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4.1 Introduction

The conventional management of acute respiratory failure (ARF) consists of endotra-
cheal intubation; this carries potential risks, including ventilator-associated pneumo-
nia and laryngeal-tracheal damage [1,2]. Noninvasive respiratory support (NRS) is an
alternative form of respiratory treatment which incorporates various techniques aimed
at improving alveolar ventilation, oxygenation, and unloading of the respiratory mus-
cles without the need for an invasive tracheal device. Because of its safety and effec-
tiveness, the use of NRS has been adopted throughout the world. During the last 25 years,
NRS techniques have increasingly been used in the treatment of both chronic respira-
tory failure and ARF in adult patients in several pathological conditions. NRS applied
to adults in the acute setting has been found to improve outcome, reduce the rate of
intubation, and decrease the rate of complications [3].

NRS includes noninvasive continuous positive airway pressure (NCPAP) and non-
invasive positive pressure ventilation (NPPV) delivered through an interface (nasal/fa-
cial mask or helmet) and high-pressure freeflow gas and turbine or piston-driven
ventilators [4]. Despite the lack of a full clinical picture, in recent years NRS has
been increasingly used in pediatric intensive care units and emergency departments
mainly because several uncontrolled clinical trials showed improved outcomes in
selected patients with ARF when compared to standard treatment. At present, NRS
in children with ARF is mainly performed by experienced centers, and no univer-
sally accepted guidelines have been proposed even outside the critical care area in
less severe forms of respiratory insufficiency [2]. In a review published in 2001,
the authors concluded that NRS may have limited benefits in a group of carefully
selected pediatric patients with acute hypoxemic and hypercarbic forms of respira-
tory failure [5]. However, during the last few years, its use has increased and data
supporting the use of this new technique in children are growing [6—10].
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4.1.1 Rationale for Noninvasive Respiratory Support

NRS, as mentioned previously, is the delivery of ventilatory support without the
need for an invasive airway intervention procedure, such as endotracheal intuba-
tion or tracheotomy. The application of NRS to a patient can be “curative”, as an
alternative to endotracheal intubation once ARF occurs, or even “prophylactic”, to
prevent respiratory distress in patients who are at a higher risk of developing ARF
(e.g., in postoperative and postextubation settings) or whenever the development of
muscle weakness or fatigue is impending. Two types of NRS are most commonly
used, i.e., NCPAP and NPPV.

The application of NCPAP takes place mainly through a high-pressure gas flow
circuit, which comprises a gas circuit, a blender, a flow meter, and a positive end-
expiratory pressure (PEEP) valve. Alternatively, a demand valve ventilator can be
used and PEEP can be generated by high gas flows directed through a tube with
increased resistance (the Coanda effect). NCPAP delivers a constant distending air-
way pressure throughout the entire respiratory cycle, while the patient is sponta-
neously breathing. It exerts its effects by: (1) increasing oxygenation and CO,
washout by expanding collapsed alveoli and recruiting lung volume; (2) reducing
the work of breathing; and (3) preventing apnea by stabilizing the upper airways
and chest wall, particularly in ex pre-term babies. NPPV is extensively delivered
by piston-driven or turbine ventilators. During NPPYV, patients can be completely
controlled by the ventilator (total controlled ventilatory support) or the patient’s spon-
taneous inspiratory effort triggers (assisted ventilatory support) the ventilator to pro-
vide a variable volume (volume-targeted ventilation) or pressure (pressure-target-
ed ventilation).

During pressure-targeted ventilation the patient receives a pressure-supported flow-
cycled breath (pressure support ventilation) or a time-cycled breath (assisted pres-
sure-controlled ventilation). Unlike NCPAP, NPPV theoretically allows improved res-
piratory muscle unloading, alveolar recruitment, oxygenation, and CO, washout im-
provement, but patient-ventilator asynchrony may become a major issue, leading to
NPPV treatment failure. Two recent physiological papers [11-12] demonstrated the
effectiveness of NPPV in reducing inspiratory effort as evaluated by esophageal and
transdiaphragmatic pressure-time product and esophageal tidal swings in children
with ARF. In addition, the application of NPPV via nasal and/or facial mask was as-
sociated with significant improvement in breathing pattern and gas exchange.

4.1.2 Hypoxemic Acute Respiratory Failure

Hypoxemic respiratory failure is characterized by hypoxemia associated with low
or normal levels of partial pressure of carbon dioxide (PaCO,) in the blood. The
underlying predominant mechanism is uneven or mismatched ventilation-perfusion
in regional lung units. Hypoxemic respiratory failure mainly occurs in disorders char-
acterized by parenchymal pathologies, such as bacterial and viral pneumonia, as
well as in lower airway obstruction, such as bronchiolitis and status asthmaticus.
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Streptococcus pneumoniae is the most common agent responsible for pneumonia,
although other microorganisms can play an important role. Pneumonia produces a
reduction in lung volume, due to consolidation and/or atelectasis, leading to reduced
lung compliance. Bronchiolitis occurs mainly in children of less than 2 years of age
and respiratory syncytial virus is estimated to be the most frequent etiological cause.
Bronchiolitis causes an increase in airway resistance with dynamic lung hyperin-
flation, but this pathology often also involves the lung interstitium, with reduced
lung volume and atelectasis. Both pneumonia and bronchiolitis can lead to acute
respiratory distress syndrome (ARDS).

4.1.3 Hypercapnic Acute Respiratory Failure

The ability to breathe spontaneously is the result of a balance between neurological
mechanisms controlling ventilation (central respiratory drive), together with venti-
latory muscle pump power, on the one hand, and the respiratory load (resistive and
elastic load), determined by the airway, lung, and thoracic elastance, on the other
hand. In healthy children, the central respiratory drive and the ventilatory muscle
pump exceed the respiratory load thus maintaining adequate spontaneous ventila-
tion. However, if the force generated by the respiratory muscles pump (fatigue or
weakness), or central respiratory drive is too low and/or the respiratory load is too
high, the resulting alveolar ventilation may be inadequate, thus leading to hypercapnia
[13]. This phenomenon can be “acute”, when the imbalance is caused by an acute
condition (e.g., acute exacerbation of an asthmatic patient), or “chronic”, when the
surge is slow during the course of a disease (e.g., a neuromuscular disease) [14,15].

4.1.4 When Should Noninvasive Respiratory Support be Used?

In adult patients, as mentioned previously, NRS has been proposed in two different
contexts: (1) as a preventive or “prophylactic” application in postoperative patients
to prevent ARF and extubation failure in patients at risk; and (2) as a “curative” ap-
plication, once ARF occurs, to improve respiratory function and avoid endotracheal
intubation. Unlike adults, to our knowledge no papers have been published to date
in the pediatric literature on the use of NRS in the postoperative period. As a cura-
tive application, NRS should be initiated according to: (1) clinical signs: moderate-
to-severe dyspnea and/or tachypnea (defined as a respiratory rate > the 75th per-
centile depending on the age of the patient); and (2) gas exchange derangement: hy-
poxemia [defined as a fraction of inspired oxygen (FiO,) > 0.5 to obtain a saturation
of peripheral oxygen (SpO,) > 94%] and/or respiratory acidosis (defined as pH <
7.35). Possible contraindications for NRS are: life-threatening hypoxemia; upper air-
way obstruction; vomiting; cough or impaired gag reflex; facial surgery, facial trau-
ma, or facial deformity; Glasgow Coma Scale < 10; hemodynamic instability re-
quiring inotropes or vasopressors, or cardiac arrhythmia; and cyanotic congenital heart
disease. NRS should not be started in more severe ARF in the presence of: (1) clinical
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signs of exhaustion (active contraction of the accessory muscles of respiration with
paradoxical abdominal and thoracic motion); and (2) a PaO,:FiO, ratio < 150 mmHg
and/or PaCO, > 55 mmHg; and (3) pH < 7.30.

4.1.5 Noninvasive Respiratory Support in Clinical Settings

There are no data describing how to initiate NRS in children. The current knowl-
edge is mainly based on the direct experience of clinicians working in the field,
and a variety of routines are applied. Pressure target mode is by far the most com-
mon ventilatory modality in pediatric intensive care units (PICUs) [16].

However, when applying NRS via a nasal route (i.e., nasal prongs), the high
nasal resistance must be taken into account. In NCPAP, PEEP pressures between 4
and 8 cm H,O are safe and not associated with adverse hemodynamic effects. Of
note, when NCPAP is delivered by helmet, a high flow system should be used to
prevent CO, rebreathing (minimum flow rate: 30 L/min) [17]. A ventilator should
never be connected to a helmet in CPAP mode.

4.1.6 Ventilators

Administering noninvasive therapeutic positive pressure ventilation is achievable
through high-pressure gas flow and piston-driven or turbine ventilators. When the
patient spontaneously initiates ventilation in pressure target modes, the machine is
triggered and the inspiratory effort is immediately followed by the administration
of a support pressure by the ventilator to reach a preset inspiratory pressure. This
assumes perfect patient-machine interaction and minimal air leakage between the
patient’s airway and the interfaces to minimize the delay between the patient’s ef-
forts and the activation of the trigger to avoid asynchronies. Ineffective triggering
and auto-triggering has been shown to be the leading cause of NRS failure due to
discomfort, hyperventilation, and dynamic hyperinflation in adults [18].

The ventilator then cycles to the expiratory phase when the inspiratory flow de-
creases to a preset value (usually 25% of the peak inspiratory flow), as observed
in pressure support ventilation, or when the patient reaches a preset inspiratory time,
as observed in assisted pressure-controlled ventilation. However, during pressure
support ventilation, the presence of any leak may cause the ventilator to fail to cy-
cle to expiration causing a prolonged inspiratory time (“inspiratory hung-up”). This
may cause expiratory effort, hyperinflation, discomfort, and fatigue, leading to ad-
verse respiratory or hemodynamic consequences and NRS failure [19]. The im-
portance of safe, comfortable, and well-fitting interfaces is mandatory to achieve
success in NRS not only in pediatric patients.

In adults, ineffective inspiratory effort and double-triggering are the most com-
mon types of asynchrony leading to patient discomfort [18], whereas in children
auto-triggering has been recently shown to be the primary cause of difficult pa-
tient-ventilator interaction [20].
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Ueno and colleagues [21] investigated how different ventilators cope with dif-
ferent interface leaks. They tested three “home use” ventilators (Respironics BiPAP
Vision, Respironics Trilogy 100, Murrysville, PA, USA, and Carina, Draeger, Lubeck,
Germany), and two intensive care unit (ICU) ventilators (Puritan Bennett 840 Ven-
tilator System, Covidien, Mansfield, MA, USA, and Evita XL, Draeger, Lubeck,
Germany) at various positive pressure settings and leak sizes, finding that home
ventilators performed better at compensating for small and medium-sized leaks. In
a single-center observational prospective study, Mufioz-Bonet and colleagues [22]
investigated how an ICU ventilator (Evita 2 Dura, Draeger, Lubeck, Germany)
equipped with leak compensation software coped with air leaks in different modes
of ventilation of pediatric patients with ARF. The study showed the effectiveness
of the software in different subsets of infants and children in reducing patient-ma-
chine asynchrony. In several studies, the augmentation of trigger sensitivity, clini-
cal observation, and the presetting of limited inspiratory time are efficient mea-
sures addressed at preventing asynchrony [8].

4.2 Interfaces

In the clinical setting, several different interfaces can be used to deliver NRS: nasal
prongs, nasal masks, oronasal masks, and full-face masks. Recently, the use of a
helmet has emerged and has reached immediate popularity, proving to be an effec-
tive and comfortable means of delivering positive airway pressure noninvasively
[8,23], avoiding skin breakdown and other mask adverse effects [24]. Nasal prongs
are typically used for the youngest patients: when directly inserted in the patient’s
nostrils, they are more effective for obligate nose breathers, such as newborns and
young infants up to 1 year of life, in delivering continuous positive airway pres-
sure. Normally this interface is easily kept in place without any other device, but
nasal prongs are poorly tolerated for longer periods, are highly flow resistive (due
to nasal anatomical resistance, to small airway resistance, and the high propensity
of these patients to have hypertrophic adenoids and tonsils), and are easily obstructed
by an excess of nasal secretions. Quite common side effects are bleeding, skin le-
sions, and nasal dryness due to airflow and nostril obstruction [3,16].

A good alternative for patients of the same age is a nasal mask. It is a small, soft
and transparent mask which completely covers the nasal surface, and through which
it is possible to achieve proper fitting, minimal dead space, and minimal leaks; it is
therefore useful for delivering both NCPAP and NPPV. Skin lesions and mucosal break-
down are the more frequent side effects. Limitations in the use of a nasal mask in-
clude larger pressure drops due to the mouth opening [3] and the impracticability of
nasogastric tube positioning [25]. In older patients (the so-called nonobligate nose
breathers), oronasal masks covering both nose and mouth are more effective in min-
imizing air leaks and thus preserving the necessary pressurization of the respiratory
system. The need for tightened straps to keep the mask in place is the main cause for
patient discomfort and skin irritation. The recent introduction in the market of a
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full-face mask covering the entire facial surface is very promising, although no stud-
ies have been published in the pediatric population. Nasal masks, oronasal, and full-
face masks need to be well-fitted to deal with leaks and discomfort, important prob-
lems that are not overcome by the use of hydrocolloid protection and that are exac-
erbated by facial deformities, facial trauma, and pre-existing facial lesions [8]. The
recently introduced helmet is also promising in pediatric clinical practice. While its
use is well established in the adult population [26,27] a few studies assessed its fea-
sibility and effectiveness in pediatrics, both in PICUs and clinical wards, especially
in acute bronchiolitis [23,28,29]. The helmet is a soft, transparent, pressurized plas-
tic chamber that encloses the head and neck. It is easily applied in both nose and mouth
breathers and in a wide range of ages and anatomical variations. Moreover, it war-
rants good patient-environment interaction, comfort, and reduced need for sedation in
the treatment of ARF. Furthermore, the helmet allows good clearance of secretions,
allows the patient to speak and swallow, and it is well tolerated for prolonged periods
of application.

4.3 Predictive Factors of Noninvasive Respiratory Support
Failure

NRS constitutes an alternative treatment for early pediatric ARF provided that tra-
cheal intubation is not delayed when considered necessary. One of the major chal-
lenges during NRS is to identify the early prognostic signs of treatment failure. In
a 4-year study, Mufioz-Bonet and colleagues [5] investigated several predictive fac-
tors of NRS failure in children from 1 month to 16 years of age with moderate-to-
severe ARF. NRS failure was defined as the need for tracheal intubation. NRS was
applied in 47 consecutive patients and failed in 9 (19.1%) due to the progression
of ARF. Younger age, diagnosis of ARDS, and chest X-ray worsening at 24 h from
the beginning of NRS correlated with treatment failure. The authors could also show
that the association between mean airway pressure >11.5 cm H,O and FiO, > 0.6
was predictive of NRS failure in nearly 80% of children.

In a prospective observational study, Lum and colleagues [30] investigated the
factors that predict outcome of NRS in critically ill children admitted to a multi-
disciplinary PICU of a university hospital in Kuala Lumpur, Malaysia. Out of 278
children (average age: 8.7 months) with ARF and treated with NRS, 129 received
NRS as the sole ventilatory support, 98 were treated with NRS to prevent extuba-
tion failure and 48 because of postextubation ARF. Interestingly, 71.2% of children
had an underlying chronic disease, probably reflecting the typical PICU population
of a developing country. Overall, NRS avoided intubation in more than 75% of chil-
dren. During this study, a high pediatric risk of mortality (PRISM II) score, the pres-
ence of sepsis, an abnormal respiratory rate, and a high requirement of FiO, at NRS
initiation were found to be independent predictive factors of NRS failure. Worsen-
ing respiratory failure and septic shock were the two leading causes of failure of
NRS. The authors concluded that NRS represents an effective strategy to prevent
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tracheal intubation and for rapid discharge to the ward where respiratory treatment
can be continued.

A high PRISM II score, a high respiratory rate, the need for oxygen, and the
presence of sepsis at initiation of NRS should suggest closer monitoring to prevent
NRS failure. At the Great Ormond Street Hospital in London, 163 patients aged
between 1 month and 18 years who received NRS during the 7-year study period,
were evaluated to determine whether physiological parameters and an underlying
condition predict NRS success [31]. Eighty-three children received NRS as first-
line intervention to avoid intubation and 64% of them succeeded. Those who failed
showed higher FiO, (0.56 vs. 0.47, p = 0.038), higher respiratory rate (53.3 vs. 43.3
breaths/min, p = 0.012), and lower pH (7.26 vs. 7.34, p = 0.032) before NRS was
started and higher FiO2 requirements once NRS was applied. Eighty patients were
started on NRS to prevent postextubation failure and 60% were treated success-
fully. Those individuals who failed showed significantly higher systolic and dias-
tolic blood pressure 2 h after NRS start (104 vs. 77.9 mmHg, p = 0.001 and 64.5
vs. 54.1 mmHg, p = 0.037), probably representing a stress response in the wors-
ening child.

Interestingly, patients on CPAP were more likely to avoid intubation when com-
pared with those on bilevel positive airway pressure in both groups (first-line elec-
tive and postextubation NRS). Looking at the underlying conditions, the authors
demonstrated that children with a primary respiratory disease who were treated
with NRS as the first-line treatment avoided intubation in 30/36 cases (83%), while
those with an underlying oncological disease showed a much lower success rate
(8/23 cases, 35%). The presence of sepsis further decreased the rate of success
in the oncological group (3/15 cases, 20%). Patients with a primary respiratory
illness were also more likely to avoid reintubation after extubation (27/33 cases,
82%). The authors concluded that tachypnea and acidosis prior to establishing NRS
treatment and oxygen requirement pre- and post-NRS are the strongest predic-
tive factors for treatment failure when NRS is used as the first-line treatment to
prevent intubation. In contrast, when NRS is used to avoid reintubation, the most
important predictive factor for reintubation is persistent hypercapnia after NRS
initiation.

4.4 Conclusions

The use of NRS in the pediatric population has become an option in the last few
years, and has been increasingly applied. In general, the evidence supporting its use
in infants and children with ARF is still limited and the identification of the right
patient, the right time of application, and the appropriate setting is still lacking, as
well as universally accepted guidelines. However, the most recent physiological and
randomized studies indicate that the early application of NRS can ameliorate the
breathing pattern and gas exchange, and reduces respiratory muscle loading. The
effects of NRS on more complex outcomes require further investigation.
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To date, CPAP delivered noninvasively via a nasal mask or helmet could be
considered as a first-line respiratory treatment in infants and children with mild-
to-moderate ARF. NPPV applied via a facial mask probably represents the tech-
nique of choice in moderate-to-severe acute respiratory disorders, but the patient-
machine interaction may become a relevant problem, particularly in younger in-
fants. Furthermore, it is important to rely on well-trained medical and nursing staff
at all times, and to apply NRS only in an ICU setting which also has appropriate
cardiorespiratory monitoring.

The type of equipment and the specific ventilator settings that should be cho-
sen remain a matter of debate. The specific equipment available for therapy evolves
more rapidly with industry capability rather than with clear indications available
from scientific trials.

Further studies are urgently needed to determine the criteria to initiate NPPV
according to the disease profile and the age of the patient.
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