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Neonatal Ventilation Strategies
and Their Practical Application

Adam Balogh and Walid Habre

Recently, large cohort studies demonstrated that ventilation
issues increased perioperative morbidity and mortality in
neonates [1, 2]. Inadequate ventilation, manifested as either
hypo- or hyperventilation, had respiratory and systemic con-
sequences that may have contributed to morbidity and mortal-
ity [3, 4]. Strategies were developed to improve lung
ventilation with a “protective” and “open-lung” strategy to
optimize functional residual capacity (FRC) and prevent ven-
tilation-induced lung injury (VILI) and bronchopulmonary
dysplasia (BPD). Clinicians have since become aware of the
potential harm of excessive hyperventilation in neonates
because of large tidal volumes (Vt) that overdistend alveoli,
increase wall shear stress, and liberate pro-inflammatory
cytokines, which are the main features of the so-called VILI
[5, 6]. Moreover, the resultant hypocapnia that results from
extreme hyperventilation induces cerebral vasoconstriction
and may promote the development of cystic periventricular
leukomalacia [7]. Alternately, suboptimal Vt may result in
poor gas exchange and hypercapnia that potentially increases
the risk of intraventricular hemorrhage (IVH) [8]. Thus, sev-
eral different ventilation modes are now available based on
the application of volume guarantee modes to optimize tidal
volume and meet the ventilation requirements of the neonate
according to the physiological characteristics of the respira-
tory system and the fluctuations in lung compliance. Despite
these new developments in ventilation, there is no evidence of
the superiority of any one of these new ventilation strategies
in terms of neonatal pulmonary and neurodevelopmental out-
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comes. Recently, there has been growing interest in the use of
noninvasive ventilation in neonates, although evidence of its
beneficial effects on both the lungs and the brain has been
elusive. Whatever ventilation strategy is used, clinicians
should be reminded that real-time pulmonary monitoring is
essential to adapt the ventilation strategy to sudden changes
in the mechanical properties of the lung that often occur dur-
ing surgery. This chapter reviews the pulmonary indices and
function in the neonate, describes the different ventilation
modes available, and highlights the importance of using a
protective and open-lung ventilation strategy.

Respiratory System

Three specific physiological characteristics distinguish the
respiratory system in the neonate. First, the chest wall, which
is made up of the intercostal muscles and ribs, is highly com-
pliant in the neonate because the ribs are horizontally ori-
ented and cartilaginous (non-ossified), giving the infant’s
thorax a cylindrical shape of the rather than the elliptical
shape seen in older children. Moreover, the effectiveness of
the intercostal muscles to augment and support the chest wall
and minimize chest wall distortion during inspiration is lim-
ited, contributing less to the developing tidal volume in neo-
nates compared with older children. The main muscle that is
responsible to develop the tidal volume in neonates is the
diaphragm. However, in neonates, the diaphragm has less
muscle mass, fewer high-endurance Type 1 twitch fibers, and
inserts more horizontally than in older children [9]. Thus, in
neonates with respiratory distress and increased oxygen
requirements, when the diaphragm contracts, the lower rib
cage moves inwards rather than downwards as seen in older
children. In aggregate, the chest wall characteristics limit the
ability of the neonate to increase alveolar ventilation effi-
ciently and effectively in the face of stress. Thus, the neonate
will be predisposed to early fatigue [10]. In the preterm neo-
nate, these effects are even more extreme with a very low
percentage of slow-twitch, high oxidative fibers that present
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as poorly developed ventilatory muscles, even less mature
than those in term neonates [9].

The second important feature in the neonate that limits
their ability to respond to increased ventilatory demand is the
presence of the so-called “stiff lung.” This latter term relates
to the increased static elastic recoil of the lung. The elastic
recoil is determined by the elastic fibers within the lung and
by the surface tension force generated at the air—liquid inter-
face within the alveoli [11]. Surfactant reduces surface ten-
sion and maintains the patency of the terminal airways,
independent of the alveolar diameter [12]. The high elastin/
collagen ratio in neonates predisposes the lungs to collapse.
Furthermore, the very compliant chest wall presents little
resistance to hold the lungs open, resulting in a much smaller
resting volume at end-expiration. The forces that favor the
collapse of alveoli are opposed by those that prevent the lung
from collapsing. The net effect of these opposing forces cor-
responds to the functional residual capacity (FRC) and rep-
resents the resting volume of the respiratory system.
Consequently, even after externally delivered, effective lung
surfactant, the FRC in the neonate is relatively small, and
even smaller in the preterm neonate. In the latter age group,
respiratory distress syndrome arises from a deficiency in sur-
factant, which causes the terminal airways to collapse. These
changes may lead to atelectasis, loss of lung volume, and
hypoxemia. This phenomenon is further exaggerated in the
preterm neonate because collateral airflow does not occur at
the level of the bronchoalveoli because the terminal airways
are immature and alveolarization is disturbed [13, 14].

Finally, the neonatal respiratory system is challenged by
the increased airway resistance that arises in the upper air-
ways and larger conducting airways of the lungs. The resis-
tance of the upper airways can be substantial in neonates, as
the resistance to airflow in the narrow conducting airways
down to the fifth bronchial division is inversely proportional
to the fifth power of the reduction in the radius of the lumen
as presented by the Fanning equation for turbulent flow
(Reynold’s number >2100) (e.g., if the radius of the upper
airway decreases by 50%, the resistance to gas flow increases
by 32-fold). The radius of the airway may decrease substan-
tially due to thickened mucous membranes arising from an
inflammatory disorder, infection, or secretions. Thus, the
radius of the airway is the most important determinant of the
resistance of the upper airway. However, beyond the fifth
bronchial division, the rapid increase in the cross-sectional
area of the airways decreases the velocity of gas flow and
resistance to flow. With the decrease in gas flow, the
Reynold’s number decreases to <1800 and the flow becomes
laminar. In laminar flow, the resistance is inversely propor-
tional to the fourth power of the decrease in radius
(Poiseuille’s equation for laminar flow). Furthermore, air-
way resistance decreases as the child grows in height [15,
16]. In neonates, airway resistance may also increase from
airway closure and the loss in lung volume. One should be
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aware that when looking at the total respiratory system
resistance, the tracheal tube combined with the resistance
from the forces generated by the viscoelastic component of
the lung account for more than two-thirds of the total resis-
tance of the airway. In neonates, the use of tracheal tubes
with small diameters increase the respiratory resistance, and
the relatively high elastic recoil of the lung may further
exacerbate the resistive component of the respiratory system
[15]. Thus, when ventilating the lungs in a neonate, the peak
pressure applied should overcome both the frictional forces
that result from the airway resistances as well as those from
both the tissue elastic recoil and the chest compliance. Many
clinical conditions observed in neonates may alter the effec-
tiveness of ventilation, jeopardizing our ability to maintain
normocapnia and adequate oxygenation. Accordingly, posi-
tive pressure ventilation may become challenging in the
presence of decreased lung compliance such as that seen
with surfactant deficiency or congenital diaphragmatic her-
nia, which result in loss of lung volume. Other congenital or
acquired diseases (tracheomalacia, bronchial infection, and
inflammation) may increase resistance to airflow and require
specific ventilation modes to avoid very high intratracheal
pressures that may contribute to VILIL

Key Points

e The specificity of the ventilatory muscles and the
increased airway resistance contribute to respira-
tory fatigue in neonates.

e The viscoelastic feature of the neonatal lung is the
main determinant for optimal ventilation.

* The surfactant plays a key role for alveolar stability
and prevention of ventilation heterogeneity.

Ventilation Modes

A better knowledge of the neonatal respiratory pathophysiol-
ogy as well as the advances obtained in ventilator technology
have led to various complex ventilation modes, the useful-
ness of which has not yet been adequately proved primarily
because of the lack of randomized trials in the neonates.
Although the varied ventilation modes used routinely in the
neonatal intensive care unit (NICU) have confusing termi-
nology, many are simply not available on the anesthesia ven-
tilators to deliver inhalation agents during surgery. However,
the current ventilation modes can be distinguished based on
whether they are volumetric (e.g., flow generator), baromet-
ric (the pressure generator), or a combination of both pres-
sure and flow generators (dual modes). New ventilators in
anesthetic workstations allow the child to trigger the onset of
the ventilator cycle, which provides partially controlled or
support ventilation modes.
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Pressure-Controlled Ventilation

This mode is the most popular ventilation strategy in neo-
nates and is often recommended for use in clinical practice.
The basic and most frequently applied mode in NICU is the
time-cycled, pressure-limited ventilation (also called inter-
mittent positive-pressure ventilation (IPPV)), and is also
available with most anesthesia ventilators where it is termed
pressure-controlled ventilation (PCV). The decelerating flow
and the limited and constant inspiratory pressure that charac-
terize this ventilation mode explain the reduced peak inspira-
tory pressure, which is accompanied by the reduced tracheal
and alveolar pressures. This mode compensates for a poten-
tial leak around uncuffed tracheal tubes with leaks, still rou-
tinely used during anesthesia in neonates [17]. The
combination of decelerating flow and constant airway pres-
sure over time facilitates the equilibration of tracheal and
alveolar pressures. Evidence suggests this mode improves
ventilation distribution, and thereby gas exchange [18].
However, when applying PCV, three main factors are inte-
gral to determining the tidal volume: (i) the pressure gradient
between the maximum inspiratory set pressure (peak inspira-
tory pressure (PIP)) and the positive end-expiratory pressure
(PEEP), which defines the driving pressure, (ii) the inspira-
tory time (7;) that may depend and/or determine the ratio
between the inspiratory and expiratory times as well as the
respiration rate, and (iii) the time constant to equilibrate the
airways and alveoli pressures, which is a function of the total
respiratory system compliance and resistance. Therefore,
when setting the PCV mode, the operator should (i) select
the 7; and expiratory times (7;) to determine the respiration
rate close to the child’s physiological rate, (ii) adjust the peak
inspiratory pressure (PIP) and the PEEP, (iii) select the inspi-
ratory flow rate, and (iv) select the inspired concentration of
oxygen. Although ventilating with a short or extended T;
does not affect the incidence of chronic pulmonary disease
(CPD) in neonates, a short 7; may decrease the risk of an air
leak and mortality [19]. The normal physiological 7; in neo-
nates is between 0.35 and 0.5 s, which dictates the initial set-
ting for 7; with a higher T;. This helps to establish the initial
respiration rate. However, under anesthesia both 7; and PEEP
can be increased in order to increase the mean airway pres-
sure and thus tidal volume and to recruit alveoli [20]. At the
same time, the higher 7; may also jeopardize venous return
and cardiac output. Alternately, shortening 7; during weaning
may help to synchronize the neonate’s respiration with the
ventilator and is more advantageous in neonates. To over-
come this limitation, synchronized ventilation with the neo-
nate triggering the onset of ventilation is currently the
common mode used in NICUs. Among the different trigger-
ing techniques that have been developed, flow triggering via
a flow sensor interposed between the tracheal tube and the
ventilator’s connection is the most sensitive [21] and is there-

fore routinely used in clinical practice. Synchronized inter-
mittent mandatory ventilation (SIMV) pressure control mode
and assist-control (AC) modes have been introduced in the
intensive care settings to synchronize the respiratory rate
with the child’s breathing (SIMV) or by assisting each breath
using positive-pressure ventilation, but with a “control” of a
minimum number of ventilator cycles (AC). Nonetheless, if
the child breathes very frequently, the ventilator assists all of
the triggered breaths by applying the initial 7;, which will
decrease the 7, and may lead to air trapping by reducing the
time required to adequately exhale. This risk is also observed
when using pressure support ventilation (PSV), a mode that
has been introduced on almost all new anesthesia ventilators.
In the PSV mode, the child’s breathing effort and the changes
in the airflow together initiate and terminate the ventilator
assistance. An important feature of this mode is that the child
determines the 7;. Depending on the type of ventilator, expi-
ration begins when the inspiratory flow level decreases to
between 10 and 25% of the maximum inspiratory flow [22].
This mode is of interest to anesthesiologists. This ventilator
mode has been used in older children to reduce the work of
breathing (WOB) associated with spontaneous breathing and
to counteract the greater resistance due to small tracheal
tubes. Because of the greater risk of patient—ventilator asyn-
chrony in the ill neonate whose respiration rate is very rapid,
PSV may increase oxygen consumption and generate possi-
ble ineffective ventilatory efforts. Another novel technique
called proportional assist ventilation (PAV) has been devel-
oped to prevent such phenomena, offering to further reduce
the WOB. In this mode, the neonate controls the rate of lung
inflation and thus the peak inspiratory pressure, which is pro-
portional to the neonate’s efforts [23]. Since the pressure
applied depends on the inspiratory flow generated by the
neonate, this ventilation mode assumes that the neonate is
not hypopneic and that there is no leak around the tracheal
tube [20]. However, this ventilation mode, which is not avail-
able in anesthesia workstations, is known as the airway pres-
sure release ventilation (APRV). This mode is based on the
combination of a large continuous positive airway pressure
and brief releases of the pressure, which are short enough to
generate auto-positive end-expiratory pressure [24]. This
mode generates large intratracheal pressures, but is advanta-
geous when the neonate is breathing spontaneously through-
out the APRV cycle. Although its effectiveness has not been
elucidated [25], APRV has been associated with better car-
diopulmonary interactions and improved lung perfusion in
infants after cardiac surgery [26]. Of more widespread inter-
est is the neurally adjusted ventilator assist (NAVA), which
relies on the child’s respiratory control and diaphragmatic
activity [27]. The inspiratory effort is detected via bipolar
electrodes mounted on a nasogastric feeding tube and posi-
tioned at the level of the diaphragm. The level of ventilatory
support is then proportional to the inspiratory effort. Even
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though this mode is unaffected by a leak around the tracheal
tube, its utility is still not well-defined in neonates, especially
in preterm infants with immature control of the ventilation. A
very recent prospective crossover study demonstrated that
NAVA is associated with improved patient—ventilator syn-
chrony and a reduced peak airway pressure in comparison
with PSV [28]. More recently, new modes of ventilation that
were based on individualized variable ventilation experi-
mentally promoted lung protection while providing adequate
gas exchange both in normal and injured lungs [29, 30].
These new ventilation modalities based on the physiological
variable ventilation in neonates could be beneficial during
prolonged ventilation in the absence of a respiratory drive.

Volume-Controlled Ventilation

The major disadvantage of pressure-limited ventilation is
that the tidal volume (Vt) varies, because of changes in the
compliance of the lung and resistance of the airways, which
occur frequently in neonates during both anesthesia and sur-
gery. As a consequence, some anesthesiologists continue to
advocate for volume-controlled ventilation (VCV), a strat-
egy that is based on the traditional delivery of a fixed prede-
termined Vt at a preestablished rate. This mode does not,
however, take into account the maximum inspiratory pres-
sure needed to deliver the desired Vt. Furthermore, high tra-
cheal pressures may be encountered during surgery,
especially when the lung compliance decreases and/or air-
way resistance increases to deliver the predetermined Vt.
These high driving pressures may be limited either by setting
the pressure pop-off valve or by determining the level of 7; in
order to limit excessive peak inspiratory pressures during
mechanical ventilation of low compliant lungs. Nonetheless,
this mode of ventilation is deceptively misleading, particu-
larly in neonates, as the preset Vt is not delivered to the lungs
since this mode does not compensate for the tidal volume
lost to the compression of the gas within the ventilator cir-
cuit, the compliance of the breathing circuit and the leak
around the uncuffed tracheal tubes. It is imperative that ven-
tilation is monitored using a capnogram and oxygenation
using an oximeter.

Volume-Targeted Ventilation

The increasing awareness of the usefulness of direct control
of the PIP and the benefit of ventilation with a small, con-
stant Vt led clinicians to develop dual-mode ventilation strat-
egies to guarantee Vt with a limited pressure [31]. Several
ventilators and ventilation modes have since been developed
and are routinely used in the intensive care to deliver a target

or guaranteed Vt with an adjustable high-pressure limit to
autoregulate the maximum inspiratory pressure (within the
maximum limit set) or the 7; to guarantee the target Vt. These
modes are known as volume-targeted ventilation modes and
include all of the modes that guarantee Vt by adjusting the
inflating pressure in response to the exhaled Vt, which is
compared with the target Vt [32]. There is evidence that
volume-targeted ventilation reduces adverse outcomes
including severe intraventricular hemorrhage (Grade 3 or 4),
periventricular leukomalacia, and CPD when ventilating the
lungs of preterm neonates compared with pressure-limited
ventilation [33-35]. New anesthetic workstations now
include ventilators with these modes, although these findings
have not been documented during anesthesia and surgery,
despite the theoretical advantage to deliver the Vt at a reduced
intratracheal pressure, particularly when compliance and
resistance vary during surgery.

Among the new ventilation modes developed, the vol-
ume guarantee (VG) ventilation mode is a pressure-lim-
ited, volume-targeted time or flow-cycled ventilator that
has garnered the interest of clinicians. The driving pres-
sure for this mode is based on the difference between the
exhaled and predetermined Vts. The software analyzes
each breath individually to maintain constant Vts. This
mode can be combined with other standard ventilation
modes often used in neonates such as SIMV, AC, or PSV. In
addition to setting the maximum PIP to limit lung injury,
both the desired Vt (exhaled Vt) and T are set, which
determine the duration of insufflation. These ventilator
characteristics are particularly appealing in preterm neo-
nates who are weaned from spontaneous respiration since
the inspiratory pressure is adjusted in real-time [31]. Other
anesthesia workstations use the pressure-regulated volume
control (PRVC) mode in which the gas flow rate is adjusted
to generate an inspiratory pressure sufficient to deliver the
targeted Vt [36]. Thus, this ventilation mode shares many
similarities with pressure control modes in terms of the
pressure and flow patterns but delivers the target Vt by
adjusting the PIP based on the compliance of the lung. One
study demonstrated that this ventilation mode is very
effective in very low birth weight (VLBW) preterm infants
as both the duration of mechanical ventilation and hemo-
dynamic instability are less than those that occur with
other ventilation modes [37, 38]. Furthermore, this mode
is associated with lower peak intratracheal pressures and
its impact on hemodynamics is less than with other modes
[39]. When this mode is combined with other ventilator
options that allow infants to breathe spontaneously with
pressure support, it is called “auto mode,” which is cur-
rently built into some anesthesia workstations. To date,
there have been no studies that document the advantages of
this ventilation mode in neonates.
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High-Frequency Ventilation

High-frequency ventilation (HFV) rapidly became a strate-
gic and favorite ventilation mode in neonates with chronic
and severe lung disease as ventilation is ensured by applying
small tidal volumes at a MAP (mean airway pressure) that is
higher than with conventional ventilation. This strategy is
very effective in infants with severe respiratory failure since
HFV improves the gas exchange by optimizing the lung vol-
ume while ventilating at lower proximal airway pressures,
thereby avoiding lung damage [40]. The principle upon
which HFV is based on the natural “resonant” frequency of
the lung and that less pressure is required to move the gas
into and out of the lungs at its resonant frequency, which is
around 10 Hz (1 Hz = 60 bpm) in neonates and even greater
in preterm infants. HFV improves the gas exchange by
enhancing both the convection and the diffusion of respira-
tory gases. Different ventilators delivering HFV are available
without evidence that one type of HFV ventilator is superior
to another. The first ventilation modality was high-frequency
jet ventilation (HFJV), a technique that has become well-
established in anesthesia. This mode delivers quick bursts of
gas (with very short T;) at very high frequency (up to 600/
min) combined with a constant gas flow that determines the
level of PEEP. This technique required a specific tracheal
tube but failed to prove its effectiveness in clinical practice as
the neurological and respiratory outcomes in neonates were
conflicting [41-43]. Another modality that used HFV is
known as high-frequency flow interruption (HFFI), consist-
ing of a continuous gas flow, which is delivered by a high-
pressure gas source that is interrupted at a high frequency (up
to 20 Hz) [44]. This technique also failed to become widely
adopted as it offered no advantages in pulmonary outcomes
and yielded a greater incidence of air leaks in preterm babies
compared with traditional ventilation modes [45, 46]. The
most frequently used ventilation mode currently is high-fre-
quency oscillatory ventilation (HFOV). This mode is based
on the presence of an electromagnetically driven piston or
vibrating diaphragms that generate biphasic pressure wave-
forms at very high frequencies (up to 15 Hz). Thus, HFOV
has both an active inspiratory phase and an active expiratory
phase (by inducing a negative proximal airway pressure dur-
ing exhalation). When using HFOV it is important to adjust
the I/E ratio to avoid gas trapping that may occur as a result
of the active exhalation part [22]. HFOV provides very small
oscillatory tidal volumes that are superimposed on an adjust-
able MAP. HFOV offers a particular advantage when a large
tidal volume strategy is required to maintain the FRC as
HFOV maintains FRC with a smaller MAP compared with
other modes of ventilation. Nevertheless, a recent meta-anal-
ysis failed to demonstrate any benefit of HFOV over conven-
tional ventilation modes when it is used as a primary or
rescue mode to ventilate infants with acute pulmonary dys-

function [47]. The incidence of chronic lung disease in pre-
term babies may be less if the lungs are ventilated with
HFOV but the evidence is weak [47]. Nonetheless, HFOV
may still have a great clinical benefit in the operating room,
particularly to ventilate low compliant lungs in neonates
with congenital diaphragmatic hernia or severe respiratory
distress.

Continuous Positive Airway Pressure
and Noninvasive Ventilation

Many neonates may benefit from noninvasive respiratory
support that applies continuous positive airway pressure
(CPAP) and/or the delivery of noninvasive ventilation (NIV).
Nasal CPAP maintains the FRC by recruiting and maintain-
ing a patent airway and inflated lungs [48]. It also decreases
the WOB and reduces the frequency of apnea of prematurity
[49]. Therefore, nasal CPAP has become a standard ventila-
tion strategy to support the lungs in recently extubated pre-
term infants, as an alternative to tracheal intubation and
ventilation, to support those experiencing significant apnea
of prematurity and for those with respiratory distress soon
after birth. Some newer systems also provide a phasic posi-
tive increase in pressure (pressure Support or pressure-
controlled) in addition to the CPAP and can be synchronized
(SNIMYV, synchronized nasal intermittent mandatory ventila-
tion) or not (NIMV). During the past decade, the use of NIV
in neonatal intensive care units for acute respiratory failure
has been expanding and the factors that predict the success-
ful use of NIV have recently been identified [50]. While
meta-analyses have failed to demonstrate the benefit of NIV
in the presence of respiratory distress syndrome [51], its
ability to prevent extubation failure in neonates is well estab-
lished [52]. Accordingly, the use of NIV to protect against
the risk of reintubation during the first 72 h is the current
evidence-based indication for NIV in neonates [48]. For this
purpose, NIV is started after the minimal PEEP level is set to
~6 cmH,0 and the PIP to 10-12 cmH,0.

CPAP can be delivered by one of two techniques: (i) A
continuous flow and a device that varies the exhalation either
by modifying the expiratory orifice size or by immersing the
distal end into a water reservoir to a specific level, the depth
of which defines the level of CPAP. This latter is known as
bubble CPAP—the bubbles creating pressure oscillations
that are transmitted to the airway opening. It has been sug-
gested that this phenomenon may improve gas exchange by
facilitating diffusion [53]. (ii) A variable flow that allows
changes in the level of CPAP using nasal prongs, which
redirect the exhaled gas out of the expiratory limb. The WOB
with the variable-flow CPAP is less than that with the bubble
CPAP [54]. Another system that is based on the variable-flow
setting is the bi-level CPAP or BiPAP. BiPAP allows the
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child to trigger the inspiratory phase and to breathe between
two levels of positive pressure, with some systems including
an abdominal wall sensor to synchronize inspiration with the
child’s efforts. The BiPAP system may be better at improv-
ing oxygenation and ventilation than the CPAP system in
low birth weight (LBW) infants [55].

The application and successful use of CPAP and NIV rely
on the airway interfaces and their ability to guarantee com-
fort and optimize the delivery of pressure to the airway. Of
all the interfaces that provide CPAP, the bi-nasal prongs are
superior [56]. Although bi-nasal prongs are associated with a
greater incidence of nasal trauma in infants [22], leaks
remain a major concern in NIV. Such leaks may reduce alve-
olar ventilation, impair child—ventilator synchrony, and
increase nasal resistance.

Nasal High-Flow Oxygenation

In the last decade, nasal high-flow oxygenation (NHFO) has
gained widespread popularity in several populations, partic-
ularly in neonates, to improve oxygenation and/or as an
alternative to noninvasive ventilation. This method is based
on the delivery of a mixture of air and oxygen via a nasal
cannula at a high gas flow, matching or exceeding the child’s
peak inspiratory flow. Compared with conventional low-flow
(2 L/min) nasal cannulae, NHFO delivers greater gas flow
rates, at 1-4 L/kg/min in neonates. Such large gas flows
necessitate the prior heating and humidification of the gas
mixture since the delivery of a cold, dry gas would desiccate
the mucosa of the nasal cavity and the lower airways, leading
to trauma and airway edema, as well as impairing mucocili-
ary flow. The net result is to retain secretions [57]. Thus, this
technique is also referred to as heated, humidified nasal
high-flow, and accordingly, current devices integrate a
heater—humidifier to deliver a gas mixture at a temperature of
37 °C saturated with water. The choice of the prongs (made
of soft silicone) is of importance in neonates as a sufficient
leak (20-50% of the nares’ internal diameter) should be
allowed around to cannulae to both facilitate expiration as
well as to prevent the accumulation of excessive end-
expiratory pressures generated by the continuous flow [58].
Several mechanisms have been proposed to explain the
improved oxygenation with NHFO. First, since the gas flows
delivered by the NHFO match or exceed the peak inspiratory
flow, and the nasopharyngeal dead space is constantly
washed out by the gas mixture, room air entrainment and
CO, rebreathing are reduced. Consequently, the partial pres-
sure of oxygen in the nasopharyngeal space is closer to the
set FiO, during NHFO compared with low-flow oxygen-
ation, resulting in a greater diffusion gradient for oxygen
between the upper airway and the alveoli. Secondly, NHFO
creates positive airway pressure that increases airway

patency and end-expiratory lung volume [59]. This pressure
correlates linearly with the flow [58, 60, 61] and depends on
the child’s weight as well as the size of the leak around the
prongs [62]. Unlike CPAP or noninvasive ventilation, NHFO
generates pressures that vary during both inspiration and
expiration. Since airway pressures depend on both the direc-
tion and the magnitude of the ventilation flow relative to the
delivered flow, pressures are minimized at end-inspiration
and maximized at mid-expiration, with end-expiratory pres-
sures decrease in between the two readings [63]. In preterm
infants, gas flows of 2—8 L/min delivered by three different
NHFO devices resulted in end-expiratory pharyngeal pres-
sures of 2—6 cmH,0, with a mean increase of 0.5 cmH,O for
each 1 L/min increase over 2 L/min [62, 64], albeit with large
variance. Although there is no clear consensus, mouth open-
ing did not affect the pharyngeal pressures in neonates and
infants, unlike in adults [60, 62, 65, 66].

Finally, irrespective of the gas flows being between 2 and
8 L/min, NHFO decreased the WOB as evidenced by trans-
cutaneous diaphragmatic electromyography and respiratory
inductance plethysmography [67, 68]. Decreased airway
resistance due to the splinting effect of positive pressure,
decreased minute ventilation due to dead space washout, and
decreased metabolic demand due to the heating and humidi-
fication are all plausible mechanisms that individually or in
aggregate decrease the WOB.

In spontaneously breathing neonates [66] and preterm
infants [62], NHFO improves oxygenation and elimination
of CO,, although it failed to prevent hypercapnia in apneic
children [69, 70]. Nonetheless, during the past decade,
NHFO has been increasingly used for apneic oxygenation
during intubation and airway procedures to prevent or delay
oxygen desaturation [69—72]. In neonates and infants aged
0—6 months, NHFO increased the mean time to desaturate to
an SpO, of 92% from 109 s to 196 s [70]. The improved oxy-
genation during NHFO is due to pharyngeal dead space
washout, greater achievable FiO,, airway splinting effect,
and maintenance of the FRC. However, the failure to aug-
ment CO, elimination may be explained in part by the struc-
tural properties of the neonatal airways. A computer
simulation suggested that a key mechanism that clears CO,
during NHFO is via cardiogenic oscillations augmenting
alveolar ventilation [73]. However, in the apneic infant and
child, cardiac oscillations are not augmented because airway
resistance is increased and this might explain why NHFO
failed to clear CO, from the lungs [74]. This peculiarity may
explain the similarity in oxygenation during apnea after
administering 100% oxygen at 2 L/kg/min via NHFO and
that via traditional low-flow cannulae at 0.2 L/kg/min [70].

In summary, NHFO may be considered an effective strat-
egy to oxygenate the infant during airway procedures by pro-
longing the time available to intubate the trachea, particularly
in the neonate, those with a difficult intubation [17] and those
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with limited oxygen reserves [70, 75]. It is essential to recog-
nize that despite oxygenating the child, NHFO incompletely
clears CO, during apnea. Alternately, maintaining oxygen-
ation via a traditional low-flow cannula is a suitable and cost-
effective method to routinely implement in clinical practice.

Key Points

e There is a shift from controlled mechanical ventila-
tion to combined modes with spontaneous ventila-
tion to improve alveolar ventilation and
cardiopulmonary interactions.

e The pressure-regulated volume control mode meets
the specific characteristics of neonatal respiratory
physiology.

e There is still no evidence for the advantage of one
given mode over the other as clinical trials in neo-
nates are sparse with large inhomogeneity.

Application of Ventilation Modes
in the Operating Theatre

Despite the great advances in the development of new anes-
thetic ventilators, which include a variety of modes of venti-
lation widely used in the operating room and intensive care
setting, the benefits of these modes of ventilation during gen-
eral anesthesia to improve clinical outcomes have not been
forthcoming. In neonates, these ventilation modes contribute
to “lung protective ventilation” by optimizing the distribu-
tion of ventilation in the presence of alveolar instability.
Alveolar instability refers to the presence of both collapsed
and overdistended alveoli in the lungs. The repetitive alveoli
recruitment and collapse generated by positive pressure ven-
tilation with each breath may cause excessive dynamic shear
stress on the alveolar walls, while overdistensing adjacent
alveoli produces a dynamic strain with each breath. As a con-
sequence, a new concept was recently developed that pro-
motes ‘“specific tidal volume,” which is determined by the
driving pressure determined by the inspiratory pressure over
the PEEP level set on the ventilator. The goal is to optimize
gas exchange while decreasing lung stress and strain. Thus,
the most appropriate ventilation mode would be the one that
maintains the smallest driving pressure as possible to meet
the “lung protective ventilation” concept.

Therefore, the traditional mandatory VCV strategy is far
from the ideal strategy to ventilate the lungs in the neonate
because it connotes a constant flow that generates large driv-
ing pressures and fails to account for the compressible vol-
ume of the breathing circuit and the potential gas leak around
uncuffed tracheal tubes. The constant flow characterizing the
VCV mode induces large PIPs with less time for equilibra-
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tion between the airway pressure (Paw) and the alveolar
pressure (Palv), known as the time-constant. Moreover, the
compressible volume is an important issue in the neonate
and it is important to understand whether the ventilator cor-
rects for this compressible volume in the case of a fixed Vt
setting. Most modern ventilators available in anesthesia cur-
rently correct for the compressible volume when the ventila-
tor is checked during the machine check. If there is a change
of circuits between infants, it is important to recheck the
compressible volume as the neonate’s Vt may be of a similar
order of magnitude as the compressible volume. It is also
important to ensure that the tidal volumes displayed on the
workstation monitor are accurate by performing the pre-use
anesthesia workstation testing (which compensates for cir-
cuit compliance) with the circuit tubing in either the com-
pressed or expanded state, depending on how the circuit will
be used during anesthesia [76]. For a ventilator that predates
software that corrects for compressible volume or limits
compensation if the pressure exceeds 30 cmH,O [77], it is
essential to account for the compressible volume when set-
ting the Vt. For example, if the compressible volume reaches
1 mL/cmH,0, and the delivered Vtis 7 mL/kg in a 4 kg neo-
nate, the ventilator may generate a PIP of 25 cmH,0O during
ventilation, yielding a compressible volume of 25 mL. The
preset Vt should be adjusted to almost 13 mL/kg since 50%
or more may be lost due to the compressible volume (not
taking into account the dead space and the potential leak).
Thus, the use of the VCV mode requires that the overpres-
sure valve be set to protect the lung from any dangerous
increase in peak inspiratory pressure that may result from
changes in lung compliance during the surgery. In neonates,
particularly those with less compliant lungs, we believe that
PCV is the preferred 7, mode of ventilation in neonates.
The decelerating flow pattern that characterizes the PCV
mode offers a limited and constant inspiratory pressure with
a plateau pressure that is reached much faster, but at a lower
PIP and thus driving pressure than VCV. This mode improves
the distribution of ventilation and decreases the intrapulmo-
nary shunt, thereby improving oxygenation. Furthermore,
the PCV mode compensates for the presence of a gas leak
around tracheal tubes. Although PCV better satisfies the cri-
teria required by the protective-ventilation strategy, Vt will
fluctuate in this mode, particularly if lung compliance
decreases or respiratory resistance increases during surgery.
During PCV, Vt depends on three components: (i) the time
constant, (ii) the pressure gradient between the maximal set
peak pressure and the PEEP level, and (iii) 7;, which is deter-
mined by the respiration rate and the //E ratio. The time con-
stant is characterized by the mechanical properties of the
respiratory system, which include the total respiratory sys-
tem compliance (Crs) and resistance (Rrs). Application of
the time constant concept to the inspiratory phase implies
that 7; is set to allow sufficient time to equilibrate the pres-
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Fig. 6.1 Flow vs time curve demonstrating the “time constant con-
cept” with decelerating flows. 7; should be of sufficient duration to per-
mit the inspiratory flow to return to 0. Similarly, 7. should be of

sures between the airways and alveoli. Accordingly, if Rrs
increases and/or Crs decreases, the time to equilibration will
increase. Further, it is important to allow sufficient time to
complete deflation, as the expiratory flow has an exponential
decelerating profile that can take up to 3 to 4 time constants
of the respiratory system to completely deflate (see Fig. 6.1).

Finally, it is important to note that anesthetic ventilators
that are currently available vary in the maximum insufflation
flow they can generate. Thus, the Vt generated by a given
pressure level may vary from one ventilator to another [78].
Considering 7; is short and the respiratory rate is rapid in
neonates, it is important to note that the physiological 7; does
not exceed 0.5 s. However, in an anesthetized neonate, who
is paralyzed with a muscle relaxant, one may exceed this T;
to recruit alveoli. At the same time, increasing the 7; may
also impact hemodynamic variables and lead to asynchrony
if the PSV mode is selected. Therefore, the initial ventilator
settings in PCV mode should include the pressure gradient
established with a PEEP of 5 cmH,0 and a positive inspira-
tory pressure over PEEP of 10 cmH,0. The respiration rate
will be determined by initially selecting a 7; up to 0.6 s. The
choice of both the T; and the pressure gradient will depend on
the compliance and the resistance of the respiratory system
and the blood gas analysis. It is also important to consider 7.,
particularly in neonates with obstructive lung disease, such
as bronchopulmonary dysplasia, where the expiratory time
constant should permit sufficient time to exhale to minimize
auto-PEEP and hyperinflation.

PSV mode has become popular in routine practice in
pediatric anesthesia as it maintains diaphragmatic activity
during general anesthesia, which decreases ventilation—per-
fusion mismatch. New ventilators include a flow trigger that
is very sensitive to minimal variations in flow rate (similar to
those observed with intensive care ventilators) and can there-
fore be applied in neonates since a minimal WOB is required
to initiate an inspiratory effort [79]. The pressure support is
based on a decelerating flow, which generates a fixed insuf-
flation pressure; thus, Vt may vary with the neonate’s inspi-

l/'

Back to 0

sufficient duration to preclude intrinsic PEEP. 7; Inspiratory time, 7
Expiratory time, PEEP Positive end-expiratory pressure

ratory efforts, the level of pressure support, and the
mechanical characteristics of the lung as well. Currently, few
modern anesthetic ventilators have cycling adaptation (tran-
sition from inspiration and expiration). In the case of ventila-
tors with fixed cycling, insufflation will stop when the flow is
less than 25% of the maximum inspiratory flow. This limita-
tion may have a negative impact on the neonate with obstruc-
tive disease for which cycling should occur later [80].
Although studies using the PSV mode in neonates have not
been forthcoming, this mode can be applied during anesthe-
sia in clinical practice to compensate for the increase in the
WOB, which is particularly great in neonates. For instance,
the application of pressure support of 5 cmH,O in addition to
PEEP at induction will maintain patent airways, thus offset-
ting the WOB and optimizing the gas exchange during inha-
lation inductions. During the maintenance phase of
anesthesia, more pressure support may be necessary (up to
10 cmH,0) to overcome the resistance from the tracheal tube
and the anesthesia circuit, as well as to guarantee an optimal
Vt for gas exchange [81]. After anesthesia, the PSV mode
allows for a smoother recovery, emergence, and weaning
from the ventilator. In all cases, it is important to set a mini-
mum respiration rate to deliver breaths in a pressure control
mode even during an apnea. In such a case, PCV adapts T; to
avoid asynchrony with the ventilator that may increase the
WOB. Lastly, some anesthetic ventilators allow changes in
the pressure slope (the time to achieve pressure support). By
increasing this time (and thereby decreasing the pressure
slope), we can limit the auto-trigger activated by the cardiac
activity, which is frequently observed in neonates at low
trigger threshold [82]. To avoid this phenomenon, it is also
possible to increase the trigger threshold with the risk of
increasing the WOB.

Recently, the PRVC mode with auto mode (auto-flow)
was introduced in new anesthetic ventilators in the operating
theatre. VCV with a decelerating flow in combination with
synchronization with a pressure support of the spontaneous
ventilation offers the advantages of pressure modes with a
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guaranteed minimum Vt. Theoretically, this mode overcomes
the inconvenience of both PCV and VCV and may offer an
enormous advantage in anesthetized neonates, particularly
when lung compliance decreases abruptly during surgery
(i.e., laparoscopy, or abdominal or thoracic surgery). To
determine the initial guaranteed volume, the child’s lungs
should initially be managed using pressure control and
extract the tidal volume that ensures adequate alveolar venti-
lation. Thereafter, the determined tidal volume can be con-
sidered as the targeted tidal volume in PRVC mode while
adapting the ventilator setting according to PCV mode and
by applying a maximum inspiratory pressure of 30 cmH,O to
protect the lungs from overpressure. Nonetheless, no data
have been forthcoming regarding the use of this ventilation
mode in the operating theatre, particularly in neonates and
hence although this mode meets the physiological character-
istics of the lung during surgery, its usehas remained anec-
dotal and based on the experience of different clinicians.

Key Points

* Alveolar instability promotes ventilation heteroge-
neity with excessive shear stress and enhancement
of dynamic strain at each breath.

e Ventilation modes with decelerating flows provide a
low driving pressure and thus exert less lung stress
and strain.

* Allowing spontaneous ventilation with pressure
support as soon as possible improves ventilation
homogeneity and cardiorespiratory hemodynamic
interactions.

Ventilation Strategy in the Operating
Theatre

Maintaining adequate ventilation during sedation or anesthe-
sia is of particular importance in neonates, who are vulnera-
ble to hypoxemia. Inadequate bag and mask ventilation
during induction of anesthesia may result in insufficient
alveolar ventilation, hypoxemia, hypercapnia, and gastric
inflation and regurgitation of gastric contents with subse-
quent pulmonary aspiration. Furthermore, the accumulation
of air within the stomach may further compromise respira-
tory function and gas exchange in neonates whose functional
residual capacity is less than its closing volume. While the
use of an accessory circuit such as a modified T-piece breath-
ing system (i.e., Jackson Rees) continues to be advocated as
the best system to ensure both adequate ventilation and
maintenance of FRC [83, 84], it is important to monitor air-
way pressure during manual ventilation to avoid both exces-
sive peak inflation pressure and gastric air insufflation. The
development of low resistance circle systems rendered their
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use in routine practice popular [85, 86], although they may
be less effective in applying a continuous positive airway
pressure (CPAP) at end-expiration to maintain upper airway
patency and FRC. In this context, applying gentle mask ven-
tilation with CPAP to maintain a mean airway pressure
around 5-10 cmH,0O becomes an increasingly popular venti-
lation strategy at induction of anesthesia, even in the pres-
ence of a full stomach to avoid airway collapse and to ensure
adequate oxygenation [87, 88]. Alternatively, using PSV at
induction of anesthesia will ensure an adequate CPAP level
to maintain the FRC and a low-pressure support to optimize
alveolar ventilation. This so-called controlled induction
technique meets the criteria for an “open-lung strategy,”
which should be considered at all stages when ventilating a
neonate’s lungs in the operating theatre.

The open-lung strategy primarily addresses concerns
about atelectasis and the resultant ventilation inhomogeneity
observed during general anesthesia, which can significantly
impair pulmonary gas exchange. First, the physiological
characteristics of the chest wall (large compliance) and the
lung (increased static elastic recoil pressure) in neonates pro-
mote airway closure and a decrease in FRC. The decreased
ventilation associated with general anesthetics and inactiva-
tion of the intercostal muscle activity associated with the cra-
nial shift of the diaphragm are also responsible, in part, for
the lungs collapsing and atelectasis formation. The latter is
enhanced by the resorption of alveolar gas when an exces-
sive FiO, is used. Thus, this “open-lung strategy” requires
that recruitment maneuvers should be regularly performed,
particularly after the loss of positive end-expiratory level (at
zero PEEP level). Such recruitment can be achieved by
applying a vital capacity maneuver (or twice the Vt, but lim-
iting the maximum inspiratory pressure to 30 cmH,O in nor-
mal lungs) after induction, after disconnection and suction,
and thereafter every 30 min during the anesthetic procedure
[89]. However, a minimum PEEP level of 5 cmH,0 is
required to maintain the recruitment of the distal airways
[90], while high concentrations of oxygen should be avoided
as tolerated. Nonetheless, an increased PEEP may be
required in the presence of poorly compliant and atelectatic
lungs to maintain adequate alveolar recruitment.

Beyond this open-lung strategy, it is crucial to apply “pro-
tective ventilation” in an attempt to protect against VILI,
which has been associated with an increase in lung stress and
strain [91]. Ventilation with small Vt at optimal FRC is there-
fore essential in the operating theatre as well. Optimizing the
level of PEEP will increase the lung volume, while adapting
T; and T, will guarantee adequate lung inflation and deflation,
respectively, especially if 7}/T, is adjustable based on estima-
tions of the time constants. This “protective ventilation”
strategy should account for the continuous changes in respi-
ratory compliance of the neonate undergoing surgery and the
ventilation inhomogeneity.
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This ventilation strategy may lead to mild hypercapnia,
6-6.5 kPa (61-67 cmH,0), which is regarded as safe in the
absence of high intracerebral pressure and pulmonary hyper-
tension. Furthermore, mild hypercapnia improves both the
cerebral oxygen saturation and the subcutaneous tissue oxy-
genation [92]. Fetal hemoglobin has a greater affinity for
oxygen compared with adult hemoglobin, thus explaining
the leftward shift of the oxyhemoglobin dissociation curve in
the neonate and the resultant reduced P50. Further reduction
in the P50 may occur with hyperventilation (Bohr effect),
thereby further decreasing tissue oxygen delivery [93].
Moreover, hyperventilation and/or the application of large
tidal volumes may lead to hypocapnia and thus, cerebral
vasoconstriction, a major risk factor that predisposes to cere-
bral ischemia and possible neurocognitive impairment in
young infants [4].

Therefore, in an attempt to meet the physiological require-
ments stated above, it is advisable to always consider the
pressure-regulated volume control mode. This mode delivers
a constant tidal volume with the smallest inspiratory flow
and driving pressure and prevents perturbations in the carbon
dioxide tension. Studies demonstrated a greater incidence of
cerebral insults in infants with extreme carbon dioxide, par-
tial pressures less than 4.6 kPa (47 cmH,0) or greater than
6.6 kPa (67 cmH,0) [94-96]. The required tidal volume can
be determined first by setting the pressure control mode with
a pressure gradient between a PEEP level of 5 cmH,O and a
peak inspiratory pressure of 10 cmH,O as well as a T; of
0.6 s. These variables will dictate the respiration rate and the
primary tidal volume. Then, based on the end-tidal carbon
dioxide tension, the driving pressure should be adjusted
(<13 cmH,0) to obtain the targeted values. In a second step,
the resultant tidal volume will be maintained as ventilation is
switched to PRVC without changing other settings.

Titrating the inspired oxygen fraction (FiO,) in preterm
and term neonates is not straightforward. It is important to
avoid excessive inspired concentrations as the resulting
oxidative stress contributes to potential major organ inju-
ries including effects in the lung, brain, and eyes [97]. In
addition, given the large affinity of fetal hemoglobin for O,
and the shape of the oxyhemoglobin dissociation curve, an
arterial oxygen saturation (Sa0O,) >92% may not accu-
rately correlate with the arterial partial pressure of oxygen
(PaO,). Hence, small fluctuations in the SaO, may reflect
very large fluctuations in the PaO, [98]. Knowing the par-
ticular harm that an excess of oxygen may cause in pre-
term and full-term neonates, the inspired oxygen fraction
should be titrated to target a SaO, between ~90 and ~94%
[99, 100]. Setting a minimum FiO, after induction of anes-
thesia would also benefit identifying the loss in lung vol-
ume and decrease in FRC, which are at the root of
intraoperative hypoxemia in infants. Thus, when SaO,
decreases in a neonate or infant, ventilation/perfusion mis-
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match should be suspected. A recruitment maneuver at any
FiO, will re-establish an acceptable Sa0O,, which may be
maintained with an adequate level of PEEP. Hence, it is
prudent to maintain the FiO, at ~30-35% during anesthe-
sia in neonates to identify intraoperative alveolar closure
as soon as it occurs and initiate a recruitment maneuver.

Key Points

* Hypoxia and/or hypocapnia are the major burden
during mechanical ventilation.

e Pressure regulated volume control is the most
appropriate mode in neonate as the inspiratory
decelerating flow will adapt continuously to the
changing respiratory compliance.

e The inspired oxygen fraction should be titrated to
avoid hyperoxia and to detect early onset of ventila-
tion/perfusion mismatch.

Monitoring of Ventilation

Although real-time pulmonary monitoring is essential to
interpret the changes in lung physiology that occur during
mechanical ventilation in neonates, it is crucial to associate
the information obtained from different waveforms dis-
played by the ventilators and the output on gas exchange and
tissue oxygenation. Applying a protective open-lung ventila-
tion strategy requires adaptation of the ventilator settings
according to this real-time pulmonary monitoring. Most ven-
tilators available in the operating theatre display continuous
waveforms of pressure, volume, flow, and loops, as well as
automatically derived respiratory mechanical variables. The
classical pulmonary waveforms are represented by pressure,
volume, and flow displayed versus time. The pressure and
flow curves are specific for the ventilation mode used and
thus, while displaying the pressure curve is essential during
VCV (since pressure is the dependent variable), it is equally
important to focus on the flow versus time curve in the PCV
mode since the effectiveness of alveolar ventilation depends
on the greatest extent on the flow waveform. This allows the
anesthesiologist to detect: (i) an interruption in the inspira-
tory waveform, indicating insufficient time to equilibrate the
alveolar and airway pressures, with the risk being inadequate
lung inflation, and (ii) an incomplete deflation of the lung
with the risk of auto-PEEP, overdistension of the lung, and
an enhanced risk of barotrauma. Thus, in terms of the flow
curve, it is essential to adjust both 7; and T; (either by chang-
ing the ratio or by decreasing the respiratory rate) to let the
waveform reach the zero-flow state before transitioning to
the next insufflation or exsufflation [101].
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The pressure—volume and flow—volume loops afford an
insight into the respiratory mechanics during mechanical
ventilation, namely the respiratory system compliance and
resistance. The flow—volume loop is very useful to detect
changes in the inspiratory or expiratory resistances. For
instance, increases in airway resistance are obvious in the
flow—volume curve with a decrease in the expiratory flow
peak, which is expressed by a concave expiration loop.
Moreover, an incomplete flow—volume loop indicates an air
leak, which can occur in neonates with uncuffed tracheal
tubes are present. The dynamic pressure—volume (P-V)
loop, which is displayed by the ventilator, describes the
mechanical behavior of the respiratory system during infla-
tion and deflation and includes the resistive and convective
acceleration components of flow. Thus, the dynamic P-V
curve provides essential information to track the dynamic
trends of the respiratory system compliance (defined by the
slope of the loop), as well as tidal volume. Although some
information can be obtained from the curve to help deter-
mine the “best” PEEP, the beginning of the dynamic inspira-
tion provides evidence on lung recruitment from tidal
ventilation, independent of PEEP [102], particularly during
PCV when the pressure remains constant. Conversely, when
ventilating with a constant flow such as under VCV, the P-V
loop may detect overdistension of the lung as evidenced by a
change in the slope of the inspiratory P-V curve, namely the
upper inflection point. The lower inflection point at the lower
part of the loop corresponds to the beginning of an alveolar
recruitment. This may provide insight into the importance of
airway closure.

The automatically derived values displayed by the venti-
lator should be interpreted with some caution as the abso-
lute values are global parameters including the whole
respiratory system as well as the equipment (circuit, tra-
cheal tube, filter, and so on) [103]. These values are often
obtained using the interruption technique, which is based
on the ratio of the pressure decrease due to the interruption
of the inspiratory flow and that before the interruption. It is
important to note that >40% of the values are related to the
equipment itself and thus, clinicians should not rely on
these absolute values to interpret physiological changes in
the respiratory system itself.

An indirect monitor of ventilation recently introduced is
near-infrared spectroscopy (NIRS), a noninvasive tech-
nique for monitoring tissue oxygenation and perfusion
[104, 105]. NIRS indirectly reflects ventilation via pertur-
bations in the cerebral perfusion. Oxygenation may be a
consequence of a significant cardiorespiratory interaction
due to the presence of large intrathoracic pressures, which
decrease the total venous return and thus, cardiac output.
The cerebrovascular reactivity to carbon dioxide, particu-
larly in preterm and full-term neonates, is another major

factor affecting cerebral perfusion and may indirectly indi-
cate an inappropriate ventilator setting.

Key Points

* Flow versus time curve and pressure—volume loop
are essential to adapt the ventilation strategy.

* The near-infrared spectroscopy should be consid-
ered as an important indirect monitoring of mechan-
ical ventilation.

* A decrease in oxygen regional saturation may be
due to a decrease in cerebral perfusion as a conse-
quence of decrease in cardiac output or vasocon-
striction due to hypocapnia.

Conclusion

There is growing evidence of the benefit of applying an open
and protective lung strategy in neonates. Over the past two
decades, technological advances have introduced several
new ventilation modes, which have undoubtedly advanced
neonatal ventilation. Although the superiority of one ventila-
tion mode over another in terms of neonatal pulmonary and
neural outcomes has not been established, there is some evi-
dence that pressure-regulated volume control may provide
the most appropriate ventilation mode. However, the remain-
ing challenge is to determine how best to mechanically ven-
tilate the lungs based on respiratory physiology of the
preterm and full-term neonate to optimize lung volume and
guarantee adequate tissue oxygenation without augmenting
lung stress and strain, which may induce lung injury (par-
ticularly in the immature lung) and lead to serious hemody-
namic consequences with subsequent adverse neurological
and metabolic outcomes.
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