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Abstract

Respiratory failure is the leading reason for the admission of children to intensive care units, and the ventilator is
the main therapeutic tool used during the treatment of these patients. A competently used ventilator and adequate
knowledge of the anatomy, histology and physiology of the respiratory system in particular age groups of children
(especially among neonates and infants) are crucial for successful treatment. Both non-invasive and invasive ventila-
tion modes can be used for respiratory treatment in children. Invasive ventilation modes can be divided into two
groups: conventional ones such as pressure-controlled or volume-controlled ventilation, or non-conventional modes
such as oscillatory ventilation. Mechanical ventilation can involve a high risk of serious complications, such as pres-
sure injury (barotrauma), volume injury (volutrauma) and biotrauma. Adhering to the principles of lung-protective
ventilation can reduce the risk of side effects of mechanical ventilation (Adv Clin Exp Med 2014, 23, 5, 843-848).
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Respiratory failure is the leading reason for the
admission of children to intensive care units. Sim-
ilarly, ventilation disorders are the most frequent
cause of circulatory arrest in this patient age group.
Mechanical ventilation is therefore the main thera-
peutic tool used in pediatric intensive care. The ap-
propriate use of this tool is difficult and demanding
due to the often complex manifestations of pulmo-
nary pathologies and the sometimes large develop-
mental differences in the functioning of the respi-
ratory system in particular age groups of children.
The smaller the child, the more differences there
are - particularly anatomical and histological dif-
ferences — compared to adult patients. Thanks to
the progress in neonatology and perinatal care that
has taken place in the last decade, even younger
and consequently less developed children are ad-
mitted to intensive care units. It is now common
to save children born at 24-25 weeks of post-con-
ceptual age, weighing between 500 and 700 g, in

whom the anatomical and histological features of
the lungs significantly diverge from those of new-
borns delivered at term. 1]

Intrauterine
Lung Development

Intrauterine lung development can be divided
into 5 stages.

Stage 1 — the embryonic period: from concep-
tion to the 5" week of gestation, when the major
respiratory tracts are already developed.

Stage 2 — the pseudoglandular period: from the
6™ to 16™ week of gestation. During this period, the
dichotomic divisions of the primary bronchi occur
and the vessels begin to grow. At 10 weeks the en-
dothelial cells begin to differentiate. It is thought
that all types of respiratory system defects may de-
velop by the end of this period. It can also be said
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that towards the end of this period the bronchial
tree is usually developed.

Stage 3 - the canalicular period: from the 16"
to 24™ week of gestation. This period is marked
by intensive development of the lower respirato-
ry tract and strong growth of the blood vessels that
form the network of pulmonary capillaries. Pri-
mary bronchioles, alveolar ducts and type I and
IT pneumocytes are formed. The smooth muscles
of the bronchi develop. The respiratory epitheli-
um appears and, as a result, limited gas exchange
gradually becomes possible. At 20 weeks lamellar
bodies appear within pneumocytes.

Stage 4 - the saccular period: from the 26" to
28" week of gestation. During this stage, secondary
crests are formed out of respiratory sacculi, which
undergo further transformations.

Stage 5 - the alveolar period: from the 29" to
40" week of gestation. During this stage, the pul-
monary alveoli mature and the lower respiratory
tract is ultimately formed. The number of pulmo-
nary alveoli at 29 weeks is around 20 million, and
at 40 weeks it reaches 150 million. During the sub-
sequent 8 years of a child’s life, the number of pul-
monary alveoli grows continuously and reaches the
level of 300 million.

This shows that the process of lung maturation
is not completed in the case of a full-term new-
born. The lengthy process of maturation of the re-
spiratory system explains the much higher regen-
eration capacity of a child’s lungs damaged either
by chronic inflammation or as a result of mechan-
ical ventilation. On the other hand, this lengthy
immaturity is the cause of the significantly higher
susceptibility of a young child’s lungs to the dam-
aging effects of mechanical ventilation [1].

When discussing the stages of development of
the respiratory system in a fetus and a pre-term new-
born, it is also necessary to consider the production
of surfactant - a surface-active substance produced
by type II pneumocytes that is inseparably linked
with the process of development. Trace amounts
of surfactant can be detected in the amniotic fluid
at 24 weeks of gestation, but sufficient production
takes place between 36 and 38 weeks of gestation.

Anatomical and
Physiological Features

of Newborns and Respiratory
System in Infants

With regard to anatomy, the respiratory tract
of a newborn or an infant is different from that of
older children. The anatomy of the respiratory tract
harmonizes with the maturation of the pulmonary

tissue and the mechanics of breathing, which are
different in the earliest period of life. The major
anatomical differences in a newborn’s respiratory
tract include the following:

- long and narrow nares;

- alarge tongue in relation to the space of the
oral cavity;

- anarrow and hanging epiglottis;

— the presence of subglottic stenosis, which is
the narrowest part of the larynx;

— asmall tracheal diameter;

- often insufficient stiffness of the cartilage
that forms the larynx and the trachea, which is fre-
quently the cause of a pathology known as laryn-
gomalacia or tracheomalacia;

— asmaller bronchial and bronchiolar diameter;

- the absence of rib ossification, which de-
creases chest stability.

The main and in fact the only respiratory muscle
present during this period of a child’s life is the dia-
phragm. In terms of histology, what differentiates it
from an older child’s diaphragm is a smaller quanti-
ty of so-called high energy muscle fibers. In an adult
these fibers comprise around 50% of the diaphragm;
in a newborn they comprise 25%, and in a preterm
infant only 10%. This explains (among other things)
the rapid onset of the symptoms of diaphragm dys-
function in cases of increased respiratory effort in
the neonatal period. The aforementioned decreased
chest stability due to the absence of rib ossification
and the lack of respiratory muscles other than the
diaphragm participating in ventilation are the rea-
sons tidal volume at this age depends exclusively on
the function of the diaphragm, and is a constant val-
ue remaining at 8—-10 mL/kg of body weight.

Exacerbation of respiratory failure due to sig-
nificant weakness of intercostal muscles is manifest-
ed relatively quickly by the retraction of intercostal
spaces. At the same time it has to be emphasized
that low pulmonary compliance is characteristic of
the neonatal period. This low neonatal pulmonary
compliance decreases further with any inflamma-
tory diseases of the respiratory system, and this, in
combination with increased chest compliance, ex-
acerbates the retraction of intercostal spaces.

The respiratory tract of a newborn or an infant
is narrow and is therefore characterized by high air-
way resistance (according to Poiseulle’s law). The
growth of the distal respiratory tract lasts more or
less until the child is 5 years old, and it is this growth
that is primarily responsible for the high resistance
of the respiratory passageways in small children.

The increase of airway resistance is exacerbat-
ed in newborns by any pathologies in the respira-
tory tract, due to which the airflow changes from
laminar to turbulent, and at the same time, accord-
ing to Poiseulle’s law, airway resistance becomes
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inversely proportional not to the 4, but to the 5"
power of the radius of the airways [1].

As far as the physiology of a newborn’s respi-
ratory tract is concerned, it is necessary to empha-
size once again the role of the surfactant, whose
presence in the pulmonary alveoli is the main fac-
tor preventing the alveoli from sticking together
during exhalation and, as a result, creating exten-
sive areas of atelectasis. Prematurity, especially ex-
treme prematurity, is characterized by a deep def-
icit in the production of surfactant. In contrast to
adult patients, this deficit is primary, not second-
ary, and therefore supplying surfactant exogenous-
ly is a constant part of the treatment of neonatal
respiratory failure. In the context of the neces-
sary conditions for the maintenance of adequate
gas exchange within the alveoli, it is necessary to
mention functional residual capacity (FRC). The
value of FRC expressed per kg of body weight re-
mains practically unchanged in particular patient
age groups. However, what varies in determining
FRC is the participation of the so-called active and
static factors. In the youngest patients active FRC
significantly prevails over static FRC. In a flaccid
and intubated newborn, static FRC is only 10% of
the total lung capacity; in an older child and an
adult it is 50%). In addition to the so-called stat-
ic factors (such as the surfactant discussed above),
the maintenance of correct FRC in this period of
life also requires adequate functioning of the active
factors. These include incomplete opening of the
glottis aperture during exhalation, the presence of
subglottic stenosis, respiratory muscle activity dur-
ing exhalation and high breathing frequency [2].

Intubation of the child eliminates the effect of
most of these factors, which results in a rapid de-
crease of FRC. This justifies the use of continuous
positive airway pressure (CPAP) in spontaneous-
ly breathing newborns, which allows them to re-
tain/restore the physiological positive end-expira-
tory pressure (PEEP), i.e. stable positive pressure
in the respiratory tract.

It is also worth mentioning that during the
neonatal period the value of the closing volume
(CV) is higher than in adults and frequently ex-
ceeds the value of FRC. This is additionally condu-
cive to the creation of foci of atelectasis 2, 3].

Another difference in the functioning of the
respiratory system in this period of life is the lack
of so-called collateral ventilation, whose existence
is related to the functioning of interalveolar pores
of Kohn, bronchiole-alveolar communications of
Lambert and interbronchial channels. Communi-
cations of Lambert occur in children only when
they reach around 6 years of age [3].

Finally, the functioning of the respiratory cen-
ter is slightly different in this period of life. In

newborns it is marked by a decidedly lower sensi-
tivity to elevated pCO2 values.

It must be borne in mind that the neonatal pe-
riod is a time when relatively frequent apnea in-
cidents can occur. The frequency of their occur-
rence depends on the degree of prematurity; it also
noticeably increases with hematocrit values be-
low 32%, which is important in cases of extubation
attempts [1-3].

Mechanical Ventilation

Most indications for the initiation of mechani-
cal ventilation in children are similar to those oc-
curring in the adult patient population. The most
frequent indications for mechanical ventilation in
children include:

- shock (in case of any kind of shock, respi-
ratory decompensation occurs in children signifi-
cantly faster);

- hypoventilation and apnea;

- respiratory failure due to lower respiratory
tract infections;

- respiratory failure due to the immaturity of
the respiratory system;

- respiratory failure due to neuromuscular
conditions [2].

Mechanical ventilation in children may be in-
vasive or non-invasive. Sometimes the methods
are divided into conventional and non-conven-
tional ventilation [4].

Non-Invasive Ventilation

Non-invasive ventilation in the form of CPAP,
biphasic ventilation or pressure support (PS) is ex-
tremely popular for use in the youngest group of pa-
tients. This is because, in preterm infants, the lung
inflation maneuver with subsequent connection to
CPAP through a nasal mask or nasal cannulas is fre-
quently completely sufficient for the children, help-
ing them maintain adequate FRC and satisfactory
saturation values. Newborns usually tolerate this
type of devices very well. The high efficacy of this
therapeutic procedure makes it possible, at least in
some cases, to avoid intubation, thus reducing the
number of potential complications it can cause.

Non-invasive ventilation is also the method
of choice in children with neuromuscular diseas-
es, such as Duchenne muscular dystrophy or spi-
nal muscular atrophy. In the vast majority of cas-
es, it delays (sometimes by many months or even
years) the moment when it becomes necessary to
perform tracheotomy and put the child on inva-
sive ventilation.
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Finally, non-invasive ventilation is often used
in children with hemato-oncologic diseases that re-
quire ventilator support on account of developing
respiratory failure, which is most frequently a sign
of the development of severe sepsis. In this group
of patients, the presence of an intubation tube in-
creases the risk of additional infection and is some-
times the source of further complications [4].

Invasive Ventilation

Invasive ventilation is used in children with an
artificial airway — an intubation tube or tracheos-
tomy tube.

The most common division of convention-
al ventilation is based on the method of switching
from the inspiratory phase to the expiratory phase.
These methods include time-cycled, volume-cycled
and pressure-cycled ventilation. This last method
can take the form of time-cycled ventilation with
preset (controlled) volume or time-cycled ventila-
tion with preset (controlled) pressure [5].

Currently the most commonly used method of
ventilation seems to be time-cycled, pressure-con-
trolled ventilation. As a rule, regardless of the type
of ventilation, all ventilation modes use a positive
end-expiratory pressure (PEEP) of 4 cm H,0, and
sometimes as much as 15 cm H,O [6].

Particularly popular are modes of convention-
al ventilation that make it possible to synchro-
nize them with the child’s spontaneous breathing.
These include synchronized intermittent manda-
tory ventilation (SIMV); assist/control ventila-
tion (A/C), also called patient triggered ventilation
(PTV); pressure support (PS), which is extreme-
ly helpful when weaning the child from the venti-
lator; pressure regulated volume control (PRVC)
and proportional assist ventilation (PAV). Less
frequently used methods include inverse ratio ven-
tilation (IRV) and ventilation with two cyclically
alternating CPAP levels [4, 5, 7, 8].

In addition to conventional ventilation modes,
some of which are listed above, non-convention-
al ventilation methods are also increasingly being
used in children. One of the most popular among
these is high-frequency ventilation. This group
comprises high frequency positive pressure ven-
tilation (HFPPV), high frequency jet ventilation
(HFJV) and, most importantly, high frequency os-
cillatory (HFO) ventilation, whose significance can-
not be overestimated in respiratory therapy, e.g. in
children with congenital diaphragmatic hernia and
congenital pulmonary hypertension [9-13].

Methods of ventilation that are rarely used in
children include partial and total liquid ventila-
tion. These methods take advantage of the good

solubility of oxygen in perfluorocarbons, which
are introduced into the respiratory tract, as well
as their ability to reduce surface tension. How-
ever, these ventilation techniques still remain
experimental [14].

Another method that has so far only been used
very rarely is ventilation with the use of a helium
and oxygen mixture — Heliox. (In Poland, a group of
newborns were ventilated this way at the Neonatal
Intensive Care Unit at the University of Medicine in
Poznan). The lower density of the mixture of these
two gases compared to the mixture of oxygen and ni-
trogen results in reduced airway resistance and makes
this type of ventilation extremely useful in treating
obstructive diseases of the upper airway caused by
inflammatory changes in the larynx and trachea, as
well as in treating subglottic swelling that might oc-
cur following extubation of infants and children.

When discussing modern respiratory ther-
apy, the extracorporeal membrane oxygenation
(ECMO) technique must also be mentioned.
It might not be a widely used method, on account
of its invasiveness and the unfortunately high risk
of neurological complications (CNS hemorrhag-
es) resulting from full heparinization that is usu-
ally maintained for a period of about 2 weeks, but
when other conventional or alternative methods
prove ineffective, the possibility of using ECMO
can always be considered [15].

Lung Protective Ventilation

Mechanical ventilation carries the risk of nu-
merous complications. The most serious ones,
such as bronchopulmonary dysplasia (BPD), are
the result of pressure injury (barotrauma), volume
injury (volutrauma) or biotrauma [16-20].

Oxygen itself also plays a role in these ad-
verse effects on the patient’s lungs. Oxygen over-
dose not only increases the risk of developing BPD,
but also causes retinopathy of prematurity in new-
borns [21, 22].

Bronchopulmonary dysplasia develops as a re-
sult of a pressure injury of the pulmonary alveo-
lar wall during ventilation with positive pressures.
The higher the pressures generated by ventilation,
the higher the risk of developing this complication.
Avoiding excessive inhalation pressures is there-
fore part of the strategy aimed at reducing the in-
cidence of this complication [23, 24].

The same applies to the effects of extensive re-
spiratory volumes. Maintaining appropriate min-
ute ventilation (one that ensures adequate elimi-
nation of CO2) depends on the volume of a single
breath and breathing frequency. Therefore, increas-
ing the frequency of breaths in order to maintain
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adequate minute ventilation while at the same time
minimizing tidal volume (TV) to the recommend-
ed values is another element of lung protective
strategy. The recommended TV values for children
are similar to those for adults and should amount
to about 6 mL/kg of body weight [25-27].

In very young patients, increased levels of
pCO2 are also tolerated (permissive hypercap-
nia), if maintaining normocapnia would require
increasing the aggressiveness of ventilation. Even
pCO2 levels reaching 65-85 mm Hg are tolerat-
ed well by children, as long as they do not lead to
an excessive increase of intracranial pressure or
(of course) to a drop in blood pH to a level lower
than the recommended values in a blood gas test.

The value of peak inspiratory plateau pressure
(Pplt) should not exceed 30 cm H,O. Higher val-
ues increase the risk of barotrauma and, according
to Acute Respiratory Distress Syndrome Network
(ARDSNET) trials, clearly increase mortality, while
at the same time leading to air leaks [28-30].

Oxygen concentration should be maintained
at the lowest possible level (preferably below 60%)
that will ensure saturation values between 88% and
94%. Such careful oxygen therapy is particularly
recommended in preterm infants, in whom oxy-
gen free radicals stimulate the growth of capillaries
on the ocular fundus, known as retinopathy. This,
in turn, can lead to vision loss in the child [5, 6].

A very important aspect of correct ventila-
tion treatment is positive end-expiratory pressure
(PEEP) optimization. As mentioned before, using
PEEP is a recognized method of preventing pul-
monary alveoli from collapsing during expiration
and, importantly, ensuring that a correct FRC val-
ue is maintained. Maintaining PEEP during me-
chanical ventilation improves blood oxygenation.
Using PEEP as a method for significantly improv-
ing oxygenation raises no doubts. However, no
particular PEEP value has been determined that
would maximize the benefits of using it [30].

A study published in 2006 by Villar et al. proved
that using high PEEP levels determined on the ba-
sis of the curve of the relationship between venti-
lation volume and pressure (at a level of 1 to 2 cm
above the value of the curve’s lower inflection point)
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