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Abstract

Extraordinary progress has been made during the past few decades in the devel-
opment of anesthesia machines and ventilation techniques. With unprecedented
precision and performance, modern machines for pediatric anesthesia can deliver ap-
propriate mechanical ventilation for children and infants of all sizes and with ongo-
ing respiratory diseases, ensuring very small volume delivery and compensating for
circuit compliance. Along with highly accurate monitoring of the delivered ventilation,
modern ventilators for pediatric anesthesia also have a broad choice of ventilation
modalities, including synchronized and assisted ventilation modes, which were ini-
tially conceived for ventilation weaning in the intensive care setting. Despite these
technical advances, there is still room for improvement in pediatric mechanical ven-
tilation. There is a growing effort to minimize the harm of intraoperative mechani-
cal ventilation of children by adopting the protective ventilation strategies that were
previously employed only for prolonged mechanical ventilation. More than ever, the
pediatric anesthesiologist should now recognize that positive-pressure ventilation
is potentially a harmful procedure, even in healthy children, as it can contribute to
both ventilator-induced lung injury and ventilator-induced diaphragmatic dysfunction.
Therefore, careful choice of the ventilation modality and its parameters is of para-
mount importance to optimize gas exchange and to protect the lungs from injury dur-
ing general anesthesia. The present report reviews the novel ventilation techniques
used for children, discussing the advantages and pitfalls of the ventilation modalities
available in modern anesthesia machines, as well as innovative ventilation modes cur-
rently under development or research. Several innovative strategies and devices are
discussed. These novel modalities are likely to become part of the armamentarium of
the pediatric anesthesiologist in the near future and are particularly relevant for chal-

lenging ventilation scenarios.
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1 | INTRODUCTION

Mechanical ventilation is required for many procedures in which a
child undergoes general anesthesia. Remarkable technical advances
have been achieved for pediatric anesthesia machines, with improved
performance in terms of accuracy, volume delivery, and choice of ven-
tilation modalities, which is currently equivalent to those offered by
pediatric intensive care ventilators. Despite these technical improve-
ments, mechanical ventilation has been increasingly recognized as a
potentially harmful procedure in itself, especially for pediatric patients
with underlying or ongoing lung injury.?

The harm generated by ventilation, commonly termed ventilator-
induced lung injury (VILI), is usually prevented by strategies of
lung-protective ventilation. These protective strategies combine
pressure, volume, and oxygen thresholds which were shown to limit
the injury of mechanical ventilation and even reduce the mortality
in adults.®> However, as of today, there are still no pediatric coun-
terparts to the adult ARDS Network trial, nor has there been any
evidence-based approach on the definition or guidelines of pediatric
protective ventilation. Thus, adult practices for protective ventila-
tion are often adopted to guide pediatric ventilation, even for chil-
dren with healthy lungs.

It must be stressed that children experience important dynamic
changes in their respiratory systems that take place from birth until
adolescence, including lung growth and development, alveolar mul-
tiplication and chest-wall modifications due to ossification and in-
creased musculature. These aspects explain why “children are not
little adults,” a common catchphrase used to explain why adult rec-
ommendations might not fit the pediatric population. Since there is
little evidence to guide ventilation strategies for children—with or
without lung injury—studies are required to assess the effects of dif-
ferent ventilation modes.

It remains unclear whether the use of different ventilation
modes or certain respiration techniques (eg, apneic oxygenation,
high-flow nasal oxygenation) results in any meaningful clinical ben-
efit for the pediatric surgical patient. Comparative studies between
ventilation modes used with children are scarce and most use surro-
gate outcome markers to determine the effectiveness of ventilation
modalities. In fact, it is difficult to demonstrate differences in clinical
outcomes of anesthetized, ventilated children given that most sur-
gical patients have healthy lungs and would not potentially benefit
from an improved ventilation strategy.

In addition, data on the mechanisms and relevance of VILI in the
pediatric population are highly debatable. Hence, most of the prac-
tice and recommendations in pediatric ventilation stem from experi-

ence and extrapolation from adult research.

2 | NEW VENTILATION MODES IN
PEDIATRIC ANESTHESIA

The “new” ventilation modes in use during intraoperative ventila-

tion for children are, in fact, modes which were initially used in the

Reflective questions

e Why should we consider pressure support ventilation
during spontaneous breathing?

e Why would expiratory ventilation assistance be
beneficial?

e In which ways can dissipated energy be potentially
harmful to the respiratory system?

e What does it mean to implement physiological variabil-
ity into mechanical ventilation and how could we opti-

mize it?

intensive care unit (ICU) setting, either for weaning patients from
ventilatory support or for optimizing the pressure-volume curve dur-
ing prolonged ventilation. The recognition that VILI and ventilator-
induced diaphragm dysfunction can happen to individuals under
mechanical ventilation,"* prompted anesthesiologists to adopt new
intraoperative ventilation strategies that are meant to reduce VILI
in all patients who receive positive-pressure ventilation, including
those without preoperative lung disorders.

Although data are scarce for the relevance of VILI in the
pediatric population, the new ventilation modes used in the in-
traoperative period take into consideration the principles of
lung-protective ventilation, along with an attempt to optimize the
patient-ventilator synchrony, work of breathing, and respiratory
mechanics.

In this section, we discuss the benefits and pitfalls of the “new”
ventilation modes in the intraoperative setting. Our focus will be
on pressure support ventilation during spontaneous breathing
and on the pressure-regulated volume mode during mandatory

ventilation.

3 | PRESSURE SUPPORT VENTILATION

Modern anesthesia ventilators have the ability to provide pres-
sure support ventilation (PSV) to assist spontaneous breathing for
the intubated child. Indeed, the effects of general anesthesia and
the ventilation circuit impose increased work of breathing. PSV can
facilitate the work of breathing by delivering inspiratory pressure
and allowing the child to determine the inspiratory time. The use of
positive end-expiratory pressure (PEEP) should be routinely applied
to prevent atelectasis® and to optimize the respiratory mechanics
in anesthetized children with healthy Iungs.6 The use of inspiratory
pressure support along with PEEP can decrease the work of breath-
ing, improve gas exchange and be considered for children regardless
of age.

In the absence of PSV, the maintenance of spontaneous breath-
ing during anesthesia procedures may have deleterious conse-
quences. Anesthesia leads to dose-dependent hypotonia of superior
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airways,7'8 atelectasis formation with decreased functional residual
capacity and reduced tidal volume and minute ventilation.” These
consequences can be counteracted with PSV, by decreasing the
work of breathing and restoring the minute ventilation for children
with endotracheal tubes and supraglottic devices.!® For adults, it
has been demonstrated that PSV reduces the work of breathing and
improves the quality of preoxygenation and the delivery of haloge-
nated anesthetics.***® In addition, PSV during general anesthesia is
also capable of reducing intraoperative and postoperative atelecta-
sis.1*1> The specificities of respiratory anatomy and physiology in
children make the advantages of PSV particularly relevant, espe-
cially considering the shorter delay to hemoglobin oxygen desatu-
ration and the high rate of perioperative respiratory complications
(PRCs) 167

It is likely that PSV is currently underused for anesthesia pro-
cedures under spontaneous breathing. Data collected in 2014 and
2015, including 31 024 anesthetic procedures in 261 hospitals in
Europe, demonstrated that unassisted ventilation is more often
chosen than PSV during spontaneous breathing.*® For children with
airways secured with a tracheal tube, the use of PSV was reported
in 6.3% of the procedures compared to 6.4% with unassisted spon-
taneous breathing. However, with supraglottic airway devices, un-
assisted spontaneous breathing was chosen three times more often
than PSV (45.5% versus 12.9%).

The misuse or misunderstanding of PSV can also generate
deleterious effects. Unlike with mandatory modes, issues such
as the respiratory drive, synchrony, and ventilator-valve open-
ing settings should be considered when applying this ventilation
strategy. While applying PSV, the child must have a respiratory
drive compatible with assisted ventilation. The trigger settings
must be decreased for small children, usually for values <1 L/min,
but auto-triggering must be avoided. Subsequently, the clinician
must set a backup ventilation mode with an appropriate rate and
pressure in case the respiratory drive of the child is suppressed
during the anesthesia procedure. Another aspect that requires
careful assessment by the anesthetist is the child-ventilator syn-
chrony. In addition to regular adjustment of the level of pressure
support to ensure optimized work of breathing, the clinician may
need to change the expiratory valve opening settings (cycling-off
flow threshold) and the pressurization time, taking the respiratory
condition into consideration. If these aspects are neglected, pre-
mature or delayed cycling, dynamic hyperinflation, increased work
of breathing or even barotrauma can occur. Typically, the cyclic-
off, which is often set at 25% of the inspiratory flow, should be
decreased in the presence of restrictive disease and increased in
the event of an obstructive condition.

Considering all of the above, it is no surprise that the use of PSV
requires an appropriate setting and possibly closer monitoring than
unassisted or mandatory ventilation. However, there are multiple
benefits of using PSV during general anesthesia. In comparison with
pressure-controlled ventilation (PCV), PSV significantly decreases
the propofol consumption and the emergence time and improves
the oxygenation index for children.'? Likewise, PSV was shown to

improve the gas exchange in comparison with continuous positive
airway pressure (CPAP).1° The maintenance (and support) of spon-
taneous ventilation in surgical patients has many clinical advan-
tages, including the titration of analgesia and depth of anesthesia,
the potential of improving hemodynamics, and the facilitation of
emergence. Therefore, although the European data revealed that
PSV is not often applied, we encourage its application whenever
spontaneous breathing is maintained throughout general anesthesia

procedures.

4 | PRESSURE-REGULATED VOLUME
CONTROL

Mandatory modes of mechanical ventilation are designed to deliver
controlled ventilation (preset volume or pressure) while the child
makes no respiratory effort under general anesthesia. In pediatric
anesthesia, volume-controlled ventilation (VCV) is particularly chal-
lenging because the target volume can be dangerously dependent
on respiratory circuit compliance. The use of PCV overcomes many
typical limitations of anesthesia machines and the respiratory cir-
cuit; however, the primary disadvantage of PCV is the lack of a guar-
anteed volume. Both PCV and VCV deliver the settings preselected
by the clinician and will not accommodate changes in respiratory
compliance, which is a parameter that changes rapidly during surgi-
cal procedures (eg, laparoscopy, surgical maneuvers).

An alternative ventilation mode can assess the respiratory com-
pliance on a breath-by-breath basis and adapt the pressure level
required to deliver a set volume target. The result is a PCV-like decel-
erating flow delivery with a nearly constant tidal volume, similar to
VCV. This mode is referred to by various terms from different man-
ufacturers: pressure-regulated volume control (PRVC), PCV-volume
guarantee (PCV-VG), pressure-regulated volume-target ventilation
(PRVT), etc. By guaranteeing the tidal volume, anesthesiologists can
avoid sudden changes in carbon dioxide, which may have deleterious
effects on both cerebral and pulmonary circulation.

PRVC incorporates the benefits of VCV and PCV in a single ven-
tilation mode. Despite this advantage, PRVC is rarely used in the
pediatric anesthesia environment, as reported by the APRICOT ep-
idemiological data.*® PRVC was used in less than 7% of the proce-
dures for children with an endotracheal tube and less than 3% with
a supraglottic device. In neonates, who are more prone to sudden
changes in chest and lung compliance, only 3.5% of the procedures
were performed with PRVC (72% were ventilated with PCV and 17%
with VCV).

In some settings, PRVC can indeed have advantages over VCV,
as demonstrated for infants after cardiac surgery, in which a sig-
nificant decrease in peak inspiratory pressure was achieved with
PRVC without affecting gas exchange in contrast to VCV.?° In other
settings, however, VCV may be superior to PRVC, particularly for
children with impaired respiratory mechanics due to severe asthma.
The application of PRVC in severely obstructed patients often re-

21,22

sults in hypoventilation, since the ventilator fails to deliver the
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programmed tidal volume with the decelerating flow mode in the
presence of high-resistance lung diseases, preventing the use of low
I:E ratios, which are needed to avoid air trapping.

In summary, PRVC can optimize the pressure-volume curve in
most situations by ensuring the set tidal volume at the lowest in-
spiratory pressure, adapting the delivered pressure to the dynamic
compliance of the respiratory system. Thus, this mode is suitable to
most surgical pediatric procedures for which children without pre-
existing lung disorders receive general anesthesia. Caution should
be applied if PRVC is used to ventilate children with injured and ob-
structed lungs.

5 | NOVEL VENTILATION STRATEGIES
AND DEVICES

Despite great advances in the technical aspects of modern anesthe-
sia machines and in the comprehension of VILI and patient-ventilator
interaction, we still witness a considerable amount of PRCs, espe-
cially after lengthy general anesthesia procedures. Thus, there is a
clear need to further develop new ventilation strategies (and de-
vices) that ensure adequate gas exchange while reducing the shear
stress and strain that can lead to VILI.

Some experimental and clinical approaches have been reported
in the recent literature, including new ventilation concepts and de-
vices that may be considered for intraoperative mechanical venti-
lation. In this section, we summarize novel ventilation techniques
which may become available for challenging ventilation scenarios or
which have the potential of preventing VILI and/or improving gas
exchange inside and outside the operating room.

6 | THE VENTRAIN® SYSTEM

Technical progress in mechanical ventilation has been spectacular
in recent years, resulting in new ventilation strategies and sophis-
ticated ventilators with new ventilation modes. Difficult situations,
however, sometimes require simple solutions. Such situations in-
clude difficult airways or “cannot intubate, cannot oxygenate”
(CICO) scenarios. The algorithm of the Difficult Airway Society has
not been changed since 2015, although new technologies and de-
vices have been introduced to the market. It is worth being familiar
with some of these innovations, as they may become valuable tools
in our armamentarium for CICO scenarios.

The Ventrain® device (Figure 1) is a manually operated, porta-
ble ventilation system which connects a pressurized oxygen source
(an oxygen bottle or a standard wall outlet with a flow regulator) to
many different airway cannulas or catheters with a Luer-lock con-
nection. The device is basically a T-piece with gas inflow on one side
and two outflow ports on the other. One outflow can be manually
occluded by the user, directing the flow toward the patient for inspi-
ration; this port must be released for expiration. During expiration,
a narrowing in the inner tubing before the patient outlet accelerates

..

FIGURE 1 (A)Schematic model of the Ventrain® device. The
shell is shown transparently, with the oxygen inlet (1) and the
outflow port toward the patient (2). (B) Cross-section illustration

of the Ventrain® showing the oxygen inlet (1), the outflow port
toward the patient (2), a narrowing part to increase the gas velocity
(3) toward the outflow port (4) which can be manually occluded for
inspiration and released for expiration; an outflow port for pressure
equilibration (5) can be occluded by the user during ventilation and
released for pressure equilibration. Reproduced with permission
from*’

the flow and exerts a suction effect on the airflow coming from the
patient (active expiration) due to the Venturi effect.

The Ventrain® device provides the noticeable advantage that its
operation does not require high pressures but requires only a stable
flow, as opposed to, for example, jet ventilation. The shorter (and
active) expiratory time permits higher minute volume and prevents
pressure build up, barotrauma and air trapping with consequent
deleterious hemodynamic effects. Another main advantage is ex-
piratory ventilation assistance capable of counteracting the expi-
ratory flow limitation that arises from narrow tracheal tubes. Thus,
the Ventrain® device facilitates both oxygenation and CO, removal
when ventilating through small lumen tubes. Overall, this device has
the promise to become an alternative for pediatric airway emergen-
cies (eg, anaphylaxis and upper airway infection). Accordingly, the
use of Ventrain® in pediatric anesthesia has been limited to emer-
gency situations, with only a few cases reported in the literature so
far. A case of failed intubation of a 2.1 kg premature baby with glottis
edema, severe desaturation (SpO2 <40%), and severe bradycardia
(40 bpm) was managed with an 8 Fr Frova catheter and then success-
fully ventilated with the Ventrain® system, resolving the vital prob-
lem.?% A second case was reported for a failed intubation of a 4.3 kg
baby that could be rescued with the Ventrain® device connected
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to a Cook tube exchange catheter (ID 1.66 mm). After stabilization,
a 3 mm ID endotracheal tube was used to secure the airway with
an over-the-catheter technique and the help of video laryngos-
copy.23 Other life-saving uses have been reported, such as the use
of Ventrain® associated with rigid bronchoscopy to stabilize a 3.7 kg
baby with respiratory distress after laryngeal microsurgery24 and as
salvage therapy when the PICU ventilator failed to ventilate due to
extremely high peak pressures.?*

One disadvantage of the Ventrain® system is its requirement for
manual operation. Considering that pediatric CICO situations are
highly stressful, the clinician must be able to operate the flow ports
of the Ventrain® device while facing a life-threatening situation.
Another disadvantage is the lack of continuous pressure monitoring,
making observation of chest movements crucial for minimizing the

risk of lung injury.

7 | FLOW-CONTROLLED VENTILATION

The energy dissipation that occurs during intermittent positive-
pressure ventilation is one of the contributors to VILI. In 2018, a
mathematical model was used to demonstrate that the element re-
sponsible for the dissipated energy throughout the ventilation cycle
is the varying flow.?> Therefore, to reduce energy dissipation, the
flow must be “controlled,” that is, held constant with an inspiratory
to expiratory ratio (I:E) close to 1:1. This control has become possible
with the development of the Evone® flow-controlled ventilator (FCV,
Figure 2). This ventilator uses technology based on the Bernoulli
principle, with an active expiratory phase using the Venturi effect
which allows expiratory flow limitations to be overcome and ven-
tilation through very narrow internal diameter endotracheal tubes,
such as the Tritube®. The Tritube® comes with an internal diameter
smaller than 3 mm but with an inflatable cuff to secure the airway.
This technology creates linear changes in inspiratory and expiratory
intratracheal pressure with very low hysteresis. As flow can be kept

constant and stable both during inspiration and expiration with a
I:E ratio of 1:1, FCV can reduce the applied mechanical energy and,
therefore, energy dissipation.

In addition, the use of relatively low flow rates with FCV leads to
improved distribution of lung aeration and improved gas exchange
compared to conventional ventilation. Experimental data in models
of acute respiratory distress syndrome (ARDS) demonstrated that
FCV can improve oxygenation, increase the normally ventilated lung
area, and decrease lung tissue inflammation.?®

A remarkable advantage of this technology is the possibility to
ventilate through very narrow endotracheal tubes. This can be ad-
vantageous for upper airway surgery and in difficult intubation sce-
narios. A randomized controlled trial of laryngeal surgery for adults
that compared a microlaryngeal tube of 6.0 mm with VCV and the
Tritube® with FCV demonstrated that the latter strategy improved
glottic visibility and lung aeration measured by electrical impedance
tomography.?’

Despite the aforementioned advantages of FCV, including
the lung-protective ventilation, it also has some limitations. In
its current setting, Evone® FCV can only be used with total in-
travenous anesthesia since vaporizers cannot be included in the
breathing circuit. This aspect is highly relevant in pediatric anes-
thesia. The system lacks adaptive ventilation modes and the pos-
sibility to be triggered by the patient; hence, patient-ventilator
synchrony or weaning can be problematic. Although there is
some exciting evidence for better gas exchange and protective
ventilation, there is a lack of hard evidence for its use in different
situations (eg, pediatric anesthesia) or pathological conditions
(eg, asthma). At present, the Evone® FCV is only recommended
by the manufacturer for use with an ideal body weight of over
40 kg. Further research is required to clarify whether there are
advantages from FCV for the pediatric population. Furthermore,

the Evone®

ventilator might also require technical adjustments
to operate with the low tidal volumes necessary to ensure safe

ventilation for children.

W o1 "

VENTINOYVA )

FIGURE 2 Evone ventilator (Ventinova Medical B.V., Eindhoven, the Netherlands) connected to a mannequin with the Tritube for flow-

controlled ventilation. Reproduced with permission from*®
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8 | PHYSIOLOGICALLY VARIABLE
VENTILATION

A mandatory ventilation mode that mimics spontaneous breathing
by incorporating breath-by-breath variations in tidal volume and res-
piratory rate, termed physiologically variable ventilation (PVV), has
been proposed as less injurious than conventional ventilation and
capable of improving gas exchange.

The rationale for PVV is based on the fact that variability, or
“noise,” defines the pace of several organic phenomena, including
healthy breathing. These natural breathing variations are beneficial
for lung structure and function.?® PVV can lead to recruitment and
stabilization of airspaces, contributing to gas exchange, as well as to
an improvement in ventilation/perfusion (V/Q) matching.?’ The vari-
able ventilation pattern has the ability to optimize the time constant
in the heterogenous airspaces across the lung and, by doing so, to
increase the surface area for gas exchange. In addition, a perfusion
redistribution from dependent to non-dependent lung zones has
also been documented.®° Finally, microstructural effects also play
a role, since the variable stretch in the respiratory epithelium has
been shown to increase alveolar stability, surfactant production, and
ameliorate inflammation.*!

This ventilation mode has been mostly studied in experimental
settings using models of healthy and injured lungs, including ARDS,
asthma, and chronic obstructive pulmonary disease.’?%> Summing
up the various experimental scenarios, PVV consistently prevented
the deterioration of respiratory tissue mechanics, ventilatory pres-
sures, oxygenation, intrapulmonary shunt fraction, and inflamma-
tion that was observed over time with conventional (monotonous)
ventilation modes.

Clinical data using PVV are not available in the pediatric field;
however, a clinical trial comparing conventional VCV with variable
ventilation with adults undergoing general anesthesia for abdominal
aortic surgery has reported improved lung function with the variable
mode, including improvements in arterial oxygen and carbon dioxide
partial pressure, lower dead space ventilation, increased compliance,
and reduced inspiratory pressure.

Interestingly, there is evidence that variable ventilation can im-
prove lung function during both mandatory and assisted modes,*’
demonstrating that variable pressure support along with the pa-
tient's breathing effort does not compromise synchrony.

Despite a considerable number of promising reports published
since the proposal of a “computer-controlled mechanical ventilation
programmed for biological variability” 25 years ago,** a variable ven-

tilation mode is still not commercially available for clinical use.

9 | NEGATIVE PRESSURE VENTILATION

The use of negative pressure ventilation (NPV), which was exten-
sively used in the form of the iron lung, almost completely disap-
peared after the poliomyelitis outbreaks in the late 1950s. The
transition to positive-pressure ventilation started in 1952 with a

12-year-old girl, Vivi Ebert, whose respiratory failure caused by polio
failed to be treated with the iron lung. Urgent tracheostomy and
positive-pressure ventilation saved her life and she lived 20 years
after the intervention.3® With the advent of positive-pressure ven-
tilators, which were considerably smaller, more performant and less
cumbersome and risky than the iron lung, the use of NPV gradu-
ally disappeared. Positive-pressure ventilation with secured airways
became the standard method for mechanical ventilation; however,
shortly after its widespread acceptance, cases with structural lung
damage were documented and the phenomena were later referred
to as VILI. Different ventilation strategies have been established to
reduce the incidence of VILI, but in some cases (eg, ARDS) ventila-
tion can be difficult and injurious. Technical progress provided dif-
ferent alternatives to reduce VILI, including new tools in the field of
noninvasive ventilation (NIV). These new alternatives became par-
ticularly relevant during the COVID-19 pandemic, in which our para-
digm changed from invasive ventilation toward different options of
NIV, such as CPAP machines and high-flow nasal oxygenation. In
many cases, NIV could be used to avoid intubation, muscle paralysis,
and sedation. Currently, NIV is used as a prophylactic or therapeutic
tool and in different bridging and weaning strategies.

In modern times, NPV has been reinvented through the nonin-
vasive cuirass ventilators. These ventilators consist of a plastic shell
connected to a ventilator that can be strapped around the chest to
generate negative pressure. The design allows a considerably larger
degree of freedom for the patient (and the caretaker) than its pre-
decessor, the iron lung, allowing the patient to use their hands, talk,
eat, and drink.

The biphasic cuirass ventilation (BCV, Figure 3) device can be
used in different modes: It can be used in a continuous negative
pressure or a biphasic mode, suitable for controlled or triggered

ventilation (even with cardiac synchronization), or can deliver a

FIGURE 3 Hayek RTX Biphasic Cuirass Ventilator. The ventilator
is connected to the cuirass shell with a tubing. The flexible cuirass
shell is available in different sizes ranging from small neonatal size
to large adult size
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high-frequency oscillation mode that can help with physiotherapy
and to clear secretions.

There are numerous studies published on the use of cuirass ven-
tilators in pediatrics, but most of these are case reports or with a
small number of participants. Hassinger and colleagues39 published
a study on the use of NPV in pediatric acute respiratory failure that
involved 233 children. Although it is a retrospective study on a het-
erogeneous population, they demonstrated a decline of the annual
percentage of pediatric ICU admissions requiring intubation by 28%
in the 3-year period following the introduction of NPV to their in-
stitution. The median age of the patients was 15.5 months; 70% of
the patients were considered responders to NPV with a very low
complication rate of only 3% (hypothermia, skin lesions, and gastro-
esophageal reflux). It is important to mention that, in this study, NPV
was not used as first line therapy and NPV settings, initiation and ti-
tration were at the discretion of the managing medical team because
no protocol was in place.

Based on our knowledge on the differences between positive
and NPV, cardiac patients with hemodynamic consequences could
be potential candidates for NPV. Shime and colleagues®® studied
the effect of the continuous negative extrathoracic pressure (CNEP)
mode of the cuirass ventilator on children after surgery for congen-
ital heart defects. NPV was used after extubation for small children
(aged 1-34 months) who underwent different types of heart sur-
gery. They demonstrated improved arterial oxygenation, decreased
superior vena cava pressure, and increased urinary output as signs
of improved hemodynamics under CNEP use. Since this study lacks
a control group, conclusions should be considered with caution since
postoperative improvement could be the natural course of these
patients and CNEP was used only prophylactically. Shekerdemian
and colleagues used NPV in the acute postoperative period after
tetralogy of Fallot repair and studied the temporal influences on he-
modynamic changes.41 NPV was used as a complementary method
for intermittent positive-pressure ventilation for intubated patients.
This complex study involved 23 patients with different durations of
NPV application and different subgroup analyses (patients with re-
strictive right ventricular physiology versus nonrestrictive patients);
overall, they demonstrated a significant improvement in the cardiac
output under NPV.

The use of NPV with clinical benefits was also reported for nu-
merous noncardiac pathological conditions that could result in re-
spiratory failure. A single-center study reported the use of NPV for
acute respiratory failure support in 118 children with bronchiolitis
and pneumonia.*?> NPV was also successfully used in neuromus-
cular disorders such as congenital myotonic dystrophy43 and in a
case in which tension pneumothorax developed under noninvasive
positive-pressure ventilation in a boy with nemaline myopathy.**
Stone and colleagues* used BCV for children with asthma and bron-
chiolitis to avoid intubation and demonstrated better oxygenation
and decreased work of breathing as clinical benefit. Finally, Mori
and colleagues successfully treated with BCV a 7-year-old patient
with Swyer-James syndrome and respiratory distress complicated by
atelectasis.*

Overall, cuirass ventilators with different modes of NPV have the
potential to be used with important clinical benefit for a wide variety
of pathological conditions. It conferred benefits to cardiac patients
by improving hemodynamics, in weaning from positive-pressure
ventilation or combined with it, and finally as a bridge therapy until
intubation or lung transplantation became available. BCV was also
used to avoid intubation in selected patients. It could potentially be
involved in physiotherapy, home care, or even palliative care with a
better quality of end-life with preserved mobility and the ability to
talk and eat. However, to ensure a good patient outcome, we need
to develop standardized ventilation strategies and protocols for NPV
that are based on prospective and controlled studies, which are cur-
rently missing in the literature. Also to be determined are the indica-
tions and contraindications, such as the specific target populations

for which the use of NPV can be most beneficial.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

AUTHORS’ CONTRIBUTIONS

ADSR and GA drafted the manuscript. WH established with ADSR
and GA the topics to be included. All authors have read and validated
the last version of the manuscript.

DATA AVAILABILITY STATEMENT
The data used in the current manuscript are available from the cor-

responding author on reasonable request.

ORCID

André Dos Santos Rocha "= https://orcid.org/0000-0001-6038-8500

REFERENCES

1. Ploétz FB, Vreugdenhil HA, Slutsky AS, Zijlstra J, Heijnen CJ,
van Vught H. Mechanical ventilation alters the immune re-
sponse in children without lung pathology. Intensive Care Med.
2002;28(4):486-492.

2. van Schelven P, Koopman AA, Burgerhof JGM, Markhorst DG,
Blokpoel RGT, Kneyber MCJ. Driving pressure is associated with
outcome in pediatric acute respiratory failure. Pediatr Criti Care
Med. 2021;10.1097/PCC.0000000000002848

3. Brower RG, Matthay MA, Morris A, Schoenfeld D, Thompson BT,
Wheeler A. Ventilation with lower tidal volumes as compared with
traditional tidal volumes for acute lung injury and the acute respira-
tory distress syndrome. N Engl J Med. 2000;342(18):1301-1308.

4. Levine S, Nguyen T, Taylor N, et al. Rapid disuse atrophy of dia-
phragm fibers in mechanically ventilated humans. N Engl J Med.
2008;358(13):1327-1335.

5. Duggan M, Kavanagh BP. Pulmonary atelectasis: a pathogenic
perioperative entity. Anesthesiology. 2005;102(4):838-854.

6. Cruces P, Gonzalez-Dambrauskas S, Cristiani F, et al. Positive end-
expiratory pressure improves elastic working pressure in anesthe-
tized children. BMC Anesthesiol. 2018;18(1):151.

7. Crawford MW, Arrica M, Macgowan CK, Yoo SJ. Extent and local-
ization of changes in upper airway caliber with varying concen-
trations of sevoflurane in children. Anesthesiology. 2006;105(6):
1147-1152.


https://orcid.org/0000-0001-6038-8500
https://orcid.org/0000-0001-6038-8500
https://doi.org/10.1097/PCC.0000000000002848

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

DOS SANTOS ROCHA ET AL.

Crawford MW, Rohan D, Macgowan CK, Yoo SJ, Macpherson
BA. Effect of propofol anesthesia and continuous positive air-
way pressure on upper airway size and configuration in infants.
Anesthesiology. 2006;105(1):45-50.

Walpole R, Olday J, Haetzman M, Drummond GB, Doyle E. A com-
parison of the respiratory effects of high concentrations of halo-
thane and sevoflurane. Paediatr Anaesth. 2001;11(2):157-160.

von Goedecke A, Brimacombe J, Hérmann C, Jeske H, Kleinsasser
A, Keller C. Pressure support ventilation versus continuous positive
airway pressure ventilation with the ProSeal laryngeal mask airway:
a randomized crossover study of anesthetized pediatric patients.
Anesth Analg. 2005;100(2):357-360.

Banchereau F, Herve Y, Quinart A, Cros AM. Pressure support ven-
tilation during inhalational induction with sevoflurane and remifen-
tanil in adults. Eur J Anaesthesiol. 2005;22(11):826-830.

Christie JM, Smith RA. Pressure support ventilation decreases in-
spiratory work of breathing during general anesthesia and sponta-
neous ventilation. Anesth Analg. 1992;75(2):167-171.

Delay JM, Sebbane M, Jung B, et al. The effectiveness of nonin-
vasive positive pressure ventilation to enhance preoxygenation in
morbidly obese patients: a randomized controlled study. Anesth
Analg. 2008;107(5):1707-1713.

Jeong H, Tanatporn P, Ahn HJ, et al. Pressure support versus spon-
taneous ventilation during anesthetic emergence-effect on post-
operative atelectasis: a randomized controlled trial. Anesthesiology.
2021;135(6):1004-1014.

Magnusson L. Role of spontaneous and assisted ventilation
during general anaesthesia. Best Pract Res Clin Anaesthesiol.
2010;24(2):243-252.

Dupeyrat A, Dubreuil M, Ecoffey C. Preoxygenation in children.
Anesth Analg. 1994;79(5):1027.

Murat |, Constant |, Maud'huy H. Perioperative anaesthetic mor-
bidity in children: a database of 24,165 anaesthetics over a 30-
month period. Paediatr Anaesth. 2004;14(2):158-166.

Engelhardt T, Virag K, Veyckemans F, Habre W. Airway manage-
ment in paediatric anaesthesia in Europe-insights from APRICOT
(Anaesthesia Practice In Children Observational Trial): a prospec-
tive multicentre observational study in 261 hospitals in Europe. BrJ
Anaesth. 2018;121(1):66-75.

Moharana S, Jain D, Bhardwaj N, Gandhi K, Yaddanapudi S, Parikh
B. Pressure support ventilation-pro decreases propofol consump-
tion and improves postoperative oxygenation index compared
with pressure-controlled ventilation in children undergoing am-
bulatory surgery: a randomized controlled trial. Can J Anaesth.
2020;67(4):445-451.

Kocis KC, Dekeon MK, Rosen HK, et al. Pressure-regulated vol-
ume control vs volume control ventilation in infants after sur-
gery for congenital heart disease. Pediatr Cardiol. 2001;22(3):
233-237.

Medina A, Modesto-Alapont V, Del Villar GP, et al. Pressure-
regulated volume control versus volume control ventilation in se-
verely obstructed patients. Med Intensiva. 2016;40(4):250-252.
Medina A, Modesto-AlapontV, Lobete C, et al. Is pressure-regulated
volume control mode appropriate for severely obstructed patients?
J Crit Care. 2014;29(6):1041-1045.

Willemsen MG, Noppens R, Mulder AL, Enk D. Ventilation with the
Ventrain through a small lumen catheter in the failed paediatric air-
way: two case reports. Br J Anaesth. 2014;112(5):946-947.

Escriba Alepuz FJ, Alonso Garcia J, Cuchillo Sastriques JV, Alcala
E, Argente NP. Emergency ventilation of infant subglottic stenosis
through small-gauge lumen using the ventrain: a case report. A A
Pract. 2018;10(6):136-138.

Barnes T, van Asseldonk D, Enk D. Minimisation of dissipated en-
ergy in the airways during mechanical ventilation by using con-
stant inspiratory and expiratory flows - Flow-controlled ventilation
(FCV). Med Hypotheses. 2018;121:167-176.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Schmidt J, Wenzel C, Spassov S, et al. Flow-controlled ventilation
attenuates lung injury in a porcine model of acute respiratory dis-
tress syndrome: a preclinical randomized controlled study. Crit Care
Med. 2020;48(3):e241-e248.

Schmidt J, Glinther F, Weber J, et al. Glottic visibility for laryngeal
surgery: tritube vs. microlaryngeal tube: a randomised controlled
trial. Eur J Anaesthesiol. 2019;36(12):963-971.

Suki B, Alencar AM, Sujeer MK, et al. Life-support system benefits
from noise. Nature. 1998;393(6681):127-128.

Huhle R, Pelosi P, de Abreu MG. Variable ventilation from bench to
bedside. Crit Care. 2016;20:62.

Spieth PM, Carvalho AR, Guldner A, et al. Pressure support im-
proves oxygenation and lung protection compared to pressure-
controlled ventilation and is further improved by random variation
of pressure support. Crit Care Med. 2011;39(4):746-755.
Bartolak-Suki E, Noble PB, Bou Jawde S, Pillow JJ, Suki B.
Optimization of variable ventilation for physiology, immune re-
sponse and surfactant enhancement in preterm lambs. Front
Physiol. 2017;8:425.

Dos Santos RA, Stidy R, Bizzotto D, et al. Benefit of physiologically
variable over pressure-controlled ventilation in a model of chronic
obstructive pulmonary disease: a randomized study. Front Physiol.
2020;11:625777.

Dos Santos RA, Stdy R, Petak F, Habre W. Physiologically variable
ventilation in a rabbit model of asthma exacerbation. Br J Anaesth.
2020;125(6):1107-1116.

Lefevre GR, Kowalski SE, Girling LG, Thiessen DB, Mutch WA.
Improved arterial oxygenation after oleic acid lung injury in the pig
using a computer-controlled mechanical ventilator. Am J Respir Crit
Care Med. 1996;154(5):1567-1572.

Mutch WA, Eschun GM, Kowalski SE, Graham MR, Girling LG,
Lefevre GR. Biologically variable ventilation prevents deteriora-
tion of gas exchange during prolonged anaesthesia. Br J Anaesth.
2000;84(2):197-203.

Boker A, Haberman CJ, Girling L, et al. Variable ventilation im-
proves perioperative lung function in patients undergoing abdomi-
nal aortic aneurysmectomy. Anesthesiology. 2004;100(3):608-616.
Gama de Abreu M, Spieth PM, Pelosi P, et al. Noisy pressure sup-
port ventilation: a pilot study on a new assisted ventilation mode in
experimental lung injury. Crit Care Med. 2008;36(3):818-827.
Wunsch H. The outbreak that invented intensive care. Nature.
2020:10.1038/d41586-020-01019-y

Hassinger AB, Breuer RK, Nutty K, Ma CX, Al Ibrahim OS. Negative-
pressure ventilation in pediatric acute respiratory failure. Respir
Care. 2017;62(12):1540-1549.

Shime N, Toida C, Itoi T, Hashimoto S. Continuous negative extra-
thoracic pressure in children after congenital heart surgery. Crit
Care Resusc. 2006;8(4):297-301.

Shekerdemian LS, Bush A, Shore DF, Lincoln C, Redington AN.
Cardiorespiratory responses to negative pressure ventilation after
tetralogy of fallot repair: a hemodynamic tool for patients with a
low-output state. J Am Coll Cardiol. 1999;33(2):549-555.

Nunez CA, Hassinger AB. Predictors of negative pressure venti-
lation response in pediatric acute respiratory failure. Respir Care.
2020;65(1):91-98.

Almeda M, Puranik S, Felker M, Daftary AS. Biphasic cuirass venti-
lation in a patient with congenital myotonic dystrophy. Am J Respir
Crit Care Med. 2020;201:15-20.

Hino H, Suzuki Y, Ishii E, Fukuda M. Biphasic cuirass ventilation for
treatment of an air leak after pneumothorax in a patient with nema-
line myopathy: a case report. J Anesth. 2016;30(6):1087-1090.
Stone R, Coddington A, Jundos R, Metz R, Whitmore J. 1160:
Biphasic cuirass ventilation for respiratory distress due to asthma
or bronchiolitis. Crit Care Med. 2018;46(1):564.

Mori J, Kaneda D, Fujiki A, Isoda K, Kotani T, Ushijima Y. Swyer-
james syndrome in a 7-Year-old female. Pediatr Rep. 2016;8(3):6643.


https://doi.org/10.1038/d41586-020-01019-y

DOS SANTOS ROCHA ET AL.

. 9
Pediatric Anesthesiagal LEYJ—

47.

48.

Hamaekers AE, Borg PA, Enk D. Ventrain: an ejector ventilator for
emergency use. BrJ Anaesth. 2012;108(6):1017-1021.

Meulemans J, Jans A, Vermeulen K, Vandommele J, Delaere P,
Vander PV. Evone® flow-controlled ventilation during upper airway
surgery: a clinical feasibility study and safety assessment. Front
Surg. 2020;7:6.

How to cite this article: Dos Santos Rocha A, Habre W, Albu
G. Novel ventilation techniques in children. Pediatr Anesth.
2021;00:1-9. doi:10.1111/pan.14344


https://doi.org/10.1111/pan.14344

