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KEY POINTS

e Heated humidified high-flow nasal cannula support has gained increasing popularity in the
management of children with respiratory distress due to its ease of use, portability, toler-
ability, and success in the treatment of patients across the pediatric age spectrum.

e Continuous positive airway pressure and bilevel positive airway pressure unload fatigued
respiratory muscles, increase or maintain end-expiratory lung volume, prevent collapse of
peripheral small airways during exhalation, and reduce work of breathing.

e The goal of invasive mechanical ventilation is not to normalize gas exchange but to
achieve sufficient oxygenation and ventilation to ensure tissue viability until recovery of
acceptable lung function while minimizing excessive work of breathing and complications.

e Patient-ventilator asynchrony increases work of breathing and patient discomfort and can
aggravate lung injury.

INTRODUCTION

The need for respiratory support is one of the most common reasons children require
critical care, and its use is ubiquitous to pediatric intensive care units (PICUs)
throughout the world. It can be argued that no other treatment modality is more
emblematic of pediatric critical care medicine as a specialty. Respiratory support
comprises both noninvasive modalities (ie, heated humidified high-flow nasal cannula
[HFNC], continuous positive airway pressure [CPAP], bilevel positive airway pressure
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[BiPAP], negative pressure ventilation [NPV]) and invasive mechanical ventilation. In
this article, we review the various essential elements and considerations involved in
the planning and conduct of respiratory support used in the treatment of the critically
ill child.

NONINVASIVE RESPIRATORY SUPPORT
Heated Humidified High-Flow Nasal Cannula

The use of HFNC for the treatment of children with respiratory distress or acute hyp-
oxemic respiratory failure has increased significantly during the past decade, with
nearly one-quarter of all patients admitted to the PICU now receiving this form of sup-
port.” The popularity of HFNC is likely related to its ease of use, portability, tolerability,
and its success in the management of perinatal lung disease, acute viral bronchiolitis,
and respiratory distress across the pediatric age spectrum.?~®> Recent randomized
controlled trials in children with critical bronchiolitis suggest that of HFNC may be su-
perior to standard oxygen therapy*® and equivalent to CPAP for meaningful out-
comes, such as the need to escalate support to BiPAP or invasive mechanical
ventilation.”® HFNC has also been used to deliver continuous albuterol in patients
with critical asthma, with outcomes comparable to aerosol face mask.®°

Several mechanisms contribute to the clinical effect of HFNC. The bulk movement
of gas delivered during HFNC therapy penetrates deeply into the hypopharynx and
washes out CO,, thus functionally reducing the anatomic dead space. In addition,
the delivery of gas flow at high velocity into the nasal cavity helps offset inspiratory
resistance through the nasal passages, thus effectively decreasing work of breathing.
The high flow rates delivered into the nasopharynx also provide a low level of positive
pressure that may overcome subtle upper airway obstruction, whereas the delivery of
conditioned (heated and humidified) gas improves mucociliary clearance and reduces
the metabolic work related to heating and humidifying the inspired air.'"12

All HFNC system must contain the following elements: (1) a blender for oxygen and
air connected to pressurized sources, (2) a water reservoir attached to a heated humid-
ifier, (3) a heated circuit that maintains gas temperature and humidity, and (4) a nonoc-
clusive nasal cannula interface (Fig. 1). Aerosol treatment and specialty gases (eg,
nitric oxide, helium-oxygen mixtures) can be delivered via HFNC. Medication deposi-
tion is affected by cannula size, location of the nebulizer within the circuit, type
of system used, and flow, with lower flows resulting in higher aerosol deposition.'

On initiation of HFNC support, the clinician sets the gas temperature, the fraction of
inspired oxygen (FiO,), and the flow rate. For comfort, gas temperature is generally set
1°C to 2°C lower than body temperature, whereas FiO, should be chosen based on
patient physiology and adjusted to target the desired peripheral capillary oxygen satu-
ration (SpO,). Although there is no consensus regarding the ideal initial gas flow rate,
weight-based flow dosing is preferred, at least in infants.® Modest respiratory support
is achieved with flow rates between 0.5 and 1 L/kg/min, whereas flows up to 2 L/kg/
min further attenuate intrathoracic pressure swings associated with work of breathing
and likely represent maximal support.’ Flows in excess of 2 L/kg/min are unlikely to
yield additional clinical benefit."®

Noninvasive Positive Pressure Ventilation

Noninvasive positive pressure ventilation (NIPPV) modalities, such as CPAP and
BiPAP, have been used extensively in patients with extrathoracic airway obstruction,
neuromuscular weakness, and in those with obstructive or restrictive lung disease
(Box 1)."5' Of note, CPAP only delivers a continuous airway pressure; therefore,
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Fig. 1. Commonly used devices for delivery of heated humidified gas mixtures via HFNC. (A)
HFNC system assembled using a blender, heater/humidifier, and heated wire circuit, (B)
Airvo-2 HFNC system (Fisher & Paykel Healthcare), and (C) Precision Flow high-velocity nasal
insufflation HFNC system (Vapotherm, Inc.). (From Alibrahim O, Slain KN. Noninvasive venti-
lation in the Pediatric Intensive Care Unit. In: Zimmerman JJ, Rotta AT, editors. Fuhrman &
Zimmerman's Pediatric Critical Care, 6th edition. Philadelphia: Elsevier; 2022. P.646, with
permission.)

by definition, it is not a true form of noninvasive ventilation because, unlike BiPAP, the
minute volume during CPAP is generated exclusively by the patient, not by the device.
CPAP and BiPAP unload fatigued respiratory muscles, increase or maintain end-
expiratory lung volume, prevent collapse of peripheral small airways to allow for a
more complete exhalation, and reduce work of breathing (Box 2).

During CPAP, the device provides constant positive pressure throughout the respi-
ratory cycle while the patient breathes spontaneously. Flow may be variable or fixed,
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Box 1
Indications for Noninvasive Positive Pressure Ventilation

Acute Lower Respiratory Tract Diseases
Bronchiolitis
Pneumonia
Pulmonary edema
Acute chest syndrome
Atelectasis
Asthma

Avoidance of Intubation or Reintubation
Immunocompromised patients
Neuromuscular disorders
Cystic fibrosis
Restrictive chest diseases
Postoperative respiratory insufficiency
Do-not-intubate status
Postextubation respiratory insufficiency

Long-Term Use
Sleep disordered breathing
Chest wall deformities (eg, scoliosis)
Neuromuscular diseases
Chronic respiratory failure (eg, bronchopulmonary dysplasia)

depending on the device used. Although CPAP is generally well tolerated,?2° some
children may need sedation to decrease anxiety or discomfort from the device-
patient interface.?’ With BiPAP, the operator sets an expiratory positive airway pres-
sure (EPAP), inspiratory positive airway pressure (IPAP), and FiO,; when BiPAP modes
with mandatory breaths are used, inspiratory time and mandatory respiratory rate
must also be set. The IPAP assists with augmentation of tidal volume (V+) during inspi-
ration, whereas the EPAP maintains airway patency during expiration, prevents alve-
olar derecruitment, decreases intrathoracic pressure swings, and may improve
triggering synchrony.

A well-fitted and sealed interface (eg, nasal or full-face mask) is essential for effec-
tive delivery of both CPAP and BiPAP. The occurrence of air leak around an ill-fitting
interface may prevent maintenance of the desired airway pressures and be a source of
discomfort to the patient. Conversely, the application of too tight an interface may
cause skin breakdown and pressure ulcers, especially with prolonged use. Several pa-
tient interfaces are available for the delivery of CPAP or BiPAP (Fig. 2), including nasal

Box 2
Goals of Noninvasive Positive Pressure Ventilation

Short-Term Noninvasive Positive Pressure Ventilation
Decrease work of breathing
Improvement of gas exchange
Avoidance of intubation

Long-Term Noninvasive Positive Pressure Ventilation
Improve gas exchange
Improve sleep duration and quality
Prolong survival
Improve quality of life
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pillows, nasal masks, oro-nasal masks, full-face masks, helmets, and mouthpieces.

Nasal, oro-nasal, and full-face masks are most commonly used in the PICU.
Hypoxemia and tachypnea that persist after 1 to 6 hours following initiation of NIPPV

have been associated with treatment failure.?>>* Therefore, intubation should be

A

Fig. 2. Various interfaces for delivery of noninvasive ventilation support. (A) Nasal pillows
(Medical Innovations PedFlow and Resmed Swift FX); and (B) Nasal (Sleepnet MiniMe 2)
and oronasal (Respironics FitLife) and helmet (Arol NIV10301/X). Images courtesy of the
manufacturers. (From Alibrahim O, Slain KN. Noninvasive ventilation in the Pediatric Inten-
sive Care Unit. In: Zimmerman JJ, Rotta AT, editors. Fuhrman & Zimmerman's Pediatric Crit-
ical Care, 6th edition. Philadelphia: Elsevier; 2022. P.647, with permission.)
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Box 3
Complications of Noninvasive Positive Pressure Ventilation

Inadequate gas exchange

Pulmonary aspiration

Gastric distention and perforation

Pressure skin injury (face, nose)

Eye injury and irritation/conjunctivitis

Air leak (pneumothorax, pneumomediastinum)
Agitation

Delay in intubation

considered if one is unable to decrease FiO, within a few hours from NIPPV initiation.
NIPPV may mask progressive worsening of respiratory failure and lead to a delay in
intubation, which increases the risk of associated complications, including death?>-2°
(Box 3). Therefore, appropriate patient selection and a high index of suspicion for the
recognition of NIPPVV failure are paramount.

Negative Pressure Ventilation

There has been renewed interest in recent years in the use of cuirass NPV in the man-
agement of pediatric acute respiratory failure.>’~2° The cuirass interface is a plastic
shell that covers the anterior chest wall to deliver either continuous negative pressure
(CNEP) or biphasic cuirass ventilation (BCV; Fig. 3). In CNEP mode, negative (subat-
mospheric) pressure is applied within the cuirass to the anterior chest wall and is main-
tained at a constant level throughout the respiratory cycle while the patient breathes
spontaneously; this can be viewed as the negative equivalent of CPAP. During BCV,
inspiratory and expiratory phases are fully controlled (control mode) by modifying
the negativity of the air pressure applied to the chest wall during the respiratory cycle.
Unlike restful spontaneous breathing, both inspiration and exhalation are active during
BCV.
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Fig. 3. Hayek RTX Cuirass ventilator. The chest cuirass is made of flexible plastic. This venti-
lator is capable of conventional NPV as well as high-frequency chest wall oscillations. (From
Alibrahim O, Slain KN. Noninvasive ventilation in the Pediatric Intensive Care Unit. In: Zim-
merman JJ, Rotta AT, editors. Fuhrman & Zimmerman'’s Pediatric Critical Care, 6th edition.
Philadelphia: Elsevier; 2022. P.648, with permission.)
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CNEP is usually chosen as the initial support mode, with a minimum support of
negative 8 (—8) cm H,0. This is then adjusted in decrements of 2 cm H,O until work
of breathing is noted to improve. A pressure of negative 14 (—14) cm H,O generally
is sufficient, but support can be escalated to more negative pressures (eg,
—20 cm H,0) as needed throughout the treatment course.

By lowering the intrathoracic pressure, NPV increases right ventricular (RV) preload
and decreases RV afterload by facilitating venous return and decreasing pulmonary
vascular resistance due to alveolar recruitment, respectively.°

INVASIVE MECHANICAL VENTILATION

The goal of invasive mechanical ventilation is not to normalize gas exchange but to
achieve sufficient oxygenation and ventilation to ensure tissue viability until recovery
of acceptable lung function while minimizing excessive work of breathing and compli-
cations. When precisely used, invasive mechanical ventilation is a life-saving interven-
tion, yet care must be taken to avoid ventilator-induced lung injury (VILI).

Indications for Invasive Mechanical Ventilation

The decision to institute invasive mechanical ventilation is based primarily on the need
to assist native pulmonary function in patients with acute respiratory failure. This could
be from an inability to maintain adequate gas exchange or due to respiratory muscle
fatigue or weakness. Although NIPPV is most commonly used earlier in the disease
course, for mild or moderate respiratory insufficiency, or when endotracheal intubation
is undesirable or contraindicated, invasive mechanical ventilation is indicated in the
setting of more severe or rapidly evolving respiratory failure, refractory shock, neuro-
logic impairment, muscle weakness, inability to maintain a patent airway, or any com-
bination of the above. Additional indications for mechanical ventilation include the
need to support performance of the left ventricle, to decrease metabolic demand,
and to modulate pulmonary or cerebral blood flow in patients with pulmonary or intra-
cranial hypertension, respectively.

There are no absolute criteria for derangement of gas exchange that mandate initi-
ation of respiratory support. Blood gas analysis often is unnecessary to assist in the
decision to initiate mechanical respiratory support and is no substitute for clinical
assessment. Although some have used numeric cutoffs to define acute hypoxemic
and hypercapnic respiratory failure (eg, PaO, <60 mm Hg while breathing >60% oxy-
gen, PaCO, >60 mm Hg, and pH < 7.25) to assist with the decision to initiate invasive
mechanical ventilation,®' the basic tenet is that it should be initiated when clinical
goals cannot be safely met using noninvasive methods. Similarly, if a patient’s disease
trajectory suggests rapid decline toward a need for invasive mechanical ventilation,
clinical prudence dictates the early initiation of invasive mechanical ventilation before
respiratory or cardiac arrest.

Basic Ventilator Function

The basics of ventilation begin with moving gas in and out of the lungs, usually main-
tained by an individual’s diaphragm and other respiratory muscles. Forces that must
be overcome to move air into the lungs include airway resistance and elastance of the
respiratory system (ie, lungs and chest wall). When, either due to disease or poor res-
piratory muscle function, a patient needs assistance to move air in and out of the
lungs, ventilators may provide either supportive or full pressure to generate the neces-
sary tidal volume.

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social
Security de ClinicalKey.es por Elsevier en junio 17, 2022. Para uso personal exclusivamente. No se
permiten otros usos sin autorizacion. Copyright ©2022. Elsevier Inc. Todos los derechos reservados.

593



594

Alibrahim et al

Phases of a Breath

The key components of a mechanical breath are trigger, flow pattern, limit, cycle, and
inspiratory time (Fig. 4). The trigger parameter signals the ventilator to initiate a me-
chanical breath, whereas flow pattern describes how the air flows into the patient dur-
ing inspiration. Individual breaths can be pressure or volume limited. During pressure
ventilation, the breath is immediately pressurized to the set pressure, which persists
until the cycle parameter is met. During volume limited ventilation, gas is delivered
throughout the inspiratory phase until the set V1 is reached or the high-pressure alarm
is activated. Although different ventilator modes may go by a host of names, the basics
of trigger, flow pattern, limit, and cycle define the parameters of any mechanical
breath.

Conventional ventilation modes include control modes, where the limit and inspira-
tory time are predetermined, support modes where only the limit is preselected, and
mixed modes of these two breath types.®2 The mode’s title will typically follow the limit
parameter, that is, volume control for controlled breaths with a volume limit and pres-
sure support for supported breaths with a pressure limit. Pure control modes (eg,
assist control) will give each breath with a predetermined inspiratory time, whereas
a mixed mode will provide a set number of control breaths (determined by the set
ventilator rate) with additional opportunity for patient triggered breaths (supported
breaths) above that set rate. In either of these modes, should the patient not initiate
a spontaneous breath within a predetermined time, the ventilator will deliver a time-
triggered control breath, such that the patient will receive at a minimum the set venti-
lator rate.

Inspiratory time is defined as the period from the start of flow into the patient to the
start of exhalation. Expiratory time is defined as the period from the start of exhalation
until the start of the next breath. Total cycle time is the sum of inspiratory and expira-
tory times (see Fig. 4).

Total Cycle Time
A

<+ Peak Inspiratory Flow

End of Inspiratory
Cycle
¥

Flow p—m—mem-rd-——y - —————=
t
Trigger
Inspiratory Time  Expiratory Time
Limit =
Pressure

Time
Fig. 4. Phases of a breath. (Modified from Rehder KJ, Cheifetz |. Mechanical ventilation and
respiratory care. In: Zimmerman JJ, Rotta AT, editors. Fuhrman & Zimmerman's Pediatric Crit-
ical Care, 6th edition. Philadelphia: Elsevier; 2022. P.628, with permission.)
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Initiating Breaths

Breaths can be initiated (triggered) by either the patient or the ventilator. Triggers
include time, pressure, flow, minimum minute ventilation, apnea interval, and electrical
signals (eg, electrical diaphragmatic activity). The most common triggers are time,
flow, and pressure. All modern ventilators are capable of providing synchronized inter-
mittent mandatory ventilation, in that when the patient is participatory, the ventilator
uses a patient trigger to recognize the patient’s desire for a breath and delivers either
a mandatory machine breath or a pressure-supported breath. Flow or electrical trig-
gers are typically the most sensitive and will allow for improved synchrony, particularly
in infants or in patients with weak respiratory muscle effort.334

Flow Pattern

During inspiration, airway pressure and lung volume will increase until inspiratory flow
is terminated. The most common flow patterns used are constant flow and deceler-
ating flow. Constant flow can only be used during volume-limited ventilation. Constant
flow will increase pressure and volume linearly, whereas decelerating flow will result in
rapid pressure and volume increase at the beginning of a breath, which then slows to-
ward the end of inspiration. Decelerating flow is most commonly used, as it more
closely mimics natural breathing and is likely to meet patient flow demands; however,
different flow patterns may be beneficial for specific disease processes.*?

Limit

During assisted breathing, the ventilator will continue to deliver flow into the patient
until a predetermined limit is reached. In volume-limited ventilation, the limit is a set
volume of gas, and the peak inspiratory pressure (PIP) required to deliver that volume
will be variable. Most modern ventilators will allow for more volume to be inspired than
what is set, if so desired by the patient. In pressure-limited ventilation, the ventilator
will provide flow until a set PIP is reached, resulting in variable tidal volumes. Delivered
Vr is the integral of flow with respect to time for each of these breaths. Even when the
set limit is reached and flow into the patient ceases, gas may not necessarily be
allowed to leave the patient as the lungs are held in an inflated state until the beginning
of expiration (cycling).

Adaptive modes allow the clinician to set a V1 or minute ventilation target, and the
ventilator delivers pressure-limited breaths to meet that target based on lung compli-
ance measured during test and subsequent breaths. These modes include pressure
regulated volume control, average volume-assured pressure support, and adaptive
support ventilation. Other adaptive modes of ventilation include proportional assist
ventilation (PAV) and neurally adjusted ventilatory assist (NAVA). Each of these modes
adjust the amount of support given breath to breath based on patient effort, either
measured through flow-derived calculation of patient work (PAV) or through electrical
measurement of diaphragm contraction (NAVA).

Exhalation

Ventilator cycling from inspiration to exhalation is most commonly signaled by time (ie,
a set inspiratory time during a control breath) or flow (eg, 75%-80% reduction from
peak inspiratory flow signaling the end of inspiration for a supported breath). When
available, a preset threshold of diaphragmatic electrical signal may also be used as
a cycling signal.

Exhalation is passive during almost all forms of invasive mechanical ventilation, with
high-frequency oscillatory ventilation (HFOV) being the exception. At the determined
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end of inspiration during conventional mechanical ventilation, an expiratory valve
opens and the chest wall and diaphragm recoil expels gas in an exponentially
declining fashion determined by the mathematic product of lung compliance and air-
ways resistance, or time constant. The expiratory time constant is the amount of time it
takes for the lung to empty 63% of tidal volume, and therefore complete emptying of
the lungs (greater than 98% emptying) takes at least 4 time constants. Time constants
will be prolonged in states of high airway resistance and of high lung compliance. This
is why longer expiratory times are necessary in small airways disease states such as
asthma and bronchiolitis to allow complete exhalation and avoid gas trapping.

Initial Ventilator Settings

When initiating mechanical ventilation, it is imperative to understand the underlying
pathophysiology: hypoxemic, hypercapnic, or neuromuscular respiratory failure. The
ventilator itself will not cure the underlying disease, yet proper management—or
mismanagement—can most certainly influence the course of lung disease; it can
expedite recovery or worsen pulmonary function through the occurrence of VILI.

Because carbon dioxide rapidly equilibrates between the alveolar gas and the blood
stream, carbon dioxide removal is primarily a function of alveolar minute ventilation.
Minute ventilation, or the volume of gas moved in and out of the lungs per minute,
is represented by the product of respiratory rate and tidal volume. Oxygenation, how-
ever, depends on a slower diffusion process and uses hemoglobin as a carrier mole-
cule in the blood. As such, systemic oxygenation is not only dependent on moving
oxygen into the alveoli, but on higher mean airway pressures to drive oxygen diffusion
across the alveolar membrane, as well as optimizing ventilation perfusion (V/Q) ratio so
that oxygen is able to bind to passing hemoglobin.

Appropriate setting and titration of the ventilator relies on an understanding of clin-
ical goals and pathophysiology (ie, restrictive disease, obstructive disease, or a com-
bination of the two).

Tidal Volume

Selecting the optimal V+ is largely dependent on the underlying disease process and
should be indexed to predicted (ideal) body weight. For patients with healthy lungs,
like those receiving mechanical ventilation for severe encephalopathy or neuromus-
cular failure, a V+ between 6 and 10 ml/kg is generally acceptable and should be
easily achievable with modest PIPs. Patients with restrictive lung disease, like those
with severe pneumonias or pediatric acute respiratory distress syndrome (PARDS)
should be ventilated with V1 between 5 and 8 mL/kg as measured at the endotracheal
tube.353¢ Lower Vr in the range of 3 to 6 mL/kg should be used in patients with more
severely decreased respiratory system compliance. To avoid VILI, the end-inspiratory
alveolar pressure (ie, plateau pressure) should be targeted no higher than 28 cm H,O
(or 32 cm H,0 in patients with reduced chest wall compliance).**>3¢ For patients with
obstructive disease, like those with near-fatal asthma, large Vr (ie, 8-12 mL/kg) are
often necessary to maintain an acceptable minute ventilation because these patients
will also require a low respiratory rate to allow for full exhalation before a subsequent
breath.®” Due to the high airway resistance, this may necessitate very high PIP (as high
as 50-60 cm H,0). It must be underscored, however, that these high pressures are not
directly transmitted to the alveoli because they are dynamic measurements taken dur-
ing inspiratory flow and thus influenced by the high airway resistance. The plateau
pressure, a static measurement obtained during an inspiratory hold in the absence
of flow, is not influenced by airway resistance and is a better gauge of the forces being
transmitted to the alveoli; it should be kept less than 30 cm H,0 to avoid barotrauma.
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Ventilator Rate and Inspiratory Time

Ventilator rate is selected based on the age and ventilatory requirements of the patient
and should subsequently be adjusted according to the PaCO, or end-tidal CO,. Pa-
tients with restrictive disease generally require higher rates to achieve an acceptable
minute ventilation due to the concomitant use of reduced V+. Conversely, patients with
obstructive disease will require lower rates to allow for complete exhalation before the
next breath and prevent dynamic hyperinflation. Under normal circumstances, the
inspiratory time for control breaths is selected to provide an inspiratory-to-
expiratory time (I: E) ratio of at approximately 1:2, which approximates normal sponta-
neous breathing. Patients with restrictive disease usually have heterogeneous lung
compliance with varying regional time constants, so a longer inspiratory time is neces-
sary to allow for adequate gas distribution and avoid underventilation and underinfla-
tion. A long inspiratory time also increases the mean airway pressure, which is directly
correlated with oxygenation and may be beneficial in restrictive processes such as
acute respiratory distress syndrome (ARDS). Sufficient expiratory time must be pro-
vided to allow for complete exhalation, which is particularly important in patients
with obstructive disease. If inspiration starts before the prior exhalation is completed,
gas trapping will result. In mechanically ventilated children with asthma, the expiratory
time must be lengthened to avoid gas trapping (Fig. 5). This is best accomplished by
decreasing the respiratory rate rather than by shortening the inspiratory time, because
the latter could result in insufficient time for the delivery of the desired V+ when airway
resistance is high.

Continuous positive airway pressure, positive end expiratory pressure, and FiO,

CPAP denotes the maintenance of positive airway pressure throughout the respiratory
cycle with no positive pressure breaths delivered, whereas positive end expiratory
pressure (PEEP) refers to the maintenance of airway pressure more than the atmo-
spheric pressure between breaths; for the remainder of this article, we will use
PEEP as a uniform term for both these pressures when applied to the intubated patient

Flow <+ Expiratory

flow has not

reached zero

prior to next

breath

Inadequate Expiratory Time
Pressure
Intrinsic Intrinsic PEEP
Expiratory Hold
PEEP = piratory -

Set PEEP -

Time
Fig. 5. Scalars demonstrating gas trapping in a patient with obstructive small airways dis-
ease. (Modified from Rehder KJ, Cheifetz |I. Mechanical ventilation and respiratory care.
In: Zimmerman JJ, Rotta AT, editors. Fuhrman & Zimmerman'’s Pediatric Critical Care, 6th edi-
tion. Philadelphia: Elsevier; 2022. P.631, with permission.)
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undergoing invasive mechanical ventilation. We reserved the term CPAP for the appli-
cation of CPAP via a tight-fitting interface for the nonintubated patient, as previously
discussed.

Atelectasis is common in lung diseases characterized by nonuniform or heteroge-
neous parenchymal involvement. Recruitment of collapsed alveoli requires higher
airway pressures than those needed to sustain inflation once the alveoli are open,
and the reopening of these alveoli may cause shear injury to the alveolar epithelium,
a process known as atelectrauma. PEEP is an essential element of an open lung venti-
lation strategy that, when properly set, (1) increases end-expiratory lung volume above
closing volume to prevent cyclic alveolar collapse, (2) maintains stability of alveolar
segments, (3) increases oxygenation by improving V/Q matching, and (4) reduces
work of breathing by unloading the diaphragm.

The optimal PEEP is the level at which there is an acceptable balance between the
desired clinical goals and undesired adverse effects. Clinicians should target PEEP to
optimal lung expansion and to maintain adequate oxygenation with a “nontoxic”
inspired oxygen concentration.®>3¢ Arbitrary limits cannot be placed on the level of
PEEP required to maintain adequate gas exchange, which are highly variable among
disease processes or even for the same patient at different time points. For patients
with normal lungs, low levels of PEEP in the range of 4 to 5 cm H,O are generally suf-
ficient to maintain adequate oxygenation and prevent atelectasis. Patients with restric-
tive disease and poor lung compliance, such as those with ARDS, will require higher
PEEP to prevent alveolar collapse during expiration. A helpful guideline is to titrate
PEEP based on a PEEP/FiO, table [Table 1], where patients with a high oxygen
requirement receive higher PEEP and patients with low oxygen requirement receive
lower PEEP.®® Recent data suggest that clinicians underutilize PEEP in the setting
of ARDS, and that the application of PEEP lower than indicated is associated with
increased mortality.>® Restrictive syndromes caused by obesity, anasarca, or
increased abdominal pressure will also benefit from higher PEEP to stabilize the alveoli
at end-expiration, which can be best titrated using esophageal manometry.

In obstructive lung disease of the small airways (eg, asthma), the target level of
PEEP can be controversial. The application of PEEP may benefit patients with expira-
tory flow limitation from dynamic compression of the small airways by moving the
equal pressure point down the airway and enabling decompression of hyperinflated
upstream alveoli.*® The application of low levels of PEEP (lower than the intrinsic-
PEEP) may relieve dyspnea by facilitating ventilator triggering and synchrony for the
intubated patient capable of drawing spontaneous breaths.*%*" However, for patients
with severe airflow obstruction receiving neuromuscular blockade, the application of
PEEP is uniformly associated with hyperinflation and increased intrathoracic pres-
sures that could result in hemodynamic compromise. In these patients, our practice

Table 1
PEEP/FiO, combinations based on the ARDS clinical trials network lower PEEP/Higher FiO,
protocol®

FiO, 0.3 0.4 0.4 0.5 0.5 0.6 0.7
PEEP 5 5 8 8 10 10 10
FiO, 0.7 0.7 0.8 0.9 0.9 1.0

PEEP 12 14 14 16 18 18-24

FiO,, fraction of inspired oxygen; PEEP, positive end-expiratory pressure.
@ Data from reference®3,
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is to use zero PEEP while under neuromuscular blockade and apply a low level of
PEEP (lower than the intrinsic-PEEP and generally not greater than 8 cm H,0) to facil-
itate ventilator synchrony in patients contributing with spontaneous breaths.

In conjunction with PEEP, FiO, is adjusted to achieve adequate oxygenation. High
concentrations of oxygen can contribute to lung injury through development of reac-
tive oxygen species and should be avoided. The exact threshold that increases the
risk of oxygen-associated lung injury is not clear, but a FiO, < 0.5 is generally consid-
ered safe. With evidence of adequate oxygen delivery, a permissive hypoxemia strat-
egy may be safely applied to permit the application of lower FiO,.%°

Patient-Ventilator Asynchrony

A primary goal of mechanical ventilation is the coordination of the patient’s natural
breathing pattern with mechanical breaths. The patient should be able to receive a
breath when attempting to inspire, just as they should be able to effortlessly exhale
when ready. Patient-ventilator asynchrony increases work of breathing and patient
discomfort and can aggravate lung injury. Patients exhibiting asynchrony during me-
chanical ventilation often demonstrate improved oxygenation and ventilation after
neuromuscular blockade; however, adjustments to ventilator settings can often avoid
the need for neuromuscular blockade and are preferred.

Triggering Asynchrony

Asynchrony associated with breath triggering is common and can be classified into (1)
missed triggering, (2) delayed triggering, (3) autotriggering, (4) double triggering, and
(5) reverse triggering.*? The first two forms of asynchrony cause air hunger by not
providing a supported breath when the patient desires a breath, whereas the remain-
ing forms provide mechanical breaths when the patient should not be receiving a
breath.

Missed triggering: Missed triggering refers to a patient’s effort that fails to trigger the
ventilator, such that effort is not accompanied by a supported mechanical breath
(Fig. 6). Most commonly, poor patient effort (often secondary to muscle weakness) re-
sults in a breath that is insufficient to reach the trigger threshold. A trigger threshold
that is set inappropriately high may lead to missed triggering even when the patient
can generate a normal effort. The missing (ineffective) triggering presents as either a
pressure or flow deflection along with visualized patient effort that is not followed by
a ventilator breath. Missed triggers can also be detected using waveform
capnography.

Delayed triggering: Delayed triggering is defined as a lag from sensing the trigger to
delivering the mechanical breath (see Fig. 6), usually intrinsic to the trigger sensitivity
and electronic response of the ventilator.

Autotriggering: Autotriggering occurs when mechanical breaths are delivered
neither in response to patient effort nor a timed breath (see Fig. 6). Factors commonly
associated with autotriggering include an inadequately low triggering threshold, circuit
leak, water in the circuit, and ventilator sensing of patient cardiac oscillations.

Double triggering: Double triggering occurs when two consecutive inspirations
happen within an interval of less than half of the mean inspiratory time (see Fig. 6).
A common reason for double triggering is when the patient’s native inspiratory time
exceeds the set inspiratory time, usually due to high patient demand or coughing.
As the second breath is triggered while the patient is still inhaling, a higher V1 may
be inadvertently delivered with subsequent increase in alveolar pressure.

Reverse triggering: Reverse triggering occurs when the ventilator delivers a breath
not triggered by the patient (usually a time-triggered breath), and the distension of the
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Fig. 6. Scalars representing different types of patient-ventilator asynchrony. (A) The trigger
sensitivity is initially set such that the patient is unable to trigger a breath; a flow deflection
signals attempted inhalation without an associated breath. Subsequently, the trigger is set
such that the patient attempts to inhale, and there is a delay before the ventilator responds
with a breath. (B) The patient initially experiences a double trigger event, with a second
breath triggered before beginning exhalation, resulting in additional tidal volume deliv-
ered with an increase in pressure. The patient then begins to experience autotriggering,
with repeated breaths given immediately following exhalation. The latter may be easily
mistaken for tachypnea, but examination of the patient will reveal no respiratory effort.
(C) This patient is experiencing flow asynchrony in the form of inadequate flow demand.
The patient begins to inhale but in unable to draw enough flow to meet his needs, slightly
exhales, then once again inhales. The pressure waveform has a scooped appearance as the
patient “sucks” flow from the circuit. (From Rehder KJ, Cheifetz I. Mechanical ventilation
and respiratory care. In: Zimmerman JJ, Rotta AT, editors. Fuhrman & Zimmerman'’s Pediatric
Critical Care, 6th edition. Philadelphia: Elsevier; 2022. P.636, with permission.)
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lungs causes the diaphragm to contract, thus triggering a spontaneous breath. The
combination of the mechanical breath and late diaphragm contraction may result in
larger than intended V+, along with a prematurely terminated breath while the patient
is still trying to inhale.

Flow Asynchrony

Flow asynchrony occurs during inspiration, most commonly when the patient’s de-
mand exceeds the delivered flow.*?>*® The pressure scalar can be useful in assessing
flow asynchrony. A commonly witnessed pattern for inadequate flow is an “M-shaped”
flow pattern as the patient maximizes the available flow, slightly exhales, and then in-
hales again to the maximal available flow (see Fig. 6). Less common is a delivered flow
that is in excess of the patient’s needs, resulting in an early peak in airway pressure
and potential for larger tidal volumes.

Cycling Asynchrony

Patients can experience notable discomfort when their neural inspiratory time and
ventilator cycling criteria are mismatched.*>*® Premature cycling refers to the venti-
lator terminating inspiration while the patient is still maintaining an inspiratory effort,
often in the presence of a leak in the ventilator circuit or around the endotracheal
tube. Delayed cycling refers to the prolongation of inspiration beyond the start of the
patient’s expiration. In addition to high PIP as the patient attempts to exhale against
a closed expiratory valve, a shortened expiratory time may result in gas trapping.*®

Nontraditional Ventilator Modes

The most commonly used nontraditional mode of ventilation is high frequency ventila-
tion, defined by supraphysiologic breath rates (greater than 150 breaths/min) and very
small tidal volumes that approximate—or are lower than—the anatomic dead space.**
The three main types of high frequency ventilation used in clinical practice are HFOV,
high frequency jet ventilation (HFJV), and high-frequency percussive ventilation. Due
to their very low V1, these modes of ventilation are theorized to be lung-protective,
yet definitive evidence of their role in the treatment of pediatric ARDS are lacking.
Oxygenation may be supported by a high baseline mean airway pressure, whereas
ventilation occurs via a mix of gas exchange principles including flow streaming,
asymmetric velocity profiles, augmented dispersion, cardiogenic mixing, diffusion,
convection, and Pendelluft ventilation.*®

Airway pressure release ventilation (APRV), also called bilevel ventilation, is a
nontraditional mode of ventilation primarily used for hypoxemic respiratory failure in
the patient capable of maintaining a spontaneous breathing effort. APRV uses pro-
longed sustained lung inflation with unrestricted spontaneous breathing to maintain
a high mean airway pressure to support oxygenation. Ventilation occurs through spon-
taneous small breaths (generated by the patient) which occur above that sustained
inflation, coupled with intermittent brief release breaths, with rapid exhalation and rein-
flation to augment CO, clearance.*® A recent randomized controlled trial demon-
strated APRV to be associated with increased mortality in pediatric ARDS.*”

Each of these modes has theoretic advantages and, when applied correctly, can
often improve short-term gas exchange. Despite these reported short-term improve-
ments in physiologic outcomes, convincing evidence demonstrating that these modes
improve meaningful clinical outcomes is lacking. In addition, inexpert management of
any of these modes carries a high potential for iatrogenic lung injury. These unique
forms of ventilation are most commonly used as rescue when conventional modes
cannot meet clinical goals, but may also be used early as part of a comprehensive
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lung protective strategy for certain disease processes, including air leak syndromes
and inhalational injury.

SUMMARY

In the setting of respiratory failure or respiratory insufficiency, mechanical ventilation
serves to augment the patient’s native respiratory effort, either noninvasively or inva-
sively. The application of continuous positive pressure also helps maintain optimal V/
Q matching in the setting of restrictive or heterogeneous lung disease. Ventilator man-
agement should focus on lung protection to avoid VILI and allow for best chance for lung
recovery. Specific strategies will also need to be adjusted based on underlying lung and
cardiovascular pathophysiology. Finally, titrating settings for optimal patient-ventilator
synchrony will improve gas exchange and comfort while also helping minimize VILI.

CLINICS CARE POINTS

e Close monitoring of patient response is paramount following initiation NIPPV because
hypoxemia and tachypnea that persist after 1 to 6 hours following initiation of NIPPV
have been associated with treatment failure.

Blood gas analysis often is unnecessary to assist in the decision to initiate mechanical
respiratory support and is no substitute for clinical assessment.

Patients with restrictive lung disease (eg, severe pneumonias, PARDS) should be ventilated
with V1 between 5 and 8 mL/kg. Lower V7 in the range of 3 to 6 mL/kg should be used in
patients with more severely decreased respiratory system compliance.

Patients with obstructive lung disease (eg, near-fatal asthma) often require large Vr (ie, 8-
12 ml/kg) and low respiratory rates to allow for complete exhalation before the start of
the next breath and prevent dynamic hyperinflation.

Clinicians should target PEEP to optimal lung expansion and to maintain adequate
oxygenation with a “nontoxic” inspired oxygen concentration.

Nontraditional ventilator modes (eg, HFOV, HFJV) are most commonly used as rescue when
conventional modes cannot meet clinical goals but may also be used early as part of a
comprehensive lung protective strategy for certain disease processes.
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