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Abstract

Mechanical ventilation is perhaps the cornerstone of contemporary critical care. Indeed, the
history of critical care medicine, especially pediatric critical care medicine, is inextricably
tied with that of mechanical ventilation. The first Pediatric Intensive Care Units (PICUs)
arose during the polio epidemic with negative pressure ventilation (the so-called “‘iron
lung”). However, while mechanical ventilation is clearly life-sustaining, one should remem-
ber that it is only a supportive modality and does not reverse the underlying disease process.
Moreover, mechanical ventilation can be associated with a number of adverse effects, which
in turn can be associated with significant morbidity and risk of mortality. A thorough under-
standing of the physiologic basis of mechanical ventilation is therefore essential to provid-

ing safe, effective care in the PICU.
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Introduction

Mechanical ventilation is perhaps the cornerstone of con-
temporary critical care. Indeed, the history of critical care
medicine, especially pediatric critical care medicine, is inex-
tricably tied with that of mechanical ventilation. The first
Pediatric Intensive Care Units (PICUs) arose during the polio
epidemic with negative pressure ventilation (the so-called
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“iron lung”) [1]. However, while mechanical ventilation is
clearly life-sustaining, one should remember that it is only a
supportive modality and does not reverse the underlying dis-
ease process. Moreover, mechanical ventilation can be asso-
ciated with a number of adverse effects, which in turn can be
associated with significant morbidity and risk of mortality. A
thorough understanding of the physiologic basis of mechani-
cal ventilation is therefore essential to providing safe, effec-
tive care in the PICU.

Physiology of Mechanical Ventilation
Respiratory System Equation of Motion

Conceptually, the respiratory system can be modeled as a
balloon that is connected to a tube. The forces required to
inflate the balloon must overcome an elastic element (the
balloon in the box) and a resistive element (the resistance
in the tube). Classic respiratory mechanics must obey the
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Fig.8.1 Opposing forces in the respiratory system. Elastic recoil is the
tendency of elements in the chest wall and lungs that are stretched dur-
ing inspiration to snap back or recoil (arrows) to their original state at
the end of expiration. At this point (at FRC or resting volume), the
“springs” are relaxed, and the structure of the rib cage allows no further
collapse. Opposing forces of the chest wall and lung balance out, and
intrathoracic and airway pressures become equal (this further defines
FRC) (Reprinted from Harris and Wood [2])

laws of Newtonian physics. The relationship between pres-
sure, volume, and flow is therefore modeled by the equa-
tion of motion. Just like the balloon model, in order to
“inflate” the lungs, the total pressure applied must exceed
the opposing elastic (P..;) and resistance forces (P egisance)
of the lungs, chest wall, and conducting airways (Fig. 8.1).
The total pressure applied to the respiratory system (Pgs) of
a patient on mechanical ventilatory support is the sum of
the pressure generated by the ventilator measured at the air-
way (Pawo) and the pressure developed by the respiratory
muscles (Pyys)-

P

RS

=P

AWO

+P,

MUs =

elastic resistance (8 . 1 )

Note that during spontaneous breathing, P,yo is equal to
zero, as all of the pressure required to generate flow through
the respiratory system is provided by the respiratory mus-
cles. Conversely, if a patient is on full mechanical ventilatory
support, Pyys is equal to zero, as all of the pressure required
to generate flow through the respiratory system is provided
by the ventilator.

The total pressure applied to the respiratory system
(Prs) must exceed the opposing elastic and flow-resistive
forces of the respiratory system. Recall that the normal
tendency of the elastic forces of the lungs will result in
lung collapse, while the normal tendency of the elastic
forces of the chest wall is to expand. At functional residual
capacity (FRC), these elastic forces are perfectly opposed.
These elastic forces (also referred to as elastic recoil

A. Kornecki and D.S. Wheeler

pressure, or elastance) reflect the relative stiffness of the
respiratory system (i.e., the tendency of the respiratory
system to return to its resting shape after deformation by
an external force, in this case Pgyg). Elastance (E) is the
change in pressure (AP, or dP) for a given change in vol-
ume (AV, or dV).

E = dP/dV (8.2)

The total elastance of the respiratory system is the sum of
the elastance of the lungs and of the chest wall (the lungs and
chest wall behave like elements in series). Elastance is the
reciprocal of compliance. Practically, compliance is a mea-
sure of the distensibility of the respiratory system. It is there-
fore the change in volume (dV) for a given change in
pressure (dP):

C=1/E=dV/dP (8.3)

Note that under most conditions, there is a linear relation-
ship between pressure and volume (Fig. 8.2), such that com-
pliance is the slope of the pressure-volume curve.

The resistive forces in the respiratory system include air-
ways resistance (R), respiratory system inertance (I), and tis-
sue resistance. Resistance is analogous to Ohm’s Law of
electricity, such that resistance is determined by the change
in pressure (dP) over flow.

R =dP/V=dP/(dV/dt) (8.4)

where R is resistance, dP is the pressure gradient, and \Y
is flow (i.e. the change in volume over time). Ordinarily,
under most physiologic conditions, tissue resistance
makes a very small contribution to these resistive forces
and is therefore usually ignored. Inertance (I) is a mea-
sure of the pressure gradient required to cause a change
in flow-rate with time, pressure divided by
acceleration.

i.e.

[ =dP/dV =dP/d* V/dt? (8.5)

where I is the inertance, dP is the change in pressure, dv is
the change in flow over time (i.e., acceleration of the gas, or
d*V/dt?). Inertance is negligible during quiet, passive breath-
ing and during most forms of mechanical ventilation (with
the notable exception, perhaps of high frequency ventila-
tion). It is therefore frequently ignored.

Compliance therefore relates pressure to volume, resis-
tance relates pressure to flow, and inertance relates pressure
to linear acceleration. Putting all of these concepts together,
the equation of motion for the respiratory system therefore
becomes:

P =(EXV)+(RxV)+1=(V/C)+(RxV)+1  (8.6)
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Note also that the equation of motion can be re-written as:

Py =ExV+[dV/dt+ [d’V/dt’ (8.7)

Given that the inertance is negligible, the “I” term falls
out. Substituting 1/C for the “E” term (compliance is the
inverse of elastance), the respiratory equation of motion
becomes:

P = V/C+ j dv/dt (8.8)

Children Are Not Small Adults!

While ventilation has been extensively investigated and char-
acterized in preterm neonates and adults, there has been rela-
tively few laboratory investigations and prospective clinical
investigations of mechanical ventilation in infants and/or
older children. As a result, age-based guidelines for the use of
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Fig. 8.2 Compliance of the lung, chest wall, and respiratory system.
Top: diagram of the lung and chest cage. Arrows show the movement of
the chest cage and lung. Botfom: Separate relaxation curves for the lung
(right) and chest cage (leff) along with the combined lung-chest cage
relaxation curve (middle). The combined lung-chest cage curve is the
algebraic sum of the separate lung and chest cage curves. The slope of
each relaxation curve corresponds to the compliance for the structure(s).
At end expiration (point A), recoil or relaxation pressure for the lung and
chest cage alone are equal but opposite. At this point, lung volume cor-
responds to FRC. As additional air volume is inhaled into the lung, the
lung is stretched further and exhibits a greater recoil pressure. At the
same time, the chest cage is less compressed, so its negative recoil pres-
sure diminishes as it approaches its equilibrium volume. When a slightly
larger air volume is inhaled, the chest cage reaches its equilibrium vol-
ume (0-mmHg relaxation pressure, point B), and the lung and lung-chest
relaxation curves intersect (point C). Thereby, at this lung volume, all
measured relaxation for the lung-chest cage system is from the lung
because the chest cage is at its equilibrium volume (point B), or the vol-
ume it would assume if the lung were not present. If an even greater air
volume is inhaled (point D), both the lung and chest cage are stretched
beyond their equilibrium volumes. Note that the compliance curve for
the combined lung-chest cage becomes more flattened (less compliant)
at this point because the lung and chest cage are both tending to recoil
toward smaller equilibrium volumes. If the total lung-chest cage system
is returned to resting end expiration (point A) and air is expelled, a nega-
tive relaxation pressure results for both the chest cage and combined
lung-chest cage (point E). At this point, the chest cage is compressed as
more and more air is expelled, with the negative recoil pressure resulting
from the tendency of the chest to expand toward its equilibrium volume
(point B). At the same time, the lung contributes little positive relaxation
pressure because it is close to its equilibrium volume (i.e., 0-ml volume)
because it is stretched very little (Reprinted from DiCarlo [3]. With per-
mission of the American Physiological Society)

<
<

conventional mechanical ventilation in pediatric patients have
not been well-established. Indeed, the recommendations for
mechanical ventilation in children have been extrapolated
from adult data [4]. Compared to adults, pediatric patients
demonstrate a spectrum of lung and chest wall development.
Maturation in the human lung continues well after the neona-
tal period until between 2 and 8 years of age [5]. Acute respi-
ratory failure is one of the most common reasons that children
are admitted to the PICU. The unique developmental differ-
ences between children and adults contribute to this preva-
lence and significantly impact the management of critically ill
children [6-9]. For example, infants and young children have
fewer alveoli compared to adults (approximately 20 million
alveoli after birth to 300 million alveoli by the age of 8 years)
[10-12]. The size of each individual alveolus is also smaller
in children (150-180 pm diameter versus 250-300 pm diam-
eter) [13]. Together, these two anatomic differences markedly
decrease the surface area available for gas exchange by
approximately 8 years of age.

The airways enlarge both in length and diameter with age.
However, growth of the distal airways lags behind that of the
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proximal airways during the first 5 years of life, accounting
for the increased peripheral versus central airways resistance
in children relative to adults [14]. Resistance is inversely
proportional to the radius of the airway to the fourth power
(by Hagen-Poiseuille’s Law). Therefore, an equivalent
reduction in airway caliber (e.g. by mucus, bronchospasm,
edema, etc) in a child versus an adult will result in a greater
relative decrease in the total cross-sectional area of the air-
way, as well as a greater relative increase in resistance. In
addition, the cartilaginous support of the peripheral airways
is less well developed, increasing the risk of dynamic com-
pression with high expiratory flow rates (e.g. as occurs dur-
ing crying, coughing, or respiratory distress). Finally, the
pathways of collateral ventilation (e.g., pores of Kohn) are
not fully developed in young children. These pathways allow
alveoli to participate in gas exchange, even in the presence of
an obstructed distal airway. Collectively, these important
anatomic differences significantly increase the risk of atelec-
tasis in children [7, 15].

The developmental influences on respiratory mechanics
are also critically important [16]. The ribs are more horizon-
tally aligned in young infants and children compared to
adults, which makes it difficult to generate a greater negative
intrathoracic pressure in the presence of poor lung compli-
ance. The lung matrix of a neonate contains only small
amounts of collagen. The elastin-to-collagen ratio changes
during the first months and years of life and affects lung stiff-
ness (i.e. elastance) and elastic recoil. Similarly, the infant’s
chest wall is soft and compliant, providing little opposition
to the natural recoil (deflating tendency) of the lungs. These
changes in elastic recoil pressure for both the lung and chest
wall result in a lower functional residual capacity (FRC) in
children versus adults [17], which may even approach the
critical closing volume of the alveolus in neonates and
infants (Fig. 8.3). In order to generate the same tidal volume
per kg body weight, infants must perform a greater amount
of work compared to adults, which is clinically manifest as
severe retractions due to the highly compliant rib cage and
contraction of the diaphragm during negative pressure gen-
eration [19]. Retractions represent a significant waste of
energy — therefore, some infants will stop breathing from
fatigue when faced with these excessive respiratory demands,
which has been confirmed through electromyography per-
formed in fatiguing infants who become apneic in the face of
increased work of breathing [20, 21].

Ventilation-perfusion mismatching is one of the most
common causes of hypoxemia in the PICU. As discussed
in previous chapters of this textbook, due to the effects of
gravitational forces, both ventilation and perfusion decrease
significantly from the base (or dependent regions) of the
lung to the apex (or non-dependent regions), though perfu-
sion decreases to a greater degree compared to ventilation
(Fig. 8.4). The regional differences in both ventilation and
perfusion are greatly influenced by gravity. Intrapleural
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Fig. 8.3 Changes in total respiratory system compliance (RS), chest
wall compliance (CW), and lung compliance (L) as a function of age.
Two theoretical pressure-volume curves are provided for comparison —
the top curve shows a pressure-volume curve in an adult, while the bot-
tom curve shows a pressure-volume curve in a neonate. The normal
elastic properties of the lung and chest wall are such that there is an
inward elastic recoil of the lung (lung tends to collapse) and outward
elastic recoil of the chest wall (chest wall tends to expand). At func-
tional residual capacity (FRC) (depicted as the volume at which the
airway pressure on the respiratory system pressure-volume curve is
zero, EEV), these forces are in equilibrium. Note that the FRC is lower
in children compared to adults. Also note that at FRC, the correspond-
ing airway pressure on the chest wall curve is negative (i.e. at this vol-
ume, the natural tendency of the chest wall is to expand). The chest wall
is in equilibrium (i.e. volume at which the corresponding airway pres-
sure is zero) at a higher percentage of total lung capacity (TLC) in
adults compared to children (due to increased chest wall compliance in
children). Finally, also note that the closing volume (depicted as CV)
approaches FRC in children compared to adults (Adapted from West
[18]. With permission from John Wiley & Sons, Inc.)

pressure (Pp) is less negative in the dependent regions of
the lung (the base). Alveolar pressure (P,) remains relatively
constant. The transpulmonary pressure (P.), or alveolar dis-
tending pressure, is therefore lower in the dependent regions
of the lung:

(8.9)
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Fig.8.4 Differential distribution of ventilation (V,), perfusion (Q), and
ventilation-perfusion ratio in the lung. The dependent lung regions
preferentially receive better ventilation and perfusion compared to the
non-dependent lung regions. However, the perfusion gradient is much
steeper than the ventilation gradient, such that the ventilation-perfusion
ratio is higher in the non-dependent (apex) regions compared to the
dependent (base) regions (Adapted from West [18]. With permission
from John Wiley & Sons, Inc.)

At functional residual capacity (FRC), the alveoli in the
dependent regions of the lung will then tend to have a lower
volume. At the apex, or non-dependent regions of the lung,
the converse is true (higher transpulmonary pressure due to a
more negative intrapleural pressure, leading to higher vol-
umes). The higher volume alveoli in the non-dependent
regions are therefore on a flatter portion of the compliance
curve (i.e., less compliant). This creates a seeming paradox
in the normal lung, where the lower volume alveoli at the
base will have a greater compliance and are more easily
inflated compared to the higher volume alveoli at the apex,
because they are situated on the steeper segment of the
pressure-volume curve [22]. These gravitational differences
also result in a greater degree of lung perfusion at the base
(dependent regions), compared to the apex (non-dependent
regions).

Note also that the regional differences in ventilation also
depend upon lung volumes. At FRC, the dependent lung
regions are preferentially ventilated. At lower lung volumes
(e.g., residual volume, RV, the volume left in the lungs at the
end of a maximal forced expiratory effort), the converse is
true. Dynamic compression of the airways, due to the effects
of a maximal, forced expiratory effort (which often generates
a positive Py ), occurs in the lower (dependent) regions of the
lung first. This leads to gas-trapping within the alveoli in
the lower (dependent) regions of the lung. The alveoli in the
non-dependent regions will therefore be on a much steeper
portion of the compliance curve (i.e., increased compliance).
Together, these two phenomena lead to preferential ventila-
tion of the non-dependent lung regions first (in contrast to the
situation at FRC).
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Pulmonary edema and lung inflammation in critically ill
children (and adults, for that matter) will exaggerate the
gravitational effects on the intrapleural pressure gradient dis-
cussed above. As Py exceeds P, closure of lung units in
dependent lung regions will occur during normal breathing.
This inverts the normal distribution of ventilation causing the
apex (or non-dependent region) of the lung to receive
improved ventilation. These effects are compounded by
the fact that the patients have a lower lung volume (recall the
discussion above). While there are significant changes in the
distribution of alveolar ventilation, perfusion is less affected.
In other words, perfusion continues to be greatest at the base
(or dependent region) of the lungs, leading to significant ven-
tilation/perfusion mismatch in the dependent regions of the
lungs. Chest CT and electrical impedance tomography (EIT)
studies have elegantly shown the regional differences in lung
consolidation in patients with acute lung injury (ALI) and
acute respiratory distress syndrome (ARDS) [23-31].

There appears to be some important differences in children
versus adults with regards to regional differences in ventilation
(note that these studies were performed in spontaneously
breathing patients). For example, in adults with unilateral lung
collapse, ventilation and perfusion are better matched if
patients are positioned with the “good lung” in a dependent
position (“good lung down”). Conversely, in children with
unilateral lung collapse, ventilation and perfusion are better
matched if patients are positioned with the “good lung” in a
non-dependent position (‘“bad lung down”) [32-35].

Finally the ratio of lung volume to body weight is not con-
stant and varies with development. In humans this ratio increase
significantly with age in the first 2 years of life; therefore, when
V- is corrected to body weight, a smaller fraction of lung vol-
ume is inflated in young infant compared to older child. On this
basis alone, adult guidelines for lung protective ventilation are
unlikely to be applicable to the infant and young child.

The aforementioned developmental differences in lung
pathophysiology may have significant implications on the
management of critically ill children with acute respiratory
failure. As an example, based upon the ARDS Network trial
of low tidal volume ventilation [36], the current recommen-
dation is to target a tidal volume of (V1) of 6 mL/kg pre-
dicted body weight in critically ill adults with ALI/ARDS.
There have been few studies on low tidal volume ventilation
in critically ill children, though most authorities recommend
such an approach [4, 37], based largely upon extrapolation
from adult data. In addition, a low tidal volume ventilation
strategy has been used in several multi-center, randomized,
controlled trials in critically ill children with acute lung
injury with acceptable results [38—40]. Adkins and col-
leagues [41] reported that the lungs of young, newborn rab-
bits were more susceptible to the development of
ventilator-induced lung injury (VILI) due to increased lung
and chest wall compliance and larger distending volumes at
high peak airway pressures compared to adult rabbits.
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However, several studies using a rodent model of VILI sug-
gest that newborns may not be as susceptible to the adverse
effects of VILI compared to adults [42—44].

A single center, retrospective study compared the mortal-
ity between critically ill children with ALI from a time
period before low V1 ventilation was prevalent (1988-1992)
with the current era, when the use of low V ventilation has
become more established (2000-2004) [45]. Children in the
more recent era had a lower mean Vy/kg (8.1x1.4 vs.
10.2+1.7, p<0.001) and higher positive end-expiratory
pressure (PEEP) (7.1+2.4 vs. 6.1+2.7, p=0.007), with
resultant lower peak inspiratory pressure (PIP) (27.8+£4.2 vs.
31.5+7.3, p<0.001) and higher PaCO, (47.2+11.8 vs.
37.0+5.0, p<0.001). More importantly, children in the more
recent era had a significantly lower mortality (21 % vs. 35 %,
p=0.04) and more ventilator-free days (16.0+9.1 vs.
12.7+10, p=0.03). A recently published study in China also
suggested that the use of lower tidal volumes are associated
with better outcomes [46]. Conversely, a follow-up study
failed to show a relationship between the tidal volume in the
first 7 days and mortality [47]. Erickson and colleagues [48]
published the results of a prospective, observational study of
ALI which included nearly all of the PICUs in Australia and
New Zealand. In contrast to the results above, increased tidal
volumes were associated with decreased mortality. Finally, a
single-center, retrospective study showed an association
between higher V1 and increased ventilator-free days. In this
study, 85 % of the children were ventilated with a target VT
between 6 and 10 mL/kg, though a higher VT within this
range was associated with increased ventilator-free days
[49]. Regardless of what conclusions are to be made from
these discrepant data, the main point that must be empha-
sized is that heedless extrapolation of adult data to critically
ill children should be avoided, given the differences in respi-
ratory physiology in children versus adults.

Indications for Mechanical Ventilation

The need for mechanical ventilatory support is one of the
most common reasons for admission to the PICU, and acute
respiratory failure is by far the most common indication for
mechanical ventilation [50-53]. Although explicit indications
exist (Table 8.1), they are not well validated. Thus, the deci-
sion to institute mechanical ventilation is made by the physi-
cian at the bedside on clinical grounds, and takes into
consideration the underlying condition, the likely course of
the disease, and the potential response to medical treatment.
The indications for tracheal intubation (e.g. airway protec-
tion, relief of airway obstruction) are not the same as for
mechanical ventilation and are discussed elsewhere in this
textbook. However, children who require tracheal intubation
will usually require mechanical ventilatory support, because
of reduction in respiratory drive associated with sedation, the
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Table 8.1 Indications for mechanical ventilation

Respiratory failure
Pump failure
Chest wall dysfunction (e.g. flail chest)
Neuromuscular disease
Central nervous dysfunction (decrease in respiratory drive)
Congenital (e.g. Ondine’s course)
Acquired (e.g. trauma, drugs, infectors)
Pulmonary disease
Ventilation/perfusion mismatch (e.g. pneumonia)
Pulmonary shunt (e.g. acute respiratory distress syndrome)
Reduction in functional residual capacity
Others

Support an intubated patient (e.g. patient intubated for airway
protection)

Decrease work of breathing and afterload

Optimized carbon dioxide levels (e.g. head trauma with increase
in intracranial pressure)

perceived benefits of positive end-expiratory pressure (PEEP),
and the need to counter the resistance to airflow offered by the
tracheal tube. In general, institution of mechanical ventilation
is indicated when the patient’s spontaneous ventilation is
threatened or not adequate to sustain life.

Children usually require mechanical ventilation because
of acute respiratory failure (or impending respiratory failure),
which occurs when the system fails to meet the body’s
requirements in terms of oxygenation (acute hypoxemic
respiratory failure) and/or elimination of carbon dioxide
(acute ventilator failure). Acute respiratory failure may occur
as a result of primary lung disease (e.g. reduction in func-
tional residual capacity or compliance, worsened ventilation-
perfusion mismatch) or pump dysfunction (e.g. reduced
central drive, muscle disease). Beyond these pulmonary indi-
cations, mechanical ventilation may also be instituted in
order to improve left ventricular function in case of heart
failure or to optimize CO, in the case of increased intracra-
nial pressure. As mechanical ventilation is not without com-
plications, the goal should be to apply it only when necessary
and with minimal injury to the lungs and maximal comfort to
the patient. In other words, the goals of mechanical ventila-
tion are to provide adequate oxygenation and ventilation
(which necessarily includes maintaining alveolar recruit-
ment and patient-ventilator synchrony), while minimizing
alveolar overdistension, auto-PEEP (see below), and oxygen
toxicity (i.e., using the lowest possible Fig,).

Non-invasive Mechanical Ventilation

The interface between the ventilator and the patient may be
classified into two categories: invasive and non-invasive.
Invasive ventilation uses a tracheal or a tracheostomy tube,
or for a limited period of time during a general anesthetic, a
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Table 8.2 Adverse effects of invasive positive pressure mechanical
ventilation
Respiratory
Upper airways
Nasal trauma
Nasopharyngeal and pharyngeal trauma
Laryngeal trauma — vocal cord fixation/paralysis
Subglottic edema/stenosis
Lower airways
Air-leak
Pneumothorax
Pneumomedistinum
Pulmonary interstitial emphysema
Atelectasis
Ventilation-associated Respiratory Infections (VARI)
Ventilator-associated Pneumonia (VAP)
Ventilator-associated Tracheobronchitis (VAT)
Nosocomial Sinusitis
Ventilation associated lung injury
Cardiovascular
Decrease venous return
Increase pulmonary vascular resistance
Central nervous system
Increase intracranial pressure
Renal
Decrease urine output (direct and indirect effect)

laryngeal mask airway (LMA). Non-invasive ventilation, on
the other hand, does not require a tracheal device. Non-
invasive ventilation may be administered with a positive
pressure ventilator, sometimes termed non-invasive positive
pressure ventilation (NIPPV), or as negative pressure venti-
lation. The main advantages of non-invasive ventilation are
the avoidance of tracheal intubation or tracheotosmy, with
the associated complications (Table 8.2). The presence of a
tracheal tube increases the risk of airway trauma and
ventilator-associated respiratory infections (VARI, which
includes ventilator-associated tracheobronchitis, sinusitis, or
ventilator-associated pneumonia), as well as an increased
propensity for immobilization and need for sedation and/or
neuromuscular blockade. In addition, important physiologi-
cal functions such as speech, cough, and swallowing are
impaired. Furthermore, non-invasive ventilation may be
applied outside the critical care setting and outside the hospi-
tal as an optimal home ventilation solution.

Non-invasive Positive Pressure Ventilation
(NIPPV)

Non-invasive positive pressure ventilation (NIPPV) refers to
the delivery of positive airway pressure via a conduit other
than a tracheal device, i.e. via either a facemask or nasal mask.
It was first introduced to provide home ventilation for children
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Table 8.3 Potential applications for noninvasive positive pressure ven-
tilation (NIPPV) in children
More common
Nocturnal central hypoventilation
Chronic lung disease
Neuromuscular disease
Cystic fibrosis — bridge for transplant
Cardiac failure
Less common
Acute respiratory failure — likely to reverse within 24 h
Transient post-extubation upper airway obstruction
Pneumonia
Asthma — bronchiolitis
Pulmonary edema
Patients that refuse tracheal intubation

with nocturnal hypoventilation caused by neuromuscular dis-
ease. Since the early 1990s, NIPPV has gained increased pop-
ularity for extended acute and chronic indications. For
example, NIPPV is becoming a commonly used modality in
the neonatal ICU for managing premature lung disease, with
mixed results [54-56]. However, as with other modalities of
ventilation there are fewer studies in critically ill children than
in adults [57-69]. As a result, selection guidelines regarding
the use of NIPPV in children are extrapolated from the adult
literature (Table 8.3). While there are few randomized, con-
trolled studies regarding the efficacy of NIPPV in critically ill
children, there are several case series that describe its applica-
tion in children with mild to moderate acute respiratory failure
(e.g. bronchiolitis, asthma, pneumonia) and for chronic home
ventilation (e.g. neuromuscular disease) [54, 58, 59]. The
application of CPAP has been shown to increase FRC, improve
lung mechanics, and increase arterial oxygenation in patients
with ALI [70]. NIPPV in the early phase of ALI may reverse
the disease process and prevent tracheal intubation in selected
patients; however NIPPV is limited by difficulties in effec-
tively applying high airway pressures, controlling airway
secretions, and avoiding patient discomfort when utilized for
prolonged periods. A trial of NIPPV should be attempted in
any stable child with early or impending respiratory failure.
However, one should not persist with its use if it becomes clear
that the approach is only deferring the inevitable need for tra-
cheal intubation [55, 71, 72]. The major contraindications for
the use of NIPPV are clinical conditions in which upper air-
way protective reflexes are compromised, especially with
reduced level of consciousness, or recent gastrointestinal sur-
geries in which increased bowel gas may compromise repair
and/or recovery.

Non-invasive positive pressure ventilation may be admin-
istered through a nasal mask or an oro-nasal mask. The oro-
nasal mask covers both the nose and the mouth. It may be less
comfortable than the nasal mask; however, it abolishes the
potential air leak through the mouth that commonly occurs
during nasal mask ventilation. Controlled trials in adults
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comparing nasal and oro-nasal masks show inconsistent
results regarding the efficacy of gas exchange; however, the
nasal mask is generally better tolerated. Another type of mask
is called the helmet [60]. The helmet covers the patient’s
entire head, is similar to an over-sized hockey helmet, and is
sealed using straps under the shoulder. The patients can better
interact with the environment and it can be applied to any
patient regardless of facial contour [58, 59, 73].

A relatively newer device that is being used with more
frequency in the PICU is the high-flow nasal cannula (HFNC)
system [74]. HFNC use higher gas flow rates compared to
standard nasal cannula, and there is some evidence to sug-
gest that HFNC does deliver some degree of continuous
positive airway pressure [75-79]. There are reports that the
increased use of HFNC in certain conditions (e.g. bronchiol-
itis) have led to a decrease in the number of children requir-
ing invasive mechanical ventilation compared to historical
experience [80-82]. However, HFNC has not been shown to
be superior (or for that matter, equivalent) to either NIPPV in
a prospective trial, so further studies are recommended.

NIPPV may be applied as continuous positive pressure
airway pressure (CPAP) or combination of CPAP with pres-
sure support ventilation (PSV). Any ventilator with high
flow may be used to provide NIPPV. It can be delivered by
volume or pressure-preset modes, or with a bi-level con-
trolled or continuous positive pressure (CPAP) device. The
more commonly used devices are portable bi-level ventila-
tors that are designed for NIPPV and can operate success-
fully with a relatively large leak, providing high continuous
flow. Pressure support ventilation is the most common mode
of ventilation used with these devices. With bi-level devices
(often erroneously referred to as BiPAP®, Respironics,
Corporation, Murrysville, PA, which is one of several com-
mercially available devices that can deliver bi-level positive
airway pressure), the nomenclature may vary, but the inspira-
tory positive airway pressure (IPAP) and expiratory positive
airway pressure (EPAP) are preset. The patient’s spontane-
ous inspiration triggers the machine and the difference
between IPAP and EPAP is the magnitude of the pressure
support delivered with each breath. Because of the potential
leak around the mask with high pressures, 15-25 cm H,O is
generally the highest pressure that usually can be achieved
reliably and consistently. As certain ventilators do not have
an inspiratory time limit, the preset pressure may be not
attained in the presence of a significant air leak and the
device will not therefore cycle off to expiration. In certain
circumstances, only constant continuous positive airway
pressure (CPAP) is provided throughout inspiration and
expiration.

The key factor for effective initiation of NIPPV is a coop-
erative and relaxed patient. Patient coaching and gradual
titration of the pressure may improve the rate of success. As
a result, initiation of NIPPV is time consuming for the team
as compared to conventional ventilation; this may be the
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major reason why some clinicians are reluctant to apply it.
NIPPV is safe and can be delivered in any number of settings
beyond the PICU. However, it can be associated with com-
plications, such that it is generally the common practice to
initiate NIPPV in the PICU setting where increased person-
nel and monitoring can provide constant attention to titrating
adjustments to the patient’s needs. Principle complications
include skin ulceration and erosion in the area of contact
between the mask and the skin, and once the skin has become
eroded, application of the mask is extremely difficult. Drying
of the nasal and pharyngeal mucosa, aspiration, and abdomi-
nal distension with gastric dilatation have all been reported
as well.

Non-invasive Negative Pressure Ventilation

Until the mid-1900’s negative pressure ventilation was
almost the only method available to provide ventilation for
the management of respiratory failure. Today, it is used only
on rare occasions. It works by intermittently applying nega-
tive (i.e. sub-atmospheric) pressure to the chest, or to the
chest and abdomen. This causes expansion of the chest, and
decreases pleural and alveolar pressure, thereby creating a
pressure gradient for inspired gas to move into the alveoli
during inspiration. The expiration in most of the ventilators
occurs passively by elastic recoil of the lungs, but in some
the option of active expiration exists. The main two types of
ventilators are the traditional iron lung where the torso (i.e.
chest and abdomen, but not the head) are enclosed in a sealed
solid cylinder and the Cuirass system, wherein a plastic shell
is placed around the chest.

At present, negative pressure ventilation delivers negative
pressure by four modes — cyclic negative pressure, so-called
negative-positive pressure (where expiration is actively
assisted), continuous negative pressure, and negative pres-
sure with an oscillator. Most ventilators have the capacity to
independently control the pressure and time during inspira-
tion and during expiration. The role of such ventilation is not
well established in either adults or children [83, 84].
Nonetheless, negative pressure ventilation is routinely
applied in certain centers for chronic home ventilation when
the non-invasive positive pressure is either unavailable or is
not tolerated. The main factors that limit its widespread
application include large unit size, noise, and potential upper
airway collapse during inspiration [85].

When the entire body is exposed to negative pressure as
occurs with the tank ventilators, non-invasive negative pres-
sure ventilation has similar hemodynamic effects to conven-
tional positive pressure ventilation. However, when the
negative pressure is confined to the chest alone (e.g. using the
cuirass-type, Hayek Oscillator) this modality of ventilation
closely mimics the physiological dynamics of spontaneous
ventilation and may have potential hemodynamic advantages
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over conventional positive pressure ventilation (PPV). The
deleterious effect on PPV on venous return is not present with
negative pressure ventilation. On the contrary, negative pres-
sure ventilation augments venous return, as in spontaneous
inspiration. An appealing indication for non-invasive negative
pressure ventilation was suggested by Shekerdemian and col-
leagues in a number of clinical studies [86—90]. During inspi-
ration the right atrial pressure decreases, increasing the
gradient for venous return. These investigators showed that
following the Fontan operation or repair of tetralogy of Fallot,
children had a significantly greater pulmonary blood flow and
cardiac output when ventilated using negative versus positive
pressure [86, 88, 90]. In summary then, while non-invasive
negative pressure ventilation is a potentially attractive mode
of ventilation, there are not enough physiological and clinical
data to support its use as a first line approach. It may be
applied on individual basis when venous return or pulmonary
blood flow is especially tenuous.

Invasive Mechanical Ventilation

Since the 1960s, when negative pressure ventilation was
almost completely abandoned (with the notable exceptions
discussed briefly above), nearly all mechanical ventilators
have employed the principal of intermittent positive pressure
ventilation, where the lungs are inflated by applying a posi-
tive pressure to the airways. Most modern ventilators are
equipped with a piston bellows system or use a high pressure
gas source to drive the gas flow to the lungs. Ventilators used
to be classified according to the termination of active inspira-
tion and initiation of passive exhalation. Accordingly, the
inspiratory phase may be terminated when a preset pressure
is achieved (pressure-cycled ventilators), a preset volume is
achieved (volume-cycled ventilators), or when a preset inspi-
ratory time is reached (time-cycled ventilators). This classi-
fication has become somewhat irrelevant with time, as with
nearly all modern ventilators currently in use, the clinician
may separately control the tidal volume, the pressure deliv-
ered, and the inspiratory time (or indirectly with the flow).
Some ventilators that are used for transport or for home ven-
tilation are pure pressure-cycled ventilators, where the venti-
lator produces gas flow to the lungs until it reached a preset
pressure, then inspiration is terminated and thereafter, the
expiration valve opens, and expiration begins. The duration
of inspiration and tidal volume varies according to the total
respiratory system compliance (chest and lung) and the air-
way resistance. When lung or chest wall compliance is low
or inspiratory time short, then the delivered tidal volume will
be smaller. Furthermore, in case of an air leak, the preset
airway pressure may not be reached thereby preventing the
termination of inspiration. The above limitations restrict the
use of these ventilators to children with relatively healthy
lungs (e.g. neuromuscular disease, central hypoventilation).
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Pressure Control Versus Volume Control

Mechanical ventilation is often classified by whether the
ventilator is set to deliver a pre-determined tidal volume
(volume limited, volume pre-set ventilation, volume-cycled
ventilation, or volume control ventilation, VCV) or to
achieve a pre-determined peak pressure (pressure limited,
pressure pre-set ventilation, pressure-cycled, or pressure
control ventilation, PCV) [91-93]. During Pressure Control
Ventilation (PCV), the breath is delivered at a set rate with a
decelerating flow pattern (Fig. 8.5). The tidal volume is
determined by the preset pressure, inspiratory time and
respiratory system mechanics. During the Volume Control
Ventilation (VCV), a preset volume is delivered by the venti-
lator with each breath using a constant flow pattern (Fig. 8.5).
The breath is terminated by a preset time (time-cycled) or
after the delivery of the preset tidal volume (volume-cycled).
During time-cycled, volume-preset ventilation, the inspira-
tory flow is regulated in order to deliver the preset tidal vol-
ume and the tidal volume and minute ventilation are
guaranteed (regardless of resistance or compliance).

PCV has been associated with decreased patient work of
breathing [94, 95], improved oxygenation at lower peak
pressures [96, 97], and better outcomes (in terms of number
of extrapulmonary organ failures and duration of mechanical
ventilation) in critically ill adults with ALI/ARDS [98, 99].
In addition, in otherwise healthy children undergoing gen-
eral anesthesia, PCV is associated with lower peak pressures
[100-102]. Regardless of these studies, the choice of PCV or
VCV is often dictated by institutional bias and/or physician
preference.

Pressure Control Ventilation

During Pressure Control Ventilation (PCV), the breath is
delivered at a set rate with a decelerating flow pattern and
is terminated when a preset peak inspiratory pressure (PIP)
is achieved (Fig. 8.5). The tidal volume is determined by
the preset PIP and respiratory system mechanics. The
inspiratory time is usually set by the operator. PCV is usu-
ally recommended in patients with leakage around an
uncuffed tracheal tube, in cases of obstructive lung disease
(e.g. status asthmaticus), neonates or small infants where
measurement of the tidal volume is inherently inaccurate,
or rarely, in the presence of a bronchopleural fistula. When
the tidal volume is measured at the ventilator, instead of at
the end of the tracheal tube, then changes in circuit com-
pliance significantly influence the accuracy of the mea-
surement. This is particularly the case with neonates and
infants, where the tidal volumes are far smaller compared
with the volume of the ventilator circuit. The main draw-
back of PCV is that tidal volume and minute ventilation
are directly influenced by the respiratory system mechan-
ics, and as these change, so too does the delivered tidal
volume. As aresult, in cases of rapidly changing respiratory
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Fig.8.5 Pressure limited breath
(left) vs. volume limited breath
(right). The same tidal volume is
delivered in both modes.
However, with a decelerating flow
in limited pressure (leff) or square
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system mechanics (e.g. administration of surfactant), the
patient may be at risk of inappropriate levels of ventila-
tion. However, the same argument can be made about vol-
ume-preset ventilation and the potential risk of barotrauma
with rapid changes in respiratory mechanics (see below).

Pressure pre-set ventilation

Volume Control Ventilation

During Volume Control Ventilation (VCV), a preset volume
is delivered by the ventilator with each breath using a con-
stant flow pattern (Fig. 8.5). The breath is terminated by a
preset time (time-cycled) or after the delivery of the preset
tidal volume (volume-cycled). During time-cycled, volume-
preset ventilation, the inspiratory flow is regulated in order to
deliver the preset tidal volume and the tidal volume and min-
ute ventilation are guaranteed (regardless of resistance or
compliance). This mode of ventilation is commonly used in
larger infants and children, but it is not generally recom-
mended for neonates or small infants. The main drawback is
variation in tidal volume delivery, due to either leaks in the
system or inaccurate volume measurement. If compliance
worsens, higher peak pressures will be delivered, which can
be associated with areas of overdistension (e.g., areas of nor-
mal lung compliance) and ventilator-associated lung injury.
In modern ventilators, the peak pressure can be limited dur-
ing volume control ventilation (see next mode, below).

Adaptive Pressure Control Ventilation

Most of the newer ventilators have an additional mode of ven-
tilation that combines the purported advantages of a decel-
erating flow pattern characteristic of the pressure-limited

Volume pre-set ventilation

mode [94], as well as the guaranteed tidal volume associ-
ated with volume-preset ventilation. A preset tidal volume
is delivered with the lowest pressure possible, using a decel-
erating flow pattern. After the first volume-limited breath,
the plateau pressure measured by the ventilator is used for
the next breath; this pattern is continued for each succes-
sive breath (Fig. 8.6). For each subsequent breath, the ven-
tilator automatically adjusts the minimal inspiratory pressure
required to guarantee the preset tidal volume. If the tidal
volume increases above the preset value, the next breath is
delivered with a lower pressure. This mode, called adaptive
pressure-control ventilation, goes by a number of different
names, depending upon the commercial brand of ventilator
used: Pressure-regulated Volume Control (PRVC) (Servo-I,
Magquet, Solna, Sweden), AutoFlow (Driger, Telford, PA),
adaptive pressure ventilation (Hamilton Galileo, Hamilton
Medical AG, Bonaduz, Switzerland), Volume control plus
(Puritan Bennet, Covidien, Dublin, Ireland), and volume-
targeted pressure control or pressure controlled volume guar-
anteed (GE Healthcare, Cleveland, OH). Limited clinical
trials have shown that lower levels of peak airway pressure
are required to deliver the same tidal volumes using adaptive
pressure control compared to classic volume control modes
[94, 103, 104], though it is unclear whether this represents a
meaningful advantage in the prevention of ventilator-induced
lung injury (VILI). However, based upon what is known
about the relationship between higher ventilatory pressures
and worse outcomes [45, 48, 105, 106], it may be reasonable
to hypothesize that this mode may be a better mode of venti-
lation for critically ill patients with ALI/ARDS.
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Fig.8.6 Pressure regulated
volume control (PRVC). A
control mode in which the
ventilator delivered a preset tidal
volume, with preset frequency,
and inspiratory time. The
ventilator automatically adapts
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Ventilator Modes

The ventilatory cycle during mechanical ventilation is
divided into an inspiratory and an expiratory phase. The dif-
ferent modes of mechanical ventilation are further classified
according to the mechanism of the so-called patient-
ventilator interaction during inspiration. This ranges from
full ventilator control of the tidal volume and frequency, to
provision of partial support only during a spontaneous
breathing where the patient determines both the tidal volume
and the respiratory rate. A classification of common modes
of mechanical ventilation follows:

Control Mode Mechanical Ventilation (CMV)

In this mode of ventilation, the ventilator delivers a mechani-
cal breath at a preset interval, irrespective of the patient’s
spontaneous effort (Fig. 8.7). The breath is either volume-
limited or pressure-limited. In this mode of ventilation, the
patient’s spontaneous effort to breathe may interfere with the
mandatory breath delivered by the ventilator. In order to pre-
vent this, the patient’s spontaneous breathing may be inhib-
ited by decreasing the respiratory drive, either by
administering sedative drugs or by hyperventilation to induce
respiratory alkalosis. This mode of ventilation has almost
been completely abandoned in children. It may be used
rarely when a high rate of ventilation is required and the spe-
cific ventilator is unable to provide synchronized intermittent
mandatory ventilation (SIMV) at such respiratory rates.

Assist/Control Mechanical Ventilation

This is a form of ventilation in which the ventilator provides
a mechanical breath at a preset interval with a preset tidal
volume or pressure in response to each spontaneous breath,
regardless of the tidal volume desired by the patient
(Fig. 8.8). Where the patient doesn’t trigger the ventilator
within the specified time interval, the ventilator will provide
the preset tidal volume or pressure breath at the preset respi-
ratory rate.

Synchronized Intermittent Mandatory

Ventilation (SIMV)

This mode of ventilation was originally developed as a wean-
ing mode but was quickly adopted as the main-stream mode
of ventilation because of its apparent advantages over the
control mode. It is a mixed ventilatory mode that allows both
mandatory and spontaneous breathing (Fig. 8.9). The man-
datory breaths can be pressure- or volume-regulated and the
spontaneous breaths can be pressure-supported (or not). The
SIMYV algorithm is designed to deliver a mandatory breath in
each SIMV breathe cycle, where the breath cycle is 60/[num-
ber of breaths per minute], in seconds. The mandatory breath
is either patient- or ventilator-initiated. The SIMV cycle has
two periods. The first period is the mandatory period that is
reserved for the mandatory breath. If the patient doesn’t trig-
ger the ventilator during the mandatory period, then the
machine will deliver the preset mandatory breath at the end
of this period. When the patient triggers the ventilator during
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Fig.8.7 Control ventilation
mode. The ventilator delivers
preset tidal volume or pressure
with a preset inspiratory time
and respiratory rate. End
expiratory pressure (PEEP) may
be kept over zero

>

Inspiration

Pressure

Expiration

A. Kornecki and D.S. Wheeler

Flow

Fig.8.8 Assist/control
ventilation. When the patient
doesn’t trigger the ventilator
within the specified time interval,
the ventilator will provide the
preset tidal volume at the preset
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this period, a preset mandatory breath is delivered and the
mandatory period is terminated. The second period is a spon-
taneous period which is reserved for the spontaneous breaths.
The spontaneous period starts each time a mandatory period
terminates. The main advantages of SIMV over CMV are
maintenance of spontaneous respiratory activity which
results in continuous use of the respiratory muscles and
improved patient-ventilator synchronization. The result of
the latter may be a reduction in the use of excessive sedation
and neuromuscular blockade.

Pressure Support Ventilation

Pressure Support was designed as a spontaneous mode of
ventilation that augments only spontaneous breaths
(Fig. 8.10). The idea is that by doing so, the work of breath-
ing imposed on the patient is reduced. It is a patient-triggered,
pressure-limited, flow-cycled mode of ventilation. During
pressure support ventilation, the ventilator delivers flow in
order to provide a constant preset inspiratory pressure with
each spontaneous breath. The patient controls the respiratory
rate, inspiratory time, and the tidal volume (unless the preset
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Fig.8.9 Synchronized
intermittent mandatory ventilation
(SIMV). The SIMV cycle consist
of a mandatory period and
spontaneous period. A breath effort
during the SIMV mandatory period
will deliver a breath with a preset
volume or pressure. A breath effort
during the spontaneous period will
delivered spontaneous breath in the
absence of pressure support, or
pressure/volume supported breath.
In case the patient doesn’t take a
breath during the mandatory period
the ventilator delivers a mandatory A
breath (volume limited or pressure
limited)
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Fig.8.10 A combination of
control and pressure support
ventilation Y
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Fig.8.11 Airway pressure
release ventilation (APRV) 50 1
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pressure is extremely high). To trigger the ventilator, the
patient has to develop a minimum negative inspiratory effort
that exceeds in magnitude the preset sensitivity (based on
either pressure or flow). In order to reduce the effort of trig-
gering to a minimum, most modern ventilators are equipped
with very sensitive pressure or flow transducers that have a
fast demand valve and a continuous flow. Since support ven-
tilation is completely dependent on patient capacity to
develop an inspiratory effort when this mode is used in
isolation, the patient must have sufficient respiratory drive
and muscle strength in order to trigger the ventilator.
Furthermore, pressure support ventilation per se doesn’t pre-
vent apnea; however, virtually all modern ventilators have an
alarm and backup mechanical support in the event of apnea.
The basis for determining or choosing the optimal preset
pressure levels is not well established. In addition, neither the
appropriate pulmonary disease states nor the use of adjunct
SIMV have been determined for pressure support ventilation
[107]. However, in practice, pressure support is usually used in
combination with SIMV in order to improve patient comfort, or
simply because practice has evolved that way. In addition, pres-
sure support is commonly used during the weaning process.
One approach in implementing pressure support ventila-
tion is to adjust the preset pressure to a level appropriate to
achieve the desire tidal volume, and/or to achieve apparent
patient comfort. The major drawback in this mode of ventila-
tion, as with any pressure-preset mode, is that tidal volume is
not guaranteed. The delivered tidal volume in pressure sup-
port ventilation depends on patient effort, which of course
may continuously change. Changes in neurologic status (e.g.
increased sedation which may reduce respiratory drive) or
alteration in respiratory mechanics may affect the delivered
tidal volume. Furthermore, oxygen demand (i.e. the require-
ment for O, due to fever, stress or pain) may change over
time, and as a result, minute ventilation may change corre-
spondingly while the preset pressure remains constant.

Volume Support Ventilation

In order to overcome the major drawbacks of pressure sup-
port ventilation (i.e. tidal volume is not guaranteed), some
recent models have introduced the concept of volume support

lo-|
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ventilation. Basically, this is a pressure support mode where
the inflation pressure changes in order to maintain a constant
(i.e. preset) tidal volume. Using a closed-loop control system,
the ventilator alters the pressure level to deliver a preset tidal
volume. The delivered tidal volume is used as a feedback con-
trol for continuous adjustment of the level of pressure. This
way the ventilator continuously adapts to the changes in
patient effort, respiratory system mechanics and oxygen
requirement. The operator sets the desired tidal volume and
also, by choosing the respiratory rate, the minute ventilation.
Volume support ventilation is a commonly used weaning
mode of ventilation (see further discussion below) [38].

Airway Pressure Release Ventilation (APRV)

Airway pressure release ventilation (APRV) is a modality
that was first described in 1987, though it has had somewhat
of a renaissance in the past few years [108-112].
Conceptually, APRV is really just the application of a rela-
tively high CPAP (called Pygy) for a set period of time
(called Tygy) to maintain adequate alveolar recruitment,
with an intermittent release phase to a lower pressure (called
Py ow) for a set period of time (called Ty ow) to allow for expi-
ration (Fig. 8.11). Inspiration can occur via one of two ways.
Inspiration can occur via a mechanical breath (essentially the
movement from Pygy to P ow generates a “breath”). Rather
than producing a tidal volume by increasing the airway pres-
sure above a preset PEEP, as in the conventional modes of
positive pressure ventilation, the tidal volume is generated
when airway pressure is reduced from the preset pressure.
Thigu 18 usually much longer than Tiow, such that in the
absence of spontaneous ventilation, APRV is essentially
pressure-controlled inverse ratio ventilation (see below).
However, one of the major advantages to APRYV is the ability
to breathe spontaneously at either Pygy or P ow. Theoretically,
spontaneous breathing (resulting from diaphragmatic con-
traction) during APRV results in preferential recruitment
of the dependent lung regions (recall from the discussion
above that the main of areas of consolidation in patients with
ALI/ARDS are in the dependent lung regions). Therefore,
overdistension of the better aerated (and more compliant)
non-dependent regions is avoided [113]. Ventilation (i.e.
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Table 8.4 Initial ventilator settings for APRV

1. Set Pyign at the desired plateau pressure (typically 20-30 cm
H,0), usually the plateau pressure obtained by an end-inspiratory
hold maneuver if the patient was in VCV or the PIP if the patient
was in PCV

2. Set P ow at 0 cm H,O

3. Set Tygy at 3-5 s

4. Set T ow at 0.2-0.8 s

Adapted from Habashi [114, 115]

In order to improve oxygenation (i.e. increase SpO,) — increase Pyign

(usually in 2 cm H,O increments) or both Pygy and Tygy (usually in

0.2 s increments)

In order to improve ventilation (i.e. decrease PaCO,) — decrease Tyign

or increase T ow

During weaning, decrease Pygy and increase Tygy

removal of CO,) is also improved during the release phase of
APRV [114, 115]. In addition, because spontaneous breaths
do not trigger the ventilator (just as in CPAP), spontaneous
inspiration during any phase of APRV results in lower pleu-
ral pressure and can therefore augment right ventricular fill-
ing [116]. The majority of the time is spent at Pygy (80-95 %
of the “cycle”). The time spent at P; ow must be short enough
to prevent derecruitment, yet long enough to prevent air-
trapping and auto-PEEP. Recommendations for initial venti-
lator settings and adjustments for APRV are listed in
Table 8.4. Clinical studies demonstrate improved patient
comfort, gas exchange, and cardiac output during spontane-
ous breaths with APRV [109, 114, 115, 117]. The theoretical
benefits of APRV, however, have not been shown to be supe-
rior (or even equal) to any other ventilator strategy in criti-
cally ill children with acute respiratory failure.

Inverse Ratio Ventilation

Pressure-controlled Inverse Ratio Ventilation (IRV) uses
inspiratory times which exceed expiratory times, usually
resulting in I:E ratios of 2:1 or even 3:1 during otherwise
conventional mechanical ventilation. IRV is thought to
enhance alveolar recruitment, though at the expense of a sig-
nificant increase in mean airway pressure (and the potential
of auto-PEEP - see below). To date, there are no studies
showing that IRV is superior (or even equivalent) to any
other mode of mechanical ventilator support in the PICU
[118]. This mode of mechanical ventilation has largely fallen
out of favor [119].

Automatic Tube Compensation (ATC)

Although not technically a mode of ventilation, some venti-
lators offer the option of automatic tube compensation (ATC)
in which the ventilator assists a spontaneous breath by deliv-
ering positive pressure, the degree of which is proportional
to the inspiratory flow and tracheal tube resistance. This
pressure compensates for the estimated flow-resistive work
of breathing via a closed loop control of the calculated
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tracheal tube resistance [120-122]. The theoretical advan-
tage of the system is that the work of breathing imposed by
the artificial airway (e.g. tracheal tube, tracheostomy) is
overcome. The system uses a known resistive coefficient of
the tube, measures the flow through the tube, and then applies
a pressure (during inspiration) or reduce the PEEP during
expiration) proportional to the resistance throughout the
respiratory cycle (inspiration and expiration).. Kinks or
bends in the tube as it traverses the upper airway and secre-
tions in the inner lumen may change the tube resistance and
result in imperfect compensation. Some investigators have
reported that ATC improves patient comfort and helps to
eliminate dynamic hyperinflation [123]. There is very little
data on the effect of automatic tube compensation on work of
breathing, oxygenation, ventilation, or outcomes in critically
ill children [124].

Proportional Assist Ventilation (PAV)

In the conventional mode of pressure support or assist con-
trol ventilation, the support delivered by the ventilator is
fixed. In contrast, PAV is governed by the equation of motion
that identifies the necessary pressure to be applied to the
respiratory system in order to overcome opposing elastance
and resistance forces that exist in proportion to the volume
and flow, respectively [125]. During PAV, the ventilator out-
put (i.e. flow and pressure) changes according to changes in
the patient’s effort (that is, the more the patient pulls, the
more pressure the machine generates), which in turn reflects
the resistance and elastance of the respiratory system [126].
There is limited experience with this type of mechanical
ventilatory support in the PICU. In addition, there are no
clinical trials to suggest that this mode of ventilation is supe-
rior or equivalent to any other modes of ventilation.

Neurally Adjusted Ventilatory Assist (NAVA)

In the NAVA mode of ventilation, continuous detection of
the electrical activity of the diaphragm muscles are used as
an index of inspiratory drive and the amount of support pro-
vided by the ventilator corresponds to the ventilatory
demand. NAVA is currently only available with one type of
ventilator (Servo-i, Maquet, Solna, Sweden). NAVA requires
placement of an esophageal catheter that measures the dia-
phragm muscle electrical activity (EAg), which is a measure
of the patient’s neurally-mediated respiratory effort. The
degree of ventilator support provided by the ventilator is pro-
portional to the EAy; signal. The ventilator is equipped with
a safety mechanism, such that in the event of loss of the EA
signal (e.g. dislocation or disruption of the catheter), the ven-
tilator switches to a back-up pressure support ventilation
mode. If the patient does not have a spontaneous respiratory
drive (e.g. oversedation, brain injury, phrenic nerve damage,
neuromuscular blockade, etc), the ventilator switches to a
back-up pressure control ventilation mode. The level of



142

inspiratory pressure delivered by the ventilator is determined
by the following equation:

P =NAVALevelxEA, (8.10)
where the EAdi is the instantaneous integral of the diaphrag-
matic electrical activity signal (measured in pV) and the
NAVA level (measured in cm H,O/pV) is set by the clinician.
While NAVA is relatively new, there are several studies sug-
gesting that NAVA improves patient-ventilator synchrony
and is generally well-tolerated [127—134], even in premature
infants [135, 136]. NAVA has also been used non-invasively.
However, as yet there are no studies in either children or
adults that demonstrate that NAVA is superior compared to
other modes of ventilation, in terms of clinical outcomes
[137, 138]. Given the potential and theoretical benefits, this
is certainly a promising area for further research.

Determining Initial Ventilator Settings

The overall goal of mechanical ventilation is to provide
acceptable gas exchange while causing the least amount of
lung injury. Generally speaking, aggressive ventilation in
terms of airway pressure, tidal volume, and FiO, results in
better gas exchange but with a higher risk for the develop-
ment of lung damage. Thus, one should always weigh the
benefits of gas exchange against the injury caused to the lung
in order to achieve oxygenation and ventilation targets [119,
139-141]. The definition of acceptable gas exchange is
complex, and there are no validated values for PaCO, and
Sa0, towards which one should aim. In terms of PaCO,,
there has been a gradual acceptance of higher values as clini-
cians treating neonates with acute respiratory failure [142—
148], children and adults with either asthma [149, 150] or
ARDS have historically practiced [151, 152]. In these con-
texts, the higher levels of PaCO, are tolerated or permitted by
the clinician, hence the term permissive hypercapnia. Such
tolerance is not accepted where elevated PaCO, could be
directly harmful, such as in the presence of intracranial
hypertension or acute pulmonary hypertension. In addition,
recent experimental work suggests that elevated PaCO,
might be directly beneficial in certain situations, although
these concepts have not been well tested outside the labora-
tory [153-155]. Although the risks associated with hyper-
capnia have received a lot of attention, the risks of hypocapnia
are less well appreciated. While in some circumstances
hypocapnia is valuable (e.g. evolving brainstem herniation),
in many situations it is either of no benefit or potentially
harmful [154, 156]. The lowest acceptable level of oxygen-
ation is even more difficult to define. Although there is
no consensus regarding how low one might aim with arte-
rial oxygen saturation (Sa0,), a lower target level of SaO,
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>90-92 % (PaO,~55 mmHg) appears physiologically safe.

Indeed when high levels of PEEP, plateau pressure, and/or

FiO, are required, clinicians will commonly accept lower

target levels of Sa0, (i.e. 85-88 %) [157, 158] (some clini-

cians have referred to this as permissive hypoxemia)

[159-162].

As stated previously, in cases of parenchymal lung dis-
ease, lung compliance and the functional residual capacity
(FRC) are usually reduced. Unfortunately, the parenchymal
lung disease is usually heterogeneous in nature and different
regions of the lung are differently affected — as a result the
mechanical properties are inhomogenous. The gas delivered
will preferentially go to the regions with lower resistance and
higher lung compliance. The rationale behind the setting of
the ventilator is to homogenize the otherwise inhomoge-
neous disease (recruitment), to keep the lung open through-
out the respiratory cycle (with use of PEEP), and to avoid
over distension (limited V1 and/or plateau pressure) of the
relatively healthy lung regions.

At this stage the ventilator settings should be tailored to
each patient and there are no proven formulaic guidelines.
The basic principles for applying mechanical ventilation in a
child with acute respiratory failure include:

1. Hemodynamic status should be optimized by assuring
intravascular volume and inotrope support in order to tol-
erate relatively high levels of PEEP

2. The proportion of non-aerated lung should be minimized
by recruitment

3. The transpulmonary pressure and tidal volume should not
be excessive

4. Patient comfort must be ensured and some ventilatory
effort ideally maintained.

The choice of Pressure Control (PCV) versus Volume
Control Ventilation (VCV) is not well established and often
depends more on the type of ventilator, physician preference,
or institutional bias. Historically, VCV has been used in most
adult critical care units, while PCV was the preferred mode
in pediatric critical care units (largely due to the lack of
available ventilators that could deliver such low tidal vol-
umes to neonates and young infants and children) [163].
However, VCV has been used safely even in premature, low
birth-weight neonates with hyaline membrane disease, and
no study has demonstrated the clear superiority of PCV over
VCV, or vice versa, even in this unique population [164—
167]. The choice of PCV versus VCV will further dictate
whether peak inspiratory pressures (PIPs) or tidal volumes
are set by the clinician.

Tidal Volume (V)

The mortality associated with ALI/ARDS has declined
steadily up to about 10 years ago. While it is likely that the
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reasons for improved patient survival are multifactorial, the
limitation of delivered V1 and airway pressure (see below)
are the only interventions that have been demonstrated in
prospective, randomized, controlled trials to improve out-
come. Specifically the studies performed by Amato [168]
and the ARDS network [169] comparing a protective venti-
lator strategy (Vp <6 mL/kg ideal body weight, plateau
pressure <30-35 cm H,0) vs. ventilation with high V;
(12 mL/kg) showed improved patient outcome. This out-
come benefit was not reported in studies in which interme-
diate levels of V were employed [170, 171]. Although the
clinical implementation of the ARDS network protocol in
adults has been shown to be effective and to result in
reduced mortality among adults ARDS patients [172] there
is still much controversy over the extent to which V and
airway pressures should be limited and whether low V, low
Pplat or both are necessary in order to improve outcome
[173]. While the optimal tidal volume in critically ill chil-
dren has not been well established, it is generally accepted
that high tidal volumes associated with high end-inspiratory
pressures have a negative impact on outcome [37, 45, 46,
158, 174], as described in the sections above. Therefore, it
seems reasonable to use the lowest V1 necessary to achieve
acceptable gas exchange, without predisposing to atelecta-
sis (i.e. derecruitment). Most clinicians target tidal volumes
in the range of 5-8 mL/kg predicted body weight [158,
175]. While it is difficult to base recommendations in criti-
cally ill children from adult clinical data, the anecdotal
experience and current literature would at least suggest that
this is a rational and safe starting practice. Considerable dif-
ficulty may arise in the accurate measurement of delivered
Vi1, and this is especially the case with small children.
Ideally circuit flow (hence volume, which is measured as
the integral of the flow) should be measured as close to the
airway opening as possible. In many ventilators the Vi is
determined from the gas flow measured at the expiratory
valve, i.e. on the ventilator. Measurement of V at the ven-
tilator is inaccurate (up to 90 % measurement error in small
infants). The magnitude of error varies between ventilators
and is also affected by respiratory system compliance, the
modality of ventilation employed and the circuit type.
Stand-alone respiratory monitors which can measure Vr
accurately are available and appear to be more accurate than
using the exhaled tidal volume at the expiratory valve of the
ventilator [176-178].

The administration of low Vi is not without drawbacks.
Low V7 ventilation may promote atelectasis, increase intra-
pulmonary shunting, and promote VALIL. It results in hyper-
capnia which predisposes to raised intracranial pressure,
pulmonary hypertension and impaired myocardial contrac-
tility. Further, hypercapnia may increase the patient’s work
of breathing, and promote patient-ventilator dyssynchrony
(described further below).
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Fig. 8.12 Airway pressure waveform during volume control ventila-
tion (VCV). An end-inspiratory hold maneuver is performed to mea-
sure plateau pressure (Pp 7). The difference between PIP and Pppar is
determined by the flow setting on the ventilator, as well as the resistance
in the airways. An increase in the PIP—Pp 5r difference would (in the
absence of other changes in ventilator settings) therefore suggest an
increase in airways resistance

Inspiratory Pressures

With PCYV, the clinician sets the peak inspiratory pressure
(PIP), while in VCV, the PIP is determined by the patient’s
respiratory mechanics. The transpulmonary pressure (Pr)
(by Eq. 8.9 alveolar pressure, P, minus intrapleural pressure,
Ppp) is the true alveolar distending pressure. However, P is
not normally monitored in the clinical setting and its mea-
surable analog may be the plateau pressure (static, i.e. no
flow, end-inspiratory pressure (Fig. 8.12). Theoretically, in
children because of the higher chest wall compliance, there
is a better correlation between the PIP, plateau pressure
(PpLar), and Py than in the adult. The PIP is the pressure mea-
sured by the ventilator in the major airways and thus reflects
airway resistance. Conversely, Pp ar is the pressure that
reflects the alveolar pressure and may be measured in most
modern ventilators using an end-inspiratory hold maneuver
for 0.5-1.5 s. In PCYV, the inspiratory flow decreases to zero
at the end of inspiration, such that Pp; o+ and PIP are essen-
tially the same. Importantly, Py sr can only be measured
accurately when the patient is not exerting any respiratory
effort and there is no leak around the tracheal tube. The dif-
ference between the PIP measured by the ventilator and
Pprar is due predominately to airway resistance. Patients
with a significant component of airway resistance (e.g. status
asthmaticus) may have a large gradient between Ppsr and
PIP. The P, is theoretically 10-30 % lower than Pp . A P
of 20 cm H,O0 is generally safe and unless chest wall compli-
ance is very poor (e.g. morbid obesity, ascites, fluid
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Table 8.5 Setting PEEP based upon FIO,

FIO, 0.3 0.4 0.4 0.5 0.5 0.6 0.7
PEEP 5 6 8 8 10 10 10

Adapted from Curley et al. [182]. With permission from Elsevier
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0.7 0.7 0.8 0.9 0.9 0.9
12 14 14 14 16 18

1.0
>18

Summary of PEEP titration used in a pediatric prone positioning trial. Goal PaO, 50-80 mmHg, SpO, 88-92 %

overload, abdominal compartment syndrome), Py sr should
probably be <30 cm H,O [36, 105, 119, 175, 179, 180].

Positive End-Expiratory Pressure (PEEP)

The peak expiratory pressure (i.e. PEEP) has a pivotal role in
maintaining the unstable lung units open throughout the respi-
ratory cycle and increasing FRC. The overall effect here may
be to limit the risk of VILI and improve oxygenation, thereby
allowing the use of a lower FiO, and P, However, simultane-
ously high levels of PEEP have the potential to cause hemody-
namic instability, and by increasing P, and lung volume, may
in turn contribute to overdistension and VILI. For example, a
clinical trial in adults with ARDS that were ventilated with
low V1 (6 mL/kg ) and limited plateau pressure (< 30 cm
H,0) failed to show differences in mortality or length of ven-
tilation between ventilation with high (13.2+3.5 cm H,0) and
low (8.3+3.2 cm H,0) PEEP [181]. In this particular trial,
PEEP was set based upon the FIO, required to maintain
acceptable oxygenation levels (SpO, 88-95 % or PaO,
55-80 mmHg) (Table 8.5). There is no clear consensus, how-
ever, on the ideal method to set an optimal PEEP.

Some experts recommend determining the optimal PEEP
by plotting the semi-static pressure-volume curve and setting
the PEEP between the lower and higher inflection points. In
this case, the lower inflection point (LIP) represents the pres-
sure at which a large number of alveoli are recruited, while
the upper inflection point (UIP) represents the pressure at
which a large number of alveoli are overdistended [183—
186]. With this in mind, the ideal PEEP would be just above
the LIP. Unfortunately, there have been no studies assessing
this particular method in critically ill children with acute
respiratory failure.

Another method of setting PEEP is to start with a rela-
tively normal PEEP (~5 cm H,0) and increasing PEEP by a
series of 2 cm H,O incremental steps and watching for
improvement in oxygenation and lung mechanics (compli-
ance). The period of time required to observe clinically
meaningful and sustained changes in oxygenation after a
PEEP change is debatable, but most studies suggest it is on
the order of 20-30 min after each change [187-189].
Alternatively, ideal PEEP could be determined by starting
high and gradually lowering PEEP in 2 cm H,O decrements,
as derecruitment may occur faster than recruitment [189]. In
addition, it has been shown that there is hysteresis in the

pressure-volume curve (difference between inspiration and
expiration) and that the ideal PEEP setting should be deter-
mined on the deflation limb [190, 191].

The stress index is another potential method of setting
optimal PEEP [185, 192-195]. With this method, the shape
of the pressure-time curve during constant-flow (i.e. classic)
VCV is used to detect optimal recruitment versus
overdistension (Fig. 8.13). With this method, worsening
compliance (stress index>1) suggests that the lungs are
overdistended and the PEEP is too high. Conversely, improv-
ing compliance (stress index<1) suggests there is further
potential for lung recruitment and the PEEP is too low [193].
Importantly, the presence of a pleural effusion has been
shown to impact the accuracy of this particular method [196].

The dead-space fraction (Vp/Vr) may also be used to
determine optimal PEEP and is commonly measured using
the Bohr equation:

V,/V; =(PaCO, —PeCO, )/PaCO, (8.11)
where PeCO, is the mean partial pressure of expired CO,
(expired gas is collected and compared) and PaCO, is the
partial pressure of CO, obtained from an arterial blood gas.
A normal Vp/Vy is 0.3 or less. Increased Vp/Vy has been
shown to correlate with outcomes in both critically ill chil-
dren [197] and adults [198-201] with ARDS. The optimal
PEEP is defined as the pressure level with the highest com-
pliance in conjunction with the lowest VD/VT [202, 203].

The use of esophageal pressure monitoring has recently
been proposed to determine the optimal PEEP (as well as for
detecting auto-PEEP). Esophageal pressure (Pgs) is mea-
sured using a thin-walled balloon which contains a small
amount of air at the end of a catheter placed into the lower
esophagus. Pgg is a surrogate measure for pleural pressure
(Ppp). Indeed, Pgg has been used to estimate Pp; in the labora-
tory setting for many years [204]. However, it has only been
within the last few years that P has been used as a surrogate
for Py in the clinical setting [205-208]. There are no studies
currently in children using this method.

FIO,

Levels of FiO, lower than 0.5 are usually consider safe. The
initial FiO, should be 0.6 unless Sa0, <92 %. After setting
the PEEP, FiO, should be set to the lowest level required to
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Flow

Pao

Stress index <1

Fig. 8.13 Graphic representation of the stress index concept during
constant-flow volume control ventilation. In this method, the shape of
the pressure-time curve is used to determine and set optimal PEEP. If
the compliance worsens as the lungs are inflated, the stress index will
be >1 (shown as an upward concavity on the far right of the Figure). In
this case, PEEP should be decreased. If the compliance is improving as
the lungs are inflated, the stress index will be <1 (shown as a downward

attain a Sa0, >88-92 %. In a sick patient, FiO, <0.3 is not
recommended for safety reasons (e.g. inadvertent extuba-
tion). When FiO, >0.6 is required despite high levels of
PEEP, the tolerated Sa0O, limit may be reduced to 85-88 %
(permissive hypoxemia) and/or additional methods for
improving oxygenation considered (e.g., extracorporeal
membrane oxygenation, a trial of prone positioning, etc)
[160, 162, 209].

Rate (Frequency)

The ventilator rate is selected according the patient age and
nature of the disease and is then adjusted according to the
PaCO, and patient comfort. Recall that PaCO, is inversely
proportional to minute ventilation (Vg).

Vi =V xf (8.12)
where f is the frequency or respiratory rate. The initial respi-
ratory rate setting is ~40 breaths per minute in a neonate,
~20-25 breaths per minute in an infant and decreases further
with age. The inspiratory time may be selected in order to
provide a certain inspiratory: expiratory (I:E) ratio (usually
1:1.5 or 1:2) or to provide a preset inspiratory time. In neo-

Stress index = 1
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Stress index >1

concavity on the far left of the Figure). In this case, PEEP should be
increased further. The middle curve depicts ideal lung recruitment,
when the stress index=1 (there is a linear increase in pressure with
constant-flow lung inflation) (Reprinted from Grasso et al. [193]. With
permission of the American Thoracic Society. Copyright © 2013
American Thoracic Society. Official journal of the American Thoracic
Society)

nates, the inspiratory time is usually set to 0.3-0.4 s and this
usually increases with age. In heterogeneous lung disease
with low compliance and variable time constants, the inspi-
ratory time is usually longer in order to allow sufficient infla-
tion. In contrast, in the case of obstructive lung disease (e.g.
asthma, bronchiolitis), the expiratory time is set longer in
order to allow the lung to fully empty, thereby avoiding air
trapping and over inflation which can be confirmed by aus-
cultation, time-flow loops, and auto-PEEP determinations
using an expiratory pause (see further discussion below).

Triggering the Ventilator

In order to deliver a triggered breath the ventilator has to
sense the patient’s inspiratory effort. There are two principle
mechanisms by which such sensing occurs — through either
changes in pressure or changes in flow. In all modern ventila-
tors designated for pediatric use, a continuous base flow
exists in the circuit. Sensors measure the delivered flow and
the exhaled flow and continuously calculate the difference
between the two. If no leak exists in the system or around the
tracheal tube, the flow measured is identical in both sensors
unless the patient makes an inspiratory effort. As the patient
inspires from the baseline flow, the delivered flow remains
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unchanged, but the exhaled flow is reduced. When the differ-
ences between the delivered and exhaled flow equal or are
greater than the preset flow sensitivity, the ventilator com-
mences an inspiration. With pressure sensitivity, a drop in
pressure below the preset baseline end-expiratory pressure is
the signal to commence a ventilator breath.

Since a non-cuffed tube is commonly used in neonates, a
leak may exist around the tracheal tube. The leak causes a
drop in flow and pressure in the circuit, and may be detected
as an inspiration; this will cause the ventilator to commence
an inspiration commonly called auto-cycling or auto-
triggering. In order to compensate for a leak, the operator
may attempt to increase the sensitivity to flow or pressure.
The differences between flow and pressure sensitivity are
subtle. With flow-triggering, flow is experienced during the
short interval between the start of the effort and the begin-
ning of gas delivery. In contrast, with pressure triggering, a
brief isometric effort is experienced. In clinical practice,
there may be little significant differences between the two
systems.

Patient-Ventilator Dyssynchrony

Suboptimal patient ventilator interaction (dyssynchrony)
may adversely affect the comfort, work of breathing, gas
exchange of the ventilated patient and if severe it can exacer-
bate lung injury. Patient-ventilator dyssynchrony is defined
as a mismatch between a patient’s underlying neurally
mediated respiratory drive and the ventilator’s inspiratory
and expiratory times [137, 138, 210-213]. It occurs in up to
25 % of all patients on assisted mechanical ventilation in the
ICU [214]. When patient-ventilator dyssynchrony is severe
and frequent, it is associated with a higher risk of VILI, as
well as a longer duration of mechanical ventilation (and all
its associated complications) [215, 216]. In addition, patient-
ventilator dyssynchrony contributes to disruption of sleep-
wake cycles, higher sedation requirements, and delirium
[210, 214, 216, 217]. While patient-ventilator dyssynchrony
is a common problem in adults (25 %), its prevalence in
pediatric practice is unknown. Clinical manifestations of
patient-ventilator dyssynchrony include tachypnea, tachy-
cardia, diaphoresis and sternal or costal retractions. Patient-
ventilator interaction is determined by the success of the
physician in reconciling the respiratory drive and lung
mechanics of the ventilated patient with the design limita-
tions of the ventilator. Two areas are of particular impor-
tance. First is the ability of the patient to initiate support
from the ventilator, i.e. triggering. Second, is his or her abil-
ity to signal that support should be terminated so that expira-
tion may occur (i.e. cycling). In addition, the support offered
by the ventilator should be tailored to the patient’s ventila-
tory demands. The evolution of ventilators has seen the
emergence of support modes which utilize alterations in cir-

A. Kornecki and D.S. Wheeler

cuit gas flow to indicate the state of the respiratory cycle in
the patient and by his effort determine the level of ventilatory
support to be applied during inspiration.

The most common impediments to patient-ventilator syn-
chronization are failure of patient inspiratory effort to trigger
support from the ventilator and the development of intrinsic
positive end expiratory pressure (auto-PEEP) through the
use of ventilator patterns characterized by high respiratory
rate and/or inadequate short expiratory time. The use of
alteration in circuit gas flow to indicate a patient inspiratory
effort (i.e. flow trigger; ‘flow by’) has largely replaced the
traditional pressure trigger in most ventilators. As discussed
below, auto-PEEP can be detected with the end expiratory
airway occlusion maneuver (expiratory hold in certain venti-
lators), but this particular maneuver requires a cooperative or
paralyzed patient. It can be detected by analysis of flow-time
curve, although the simplest method is by auscultation over
the trachea for breath sounds that persist and do not stop for
a short period of time before the next inspiration.

Patient-ventilator dyssynchrony is subclassified into
trigger dyssynchrony, flow dyssynchrony, and cycle dys-
synchrony. Trigger dyssynchrony is perhaps the most com-
mon and occurs when the patient is unable to trigger a
supported breath or when the ventilator auto-triggers (i.e.
auto-cycling or auto-triggering — see above). The ventilator
trigger sensitivity should be set to be as sensitive as possi-
ble, without causing auto-cycling or auto-triggering. Aside
from the wrong trigger sensitivity on the ventilator, failure
to trigger a supported breath is usually due to a respiratory
muscle weakness (which is especially common in patients
on prolonged mechanical ventilatory support), auto-PEEP
(see below), excessive condensation in the ventilator cir-
cuit, or leaks in the circuit or around the tracheal tube.
Cardiac oscillations have also been shown to occasionally
cause trigger asynchrony (auto-cycling) [218]. Flow dys-
synchrony occurs when the inspiratory flow is set too low
for the patient’s demand. Clinical manifestations of flow
dyssynchrony include tachypnea, retractions, and paradox-
ical breathing. Increasing the inspiratory flow or changing
from VCV to either PCV or Adaptive Pressure Control
mode (e.g. PRVC, Servo-i, Maquet, Solna, Sweden) should
help alleviate some of these signs and symptoms [94-96,
213, 219, 220]. Alternatively, if the patient is already in
PCYV, increasing the rise time setting may help. Finally,
cycle dyssynchrony occurs when the neurally mediated
inspiratory time of the patient does not match the ventila-
tor’s inspiratory time. If the inspiratory time is too short,
the patient may double-trigger the ventilator, leading to
breath stacking. If the inspiratory time is too long, the
patient will actively exhale while the ventilator continues to
deliver a breath. Patient-ventilator dyssynchrony can be
detected by clinical manifestations of respiratory distress
or by examining the respiratory graphics on the ventilator
[212, 213, 221-224].
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Adjuncts to Mechanical Ventilation
Recruitment Maneuvers

A recruitment maneuver (RM) is performed in an attempt to
re-open collapsed alveoli, thereby promoting better
ventilation-perfusion matching. There are several ways of
performing a RM that are described in the literature — how-
ever, to date there are no studies showing that RM improve
outcome [225-227]. In addition, among the different
approaches, there haven’t been any studies showing the
superiority of one RM method over another. In general,
RM’s have been shown to be safe and at least transiently
improve oxygenation in critically ill children [228-232],
though there are some studies that have demonstrated a tran-
sient and systemic release of pro-inflammatory cytokines
after performing a RM [233, 234]. The significance of this
latter finding is unknown. However, until there are studies
showing that RM’s improve outcome in critically ill children
and/or adults, we suggest that RM’s are probably best
reserved for those children with refractory hypoxemia, as
more of a rescue maneuver to improve oxygenation [235]. In
addition, it is probably more important to maintain lung
recruitment, once a RM has been performed, by setting an
appropriate level of PEEP (see above).

Prone Positioning

Prone positioning has been shown to improve oxygenation tran-
siently in both critically ill children and adults in multiple studies
performed over the last decade. However, the effects of this
improvement in oxygenation on mortality have been inconsistent
[236-242]. Analysis of previously published trials suggest that
there is a population of critically ill patients with severe ARDS
who could benefit from prone positioning [241, 242]. Based on
these data, a multicenter, prospective, randomized, controlled
trial performed in critically ill adults with severe ARDS (defined
as a PaO,/FIO, ratio <150 mmHg with FIO, of at least 0.6)
showed that early (meeting ARDS criteria for less than 36 h) and
prolonged (at least 16 h per day) significantly reduced 28- and
90-day mortality [243]. Therefore, it would seem reasonable to
keep prone positioning in the armamentarium for management
of critically ill children with severe ARDS, at least as a rescue
therapy for those patients with refractory hypoxemia.

Nitric Oxide

Inhaled nitric oxide (iNO), a potent short acting selective
vasodilator, has been shown to have short-term effects on oxy-
genation in selected patients with ALI/ARDS. Unfortunately,
these short-term improvements have no resulted in significant
improvements in clinical outcomes, such as the duration of
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ventilatory support or mortality [244]. Therefore, iNO is gen-
erally reserved for patients with refractory hypoxemia with
FiO, >0.6 and a significant pulmonary shunt in which a trial of
iNO shows improvement in oxygenation. Inhaled nitric oxide
is discussed elsewhere in this textbook.

Surfactant Administration

The role of surfactant administration in patient with ALI/
ARDS has not been established. Several studies have been
performed in adults and children with conflicting results. A
prospective, multi-center, randomized, placebo-controlled
trial in children showed that surfactant may improve out-
come (i.e., ventilator-free days, mortality) of selected group
of children with ALI [245]. However, a more recent trial was
stopped early due to futility [246]. Based on these studies,
exogenous surfactant administration cannot be recom-
mended outside the context of a clinical trial.

Complications of Mechanical Ventilation

Mechanical ventilation is a lifesaving therapy in many cir-
cumstances. However, as mentioned briefly above (and dis-
cussed further in subsequent chapters of this textbook),
mechanical ventilation is not a natural way of breathing and
is associated with numerous complications and adverse
physiological side effects which for the most part.

Respiratory Complications

Injury to the respiratory system can involve either (or both)
the upper airways and lungs. Airway injury may be due to
laryngoscopy, insertion of the tracheal tube, or the presence
of the tracheal tube for a prolonged period of time. Lung
injury is due to mechanical stretch caused by the continuous
pressure and volume changes associated with positive pres-
sure ventilation. Such injury may be macroscopic (i.e. extra-
alveolar air leak) or microscopic. The latter is functionally
and histologically similar to that observed in ARDS and is
termed Ventilator-Induced Lung Injury (VILI). Additional
pulmonary complications include Ventilator-Associated
Respiratory Infections (VARI) and atelectasis.

Upper Airway Injury

Early complications related to tracheal intubation are mostly
due to traumatic intubation and include tooth avulsion or
damage, laryngeal trauma, and pharyngeal injury ranging
from mild edema to laceration with severe bleeding. Tissue
injury secondary to prolonged tracheal intubation is likely
due to the pressure and shearing forces the tube exerts on the
surrounding tissues which may be exacerbated by movement
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of the head or neck. Nasotracheal intubation may cause pres-
sure sores or necrosis of the ala nasi or nasal septum, and oral
intubation may cause similar ulceration at the angle of the
mouth. Prolonged ventilation in the neonate may cause
grooves in the palate, and in extreme cases, a traumatic cleft.

Clinically apparent laryngeal injury is relatively rare and
ranges from mild edema to ulceration of the mucosa.
Significant vocal cord injury may be minimal, or in extreme
cases, involve subluxation of the arytenoid cartilages with
subsequent vocal cord fixation. The more frequent and clini-
cally significant complications occur in the subglottic region
(i.e. below the vocal cords). This region is a narrower
region in children as compared with adults, and it is the only
region with a complete circumferential cartilaginous ring
that doesn’t afford for expansion under pressure. Infection
and ischemic necrosis may develop over time, and during
healing granulation tissue, or in the absence of resolution, an
organized scar may develop and evolve causing subglottic
stenosis and clinically significant upper airway obstruction.
Similar injury may develop deeper in the trachea at the tip of
the tracheal tube or at the carina as a result of continuous
epithelial injury from the suction catheter. Some of the inju-
ries may be prevented by skillful tracheal intubation, with a
proper size tube, and taking care with tube repositioning,
taping and carefully measured suctioning lengths. When a
cuffed tracheal tube is being used, the cuff should be deflated
daily for assessment of a leak, and then inflated to a maximal
pressure no greater than 25 cm H,0.

Air Leak

Macroscopic air leak has been reported in up to 40 % of chil-
dren receiving mechanical ventilation [247]. However, more
contemporary studies suggest that with the open-lung
approach to mechanical ventilation with the use of low tidal
volumes and permissive hypercapnia, the incidence of air
leak is much lower [45, 248]. Excessive transpulmonary
pressure and overdistension leads to alveolar rupture and
escape into the pulmonary interstisium (i.e. Pulmonary
Interstitial Emphysema, PIE). Extension of this injury may
involve the mediastinum (i.e. pneumomediastinum), the
pleural space (i.e. pneumothorax) or pericardium (i.e. pneu-
mopericardium), or it may propagate into the subcutaneous
space (i.e. subcutaneous emphysema). Subcutaneous emphy-
sema, pneumopericardium and PIE are usually not clinically
significant, although the former may cause discomfort.
Pneumothorax is generally the most important type of air
leak. If continuous, air may enter the pleural space with each
inspiration, and because it cannot exit the space, a net
accumulation occurs, with steadily increasing pressure (i.e.
tension pneumothorax). Over time, the volume of air and the
pressure in the pleural space increase significantly causing
collapse of the ipsilateral lung, shift of the mediastinum,
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obstruction of the venous return, and compromise of the car-
diac output. Tension pneumothorax should be immediately
suspected in any mechanically ventilated child who unex-
pectedly experiences an acute deterioration in oxygenation
or cardiac output. Unless it is rapidly diagnosed and drained
it may cause death. Air leak is rare in otherwise healthy
lungs, in the absence of excessive airway pressures.
Retrospective studies have shown the association of occur-
rence or air leak with high levels of PIP, PEEP, or tidal vol-
ume [45, 248-250]. Application of a protective ventilation
strategy that limits plateau pressure and tidal volume may
decrease the risk of air leak.

Ventilation Associated Respiratory

Infections (VARI)

Nosocomial infections that are associated with tracheal intu-
bation and mechanical ventilation include ventilator-
associated tracheobronchitis (VAT), ventilator-associated
pneumonia (VAP), and nosocomial sinusitis. VAP is a sig-
nificant problem in the PICU and has been associated with
significant increases in duration of mechanical ventilation,
PICU length of stay (LOS), hospital LOS, costs, and mortal-
ity [251-260]. VAP is principally a clinical diagnosis based
on the appearance of new infiltrates on chest radiography,
purulent endotracheal secretions, and the presence of fever
or leukocytosis. The microbiologic diagnosis can be
confirmed by obtaining a tracheal aspirate for culture during
suction, bronchoalveolar lavage (BAL), or bronchoscopic-
protected specimen brush sampling, though the latter is
rarely performed in children. When the diagnosis of VAP is
established on clinical grounds, microbiological confirma-
tion (i.e. BAL) should be sought, and therapy (directed by
the local microbial sensitivity profile) commenced pending
microbiologic confirmation. The antibiotics should be tai-
lored according to the response and the subsequent microbi-
ologic data. It is important to recognize the local resistance
patterns when making empiric choices about initial antibi-
otic therapy. A bundle of measures that may reduce the risks
of VAP include the following placing patients in semi-
recumbent position (elevating the head of the bed), changing
heat-moister exchangers, and maintenance of oral hygiene
[256, 259, 261, 262].

Ventilator-associated tracheobronchitis (VAT) may be a
precursor to VAP [263-266], and preliminary data has sug-
gested that it also increases the duration of stay in the PICU
(Wheeler, unpublished data). The diagnostic criteria for VAT
are similar to those used for VAP, with the exception of a
change in infiltrates on chest radiograph or worsening venti-
lator status. The use of VAP as a quality metric has been ques-
tioned [267-269], primarily due to the low specificity of the
diagnostic criteria. For this reason, some authors have sug-
gested that VAT and VAP should be considered in aggregate.
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There have only been a few studies about nosocomial sinus-
itis in the PICU [270-272]. However, these studies suggest
that sinusitis is likely underappreciated and underrecognized
in this population.

Atelectasis

Injured lungs have a low compliance and a tendency to col-
lapse [273, 274]. Mechanical ventilation increases the risk
by direct lung injury, retention of secretions, de-nitrogenation
during ventilation with 100 % oxygen, endobronchial place-
ment of the tracheal tube, and intermittent suctioning.
Furthermore, neuromuscular blockade, commonly used dur-
ing mechanical ventilation, abolishes diaphragmatic tone
and further decreases FRC. Because infants have a relatively
lower FRC and less collateral ventilation than adult, they
may be at even greater risk of developing atelectasis. It
mainly occur in the left lower and right upper lobe Principi T
et al. [248]). Atelectasis is important because it may compro-
mise oxygenation, increase pulmonary artery pressure, and
contribute to VILI by over-distension of the ventilated lung
regions. It may be treated with positioning, physiotherapy,
increasing the PEEP, and the use of routine, short recruit-
ment maneuvers. Prolonged ventilation may contribute to
disuse atrophy of the diaphragm, which has been demon-
strated in animal studies, but not in humans. However, it
seems that maintenance of spontaneous respiratory effort
may mitigate against this problem.

Ventilator-Induced Lung Injury (VILI)

VILI is discussed in great detail in a subsequent chapter.
Suffice it to say that positive pressure ventilation is not a
natural form of breathing and can cause lung injury that is
virtually indistinguishable from that of ALI/ARDS. Several
types of VILI are relevant in the PICU. Volutrauma (lung
injury induced by excessive tidal volumes, leading to repeti-
tive stretch injury) can be minimized by avoiding the use of
excessive tidal volumes (generally defined as tidal volume
>10 mL/kg predicted body weight) and transpulmonary
pressures — the so-called lung-protective strategy [36, 105].
Barotrauma (lung injury induced by excessive pressures,
leading to alveolar overdistension and air leak) can be mini-
mized by avoiding the use of excessive plateau pressures (see
discussion below), generally less than 30 cm H,O [105].
These high pressures cause injury by virtue of the fact that
higher transpulmonary pressures cause excessive stretching
and alveolar distension. Numerous animal models have
shown, however, that limiting alveolar expansion, even in the
face of very high transpulmonary pressures (e.g. with chest
strapping) does not cause injury [275]. Therefore, patients
with poor chest wall compliance (e.g. obesity, significant
abdominal distension) may require increased transpulmo-
nary pressures which can be done relatively safely as long as
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excessive tidal volumes are avoided [276, 277]. Atelectrauma
(lung injury induced by the cyclical opening of alveoli dur-
ing the inspiratory phase and closure/collapse during the
expiratory phase) can be minimized with the so-called “open
lung approach,” which combines a lung-protective strategy
of low tidal volume ventilation with optimal lung recruit-
ment (using PEEP). Biotrauma (lung injury induced by the
local production and systemic release of proinflammatory
cytokines) can lead to a systemic inflammatory response and
multiple organ dysfunction syndrome (MODS) [278].
Finally, a fractional inspired oxygen concentration (FIO,)
approaching 1.0 can lead to oxidative injury to the lung (oxy-
gen toxicity). The safe range of FIO, is not exactly known,
but most authorities suggest that FIO, <0.6 is preferable.

Auto-PEEP

Auto-PEEP (also known as intrinsic PEEP, inadvertent PEEP,
endogenous PEEP, occult PEEP) is measured using an end-
expiratory pause for 0.5-1.5 s during either VCV or PCV
[279]. The measurement of auto-PEEP is only accurate when
the patient is not exerting a significant respiratory effort. Auto-
PEEP is caused by air-trapping (hyperinflation) in the alveoli
at the end of expiration, which exerts a positive pressure, and
it is usually due to an incomplete expiration prior to the initia-
tion of the next breath [280-282]. The incomplete expiration
is usually due to the presence of severe airflow limitation (e.g.
increased airways resistance, as in children with asthma),
though auto-PEEP can be present even in the absence of air-
flow limitation [283]. For example, setting the inspiratory
time too high (e.g. inverse ratio ventilation) will result in too
short of an expiratory time. Patients with dynamic hyperinfla-
tion and dynamic compression of the airways are also at risk.
Dynamic hyperinflation is present when the end-expiratory
lung volume exceeds FRC, usually as a result of airflow limi-
tation (resulting in incomplete emptying of the alveoli during
exhalation), but also from ventilation with high tidal volumes,
use of short expiratory times, or presence of lung units with
long time constants (resistance x compliance).

There are several other clues to the presence of auto-PEEP.
The breathing pattern and respiratory graphics are particu-
larly useful. If the patient is still exhaling when the next
breath is delivered (observed directly or on the respiratory
waveform), auto-PEEP is likely present (Fig. 8.14). Similarly,
inspiratory efforts that fail to trigger a breath (i.e. trigger
asynchrony — see above) also suggest the presence of auto-
PEEP. Finally, signs and symptoms of increased work of
breathing (tachypnea, nasal flaring, retractions) can also sug-
gest the presence of auto-PEEP. Finally, an esophageal pres-
sure monitor can also detect the presence of auto-PEEP [280].

Ideally, auto-PEEP should be as low as possible (prefera-
bly 0 mmHg), as there several associated adverse effects.
First and foremost, auto-PEEP effectively acts as a threshold



150

Fig.8.14 Detection of auto- A
PEEP. Flow-time waveform in a
patient showing persistence of
airflow at the end of expiration, as
well as an incomplete return to the
baseline
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pressure that the patient must overcome to trigger the venti-
lator, leading to patient-ventilator asynchrony (trigger asyn-
chrony). Auto-PEEP represents an additional inspiratory
load, as shown by the modified equation of motion below:

Py = V/IC+(RxV)+PEEP, (8.13)
where PEEP; is the auto-PEEP (intrinsic PEEP). In the
presence of auto-PEEP, a negative intrapleural pressure equal
to the level of auto-PEEP and the ventilator sensitivity
threshold must be generated in order to generate inspiratory
flow (Fig. 8.15). The application of extrinsic PEEP (set by
the clinician) will improve the patient’s ability to trigger the
ventilator, by raising the trigger level closer to the total PEEP
(so-called waterfall effect) [284]. Auto-PEEP also increases
the risk of VILI (through overdistension) and worsens hemo-
dynamics (through the cardiorespiratory interactions dis-
cussed below).

Central Nervous System Effects

The effects of positive pressure ventilation have been exten-
sively studied in the context of head trauma, but the effects on
intracranial pressure (ICP) and cerebral perfusion pressure are
complicated. Some issues are apparent from several studies.
The application of PEEP may directly increase ICP by trans-
mission of pleural pressure through vertebral veins towards
the cranium. Indirectly, PEEP may increase ICP by increasing
the right ventricular afterload, decreasing right ventricular out-

Expiration

put, and decreasing venous return — including the venous
return from the skull. These effects are more prominent in
patients with normal ICP, and are minimal in the context of
modestly elevated ICP [285-287]. Furthermore, increased
PEEP may decrease cardiac output and systemic arterial pres-
sure, and thereby reduce cerebral perfusion pressure.

There is a growing interest in the effects of sedation and
neuromuscular blockade, which are frequently used in criti-
cally ill children on mechanical ventilation, on delirium and
sleep [288]. The alarms on the ventilator, the need for suc-
tioning, and poor patient-ventilator synchrony also contrib-
ute to the adverse effects of mechanical ventilation on sleep
[217]. This is a relatively new area for research, and there
will likely be more studies devoted to this issue.

Cardiovascular Effects

The heart is a pressure chamber within another pressure
chamber, the thorax. Since the pulmonary vasculature, right
ventricle, and the left atrium all exist in the same pressure
chamber (i.e. thorax), the changes in pleural or intrathoracic
pressure affects them identically. However, intrathoracic
pressure will affect the pressure gradient for both blood drain-
ing into the heart (i.e. venous return) as well as for the blood
flow leaving the heart (i.e. left ventricle ejection), indepen-
dent of cardiac function. The overall effects of mechanical
ventilation on cardiovascular function are discussed in much
greater detail in the chapter on Cardiorespiratory Interactions.
However, they will be reviewed in brief here as well.
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Fig.8.15 Pressure-triggering in a child with auto-PEEP 6 cm H,O.
On the left-hand side of the graph, the trigger sensitivity is set at
2 cm H,O and the extrinsic PEEP is set at 6 cm H,O. The ventilator
is triggered when the patient’s own spontaneous inspiratory effort
reduces the airway pressure to the set threshold level (in this case,

During inspiration with positive pressure ventilation, the
thorax expands and the lung volume and intrathoracic pres-
sure increase. In contrast, with a negative pressure (or spon-
taneous) inspiration, the changes are in the opposite
direction — the volume of the thorax and lung increase, but
the intrathoracic pressure decreases. It is important to under-
stand that the pressure that the clinician usually observes
during mechanical ventilation is the airway pressure, which
is that pressure in the proximal trachea, not the pressure
transmitted to the lung. During positive pressure ventilation,
the volume of the lung increases only by increasing the air-
way pressure, only part of this pressure is transmitted to the
lung. The pleural pressure may be monitored with an esoph-
ageal probe, but this is not routine in most centers. In cases
where lung compliance is reduced (as in ALI/ARDS) or
lung resistance is increased (as in asthma), the percentage of
airway pressure transferred to pleural pressure is lower than
when chest wall compliance is reduced. Generally, when
tidal volume is kept constant, the changes in airway pressure
reflect mostly the changes in mechanics of the lung and will
not reflect changes in intrathoracic pressure [289, 290].

2 cm H,0 below PEEP, or 4 cm H,0). On the right-hand side of the
graph, the trigger sensitivity is set at 2 cm H,O, but this time the
extrinsic PEEP is set at zero. Now the patient must reduce the airway
pressure to 2 cm H,O below auto-PEEP, which requires a negative
pressure of 8 cm H,0

Venous Return

When intrathoracic pressure increases, right atrial atmospheric
pressure also increases. The systemic venous return, which is
the principal determinate of cardiac output in the normal heart,
depends on the gradient between the upstream mean systemic
pressure and the downstream pressure in the right atrium. An
increase in the right atrial pressure therefore decreases the
venous return to the right atrium, decreasing the filling pressure
and stroke volume of the right ventricle. The reduction in
venous return due to an elevation in right atrial pressure may be
of a lower magnitude than the increases seen with a reduction
in right atrial pressure. This occurs because during positive
pressure ventilation the intra-abdominal pressure increases,
increasing the mean systemic pressure. The hemodynamic
effects of increased intrathoracic pressure are, under normal
conditions, not clinically significant. However, in certain clini-
cal conditions, the effect of elevated intrathoracic pressure may
compromise cardiac output. These include hyopvolemia, rela-
tive hyopvolemia (e.g. septic shock), and obstructive right heart
lesions and/or right ventricle failure. Often this effect is coun-
tered by effects on left ventricular afterload.
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Left Ventricular Afterload

The left ventricle and thoracic aorta are also in the thorax and
both are affected by changes in intrathoracic pressure. The
pressure that left ventricular work is directed against is the
transmural pressure and not the pressure measured outside the
thorax. The transmural pressure of the aorta is the difference
between the intravascular pressure (positive) and the intra-
thoracic pressure (negative during spontaneous respiration).
During spontaneous inspiration, the intrathoracic pressure
decreases (becomes more negative) and as a result the trans-
mural pressure increases, thereby increasing the afterload of
the left ventricle. Conversely, during positive pressure ven-
tilation, the intrathoracic pressure becomes positive and as a
result the transmural pressure decreases, thereby decreasing
the afterload of the left ventricle. Thus, the application of
positive pressure ventilation with PEEP (or just CPAP) has
been shown to improve significantly cardiac output in patient
with heart failure [291]. Most commonly these swings in
intra-thoracic pressure are not clinically significant in oth-
erwise healthy children under normal conditions. However,
they may become clinically significant in extremes, such
as the case of severe upper-airway obstruction where the
intra-thoracic pressure significantly decreases, resulting in a
substantial increase in the afterload of the left ventricle and
contributing to the development of acute pulmonary edema
(so-called negative pressure or post-obstructive pulmonary
edema).

Cardiovascular Effects of Change in Lung Volume

A key effect of altered lung volume is on the pulmonary cir-
culation, a low-resistance, low-pressure system. The pulmo-
nary vessels can be classified as either alveolar or
extra-alveolar vessels. The alveolar vessels are small vessels
(i.e. capillaries, arterioles and venules) that are adjacent to the
alveolar wall. The extra-alveolar vessels are the larger vessels
in the interstitium. The total pulmonary vascular resistance
(PVR) is the sum of the resistance in both the alveolar and the
extra-alveolar vessels. A change in lung volume has different
effect on both systems. In normal lung mechanics, ventilation
around FRC is associated with the nadir of PVR. However,
when the lung is inflated above FRC, the distended alveoli
may compress the alveolar vessels and increase the PVR.
Similarly, as lung volume falls below FRC, the extra-alveolar
vessels become more tortuous, the transmural pressure
increases, and the vessels tend to collapse, resulting in
increased PVR. Thus, at least in the isolated perfused lung
(although never conclusively demonstrated in humans),
maintenance of the lung volume at physiologic FRC will
yield optimal PVR. Furthermore, in case of ventilation with
small tidal volumes, certain areas of the lung tend to collapse,
causing alveolar hypoxia which in turn may activate hypoxic
pulmonary vasoconstriction. Indeed, in contrast to the tradi-
tional beliefs outlined above, newer in vivo data suggests that
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during atelectasis, alveolar hypoxia, not volume loss, may be
the key determinant of increased PVR [292].

Ventricular Interdependence

The right and left ventricles pump in series and share a com-
mon intraventricular septum. If the right ventricular volume
increases, it shifts the septum to the left, reducing left ventri-
cle filling volume and compromising left ventricle diastolic
function. Ventricular interdependence is not a significant fac-
tor in positive pressure ventilation unless pulmonary vascular
resistance is increased significantly. Some suggest that this
phenomenon may become clinical significant in patients with
acutely injured lungs where echo-cardiographic studies have
revealed leftward shift with the application of PEEP, most
probably because of the increase in pulmonary vascular resis-
tance and right ventricle afterload.

Renal Effects

Mechanical ventilation with positive pressure induces a
reduction in renal water and sodium excretion. This effect
appears to be exacerbated by PEEP. The rise in intrathoracic
pressure, administration of sedatives and analgesic drugs,
and immobility reduce venous return, cardiac output, and
may eventually lower mean arterial pressure. As a result,
renal perfusion decreases, and the renin—angiotensin system
is stimulated. Angiotensin II formation stimulates aldoste-
rone production resulting in increased reabsorption of water
and sodium. Low systemic blood pressure increases the
secretion of antidiuretic hormone which also decreases
urinary output Reduced venous return and decreased right
atrial pressure results in reduced levels of atrial natriuretic
peptide to further reduce diuresis [293-295]. These issues
are particularly important when discontinuing mechanical
ventilation, as in the presence of good cardiac function, a
large diuresis may occur. Recently, the biotrauma hypothesis
suggests that non-protective ventilation may release inflam-
matory mediators into the systemic circulation that poten-
tially cause renal dysfunction [296].

Hepatic Effects

Blood flow to the liver represents the balance of flow through
the hepatic artery and portal circulation. The reduction of
cardiac output associated with positive pressure ventilation
may reduce flow through the hepatic artery. In addition, posi-
tive pressure ventilation increases intra-abdominal pressure
which may decrease portal vein flow [249, 297]. Indeed,
positive pressure ventilation has been shown to reduce
splanchnic blood flow in some [249, 297], but not all studies
[298]. Many patients receiving positive pressure ventilation
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demonstrate some degree of hepatic dysfunction; it is not
clear whether positive pressure ventilation is causative here,
or whether the dysfunction represents systemic underlying
systemic disease. The precise clinical significance of the
positive pressure on liver function in the critically ill is not
clear.

Weaning from Mechanical Ventilation

Weaning is the usual word to describe termination of
mechanical ventilation, because in most cases in adults it is a
gradual and sometimes long process. However, in children
the more appropriate description would be liberation or ter-
mination of mechanical ventilation, because in most children
the process is short without either delay or significant prob-
lems [38]. Only small groups of children, usually those with
underlying chronic pulmonary diseases required weaning.
However, in those children with neuromuscular diseases,
weaning as commonly practiced in adult ICU’s may actually
be counter-productive and potentially disadvantageous.

Premature termination of tracheal intubation and mechani-
cal ventilation may result in the re-intubation of the patient
and introduction of a second period of mechanical ventilation
that is often associated with clinical deterioration and
increased morbidity and mortality. There is no established
strategy for successful termination of ventilation, though, it
has been shown that faster and more successful weaning may
be achieved with the implementation of weaning protocols
designed to offer objective clinical parameters associated with
successful extubation and complement of clinical judgment.

The gradual transition from full or almost full mechanical
support to spontaneous breathing may be accomplished by
gradually decreasing the mandatory breath rate with SIMV,
the level of PEEP and/or the degree of pressure or volume
support. Sedation should be reduced carefully in order not to
compromise the respiratory drive, while at the same time not
compromising patient comfort or precipitating drug with-
drawal. Although objective measurements for successful ter-
mination of ventilation and extubation do not exist, patients
should be evaluated daily to determine whether they still
required mechanical ventilation. A spontaneous breathing
trial as an extubation readiness test (Pressure support ventila-
tion with PS 10 cm H,O and PEEP 5 cm H,O for 2 h) was
associated with a reduction in the duration of mechanical
ventilation by 24 h [299], though this requires further study
before it can be universally recommended [300]. One should
consider the following before termination of ventilation and
extubation: evidence of recovery from the cause of respira-
tory failure, minimal O, or PEEP requirement (e.g. FiO,
<0.4, PEEP <6 cmH,0), absence of significant acidosis (e.g.
pH >7.25), hemodynamic stability, good respiratory drive
and ability to protect the airway.
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Conclusion

Mechanical ventilation plays a pivotal role in the treat-
ment of critically ill children. The knowledge of child-
hood physiology and ventilation techniques may be
among the most important skills a physician practices in
critical care. Over time, mechanical ventilators have
become more sophisticated and new modes of ventilation
have been introduced and monitoring techniques have
undergone dramatic improvements. With the recognition
of the complications associated with PPV and the
advances in monitoring, it is possible that in the near
future we will be able to tailor, in real-time, the modality
of ventilation to a specific patient with a specific disease.
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