of ventilations delivered per minute and the fraction of minutes with hyper-
ventilation (FMH), that is ventilation rates above 15 min™.

The automated computation of those ventilation quality values requires ventilation detec-
tion algorithms based on signal processing of the biomedical signals recorded by commer-
cial equipment. Nowadays, equipment to monitor gas exchange during ventilations is not
routinely used in OHCA, in contrast to the ubiquitous mechanical ventilators used in-hos-
pital. In the BLS scenario, the biomedical signals recorded by AEDs through the defibrilla-
tion pads (see Figure 3) are most frequently the electrocardiogram (ECG) and the thoracic
impedance (TI). Ventilations are visible in the TI as fluctuations in the waveform with every
insufflation of oxygen into the chest of the patient. For more advanced monitor-defibrilla-
tors, as the ones used by medical experts in ALS, additional modules like the capnogram
are available. Capnography monitors the partial pressure of the CO, in the respiratory gas-
ses, and reflects high concentration during the exhalation phase of every ventilation.

43



44 Noninvasive Ventilation in Medicine - Recent Updates

Electrode Pads

AED used on Adult"Victim

Figure 3. Automated external defibrillator with electrode pads attached to a patient.

In this chapter, the feasibility of monitoring the ventilation rate is analyzed using first the TI
and then the capnogram. Automatic methods to detect ventilations are described, and their
accuracy reported with OHCA datasets. The performance of the algorithms is reported in
terms of sensitivity (SE), the percentage of correctly detected ventilations, and positive predic-
tive value (PPV), the percentage of detected ventilations that are true ventilations. The valid-
ity of those methods to monitor the instantaneous ventilation rate and to evaluate the quality
of ventilation is also analyzed. Finally, this chapter concludes with a discussion of several key
points to be considered before these methods could be integrated into commercial equipment.

2. Thoracic impedance for ventilation monitoring

The Tl is measured though the defibrillation pads of a defibrillator attached to the chest of the
patient in the anterolateral position, as shown in Figure 3. A high frequency excitation cur-
rent (20-100 kHz at 1-5 mA) is applied through the pads and the resulting surface potential
measured to compute the impedance by applying Ohm’s law. The TI may show different
components:

® Baseline component: a baseline impedance value of 50-120 Q depending on the position of
the pads and on the patient’s sex, chest size and body mass [22].

® Chest compression component: chest compressions cause variations in the cross-sectional area
of the chest [23] and mechanical disturbances in the defibrillation pads that are reflected in
the TI as fluctuations of amplitudes between 0.15 Q) and several ohms [24, 25].

® Ventilation component: ventilations produce variations in the cross-sectional area of the
thorax [23]. Inflation of the lungs causes an increase in impedance because air is a poor
conductor of electric current [25]. The TI shows a fluctuation from 0.1 Q to 8 Q with each
ventilation [26, 27].

o Circulation component: the impedance shows a small fluctuation (<100 mQ) with each effec-
tive heartbeat [26, 28, 29].

* Additional noise and artifacts: other noise and artifacts due to movement, electrode-skin con-
tact, and so on can be present in the impedance [30].
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All these components can be observed in Figure 4. From top to bottom, the ECG, TI, the
compression depth (CD) of the chest compressions and the capnography are depicted. The TI
shows a baseline around 105 Q and fluctuations due to chest compressions (around 1 Q), ven-
tilations (0.5-1 ), and circulation (0.1 Q). There is a perfect match between (1) compressions
in the CD signal and fluctuations due to compressions in the TI signal, (2) the capnogram
and fluctuations due to ventilations in the TI, and (3) effective heartbeats in the ECG and the
circulation component in the TI. Two ventilations are visible in the T, the fluctuations around
14 and 18 s, which correlate with increases of the CO, expired in the capnogram.

The TI has become a very useful signal in an OHCA in the last two decades and it is recorded
by every commercial defibrillator, either AED or monitor/defibrillator. In 2002, Pellis et al. first
suggested that ventilations (respirations) cause measurable fluctuations in the TI signal [27].
In an experiment with anesthetized male pigs, they found out that TI measurement at fre-
quencies between 0.1 and 2 Hz showed fluctuations that were time coincident with the venti-
lations in the capnography signal.

Later in 2006, Losert et al. analyzed the feasibility of monitoring the ventilation character-
istics during CPR using the TI signal acquired by the defibrillation pads of an AED [26].
They analyzed the correlation between the amplitude of the TI fluctuation due to ventila-
tion and the tidal volume (400-1000 mL) given by a ventilator. They concluded that the TI
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Figure 4. From top to bottom, the ECG, TI, CD and capnography signals are represented. Two ventilations are visible in
the TI around 14 and 18 s.
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allows to compute ventilation rates, inspiration and expiration times, but the amplitude of
the TI fluctuation was not valid for exact tidal volume estimation. More recently, Roberts
et al. also investigated the relationship between tidal volume and TI amplitude fluctua-
tions but in mechanically ventilated children and using the TI acquired for two different
placements of the defibrillation pads, anterior-apical and anterior-posterior positions [31].
The ventilations in the TI were detected as fluctuations above 0.4 Q. The study concluded
that although the linearity between tidal volume and TI fluctuation was high for each indi-
vidual, it was not feasible to derive the exact tidal volume from the TI fluctuation for the
pediatric population as a whole. The study also showed that the TI acquired via defibril-
lation pads could be used to accurately detect ventilations if delivered according to the
guidelines (7-10 ml/kg tidal volume), with no significant differences between pad positions
for ventilation detection. Nevertheless, for smaller volumes (<7 ml/kg), the sensitivity for
ventilation detection decreased, suggesting that shallow ventilations during CPR might not
be detected in the TL

These evidences motivated Risdal et al. to propose a ventilation detector during CPR based
on the TI signal [32]. After a preprocessing stage, the fluctuations in the TI due to chest
compressions were suppressed using an adaptive filtering scheme [33]. The ventilation
detector was based on a neural network classifier. The classifier decided whether each TI
segment (1.4 s) analyzed was an expiration onset (maximum peak of the fluctuation in
the TI) in the basis of waveform features extracted from the analyzed segment. This was a
novel and complex approach to detect ventilations with excellent performance (SE/PPV of
90.4%/95.5%). However, ventilations were manually annotated in the TI signal and used
as gold standard to evaluate the performance of the ventilation detector. Therefore, still
there was the need for a more reliable validation using a robust independent gold stan-
dard. Furthermore, the complexity and computational burden of the method limited its
application.

More recently, Edelson et al. developed two different ventilation detection algorithms, one
based on the TI and other based on the capnography signal [34]. They hypothesized that cap-
nography would be superior to TI for measuring ventilation rate, and that a combined algo-
rithm would be more accurate than one based on a single signal. They obtained slightly better
results in terms of SE/PPV for the capnography-based detector: 78%/87% for the TI-based
detector, and 82%/91% for the capnography-based detector. As hypothesized the combination
of both algorithms showed better performance. The lack of a gold standard (spirometry, flow
or volume of the ventilations) independent of the signals used to develop the detectors might
have affected the results.

2.1. An automated ventilation detector based on the TI

In this section, we present a study carried out to overcome the main limitations of the works
described earlier and to cast some light on the reliability and accuracy of the TI to compute
ventilation metrics. The study is aimed at (1) developing a simple ventilation detector based
on the TI that might be incorporated into current commercial defibrillators; and (2) comput-
ing the CPR quality metrics related to ventilations in order to evaluate their accuracy against
a robust gold standard.
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The dataset used to carry out the study consisted of OHCA episodes recorded through the
Philips MRx monitor/defibrillator between 2006 and 2009 by the Tualatin Valley Fire and
Rescue in Portland, OR, USA. Each episode contained concurrent TI and capnography signals
for at least 30 min. The capnogram was considered the gold standard for the instants of venti-
lations which were manually and independently annotated by three experienced biomedical
engineers. Intervals where the ventilation pattern was not clearly recognizable were excluded
from the analysis. A total of 2575 min were analyzed, which included 17,586 ventilations.
Episodes were randomly allocated to training and test sets, 32 and 31 episodes respectively.
Figure 5 shows an epoch of an episode included in the dataset of the study where capnogra-
phy and TI signals are depicted, and the instants of ventilations are marked as black dotted
lines on the capnogram.

The ventilation detector was developed using the training set and consisted of three different
stages. First, a preprocessing stage where the TI was low-pass filtered at a cutoff frequency of
0.6 Hz to suppress fluctuations due to chest compressions as well as high frequency noise. In
a second stage, the preprocessed TI signal, pTI, was analyzed to detect the local maxima and
minima. Each local maximum and minimum were characterized by its time of occurrence, ¢ _
ort ,and amplitude, z or z_, respectively as shown in Figure 6.

Each detected local maximum was a potential ventilation. To decide whether a maximum
corresponded to a ventilation, the inflation amplitude (A = Z_ w2, ) and inflation time (d =
t ~t ) were first computed. Then, in the third stage, a decision algorlthm decided if a local
maximum was a ventilation based on A and d. Three were the requirements for a potential
ventilation to be classified as ventilation. The value of d should exceed a minimum static
threshold (¢ = 05 s); the inflation amplitude, A, should be above a dynamic threshold (i)
that represents the weighted average of the minimum amplitude of the last 17 ventilations,
and finally, the time interval between the actual fluctuation and last detected ventilation

should exceed a refractory period (T = 1.45).

This ventilation detector was used to detect the instants of ventilations, and these instants
were used to compute the instantaneous ventilation rate, which is reported every 15 s as
the ventilation rate provided in the last minute. The global quality metrics of every episode
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Figure 5. A segment of an episode of the dataset. From top to bottom, the capnogram and the TI. The black dotted lines
represent the ventilations annotated in the capnogram.
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Figure 6. A short segment showing how preprocessing reveals the fluctuation caused by a ventilation. The inflation
amplitude, A, and inflation time, d, are depicted as well as the local maximum and minima.

were also computed, namely the mean ventilation rate and the FMH, the latter to evaluate
hyperventilation.

2.2. Evaluation of the ventilation detector

The feasibility and accuracy of the TI signal as a surrogate of the capnogram to measure
ventilation metrics was evaluated using the test set. Distributions for each metric obtained
from the TI and from the capnogram were analyzed independently applying the one sample
Kolmogorov-Smirnov normality test. For normal distributions, the two-sample t-test was
performed to test for equal means, and for not normal distributions, the Mann-Whitney U
test was used to test for equal medians. The limits of agreement (LOA) between the values
obtained from the TI and from the capnogram were analyzed using Bland-Altman plots for
each metric.

The ventilation detector showed a median (interquartile range) SE of 92.2% (87.4-95.8), and a
median PPV of 81.0% (67.2-90.5). These scores are similar to those reported by other authors
as Risdal et al. [35] and Edelson et al. [34]. Nevertheless the proposed method was tested with
an independent gold standard, annotated in the capnogram, and it requires a much simpler
processing which would permit an easier integration in an AED.

Table 1 is a summary of the ventilation quality metrics computed from the TI and compared
to those obtained from the capnogram. Data are presented as mean (standard deviation). The
distributions of the FMH obtained from the TI and capnogram were not normal, although
they did have equal medians (p = 0.66). Mean and instantaneous ventilation rates came from
normal distributions. The mean ventilation rate and the FMH obtained from TI and capno-
gram showed equal means, with mean errors of 1.54 min™ and 1%. That was not the case
for the instantaneous ventilation rate, with different mean (p < 0.001) and a mean error of
3.30 min™.

Figure 7 shows the Bland-Altman plots for each ventilation quality metric, and the corre-
sponding 95% LOA depicted with horizontal lines. For the quality metrics, both the mean
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Metric Gold standard TI Error p
Mean ventilation rate (min™) 9.54 (2.94) 10.87 (2.68) 1.54 (1.44) 0.07
FMH (%) 11.39 (18.35) 10.09(16.88) 1.29 (2.59) 0.66"
Instantaneous ventilation rate (min™) 10.23 (4.29) 13.09 (4.52) 3.30 (2.88) <0.001

"The p-values obtained from the t-test and Mann-Whitney U test are expressed for each metric.

Table 1. Mean (SD) values computed from the gold standard and from the TI for each ventilation quality metric and
the error.

ventilation rate and the FMH showed minor errors, with small LOAs. These results support
the use of the TI to accurately evaluate the ventilation metrics when debriefing resuscitation
episodes.

The Bland Altman plot for the instantaneous ventilation rate showed large LOAs, in the
range of —8 to 5 ventilations per minute. These results question the accuracy of the method
based on the TI to monitor the ventilation rate every 15 s.
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Figure 7. Bland-Altman plots for mean ventilation rate, FMH, and instantaneous ventilation rate are represented in a, b,
and c panels respectively. The 95% LOA is depicted in black dashed lines.
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3. The use of capnography to monitor ventilation rate

Capnography is a noninvasive monitoring technique that shows the partial pressure of the
exhaled CO, of the patient over the time [36]. The initial use of the capnography signal (or
capnogram) was for anesthesia monitoring, but its use has expanded to other fields such as
emergency medicine as it provides information about CO, production levels, lung perfusion
and alveolar ventilation among others [37]. Current resuscitation guidelines recommend the
use of capnography to confirm endotracheal intubation, detect return of spontaneous circula-
tion, monitor the effectiveness of chest compressions and monitor ventilation rate [8].

Advanced monitor/defibrillators used by medical personnel include modules that show the
capnogram of the patient during CPR. In current commercial equipment, two main acqui-
sition techniques are used: mainstream and sidestream capnography [38]. The mainstream
technology has an infrared light sensor which is placed directly in the main way of expired
flow to measure the absorption of CO,. In sidestream, the expired gases are continuously aspi-
rated from a 1-2 m long sampling tube, and the sensor is placed at the end. Figure 8 shows the
general structure of both acquisition technologies.

The capnogram shows the evolution of the CO, expired during the ventilations provided to
the patient in cardiac arrest, where the cycle of every ventilation is visible. Four phases are
visible in the cycle of each ventilation [39], as illustrated in Figure 9: the inspiration baseline
(phase I), the expiration upstroke (phase II), the expiratory plateau (phase III) and the expira-
tion down stroke (phase IV). The maximum value observed in the third phase is the so-called
EtCO, (End-tidal CO,). In hemodynamically stable patients, the value is about 35-45 mmHg,
similar to the partial pressure of the CO, in the blood [37, 41]. During cardiac arrest, the
elimination of CO, is reduced and it is accumulated in the tissues. This is because an abrupt
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Figure 8. General schemes of mainstream and sidestream technologies to acquire the capnogram.
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Figure 9. Basic waveform of the capnography signal during a cycle of ventilation. Four phases of the cycle and the
features for automatic ventilation detection are shown. Adapted from [40].

decrease in cardiac output implies a reduced CO, transportation from the tissues to the lungs,
and therefore EtCO, values decrease almost to zero. Effective chest compressions or recover-
ing pulse make this value increase [42, 43].

During CPR, chest compressions may induce artifacts that corrupt the capnogram. Idris et al.
[44] analyzed 210 patients and they detected artifacts in the capnography signal in 154 of 210
episodes, an incidence of 73.3%. More recently, Leturiondo et al. [45] reported an incidence of
42% (99 of 232 episodes showed artifacts). The source and level of the corruption is not well
defined yet, and depends on both the patient and the way CPR is performed. Bottom panels
of the cases represented in Figure 10 show examples of the capnogram for four patients,
uncorrupted in panels a and ¢, and corrupted by chest compression artifact in panels b and d.
The interference caused by chest compressions complicate the design of automatic ventilation
detection algorithms based on the capnogram that would permit the monitoring of ventila-
tion rate and the retrospective debriefing of resuscitation episodes.

The first algorithm to automatically detect ventilations during CPR in the capnogram was
proposed by Edelson et al. [34]. They used both the capnogram and the impedance signal to
detect the ventilation instants, combining two finite-state-machines. The capnogram-based
algorithm provided SE/PPV of 82%/91%. A similar algorithm was proposed by Leturiondo
et al. [45] based exclusively on the capnogram with SE/PPV above 95% for uncorrupted
intervals, and the accuracy decreased during chest compressions. Both proposals [34, 45]
developed the algorithm using as ground truth the ventilations annotated manually in
the impedance signal. As it can be observed in Figure 10 the impedance signal is highly
affected by the CPR artifact, and the amplitude of the fluctuations caused by ventilations
is not constant, it has been reported to be nonlinear with the tidal volume for all the popu-
lation [31]. Both factors question the reliability of the ground truth used to evaluate the
algorithms.
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Figure 10. Examples of the capnogram (bottom) and the signal used to annotate the gold standard ventilations (top) are
shown for the OHD (panels a and b) and for the IHD (panels c and d). For the OHD, the raw impedance signal (blue)
and the filtered impedance signal (black) are shown, and for the IHD the volume signal. In both cases, black vertical lines
show the annotated ventilations in the gold standard, and red vertical lines the detected ventilations in the capnogram.

3.1. An automated ventilation detector based on the capnogram

This section describes an algorithm developed using the gas exchange flow measured by a
ventilator to annotate the ground truth for the ventilations instants [40]. To the best of our
knowledge, this is the only ventilation detector tested with the most reliable ground truth.

Two datasets were used to develop and test the algorithm: an In-Hospital Dataset (IHD)
and Out-of-Hospital Dataset (OHD). A total of 83 episodes (62 in-hospital and 21 out-of-
hospital) were considered with a duration of 4880 min. The episodes included 16,899 and
29,841 ventilations, with a percentage of 38 and 8% of the time with compressions for the
OHD and the IHD, respectively. The general characteristics of both datasets are summa-
rized in Table 2. Each episode of the IHD contained the capnogram, and the airflow and air
volume signals provided by the ventilator; the instants of the ventilations were annotated
based on the volume of the flow signal, as shown in Figure 10. Chest compression intervals
were identified by medical annotations and abrupt increases in arterial blood pressure. The
cases in the OHD included the capnogram, the TI and the CD signals. The CD was used to
identify chest compression intervals, while TI and CD were the ground truth to mark ven-
tilations manually. Figure 10 shows epochs of episodes included in both datasets. For each
panel, the top figure shows the independent gold standard (volume signal for IHD and the
thoracic impedance signal for OHD), and in the bottom the capnography. The ventilations



Noninvasive Monitoring of Manual Ventilation during Out-of-Hospital Cardiopulmonary... 53
http://dx.doi.org/10.5772/intechopen.77172

Parameter OHD IHD

Number of episodes 62 21

Total duration (min) 2545 2335

Total number of ventilations (% with CPR) 16,899 (38) 29,841 (8)
Instantaneous ventilation rate (min™) 9.9 (8.7-13.1) 14.3 (12.6-18.2)
Minutes with hyperventilation per episode (%) 10 (2-35) 14 (0-88)

The instantaneous ventilation rate and minutes with hyperventilation are given per episode as median (interquartile
range).

Table 2. Characteristics of both out-of-hospital (OHD) and in-hospital (IHD) datasets.

marked in the gold standard are depicted with black dashed lines. Both gold standards
show fluctuations concurrently with the capnography signal for each ventilation. A total
of 37 episodes randomly selected from the OHD dataset were used to design and train the
algorithm; the test set was conformed with the remaining 25 cases of the OHD and the 21
IHD cases.

The method relies on the computation of the values corresponding to the features shown in
Figure 9. First, the signal is preprocessed with a low-pass filter with a cutoff frequency of
10 Hz; then values of the waveform below 5 mmHg are set to zero. Potential ventilations are
detected between the start of inspiration, ¢,  (insufflation during ventilation), and the start of
expiration, ¢, (deflation during ventilation). Both instants are computed based on the posi-
tive and negative peaks in the first difference of the signal. Then the following six features,
depicted in Figure 9 are computed:

* Duration of inspiration baseline, D,

insp”
* Mean value of the signal during plateau, A, .
* Area of the first second of the expiratory plateau, S, .
* Relative increase of the signal, computed as:
Aexp - Amsp
A= —F— @)

r
exp

where A, is the mean amplitude of the signal during inspiration baseline.
¢ Interval between actual potential ventilation and the last detected ventilation, tmf

The algorithm discriminates real ventilations based on fixed thresholds for D, and f , and
adaptive thresholds for A, S, and A,. The adaptation for the kth ventilation was computed
based on the last p ventilations according to the following equation:

k
Th, = %ng_p x,, ©)
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where w is a weighting factor between 0 and 1 and x, represents the value of the feature for
ventilation n. A more detailed description of the algorithm can be found in [40]. Figure 10
shows examples of the algorithm performance. The black dashed lines represent the manual
ventilation annotations in the gold standard, and the red dashed lines correspond to the ven-
tilations detected by the algorithm.

As for the TI-based detector, the detected ventilations were used to compute the instanta-
neous ventilation rate, and the global ventilation metrics per episode.

3.2. Evaluation of the ventilation detector

The algorithm showed overall SE and PPV values above 99% and 97%, respectively. For the
OHD, the median (interquartile range) SE and PPV per patient were 99.1 (96.9-99.8)% and
97.0 (95.9-98.9)%. When only the intervals with chest compressions were considered the SE
and PPV were 99.0 (95.7-100)% and 97.6(94.8-100)%. For the IHD, SE and PPV were 100 (99.8—
100)% and 100 (99.8-100)%. During compressions the performance dropped slightly to 99.8
(98.7-100)% and 98.3 (92.9-100)%, respectively.

The concordance correlation coefficient on ventilation rate measured as proposed in [46]
was higher than 0.98 for both datasets, even during chest compressions. Figure 11 shows the
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Figure 11. Bland-Altman plots for the instantaneous ventilation rate computed for the OHD (panels a and c) and for
the IHD (panels b and d). The limits for the 95% level of agreement are depicted, in 1.82 and 1.8 min™ (during chest
compressions) for the OHD, and in 0.55 and 1.50 min™ (during chest compressions) for the IHD.
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Gold standard Algorithm P
OHD
Mean ventilation rate (min™) 11.74 (10.34-15.47) 12.11 (10.56-15.37) 0.88
FMH (%) 2.56 (0-34.77) 2.50 (0-34.51) 0.94
Instantaneous ventilation rate (min™) 9.07 (12.44-17.28) 9.23 (12.56-17.31) 0.79
IHD
Mean ventilation rate (min™) 14.02 (12.53-17.70) 14.02 (12.48-17.77) 1
FMH (%) 5.49 (0-81.08) 5.48 (0-80.39) 1
Instantaneous ventilation rate (min™) 13.98 (12.98-18.98) 13.98 (12.98-18.98) 0.52

All p values were calculated using Mann-Whitney U test.

Table 3. Median (interquartile range) values computed from the gold standard and from the capnogram for each
ventilation quality metric.

Bland-Altman plots and the 95% LOA between the gold standard and the algorithm, which
was lower than 1.85 in any case. These results show that this capnogram-based method reli-
ably estimates the instantaneous rate.

The detailed results for the ventilation quality metrics are shown in Table 3. It can be observed
that the mean ventilation rate and the FMH showed equal distributions (p > 0.05) when com-
pared to the ground truth for both the OHD and IHD episodes. The unsigned errors were
close to zero for both metrics and for both datasets. These results support the use of this
method to retrospectively debrief resuscitation episodes.

4. Discussion and conclusions

In this chapter, the monitoring of ventilations provided during out-of-hospital CPR was
addressed with two objectives. First, giving feedback on the instantaneous ventilation rate to
rescuers. Second, to allow retrospectively evaluation of ventilation rates and hyperventilation
metrics during resuscitation episodes.

The analysis focused on the feasibility of the TI acquired by the defibrillation pads, and
the capnogram to accurately report feedback on ventilation. Methods based exclusively
on each of the signals were proposed and statistically evaluated. These methods could be
integrated in commercial defibrillation equipment, the TI-based algorithm in any AED or
monitor/defibrillators, and the capnogram-based algorithm in any equipment that includes
capnography.

Several aspects deserved attention in the development of the algorithms. In the setting
of the procedure, the gold standard was carefully selected. In the case of the TI, manual
annotations were defined in the capnogram, as a result of the consensus of three experts. In
the case of the capnogram, the independent signal used as gold standard was the gas vol-
ume exchanged measured by an external ventilator. In both cases, the gold standard was
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annotated using an independent signal, including the gas exchange information, which is,
in our opinion, the most reliable signal. This is a key factor when evaluating the accuracy
and reliability of the methods.

In any case, the simplicity of the method was a priority. The algorithms proposed do not
rely on complicated or computationally intensive signal processing techniques, so they could
be integrated in current defibrillation equipment without much increase of computational
requirements.

The scores obtained for the TI-based method are similar to those previously reported in terms
of SE (around 90%), and slightly below for PPV. For the capnogram-based method, SE/PPV
was both above 97% in any dataset, even when chest compressions were provided.

Both methods are valid to be integrated in the software provided to retrospectively review
the quality of the ventilations. Errors below 2 min™ in the mean rate and about 1% in the
FMH for both the TI and the capnogram are sufficient for an accurate retrospective evalu-
ation. The integration of these methods in the revision software provided by commer-
cial equipment would permit debriefing on ventilation after cardiac arrest. The American
Heart Association emphasizes the post-even analysis of the data, which contributes to the
continuous quality improvement, closing the gap between the ideal and the actual perfor-
mance of OHCA resuscitation. Excessive ventilation rates are often observed during CPR
both out- and in-hospital cardiac arrest [14], and code team debriefing with audiovisual
feedback has been associated with a decrease in mean ventilation rates from 18 to 13 min™
(34, 47].

For the audiovisual feedback to the rescuer, the instantaneous rate should be provided to the
rescuers, associated, if necessary with hyperventilation alarms. The instantaneous rate, as
computed in the methods proposed, would permit feedback every 15 s, which is a reasonable
compromise to follow the feedback and adhere to the recommendations of the guidelines. The
method proposed on the capnogram was very reliable with errors below 2 min™ for any data-
set even during chest compressions. That was not the case for the TI, as the mean error for the
instantaneous rate was above 3 min™'. Two are the reasons that make difficult the automated
detection of ventilations in the TI. First, the fluctuations caused by ventilations are very vari-
able, even for the same patient, so adaptive thresholding is required for the algorithm. Panel
a in Figure 10 shows clear examples in which similar ventilation cycles in the capnogram
appear with very different amplitudes in the impedance waveform. Therefore, it is very dif-
ficult to define a universally valid TI amplitude threshold for the detection of ventilations.
Second, artifacts caused by chest compressions and other noise make difficult to automati-
cally detect every ventilation.

Finally, it should be stated that the results and conclusions presented in this chapter are lim-
ited by the specific characteristics of the data used. Using the TI or the capnogram from other
equipment, with different electronic circuitry and defibrillation pads, may require readapting
the values and thresholds of the algorithms and may result in different values of the perfor-
mance metrics.
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Abstract

The use of mechanical ventilation in the past few decades has greatly contributed to the
survival of critically ill neonates, both preterm and term. With this, however, has come
an accompanied rise in certain complications and neonatal co-morbidities. Avoiding
mechanical ventilation, or at least minimizing the time a neonate is intubated, is consid-
ered a critical goal in the care of these patients. Different modes of non-invasive ventila-
tion have developed over the course of the time to help address these issues.

Keywords: non-invasive ventilation, neonate, preterm, prematurity, continuous positive
airway pressure (CPAP), bilevel positive airway pressure (BiPAP), nasal intermittent
positive pressure ventilation (NIPPV), high flow nasal cannula (HFNC)

1. Introduction

Survival of premature infants has improved steadily since neonatal care became a national
focus in the 1960’s. A key component in this improvement is improved respiratory care, espe-
cially mechanical ventilation. Increased survival of vulnerable infants, however, is associated
with complications and co-morbidities, some of which are directly caused by invasive ven-
tilation. Therefore, minimizing exposure to mechanical ventilation is critical to the care of
these babies. Gregory et al., in 1971, first described the use of continuous positive airway
pressure (CPAP) to treat neonates afflicted with respiratory distress syndrome (RDS), which
transformed respiratory care of neonates [1]. Subsequently, the use of CPAP and other forms
of non-invasive ventilation have become the standard of care and have saved countless lives.

Non-invasive ventilation refers to any mode of respiratory support provided via the nasal
airway of infants to support spontaneous breathing, without placement of an endotracheal
tube. The most common non-invasive modes include nasal continuous positive airway
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pressure (NCPAP), non-invasive intermittent mandatory ventilation (NIMV), and humidified
high-flow nasal cannula (HHFNC). The ultimate goal of each of these devices is to prevent
barotrauma, volutrauma, and atelectotrauma, all of which contribute to lung injury and long-
term complications. Proposed mechanisms of lung protection due to non-invasive ventilation
include mitigation of shear-type injury by maintenance of optimal end-expiratory lung vol-
umes and prevention of cyclical collapse and over-distention of alveoli. Other potential ben-
efits include lung-recruitment, improved gas exchange, and decreased work of breathing [2].

In this chapter, we will first explore historical aspects of the development of non-invasive ven-
tilation in neonates. Then we will focus on specific respiratory mechanics unique to neonates
and post-uterine adaptation. Finally, we will discuss specific non-invasive modalities.

2. Historical perspectives

Improved perinatal care, the advent of parenteral nutrition, advances in thermoregulation,
and aggressive neonatal resuscitation have all contributed enormously to improved outcomes
for neonates. Perhaps the most significant change, however, is a marked improvement in our
ability to provide aggressive and sophisticated respiratory care and support to ever-smaller
infants. In this section, we will focus on the historical development of innovative approaches
to non-invasive ventilation in tiny premature infants.

Although Gregory et al. published the first modern description of the use of CPAP to treat
RDS, a similar device was first described in 1914 by Professor August Ritter von Reuss [2].
This device resembled bubble CPAP, and consisted of an oxygen tank with tubing attached
to the equivalent of a mask-and-bag device, with a simple valve to regulate oxygen flow.
Unfortunately, it took almost six decades for this concept to gain acceptance. Prior to Gregory’s
description of CPAP, there was very little respiratory support that could be provided to neo-
nates. In the 1940s and 1950s, the provision of supplemental oxygen was the sole therapeutic
option for ill neonates [3]. It was during this time that two seminal discoveries were made.
The first was the discovery that supplemental oxygen provided benefit to ill neonates, but that
exposure to high concentrations led to blindness due to retinopathy of prematurity (ROP) [3].
The second was a report by Avery and Mead in 1959 describing increased surface tension in
lung fluid recovered from preterm babies that had died from respiratory distress syndrome,
and the observation that preterm infants lacked some sort of “surface-active agent” that could
alleviate these forces [4].

Neonatology was still a relatively new field in the latter part of the 20th century, and 1963 was
a pivotal year in its development. President John F. Kennedy’s son, Patrick Bouvier Kennedy,
was born 6 weeks prematurely and died from complications of respiratory distress syndrome
on the third day of life [3]. This inspired rapid innovation in the development of new technol-
ogies geared towards critically ill neonates. Infant ventilators, blood gas machines, umbilical
vascular catheterization and the development of the first true neonatal intensive care units all
occurred in the late 1960s. As the field improved, survival rates for neonates with respiratory
compromise began to improve as well, mainly due to the widespread use of infant ventilators.
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Unfortunately, these advances were also associated with complications and many of these
neonates were left with a form of chronic lung disease. This was first described in 1967 by
Northway et al., who noted that prolonged exposure to mechanical ventilation and supple-
mental oxygen were likely to blame [5].

Subsequently, in 1971, Gregory et al., described the use of CPAP to treat neonates with respi-
ratory distress syndrome, using either an endotracheal tube or a head box [2]. This use of
CPAP represented an intermediate step that was more supportive than supplemental oxygen
alone, was relatively easy to use, and seemed to avoid exposure to the injury associated with
mechanical ventilation. The introduction of CPAP in neonates was not the only milestone
that this decade produced; in 1972, Liggins and Howie published the results of a randomized
controlled trial of antenatal steroids in mothers expected to delivery premature infants. They
demonstrated that steroids accelerated fetal lung maturation and decreased the risk of respi-
ratory distress syndrome and death by as much as half [3].

Despite the successes associated with CPAP and antenatal steroids, there were substantial con-
cerns about risks. Specifically, some observers suggested that air leaks and pneumothoraces
were more common with CPAP than mechanical ventilation. In addition, CPAP seemed to lead
to gastric and abdominal distention of unclear clinical significance. Finally, there were fears that
the devices themselves would predispose infants to neurological and cosmetic injury [2]. For
these among other reasons, intermittent mandatory ventilation using an endotracheal tube was
widely adopted, and quickly overtook CPAP as the standard of respiratory care for critically
ill neonates. In addition, for about two decades, CPAP was largely replaced by non-invasive
intermittent mandatory ventilation (NIMV). It involved using time-cycled, pressure-controlled
breaths delivered by a mechanical ventilator via an oronasal mask or prongs [2].

In the late 1980s, there was renewed interest in CPAP and non-invasive ventilation, sparked
by the seminal report in 1987 by Avery et al. which concluded that, among eight NICUs
observed, the center with the most aggressive use of NCPAP had the lowest rates of chronic
lung disease [6]. Coupled with the fact that the landscape of chronic lung disease, as origi-
nally described in 1967, was changing in both a clinical and histological sense due to pro-
longed exposure to mechanical ventilation, it was no surprise that non-invasive ventilation
was resurgent. While CPAP was originally designed for the premature baby with respiratory
distress syndrome, today it has multiple uses in neonates of varying ages and conditions.
It is used to successfully treat transient tachypnea of the newborn, congenital pneumonia,
meconium aspiration syndrome, primary pulmonary hypertension, as well as central apnea
of prematurity and certain congenital upper airway lesions [2]. While the technology has cer-
tainly evolved quite a bit since Professor von Reuss’ initial apparatus in 1914, CPAP and other
forms of non-invasive ventilation have become the cornerstones of neonatal respiratory care.

3. Neonatal pulmonary mechanics

It is important to understand the core concepts of fetal and neonatal lung development, as
well as basic pulmonary mechanics, to better understand the most appropriate respiratory
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support modality. Fundamentally, the respiratory system is designed for the conduction
and humidification of air into the lungs, uptake of oxygen from the ambient environ-
ment, and the removal of waste product in the form of carbon dioxide. All of this ensures
that normal aerobic cellular metabolism is supported and that acid—base homeostasis is
maintained.

The respiratory system develops through five distinct, yet overlapping phases: embryonic,
pseudoglandular, canalicular, saccular, and alveolar [7]. While a full review of the embryology
is not necessary for the understanding of neonatal respiratory care, it is important to note
that each particular phase leads to unique respiratory difficulties and opportunities. Lung
growth begins in the third week of gestation during the embryonic phase, with a small growth
of diverticulum from the ventral wall of the foregut. This is often referred to as the primitive
respiratory diverticulum or primitive lung bud [7]. Three rounds of branching and division
also occur during this phase, leading to a left & right half as well as the formation of multiple
tertiary bronchi. The vascular components of the respiratory system also begin their devel-
opment during this phase. The pseudoglandular phase occurs from weeks 5-17, and this time
period is notable for the completion of all bronchial divisions as well as formation of cilia and
cartilage [8]. After this phase, any further lung growth is simply by the elongation, widen-
ing and hypertrophy of existing tissue. The canalicular phase is particularly important, as it
encompasses 1626 weeks of development and includes neonates of periviable gestational
ages (ie, around 23 weeks gestation). Here, the earliest capillary beds begin to form, and areas
of gas exchange start to develop. Many of the overlying epithelial cells also begin to thin out
and improve the air-blood interface, further enhancing regions of gas exchange. More impor-
tantly, these cells also start to differentiate into type I pneumocytes that help form and stabi-
lize the alveoli. Type Il pneumocytes also start to appear, and these cells are vitally important
in the production of endogenous surfactant [7, 8]. The canalicular stage is the earliest ges-
tational age at which interventions can be provided. The saccular phase occurs from weeks
24-38 and leads to further development of alveolar ducts and conducting airways. Mucous
and cilated cell growth also increases. Surfactant synthesis continues to improve, but overall
production compared to full-term infants remains low [9]. This time period encompasses the
bulk of premature infants, including those that are “late preterm.” The relative structural
immaturity coupled with insufficient (and often ineffective) surfactant production explains
the need for respiratory support in this age group, even in infants born beyond 34 weeks ges-
tation. Finally, the alveolar phase occurs from about 36 weeks — 8 years of age. This final stage
is mainly characterized by further development of alveolar units, thinning of the air-blood
interface, increased surface area for gas exchange, and increased numbers of type II pneumo-
cytes, leading to enhanced synthesis of surfactant [7].

Throughout fetal development, fetal lung fluid is vital in the growth of normal lung structure.
Fetal lung fluid is an isotonic fluid secreted by epithelial cells that helps promote growth and
development. It is low in protein and high in chloride ions. Combined with contractions of
fetal airway smooth muscle and fetal breathing in utero, these processes help promote the
normal developmental process of lung growth. Fluid clearance is a process initiated by vari-
ous labor mechanisms, and this also presents an area for maladaptation and one etiology of
respiratory distress after birth [10].
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Lung function in neonates, especially those born prematurely, is altered for a number of rea-
sons. Structural issues include poorly developed lung parenchyma, airways and a highly
elastic chest wall, and surfactant deficiency complicates these issues. This results in dramatic
changes in normal lung mechanics and physiology, manifested by an overall state of abnor-
mally decreased compliance, low functional residual capacity (FRC), and increased respi-
ratory effort by the neonate [8]. This is further compounded by deranged gas exchange. If
undertreated, each of these mechanisms may combine to cause respiratory failure. Antenatal
steroids improve some of the structural and biochemical derangements, but post-natally the
clinician must provide the correct level of respiratory support and surfactant when appropri-
ate. The goal, as we will discuss, is resolve the skewed lung mechanics towards a more normal
physiologic state by re-establishing FRC and decreasing work of breathing.

Functional residual capacity (FRC) is defined as the volume of air remaining in the lungs after
a normal passive exhalation [8]. In most term, healthy neonates, this figure is typically about
20-30 mL/kg. To understand the significance of FRC in the management of neonatal respi-
ratory care, it is important to understand normal transitional events in early postnatal life.
During gestation, the developing fetus is entirely dependent on the placenta for gas exchange.
This in-utero circulatory pattern consists of very limited pulmonary blood flow with intra-
cardiac shunts in place to allow for adequate flow of blood to vital organs. The approximate
oxygen saturation in a term fetus prior to delivery is about 60% [2]. When labor is initiated,
epithelial lung cells halt their production of fetal lung fluid and begin to actively absorb it
back into circulation. This process is triggered by thyroid hormone, glucocorticoids and epi-
nephrine working in combination to change epithelial cells from chloride secreting to sodium
reabsorption [11]. With the neonate’s first spontaneous breaths, the lungs inflate and there is
an increase in pulmonary arterial pO2 as well as activation of stretch receptors. This process,
in conjunction with production of endogenous nitric oxide, dramatically reduces pulmonary
vascular resistance [2]. As pulmonary vascular resistance continues to decrease, more pulmo-
nary blood flow is established and oxygen saturations steadily increase to normal postnatal
levels. The intra-cardiac shunts at the level of the ductus arteriosus and foramen ovale close
due to increasing arterial oxygen content and increasing systemic vascular resistance from
clamping of the umbilical cord, respectively. This process results in physiologic changes that
can be witnessed in real time, as most healthy term neonates will obtain oxygen saturations
greater than 90% by about 10 minutes of life.

For gas exchange to properly occur after birth, there must be an immediate interface
between environmental oxygen and pulmonary blood flow at the alveolar-capillary level.
Ventilation (V) and perfusion (Q) ratios reflect this physiologic state, and there are a num-
ber of ways that this process can be deranged. To allow for a normal VQ matching, there
must be both an adequate alveolar gas volume and normal FRC [7]. If adequately sustained,
either due to spontaneous respirations or assisted ventilation, FRC serves as an intrapul-
monary pool of oxygen. Preterm infants and ill term infants are prone to a low FRC. This
may lead to decreased compliance, increased airway resistance, increased work of breath-
ing, increased pulmonary vascular resistance, hypoxemia, atelectasis, and impaired gas
exchange [8]. Conversely, too much FRC from overinflation can also have negative effects
and may lead to lung injury, air leaks and decreased cardiac output. Positive distending
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pressure is therefore critical in recruiting collapsed alveoli and establishing optimal FRC in
neonates that cannot achieve it spontaneously (Figure 1).

Specific mechanical and physical properties of the lung also play an important role in neo-
natal respiratory care. The elasticity of a system refers to the property of matter such that a
system will tend to return to its original position when all external forces are abated [8]. In
the neonate, the elastic properties of the lung refer to not just the parenchyma, but also the air
exchange spaces, muscle, connective tissue and vasculature. In addition, there is also a recoil
effect from surface tension in the alveoli, which is artificially increased with impaired sur-
factant production. Lastly, there are opposing elastic forces that may be provide by the chest
wall to assist with lung expansion and air entry. All of these elastic forces form a complex,
interdependent balance that may determine FRC [8].

The pressure required to inflate a lung is directly proportional to the volume of inflation — this
is often referred to as Hooke’s Law [7]. While this relationship is often seen as an extension of
the elastic properties of the lung, it brings us to our next biophysical property of respiratory
physiology. The compliance of a lung is strictly defined as the change in lung volume due to
a change in distending pressure during normal breathing, expressed as a ratio [8]. This is an
extension of Hooke’s Law. Compliance may be further divided into static and dynamic com-
pliance. Static compliance refers to the tendency of the lung to recoil to its original dimensions
after a known volume of pressure is applied and then removed [2]. Dynamic compliance, on
the other hand, is measured during spontaneous breathing and refers to the change in pres-
sure from the end of exhalation to the end of inspiration for a given volume. It reflects both
the intrinsic elastic and resistive properties of the lung [2]. The compliance of a given respira-
tory system includes both the lung and the chest wall. In neonates, the chest wall is primarily
made up of cartilage and thus is a high compliance system. Conversely, the compliance of the
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Figure 1. Compliance curve demonstrating different states of FRC. Area A represents poor lung volumes or collapse,
where area C represents over distension of the lung. Area B demonstrates optimal lung volumes in which normal
physiological FRC is maintained. Image used with permission by Elsevier Books, Inc.
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lung is relatively low given surfactant deficiency and decreased alveolar radius, especially
in premature infants [7]. This is a problematic scenario, as the balance of forces thereby is
tilted towards lung collapse. This also negatively impacts FRC. Neonates respond by aug-
menting their FRC by increasing expiratory resistance through laryngeal abduction, clini-
cally manifested as “grunting” [7]. Additionally, the higher respiratory rates seen in infants
in low-compliant states creates relative gas trapping that helps slightly improve FRC [2]. The
definitive treatment, however, is to deliver optimal PEEP via CPAP or another non-invasive
modality to avoid atelectotrauma and to re-establish and sustain FRC (Figure 2).

The resistance to gas flow in a closed respiratory system is an important determinant of respi-
ratory mechanics in neonates. Resistance is the direct result of friction, and can be defined as
either viscous or airway resistance [2]. Viscous resistance refers to the resistance encountered
by tissue elements as they touch and move past one another. Airway resistance refers to the
resistance that occurs between moving gas molecules and between these molecules and the
walls of the respiratory system [2]. Airway resistance makes up the majority of total resistance
in a neonate. It is determined by the relationship between the velocity of gas flow, length of
the airways, viscosity of the gas, and the diameter of the conducting airways. For laminar
flow where all gas molecules move in an orderly fashion perfectly parallel to the walls of
the airway, resistance is described by Poiseuille’s law. This states that resistance is directly
proportional to the product of the tube length and gas viscosity, and inversely proportional
the airway radius to the fourth power [2]. Thus airway diameter is the critical determinant
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Figure 2. Comparison of compliance curves between a normal neonate (solid line) versus that of a neonate with RDS
(dotted line). Note the very little volume change for an applied pressure seen in the infant with RDS due to the lack of
surfactant and poor alveolar stabilization. Image used with permission by Elsevier Books, Inc.
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of airway resistance, as even small changes in airway radius will have exponential effects on
resistance. This effect in neonates is especially exaggerated as they have narrow airways rela-
tive to adults.

There is an inverse, nonlinear relationship between airway resistance and lung volume. This
is due to the fact that airway size increases as FRC increases, therefore decreasing the total
resistance of the system [2]. The converse is also true: any pathologic state in which low
lung volumes occur will increase the airway resistance of that system. This is another lung
mechanical property that is affected by the FRC. That is, application of adequate PEEP via
non-invasive ventilation will establish optimal FRC, increase airway size, and decrease air-
way resistance [2].

One final concept to explore is work of breathing. Clinically, this term refers to the signs of
respiratory distress exhibited by a patient. This can be manifested by tachypnea, grunting,
intercostal retractions, or nasal flaring. Mathematically, work of breathing can be quantified
as the energy needed to overcome the existing elastic and resistive forces. More specifically,
this can be defined as the product of the force exerted and the volume of air displaced [2].
About two-thirds of this energy expenditure is used to overcome the elastic forces of the
respiratory system, while one-third is used to overcome resistance [2]. While most clinicians
recognize that a neonate exhibiting increased work of breathing is at risk for respiratory dete-
rioration, it is important to realize that increased energy expenditure also results in increased
oxygen consumption [8]. It is apparent that work of breathing can be decreased by the appli-
cation of positive pressure via CPAP or some other non-invasive modality — but how? Of all
the respiratory muscles, the diaphragm carries the majority of the workload. Like most skele-
tal muscles, its ability to generate optimal force is related to its initial relaxed position and the
length of muscle fibers at the beginning of contraction [2]. Delivering PEEP via CPAP will not
only help better inflate the lungs, but move the diaphragm into a more optimal position for
contraction. In addition, PEEP may prevent atelectasis and move the neonate to a more ideal
position on the pressure-volume curve where either extreme in atelectasis or over-distended
are avoided, and instead optimal FRC is achieved [2, 12]. Lastly, one major role of the naso-
pharynx and lining of the upper airway is to provide warmth and moisture to inspired air.
Non-invasive ventilation replaces the warming and humidification process required by the
neonate, and in turn this may reduce metabolic demand [13].

4. Interface devices for providing non-invasive ventilation

Since Gregory’s initial description of CPAP via a head-box, the technology used to provide
continuous distending pressure to neonates has greatly evolved, first with the introduction of
binasal prongs. Subsequently, both Kattwinkel et al. and Caliumi-Pellegrini et al. described
non-invasive devices in which binasal prongs were connected to a ventilator to provide both
flow and pressure [2]. This approach remained standard for a number of years. While the lat-
ter parts of this chapter will focus on each of the specific non-invasive modalities themselves,
there is a considerable amount of overlap in terms of using the interface devices.
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Devices such as “head boxes” or negative pressure boxes are purely of historical interest and
are no longer in clinical practice. Facial masks can be used to provide CPAP provided that the
mask is attached to a flow-inflating bag or a T-piece resuscitator (for more precise pressures
generated). This is a commonly used approach in the delivery room for initial stabilization of
neonates, but rarely used in a prolonged manner. Nasal masks, on the other hand, are often
used to provide long-term support to neonates receiving non-invasive ventilation. This is typ-
ically with variable-flow devices or SiPAP [8]. Nasal prongs, however, are the most popular
and effective way to provide non-invasive ventilation. Neonates are obligate nasal breathers
so prongs provide the most reliable way of delivering consistent distending pressure [8]. If
the infant’s mouth is open, however, a large leak of pressure may occur and the neonate will
not receive prescribed distending pressure. This may be addressed by using a chin strap or
pacifier to keep the mouth closed. One other area where leak and loss of pressure can occur
is at the nares; it is vital for nasal prongs to be large enough to fill the space within the nares
to prevent this, but at the same time not so wide that they injure the surrounding mucosa and
tissues [2, 8]. Long, thin prongs are generally avoided as they may increase the resistance in
the system and even minor secretions can lead to significant obstruction and increased work
of breathing. Endotracheal tubes are sometimes cut and used as “nasopharyngeal prongs.”
This practice is less common given all the previously described advantages of shorter binasal
prongs. In addition, a recent Cochrane review also suggested that binasal prongs are simply
more effective [14]. While we will explore some of the complications associated with non-
invasive ventilation later in the chapter, skin and nasal trauma is perhaps the most commonly
encountered issue. Adequate skin care requires assiduous nursing care, and often skin barri-
ers are applied.

The pressure delivered by CPAP is typically via a continuous or variable flow device.
Continuous flow was the method originally used in the 1970s and 1980s, and historically
relied on gas flow generated from a ventilator [2]. Continuous-flow CPAP is still used
today, typically via bubble or water-seal CPAP; this will be described in detail later in this
chapter. Two of the most commonly used binasal prongs in continuous-flow CPAP are
the Hudson (Hudson Respiratory Care, Inc., Arlington Heights, Illinois, USA) and Inca
(Ackrad Laboratories, Inc., Cranford, New Jersey, USA) prongs. Argyle prongs are also
occasionally used, but have fallen out of favor [14]. Many of these binasal prongs are inter-
changeable with different modes of non-invasive support, including CPAP, SiPAP/BiPAP
or even nasal intermittent positive pressure ventilation (NIPPV) via a ventilator [15]. There
are scant comparative studies in the literature comparing one prong type to another [2]
(Figure 3).

Nasal masks are another avenue of providing non-invasive ventilation. The mask itself is con-
nected to the pressure generator, typically a variable-flow device. Many units alternate the
use of nasal masks with prongs to help prevent nasal and mucosal trauma. As with prongs,
leaks can decrease the amount of pressure delivered to the patient. Therefore a proper seal
around the nose must be maintained at all times. Very little data exists about the safety and
efficacy of nasal masks versus prongs, and there are currently no reported studies of using
NIPPV via nasal mask [2, 15] (Figure 4).
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Figure 3. The Hudson NCPAP equipment very commonly used in many NICUs. Image used with permission by
Elsevier Books, Inc.

Figure 4. An example of a typical nasal mask used to deliver NCPAP with the infant flow driver device. Image used with
permission by Elsevier Books, Inc.

While nasal cannulae (NC) are routinely used to provide supplemental oxygen, some dis-
tending pressure can be generated. The rate of gas flow, size of the cannulae, and degree of
leak around the nares determine the amount of pressure generated [2]. Higher flow rates
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delivered with relatively large sized nasal cannulae is termed “high flow nasal cannulae”
(HENC). Often heated and humidified, the physiology of respiratory support provided by
HENC is different than CPAP. The primary concern with a HFNC system is that depend-
ing on the flow rate and degree of leak, very high, uncontrolled positive pressure may be
delivered. Not all HFNC devices contain “pop-off” valves to prevent this. These concepts
will be explored later in this chapter. Finally, the RAM Nasal Cannula (Neotech, Valencia,
California, USA) was originally designed to provide supplemental oxygen, but is a versatile
interface device [2]. It has been used in various forms of CPAP as well as NIPPV via a ventila-
tor. While at its core it is essentially another short binasal prong, it is designed with larger
bore tubing to help reduce resistance and dead space. It has gained widespread use in many
NICUs for its relative ease of use [2]. Early anecdotal reports also suggested lower rates nasal
trauma. Concerns regarding the RAM Nasal Cannula have to do with the long segment of
narrow tubing from the circuit connector to the prongs, creating a great deal of resistance.
This can potentially lead to a sizeable drop in pressure and also raises concern about whether
the clinician can accurately assess if the patient is receiving the desired distending pressure.
It is important to also note that the use of the RAM Nasal Cannula in providing non-invasive
ventilation is currently considered off-label use, as it is only approved for providing supple-
mental oxygen at this time.

5. Nasal continuous positive airway pressure (NCPAP)

Continuous positive airway pressure (CPAP) is positive pressure applied to the airways of
spontaneously breathing neonates. As previously discussed, the primary function of the respi-
ratory system is to move ambient air into the lungs for gas exchange. Any factor that limits this
basic physiology will predispose the neonate to respiratory failure [8]. The inability to establish
and maintain adequate lung volumes is perhaps the biggest risk factor for compromise. Low
lung volumes and the resulting atelectasis may result in ventilation-perfusion mismatch and
intrapulmonary shunting of blood. Oxygenation is typically affected the most, and while car-
bon dioxide can generally diffuse across biological membranes easily, its removal can be ham-
pered by a low lung-volume state. Other mechanisms that contribute to respiratory distress in
neonates include: retained lung fluid and pulmonary edema, suboptimal FRC, unstable chest
wall with high compliance, upper airway more prone to collapse, poor laryngeal tone, and sur-
factant deficiency [8].

5.1. Physiological benefits of CPAP

CPAP alleviates many of physiologic derangements by increasing mean airway pressure and
distending the airways to establish and maintain optimal FRC. By stabilizing and opening
terminal alveoli, surface area for gas exchange is enhanced, and ventilation-perfusion mis-
matching is reduced. CPAP also improves diaphragmatic contractility. In addition, CPAP
decreases the range of different opening pressure gradients between different areas of the
lung and helps homogenize the total delivered tidal ventilations [8]. By better distending
the individual alveolar units, CPAP also reduces the pressure needed to overcome surface
tension. Surfactant is better preserved on the alveolar surface, further preventing atelectasis
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and the resulting atelectotrauma. In addition, CPAP has been shown to reduce upper air-
way occlusion by increasing pharyngeal cross-sectional area and decreasing upper airway
resistance [8]. Coupled with stabilization of the chest wall and improved compliance, CPAP
also reduces work of breathing. Apnea of prematurity is a common issue for many neonates
born before 35 weeks gestation. It is manifested by various episodes of apnea, bradycardia
and oxygenation desaturation, or some combination of the three. While there is very limited
evidence of CPAP being an effective treatment for apnea of prematurity, it is often clinically
used in such a manner [2].

5.2. Methods of CPAP delivery

The pressure delivered via CPAP is either via a continuous flow or variable flow device. One
of the most common methods of providing continuous-flow CPAP is what is referred to as
bubble or water-seal CPAP [2]. Blended gas is first heated and humidified, then delivered
to the neonate, typically via binasal prongs or a nasal mask. The distal end of the expiratory
tubing is submerged in either 0.25% acetic acid or sterile water to a specific depth; this depth
determines the level of CPAP generated [2]. The bubbles from the exhalation limb produce
observable chest vibrations that could potentially enhance gas exchange. Furthermore, the
applied gas flow rate to the CPAP device affects the degree of bubbling, suggesting that there
may be a low-amplitude, high-frequency oscillatory effect to the lungs [13]. Initial studies that
reported these findings, however, were using bubble CPAP delivered via a nasopharyngeal
tube and not binasal prongs [2]. More studies are needed to determine if there exists an oscil-
latory waveform that enhances ventilation while on bubble CPAP.

Variable-flow CPAP has been in use since 1995 and was originally developed by Moa et al.
to help reduce neonatal work of breathing [2]. These devices use dual injector jets directed
towards each nasal prong to establish a constant airway pressure. In addition, when the
neonate makes a spontaneous expiration, there is a “fluidic flip” in which the flow of gas
is reversed and allowed to exit via the expiratory limb of the device. This phenomenon is
enhanced due to the Coanda effect, in which gas tends to follow a curved surface [2]. The two
most common variable-flow devices currently available are the Infant Flow (Cardinal Health,
Dublin, Ohio, USA) and the Arabella system (Hamilton Medical, Reno, Nevada, USA). Some
studies have indeed demonstrated less work of breathing and better synchrony in neonates
on variable-flow devices compared to bubble CPAP. Others have found similar rates of extu-
bation failure after randomization to either bubble CPAP or variable-flow CPAP following
extubation from mechanical ventilation [2]. Despite these differences in the literature, there is
no definitive evidence to suggest one mode of CPAP is superior. Many of these studies were
done with neonates of various gestational ages and weights, which may confound the results
further. Clearly, the clinician must be familiar with the device(s) available to them in their
particular units and to be comfortable with their management.

5.3. Clinical management of CPAP

Determining the optimal CPAP level should be individualized to each neonate’s underlying
pathophysiology and should be aimed to obtain optimal without over-distention. This target
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may change based on the neonate’s disease course and postnatal age. The use of correctly sized
binasal prongs with a chinstrap or pacifier to keep the mouth closed (if needed) is important
to minimize any loss of pressure. Inmediately after birth, most neonates of all gestational are
started on a level of 5 or 6 cm H,O, with escalation to 8-10 cm H,O as needed [2, 8]. There is
limited evidence, however, to suggest a singular approach to initiating or changing the CPAP
level. Again, these decisions should be driven by the underlying pathophysiology and sup-
ported by clinical and laboratory measures when necessary. Many institutions have their own
specific guidelines and goals, especially when caring for the very low birthweight or extremely
low birthweight infant. In general, the CPAP level is deemed appropriate when the neonate’s
oxygenation and ventilation are satisfactory, the chest radiograph is optimally inflated, work of
breathing is minimal, and the neonate is otherwise hemodynamically stable. When the CPAP
level is too high, one may see signs of over-distention on the chest radiograph manifested by a
flattened diaphragm or small heart size. Gas exchange may be worsened and, in severe cases,
over-distention can reduce cardiac output leading to tachycardia and hypotension [8].

Weaning the neonate off CPAP is another area that should be driven by the underlying physi-
ology and any continued need for respiratory support. This is typically possible when the neo-
nate is requiring little to no supplemental oxygen, work of breathing is negligible, and there
are few episodes of apnea, bradycardia, and desaturation [8]. While some institutions wean
the CPAP level during this time, other institutions do not. An alternative method of weaning
CPAP consists of “sprinting” the neonate off CPAP support for a period of time, which gradu-
ally increases until off entirely. This is not well studied and this method of “sprinting” may
actually lead to CPAP weaning failure and may prolong the length of time ultimately spent on
CPAP [8]. Additional questions include at what postnatal age to consider removal of CPAP,
and what level of support (if any) should the neonate be transitioned to. The duration of
CPAP is often driven by the neonate’s gestational age even in the absence of significant lung
disease, as very preterm infants often benefit from longer use of CPAP while their chest walls
mature and offset the elastic recoil of the lungs [8]. While this may vary from one institution
to another, typical goals for removing an extremely preterm neonate from CPAP are around
32-34 weeks postmenstrual age, when appropriate goals are achieved (ie, no work of breath-
ing and/or minimal supplemental oxygen requirement, etc). When discontinuing CPAP, the
neonate can either be taken directly to room air or transitioned to a lesser mode of support
(typically some form of nasal cannula). Again, much of this decision-making is driven by the
current lung disease (if any) being treated at the time, as well as any other factors that may
predispose the neonate to continued need for respiratory support. For example, the neonate
that is otherwise stable on a fairly low CPAP level, has no oxygen requirement, and is grow-
ing well can reasonably be taken to room air as the initial attempt at discontinuing CPAP. The
neonate that still has a minimal oxygen requirement but otherwise meets other criteria for
coming off CPAP can be taken to a nasal cannula.

5.4. BiPAP and SiPAP

Bilevel CPAP (BiPAP) or sigh intermittent positive airway pressure (SiPAP) has been mar-
keted as a means of delivering alternating levels of distending pressure. Both are typically
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used with the Infant Flow driver and can alternate between a lower and higher CPAP pres-
sure throughout the respiratory cycle; some ventilators can provide this mode as well [2]. This
method of support is not synchronized (synchrony is currently only available in Europe and
Canada), and the neonate breathes spontaneously at both levels of support. This potentially
creates two distinct FRCs [16]. The CPAP levels cycle at a specific rate. The higher pressure
level is delivered during “inspiration”, with typical values of 8-10 cm H,O, but sometimes as
high as 15 cm H,O if using a patient triggered BiPAP device. Most SiPAP devices, on the other
hand, will have a “sigh” pop-off that will prevent inspiratory PEEP from exceeding 10 cm
H,O. During “expiration”, the neonate will breathe the lower pressure level, with typical
values set at 4-6 cm H,O. A higher “inspiratory time” is typically used, with some authors
suggested as high as 1 second [8]. Lista et al. compared outcomes in preterm neonates with
RDS that were initially supported with CPAP versus SiPAP [16]. They found that infants sup-
ported with SiPAP had a shorter duration of mechanical ventilation overall, needed less oxy-
gen, and were discharged home sooner. A caveat of these studies is that it can be difficult to
compare the actually distending mean airway pressure delivered between CPAP and BiPAP/
SiPAP. The latter, with alternating levels of pressure, will typically generate a pressure that
is 2-3 cm H,O higher than CPAP [2]. It is quite possible that it is this higher overall level of
pressure in addition to the cyclical tidal volumes delivered that result in benefit to the infant.
A recent study in 2016 by Victor et al. aimed to compare the use of CPAP and BiPAP in
infants born before 30 weeks’ gestation and less than two weeks old using equivalent mean
airway pressures [17]. They did not find any difference in extubation failures between the two
groups, nor did they find any difference in total duration of mechanical ventilation, oxygen
requirement at 28 days & 36 weeks corrected, or length of hospitalization.

6. Humidified high flow nasal cannula (HHFNC)

HHEFNC use rapidly expanded in NICUs since 2005. The two major commercially avail-
able devices are Vapotherm (Exeter, New Hampshire, USA) and Fisher & Paykel (Auckland,
New Zealand) [2]. While most clinicians refer to this technology as “HFNC,” the delivered
air undergoes a heating and humidification process. Traditional nasal cannula was limited
to flow rates of 2 Ipm of either 100% or blended oxygen for neaontes [13]. Higher rates of
flow often caused significant drying of the airway mucosa, leading to irritation and mucosal
trauma. The new HFNC systems create nearly 100%, allowing clinicians to use higher flow
rates. This can vary from one institution to another. Some centers will use flow rates of up to
4 Ipm, while others use rates as high as 8 Ipm. Many of the same physiological benefits seen
with the use of CPAP can be extrapolated to the use of HHFNC, as the higher flow rates has
been shown in some studies to provide comparable distending pressure [2]. These benefits
include improved pharyngeal tone, nasopharyngeal deadspace washout, decreased work of
breathing, and maintenance of FRC [13]. The primary concern with the use of HHFNC is that
it can potentially deliver unpredictable, uncontrolled and widely variable levels of distending
pressure. Some studies using esophageal probes have measured the pressure delivered by
HHENG; this level is a determined not only by the flow rate delivered, but also the weight of
the neonate and the size of the cannulae [2]. Neither of the two commercially available HHFNC
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devices are capable of measuring the level of pressure provided. They do, however, have an
internal pressure-limiting mechanism as a safety measure to prevent excessive pressures from
reaching the patient [8]. Ultimately, though, there currently is no reliable way to calculate how
much distending pressure is delivered. For that reason, it is vital that the nasal prongs selected
allow for some leak around the nares so that extremely high pressures are avoided.

6.1. Clinical use of HHFNC

HHFNC has been tried in various domains of neonatal respiratory management, including
as a means of avoiding extubation failure in premature neonates. There have been a handful
of recent studies to look at this, and the general consensus seems to be that HHFNC was non-
inferior to CPAP in terms of extubation failures [8]. The additional finding of less nasal and
mucosal trauma was consistent across most of these studies. Overall, however, there is still
insufficient evidence to suggest that HHFNC is equal or superior to CPAP in preventing extu-
bation failure. Much of this has to do with wide variations in the previously mentioned study
designs, use of different devices, and unknown severity of respiratory distress in enrolled
patients [8]. These data are even more limited for extremely low birthweight infants or those
born less than 28 weeks’ gestation [13].

HHEFNC has also been studied for treatment of apnea of prematurity and work of breath-
ing. Saslow et al. (2006) evaluated the effects of CPAP and Vapotherm HFNC on work of
breathing patterns in a crossover study of preterm infants requiring either support modality
and weighing <2.0 kg at birth. They did not find any significant differences between the two
groups [8]. Sreenan et al. (2011) also looked at stable premature infants in a crossover study
of CPAP and HHENC. They did not find any differences between the two modalities with
respect to apnea, bradycardia, or desaturation events, oxygen requirement, or work of breath-
ing [8]. This remains an area where success with HHFNC can certainly be achieved, but it is
important to note that no definitive evidence exists to prove it is equally efficacious as CPAP.

6.2. Current best evidence regarding HHFNC use

In June 2015, an international group of experts met in Oxford, England to discuss the use of nasal
high-flow therapy in neonatology. The goal of the meeting was to reach consensus among clini-
cians on how to best use and study HHFNC in neonates and to try to establish guidelines for
its management [13]. At the time of their meeting, their review encompassed four current RCTs
that involved over 1100 preterm infants [13]. The following is summary of the group’s findings.

The Oxford group recommended that in general, HHFNC can be considered for most neo-
nates in which CPAP would be used. This includes preterm infants with respiratory distress,
increased work of breathing, or an oxygen requirement. Special consideration should be given
to neonates with significant nasal trauma from CPAP use, as switching to HHFNC may allow
the nares to heal [13]. The same level of monitoring and nursing care provided to a neonate
on CPAP should be applied to a neonate on HHFNC [13].

As previously mentioned, one of the major differences at the level of the nasal prongs between
CPAP and HHFNC is the desired amount of leak. With HHFNC, there must be a moderate
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amount of leak around the nares to allow gas egress and to ensure that unpredictably high
pressures do not occur. The group concluded that the prong dimensions be no greater than
50% of the diameter of the nares, and that the gas flow via HHFNC be heated between 34 and
37 degrees C [13]. Furthermore, the actual cannulae used should be per manufacturer recom-
mendations, and components from different systems should not be mixed.

Individual institutions may have their own particular guidelines, but the Oxford meeting
recommends starting with flows of 4-6 Ipm for most preterm infants. Lower flow rates of
2-3 Ipm may be acceptable for larger neonates closer to or at term [13]. A maximum flow
rate of 8 Ipm is recommended, and only in response to increased work of breathing or higher
oxygen requirements. Escalation from HHFNC to a different support modality should be
considered in cases of increased work of breathing, increased apnea, or oxygen requirements
greater than 50% [13]. Weaning the flow rate can be considered once the neonate is stable
for about 24 hours and on 30% or less oxygen, with one recommended approach of weaning
the flow rate by 1 Ipm every 12 hours as tolerated. Again, institutions may have their own
weaning protocols. Discontinuing HHFNC can be considered once flow rates of 2—4 lpm are
achieved, as 2 Ipm is actually the lowest most devices will sustain, and the benefits of rates
less than 3 Ipm are actually unclear at this point [13].

6.3. Summary

A growing body of evidence seems to suggest that HHFNC is fairly safe and efficacious
in supporting many preterm infants, however no definitive evidence exists. Flow rates of
2-8 Ipm are generally acceptable, with careful attention to prong size and adherence to all
manufacturer recommendations. Clearly, however, more research is needed. Specifically,
more studies are needed to evaluate the use of HHFNC in extremely low birth weight infants
and those born less than 27 weeks’ gestation, as well as the potential use of HHFNC in deliv-
ery room resuscitation and during neonatal transport [13]. This is one specific age group in
which the evidence still overwhelmingly supports the use of CPAP as the initial mode of support.
More studies are also needed to compare different HHFNC devices, types of cannulas, and
true flow rate recommendations based on weight and gestational age. Finally, the Oxford
group strongly recommends that each institution devise and adhere to their own agreed-
upon guidelines so that a standardized approach to the use of HHFNC can be applied and
subsequently studied.

7. Nasal intermittent positive pressure ventilation (NIPPV)

Nasal intermittent mandatory ventilation (NIMV), also known as nasal intermittent positive
pressure ventilation (NIPPV), refers to ventilation provided via a conventional ventilator in
anon-invasive fashion. This is usually administered via short binasal prongs, the RAM Nasal
Cannula, or a nasal mask [2, 8]. Depending on the type of ventilator and settings used, NIPPV
is designed to deliver positive pressure throughout the respiratory cycle with defined, inter-
mittent increases in pressure, often in synchrony with respiratory efforts [8]. This method of
respiratory support was initially described in the early 1970s when via time-cycled inflations
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using a ventilator with an oronasal mask [2]. In the 1980s, more than 50% of the level III
NICUs in Canada were consistently using this method of respiratory support. Shortly after,
it fell out of favor due to reports of facial neurological injuries and gastrointestinal perfora-
tions; subsequent studies regarding the use of NIPPV in neonates have not reported higher
rates of these complications [2, 13]. Of note, nasal high-frequency ventilation (NHFV) is also
described in the literature and is increasingly common in some centers in Europe. Given its
relative new nature and lack of extensive comparative studies, it will not be discussed here.

7.1. Benefits of NIPPV

The physiological benefits of NIPPV are similar to other modes of positive pressure delivery.
Specifically, NIPPV will expand the lung and recruit terminal alveoli, increase FRC, pre-
vent atelectasis and atelectotrauma, and improve ventilation-perfusion mismatches [8, 18].
In addition, the positive pressure delivered helps splint the upper airways, improves laryn-
geal tone, and stabilizes the highly compliant neonatal chest wall. Synchronized NIPPV, or
sNIPPV, has been shown in several studies to deliver higher tidal volumes than CPAP or
non-synchronized NIPPV [13, 18]. In addition, all forms of NIPPV deliver additional posi-
tive pressure breaths, further increasing mean airway pressure. This in turn helps to further
improve tidal volumes and reduces thoraco-abdominal asynchrony (especially true with
sNIPPV), which has may reduce work of breathing and improve pulmonary mechanics [8].
Animal studies have also shown that the intermittent distending pressure above PEEP that
NIPPV provides can more effectively recruit the lung than CPAP alone, leading to further
improvements in FRC [13].

NIPPV has been studied in three major domains: preventing extubation failures, treating
apnea of prematurity, and as the primary mode of treating respiratory distress in prema-
ture neonates. As of 2015, there have been ten randomized controlled trials comparing
NIPPV with CPAP after extubation in premature infants. Friedlich et al. were the first to
publish a study comparing CPAP with sNIPPV, and demonstrated that sSNIPPV reduced
extubation failures significantly [19]. In 2017, a Cochrane meta-analysis of these trials dem-
onstrated a reduction in extubation failure (NNT = 4), but the studies included various
NIPPV devices with a mix of synchrony versus asynchrony [8]. Furthermore, there was
variability in the definition of extubation success. Despite these caveats, the conclusion from
the review was that NIPPV may reduce extubation failure within 48 hours to one week
after extubation more effectively than CPAP. No effect, however, was seen on chronic lung
disease or mortality [18].

For treatment of apnea of prematurity, there are three studies comparing CPAP with
NIPPV. The evidence is conflicting and there is no current recommendation whether NIPPV
is superior to CPAP [8, 13]. A total of eight studies with 850 patients have looked at NIPPV as
the primary mode of initial ventilation in premature neonates with respiratory distress syn-
drome, with the primary outcome being failure of non-invasive support and the need for intu-
bation. The studies included different devices with mixed populations. Furthermore, some
studies allowed the use of surfactant while others did not. As one might imagine, the results
were mixed, with six of the trials essentially finding no difference between the two respiratory
modalities [8]. As mentioned above, the strongest evidence in this area as demonstrated by
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the 2017 Cochrane review appears to be the use of NIPPV to prevent extubation failure when
used immediately after extubation [18].

7.2. Typical NIPPV settings

As with every mode of respiratory support, the settings applied to any particular neo-
nate should be based on the particular device used and the underlying pathophysiology.
Initial settings on NIPPV are typically similar to those of a mechanical ventilator, with
two exceptions, applied peak inspiratory pressure (PIP) and inspiratory time (Ti). Higher
PIP is often necessary as pressure is delivered via a nasal interface and pressure is attenu-
ated prior to delivery to the lungs. Therefore, NIPPV PIP is typically started about 2-4 cm
H,O higher than that normally used for mechanical ventilation viz an endotracheal tube
[8]. This is then adjusted based on adequate chest rise and blood gas measurements. For
similar reasons, slightly higher inspiratory times of 0.4-0.5 seconds are also typical, as
breaths delivered nasally have more resistance to overcome versus those delivered via an
endotracheal tube.

Weaning from conventional ventilator to NIPPV should be done according to the same gen-
eral recommendations as for any other mode. The goal should be well inflated lungs with
an adequate FRC and minimal work of breathing. Settings on NIPPV are typically similar
to prior settings on mechanical ventilation at the time of extubation. While this will differ
from one institution to the next, this typically consists of rates below 25 breaths/min, a PIP of
less than 20 cm H,O, and an oxygen requirement of less than 30-35%. PEEP can be variable
depending on oxygen requirement and need for lung expansion, but ideally will be 6 cm H,O
or less [8].

8. Summary

Although the means of delivering non-invasive respiratory support are widely variable, with
numerous interfaces, devices and modes, the underlying goal is the same for all. Each baby’s
physiology should be assessed and non-invasive respiratory support must be tailored to
resolve the most important underlying pathophysiology. When properly supported, babies
should be well oxygenated, with minimal work of breathing, infrequent apnea, and a stable
respiratory status.
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Abstract

Open-circuit mouthpiece ventilation (MPV) is a method of noninvasive ventilation,
which can be used to provide full-time support, induce lung volume recruitment,
increase cough efficacy, defer tracheostomy and possibly improve survival and quality
of life in advanced-stage neuromuscular patients. MPV might also be applicable to other
chronic respiratory diseases as well as in acute exacerbations of chronic obstructive pul-
monary disease and can also be employed for the extubation of unweanable neuromus-
cular patients. A candidate for MPV should be able to rotate his neck adequately, grab
the mouthpiece with his lips and maintain sufficient control of the upper airway muscles.
MPV is usually provided in the volume assisted-controlled mode with a tidal volume
between 0.7 and 1.5 L, zero PEEP and backup rate set to the lower allowed value, allow-
ing the patient to define his own ventilatory pattern. The “low pressure” and “apnea”
alarm should be switched off, if possible, or special setting adjustments should be used to
prevent their activation. Comprehensive patient training and dedicated nursing time are
important for the application of MPV. MPV is considered a safe method for the majority
of the patients, but accidental mouthpiece loss is an important concern.

Keywords: noninvasive ventilation, tracheostomy, Duchenne muscular dystrophy,
amyotrophic lateral sclerosis, home ventilation

1. Introduction: rationale for mouthpiece ventilation

Mouthpiece ventilation (MPV) is a unique method of respiratory support specifically intended
to provide full-time ventilatory assistance mainly to patients with chronic ventilatory failure
and limited or no ventilator-free breathing time [1-3]. Together with negative pressure venti-
lation, MPV is probably one of the oldest methods of noninvasive ventilatory support since it
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was initially employed as an alternative to tracheostomy by poliomyelitis survivors 60 years
ago [3]. However, it was the pioneering work of a few investigators over the last three decades,
which popularized the use of MPV for the management of chronic ventilatory failure, and
since 2013, several MPV modes have been incorporated into modern home ventilators [3, 4-10].

The main indication of MPV is the provision of full-time ventilatory support for patients with
chronic progressive neuromuscular diseases (NMD). Many NMDs cause respiratory disease
by involving inspiratory, expiratory and upper airway muscles, leading to sleep disordered
breathing, reduced respiratory pump efficiency and weak cough [11, 12]. From the respira-
tory physician’s point of view, the most characteristic pathophysiologic trait of these NMDs
is chronic alveolar hypoventilation which appears initially during the rapid eye movement
sleep stage and extends eventually throughout all sleep stages before manifesting during
daytime [13]. At advanced disease stages cough function is also severely impaired predis-
posing to respiratory infections and atelectasis [11, 12]. The institution of noninvasive posi-
tive pressure ventilation (NIV) for the support of the feeble respiratory muscles at the early
stage of nocturnal hypoventilation is the mainstay of management of these patients and has
been shown to improve survival, quality of sleep and quality of life [14-19]. However, as
disease progresses and respiratory muscles continue to weaken, ventilatory requirements
extend into the daytime. For patients with limited or no ventilator-free breathing time (e.g.
ventilator use for > 16 or 20 hours per day), many practitioners would suggest transition to
invasive ventilation via tracheostomy [20]. Importantly, an additional role of tracheostomy is
the facilitation of secretion clearance given that at advanced disease stages cough flows are
invariably reduced [11, 12]. In a European survey involving patients managed with home
ventilation, patients with NMDs were the most likely to receive ventilatory support for a pro-
longed period (>6 years) and to have undergone tracheostomy procedures [21]. Nevertheless,
long-term tracheostomies have been associated with several disadvantages including loss of
voice, tube-related injuries, increased care-giver burden and disturbed self-image [2, 3, 9].
Although most patients would show preference toward a continued noninvasive mode of
management [6, 22], standard nasal or oronasal masks are not suitable for this task since they
commonly cause difficulties in eating, drinking and speech, sense of claustrophobia, limited
field of vision, impaired social interaction and pressure lesions [1-3].

An alternative method for continuous noninvasive ventilator support is based on the 24 hour
use of MPV or the combination of MPV during the daytime with nocturnal nasal or oronasal
mask ventilation (MV). This method is complemented by ancillary strategies of which the most
important are the “air-stacking” maneuver and the glossopharyngeal breathing (GPB) tech-
nique [1-3]. A good candidate for MPV should be able to rotate his neck and grab the mouth-
piece with his lips and also maintain good control of his upper airway muscles (Figure 1) [10].
MPYV is usually delivered via a home ventilator in the volume-assist-control mode (VAC) with
the tidal volume (Vt) commonly set between 0.7 and 1.5 L (to correct for air leaks), zero PEEP
and a back-up respiratory rate ideally set to zero [1-3]. Therefore, the patient has the ability
to define his pattern of breathing according to his own ventilatory needs by taking as many
breaths as he requires and by modifying the quantity of leak [8].

Volume-target MPV facilitates the application of the “air-stacking” maneuver, which is
performed by teaching the patient to stack consecutive volumes of air delivered from the
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Figure 1. A patient with non-bulbar amyotrophic lateral sclerosis making use of mouthpiece ventilation (from Agrafiotis
et al. [30], after permission).

ventilator until his lungs are maximally expanded. The maximum volume of air that can
be held with a closed glottis is the patient’s maximum insufflation capacity (MIC) [23]. The
role of air-stacking is to preserve lung function by effecting lung volume recruitment and to
avert chest wall strictures and contractures in patients with NMDs who experience a progres-
sive decline in vital capacity (VC) [24, 25]. The difference MIC-VC depends directly on the
integrity of glottic function and represents the amount of recruitable lung volume [24]. In a
recent retrospective study of 151 patients with Duchenne muscular dystrophy (DMD), lung
volume recruitment by air-stacking delayed the maximal VC decline by at least 5 years [26].
Other researchers have also reported a decrease in the rate of VC decline in patients with
DMD [27] and a progressive increase in the MIC-VC difference, indicating a higher number of
recruitable lung units [28]. In addition, lung expansion by air-stacking takes advantage of the
increased respiratory system recoil pressure at high lung volumes to increase peak cough flow
(PCF) and facilitate secretion clearance. In a group of 61 DMD patients, mean PCF increased
from 137 to 236 L/min with the application of the air-stacking maneuver [29]. As an example,
the application of air-stacking in a patient with amyotrophic lateral sclerosis (ALS) receiv-
ing MPV was associated with a MIC-VC difference of 0.4 L and an increase of PCF from 50
to 200 L/min [30]. Therefore, the use of MPV in combination with the air-stacking maneuver
supports daytime ventilatory function and improves cough efficacy deferring tracheostomy.

GPB is another strategy commonly taught to MPV users. This technique is based on the use of
the tongue to gulp consecutive boluses of air, while the glottis remains closed after each gulp
to retain the inhaled air. By imitating the effects of a deep breath, GPB induces lung volume
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recruitment and improves cough efficacy. In addition, GPB provides ventilator independency
for patients with limited off-ventilator time and can be used as a rescue strategy in case of an
accidental mouthpiece disconnection or ventilator failure [5, 6, 31].

During the last years, the use of MPV has also expanded to patients with other chronic respi-
ratory diseases such as chest wall diseases [32] as well as to acute exacerbations of chronic
obstructive pulmonary disease (COPD) [33, 34]. Nevertheless, despite the increasing inter-
est in MPV, its application is limited to few centers specializing in noninvasive respiratory
management [35]. Many practitioners are unfamiliar with its use, and several authors still
consider tracheostomy as the most effective and secure method of ventilation for patients
with advanced diseases [1].

In the rest of the chapter, we will present the evidence supporting the application of MPV for
the management of respiratory disease and address several practical issues related to its use.

2. Evidence

2.1. Mouthpiece ventilation for full-time ventilatory support in neuromuscular
patients

The application of MPV ventilation to 75 post-polio survivors with chronic respiratory fail-
ure was reported by Bach et al. [5]. All patients were using MPV as a major part of their
respiratory support, but some (31%) were also using body respirators and the majority (88%)
required full-time ventilator assistance. On average MPV was used for 1028 patient-years
(14.8 years per person) for a total mortality of 1 death per 60.5 patient-years. Several of these
MPV users married and some also joined the workforce.

Toussaint et al. [8] reported on 42 patients with DMD treated with MPV. Before introduced to
MPV, all patients had diurnal hypercapnia by the end of the day while being treated optimally
with nocturnal nasal ventilation. Survival at 1, 3, 5 and 7 years was 88, 66, 58 and 51%, respec-
tively. Importantly, the use of MPV was associated with stabilization of VC, despite a deteriora-
tion in respiratory muscle strength, while transcutaneous CO, values improved. Some patients
also reported improvements in dyspnea, appetite and swallowing. No important accidents or
complications were observed over the 7-year follow-up period. VC was also preserved in a
small cohort of 12 DMD patients who were prescribed MPV, a fact attributed to the concurrent
use of lung volume recruitment strategies [36].

MPV was also compared to tracheostomy ventilation (TV) in 42 patients with DMD [9]. All
tracheostomized patients (n = 16) used cuffless tubes and speaking valves connected in line
with the ventilator circuit. While TV was associated with a higher incidence of tracheal inju-
ries, mucous hypersecretion and lung infections, MPV users had a slightly higher incidence of
weight loss and need for enteral feeding. Causes of death did not roughly differ between the
two groups, however one MPV user died as a result of loss of mouthpiece during wheelchair
malfunction, while a TV patient died during an endoscopic procedure.
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Bedard and McKim [10] reported retrospectively on the use of MPV in patients with
ALS. Of 37 patients in total, 27 were considered to be successful MPV users (consistent
use > 1 month). The majority of the successful patients had less severe bulbar symptoms
and demonstrated recruitable lung volume with MIC > VC. Importantly, all successful users
experienced improved dyspnea scores and normalization of CO, values. For this group
of patients, FVC decreased as disease progressed, but MIC was relatively preserved and
MIC-VC difference increased. The majority of them could effect a PCF > 180 L/min with lung
volume recruitment throughout disease course. In addition, a PCF > 180 L/min at initiation
of MPV in successful users was associated with significantly better mean survival (637 vs.
240 days).

In addition, Khirani et al. [37] obtained questionnaires on quality of life issues from 30 neuromus-
cular MPV users. The majority of the patients reported reductions in dyspnea (73%) and fatigue
(93%), and some of them also improvements in the ease of speech (43%) and swallowing (27%).

Overall, the above evidence indicates that MPV may defer tracheostomy, improve or stabilize
clinically relevant lung function variables and possibly improve quality of life and confer a
survival benefit to neuromuscular patients. The application of MPV seems relatively safe,
although the possibility of mouthpiece loss is not a negligible concern. In addition, the con-
current use of other noninvasive aids, e.g. mechanical insufflation-exsufflation devices, might
bias the interpretation of these studies. From this point of view, it is worth noting that in the
study by Toussaint et al. [8], mechanical insufflation-exsufflation was available for only 7% of
the patients. Nevertheless, further prospective studies are warranted to explore the impact of
MPV on the outcomes of neuromuscular patients.

2.2. Mouthpiece ventilation for “unweanable” ventilator-dependent neuromuscular
patients

MPV, sometimes combined with mechanical insufflation-exsufflation, has been successfully
employed as a noninvasive method of weaning or removal of artificial tubes for patients with
acute or chronic ventilatory failure, the majority of which had various NMDs. Many of these
patients continued using MPV for several years [5, 6, 38]. A recent study [7] evaluated a sim-
plified protocol for the extubation of neuromuscular patients with no ventilator-free breath-
ing time. All patients (n = 157) who were normocapnic on invasive mechanical ventilation
could maintain an SpO, > 95% for 12 hours on room air and could reverse desaturations with
the use of mechanical insufflation-exsufflation device were extubated to noninvasive nasal,
oronasal or mouthpiece volume assisted-controlled ventilation. Intensive use of mechanical
insufflation-exsufflation was provided after extubation. Patients using MPV could determine
the amount of volume they required and, when possible, could wean themselves after extuba-
tion by taking gradually fewer breaths from the mouthpiece. This protocol effected extuba-
tion success (defined as discharge without reintubation) in 157 (98%) of the patients, of whom
46% remained full-time ventilator-dependent. Although this study does not provide specific
data with respect to each interface, it does exemplify the usefulness of mouthpiece for provid-
ing full-time ventilatory support without the requirement of an invasive tube.
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2.3. Mouthpiece ventilation in other chronic respiratory diseases

Nicolini et al. [32] recruited 18 mechanical ventilation-naive patients with severe kyphoscoliosis
in a prospective 4-year study, which evaluated the impact of combined diurnal MPV and noc-
turnal MV on lung function, clinical outcomes and health-related quality of life. They observed
significant improvements in spirometric indices, blood gases, static mouth pressures, ventila-
tory drive and polygraphic variables at 6 months. In addition, patients reported improvements
in quality of life aspects as sleep, physical well-being, eating, leisure, self-confidence and mood.
Mortality at the end of the study period was 22.2%. When compared to a historical group of
kyphoscoliotic patients who received only nocturnal MV, survival was better for the combined
group at 180, 360 and 720 days.

2.4. Mouthpiece ventilation in acute respiratory exacerbations

There is limited evidence on the effectiveness, safety and tolerance of MPV in the setting of
acute respiratory failure. A randomized cross-over prospective physiologic study compared
four different interfaces with various internal volumes including a mouthpiece with minimal
internal volume in critically ill patients. No difference was noted in gas change and respira-
tory effort variables, but the mouthpiece was associated with more leaks and asynchronies
and a significantly less comfort on a visual analogue scale [39]. In a cross-over study which
compared short-term mouthpiece and face mask tolerance in a cohort of 27 intensive care
unit (ICU) patients treated for acute respiratory failure, five patients were withdrawn due
to poor tolerance of the mouthpiece. For the remaining subjects and their nurses, facemask
was associated with a nonsignificant better comfort, but mouthpiece required a significantly
higher nursing time. While oxygenation and blood gases significantly improved with both
interfaces, only face masks were associated with a significantly lower respiratory rate [40].

Some of the above findings were challenged by more recent clinical studies. Glerant et al.
[33] conducted a retrospective matched case-control study in which MPV was compared to
nasal MV and standard medical care in 87 COPD patients admitted to a respiratory ICU due
to acute hypercapnic exacerbation of mild severity (average pH 7.3). In both groups, assist-
control or pressure support modes were used. MPV was applied for 20 minutes every hour
during the day and at less frequent intervals during the night. All MPV patients used a nose
clips and had to hold the mouthpiece firmly and keep their mouth closed to avoid leaks. This
study observed a nonsignificant lower intubation rate for MPV as compared to MV users (7
vs. 14%) and similar improvements in blood gases although these changes occurred much
later in the MPV group, a fact attributed to a longer learning period for these patients. Overall,
the duration of NIV and ICU stay did not differ between these two groups.

The same question was revisited by a recent randomized controlled trial. Nicolini et al. [34]
randomized 50 COPD patients presenting with acute exacerbation of mild-moderate sever-
ity (pH 7.25-7.30) to receive either nasal MV or MPV in the pressure support mode. No case
of NIV failure was observed, and blood gas values showed similar trends while the dura-
tion of NIV and hospital stay did not differ between the two groups. Common complica-
tions included skin breakdown for the MV group and gastric distention for the MPV group.
However, tolerance and device acceptability was better for the MPV group.
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Criticism for both the abovementioned studies focused on the use of nasal masks in the set-
ting of an acute exacerbation and the absence of long-term results. In addition, the study by
Nicolini et al. [33] was underpowered to assess changes in blood gases, which was the pri-
mary outcome [41]. Pending the results of further investigations, MPV might be considered
for COPD patients with a mild-moderate acute exacerbation who are intolerant of nasal or
oronasal masks but retain a good level of consciousness and are not severely distressed in
order to understand and apply this technique.

3. Practicalities in the application of mouthpiece ventilation

MPYV is mainly indicated for neuromuscular patients with chronic ventilator failure when
they develop daytime hypercapnia despite optimized nocturnal ventilatory support [8] or
when they manifest deteriorating daytime breathlessness with increasing ventilator depen-
dence [10]. MPV can be performed with (1) a home life-support ventilator, (2) a single or a
double-limb circuit, (3) various types of mouthpieces, and (4) adjustable support arm or cus-
tom-made straps to mount the mouthpiece close to the head for patients with advanced motor
disabilities (Figure 2). The presence of an exhalation valve in the circuit is not a prerequisite
for the delivery of MPV; however, it might be necessary for switching to nocturnal MV for
patients using non-vented circuits. The ideal candidate should be able to grab the mouthpiece
with his lips and adequately rotate his neck [10]. MPV can be combined with MV during sleep
or applied 24 hours per day using specifically designed interfaces [6, 31].

3.1. Patient education

Most of the patients considered for MPV have already been using MV for several years.
Nevertheless, the experience of MPV is quite different and some patients may feel uncomfort-
able and express reluctance to continue. The application of MPV requires active participation

Figure 2. Setup for mouthpiece ventilation.
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from the patient, increased nursing time and longer periods of training. We generally instruct
patients to “sip” from the mouthpiece, in a manner similar to drinking a beverage using a
straw (Figure 1). When this maneuver is applied, the soft palate moves posterocaudally seal-
ing off the nasopharynx and minimizing nasal leaks. Importantly, the “sip” maneuver gener-
ates a higher negative pressure than maximum static inspiratory pressure, a fact that makes
triggering easier for the frail neuromuscular patients [1].

3.2. Ventilator settings

The ventilator is usually set to the volume assisted-controlled mode with a Vt between 0.7 and
1.5 L, while PEEP (or EPAP) and backup rate are set to zero or to the lowest manufacturer-
defined value. Recommendations on how to choose Vt and inspiratory time (Ti) are generally
scarce [3]. If the patient is breathing comfortably while using MV, we begin with a similar Vt,
albeit increased by 0.1-0.3 L to account for leaks and we commonly use a Ti at least as high as 1 s.
Then we gradually increase Vt and/or Ti over several hours or days as much as tolerated. Many
patients might have been using bilevel MV for many years before being introduced to volume-
targeted MPV. While in bilevel ventilation, peak inspiratory flow is determined by the preset
pressure, respiratory resistance and patient effort [42] in traditional volume-targeted ventila-
tion inspiratory flow is ventilator-defined and is commonly delivered using a square waveform
shape. Nevertheless, if the patient becomes severely breathless when switched to volume-tar-
geted MPV, the use of a decelerating flow shape which delivers higher peak inspiratory flows at
the start of the breath might be considered [43] . Generally, the patient should be able to define
his own ventilatory pattern by determining the number of breaths and the quantity of leak [8].
Some experts would choose to use a pressure, rather than a flow-regulated, inspiratory trig-
ger to avoid autotriggering [44]. However, despite the fact that in many new generation home
ventilators only flow triggering is available, autotriggering with MPV seems to be less common
than initially thought [37, 45]. Inspiratory trigger should be sensitive enough to reduce the work
of breathing. However, since MPV users commonly fail to trigger the ventilator [45], a number
of backup breaths could be set to ensure adequate ventilation and avert fatigue. On the other
hand, machine-triggered breaths during patient disconnection from the mouthpiece might be a
source of discomfort as a result of high flow on the user’s face [45]. Nevertheless, in some newer
generation ventilators, triggering can be simply effected by creating a small negative pressure at
the mouthpiece (“kiss-trigger”) [3, 37]. It must be noted that standard turbine ventilators are not
designed to perform under conditions of rapidly changing load. A bench study which evalu-
ated five different modern home ventilators observed significant swings in Vt when conditions
of disconnection and reconnection were experimentally reproduced [46].

3.3. Alarms

One of the major problems in open-circuit systems is the prevention of “low pressure” and
“apnea” alarm activation. As a general rule, these alarms should be switched off when possible
or set to the lowest sensitive value allowed by the manufacturer. Several new generation home
ventilators are more versatile in alarm customization with some even incorporating specifi-
cally designed software for MPV [37, 45]. Nevertheless, the use of high resistance mouthpieces
together with smart combinations of Vt and Ti may create a sufficient back pressure which will
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prevent “low pressure” alarm activation, when the last cannot be switched off [37, 44]; practical
recommendations for alarm customization for several home life-support ventilators have
become recently available [45]. When ‘apnea’ alarming cannot be deactivated, a minimum of
backup breaths should be set corresponding to the maximum allowed apnea time [44]. It should
be noted, however, that at least in some types of ventilators, backup rate manipulation might
also influence Ti, making alarm customization even more complicated [45].

3.4. Mouthpieces

There are a few types of mouthpieces available in the market nowadays, including angled 15
and 22 mm mouthpieces, straw-like as well as lip-sealing interfaces or orthodontic bite plates
(Figure 3). The performance of these interfaces in the delivery of MPV has been assessed in a
limited number of studies. Khirani et al. [37] compared three different angled mouthpiece con-
figurations, a large mouthpiece (22 mm) and a small mouthpiece (15 mm) with and without a
filter in a bench study which validated six different types of life-support home ventilators. The
resistance was higher with the 15 mm mouthpiece with a filter, and this configuration was also

Figure 3. A 15 mm mouthpiece.
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associated with a lower incidence of “low pressure” alarm activation. In another bench study,
Ogna et al. [47] used four different home ventilators to compare the mechanical properties of
various mouthpieces including a newly designed one. With respect to the most commonly
used interfaces, respiratory resistance was lower with the 15 mm rigid-angled mouthpiece
and higher with the straw mouthpiece. In volume-targeted modes with a Vt set to 1 L, both
interfaces performed equally well across the different ventilators in delivering a volume close
to the predetermined, while in pressure-targeted modes the effective pressure with the straw
mouthpiece was slighter lower as a result of the increased resistance. The clinical implica-
tions of these findings remain unclear. For the time being, the choice of the interface should
be tailored to the individual needs of each patient. An angled 15 mm mouthpiece seems to be
a rational choice because its configuration increases resistance to the airflow preventing the
activation of the “low pressure” alarm and in addition it is easier for the patient to grab [1]. If
“low pressure” alarming persists, the addition of a filter to the circuit might be a simple and
practical solution to the problem [37]. In addition, MPV can also be delivered during sleep
with the use of specifically designed orthodontic bite plates or lip-sealing retention systems
with attached Velcro straps to avoid disconnection. The use of these interfaces might cause
desaturation, fragmented sleep and repeated arousals in a minority of the patients due to nasal
leakage. Nasal pledges or clips can be applied to patients with significant nasal leaks [31].

3.5. Speaking and deglutition

Speaking is commonly problematic in patients with advanced respiratory disease as it requires
higher than tidal inspiratory volumes and may slow the breathing rate causing breathlessness
and fatigue [48]. If a patient on MPV needs to speak, he must take a large breath from the
mouthpiece and then speak while expiration is driven by the expiratory muscles and the
respiratory system recoil pressure. Nevertheless, speaking with the use of the mouthpiece
might be associated with longer pauses (in order to breath in) and difficulties in choosing the
right strategy for mouthpiece positioning and use [48].

Breathing and swallowing are normally competitive procedures and their coordination is dis-
rupted in respiratory disease with respiration taking precedence over swallowing. Swallowing
in neuromuscular patients is characterized by piecemeal deglutition, increased time to swal-
low a bolus and an increased number of swallows during inspiration. The institution of posi-
tive pressure ventilation stabilizes breathing and improves swallowing performance [49]. The
practice of MPV should theoretically contribute to the restoration of swallowing and breath-
ing coordination as users have to alternate between taking deep breaths from the mouthpiece
and swallowing. In addition, MPV should also maintain the supraglottic pressure required
for effective swallowing, while the high inspired volumes improve cough efficacy provid-
ing protection against aspiration [48]. Nevertheless, as disease progresses and ventilator-free
time is reduced, less time is available for swallowing, while the presence of food in the mouth
and in the pharynx does not allow patients to breath in safely. To deal with this problem,
some patients use the ventilator to perform air-stacking in order to increase lung volume and
afford longer periods of apnea without breathlessness [9]. Although weight loss and feeding
problems in MPV users have been reported [9], it is not clear whether these should be attrib-
uted to the interface per se or to disease progression and increasing breathlessness.
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It should be noted that a disconnection from the mouthpiece for eating and speaking might
compromise effective gas exchange. In a small study including eight MPV users who were
monitored with polygraghy during daily activities, most of the patients could speak and eat
without ventilator assistance; however, prolonged disconnections (>3 min) (e.g. during meals)
were associated with significant drops in SpO, and increases in transcutaneous PCO, [50].

3.6. Complications

A few complications associated with MPV have been so far reported, of which mouthpiece
loss is the most important [9]. This complication can be avoided if the mouthpiece’s position
is secured using specifically designed support arms or customary-made straps. Fixation of
the mouthpiece on the shoulders allows the interface to follow the patient’s movements [8].
In addition, MPV users could be taught the technique of GPB to maintain ventilator inde-
pendency in case of accidental mouthpiece loss [6, 31]. Other complications include saliva-
tion, aerophagia, abdominal distention and orthodontic problems [1, 2, 6, 51]. There are no
available data on the management of excessive salivation in mouthpiece users. For more
severe cases the administration of an anticholinergic agent such as amitriptyline might be
considered [9, 52]. Aerophagia and abdominal distention are common complications of non-
invasive ventilatory support and have been associated with respiratory distress and ventila-
tor dependence [51]. For patients with gastrostomies, unclamping the gastric tube to “burp
out” the air is a quick method to effect symptom relief. Sometimes a nasogastric or a rectal
rube (for patients with colonic distention) might also be helpful [51]. For patients with per-
sistent symptoms switching to pressure-targeted ventilation could be an option, although
this mode is not suitable for the application of lung volume recruitment and air-stacking
maneuvers. If the patient is maintained on a volume-targeted mode, setting a lower pressure
limit to effect secondary pressure cycling is an alternative option. Vomiting and aspiration
as a result of gastric distention as well as pneumothorax have been so far theoretical con-
cerns, but they represent potentially life-threatening events [4, 53]. Orthodontic complica-
tions are not uncommon in long-term users; however, they pose mostly an esthetic rather
than a functional concern and specifically designed orthodontic interfaces have become
available in the market [6, 31, 53]. Patients on MPV and full-time ventilator dependence
can safely undergo dental procedures using nasal interfaces as long as oxygen saturation is
monitored and oxygen or sedatives are avoided [54].

4. Conclusion

MPV is a “re-discovered” method of noninvasive ventilation that can be used to provide full-
time ventilatory support, recruit lung volume, improve cough efficacy, defer tracheostomy
and possibly improve survival and quality of life in neuromuscular patients. MPV might
also be beneficial for patients with other chronic respiratory diseases or in acute COPD
hypercapnic exacerbation. The successful application of MPV requires careful selection of
patient, interface, ventilator and alarm settings, increased nursing time and comprehensive
patient training.
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