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Preface

The principal role of the respiratory system is to permit effi cient exchange of respiratory gases 
(O2 and CO2) with the environment. The respiratory system is unique in that it is constantly 
exposed to a barrage of foreign substances from both the internal environment (at any one point 
in time, approximately one-half of the cardiac output is received by the lungs) and the external 
environment (with each breath, the respiratory tract is exposed to pollens, viruses, bacteria, 
smoke, etc). According to the Centers for Disease Control and Prevention, diseases of the respi-
ratory system were the seventh and eighth leading causes of deaths in children aged 1 to 19 years 
in 2003 [1].  Dr. George A. Gregory, one of the founding fathers of pediatric critical care medi-
cine, once estimated that acute respiratory failure accounts for nearly 50% of all admissions to 
the pediatric intensive care unit (PICU) [2]. Just as important are the many diseases that affect 
the respiratory system that are not associated with acute respiratory failure, but nevertheless 
constitute a major portion of the practice of pediatric critical care medicine, some of which 
account for signifi cant morbidity and mortality [3]. Once again, we would like to dedicate this 
textbook to our families and to the physicians and nurses who provide steadfast care every day 
in pediatric intensive care units across the globe.

Derek S. Wheeler
Hector R. Wong
Thomas P. Shanley
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Preface to Pediatric Critical Care 
Medicine: Basic Science and 
Clinical Evidence

The fi eld of critical care medicine is growing at a tremendous pace, and tremendous advances 
in the understanding of critical illness have been realized in the last decade. My family has 
directly benefi ted from some of the technological and scientifi c advances made in the care of 
critically ill children. My son Ryan was born during my third year of medical school. By some 
peculiar happenstance, I was nearing completion of a 4-week rotation in the newborn intensive 
care unit (NICU). The head of the pediatrics clerkship was kind enough to let me have a few 
days off around the time of the delivery—my wife, Cathy, was 2 weeks past her due date and 
had been scheduled for elective induction. Ryan was delivered through thick meconium-stained 
amniotic fl uid and developed breathing diffi culty shortly after delivery. His breathing worsened 
over the next few hours, so he was placed on the ventilator. I will never forget the feelings of 
utter helplessness my wife and I felt as the NICU transport team wheeled Ryan away in the 
transport isolette. The transport physician, one of my supervising third-year pediatrics  residents 
during my rotation the past month, told me that Ryan was more than likely going to require 
extracorporeal membrane oxygenation (ECMO). I knew enough about ECMO at that time to 
know that I should be scared! The next 4 days were some of the most diffi cult moments I have 
ever experienced as a parent, watching the blood being pumped out of my tiny son’s body 
through the membrane oxygenator and roller pump, slowly back into his body (Figures 1 and 2). 
I remember the fear of each day when we would be told of the results of his daily head ultrasound, 
looking for evidence of intracranial hemorrhage, and then the relief when we were told that 
there was no bleeding. I remember the hope and excitement on the day Ryan came off ECMO, 
as well as the concern when he had to be sent home on supplemental oxygen. Today, Ryan is 

FIGURE 1



happy, healthy, and strong. We are thankful to all the doctors, nurses, respiratory therapists, 
and ECMO specialists who cared for Ryan and made him well. We still keep in touch with many 
of them. Without the technological advances and medical breakthroughs made in the fi elds of 
neonatal intensive care and pediatric critical care medicine, things very well could have been 
much different. I made a promise to myself long ago that I would dedicate the rest of my profes-
sional career to advancing the fi eld of pediatric critical care medicine as payment for the gifts 
with which we, my wife and I, have been truly blessed. It is my sincere hope that this textbook, 
which has truly been a labor of joy, will educate a whole new generation of critical care profes-
sionals and in so doing help make that fi rst step toward keeping my promise.

Derek S. Wheeler

viii Preface to Pediatric Critical Care Medicine: Basic Science and Clinical Evidence
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1
Respiratory Physiology
Howard E. Jeffries and Lynn D. Martin

30 mL/kg of fetal lung liquid just before birth [3], and the lung 
becomes a net absorber of fl uid rather than a secretor of fl uid. The 
exact mechanisms for this transformation are unknown, although 
chloride ion transport opening sodium channels in the presence of 
catecholamines has been implicated [4]. Over the remainder of 
childhood, the lung will continue to grow and mature, and the 20 
million alveolar saccules present at birth [5] will increase to 300 
million alveoli by 8 years of age [6]. The increase in alveoli parallels 
the increase in alveolar surface area from 2.8 m2 at birth, to 32 m2 
at 8 years of age, and 75 m2 by adulthood [6]. Alveolar multiplica-
tion appears to be the major mechanism for lung growth, although 
some growth has also been attributed to the growth of individual 
alveoli.

The adult lung contains anatomic channels that permit ventila-
tion distal to an area of obstruction (Figure 1.2). Two channels have 
been identifi ed in normal human lungs, interalveolar (pores of 
Kohn) and bronchoalveolar (Lambert’s channel). Interbronchiolar 
channels are not found in healthy lungs but develop during disease 
processes. Pores of Kohn appear as holes in alveolar walls in the 
fi rst and second years of life [7]. Lambert’s channels are found after 
6 years of age [8]. The absence of these collateral pathways places 
infants and children at risk for the development of atelectasis and 
resulting ventilation/perfusion inequality [9].

Developmental Mechanics of Breathing

Elastic Properties of the Lung and Chest Wall

The lung is an elastic structure and will decrease its size whenever 
possible. However, the presence of the chest wall, which, in contrast 
to the lung, pulls outward at low volumes and inward at high 
volumes, retards this tendency [10]. Lung recoil has been shown to 
increase with age in children over 6 years of age [11] and may relate 
to elastin deposition [12]. The presence of an air–liquid interface 
increases the elastic recoil of the lung because of surface tension 
forces. Surface tension is the force that acts across the surface of a 
liquid, as the attractive forces between liquid molecules are stron-
ger than the forces between liquid and gas molecules [13]. Saline-
fi lled lung units, in which the surface tension forces have been 
abolished, was demonstrated by Von Neergaard in early surface 
tension experiments in the 1920s to be far more compliant (Figure 
1.3). The decrease in surface tension forces likely resulted in a 
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Pulmonary Circulation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

Introduction

Understanding and managing respiratory failure remains a corner-
stone of critical care practice, as over half of all admissions to 
pediatric critical care units are related to respiratory issues. The 
unique aspects of a developing pulmonary system demand an 
in-depth knowledge of these changes and their impact on diagnos-
tics and therapeutics. Only by understanding the normal function 
of the respiratory system is the critical care physician able to begin 
to formulate mechanisms for supporting a failing physiology. This 
chapter introduces the developmental aspects of anatomy and 
physiology as they relate to the respiratory system and discusses 
pulmonary circulation and ventilation perfusion inequality and 
the physiologic effects of mechanical ventilation.

Developmental Anatomy

During the embryonic period, the airways fi rst appear as a ventral 
outpouching of the primitive foregut. The lung develops through 
fi ve stages (Figure 1.1), beginning with the embryonic stage in the 
fourth week during which the two main bronchi are formed. By the 
end of the pseudoglandular stage (week 16) all major conducting 
airways have formed, including the terminal bronchioles [1]. The 
canalicular stage is characterized by the development of respira-
tory bronchioles and the initiation of surfactant production [2]. 
During the saccular and alveolar stages the respiratory system con-
tinues to mature, with decreased interstitial tissue, thinning distal 
airway walls, the formation of alveoli, and increasing surfactant 
production. The pulmonary vasculature develops in tandem with 
the airways, eventually resulting in the completion of the extensive 
pulmonary capillary network by the alveolar stage.

At birth, the lung must make a dramatic transformation from a 
liquid-containing structure to one capable of supporting complete 
gas exchange requirements. The lung contains approximately 
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2 H.E. Jeffries and L.D. Martin

reduction in lung elastic recoil [13]. Surfactant, a phospholipid–
protein complex, has been shown to profoundly lower surface 
tension. The intermolecular repulsive forces oppose the normal 
attractive forces, and this effect is amplifi ed at lower lung volumes, 
with compression of the surfactant complex. Traditional under-
standing of surface tension notes the signifi cant role that surfactant 
plays in lung stabilization in accordance with the law of Laplace, 
stating that the pressure across a surface (P) is equal to 2 times the 
surface tension (T) divided the radius (r):

P = 2T/r

However, this is likely ineffi cient to explain lung stabilization in its 
entirety. The interdependence model of the lung, in which lung 
units share planar rather than spherical walls, gives credence to 
tissue forces playing a role (Figure 1.4). In all likelihood, lung 
stability results from a combination of these two forces.

Compliance of the Lung and Chest Wall

The pressure–volume curve of the air-fi lled lung is depicted in 
Figure 1.3. The slope of the curve, volume change per unit pressure, 

is equal to the compliance of the lung (C = ΔV/ΔP). Normally, 
the lung is quite compliant; however, at the extremes of lung infl a-
tion and defl ation, as seen from the graph, that compliance is 
reduced. Lung compliance depends on both the elasticity of the 
tissue and the original lung volume before infl ation, as much larger 
pressures are needed to infl ate lungs from lower lung volumes. 
Compliance, defi ned as the change in volume per change in pres-
sure, when measured at zero airfl ow is termed the static compli-
ance. However, lung compliance may also be measured during slow 
breathing; this value is termed dynamic compliance. Dynamic 
compliance also refl ects the intrinsic elastic properties of the lung, 
although it is infl uenced by the respiratory rate and level of airway 
resistance [14].

C
Tidal volume (corrected)

Plateau pressure Positive
static =

−   end-expiratory pressure 

Embryonic
period

Fertilization Weeks Months Age

Birth

Pseudoglandular
stage

Canalicular
stage

Saccular
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Fetal period
proper

Alveolar
stage

Postnatal
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3 6 9 12 1510 20 30

}

}

FIGURE 1.1. Stages of lung development. (From Burri PH. Annu Rev Physiol 1984;46:
612–628, with permission.)
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FIGURE 1.2. The various pathways for collateral ventilation. (From Menkes HA, 
Traystman RJ. Collateral ventilation. Am Rev Respir Dis 1977;116:287, with permission.)
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FIGURE 1.3. Pressure–volume curves of air and saline. Open circles represent inflation, and 
closed circles represent deflation. The compliance of the saline-filled lung is greater than 
the air-filled lung. (From West JB. Respiratory Physiology—The Essentials. Philadelphia: 
Lippincott Williams & Wilkins; 2000:84, with permission.)
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FIGURE 1.4. (A) Classic model of the distal lung in which individual alveoli are controlled 
by Laplace’s law. Small alveoli would empty into large alveoli. (B) Interdependence model 
of the lung in which alveoli share common planar and not spherical walls. Any decrease in 
the size of one alveolus would be stabilized by the adjacent alveoli. (From Weibel ER, 
Bachofen H. News Physiol Sci 1987;2:72–75, with permission.)
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C
Tidal volume (corrected)

Peak inspiratory pressure
dynamic =

−− Positive 
end-expiratory pressure 

During the fi rst year of life, the compliance of the respiratory 
system (CT) increases by as much as 150% [15]. The increase in lung 
compliance is responsible for the majority of the gain, outstripping 
the increase in chest wall compliance. The compliance of the chest 
wall (CCW) is measured by examining the difference between the 
esophageal/pleural pressure (PPL) and the atmosphere (PA) 
per change in volume (CCW = V/([PA − PPL]). The infant chest wall is 
remarkably compliant (Figure 1.5), and compliance decreases with 
increasing age. The elastic recoil of an infant’s chest wall is close 
to zero and with age increases because of the progressive ossifi ca-
tion of the rib cage and increased intercostal muscle 
tone [16]. In addition, the moving of the abdominal compartment 
caudally with the attainment of an upright posture has also been 
theorized to play a role in increasing outward recoil of the adult 
chest.

The functional signifi cance of the decreased recoil of the infant 
chest wall increases the possibility of lung collapse in the setting 
of lung disease. The excessive compliance of the infant chest wall 
requires the infant to perform more work than an adult chest to 
move a similar tidal volume. During an episode of respiratory dis-
tress, an infant will develop severe retractions in order to maintain 

ventilation and oxygenation. However, a signifi cant portion of the 
energy generated is wasted through the distortion of the highly 
compliant rib cage during negative pressure generation from dia-
phragmatic contraction [17]. It has been observed that some infants 
will stop breathing from fatigue when faced with excessive respira-
tory demands. This impression of diaphragmatic fatigue and failure 
has been confi rmed through electromyographic measurements of 
the diaphragms of fatiguing infants who become apneic in the face 
of increased work of breathing [18].

Airway Resistance

In order for air to move in and out of the lungs, gas must fl ow from 
an area of higher pressure to one of lower pressure. According to 
Ohm’s law, the pressure gradient that faces a substance (gas or 
liquid) is equal to the product of the fl ow rate times the resistance 
to fl ow (pressure gradient [P] = fl ow rate [V] × resistance [R]). 
The components of pulmonary resistance to gas fl ow include 
(1) the inertia of the respiratory system (effectively negligible), 
(2) the frictional resistance of the chest wall tissue (negligible), 
(3) the frictional resistance of the lung tissue (20% of pulmonary 
resistance), and (4) the frictional resistance of the airways to the 
fl ow of air (majority of pulmonary resistance) [19].

The extent of the pressure drop and its relationship to the airfl ow 
rate depend on the pattern of fl ow, either laminar or turbulent. In 
laminar fl ow, air travels down a tube in parallel to the side of the 
tube; however, when variation in the fl ow rate develops because of 
a sudden rise in gas fl ow rate, a narrowing of the tube or the 
encountering of an acute angle, the fl ow becomes turbulent. 
Laminar fl ow of air is governed by the Hagen-Poiseuille law 
(also known as Poiseuille’s law), where P = (V) (8lη/πr4); in this 
equation, l is the length of the tube, r is the radius of the tube, 
and η is the viscosity of the gas. Through rearranging the terms, it 
can be noted that resistance is mostly determined by the radius 
of the tube, in that R = P/V = 8lη/πr4. Turbulent fl ow has different 
properties from laminar fl ow, as it is proportional to the square 
of the fl ow rate: P = KV2 and becomes more dependent on the gas 
density instead of the viscosity [20]. Clinical attempts to exploit 
the properties of turbulent gas fl ow have been made in the patients 
with both upper and lower airway obstruction (i.e., croup and 
asthma). In both of these settings, the introduction of helium-
oxygen admixtures is an attempt to introduce helium, a gas with a 
lower density than oxygen, in order to promote airfl ow in turbulent 
airways.

The main site of airway resistance in the adult is the upper 
airway; however, it has been shown that peripheral airway resis-
tance in children younger than 5 years of age is four times higher 
than adults [21]. This may explain the high incidence of lower 
airway obstructive disease in infants and young children, espe-
cially when considering Poiseuille’s law and the dramatic increase 
in resistance that is seen with only a small amount of airway 
obstruction. Within the bronchial tree, direct measurements of the 
pressure drop have found that the major site of resistance is the 
medium-sized bronchi and that little of the total resistance to air 
fl ow is determined by the smaller airways. The resistance of 
these bronchi is determined by the presence of exogenous mate-
rials, autonomic regulation of bronchial smooth muscle, and 
lung volume. As lung volume increases, a radial traction is 
imparted to the surrounding lung tissue, which increases the intra-
luminal caliber of these bronchi and reduces their resistance 
(Figure 1.6) [22].
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During illness airway resistance can be increased from either 
intraluminal obstruction or extrinsic compression. Extrinsic com-
pression can occur from a variety of etiologies, including the 
fi nding of airway collapse during forced expiration secondary to 
dynamic compression of the airway. During normal exhalation, 
there is a pressure drop from the alveolus to the mouth, which 
allows for air fl ow; however, there continues to be a favorable trans-
mural pressure gradient and cartilaginous support, which main-
tains airway patency (transmural pressure gradient = intraluminal 
pressure − pleural pressure). On the contrary, during a forced expi-
ration maneuver, the pleural pressure raises signifi cantly, decreas-
ing the transmural pressure gradient, causing the airway caliber to 
narrow. At some location along the airway during the forced expi-
ration maneuver, the intraluminal pressure will equal the intra-
pleural pressure. This is termed the equal pressure point (EPP). 
Beyond this point, forces favoring airway collapse exceed those 
favoring patency (tethering action of lung tissue and rigid carti-
lage), resulting in airway collapse [23]. In the presence of broncho-
pulmonary dysplasia, bronchomalacia, and tracheomalacia, these 
mechanisms are amplifi ed, leading to earlier symptoms of airway 
collapse [24].

Lung Volumes

An understanding of static lung volumes and the developmental 
impacts are critical to evaluating and subsequently treating infants 
and children with respiratory disease. Volumes and capacities of 
the lungs are affected by several factors, specifi cally muscle 
strength, the static–elastic characteristics of the chest wall and 
lungs, and patient age [25]. The traditional spirometric tracing in 
Figure 1.7 depicts tidal breathing followed by maximal inspiratory 
and expiratory efforts. Five lung volumes are shown. Tidal volume 

is defi ned as the amount of gas moved during normal breathing, 
and residual volume is defi ned as the amount of gas that remains 
in the lung after a maximal expiration. Four capacities, which are 
composed of multiple volumes, are also shown. Vital capacity is 
defi ned as the volume of gas that may be exhaled from the lung 
following a maximal inspiration. Functional residual capacity 
(FRC) is defi ned as the gas that remains in the lung at the end of a 
tidal breath. This gas serves as a reservoir of oxygen during expira-
tion and accordingly is a very important construct in the under-
standing of respiratory pathophysiology. It is now discussed at 
length.

Functional residual capacity in a normal lung is the same as the 
end-expiratory lung volume (EELV); however, in diseased or injured 
lung, EELV may be greater or less than FRC. Functional residual 
capacity is determined by the static balance between the outward 
recoil of the chest wall and the inward recoil of the lung. However, 
in infants, the outward recoil is quite small, and the inward recoil 
is only slightly less than that in adults [26]. Accordingly, the static 
balance of forces results in a low ratio of FRC to total lung capacity 
(TLC) of approximately 10%–15%, limiting gas exchange. However, 
when measured in the dynamic state, that ratio of FRC/TLC in 
infants approximates the adult value of 40% [27]. Therefore, the 
dynamic EELV of infants is much greater than that predicted by 
the static balance of forces.

The mechanism for this difference in static versus dynamic FRC/
TLC ratio in infants relates to the mechanism of breath termina-
tion. Adults cease expiration at low fl ow rates, whereas infants will 
abruptly terminate expiration [28] at high fl ow rates (Figure 1.8). 
Infants utilize two mechanisms to end expiration: the postinspira-
tory activity of the diaphragm and expiratory laryngeal braking 
[29,30]. The expiratory braking mechanism is an active process 
in which the resistance in the upper airway is increased by laryn-
geal narrowing during expiration. This generates positive end-
expiratory pressure, resulting in an EELV that is above FRC. These 
mechanisms are both arousal and gestational age dependent. 
During REM sleep in premature infants, both postinspiratory 
activity of the diaphragm and laryngeal braking are reduced, 
although braking appears preserved during non-REM sleep [31,32]. 
This may exacerbate the loss of oxygen stores during apnea, leading 
to the clinical fi nding of signifi cant desaturation and bradycardia 
in premature infants.
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The fi nal volume and capacity not fully considered to this point 
are closing volume and closing capacity. The closing capacity is 
composed of residual volume and closing volume and is defi ned as 
the volume of gas that remains in the lung when small alveoli and 
airways in dependent regions of the lung are collapsed or consid-
ered closed. When closing capacity exceeds FRC, by defi nition, 
some lung units are closed during a portion of tidal breathing. If 
closing capacity ever exceeds the tidal volume, then these lung 
units will be closed during all phases of tidal breathing. These 
concepts are important in pediatrics, as children younger than 6 
years of age have a closing capacity greater than FRC in the supine 
position [33]. This fi nding has been attributed to reduce inward 
recoil of the lung. This concept becomes clinically important in 
critically ill infants and children, in whom elevated closing capac-
ity leading to areas of collapse results in ventilation and perfusion 
inequality, resulting in pathophysiologic intrapulmonary shunt-
ing. Ventilation–perfusion matching is discussed at length later in 
this chapter.

Physiologic Effects of Mechanical Ventilation

Since the introduction of mechanical ventilation into the intensive 
care unit, there has been an explosion of new ventilators and ven-
tilatory techniques to treat patients with respiratory failure. Physi-
cians contemplating the use of mechanical ventilation must be 
familiar with these therapeutic options and their potential benefi ts 
and associated risks. A detailed understanding of the physiologic 
and pathophysiologic effects of mechanical ventilation is crucial to 
improve the outcomes of patients with respiratory failure.

Maintenance of Oxygenation

The partial pressure of oxygen in the alveolus (PAO2) is one of the 
primary determinants of arterial oxygen tension and is the chief 
target of alterations in mechanical ventilation. The PAO2 is deter-

mined by the alveolar gas equation: PAO2 = PiO2 − PACO2, where 
PiO2 is the partial pressure of inspired oxygen and PACO2 is the 
partial pressure of alveolar carbon dioxide. The PiO2 is determined 
by the fraction of inspired oxygen, the barometric pressure (PB = 
760 mm Hg at sea level), and the partial pressure of water vapor 
(PH2O = 47 mm Hg). Thus the PiO2 = FiO2 · (PB − PH2O) = 150 mm Hg 
in room air at sea level. For clinical purposes, PACO2 is assumed to 
equal the partial pressure of arterial carbon dioxide (PaCO2 = 
40 mm Hg) divided by the respiratory quotient (RQ; determined by 
the mix of metabolic substrates and usually estimated to be approx-
imately 0.8), resulting in 50 mm Hg. Substituting these values for 
PiO2 and PACO2, respectively, into the previous equation yields the 
classic alveolar gas equation: PAO2 = FiO2 · (PB − PH2O) − PaCO2/RQ. 
The latter equation yields a PAO2 of 100 to 120 mm Hg in room air 
at sea level.

The alveolar gas equation reveals three etiologies for hypoxemia 
(Table 1.1): (1) low FiO2 (i.e., hypoxic gas mixture); (2) low baromet-
ric pressure (i.e., high altitude); and (3) hypoventilation. The fi rst 
two are rarely causes of hypoxemia, and an important prin-ciple 
of the alveolar gas equation can be gleaned by examining the last 
situation. A decrease in alveolar ventilation by 50% in room air 
at sea level will yield a PAO2 of 50 mm Hg, a clinically signifi cant 
level of hypoxemia. However, with the administration of 25% 
inspired oxygen, the PAO2 increases to 78 mm Hg, a nonhypoxemic 
concentration. Thus, a very small increase in inspired oxygen 
tension will easily overcome hypoxemia caused solely by 
hypoventilation.

The difference between the partial pressure of oxygen in the 
alveolus (PAO2) and that in the pulmonary capillary (PaO2), approx-
imately 10 mm Hg under normal conditions, is caused by the diffu-
sion barrier of alveolar–capillary membrane and the overall 
ventilation–perfusion (V/Q) ratio of the lung. While the former is 
easily overcome by increase inspired oxygen concentration and 
rarely is a cause for clinically signifi cant hypoxemia, the same 
cannot be said for the latter. The principal etiology for clinically 
signifi cant hypoxemia is pulmonary pathology associated with 
decreased lung volumes, reduced lung compliance, and an increased 
proportion of low V/Q compartments of the lung [34]. Under severe 
conditions, areas of the lung may become completely atelectatic and 
lead to right-to-left intrapulmonary shunting. One of the primary 
objectives of mechanical ventilation is to restore normal lung 
volumes and mechanics through the application of continuous pos-
itive airway pressure (CPAP). A useful clinical index of the effect of 
changes of ventilation variables is mean airway pressure (Paw) [35]. 
Mean airway pressure is defi ned by the following equation:

Paw =  (Peak inspiratory pressure [PIP] − Positive end-expiratory 
pressure [PEEP]) · (Ti/Ti + Te) + PEEP
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FIGURE 1.8. Passive flow-volume curve that demonstrates the abrupt onset of inspiration 
in an infant much above passive functional residual capacity. (From Le Souef PN, et al. Am 
Rev Respir Dis 1984;129:552–556, with permission.)

TABLE 1.1. Alveolar partial pressures of oxygen under various conditions.

  = PAO2 
Condition FiO2 (PB − PH20) − PaCO2/RQ (mmHg)

Normal 0.21 (760 − 47) − 40/0.8 100
Hypoxic gas mixture at sea level 0.15 (760 − 47) − 40/0.8  57
Normoxic, hypobaric pressure 0.21 (560 − 47) − 40/0.8  58
Normoxic, hypoventilation at sea level 0.21 (760 − 47) − 80/0.8  50
Hypoventilation with supplemental O2 0.25 (760 − 47) − 80/0.8  78

Source: Adapted from Martin L. Mechanical ventilation, respiratory monitoring and the 
basics of pulmonary physiology. In: Tobias JD, ed. Pediatric Critical Care: The Essentials. 
Armonk, NY: Futura; 1999:58.
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Accordingly, alterations in peak inspiratory and end-expiratory 
pressures, ventilator rate, and inspiratory to expiratory (I : E) ratio 
can increase Paw, which can recruit atelectatic or poorly ventilated 
alveolar units, thereby restoring normal V/Q matching and decreas-
ing intrapulmonary shunt [36]. The restoration of lung volumes 
frequently allows a dramatic reduction in the inspired oxygen con-
centration as well as improving respiratory mechanics and decreas-
ing the work of breathing. These improvements may allow for the 
partial or complete restoration of spontaneous ventilation, which 
is associated with several possible advantages (improved V/Q 
matching, decreased risk of barotraumas, diminished adverse 
effects of continuous positive pressure ventilation) [37].

From the previous discussion, the major etiologic factors pro-
ducing hypoxemia can be listed as (1) hypoxic gas mixture, (2) 
hypoventilation, (3) ventilation–perfusion mismatch, (4) diffusion 
abnormalities of the alveolar–capillary membrane, (5) high alti-
tude, and (6) true shunt related to cyanotic, congenital heart 
disease.

Maintenance of Alveolar Ventilation

A second goal of mechanical ventilation is to augment or control 
alveolar ventilation. Respiratory failure is frequently defi ned in 
terms of PaCO2, which is inversely related to alveolar ventilation 
(VA): PaCO2 ∞ VCO2/VA, where VCO2 is carbon dioxide production. 
Alveolar ventilation is also defi ned (at normal ventilator frequen-
cies) as VA = f(VT − VD), where VT is tidal volume, VD is dead space 
volume, and f is the respiratory frequency. Alterations in VT and/or 
f, which are the components of minute ventilation (VE), will result 
in changes in PaCO2. Clinicians may fail to account for the third 
component in these equations, namely, VD. The relationship 
between VE and PaCO2 can be described by the following: PaCO2 = 
0.863 VCO2/[VE(1 − VD/VT)], where VCO2 is the metabolically pro-
duced carbon dioxide at standard temperature and pressure.

Most of VD in normal individuals is the result of the volume of 
the conducting airways (anatomic VD). Because the anatomic dead 
space is relatively constant, with an increasing VT, VD/VT tends to 
decrease and rarely exceeds 0.3. In patients with intrinsic lung 
disease undergoing mechanical ventilation, VD/VT has been found 
to exceed 0.6 and is primarily caused by continued ventilation of 
poorly perfused regions of the lungs (alveolar VD). In this setting, 
increases in VT may not decrease VD/VT because higher alveolar 
pressures as a result of increases in VT on VD/VT can be facilitated 
by measurement of VD/VT using capnography: VD/VT = (PaCO2 − 
PETCO2)/ PaCO2, where PETCO2 is the partial pressure of carbon 
dioxide in exhaled gas, commonly referred to as end-tidal carbon 
dioxide. In summary, three factors must be considered when 
changes in PaCO2 occur: (1) changes in metabolic VCO2, (2) altera-
tions in VE as a result of increases or decreases in VT and f, and (3) 
modifi cations of VD.

Mechanics of Ventilation

A simplifi ed single-compartment model of the lungs composed of 
a single, cylindrical fl ow-conducting tube (i.e., conducting airways) 
connected to a single, spherical elastic compartment (i.e., alveoli) 
is frequently used to describe pulmonary mechanics (Figure 1.9). 
In this model, the lungs are considered as a homogeneous assembly 
of units with uniform pressure–volume (compliance) and pressure–
low (resistance) characteristics derived from this single represen-
tative unit. To achieve infl ation, a transrespiratory pressure (Ptr) 

composed of two components is required. The fi rst component, the 
transthoracic pressure (Ptt), is defi ned as the pressure required to 
deliver the tidal volume against the elastic recoil of the lungs and 
chest wall, and the second component, the transairway pressure 
(Pta), is the pressure necessary to overcome air fl ow resistance. This 
is described mathematically by the equation Ptr = Ptt + Pta, where 
Ptr is airway minus body surface pressure, Ptt is alveolar minus 
body surface pressure, and Pta is airway minus alveolar pressure. 
The pressure required for inspiration may come from the respira-
tory muscles (Prm) and/or the ventilator (Ptr):Prm + Ptr = Ptt 
+ Pta. Because the ventilator measures pressure relative to atmo-
sphere, Ptr is equal to Paw displayed by the ventilator, allowing the 
substitution: Prm + Paw = Ptt + Pta.

The single-compartment model assumes a linear relationship 
between pressure and volume and between pressure and fl ow. The 
change in Ptr is directly proportional to the corresponding change 
in lung volume and the constant of proportionality is the slope 
(ΔP/ΔV) of the pressure–volume curve (i.e., reciprocal of compli-
ance [C]). Similarly, the change in Pta is proportional to the 
change in fl ow rate (F), and the constant of proportionality (ΔP/ΔF) 
is resistance (R). Substituting ΔP/ΔV for Ptr and ΔP/ΔF for Pta yields 
the equation of motion of the respiratory system for inspiration: 
Prm + Paw = V/C + (F)(R), where V is the volume inspired or 
expired, C is the compliance of the respiratory system, F is the 
inspiratory or expiratory fl ow rate, and R is the resistance of the 
respiratory system. For passive expiration, the equation of motion 
of the respiratory system is defi ned as: V/C = −(F)(R), where the 
elastic components of the lungs (PA=V/C) provides the pressure to 
drive the expiratory fl ow rate. In situations where respiratory 
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muscles are relaxed, measurement of pressure, volume, and fl ow 
allow calculation of total respiratory system compliance and 
resistance.

The relationships represented in the equation of motion can be 
graphically represented for both constant inspiratory fl ow (i.e., 
volume-limited ventilation) and constant inspiratory pressure (i.e., 
pressure-limited ventilation) as shown in Figure 1.10. During con-
stant inspiratory fl ow ventilation (Figure 1.10, left), the initial rise 
in pressure is related to the resistance and fl ow rate, whereas the 
slope of the pressure rise is inversely proportional to compliance, 
tidal volume, resistance, and inspiratory fl ow rate. Lung pressure 
(PL) is expressed as PL = (F)(t)/C, where F is inspiratory fl ow rate, t 
is the inspiratory time, and C is the compliance of the respiratory 
system. Lung volume (VL) can be represented as VL = (F)(t). During 
constant inspiratory pressure ventilation (Figure 1.10, right), the 
PL, VL, and F during inspiration are exponential functions of time 
derived from the equation of motion as PL = ΔP(1 − e−t/T), VL = 
C(ΔP)(1 − e−t/T), and F = ΔP/R (e−t/T), where ΔP is equal to peak 
inspiratory pressure minus end-expiratory pressure, t is the inspi-
ratory time, e is the natural logarithm (≈ 2.72), and T is the time 
constant of the respiratory system. The time constant (T) is the 
product of compliance (volume/pressure) and resistance (pressure 
× time/volume) and is measured in seconds. Exhalation during any 
form of mechanical ventilation is passive. Therefore, the P, V, and 
F can also be derived from the equation of motion as: PL = ΔP(e−t/T), 
VL = C(ΔP)(e−t/T), and F = −ΔP/R (e−t/T), where t is the expiratory time 
and T is the expiratory time constant. Note that all variables are 
measured relative to their value at end-expiration, the PL is pressure 
above positive-end expiratory pressure (PEEP), and VL is the 
volume above end-expiratory volume. When inspiratory and expi-
ratory times are between zero and infi nity, the shapes of the lung 
pressure and lung volume curves are defi ned by the T. By plotting 
these curves over time in units of T, clinically useful principles 
emerge (Figure 1.11). Irrespective of the specifi c values of resistance 
and compliance, after 1 T 63% of lung infl ation or defl ation occurs, 

95% after 3 T, and for all practical purposes, complete equilibration 
after 5 T.

The equation of motion is a useful means to more closely examine 
the differences between constant fl ow volume-limited ventilation 
and constant pressure ventilation with a decelerating inspiratory 
fl ow waveform. Peak airway pressures are higher for a constant fl ow 
pattern than for the constant pressure pattern. However, peak alve-
olar pressures depend on only the compliance and tidal volume, 
thereby making peak lung pressures independent of the pattern of 
ventilation. Second, at any point in time, airway pressure is equal 
to the volume/compliance plus the resistance/fl ow. The pressure 
required to overcome fl ow resistance (shaded area in Figure 1.10) 
is constant with fi xed inspiratory fl ow, whereas it decreases expo-
nentially with the decelerating fl ow pattern. In the example 
depicted, the area is equal for both patterns, because tidal volume 
and inspiratory times are equal. Third, the more rapid approach to 
the pressure limit during constant pressure decelerating fl ow ven-
tilation leads to a higher Paw compared with constant fl ow ventila-
tion. Because all shaded areas are equal, the total area under the 
airway curve is equal to the total area under the lung pressure curve 
for each pattern. Therefore, the Paw is equal to mean PL, a fi nding 
that has been verifi ed in animals [35].

The fi nal feature of pulmonary mechanics that must be appreci-
ated is the sigmoidal shape of the static pressure–volume (compli-
ance) relationship of the respiratory system (Figure 1.12). The 
respiratory system is most compliant in the mid-volume range, 
becoming progressively less compliant at high (near total lung 
capacity) and low (approaching residual volume) volume extremes. 
Tidal ventilation near total lung capacity occurs under two condi-
tions: (2) when total lung volume and/or vital capacity is decreased 
secondary to intrinsic lung disease and (2) when end-expiratory 
volume is decreased. Conversely, ventilation near residual volume 
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with a decrease in compliance also occurs under two conditions: 
(1) when obesity and/or abdominal distention increase residual 
volume and encroach on the lower range of vital capacity and (2) 
when intrinsic lung disease results in airway or alveolar closure at 
end-expiratory volume.

The relationship between end-expiratory lung volume and 
closing capacity is critical. Conditions that decrease FRC below 
closing capacity or increase closing capacity above FRC result in 
maldistribution of ventilation and perfusion and adversely affect 
the mechanics of breathing (Table 1.2). In the school-aged child and 
in the adult, FRC is normally well above closing capacity. However, 
the relationship is more precarious in young infants, as noted pre-
viously, in whom studies suggest that closing capacity exceeds FRC 
[38]. A primary goal of mechanical ventilation is the restoration of 
the normal relationship between FRC and closing capacity. Condi-
tions associated with a decrease in FRC (e.g., pulmonary edema, 
pneumonitis, infant respiratory distress syndrome [(IRDS)] and 
acute respiratory distress syndrome [(ARDS)] are treated with 
PEEP to increase FRC back to normal levels. Situations associated 
with increased closing capacity, such as bronchiolitis and reactive 
airway disease, are treated with bronchodilators and measures to 
control secretions in order to reduce closing capacity and maintain 
airway patency.

Work of Breathing

The pressure–volume (compliance) and pressure–fl ow (resistance) 
characteristics of the respiratory system determine the work of 
breathing, which, in reality, represents the afterload on the respira-
tory muscles [39]. The work of breathing overcomes two major 
sources of impedance: (1) elastic recoil of the lung and chest wall 
(Figure 1.13, areas A, C, and D) and (2) the frictional resistance to 
gas fl ow in the airways (Figure 1.13, areas A, B, and C). The total 
work of breathing (Figure 1.13, areas A through D) is increased by a 
decrease in respiratory compliance and/or an increase in respira-

TABLE 1.2. Conditions predisposing to convergence of closing and functional residual 
capacities.

Elevation of closing capacity
 Infancy
 Bronchiolitis
 Asthma
 Bronchopulmonary dysplasia
 Smoke inhalation (thermal airway injury)
 Cystic fibrosis
Reduction of functional residual capacity
 Supine position
 Abdominal distention
 Thoracic or abdominal surgery/trauma
 Atelectasis
 Pulmonary edema
 Acute lung injury/acute respiratory distress syndrome
 Near drowning 
 Diffuse pneumonitis
  Aspiration pneumonitis
  Idiopathic interstitial pneumonitis
  Bacterial pneumonia
  Viral pneumonitis
  Opportunistic organism (i.e., Pneumocystis carinii)
  Radiation

Source: Adapted from Martin L. Mechanical ventilation, respiratory monitoring and the 
basics of pulmonary physiology. In: Tobias JD, ed. Pediatric Critical Care: The Essentials. 
Armonk, NY: Futura; 1999:58.
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tory resistance properties. When total work of breathing against 
compliance and resistance is summated and plotted against respira-
tory frequency, an optimal respiratory frequency exists that mini-
mizes the total work of breathing (Figure 1.14). In patients with low 
lung compliance (restrictive lung diseases) such as pulmonary 
edema, IRDS, or ARDS, the optimal frequency is increased, leading 
to rapid, shallow breathing. In contrast, in obstructive lung diseases 
with increased resistance, such as bronchiolitis and asthma, the 
optimal frequency is decreased with slow, deep breathing.

Developmental Anatomy and Physiology of the 
Pulmonary Circulation

Development of the lungs and development of the pulmonary vas-
culature are closely related, as adequate blood fl ow is essential for 
the formation of the lungs and preacinar arteries develop in utero 
with conducting airways [40]. The arterial tree undergoes complex 
remodeling in the peripheral portions of the pulmonary circula-
tion, following changes in wall stress [41]. Muscularization of the 
pulmonary vasculature occurs throughout infancy and reaches 
adult levels by adolescence. Pulmonary vascular muscle thickness 
is a function of gestational age and blood fl ow. For example, con-
genital heart disease with increased pulmonary blood fl ow leads to 
long-standing pulmonary hypertension because of smooth muscle 
proliferation in the pulmonary vessels [42]. Premature infants are 
born with less arterial smooth muscle than are full-term infants; 
this muscle in premature infants regresses earlier and is therefore 
predisposed to early congestive heart failure in the setting of left–
right shunts.

Pulmonary Vascular Pressures

Pressures within the pulmonary circulation are quite low despite 
the fact that the entire cardiac output is designed to fl ow through 

it. Following the initial fall after birth, pulmonary arterial pres-
sures remain fairly constant in the disease-free state throughout 
life, with systolic, diastolic, and mean pressures of 25, 8, and 
15 mm Hg, respectively. Pulmonary venous pressure is routinely 
just higher than the left atrial pressure, near 5 mm Hg. The trans-
pulmonary pressure is determined by subtracting the left atrial 
pressure from the mean pulmonary arterial pressure and is approx-
imately 10 mm Hg in the healthy subject. The pressure within the 
pulmonary capillaries is uncertain, although experimental animal 
evidence suggests it may range from 8 to 10 mm Hg. The pulmonary 
vascular pressures vary based on gravity and may range from near 
0 mm Hg at the apex of the lung and rise to 25 mm Hg at the base 
[43]; the consequences that result from this gradient are discussed 
later.

The pressure that surrounds the pulmonary capillaries plays an 
important role in their patency, as they are surrounded by gas and 
are not supported by the alveolar epithelial cells. The pressure 
within the capillaries is fairly close to alveolar, and ,when the trans-
mural pressure is positive, the capillaries collapse. As the lung 
expands, the extraalveolar vessels are pulled open by the radial 
traction of the elastic lung parenchyma. In addition, this expansion 
results in a negative intrapleural pressure that also maintains the 
patency of the alveolar vessels (Figure 1.15).

Pulmonary Vascular Resistance

The resistance within any system may be described by a variation 
of the previously described Ohm’s law, where

Resistance
Input presure Output pressure

Blood flow
= −

Decreased pulmonary vascular resistance (PVR) can only occur if 
there is an increase in the diameter of the blood vessels or there is 
an increase in the number of blood vessels. This is a key concept to 
understanding the ability of the pulmonary vasculature to drop its 
resistance in response to increases in arterial or venous pressure 
(Figure 1.16). During increases in blood fl ow, the initial mechanism 
to reduce resistance is the recruitment of capillaries with low or no 
blood fl ow. If this mechanism is not suffi cient and pressures begin 
to rise, the pulmonary capillaries then distend, which increases the 
surface area that blood may pass through, thereby decreasing the 
pressure.

An additional mechanism that alters pulmonary resistance is the 
volume of the lung, although its relationship is complex. A change 
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is lung volume has opposite effects on the resistances of 
extraalveolar and alveolar vessels. During lung infl ation, the radial 
traction as noted earlier opens extraalveolar vessels; however, the 
same increase in lung volume increases the resistance to fl ow 
through alveolar vessels (Figure 1.17). It can be seen from Figure 
1.11 that there is a lung volume where pulmonary resistance is at a 
minimum. It has been concluded that this lung volume, where 
pulmonary resistance nadirs, is FRC [44].

Neurogenic stimuli, vasoactive compounds, and chemical medi-
ators have been demonstrated to alter PVR in the setting of elevated 
PVR in adults. However, in adults with normal PVR, these agents 
do not appear to signifi cantly alter resistance. Interestingly, the 
neonate appears to respond to a variety of dilating agents, includ-
ing acetylcholine, β-adrenergic agonists, bradykinin, prostaglan-

din E1, prostacyclin, bosentan, calcium channel blockers, and nitric 
oxide. The ability of the pulmonary vasculature to constrict is not 
age dependent, and even newborns with only a small amount of 
arterial muscularization are able to induce signifi cant pulmonary 
vasoconstriction, as noted in neonates with persistent pulmonary 
hypertension (PPHN). There are numerous vasoconstrictors, 
including endothelin, carbon dioxide, thromoboxanes, hypoxia, 
and platelet activating factor.

Distribution of Blood Flow

Blood fl ow in the lung, whether supine or upright, is infl uenced by 
gravity. In the upright lung, blood fl ow decreases almost linearly 
from the base to the apex. The uneven distribution is explained by 
the hydrostatic pressure differences within blood vessels. In order 
to understand the effects of the hydrostatic forces, one may con-
sider the lung as being composed of three distinct units or zones 
(Figure 1.18). At the apex of the lung, zone 1, alveolar pressure 
exceeds both pulmonary arterial and venous pressures, resulting 
in collapse of the alveolar vessels. This zone is ventilated, but not 
perfused, and is termed alveolar dead space. In the midregion of 
the lung is zone 2, where pulmonary arterial pressure exceeds 
alveolar pressure. Blood fl ow is determined by the difference 
between alveolar and arterial pressures in this zone and is not 
impacted by venous pressure. At the base of the lung, zone 3, venous 
pressure exceeds alveolar pressure, and fl ow is determined by the 
usual arterial-venous pressure difference.

Ventilation–Perfusion Relationships

Matching ventilation to perfusion (V/Q) depends to some extent on 
gravity. Both ventilation and perfusion rise with increasing dis-
tance toward the base of the lung; however, perfusion increases 
more than ventilation, which accounts for the variability in V/Q 
from apex to base (Figure 1.19). The apical regions are usually 
underperfused, V/Q = 3, while the base is underventilated in rela-
tion to perfusion, V/Q = 0.6 [45]. In the discussion and explanation 
to follow, it is important to recognize the difference between shunt 
and venous admixture.
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Shunt refers to the anatomic shunt that occurs when venous 
blood travels to the arterial side of the circulation without contact-
ing ventilated lung. Examples include bronchial and thebesian cir-
culation, right-to-left shunting in cyanotic congenital heart disease, 
and blood fl ow through completely atelectatic lung segments. 
Venous admixture is the amount of venous blood that needs to be 
added to the pulmonary end-capillary blood to produce the actual 
arterial oxygen content. Venous admixture is a calculated value 
and not an anatomic construct. Lung units with low V/Q ratios 
contribute to venous admixture. They are differentiated from lung 
units with V/Q ratios of 0 by the fact that the administration of 
supplemental oxygen will increase the saturation of blood emerg-
ing from their end capillaries.

V/Q mismatching lowers arterial PO2 and results in desaturation 
through the addition of mixed venous blood to pulmonary end-
capillary blood. There are two additional reasons that V/Q mis-
matching results in lower arterial PO2. (1) More blood will fl ow 
through lung units with low V/Q ratios than through high V/Q 
units, resulting a greater amount of venous admixture. (2) Because 
of the sigmoidal shape of the oxyhemoglobin dissociation curve, 
lung units with low V/Q ratios have lower PO2 values and accord-
ingly lie on the steep portion of the curve and will have a dispro-
portionately greater drop in saturation. This is in contrast to high 
V/Q units, which reside on the fl at part of the curve, and even large 
increases in PO2 will have minimal impact on saturation. The net 
result is arterial desaturation, as slightly higher oxygen contents 
from high V/Q units cannot counteract the signifi cantly lower 
oxygen contents from the low V/Q units.

The difference between mixed venous PCO2 (46 mm Hg) and pul-
monary end-capillary PCO2 (40 mm Hg) is not very great. Accord-
ingly, even a signifi cant amount of venous admixture will only 
produce a very small increase in arterial PCO2. The presence of 
dead space ventilation, on the other hand, will have a much larger 
impact on arterial PCO2. For example, an infant with bronchiolitis 
may have a large portion of his lung composed of lung units with 
high V/Q ratios. In this setting, additional increases in ventilation 
will be ineffective at eliminating PCO2, as these units are already 
maximally ventilated in relation to their perfusion.
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2
Disorders of the Pediatric Chest
Margaret A. Chase and Derek S. Wheeler

Bronchomalacia

Bronchomalacia frequently coexists with tracheomalacia (some 
authors prefer the term tracheobronchomalacia) [4–8]. Malacia 
refers to an intrinsic defect of the cartilaginous support of the 
airway, causing the affected portion of the airway to collapse when-
ever the extraluminal pressure exceeds the intraluminal pressure 
(e.g., during forced exhalation, crying). Primary (congenital) and 
secondary (acquired) forms exist. Tracheobronchomalacia is fre-
quently found in association with gastroesophageal refl ux, cardio-
vascular anomalies (especially vascular rings, pulmonary slings, 
etc.), and tracheoesophageal fi stula [5,7,8]. Affected children typi-
cally present with respiratory distress, wheezing, chronic cough, 
and recurrent pneumonia. Historically, tracheotomy and long-
term mechanical ventilatory support have been the mainstays of 
treatment, although recent technologic improvements in noninva-
sive positive pressure ventilation will likely improve the outcome 
of children with this disease. Surgical treatment options include 
resection of affected segments, pexy procedures (aortopexy, bron-
chopexy, etc.), and stenting [9–13].

Tracheal Bronchus

The tracheal bronchus (also commonly referred to as a pig bron-
chus) encompasses a variety of congenital bronchial anomalies, 
although an anomalous right upper lobe bronchus arising from the 
lateral wall of the trachea is most commonly described [14–16]. This 
anomaly occurs in 0.1%–5% of the population [17–19] and is fre-
quently associated with other congenital anomalies, such as tra-
cheoesophageal fi stula, tracheal stenosis, and Down’s syndrome 
[15,16,20–23]. Affected children are usually asymptomatic, although 
the diagnosis should be entertained for critically ill children with 
persistent or recurrent upper-lobe pneumonia, atelectasis, or air-
trapping on chest radiograph [20]. Although most children can be 
managed conservatively, surgical resection of the involved lung 
segment may be necessary when symptoms are severe [14,16,20].

Bronchial Atresia

Congenital bronchial atresia (CBA) is rare and most commonly 
affects the upper lobes of the lung. In most cases, the atresia affects 
either a proximal segmental or subsegmental bronchus. Develop-
ment of the structures distal to the affected segment is unaffected, 
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Introduction

The lungs are unique in that they are internal organs, yet they 
are constantly exposed to a barrage of foreign substances from 
both the internal environment—at any one point in time, they 
receive approximately half of the cardiac output—and the external 
environment—with each breath, they are exposed to pollens, 
viruses, bacteria, smoke, and so forth. There is a virtual cornucopia 
of diseases that affect the human respiratory tract, many of which 
are specifi c to the pediatric chest. According to the Centers for 
Disease Control and Prevention, chronic respiratory tract diseases 
and pneumonia were the seventh and eighth leading causes of 
deaths in children aged 1–19 years in 2002 [1]. Dr. George A. 
Gregory, one of the founding fathers of pediatric critical care medi-
cine, once stated that acute respiratory failure accounts for approx-
imately 50% of all admissions to the pediatric intensive care unit 
(PICU) [2]. Just as important are the myriad of respiratory disease 
processes that are not associated with acute respiratory failure but 
nevertheless constitute a major portion of the practice of pediatric 
critical care medicine, some of which result in signifi cant morbi-
dity and mortality [3]. In this chapter, we review some of these 
disease processes as a general introduction to the respiratory 
system in critical illness, and the remainder of these disorders are 
discussed in greater detail in subsequent chapters.

Congenital Anomalies of the 
Tracheobronchial Tree

Congenital anomalies of the trachea (e.g., tracheomalacia, tracheal 
stenosis, tracheoesophageal fi stula) are described in subsequent 
chapters in this textbook and are not discussed further here.
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however, and mucus often accumulates in the affected lung seg-
ments, leading to the formation of a bronchocele with surrounding 
areas of hyperinfl ation [24,25]. Although frequently detected as an 
incidental fi nding on chest radiograph, CBA occasionally results in 
recurrent infections of affected lung segments [24]. Lobectomy or 
segmentectomy of the affected areas is curative but only occasion-
ally necessary [26,27].

Bronchogenic Cysts

Bronchogenic cysts arise from abnormal budding of tracheobron-
chial tissue during embryogenesis. The respiratory system deve-
lops as an outpouching of the embryonic foregut. Therefore, 
histologically, bronchogenic cysts are lined with ciliated epithe-
lium and frequently contain cartilage, smooth muscle, mucous 
glands, nerve tissue, and occasionally gastric epithelium. They may 
be air fi lled, mucus fi lled, or both [16,28]. These cysts are single, 
unilocular, and spherical in shape and are usually classifi ed by 
their location in the thorax (central or mediastinal bronchogenic 
cysts and peripheral or pulmonary bronchogenic cysts) [16,28]. 
Most bronchogenic cysts are asymptomatic and are detected as an 
incidental fi nding on chest radiograph [16,28]. However, respira-
tory distress may be precipitated by enlargement of the cyst with 
subsequent airway compromise. Additional complications include 
rupture of the cyst into a bronchus or the pleura with hemorrhage, 
recurrent infections, and abscess formation. Surgery is indicated 
when these cysts are symptomatic, and most authors advocate sur-
gical resection upon diagnosis because of the risk of associated 
complications [16,28–30].

Congenital Anomalies of the Lung

Congenital Lobar Emphysema

Congenital lobar emphysema (CLE) is characterized by massive 
distension of one or more affected lobes of the lung, most com-
monly the left upper lobe [16,28,30–33]. Congenital lobar emphy-
sema is the most common congenital lung anomaly and is thought 
to arise from a ball-valve type of bronchial obstruction resulting 
in progressive air trapping and hyperinfl ation [16,28,33]. This 
bronchial obstruction is idiopathic in most cases, although extrin-
sic vascular compression and bronchomalacia have occasionally 
been implicated [34–38]. Congenital heart disease is present in 10% 
of affected infants [28]. Congenital lobar emphysema appears to be 
more common in males than in females and typically presents 
before 6 months of age. Respiratory distress is the most common 
clinical presentation [16,28,33,37,38]. Chest radiography will dem-
onstrate hyperinfl ation of affected lobes, and CLE is frequently 
confused with pneumothorax [39]. Surgical resection of the affected 
lobe is curative [16,28–33,39].

Congenital Cystic Adenomatoid Malformation

Congenital cystic adenomatoid malformations (CCAM) are the 
second most common congenital lung anomalies and represent 
maldevelopment of the terminal bronchiolar structures during 
early lung embryogenesis. Congenital cystic adenomatoid malfor-
mation consists of a multicystic, dysplastic mass of pulmonary 
tissue and typically presents either prenatally on routine ultra-
sound or during the neonatal period with severe respiratory dis-

tress. Management depends on the extent of disease, and prognosis 
is variable [16,26,28–31,33,36,40]. Malignant transformation of 
CCAM (high incidence of rhabdomyosarcoma) has been described 
such that surgical resection is probably indicated even when the 
lesion is asymptomatic [41–44].

Congenital Diaphragmatic Hernia

Congenital diaphragmatic hernia results from a defect in the dia-
phragm that allows evisceration of abdominal contents into the 
thorax (the left hemithorax in the vast majority of cases) (Figure 
2.1). Congenital diaphragmatic hernia is frequently detected on 
prenatal ultrasound, and severely affected fetuses often die before 
birth. More than 50% of cases have additional congenital anoma-
lies (i.e., cardiac, genitourinary, and chromosomal anomalies). 
Although the majority of cases present with severe respiratory 
compromise immediately after birth, late presentation beyond the 
immediate neonatal period occasionally occurs and is typically 
milder [16,28,45,46]. Defi nitive surgery includes decompression of 
the lungs by reduction of the abdominal viscera and primary 
closure of the diaphragmatic defect. The majority of affected chil-
dren will have some degree of pulmonary hypoplasia as well as 
pulmonary artery hypertension resulting from increased muscu-
larization of the intraacinar pulmonary arteries, a small cross-
sectional area of the pulmonary vascular bed, and abnormal 
pulmonary vasoconstriction, all of which will impact long-term 
outcome [16,28,47,48].

Pulmonary Sequestration

Pulmonary sequestration is defi ned as a lung segment that receives 
its blood supply from an anomalous systemic artery and does not 
communicate with the tracheobronchial tree [16,26,28,29,31,33,

FIGURE 2.1. .Congenital diaphragmatic hernia in a term male newborn admitted to the 
neonatal intensive care unit with respiratory failure. (Courtesy of Corning Benton, MD, 
Cincinnati Children’s Hospital Medical Center.)
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49–51]. Traditionally, sequestrations are divided into extralobar, in 
which the abnormal lung segment lies within its own pleura and is 
located more posteriorly in the chest, and intralobar, in which the 
abnormal lung segment lies within the pleural cavity in close 
contact with the normal lung. Venous drainage of intralobar 
sequestrations is usually via the pulmonary veins, whereas extralo-
bar sequestrations drain to the systemic venous circulation via the 
azygos vein, hemiazygos vein, or vena cava. The vast majority of 
sequestrations affect the lower lobes, usually on the left. Intralobar 
sequestrations are frequently acquired anomalies that arise from 
recurrent infections or bronchial obstruction. Extralobar seques-
trations, on the other hand, are congenital and usually diagnosed 
at an earlier age because of a higher incidence of associated anoma-
lies. There is a 4 : 1 male:female preponderance for extralobar 
sequestrations, whereas intralobar sequestrations affect both 
equally. Infants present with recurrent lower respiratory infec-
tions, reactive airway disease, and, occasionally, hemoptysis. 
Treatment of pulmonary sequestration is resection; extralobar 
tissue can be treated with resection alone, and intralobar lesions 
will usually require lobectomy [16,26,28,29,31,33,49–51].

Scimitar Syndrome

The scimitar syndrome, also called congenital venolobar syndrome, 
is a rare congenital anomaly classically described by (1) partial or 
complete anomalous pulmonary venous drainage of the right lung 
to the inferior vena cava, (2) hypoplasia of the right lung, (3) hypo-
plasia of the right pulmonary artery, (4) dextrocardia, and (5) 
anomalous systemic arterial supply of the right lower lobe of the 
lung from the subdiaphragmatic descending aorta or its branches 
[16,52–55]. The majority of children are symptomatic; however, 
clinical presentation depends to a great extent on signifi cance of 
the resulting left-to-right shunt. Two forms are commonly described 
[56–59]. The infantile form is usually associated with a variety of 
congenital anomalies, including additional congenital heart defects 
such as coarctation of the aorta, tetralogy of Fallot, and ventricular 
septal defect. Affected children are prone to recurrent pneumonia, 
congestive heart failure, and pulmonary hypertension [57–59]. The 
adult form is characterized by a small left-to-right shunt with 
minor symptoms and lack of associated anomalies [56,59]. Surgical 
management of the scimitar syndrome is often dependent on the 
clinical presentation and is therefore age dependent [59–61]. Indi-
cations for surgery include (1) the presence of a large left-to-right 
shunt with consequent pulmonary hypertension and heart failure 
and (2) recurrent pneumonia caused by pulmonary sequestration 
[61]. Surgical management includes ligation of the anomalous sys-
temic artery, reimplantation of the scimitar vein to the left atrium, 
and resection of the sequestration [59–62]. Postoperative pulmo-
nary venous obstruction or pulmonary hypertension is frequent 
and greatly impacts outcome.

Pulmonary Agenesis, Aplasia, and Hypoplasia

Pulmonary underdevelopment is commonly classifi ed into three 
groups: (1) pulmonary agenesis (complete absence of bronchus and 
lung), (2) pulmonary aplasia (rudimentary bronchus ends blindly 
without lung tissue), and (3) pulmonary hypoplasia (incomplete 
development of the bronchus with variable reduction in lung tissue) 
[16,26,28,47,48,63–69]. Associated congenital anomalies are fre-
quently present [63,64,66,68]. Compensatory hyperinfl ation of the 
contralateral lung with herniation across the midline is typically 

noted on chest radiograph. Additional fi ndings include mediastinal 
shift toward the affected hemithorax, which is usually accentuated 
during inspiration. Management is largely supportive, as there are 
currently no acceptable long-term surgical options for manage-
ment of these children [16,26,28,47,48]. Expandable prosthetic 
devices (including saline-fi lled prostheses, ping pong ball plom-
bage, etc.) used for the postpneumonectomy syndrome (dyspnea 
and respiratory distress occurring secondary to mediastinal shift 
into the empty hemithorax) [70–72] have been attempted recently 
with some success [73].

Atelectasis

The term atelectasis is derived from the Greek words ateles and 
ektasis, which literally mean incomplete expansion. Atelectasis is 
associated with a variety of respiratory diseases and may be identi-
fi ed in as many as 15% of children admitted to the PICU [74–77]. 
Atelectasis occurs by three mechanisms: (1) compression of lung 
parenchyma by intrathoracic, chest wall, or extrathoracic disease 
processes (compression atelectasis); (2) obstruction of airways with 
subsequent gas resorption (resorption atelectasis); and (3) increased 
surface tension in small airways and alveoli (Table 2.1) [78–80]. 
Compression atelectasis occurs when the distending pressure (i.e., 
transmural pressure) that keeps an alveolus open is reduced below 
a certain threshold, allowing the alveolus to collapse. The depen-
dent lung regions are the areas most commonly affected by this 
type of atelectasis.

Resorption atelectasis occurs via one of two possible mecha-
nisms. In the fi rst, complete airway obstruction creates a pocket of 
trapped gas in the alveoli distal to the obstruction. As the affected 
lung region is perfused, but not ventilated, gas is absorbed and the 
alveoli eventually collapse. The second mechanism is a conse-

TABLE 2.1. Causes of atelectasis in infants and children.

Compression atelectasis
 Extrinsic bronchial compression
  Tumors
  Lymph nodes
  Cardiomegaly (e.g., congenital heart disease, congestive heart failure)
  Vascular rings
  Congenital lobar emphysema
 Compression of lung parenchyma
  Chylothorax
  Hemothorax
  Pneumothorax
  Tumors
Resorption atelectasis
 Intrabronchial obstruction
  Obstructive airways disease (e.g., asthma, cystic fibrosis, bronchiolitis)
  Foreign body
  Inspissated secretions and/or mucous plugs
  Cystic fibrosis
  Sickle cell disease and acute chest syndrome
 Administration of High FiO2 in the setting of low VA/Q
Surfactant deficiency or dysfunction
 Infant respiratory distress syndrome (hyaline membrane disease)
 Acute respiratory distress syndrome
 Pneumonia
 Pulmonary edema
 Near-drowning
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quence of oxygen being more readily absorbed than nitrogen. As a 
result, the rate of absorption of the gas increases with the fractional 
concentration of oxygen in the alveoli. Administration of either 
supplemental oxygen or mechanical ventilation with high frac-
tional inspired oxygen (FiO2) can result in resorption atelectasis, 
especially in lung zones with low ventilation to perfusion (VA/Q) 
ratios. Finally, loss or dysfunction of surfactant results in increased 
surface tension in small airways and alveoli, leading to lung col-
lapse. All three mechanisms likely contribute to atelectasis in acute 
lung injury and its more severe form, the acute respiratory distress 
syndrome [78–80].

Young children are particularly susceptible to atelectasis com-
pared with older children and adults [74,75,77,78,80]. As previously 
discussed, the child’s airways are smaller than the adult’s and have 
a higher peripheral airways resistance [81,82]. The child’s airways 
are therefore more susceptible to obstruction by inspissated secre-
tions or mucus. In addition, children are more susceptible to 
dynamic airway compression because of weak cartilaginous 
support [83,84]. Finally, the collateral pathways of ventilation 
(pores of Kohn and Lambert’s canals) are less well developed in 
children than adults [78,80,83–86] such that airway obstruction 
leads to air trapping and subsequent collapse via resorption atelec-
tasis. Children also appear to differ from adults with respect to the 
distribution of atelectasis as well. The upper lobes, especially the 
right upper lobe, appear to be more commonly affected in critically 
ill children admitted to the PICU [74–77]. Collapse of the lower 
lobes, especially the left lower lobe, appears to be more common in 
critically ill adults.

Atelectasis compromises pulmonary function by affecting both 
mechanical properties of the lung as well as gas exchange Accord-
ing to the Laplace relationship, smaller alveoli (e.g., collapsed or 
atelectatic areas of lung) require a greater opening pressure to 
reinfl ate and reexpand. As the lung now requires higher pressures 
to infl ate, atelectasis causes a signifi cant reduction in lung compli-

ance. Atelectasis also leads to ventilation–perfusion mismatch, 
leading to gas exchange abnormalities and hypoxemia. Atelectasis 
may also result in a compensatory overdistention of adjacent 
alveoli, especially in the setting of airways obstruction and obstruc-
tive atelectasis [78,80,86]. Additional consequences of atelectasis 
can include bronchiectasis, pneumonia, and lung abscess, which 
result from retained, infected secretions within the collapsed lung 
and not atelectasis per se.

A chest radiograph is often required to document the presence, 
extent, and distribution of atelectasis (Figure 2.2). Opacifi cation 
may represent areas of either collapse or consolidation. However, 
loss of lung volume with movement of the diaphragm, medias-
tinum, and major fi ssures toward the affected areas are highly 
suggestive of collapse (discussed later in the chapter on respiratory 
monitoring).

The management of atelectasis is tailored to the etiology as well 
as the prevention of subsequent complications (e.g., inspissated 
secretions and worsening airways obstruction, hypoxemia, infec-
tion). Several new modalities to facilitate reexpansion of atelectatic 
alveoli in the PICU are available, although few randomized, con-
trolled clinical trials exist to support the merits of one modality 
over another [78,80,86,87]. Vigorous coughing, the use of incentive 
spirometry, and chest physiotherapy are frequently employed 
[88–91]. In recalcitrant cases, or those associated with neuromuscu-
lar disease or cystic fi brosis (CF), assisting devices such as 
intermittent positive pressure breathing [90,91], cough-assist insuf-
fl ation/exsuffl ation therapy [92,93], or noninvasive bilevel positive 
pressure ventilation (BiPAP) [92–97] may be helpful. The use of 
recombinant DNase (rhDNase), which is approved for use in CF 
patients, has also been employed in persistent atelectasis, especially 
in those cases that are caused by resorption atelectasis secondary to 
obstruction by inspissated secretions. DNase is thought to improve 
atelectasis by decreasing the viscosity of secretions and assisting 
mucociliary clearance, thereby relieving airways obstruction [98–

A B

FIGURE 2.2. Right middle lobe atelectasis in a 3-year-old child admitted to the pediatric intensive care unit with status asthmaticus. (A) Anteroposterior view. (B) Lateral view. 
(Courtesy of Corning Benton, MD, Cincinnati Children’s Hospital Medical Center.)
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107]. Finally, for those patients requiring ventilator support, atelec-
tasis can necessitate a prolonged course on the ventilator and thus 
has increased risks of associated complications. For these patients, 
the use of positive end-expiratory pressure, often in increased 
levels, as well as increased inspiratory times may be necessary. If 
atelectasis is not resolved with these interventions, fl exible bron-
choscopy may be helpful for diagnosis as well as removal of inspis-
sated secretions and reexpansion of collapsed alveoli [108–111].

Pulmonary Edema

Pathophysiology

Pulmonary edema is defi ned simply as an abnormal accumu-
lation of fl uid in the lung. The net fl ow of fl uid across the alveolar–
capillary membrane is generally expressed using the Starling 
equation, as follows:

Qf = Kf [(PC − PT) − σ (πC − πT)]

where Qf is equal to the net fl ow across the alveolar–capillary mem-
brane; Kf is the fi ltration coeffi cient, which takes into account the 
contribution of the permeability and surface area of the alveolar–
capillary membrane; PC is equal to the capillary hydrostatic pres-
sure; PT is equal to the interstitial fl uid hydrostatic pressure; σ 
is the refl ection coeffi cient of the alveolar–capillary membrane 
(σ = 1 if the membrane is completely impermeable to protein, and 
σ = 0 if the membrane is completely permeable to protein); πC is 
the capillary oncotic pressure; and πT is the interstitial oncotic 
pressure.

Under normal physiologic conditions, PC is gravity dependent 
and ranges from 8 to 12 mm Hg, whereas PT is estimated at −2 to −
10 mm Hg. The balance of hydrostatic pressures therefore over-
whelmingly favors net fl uid movement out of the pulmonary 
capillary. Normally, πC approximates 25 mm Hg, and πT ranges 
between 10 and 15 mm Hg. Given that σ is between 0.7 and 0.95, the 
balance of oncotic pressures tends to favor a relatively small amount 
of net fl uid movement into the pulmonary capillary. Therefore, 
under normal conditions, the balance of Starling forces across the 
alveolar–capillary membrane favors a net fl ow of fl uid out from the 
microvascular space into the interstitium (Figure 2.3) [reviewed in 
112–116].

Several factors protect against the development of pulmonary 
edema. If the alveolar–capillary membrane is able to retard the 
movement of proteins (i.e., σ remains unchanged), the increased 

fl uid that enters the interstitium will lower the interstitial osmotic 
pressure and thereby oppose interstitial fl uid accumulation. In 
addition, the increased interstitial hydrostatic pressure that results 
from this fl uid accumulation will abolish the normal hydrostatic 
pressure gradient and further oppose fl uid movement into the 
interstitium. Finally, the lymphatics have a tremendous capacity to 
clear any fl uid that accumulates within the lung interstitium. Once 
these defensive mechanisms are overcome, fl uid begins to accumu-
late in a relatively predictable manner [117]. Fluid fi rst accumulates 
in the loose interstitial tissue surrounding small blood vessels and 
airways. Alveolar fl uid next accumulates in the corners of the alve-
olus, and, if edema persists, fl uid eventually completely fi lls the 
alveolus (Figure 2.4).

The last decade has witnessed a dramatic increase in our under-
standing of the normal fl uid clearance mechanisms of the lung. 
Importantly, the lung’s ability to clear pulmonary edema (regard-
less of mechanism) correlates with improved survival in critical 
illnesses such as sepsis, acute lung injury, and congestive heart 
failure [118–120]. Under normal conditions, alveolar fl uid clear-
ance is dependent on the active transport of Na+ and Cl− (with water 
following) across the lung epithelium, a process that depends on 
Na+/K+ ATPase, intercellular tight junctions, and Na+ ion channels 
[reviewed in 115,116,121,122]. Recent evidence suggests that alveo-
lar lung clearance is partly regulated by endogenous β-adrenergic 
receptors, leading some investigators to suggest that aerosolized 
β-adrenergic agonists may be helpful in patients with acute lung 
injury and acute respiratory distress syndrome [120,122–126].

Etiology

Factors that increase the pulmonary capillary pressure, such as left 
ventricular failure or valvular regurgitation, serve to increase the 
driving force through the capillary wall into the interstitium and 
lead to fl uid accumulation. This aspect of fl uid accumulation, 
however, is not limited to cardiogenic causes and can also be seen 
in pulmonary veno-occlusive disease and other processes impair-
ing pulmonary venous drainage (Figure 2.5A). Plasma oncotic 
pressure, often refl ected in the child’s serum albumin level, can 
also play a role in the accumulation of pulmonary edema (Figure 
2.5B). In illnesses such as protein losing enteropathy or nephrotic 
syndrome, with increased protein losses, or those with decreased 
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Qf = Kf [(PC–PT)–σ( C– T)]

FIGURE 2.3. Starling forces across the pulmonary capillary endothelium. Qf is net flow 
across the alveolar–capillary membrane; Kf is filtration coefficient; PC is capillary hydro-
static pressure; PT is interstitial fluid hydrostatic pressure; σ is reflection coefficient of the 
alveolar–capillary membrane (σ = 1 if the membrane is completely impermeable to 
protein, and σ = 0 if the membrane is completely permeable to protein); πC is capillary 
oncotic pressure; and πT is interstitial oncotic pressure.
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FIGURE 2.4. Pattern of alveolar fluid accumulation. (Adapted from Staub et al. [117].)
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protein production, such as hepatic disease or malnutrition, the 
forces promoting return of fl uid into the vascular space are 
decreased. These children develop systemic extravascular fl uid 
overload, of which pulmonary edema can be the most clinically 
signifi cant. In general, alteration of capillary membrane permea-
bility is seen as a result of insult to the membrane itself (Figure 
2.5C). In the PICU population, this is frequently a consequence of 
infection (either pulmonary or systemic) or acute respiratory 
distress syndrome. Leaky capillaries can also be attributed to cir-
culating toxins such as chemotherapy or even endogenous media-
tors of the immune system such as leukotrienes, tumor necrosis 
factor-α, or histamine. Similarly, direct toxins, such as smoke, 
chemical irritants, or even water in near-drowning can injure the 
endothelium and alter permeability, predisposing to pulmonary 
edema.

An additional but poorly understood mechanism of pulmonary 
edema is that resulting from increased negative interstitial pres-
sure or postobstructive pulmonary edema. It is most often seen in 
those disorders associated with upper airway obstruction such as 
croup, foreign body aspiration, severe acute asthma, or laryngo-
spasm after the obstruction is relieved. High negative intrathoracic 
pressure causes increases in cardiac preload, afterload, and pulmo-
nary blood fl ow, which in turn increase the microvascular pressure 
driving fl uid into the interstitium. This may be an additional etio-
logy of edema in those children experiencing smoke inhalation or 
near-drowning.

Neurogenic pulmonary edema is similarly not fully understood 
but may be associated with a massive sympathetic discharge. This 
release in catecholamines and the subsequent increase in sympa-
thetic tone that follows may increase pulmonary and systemic 
vasoconstriction, shifting blood to the pulmonary vasculature, 
increasing capillary pressure, and leading to edema formation. 
There may also be a component of increased capillary permeability 
from stress failure or hypoxia-related injury of the capillary endo-
thelium contributing to pulmonary edema formation.

Clinical Consequences

The presence of fl uid in the interstitial and alveolar spaces serves 
to decrease lung compliance and increase atelectasis. Most com-
monly, children with pulmonary edema develop some component 
of respiratory distress. This may be seen through increased work 
of breathing in an attempt to maintain minute ventilation or desat-
urations as V/Q mismatch progresses or to increase ventilator 
requirements in those already with respiratory failure. Physical 
examination of the lung fi elds may reveal wheezing and fi ne crack-
les. Chest radiograph serves as the main diagnostic tool (Figure 
2.6). Early in the process, peribronchial and perivascular cuffi ng 
may be observed, resulting from interstitial edema. Lung fi elds 
demonstrating increased pulmonary vascular markings and car-
diomegaly may be seen with edema arising from left ventricular 
dysfunction. Progressively, as edema begins to fi ll the alveolar 
spaces, diffuse patchy densities may be appreciated.

Management

Primary management of pulmonary edema should be directed at 
correcting the underlying disturbance that led to pulmonary 
edema. Often this is easier said than done, and supportive care of 
the patient focusing on respiratory stabilization and decreasing 
pulmonary edema is pursued. Removal of excessive interstitial and 
alveolar fl uid can be attempted with diuretics [127]. However, 
diuretics such as furosemide probably work because of their effects 
on venous capacitance and not via the induced diuresis [112–116]. 

FIGURE 2.5. Mechanisms of pulmonary edema. (A) ↑ PC. (B) ↓ πC. (C) ↓ σ.

FIGURE 2.6. Pulmonary edema in an 11-month-old child with congestive heart failure. 
(Courtesy of Corning Benton, MD, Cincinnati Children’s Hospital Medical Center.)
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Supportive care with noninvasive ventilation is often helpful, as it 
decreases the work of breathing and provides a constant level of 
positive end-expiratory pressure, stenting open alveoli and forcing 
out excess fl uid—although efforts to minimize further ventilator-
induced lung injury are crucial as well. For those patients on the 
ventilator or with severe distress requiring ventilation, increased 
levels of positive end-expiratory should be employed for the same 
reasons. Additionally, dependent areas of the lung are at increased 
risk of developing pulmonary edema, and therefore frequent 
changes in patient position or even prone ventilation may help to 
mobilize fl uid, resolve associated atelectasis, and redistribute areas 
of V/Q mismatch. For those patients with hypoalbuminemia and 
pulmonary edema, there may be some benefi t of albumin supple-
mentation in decreasing edema fl uid [127]. Finally, as discussed 
earlier, aerosolized β-adrenergic agonists may help augment alve-
olar fl uid clearance and relieve pulmonary edema [120,122–126].

Diseases of the Pleural Space

Pleural Effusions

The pleural membrane is a thin, double-layered membrane that 
separates the lung from the chest wall, diaphragm, and mediasti-
num. The outer layer, called the parietal pleura, covers the inner 
surface of the chest wall, including the mediastinum, diaphragm, 
and ribs. The inner layer, called the visceral pleura, covers the 
entire surface of the lungs, including the interlobar fi ssures, except 
for the hilus, where the pulmonary blood vessels, bronchi, and 
nerves enter the lung tissue. The mediastinum completely sepa-
rates the right and left pleural spaces. Under normal conditions, 
the two pleurae are separated by a thin space (pleural space) that 
contains a small amount of serous fl uid. This fl uid provides a fric-
tionless surface between the two pleurae in response to changes in 
lung volume with respiration. Essentially an ultrafi ltrate of plasma, 
normal pleural fl uid is clear in appearance, with a pH of 7.60–7.64, 

a protein content less than 2% (1–2 g/dL), fewer than 1,000 WBCs 
per cubic millimeter, a glucose content similar to that of plasma, 
and a lactate dehydrogenase level less than 50% of plasma 
[128,129].

A pleural effusion (Figure 2.7) is broadly defi ned as an abnormal 
collection of fl uid in the space between the parietal and visceral 
pleurae and may arise from a variety of processes that alter the 
normal fl ow and absorption of pleural fl uid. These can include 
changes in the permeability of the pleural membrane (e.g., pneu-
monia, malignancy), reduction in intravascular oncotic pressure 
(e.g., hypoalbuminemia), increased capillary hydrostatic pressure 
(e.g., congestive heart failure, SVC syndrome), or decreased lymph 
drainage or lymphatic obstruction (e.g., thoracic duct trauma) 
[128,129]. The most common causes of pleural effusions in children 
are pneumonia (parapneumonic effusion), congenital heart disease, 
and malignancy [128,129]. A diagnostic or therapeutic thoracente-
sis is usually indicated to determine the nature of the effusion as 
well as to relieve associated dyspnea and respiratory compromise.

When performing a thoracentesis, the child is seated, leaning 
over a table or supine if that is not possible. The preferred entry is 
at the seventh intercostal space along the posterior axillary line. 
This area is cleaned and draped in sterile fashion and local anes-
thesia provided to the subcutaneous tissue, rib periosteum, and 
pleura with 1% lidocaine. An 18–22 gauge intravenous catheter over 
a needle or large-bore needle is attached to a syringe and advanced 
with steady negative pressure through the skin, onto the rib, and 
guided over the superior aspect of the rib, taking care to avoid the 
neurovascular bundle running beneath. Advancement of the needle 
is halted once fl uid is obtained, and, if an intravenous or pigtail 
catheter with guidewire is used, the catheter may be advanced into 
the pleural space. Fluid is removed, and, once drainage is complete, 
the needle or catheter is removed and an occlusive dressing placed 
over the site. A chest radiograph should be obtained after the pro-
cedure to rule out pneumothorax.

Depending on analysis of the fl uid obtained, pleural effusions 
may be classifi ed into either transudates or exudates. In transuda-

A B

FIGURE 2.7. (A) Pleural effusion in a 9-year-old child with pneumonia (i.e., parapneumonic effusion). (B) Pleural effusion in a 19-year-old adolescent. (Courtesy of Corning Benton, MD, 
Cincinnati Children’s Hospital Medical Center.)
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tive effusions, the pleural membranes are intact and pleural perme-
ability is normal. There is instead an imbalance of Starling forces 
along the pleural membrane from increased capillary hydrostatic 
pressure, decreased colloid oncotic pressure, or both. Examples of 
transudative effusions are those associated with congestive heart 
failure, cirrhosis, and nephrotic syndrome. Alternately, in exuda-
tive effusions, there is a disruption in the permeability of the 
pleural membrane, occasionally with coexisting lymphatic obstruc-
tion. This leads to a more viscous and tenacious fl uid collection 
such as that associated with infection, malignancy, collagen vas-
cular disease, or trauma. Transudative and exudative effusions are 
compared in Table 2.2. Distinguishing between transudative and 
exudative effusions can be helpful from a diagnostic standpoint 
and may also impact management of the effusion, as exudative 
fl uid collections often need chest tube drainage, whereas transu-
dates can often be managed without further invasive procedures.

Parapneumonic Effusions and Empyema

Nearly one-half of all children with pneumonia will develop a para-
pneumonic effusion, although less than 5% of these effusions prog-
ress to empyema (see Chapter 17 for additional discussion). An 
otherwise uncomplicated parapneumonic effusion does not usually 
warrant immediate drainage. However, if the effusion persists 
despite antibiotic therapy, or certainly if the effusion is associated 
with respiratory compromise, drainage via tube thoracostomy is 
generally indicated.

Historically, the microorganisms most commonly isolated from 
parapneumonic effusions and empyemas during childhood have 
been Staphylococcus aureus, Streptococcus pneumoniae, Strepto-
coccus pyogenes, and Haemophilus infl uenzae. Multiple modalities 
exist for the treatment of empyema, including thoracentesis, chest 
tube drainage, instillation of fi brinolytic therapy into the pleural 
cavity, video-assisted thoracic surgery (VATS), and open thoracot-
omy with decortication. Prospective studies evaluating the use of 
fi brinolytic therapy in the management of parapneumonic effusion 
in children suggest that treatment with fi brinolytic therapy 
increases pleural drainage and decreases the need for surgical 
intervention (via thoracotomy) [129–132], although a recent 
Cochrane Database review suggested that VATS may be superior to 
even fi brinolytic therapy [133]. If surgery is required, the less inva-
sive nature of VATS coupled with excellent published results have 
led many experts to recommend this approach over thoracentesis, 
chest tube drainage, and open thoracotomy [128,133].

Bronchopleural Fistula

A potential complication of empyema and lung abscess is the devel-
opment of an abnormal connection between the airway and pleural 

cavity, called a bronchopleural fi stula (BPF). A BPF may result from 
the rupture of a lung abscess, cyst, or bulla or from injury to the 
bronchus or lung parenchyma from trauma or mechanical ventila-
tion. Additional sources include erosion of the bronchus by carci-
noma or chronic infl ammation as well as the breakdown of suture 
lines after pulmonary resection (more common in adults). The 
presence of a BPF is typically heralded by the return or increase in 
the air leak of the chest tube system or, in the absence of a chest 
tube, the occurrence of a pneumothorax. Diagnosis may be con-
fi rmed by bronchoscopy, but occasionally additional radiologic or 
contrast studies are used. Bronchopleural fi stulae are diffi cult to 
manage and are associated with a poor prognosis. Typically, 
patients are treated aggressively with antibiotics and continued 
drainage, but often surgical closure is required.

Chylothorax

A chylothorax is defi ned as the accumulation of chyle within the 
pleural space, usually occurring because of injury to the thoracic 
duct or a derangement of lymphatic fl ow within the thorax. Chylo-
thorax is the most common type of neonatal pleural effusion, often 
resulting from birth trauma, congenital malformations, or 
increased venous pressure from thrombosis of central venous cath-
eters. Chyle is classically described as a white, milky, opaque fl uid, 
although this appearance is seen in less than half of all patients 
with a chylothorax. In children, chylothorax is commonly iatro-
genic, following surgical correction or palliation of congenital 
heart disease. Treatment includes drainage (via tube thoracostomy) 
and the institution of a low-fat (or medium-chain triglyceride)/
high-protein diet. There are reports of successful treatment of chy-
lothorax with the somatostatin analog octreotide; however, no con-
trolled trials exist to document benefi t [134–141]. For refractory 
cases, surgical ligation of the thoracic duct is indicated [142].

Hemothorax

The presence of blood in the pleural space with a hematocrit equal 
to 50% of that of peripheral blood constitutes a hemothorax. Exten-
sive bleeding into the pleural cavity is rare in children but may be 
seen after trauma or as a complication of surgery. Chest tube place-
ment and surgical intervention to control active bleeding are 
required.

Pneumothorax

A pneumothorax is defi ned as an accumulation of air in the pleural 
space. By convention, a small pneumothorax occupies 15% or less 
of the pleural space, a moderate pneumothorax occupies 15%–60% 
of the pleural space, and a large pneumothorax occupies more than 
60% of the pleural space. Pneumothoraces are commonly classifi ed 
into three types (simple, communicating, and tension). A simple 
(also called closed or noncommunicating) pneumothorax exists 
when there is no direct communication with the atmosphere. Addi-
tionally, there is no mediastinal shift resulting from the accumu-
lated air (Figure 2.8). A simple pneumothorax is a common 
complication of nonpenetrating trauma to the chest in which one 
or more fractured ribs lacerates or punctures the visceral pleura 
and lung parenchyma, causing an escape of air from the lung into 
the pleural space. A pneumothorax in this setting may also occur 
in the absence of rib fracture when the impact is delivered at a full 
inspiration with the glottis closed, leading to a drastic increase in 

TABLE 2.2. Evaluation of a pleural effusion: transudate versus exudates.

 Transudate Exudate

pH >7.4 <7.3
Protein (g/dL) <3.0 >3.0
Lactate dehydrogenase (LDH) <2/3 serum level >2/3 serum level
Pleural fluid: serum protein <0.5 >0.5
Pleural fluid: serum LDH <0.6 >0.6
Red blood cell <5,000 >5,000
White blood cell <1,000 >1,000
Glucose Equal to serum Less than serum
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intraalveolar pressure and subsequent rupture of the alveoli. 
Finally, a simple pneumothorax may occur as a consequence of 
barotrauma or volutrauma during positive pressure mechanical 
ventilatory support.

A communicating or open pneumothorax is associated with an 
open defect in the chest wall, most commonly occurring as a com-
plication of penetrating chest trauma. As intrathoracic pressure is 
always less than atmospheric pressure (i.e., negative intrathoracic 
pressure) during spontaneous breathing, air rapidly accumulates 
in the pleural space. Loss of negative intrathoracic pressure results 
in varying degrees of lung collapse and further respiratory 
compromise.

A tension pneumothorax is caused by progressive accumulation 
of air in the pleural space (Figure 2.9). This collection of air shifts 
the mediastinum to the contralateral hemithorax and compresses 
the contralateral lung and great vessels, compromising both car-
diovascular and respiratory function. Whether the air enters the 
pleural space through a defect in the chest wall, a lacerated or 
ruptured bronchus, or a ruptured alveolus, a one-way valve effect 
is created such that air enters during inhalation but cannot exit 
during exhalation. Accumulation of air continues until the intra-
thoracic pressure of the affected hemithorax equilibrates with 
atmospheric pressure. At this point, the accumulation of 
pressure within the thorax leads to depression of the ipsilateral 
hemidiaphragm and displacement of the mediastinum (and 
associated great vessels) toward the contralateral hemithorax. 
While the superior vena cava (SVC) is able to move to some extent, 
the inferior vena cava (IVC) is relatively fi xed within the diaphragm 
and will be compressed (kinked). As two-thirds of the venous 
return in children comes from below the diaphragm, compression 
of the IVC leads to a drastic and profound reduction in venous 
return to the heart, leading to cardiovascular collapse (obstructive 
shock) [143].

The clinical presentation of a pneumothorax will depend on its 
size, how rapidly it has accumulated, and whether or not it is under 
tension. Classic signs and symptoms include chest pain (often 
radiating to the tip of the ipsilateral shoulder), dyspnea, tachypnea, 
tachycardia, and cyanosis. Diminished or absent breath sounds on 
the involved side with displacement of the trachea toward the 
contralateral side are often detected on physical examination. A 
tension pneumothorax will present with cardiovascular collapse 
and profound respiratory distress. The chest radiograph is the 
preferred imaging study and should be obtained unless the 
clinical condition warrants immediate treatment, although 
small pneumothoraces are often missed on initial chest x-ray. 
Computed tomography is superior to plain x-ray for detecting 
small pneumothoraces, although many of these are clinically 
insignifi cant and do not require intervention. Decompression via 
needle thoracentesis or tube thoracostomy is the treatment of 
choice (see later).

Pneumomediastinum

A pneumomediastinum is an abnormal collection of air within the 
mediastinal space. Most commonly, pneumomediastinum results 
from microscopic alveolar rupture. There is some evidence that 
this may occur earlier in the continuum of pressure-induced injury, 
with the majority of ventilated patients developing pneumomedi-
astinum before pneumothorax. As with pneumothorax, those 
patients receiving high peak pressures on the ventilator are most 
at risk, but there may be spontaneous development as well 
[144–146]. Aside from alveolar disruption, however, pneumome-
diastinum can also result from air escaping from the esophagus, 
trachea, or upper respiratory tract. This free air may be the result 
of trauma [147–149], surgery, or iatrogenic injury during medical 
procedures such as tracheal intubation, upper GI endoscopy, and 

FIGURE 2.8. Simple pneumothorax in a 15-year-old male (spontaneous pneumothorax). 
(Courtesy of Corning Benton, MD, Cincinnati Children’s Hospital Medical Center.)

FIGURE 2.9. Tension pneumothorax in a 9-day-old premature infant with pulmonary inter-
stitial emphysema and iatrogenic barotraumas from ventilator-induced lung injury. 
(Courtesy of Corning Benton, MD, Cincinnati Children’s Hospital Medical Center.)
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so forth. Pneumomediastinum may also result from retropharyn-
geal abscesses or other dental or oropharyngeal infections, espe-
cially those from gas-producing bacteria [144].

Pneumomediastinum is often asymptomatic, but, as mediastinal 
air may track into the subcutaneous tissues of the neck and chest, 
crepitus may develop. The patient may complain of chest pain, 
neck pain, or dyspnea. Diagnosis is typically made by chest x-ray 
(Figure 2.10). Isolated pneumomediastinum usually resolves 
without treatment, but, if severe, with cardiac compromise, or as a 
consequence of tracheal or esophageal rupture, surgical interven-
tion is required. Turlapati et al. described a technique for 
placement of mediastinal tubes at the bedside for emergency 
decompression of hemodynamically signifi cant pneumomediasti-
num [150].

Chest Tubes

The Physics of Chest Tubes

Chest tubes have been employed since the days of Hippocrates. The 
chest tube and collecting system have undergone some changes 
since then, with the closed tube thoracostomy being put into wide-
spread use for hemothorax following the Korean confl ict. Cur-
rently, the indications for chest tube use include signifi cant pleural 
effusion, hemothorax, chylothorax, pneumothorax, empyema, and 
malignant effusion. Although these conditions can occasionally be 
managed through observation and thoracentesis, often chest tube 
placement is required.

The closed tube system consists of three chambers. The collec-
tion chamber is connected to the patient through the chest tube 
and is also connected to a water seal chamber. A water seal chamber 
serves as a one-way valve, preventing return of the drained fl uid to 
the patient. The water seal chamber is then connected to a third 
chamber that controls the amount of suction applied to the pleural 
space (Figure 2.11) [151,152].

Placement of Chest Tubes

The placement of a thoracotomy tube varies somewhat on the 
medium that is to be drained. Pigtail catheters placed via Seldinger 
technique in the midaxillary line of the fi fth intercostal space have 
become a common alternative to traditional, more invasive chest 
tubes, especially for the pediatric population [153]. These tubes are 
very useful in draining transudative effusions or air and can be 
placed with minimal sedation. Pigtail tubes, in general, are more 
comfortable for the patient while in place. They are, however, 
limited by their caliber and are more prone to clogging, especially 
with chylous, grossly bloody, or purulent pleural fl uid collections. 
In those circumstances when pigtail catheters fail or are inappro-
priate because of more viscous media in the pleura, a traditional 
thoracostomy tube should be placed. Here, the patient is placed 
supine with the involved side elevated 10°–20° from the bed. The 
lateral chest wall is prepped and draped in a sterile fashion, and, 
after local anesthesia is administered, a small transverse incision 
is made at the intercostal space below that selected for the chest 
tube (typically the fi fth intercostal space). With a clamp or scissors, 
blunt dissection is used to separate skin and chest wall. The inter-
costal muscles are then separated over the edge of the fi fth rib with 
a blunt clamp, and the parietal pleura is penetrated. With the tip 
of a gloved fi nger, the tract and penetration of the pleural space is 
verifi ed. The tip of the plastic catheter (size ranging from 20 to 36 F) 
is then inserted through the tract and directed toward the most 
dependent portion of the lung. The tube is then secured in place 
and attached to the collecting system as described earlier.

Chest Tube Management

After insertion, chest tubes should be monitored daily to evaluate 
the amount and quality of the drainage, the presence of bubbling 
(i.e., air leak), and movement of the fl uid with respiration to ensure 
patency and correct positioning. Reexpansion pulmonary 
edema has been reported after drainage of large effusions or 

A B

FIGURE 2.10. (A) Pneumomediastinum in a 6-month-old baby with acute respiratory 
failure (secondary to bacterial pneumonia) and ventilator-induced lung injury. (B) Pneu-
momediastinum in an 8-year-old boy admitted to the pediatric intensive care unit with 

status asthmaticus. (Courtesy of Corning Benton, MD, Cincinnati Children’s Hospital 
Medical Center.)
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FIGURE 2.11. The classic chest tube drainage system consists of three components: (1) water seal, (2) a 
mechanism to control suction, and (3) a collection reservoir. The first bottle is a water seal bottle and 
serves as a one-way valve. Air can bubble out through the water during expiration or coughing (A), but 
cannot return to the chest during inspiration (B). An air leak (air bubbling out from the patient during 
expiration or coughing) is present with residual pneumothorax or bronchopleural fistula. The same 
principle can be accomplished by placing the end of the chest tube in an open bottle of sterile water or 
with the use of a Heimlich valve. A second bottle is added in order to control the amount of negative 
pressure in the patient’s pleural cavity (C). Suction applied directly to the water seal bottle (and without 
a vent) would result in excessive negative pressure and subsequent tissue damage. The underwater 
distance of the third tube in the suction bottle (vented on the other end) determines the amount of 
negative pressure in the system (in this case, −20 cm H2O). Wall suction at −10 cm H2O will result in 
a negative pressure in the bottle of −10 (and −20 wall suction = −20 in the bottle, but the negative 
pressure in the bottle will never exceed −20!). Negative pressure applied to the patient will equal the 
difference between the underwater distance of the water seal and the underwater distance in the 
suction bottle. Evaporative losses in the suction bottle or pleural fluid drainage into the water seal bottle 
will decrease negative pressure in the chest tube. The third bottle (D) therefore serves only to collect 
fluid draining from the patient and is connected as a fluid trap between the patient and water seal 
bottle. The concept of the three-bottle system is used in most chest tube drainage systems in the 
pediatric intensive care unit today (E). The chamber on the far left is the suction control chamber—this 
chamber is filled with sterile water to the desired amount of suction (usually −10 to −20 cm H2O). The 
middle chamber (denoted by the letter C) is the water seal chamber—bubbling in the water seal 
chamber indicates the presence of an air leak (persistent pneumothorax, bronchopleural fistula, etc.). 
When the water seal chamber is filled to 2 cm as shown, a 2-cm water seal is established. The air leak 
meter indicates the approximate degree of air leak from the chest cavity—the higher the numbered 
column through which bubbling occurs, the greater the degree of air leak. The chamber denoted by the 
letter B is a safety mechanism that maintains an effective water seal in the event of excessive negative 
pressure. The calibrated manometer between the water seal chamber (C) and the safety chamber (B) 
measures the amount of negative pressure within the pleural cavity. As intrapleural pressure becomes 
more negative, the water level in this manometer rises. In the absence of an air leak, the water level 
here will rise and fall with the child’s respirations, reflecting normal pressure changes in the pleural 
cavity (i.e., with spontaneous respiration, the water level will rise during inhalation and fall during 
exhalation—the converse is true with positive pressure ventilation). The chamber on the far right is the 
collection (chest tube drainage) chamber, denoted by the letter D.
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pneumothoraces in both adults and children [154–156]. This poten-
tially lethal complication of thoracostomy tube placement is fortu-
nately quite rare. Young patients, especially those with spontaneous 
pneumothorax, appear to be at a greater risk [155,156]. Suggestions 
that have been proposed to minimize the risk of this rare complica-
tion include slow drainage of large pleural effusions, use of supple-
mental oxygen (if the patient is not on positive pressure ventilation), 
and avoiding or minimizing suction until the lung has reexpanded 
following placement of a chest tube for pneumothorax [155–157].

If the fl uid drainage ceases suddenly, the tube may be kinked or 
blocked by exudative drainage. Evaluation of the drain especially 
at the exit site may alleviate the problem of kinking, and fl ushing 
the tube with a small amount (10 mL) of sterile normal saline may 
relieve blockage of pus or debris. If this does not restore fl uid drain-
age and fl uid persists by chest radiography, it may be that the tube 
has shifted, with its drainage ports resting outside the pleura, or 
that the fl uid has become loculated and sequestered from drainage. 
In these instances the tube may need to be replaced or, in the case 
of loculations, fi brinolytics or VATS considered.

The timing of chest tube removal should be determined clini-
cally, by resolution of symptoms and minimal chest tube drainage, 
commonly defi ned as 10–15 mL over 24 hr. Complete cessation of 
drainage should not be anticipated, as the presence of the chest 
tube itself may serve as a stimulus for fl uid production. For those 
chest tubes placed for accumulation of air or pneumothorax, a 
period of observation after chest tube clamping is recommended 
to observe for reaccumulation of air or bronchopleural leak. It is 
often advisable to maintain pleural drainage in those patients who 
remain on positive pressure ventilation until they are weaned from 
the ventilator because of the increased risk of reaccumulation 
of air.

Once the decision to remove the chest tube has been made, the 
child should be provided with analgesia and sedation. Chest tube 
removal should be completed briskly, during the expiratory phase 
or with a Valsalva maneuver in a cooperative child. The site should 
be covered with an occlusive dressing and a chest x-ray obtained to 
evaluate for residual or recurrent pneumothorax.
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Respiratory Monitoring
John Marcum and Christopher J.L. Newth

child’s neurologic status may demonstrate early signs of hypoxia 
and/or hypercarbia, which include restlessness, irritability, confu-
sion, anxiety, and an inability to recognize parents. Conversely, the 
child who is awake, alert, and cooperative is less likely to deterio-
rate acutely. Nasal fl aring, retractions, and use of the accessory 
muscles of breathing are often present [4].

The examiner should closely inspect the symmetry of the chest 
and the degree of chest wall excursion. A large anteroposterior (AP) 
diameter, or barrel chest, may indicate an increased total lung 
volume (consistent with hyperinfl ation or obstructive pulmonary 
disease), whereas a narrow AP diameter may indicate a decreased 
total lung volume (consistent with restrictive pulmonary disease). 
The presence of dyscoordinate, seesaw breathing, which if severe 
will manifest as paradoxical movement of the thoracic cage during 
breathing (i.e., the chest moves inward during inspiration), is often 
a harbinger of impending respiratory failure [5,6]. The Hoover sign 
is an easily recognized and reproducible abnormality of chest wall 
motion that consists of the paradoxical inspiratory indrawing of 
the lateral rib margin [7,8] and is a useful sign of either obstructive 
airways disease or unilateral diaphragmatic paralysis [8–10]. 
Inspection of the skin color, especially the lips and buccal mucosa, 
may reveal cyanosis—the presence of cyanosis is frequently associ-
ated with oxyhemoglobin saturations of 80% or less [11]. However, 
cyanosis in certain situations is a very unreliable marker of hypox-
emia, particularly when anemia is present. Similarly, cyanosis will 
appear at higher oxyhemoglobin saturations when polycythemia is 
present. Cyanosis usually appears when the absolute concentration 
of deoxyhemoglobin in the arterial blood is greater than 3–5 g/dL. 
The oxygen saturation at which cyanosis is present therefore ranges 
from approximately 62% (at hemoglobin 8 g/dL) to 88% (at hemo-
globin 24 g/dL) [12]. The presence of digital clubbing is associated 
with chronic hypoxemia and may imply a chronic pulmonary or 
cardiac disease process. Jugular venous distension or a deviated 
trachea also indicates severe underlying pathology (e.g., cardiac 
tamponade, tension pneumothorax).

Palpation of the chest wall, axillae, and cervical region may 
reveal the presence of crepitus or subcutaneous emphysema arising 
from air leak syndrome (e.g., pneumothorax, pneumomedias-
tinum). A deviated trachea or displaced cardiac impulse may indi-
cate the presence of a tension pneumothorax. A palpable thrill 
or friction rub indicates potentially serious cardiac pathology. 
Percussion of the chest wall may also provide valuable dia-
gnostic information. Hyperresonance suggests the presence of 
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Introduction

Respiratory failure is one of the leading reasons for admission to the 
pediatric intensive care unit (PICU) (Figure 3.1). Respiratory moni-
toring assists the clinician in the early detection of acute respiratory 
failure and provides valuable data that guide therapeutic decision 
making. The term monitoring is derived from the Latin word 
monere, which means to warn. Respiratory monitoring in the PICU 
serves as an early warning system that continuously measures key 
indices that enhance our understanding of underlying pathology; 
aid with diagnosis and guide management; provide alarms that 
alert the physicians, nurses, and respiratory therapists to signifi -
cant changes in the child’s condition; and create trends that assist 
in assessing the therapeutic response and predicting prognosis [1].

Physical Examination and Assessment

Despite recent advances in technological monitoring devices, phys-
ical examination remains a vital aspect of the evaluation and man-
agement of the critically ill or injured child. The importance of a 
thorough physical examination, which necessarily includes obser-
vation, palpation, and auscultation, cannot be overemphasized. As 
such, there are a number of overt or subtle signs of serious respira-
tory compromise that should not be ignored (Table 3.1). When 
observing a child’s respiratory status, the clinician should pay par-
ticular attention to the respiratory rate and pattern. Respiratory 
rate varies inversely with age, and normal values as a function of 
age have been reported (Table 3.2) [2]. Tachypnea is often the fi rst 
sign of respiratory distress, and respiratory rate, if carefully mea-
sured, is a sensitive and reasonably specifi c marker of acute respira-
tory dysfunction [3]. Although tachypnea is the usual compensatory 
response to hypoxia, bradypnea in the context of marked respira-
tory distress is an ominous fi nding. A quick assessment of the 
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hyperinfl ation, consistent with an obstructive disease process. 
Dullness to percussion, on the other hand, suggests the presence of 
consolidation, atelectasis, or pleural effusion.

Auscultation of the chest can provide valuable information but 
may be particularly challenging in the infant, as the thorax is quite 
small and many lung sounds are easily transmitted throughout the 
chest wall. The examiner should listen for the presence of grunting, 
wheezing, stridor, rales, or rhonchi. The presence of grunting 
usually occurs in restrictive disease processes and represents the 
child’s attempt to increase intrinsic positive end-expiratory pres-
sure (PEEP) and maintain functional residual capacity (FRC) [13]. 
Unequal breath sounds or absent breath sounds suggest a tension 
pneumothorax, whereas diminished or muffl ed heart sounds 
suggest the presence of a pericardial effusion with possible cardiac 
tamponade. Wheezing is a sign of airway narrowing in the large- 
and medium-sized airways. Although wheezing is usually associ-
ated with asthma, other causes for wheezing must be considered. 
When lower airway obstruction is present, the length of the expira-
tory time may help guide ongoing therapeutic interventions. 
Stridor, also a result of airway obstruction, is harsher or lower 
pitched than wheezing and is predominantly heard on inspiration. 
Inspiratory stridor suggests extrathoracic or upper airway obstruc-
tion, whereas biphasic or expiratory stridor indicates intrathoracic 
or lower airway obstruction [14].

Imaging Modalities for the Pediatric Chest

There are multiple imaging modalities available to help with the 
diagnosis and care of the critically ill or injured child. Imaging 
should be utilized as a complement to the physical examination 
and as a guide to therapeutic decision making in the PICU. Common 
modalities employed in the PICU include plain radiography, ultra-
sonography, computed tomography (CT), magnetic resonance 
imaging (MRI), and fl uoroscopy.

Plain Radiographs

Plain x-ray fi lms are the most commonly obtained imaging study 
in the PICU, although the accuracy and effi cacy of plain radio-
graphy in the pediatric population have not been well studied. 
Multiple studies have shown the benefi t of routine radiographs for 
critically ill adults [15–18]. When interpreting chest radiographs in 
the PICU, it is important to have a systematic approach. First, the 
position of all catheters (e.g., central venous catheter, pulmonary 
artery catheter), tubes (e.g., tracheal tube, nasogastric tube, chest 
tubes), and support devices (e.g., pacemaker wires, intraaortic 
balloon pump, pacemaker) should be assessed, followed by assess-
ment of the heart size, pulmonary vascularity, and lung paren-
chyma. Finally, the presence of any abnormal air (e.g., pneumothorax, 
pneumomediastinum) or fl uid collections (e.g., pleural effusion, 
chylothorax, pericardial effusion) should be noted.

Confi rmation of tracheal tube position remains one of the most 
important uses of routine chest radiographs. Multiple adult studies 
have shown that between 12% and 15% of tracheally intubated 
patients have signifi cant tracheal tube malposition that is not rec-
ognized by either physical examination or clinical assessment 
[15,17,19]. In the critically ill pediatric patient, increased activity 
level and a shorter trachea provide further challenges to main-
taining proper position of the tracheal tube. Unplanned extuba-
tions and bronchial intubations may be prevented by confi rming 
correct placement of tracheal tubes with the use of daily plain chest 
radiographs [20,21].

The value of the daily chest radiograph may be more apparent 
for critically ill children with acute pulmonary or cardiac disease 
[21]. Atelectasis may be detected on chest radiographs with a vari-
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FIGURE 3.1. Admissions to the pediatric intensive care unit at Children’s Hospital of Los 
Angeles, 2004–2005.

TABLE 3.1. Signs of possible serious respiratory compromise.

Inspection Palpation Auscultation

Evidence of increased work of breathing Crepitus Unequal breath sounds
 Tachypnea (bradypnea is an ominous finding in this setting) Subcutaneous air Shift in heart sounds
 Nasal flaring Deviation of the trachea Muffled heart sounds
 Chest wall retractions Absent or displaced cardiac impulse Pericardial or pleural rub
 Paradoxical breathing (Hoover sign)  
 Agitation
Malformations of the chest wall Precordial rub
 Large anteroposterior (AP) diameter (barrel chest) Localized tenderness and/or instability of the chest wall
 Narrow AP diameter
Evidence of hypoxemia or hypercarbia
 Agitation, confusion Dullness to percussion
 Somnolence Hyperresonance to percussion
 Cyanosis
Chest wall mass
Digital clubbing
Cyanosis
Jugular vein distension
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able radiographic appearance ranging from linear, platelike, and 
patchy opacities to total lobar consolidation [18,21,22–24]. For criti-
cally ill adults, atelectasis occurs most frequently in the left lower 
lobe (66%), followed by the right lower lobe (22%) and right upper 
lobe (11%) [17,23,25]. Conversely, in critically ill children atelectasis 
more commonly involves the upper lobes, especially the right upper 
lobe [26]. The reasons for these differences are unclear, although 
children may be more prone to atelectasis because of the lack of 
collateral pathways of ventilation (pores of Kohn, Lambert’s canals) 
and a greater susceptibility to dynamic compression. When com-
pared with chest CT, chest radiography has 74% sensitivity and 
100% specifi city for detection of consolidation or atelectasis [26].

Pneumonia is diffi cult to differentiate from atelectasis using 
chest radiographs alone. Generally, chest radiograph changes 
because of pneumonia appear later and resolve more slowly than 
changes caused by atelectasis [27]. Additional features that favor 
the diagnosis of atelectasis include a displaced hilum, displaced 
fi ssures, mediastinal shift toward the side of collapse, loss of volume 
on ipsilateral hemithorax, and elevation of ipsilateral diaphragm 
(all of these features are indicative of volume loss). However, por-
table chest radiography is a very poor test for the identifi cation of 
pneumonia, with a sensitivity of only 62% and a specifi city of 28% 
[28]. Chest radiographs should therefore be used only in conjunc-
tion with other clinical data such as fever, leukocytosis, increased 
oxygen requirement, decreased pulmonary compliance, changes in 
sputum production or color, isolation of organisms from the lower 
respiratory tract, and the presence of white cells in the sputum 
sample.

Although chest radiography has poor sensitivity and specifi city 
when used in isolation to diagnose pneumonia, it is relatively accu-
rate at defi ning the presence of pulmonary edema [28]. It is impor-
tant to differentiate between hydrostatic pulmonary edema (e.g., 
congestive heart failure, acute renal failure, nephrotic syndrome) 
from increased capillary permeability (noncardiogenic) pulmo-
nary edema. Several features may aid this distinction (Table 3.3), 
although it is important to bear in mind that this distinction may 
not be possible based on chest radiograph alone. In addition, both 
types of edema can occur in the same child, making such a distinc-
tion superfl uous.

An enlarged cardiac silhouette and increased pulmonary vascu-
larity are consistent with hydrostatic pulmonary edema. The most 
common method of assessing heart size on chest radiographs is the 
cardiothoracic ratio, which is determined by dividing the widest 
transverse diameter of the heart by the widest transverse diameter 
of the thoracic cavity, and a cardiothoracic ratio greater than 0.5 is 
usually consistent with the presence of cardiomegaly. The vascular 
pedicle may be found between the thoracic inlet and the top of the 

heart on chest radiograph and consists of the right brachiocephalic 
vein, superior vena cava, and left subclavian artery. An increase in 
the width of the vascular pedicle is also suggestive of hydrostatic 
pulmonary edema.

Hydrostatic pulmonary edema follows a typical progression. 
Increased pulmonary vascularity is followed by accumulation of 
fl uid within the interstitial space, the peribronchovascular sheath, 
and the interlobular septa. As fl uid accumulates within the peri-
bronchovascular sheath, the pulmonary vessels become indistinct 
and peribronchial cuffi ng is found on chest radiograph. Kerley 
lines refer to the linear opacities that are best visualized in the lung 
periphery (Figure 3.2), which represent fl uid accumulation within 
the interlobular septa. As hydrostatic pulmonary edema worsens, 
fl uid accumulates within the interlobar fi ssures and may eventually 
extend into the alveolar spaces of the lung. Air space consolidation 
from hydrostatic pulmonary edema is typically bilateral, sym-
metric, and centrally located in the perihilar region. Pleural effu-
sions are also commonly observed in children with hydrostatic 
pulmonary edema.

TABLE 3.3. Hydrostatic versus increased capillary permeability edema: distinguishing 
radiographic features.

Radiographic feature Hydrostatic edema Increased permeability edema

Cardiomegaly + −
Widened vascular pedicle + −
Increased vascularity + −
Kerley lines + −
Peribronchial cuffing + −
Pleural effusion + −
Air space consolidation + +

Source: Reprinted from Boiselle PM. Radiologic imaging in the critically ill patient. In: 
Criner GJ, D’Alonzo GE, eds. Critical Care Study Guide: Text and Review. New York: Springer; 
2002:164. Reproduced with kind permission of Springer Science+Business Media.

FIGURE 3.2. Kerley lines are best visualized in the lung periphery and represent fluid 
accumulation within the interlobular septa (i.e., hydrostatic pulmonary edema).

TABLE 3.2. Normal respiratory rates by age.

Age (years) Mean breaths/min Standard deviation

 2 25 17–33
 4 23 18–28
 6 21 17–27
 8 20 15–26
10 18 15–25
12 18 14–26
14 17 15–23
16 17 12–22

Source: Adapted from Iliff and Lee [2].
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Children with noncardiogenic or increased capillary permeabi-
lity pulmonary edema, on the other hand, typically have a normal 
cardiothoracic ratio and vascular pedicle width. Kerley lines, peri-
bronchial cuffi ng, and pleural effusions are notably absent. 
Although air space consolidation may be observed with both types 
of pulmonary edema, the presence of patchy, peripherally distrib-
uted air space opacities is more commonly associated with increased 
alveolar–capillary permeability pulmonary edema [29].

Pleural effusions, like atelectasis, pneumonia, and pulmonary 
edema, are common in the PICU. Pleural effusions are often not 
large enough to be clinically signifi cant or readily apparent on 
chest radiograph. However, larger pleural effusions can affect oxy-
genation and respiratory mechanics, and their prompt detection is 
necessary. Lateral and upright chest fi lms are preferred over supine 
fi lms for detecting a pleural effusion. Supine chest fi lms are not as 
sensitive in detecting free pleural fl uid, whereas lateral decubitus 
fi lms are able to detect even small effusions [30]. However, in the 
critically ill child, upright and lateral fi lms may be diffi cult to 
obtain, and supine fi lms often must suffi ce. Signs of pleural effu-
sion on supine fi lms include a diffuse ground-glass appearance of 
one or both hemithoraces, pulmonary vessels visible through the 
hazy density, and the absence of air bronchograms (Figure 3.3) 
[31]. The sensitivity of detecting a pleural effusion on a supine chest 
fi lm increases with the size of the pleural effusion [32]. It is impor-
tant for the clinician to remember that a supine chest fi lm does 
not rule out the possibility of a small- to moderate-sized pleural 
effusion.

Pneumothorax, the abnormal collection of air within the tho-
racic cavity, is a life-threatening condition that requires immediate 
recognition and prompt treatment. The size of a pneumothorax 
observed on a chest radiograph correlates poorly with the size of 
the air collection as measured by CT scan, which explains, in part, 

why the size of the pneumothorax on a chest radiograph correlates 
poorly with clinical severity [18]. A pneumothorax is usually easily 
identifi ed on an upright chest radiograph by the presence of an 
apicolateral white line (representing the visceral pleura) with an 
absence of pulmonary vessels beyond it. However, the supine chest 
radiograph poses further challenges to the clinician, as air may 
preferentially collect in the anteromedial and subpulmonic regions 
of the chest (Table 3.4), and the classic apicolateral pleural line is 
not observed until the pneumothorax is quite large. Radiographic 
features that suggest the presence of a tension pneumothorax 
include mediastinal shift, diaphragmatic inversion, and fl attening 
of the heart border and adjacent vascular structures (e.g., the supe-
rior and inferior venae cavae) [33,34].

Computed Tomography

Computed tomography is a valuable tool in the PICU. The major 
advantage of chest CT over plain chest fi lms is greater resolution of 
anatomic structures, which makes chest CT valuable in the diag-
nosis of interstitial lung disease, chest masses, vascular malforma-
tions, pulmonary embolus, and empyemas. Chest CT has even 
recently been used to evaluate and study the severity of acute respi-
ratory distress syndrome (ARDS) [35,36]. With the advent of high-
resolution chest CT (1–2 mm slices vs. the traditional 5–8 mm 
slices), even more intricate pathology can be detected. With high-
resolution CT, the severity and progression of interstitial lung 
disease can be accurately monitored [37,38]. Additionally, the diag-
nosis of a pulmonary vascular thrombus can be made utilizing 
contrast-enhanced high-resolution chest CT. Using this modality, 
one can reliably detect a thrombus from the proximal pulmonary 
arteries out to the fourth order branched vessels [39,40]. Although 
chest CT is potentially benefi cial in elucidating disease processes, 
the risks of sedation, intravenous contrast, and interhospital trans-
port should be carefully weighed.

Magnetic Resonance Imaging

Magnetic resonance imaging can also delineate fi ne anatomic 
details of the chest, although the information provided is rarely 
beyond that provided by chest CT. Compared with chest CT, MRI 
is a much lengthier procedure that requires that a patient be away 
from the PICU for a longer period of time. Additionally, MRI 
requires a deeper level of sedation than CT. Given the limited 
potential benefi ts and increased risks, MRI of the chest has limited 
practicality or applicability in the monitoring of critically ill chil-
dren with respiratory disease.

FIGURE 3.3. Chest radiograph demonstrating a rather large left-sided pleural effusion—in 
this case a chylothorax—in a 1-month-old infant following repair of tetralogy of Fallot. 
Note also the right pigtail catheter that has drained a right-sided pleural effusion.

TABLE 3.4. Signs of pneumothorax on supine chest radiographs.

Anteromedial pneumothorax
 Sharp outline of mediastinal vascular structures, heart border, and cardiophrenic 
  angles
Subpulmonic pneumothorax
 Hyperlucent upper quadrant of abdomen
 Deep costophrenic sulcus
 Sharp hemidiaphragm despite lung opacification in lower lobe
 Visualization of inferior surface of consolidate lung in lower lobe

Source: Reprinted from Boiselle PM. Radiologic imaging in the critically ill patient. In: 
Criner GJ, D’Alonzo GE, eds. Critical Care Study Guide: Text and Review. New York: Springer; 
2002:170. Reproduced with kind permission and Springer Science+Business Media.
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Ultrasonography

Ultrasonography has gained increasing acceptance in the PICU for 
the diagnosis and treatment of respiratory diseases. The ability to 
perform bedside examinations and its noninvasive nature help 
make ultrasonography an attractive tool for the pediatric intensiv-
ist. Real-time images can be particularly valuable in assisting with 
diagnosis and guiding treatment. Ultrasonography can accurately 
measure diaphragmatic excursion, and in some centers it is the 
preferred modality for the diagnosis of diaphragmatic paralysis 
[41,42]. Ultrasonography can also effectively identify pleural effu-
sions and can further delineate the presence of loculated fl uid col-
lections (i.e., empyema). During thoracentesis or chest tube 
placement, ultrasound can safely guide the drainage of pleural fl uid 
and placement [43–45]. With a skilled practitioner, ultrasonogra-
phy can be of great assistance in the diagnosis and management of 
pediatric respiratory disease.

Fluoroscopy

Like ultrasonography, fl uoroscopy is a portable, noninvasive mode 
of chest imaging that is capable of producing real-time images. 
Unlike ultrasonography, fl uoroscopy does expose the patient to non-
negligible levels of ionizing radiation. In the pediatric population, 
fl uoroscopy has been effectively utilized to diagnose defects in dia-
phragmatic movement. The accuracy depends heavily on the skill of 
the operator and the ability to correctly interpret the results.

Monitoring of Oxygenation

Hypoxemia is usually defi ned as a PaO2 ≤ 60 mm Hg and most often 
results from ventilation–perfusion mismatching, the presence of 
either fi xed or physiologic shunts, and global hypoventilation (see 
Chapter 1). The early and accurate detection of hypoxemia is criti-
cal for the prevention of hypoxia and eventual cellular death. Moni-
toring of oxygenation is also important to detect hyperoxemia. 
Hyperoxemia may lead to free-radical formation, and its contribu-
tion to tissue destruction should not be neglected.

Invasive Forms of Oxygenation Monitoring

One of the most frequently ordered tests in the PICU is measure-
ment of the arterial blood gas. For the purposes of oxygenation 
monitoring, only arterial samples suffi ce because capillary PO2 
values correlate poorly with arterial PO2 values [46–49]. Blood gas 
samples should be freshly drawn from an arterial source, and the 
syringe should be free of air bubbles. An air bubble will have a PO2 
of 158 mm Hg and when present will equilibrate with the sample. If 
the sample PO2 is less than 158 mm Hg, then the measured PO2 in the 
sample will be artifi cially elevated. Likewise, if the sample PO2 is 
greater than 158 mm Hg, the sample PO2 will be falsely lowered. For 
the sake of accuracy, all samples should be immediately processed, 
as red blood cells continue to consume oxygen and a delay in 
running specimens may result in falsely decreased PO2 values. It is 
important to remember that routine blood gas analysis measures 
PO2 directly and uses temperature, pH, PCO2, and PO2 to calculate 
the percent oxyhemoglobin saturation. Therefore, the percent oxy-
hemoglobin saturation in most blood gases is entirely inaccurate.

Although pulse oximetry and routine blood gas analyses are very 
useful monitoring devices for blood oxygenation, co-oximetry 
remains the gold standard for oxygenation monitoring in the PICU. 

In contrast to pulse oximetry, which utilizes only two wavelengths 
of light, a co-oximeter employs four to six wavelengths of light that 
can more accurately quantify the fractional composition of hemo-
globin (see later). Co-oximetry has many practical roles in the 
intensive care unit. Pulse oximetry values and calculated oxygen 
saturations from routine blood gas analyses should be compared 
periodically with co-oximetry values to ensure good correlation. 
Because co-oximetry is the only monitoring device that can detect 
methemoglobin or carboxyhemoglobin, a co-oximeter must be uti-
lized when one suspects either of these entities to be present.

Noninvasive Forms of Oxygenation Monitoring

Transcutaneous oxygen monitoring and pulse oximetry are now 
widely available in the vast majority of PICUs. Transcutaneous 
oxygen monitoring was introduced by neonatologists in the early 
1980s. Transcutaneous oxygen monitors electrochemically measure 
the amount of oxygen diffused through the dermal and epidermal 
skin layers. Because the electrodes measure diffused gas from the 
tissue bed, transcutaneous oxygen monitors more accurately refl ect 
tissue oxygen levels than true arterial PO2. In states of hypoperfu-
sion, transcutaneous oxygen monitors may detect abnormally low 
partial pressures of oxygen when in fact arterial levels may be 
normal or elevated. Further limitations of transcutaneous oxygen 
monitors have been well documented [50,51]. Overall, transcutane-
ous oxygen monitors are not as accurate or reliable as pulse oxim-
etry [52,53] and have very limited utility in the modern PICU.

Pulse oximetry was also developed in the 1980s and has greatly 
impacted respiratory monitoring in the PICU as it is noninvasive, 
continuous, accurate, and relatively inexpensive. Pulse oximetry 
detects the percentage of hemoglobin bound to oxygen by 
measuring the amounts of oxyhemoglobin (hemoglobin bound to 
oxygen) and deoxyhemoglobin (hemoglobin not bound to oxygen). 
Understanding this technology is an important aspect of critical 
care that enables the intensivist to interpret pulse oximetry data 
correctly.

Pulse oximetry depends on two principles. The fi rst principle is 
based on the fact that oxygenated and reduced hemoglobin have 
different absorption spectra. The second principle is called the 
Beer-Lambert law and states that the unknown concentration of a 
solute (i.e., oxyhemoglobin) can be determined by measuring the 
amount of light absorbed by the solution. The pulse oximeter probe 
is composed of two light-emitting diodes and a photodetector. The 
diodes emit light through a capillary bed at wavelengths of 660 nm 
(red) and 940 nm (infrared). Each wavelength of light is absorbed 
differently by oxy- and deoxyhemoglobin. Figure 3.4 refl ects the 
unique absorption properties of oxyhemoglobin and deoxyhemo-
globin at 660 and 940 nm, respectively. Deoxygenated blood absorbs 
660 nm well but absorbs 940 nm (infrared [IR] light) poorly. Con-
versely, oxygenated blood absorbs 660 nm poorly but absorbs 
940 nm (IR light) well [54–56]. During an arterial pulsation, oxy-
hemoglobin perfuses into the capillary bed, and the absorbance of 
red light decreases while the absorbance of IR light increases. The 
photodetector measures the amount of light transmitted during 
baseline (diastole) and during an arterial pulsation. The data are 
sent to a microprocessor that calculates the percentage of oxyhe-
moglobin. Importantly, pulse oximeters, which employ two light-
emitting diodes, measure functional oxygen saturation, which is 
the percentage of oxyhemoglobin relative to the sum of oxyhemo-
globin and deoxyhemoglobin. Conversely, co-oximeters (discussed 
above) employ between four to six light-emitting diodes and 
measure fractional oxygen saturation, that is, the percentage of 
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oxyhemoglobin relative to the sum of oxyhemoglobin, deoxyhemo-
globin, carboxyhemoglobin, and methemoglobin. Pulse oximeters 
are calibrated in healthy volunteers without producing severe 
hypoxemia and are usually accurate to an oxyhemoglobin satura-
tion ≥60%. However, below 60%, the readings are often falsely ele-
vated [57].

Proper site selection of the pulse oximeter probe is essential to 
help ensure a meaningful signal. The pulse oximeter probe should 
be attached to a site that is suffi ciently thin to allow light to be 
transmitted through the capillary bed. These sites include a fi nger 
or a toe in older patients and the palm or the heel in the infant. 
During states of hypoperfusion, the ear lobe or nasal septum may 
retain more pulsatile blood fl ow and are acceptable alternative sites 
for monitoring [58,59]. Newer generation pulse oximetry monitors 
are purported to accurately measure oxyhemoglobin saturation 
even during states of poor peripheral perfusion (e.g., shock) 
[60–63].

Although pulse oximetry remains the most accepted noninva-
sive form of oxygenation monitoring, the technology has several 
limitations (Table 3.5). Because other forms of hemoglobin can 
absorb light similar to deoxyhemoglobin and oxyhemoglobin, 
pulse oximetry cannot accurately measure the true percent oxygen 
saturation when these other forms of hemoglobin are present. For 
instance, when carboxyhemoglobin is present in the blood, the 
pulse oximeter cannot differentiate it from oxyhemoglobin, and an 
incorrectly high oxyhemoglobin value results [64–66]. Figure 3.4 
details the nearly identical absorption of oxyhemoglobin and car-
boxyhemoglobin at 660 nm. The photodetector erroneously reports 
increased amounts of oxyhemoglobin when carboxyhemoglobin is 
present [54–56,65]. This results in a patient with hypoxemia and 
normal oxygen saturations. Similarly, the presence of methemoglo-
bin also causes erroneous pulse oximetry measurements [54–56,67]. 
Methemoglobin absorbs light well at both 660 nm and 940 nm. At 
660 nm, methemoglobin absorbs light similar to deoxyhemoglobin 
while at 940 nm methemoglobin absorbs light similar to oxyhemo-
globin. Therefore, when methemoglobin is present, the photodetec-

tor reports the methemoglobin as both deoxyhemoglobin and 
oxyhemoglobin. For this reason, pulse oximetry detects desatura-
tion and an erroneously elevated level of oxyhemoglobin [68]. In 
the clinical setting, this results in an oxygen saturation of 85%, 
which may mask profound desaturation. Carboxyhemoglobinemia 
and methemoglobinemia are two potentially fatal disorders, and, 
if either is suspected, an arterial blood sample should be examined 
by co-oximeter analysis.

Further limitations of pulse oximetry exist and can lead to 
potentially erroneous readings. Motion artifact is common in the 
PICU, particularly in the pediatric population. Motion causes vari-
ance in light transmission and detection, which leads to inaccurate 
oximetry reading. To ensure accuracy of the pulse oximeter, the 
clinician should confi rm that the heart rate measured by the pulse 
oximeter approximates the heart rate measured by electrocardiog-
raphy. Hypoperfused states are common in the PICU and can lead 
to increased background noise in the pulse oximeter sensor. Vaso-
pressors such as dopamine and epinephrine may exacerbate this 
situation. Some authors recommend warming the extremity and 
using local vasodilators to increase blood fl ow to the desired area 
[69]. Severe peripheral edema or peripheral vascular disease can 
also limit the usefulness of pulse oximetry. Placing the sensor on 
the nasal septum may be benefi cial when an arterial pulse cannot 
otherwise be detected [58]. Less commonly, venous pulsations may 
be detected by the pulse oximeter probe and can lead to an overes-
timation of deoxygenated hemoglobin [69]. Another source of inac-
curacy is optical shunting or detection of emitted light that has not 
passed through the arteriolar bed. This optical chatter prevents the 
probe from detecting the arterial pulse and can be minimized by 
ensuring the probe is fresh and properly fi tting. External optical 
interference can affect photodetection, and, if bright fl uorescent 
lights, bilirubin lights, infrared heating lamps, or direct sunlight 
is present, the probe should be covered with an opaque material to 
prevent optical interference [70].
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FIGURE 3.4. The unique absorption properties of oxyhemoglobin and deoxyhemoglobin 
at 660 nm and 940 nm, respectively. Deoxygenated blood absorbs 660 nm (red light) well 
but absorbs 940 nm (infrared [IR] light) poorly. Conversely, oxygenated blood absorbs 
660 nm (red light) poorly but absorbs 940 nm (IR light) well. (Reprinted from Schnapp and 
Cohen [69]. Copyright 1990 from American College of Chest Physicians. Reprinted with 
permsssion.)

TABLE 3.5. Causes of inaccurate pulse oximeter readings of oxyhemoglobin saturation.

Condition Cause Effects on pulse oximeter

Dyshemoglobinemia
Carbon monoxide Smoke inhalation Falsely elevated
Methemoglobin Local anesthetics, nitrates,   Initially decreased, but falsely
  sulfa drugs,   elevated at higher levels of
  ethylenediaminetetraacetic   methemoglobinemia
  acid
Dyes and pigments
 Methylene blue Antidote for  Falsely low
 Bilirubin  methemoglobinemia Inaccurate reading
 Hyperbilirubinemia
Poor peripheral  Hypothermia Inaccurate reading
 perfusion Shock Inadequate pulse signal
 Peripheral vascular disease
 Vasopressors
Anemia Bleeding, hemolysis Inaccurate at hemoglobin 
   <5 g/dL
Increased venous  Right heart failure Any pulsatile flow is 
 pulsation Tricuspid regurgitation  interpreted as an arterial 
   signal
External light source Excessive light interference Inaccurate reading

Source: Reprinted from Cordova FC, Marchetti N. Noninvasive monitoring in the intensive 
care unit. In: Criner GJ, D’Alonzo GE, eds. Critical Care Study Guide: Text and Review. New 
York: Springer; 2002:132. Reproduced with kind permission of Springer Sicence+Business 
Media.
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Monitoring of Ventilation

Carbon dioxide clearance is directly related to alveolar minute 
ventilation. Careful monitoring of PaCO2 levels is essential in 
the PICU. Elevated PaCO2 levels (hypercarbia) are commonly 
detected in critically ill patients and usually indicate the presence 
of respiratory compromise. Low PaCO2 levels (hypocarbia) are 
less commonly encountered, but their detection is critical in 
preventing cerebral hypoperfusion and subsequent central nervous 
system compromise, particularly in children with traumatic brain 
injury.

Invasive Forms of Ventilation Monitoring

The gold standard of CO2 determination remains the arterial blood 
gas. Routine blood gas analysis directly measures the pH and the 
CO2 level in the blood (PCO2). Arterial specimens are preferred, but 
free-fl owing capillary specimens will accurately approximate 
PaCO2 values [46,48,71,72]. Venous samples drawn from free-
fl owing blood through a central line may accurately refl ect arterial 
pH values as well [72–74]. Some authors have even suggested that 
central venous pH and PCO2 better refl ect the acid–base status at 
the cellular and tissue levels, especially in states of hypoperfusion 
[75–78]. Peripheral venous samples appear to correlate reasonably 
well with arterial samples [72,79–82].

Noninvasive Forms of Ventilation Monitoring

Acceptable noninvasive forms of ventilation monitoring consist of 
end-tidal carbon dioxide (etCO2) monitors and transcutaneous 
carbon dioxide (tcPCO2) monitors [83,84]. Whereas transcutaneous 
O2 monitors correlate poorly with PaO2, tcPCO2 more accurately 
refl ect PaCO2 [50,83,85–90]. Similar to the transcutaneous O2 
monitor, the transcutaneous CO2 monitor heats the skin from 41° 
to 43°C to cause vasodilation and diffusion of CO2 into the dermal 
and epidermal layers. CO2 then diffuses across the membrane of 
the probe and into the reservoir where the partial pressure of the 
gas is detected electrochemically. Probes should be attached to 
well-perfused, non-bony surfaces. Acceptable sites include the 
abdomen, chest, and lower back [91]. Transcutaneous CO2 moni-
toring provides continuous data and allows for trending of tcCO2 
levels over time. In infants and younger children, tcCO2 closely 
approximates PaCO2 levels to within 6–10 mm Hg [92]. The technol-
ogy is particularly useful in nonintubated patients or whenever 
etCO2 monitoring is not possible, such as in high-frequency oscil-
latory ventilation. In fact, some studies suggest that tcCO2 more 
accurately refl ects PaCO2 than does etCO2 [87–90,93]. Therefore, 
transcutaneous CO2 monitoring can be a very useful tool to monitor 
children with acute respiratory failure, especially when used in 
conjunction with arterial CO2 monitoring.

However, transcutaneous CO2 monitoring does have signifi cant 
limitations. The accuracy of these devices is complicated by drift-
ing, and the probes require frequent calibration to address this 
issue. Additionally, the accuracy of the probe is affected by skin 
temperature and tissue perfusion. The heated probe may locally 
increase the metabolic rate of the skin and yield a falsely elevated 
CO2 level. Additionally, during hypoperfusion, CO2 levels increase 
in the tissue, and the tcCO2 may overestimate the true PaCO2. Skin 
thickness also limits the accuracy of the tcCO2 and likely explains 
the decreasing accuracy of this modality in older children and 

adults [50,51]. Despite the theoretical advantages of transcutaneous 
CO2 monitoring, it is not widely used in the PICU setting because 
of its high cost and slow response time, the need to heat the skin 
to 43°C, and the need to frequently relocate the electrodes to prevent 
skin burn.

Capnography and etCO2 monitors have become an integral part 
of the daily management of tracheally intubated patients in the 
PICU. Capnography is defi ned as the graphic waveform produced 
by variations in CO2 concentration throughout the respiratory 
cycle as a function of time [94,95]. Capnography detects exhaled 
CO2 levels by using three components—an IR light source, an exha-
lation gas chamber, and a light detector. Because each exhaled gas 
possesses unique IR absorption characteristics, the concentration 
of exhaled CO2 can be determined. The capnograph is connected 
inline to the end of the tracheal tube and secured such that the 
device does not cause traction or kinking of the airway. When 
properly connected, capnography has many uses, which include 
etCO2 monitoring, evaluation of respiratory rate and rhythm, 
quantifi cation of dead space (which can provide information 
regarding cardiac output), confi rmation of tracheal tube place-
ment, and detection of mechanical ventilator failures or patient–
ventilator asynchrony [94,95]. Additionally, capnography can be 
utilized to detect the presence of obstructive airways disease and 
help guide medical therapy.

Capnometry, on the other hand, is the quantitative measurement 
of the CO2 concentration in exhaled gases. Capnometry is currently 
considered the standard of care for confi rming proper placement 
of the tracheal tube following elective or emergency tracheal intu-
bation [97–100]. Disposable, portable, colorimetric etCO2 monitors 
are now available for confi rming tracheal tube placement during 
cardiopulmonary resuscitation and should be a standard in every 
code cart [97–99]. Following tracheal intubation, the device is con-
nected to the tracheal tube, and the capnometer changes color when 
exposed to exhaled CO2. Although this method provides a rapid 
and accurate assessment of tracheal tube placement, there are a few 
situations that may lead to erroneous measurements with this tech-
nique. For example, low cardiac output states may lead to low 
exhaled CO2 and a falsely negative capnometer reading (see later). 
Although there is usually no CO2 in the gastrointestinal tract, 
ingestion of carbonated beverages before tracheal intubation may 
result in a high enough CO2 level to produce a falsely positive cap-
nometer reading despite esophageal intubation (the so-called cola 
effect) [101,102].

The principle of bedside capnometry and capnography is based 
on IR spectroscopy or calorimetry. Similar to pulse oximetry, 
capnometers utilize the unique light absorption characteristics of 
CO2—specifi cally, CO2 is measured by quantifying the absorption 
of IR light at a wavelength of 4.3 μm as it passes through the 
exhaled gas. Oxygen, helium, and nitrogen do not absorb IR light 
and therefore do not interfere with the measurement of CO2. Cap-
nometers are generally classifi ed into two types, mainstream and 
sidestream, on the basis of the gas sampling method. Mainstream 
analyzers are attached inline to the tracheal tube and directly 
sample exhaled gas, whereas sidestream analyzers continuously 
withdraw a sample of exhaled gas from the breathing circuit into 
the analyzer. There are advantages and disadvantages to both 
methods, although generally the choice of which method to utilize 
is a matter of personal preference. Sidestream analyzers can be 
used in nonintubated children and are particularly useful in closely 
monitoring the respiratory status during procedural sedation 
[103,104].
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The normal capnograph consists of four phases (Figure 3.5). 
Phase I begins with exhalation and the release of dead space gas 
from the trachea with a CO2 content near zero. When the CO2 level 
begins to rise, this indicates detection of alveolar gas and the begin-
ning of phase II. During phase II, the fraction of alveolar gas mixed 
with dead space gas increases and corresponds to an increasing CO2 
level on the capnograph. Finally, when predominantly alveolar gas 
is being analyzed, the capnograph plateaus and phase III begins. 
As phase III continues, the CO2 value infi nitesimally approaches 
PaCO2 but never actually reaches this value, as there is always a 
fi nite amount of dead space gas present. Phase IV begins with 
inhalation and is marked by a rapid fall in detected CO2.

In healthy children, the etCO2, measured at the peak of phase III, 
is generally 1–3 mm Hg lower than the PaCO2, mainly as a result of 
normal physiologic ventilation–perfusion (VA/Q) mismatching in 
the upper regions of the lung (ventilation is greater relative to per-
fusion in the upper, nondependent regions of the lung as a result of 
gravitational effects that infl uence blood fl ow). When the VA/Q ratio 
approaches 1.0, etCO2 correlates reasonably well with PaCO2. If the 
VA/Q ratio is greater than 1.0, as occurs with an increase in dead 
space ventilation, the etCO2 will be much lower than PaCO2. In fact, 
the etCO2 can be used to estimate dead space ventilation (VD/VT) 
by the following equation:

VD/VT = (PaCO2 − etCO2)/PaCO2 = 1 − (PaCO2 − etCO2)

Therefore, conditions that alter dead space ventilation will be easily 
detected by changes in etCO2 (Table 3.6).

The shape of the capnograph can provide useful information 
about the underlying disease pathology. A prolongation of phase I 
indicates an increased time of dead space sampling, which may 
result from increased anatomic dead space or decreased expiratory 
fl ow. Decreased expiratory fl ow may be a consequence of conduct-
ing airway obstruction distal to the tracheal tube. A normally 
sloped phase II is steep and represents a rapidly increasing concen-
tration of CO2 in the exhaled alveolar gas. A fl attened phase II 
occurs when CO2 concentration reaches its peak value more slowly 
and can be seen in severe obstructive airways disease [105]. During 
phase III, upsloping of the capnograph indicates delayed emptying 
of alveolar gas, which in turn indicates the presence of obstructive 
airways disease. The degree of upsloping has been shown to corre-
late with the degree of airways obstruction [105]. Continuous moni-
toring of the phase III slope can be utilized to trace the progression 
of the disease and help guide therapeutic decision making.

Monitoring of Respiratory Mechanics

Increased airways resistance or decreased pulmonary compliance 
can ultimately lead to decompensated ventilatory failure and the 
need for mechanical ventilatory support. The pediatric intensivist 
should focus on reversing the child’s underlying pulmonary pathol-
ogy while minimizing damage to the remainder of the lung. These 
goals are achieved through accurate monitoring of respiratory 
mechanics and proper interpretation of the collected data. Monitor-
ing of respiratory mechanics helps diagnose the type of pulmonary 
pathology present, assists in recognizing the progression of disease, 
helps trace the response to treatment, and guides the ventilatory 
weaning strategy. For these reasons, careful and accurate monitor-
ing of respiratory mechanics is essential in the PICU [106].

Monitoring of Flow–Volume Loops

With volume-limited ventilation, the clinician sets the desired tidal 
volume and the ventilator delivers this volume with a constant 
inspiratory fl ow rate. Figure 3.6 compares a fl ow–volume loop from 
a patient with normal lungs receiving volume-limited mechanical 
ventilation with a patient with normal lungs receiving pressure-
limited mechanical ventilation. The y-axis represents ventilatory 
fl ow rates, and the x-axis represents the tidal volume. The loop 
begins at zero fl ow and zero volume and moves clockwise through 
inspiration and then exhalation. By convention, inspiration is 
denoted as negative fl ow, and exhalation is denoted as positive fl ow. 
With volume-limited ventilation, the inspiratory fl ow is constant 
until the ventilator reaches a preset tidal volume, at which time fl ow 
terminates and exhalation begins. In infants and young children, 
care must be taken to prevent inaccurate measurements of fl ow and 
volume (and hence tidal volume, resistance, and dynamic compli-
ance) by placing the measurement device at the tracheal tube 
connector and not back in the ventilator.

With pressure-limited ventilation, the clinician sets the desired 
peak airway pressure, and the ventilator delivers a tidal volume 
with a decelerating fl ow. Figure 3.6 depicts an example of a fl ow–
volume loop of pressure-limited mechanical ventilation (dashed 
line). Compared with volume-limited ventilation, pressure-limited 
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FIGURE 3.5. Capnograph of normal airways and obstructed airways.

TABLE 3.6. Conditions associated with alterations in end-tidal carbon dioxide (etCO2).

Increase in etCO2

Acute Increase in cardiac output
  Administration of sodium bicarbonate
Gradual Hypoventilation increased CO2 production
Decrease in etCO2

 Acute Sudden hyperventilation
 Decrease in cardiac output
 Pulmonary embolism
 Air embolism
 Tracheal tube obstruction
 Gradual Hyperventilation
 Decrease in oxygen consumption
 Increase in dead space ventilation
Absent etCO2 Esophageal intubation
 Accidental extubation
 Ventilator disconnect

Source: Adapted from Martin LD. Mechanical ventilation, respiratory monitoring, and the 
basics of pulmonary physiology. In: Tobias JD, ed. Pediatric Critical Care—The Essentials. 
Armonk, NY: Futura; 1999:99.
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ventilation initially generates a greater peak inspiratory fl ow that 
represents the fi lling of the most compliant alveoli. Subsequently, 
as less compliant alveoli with longer time constants are recruited, 
fl ow decelerates to maintain the set peak inspiratory pressure. In 
diseased lung, pressure-limited ventilation helps ensure that the 
most compliant (least diseased) alveoli are preferentially ventilated 
over the least compliant (most diseased) alveoli. Furthermore, 
pressure-limited ventilation serves to limit fl ow (and overdisten-
tion) to the most diseased portions of the lung.

Monitoring of Pressure–Volume Loops

Figure 3.7 compares a pressure–volume loop from a child with 
normal lungs receiving volume-limited mechanical ventilation 
versus a child with normal lungs receiving pressure-limited venti-
lation. The y-axis depicts the tidal volume, and the x-axis repre-
sents airway pressure. The loop begins at a tidal volume of zero and 
a pressure equal to the end-expiratory pressure of the airway. As 
inspiration begins with volume ventilation, airway pressure gradu-
ally increases until the preset tidal volume is reached and the exha-
lation limb begins. In pressure-limited mechanical ventilation, 
airway pressure rises more rapidly than volume-limited ventila-
tion. Additionally, pressure-limited ventilation generates a lower 
peak airway pressure for the same tidal volume delivered by 
volume-limited ventilation. In diseased lung, this important dis-
tinction can help limit the degree of ventilator-induced lung injury 
from barotrauma and overdistention.

Monitoring of Decreased Pulmonary Compliance

Increased work of breathing results from poor pulmonary compli-
ance and/or increased airways resistance. The goal of mechanical 
ventilatory support is to minimize the work of breathing by increas-

ing pulmonary compliance and decreasing airways resistance. 
Pressure–volume loops can be utilized to calculate pulmonary 
compliance and help guide ventilator management. The pressure–
volume loops of a patient with normal pulmonary compliance 
(dotted line) and a patient with decreased pulmonary compliance 
(solid line) are shown in Figure 3.8. With decreased pulmonary 
compliance, the slope of the inspiratory limb (solid line) of the 
pressure–volume curve decreases. Decreased pulmonary compli-
ance may result from overdistention, under-recruitment, or wors-
ening of the underlying disease process. Thus, careful monitoring 
of pulmonary compliance can be a very useful tool in the care of 
the critically ill child.

Monitoring of Iatrogenic Overdistention 
and Under-Recruitment

Ventilator-induced overdistention and under-recruitment lead to 
decreased pulmonary compliance, increased work of breathing, 
and increased iatrogenic lung injury. One of the most important 
advances in the management of ARDS has been the advent of an 
open-lung, low tidal volume ventilatory strategy [107]. Strong evi-
dence suggests that limiting alveolar recruitment/derecruitment 
and preventing alveolar overdistention protects the lung from 
ventilator-induced injury. The pressure–volume loop can play a 
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critical role in choosing a ventilator strategy that prevents under-
recruitment, limits overdistention, and minimizes lung injury.

In restrictive lung disease, derecruitment of alveolar lung units 
leads to an end-expiratory lung volume less than FRC. The objec-
tive of the clinician is to select an appropriate positive PEEP that 
optimally recruits the lung without overdistending the alveoli. The 
pressure–volume loop can be an invaluable tool in selecting the 
appropriate PEEP. Figure 3.9 represents a pressure–volume loop of 
a patient with ARDS. The curve begins at a pressure equal to the 
end-expiratory pressure and a volume delivered of zero. As the 
airway pressure rises, there is minimal increase in lung volume. 
This represents the zone of under-recruitment (dotted line). Once 
the airway pressure reaches the critical opening pressure of the 
alveoli, small changes in airway pressure lead to large changes in 
lung volume (solid line). The point at which this occurs is called 
the lower infl ection point (LIP). The airway pressure at the lower 
infl ection point denotes the pressure needed to maintain alveolar 
recruitment. To prevent derecruitment and limit lung injury, the 
intensivist should take care not to decrease PEEP below this critical 
pressure.

The pressure–volume loop can also be helpful in selecting a safe 
peak inspiratory pressure that does not overdistend lung units. In 
Figure 3.9, as airway pressure continues to increase beyond the 
zone of maximal compliance, the inspiratory limb fl attens into the 
zone of overdistention (dashed line). This portion of the curve 
represents alveolar overdistention and decreased compliance. The 
point at which this occurs is called the upper infl ection point (UIP). 
The airway pressure at the upper infl ection point identifi es the 
pressure beyond which alveolar overdistention occurs. To prevent 
alveolar overdistention and limit lung injury, the intensivist should 
take care not to increase the peak inspiratory pressure above this 
critical pressure.

Excessive PEEP, on the other hand, can lead to an elevation in 
end-expiratory lung volume, alveolar overdistention, and decreased 
pulmonary compliance. The pressure–volume loops can be instru-
mental in detecting the application of excessive PEEP. Figure 3.10 
compares a pressure–volume loop of normal lung (dotted line) with 
a pressure–volume loop of overdistended lung secondary to exces-
sive PEEP (solid line). When excessive PEEP is applied to the airway, 
end-expiratory lung volume increases, and pulmonary compliance 
decreases. This decrease in pulmonary compliance is represented 
by fl attening of the inspiratory limb of the pressure–volume loop. 
The intensivist should utilize a PEEP that maintains alveolar 
recruitment without overdistending lung units and limiting pul-
monary compliance.

Monitoring Increased Airway Resistance

The recognition and treatment of increased airway resistance 
(obstructed airways disease) is essential in the PICU. Obstructed 
airway disease may result from extrathoracic or intrathoracic airway 
obstruction. The fl ow–volume loops can be diagnostic of obstructed 
airway disease, and the loops can accurately guide ongoing thera-
peutic decisions. Variable extrathoracic airway obstruction primar-
ily limits air from entering the lung during inspiration. Examples 
include croup, laryngomalacia, tracheomalacia, vocal cord dysfunc-
tion, epiglottitis, micrognathia, and macroglossia. Figure 3.11 repre-
sents a fl ow–volume loop of a normal lung with normal airway 
resistance and a fl ow–volume loop of increased airway resistance 
secondary to variable extrathoracic airway obstruction. The limita-
tion of inspiratory fl ow is seen as fl attening of the inspiratory limb of 
the fl ow–volume loop with markedly diminished peak inspiratory 
fl ows. Placement of a tracheal tube through the area of obstruction 
can normalize the fl ow–volume loop.

Variable intrathoracic airway obstruction primarily limits gas 
from exiting the lung during exhalation. An example of variable 
intrathoracic upper airway obstruction is tracheobronchomalacia. 
Figure 3.12 represents a fl ow–volume loop of a normal lung with 
normal airway resistance and a fl ow–volume loop of increased 
airway resistance secondary to variable intrathoracic obstruction. 
The limitation of expiratory fl ow is seen as fl attening of the expira-
tory limb of the fl ow–volume loop with markedly diminished peak 
expiratory fl ows. Diseases of the small to medium airways such as 
asthma and bronchiolitis may also cause variable intrathoracic 
airway obstruction and lead to distinctive appearing fl ow–volume 
loops. Like upper intrathoracic airway obstruction, lower airway 
obstruction results in fl attening of the expiratory fl ow with dimin-
ished peak expiratory fl ows. The fl attening or scooping of the expi-
ratory limb of the fl ow–volume loop is considered a hallmark of 
lower airway obstruction, and its presence suggests increased lower 
airways resistance. With bronchodilation, the clinician should see 
a rise in expiratory fl ow rates and less fl attening (scooping) of 
the expiratory fl ow loop (Figure 3.13). These changes in the 
fl ow–volume loops can be followed to assess the response to therapy 
and progression of the disease.

Fixed airway obstruction restricts the fl ow of gas on inspiration 
and exhalation. Figure 3.14 represents a fl ow–volume loop of 
a normal lung with normal airway resistance and a fl ow–volume 
loop of increased airway resistance secondary to fi xed airway 
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obstruction. Examples of fi xed airway obstruction include tracheal 
stenosis, extratracheal compression, tracheal mass, foreign body, 
and an occluded or kinked tracheal tube. The fl ow–volume loop of 
fi xed airway obstruction demonstrates markedly decreased peak 
expiratory and inspiratory fl ows with fl attening of the expiratory 
and inspiratory loops. Flow–volume loops can reliably detect the 
presence of airway obstruction and can be instrumental in identi-
fying the type of obstruction present. Careful monitoring of the 
fl ow–volume loops can assist the pediatric intensivist in the recog-
nition and treatment of obstructive airway disease, and pressure-
fl ow loops can demonstrate fl ow limitation.

Detection of Air Leak

The accurate interpretation of fl ow–volume and pressure–volume 
loops may be limited by the presence of an air leak around the tra-
cheal tube or in the ventilator circuit. The sudden development of 
a large air leak usually represents mechanical failure such as com-
promised ventilator tubing, a loose connection, or cuff failure. 
Flow–volume and pressure–volume loops may be helpful in alert-
ing the clinician to the presence of a large air leak, which could lead 
to diminished airway pressures and decreased minute ventilation. 
Figure 3.15A represents a fl ow–volume loop of a circuit with a 
large air leak. The loop begins at zero fl ow and zero volume 
delivered. The inspiratory limb moves clockwise into the expira-
tory limb. When the expiratory limb terminates before reaching 
zero volume, an air leak is present. The degree of air leak present 
can be estimated by the distance the loop terminates from zero 
volume.

The pressure–volume loop can also be utilized to detect the pres-
ence of an air leak. Figure 3.15B represents a pressure–volume loop 
that begins at the end-expiratory pressure and zero volume. The 
loop moves counterclockwise into the expiratory limb. When an 
air leak is present, the expiratory limb terminates before reaching 
zero. The degree of air leak can also be estimated by assessing the 
distance the expiratory limb terminates from zero.

Conclusion

Respiratory monitoring is an essential tool in the care of critically 
ill pediatric patients. The accurate interpretation and integration 
of data enables the pediatric intensivist to more effectively treat 
children in the PICU. With the physical examination, radiographic 
studies, blood gas analyses, capnography, and respiratory mechan-
ics, the pediatric intensivist can greatly ameliorate the deleterious 
effects of respiratory disease in the pediatric population.
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Bronchoscopy in the Pediatric Intensive Care Unit
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to acquire a suitable working knowledge of the relevant anatomy 
and pathology likely to be encountered. Finally, physicians per-
forming bronchoscopy must ensure that they have appropriate 
instruments and that those instruments are properly prepared and 
cared for. A bronchoscope that has been improperly cleaned can 
transmit potentially fatal diseases from patient to patient. Inap-
propriate handling during cleaning or storage can destroy the 
instrument.

Indications for Bronchoscopy in the Pediatric 
Intensive Care Unit

What can be done with a bronchoscope? The most obvious answer 
is, of course, to visually examine the airways. Other applications 
include the removal of specimens or material (mucus, foreign 
bodies) obstructing the airways, the delivery of medications or 
fl uid to the airways, and the manipulation of the airways for thera-
peutic purposes. One of the most useful applications beyond visual 
inspection is bronchoalveolar lavage (BAL). Bronchoalveolar lavage 
is a very effi cient and effective way to obtain a relatively representa-
tive diagnostic specimen from the distal airways and alveoli. This 
involves the instillation of saline into, and recovery from, the distal 
airways in such a volume that the recovered fl uid contains at least 
some fl uid that was present on the alveolar surface. In pediatric 
patients, the volumes of saline used per aliquot range from 5 mL in 
very small infants to 20 mL, and approximately half the volume 
instilled will be recovered. The care with which the specimen is 
handled and analyzed should match the care with which it is 
obtained.

There are two major categories of indications for bronchoscopy, 
diagnostic and therapeutic. In general, there is only one indication 
for diagnostic bronchoscopy—bronchoscopy is indicated when 
there is information in the lungs or airways of the patient, neces-
sary for the care of the patient, that is most appropriately obtained 
by bronchoscopy. All specifi c indications stem from this overriding 
consideration. Therapeutic bronchoscopy, on the other hand, is 
indicated when it is the most appropriate way to achieve the neces-
sary therapeutic goals.
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Introduction

Bronchoscopy is the visual examination of the airways and can be 
an extremely useful tool for the management of patients in the 
pediatric intensive care unit (PICU). Bronchoscopy is done for both 
diagnostic and therapeutic indications and can be performed with 
either rigid or fl exible instruments. Because fl exible instruments 
can be passed through artifi cial airways, they are in most cases the 
instruments of choice for applications in the PICU. With the proper 
instrument, there is no patient whose airways cannot be effectively 
and safely evaluated—age and size are not limitations. Flexible 
bronchoscopes suitable for use in children are as small as 2.2 mm 
in diameter (Table 4.1).

The question frequently arises as to who should perform bron-
choscopy in the PICU. Clearly, this procedure must be performed 
by adequately trained physicians—it is not a throw-away proce-
dure to be performed by a medical student or an unsupervised 
fi rst-year resident. Flexible bronchoscopes are expensive, fragile 
instruments, and they should be used only by properly trained, 
responsible physicians who are adequately supported by ancillary 
personnel. An instrument costing more than $20,000 can be 
destroyed in 20 milliseconds! Furthermore, of all the complications 
of bronchoscopy, other than death of the patient, the most serious 
is the failure to arrive at the correct diagnostic answer. Although 
it is perfectly reasonable for an intensivist to become skilled in the 
manipulation of a fl exible bronchoscope and in the recognition 
(and management) of abnormal fi ndings, in many cases it may be 
preferable for the PICU staff to rely on specialists (pulmonology, 
otolaryngology) who perform bronchoscopy on a daily basis. If an 
intensivist or anesthesiologist is to perform bronchoscopy, it is 
important to achieve a suitable baseline skill level and to perform 
enough procedures to maintain and enhance that skill, as well as 
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Diagnostic Bronchoscopy

Bronchoscopy is useful not only for the visualization of the airways 
but also for the recovery of diagnostic specimens. In some cases, 
there may be multiple indications for bronchoscopy, as in the 
patient with recurrent pneumonia in whom it is important not only 
to exclude anatomic abnormalities or an aspirated foreign body 
but also to obtain specimens for cytology and microbiologic 
studies. Radiographic studies can sometimes yield similar infor-
mation about airway structure but are not capable of yielding 
specimens for microscopic examination or culture; in general, 
radiologic procedures are not effective for the demonstration of 
airway dynamics. There are many specifi c indications for diagnos-
tic bronchoscopy in pediatric patients; the following discussion 
focuses on the most common indications in patients likely to be 
found in the PICU.

Atelectasis usually responds relatively promptly to conventional 
therapy, and by no means does every patient with atelectasis require 
bronchoscopy for either diagnosis or therapy. However, if the atel-
ectasis is of suffi cient magnitude to signifi cantly interfere with gas 
exchange, is persistent, or is in some way atypical, diagnostic bron-
choscopy can be very useful. In the majority of cases, the bronchial 
anatomy will be normal, but a variety of abnormalities may be 
discovered. These include bronchial stenosis, bronchial compres-
sion, unsuspected foreign bodies, endobronchial mass lesions, and 
mucous plugs. For many patients, bronchoscopy is most helpful 
to defi nitively exclude anatomic abnormalities that might have 
required a very different approach to therapy. Whenever bronchos-
copy is done, it is useful to perform BAL for cytology and microbio-
logic studies, as these data may lead to signifi cant alterations in 
therapy.

Radiographic evidence of generalized hyperinfl ation most 
often refl ects a generalized process such as bronchospasm, but, in 
patients in whom the response to therapy is unsatisfactory, bron-
choscopy can yield important diagnostic clues. In such patients, 
BAL may give evidence of infl ammation or diffuse mucous 
plugging. The BAL specimen should be examined visually for evi-
dence of bronchial casts, which suggest mucous stasis and bron-
chial infl ammation. The loss of anatomic detail on the mucosa 

(such as loss of visible tracheal rings or obvious thickening of the 
minor carinae) suggests mucosal edema, as may be associated with 
an acute asthmatic episode or infection. Localized hyperinfl ation 
may result from localized bronchial compression, stenosis, a 
foreign body, or dynamic collapse on expiration 
(bronchomalacia).

Hemoptysis is relatively uncommon in pediatric patients 
(although perhaps more so in PICU patients) and often generates 
considerable anxiety on the part of parents and caregivers. In the 
presence of known lung disease, modest amounts of hemoptysis 
may not warrant bronchoscopic evaluation, but larger bleeds may 
require investigation. If bleeding is brisk, it may seriously compro-
mise the ability of the bronchoscopist to visualize the anatomy; 
some authorities recommend the use of a rigid instrument in the 
face of signifi cant, active bleeding. On the other hand, if there is no 
active bleeding at the time of the procedure, it can be challenging 
to accurately identify the bleeding site. A systematic search should 
be made, segment by segment, gently suctioning away any visible 
blood and observing to see if it returns. If saline lavage is needed 
to help clear the mucosa, the smallest reasonable volume should be 
used, as drainage of bloody fl uid can confuse the interpretation. 
Children can have signifi cant bleeding from the lungs and exhibit 
no cough or physical (or even radiographic) signs; the presenting 
manifestation may be hematemesis. It is not rare for the airways to 
appear perfectly normal, while BAL yields bloody fl uid. In patients 
who have not bled for several days, the only manifestation of the 
bleeding may be the presence of signifi cant numbers of hemosid-
erin-laden macrophages in the BAL specimen. On the other hand, 
hemoptysis does not necessarily originate from the lungs; a careful 
search of the oropharynx and the nasopharyngeal airway should 
also be made (as well as the esophagus and stomach in some 
patients).

Stridor, whether acute or chronic, often causes considerable 
concern, even alarm, in the PICU. Flexible bronchoscopy, properly 
performed, is an infallible technique for the defi nitive diagnosis 
of stridor. Stridor is visible—if one can hear the noise, the vibrating 
structures causing that noise will always be visible if one is 
looking in the right place—there is no such thing as a diagnosis of 
stridor by exclusion. The patient must, however, be examined 
at a time or under conditions that allow the stridor to be heard. 
A fl exible instrument should be passed through both nostrils 
so that the entire airway is examined, and the subglottic space 
as well as the trachea all the way to the carina should also be 
included. An advantage of fl exible instrumentation for this purpose 
is that it is not necessary to apply traction to the tongue base 
and larynx (with a rigid laryngoscope) to visualize the larynx, a 
move that often masks the true nature of the lesion causing 
the stridor. Children with stridor often have more than one lesion; 
it is important to carry out the examination of the airway anatomy 
and dynamics all the way to the carina, even if a lesion is visualized 
that appears to adequately explain the stridor. For example, a 
child with severe subglottic or tracheal stenosis (not visible until 
the tip of the bronchoscope is at or below the glottis) may also 
have laryngomalacia, or very large lingual tonsils (which may 
have appeared to be the site of the airway obstruction causing 
the stridor). Conversely, examination with a rigid instrument 
may reveal the subglottic stenosis but fail to visualize the glossop-
tosis that can obstruct the airway after repair of the subglottis. 
Table 4.2 shows a partial list of the possible causes of stridor in 
children.

TABLE 4.1. Flexible bronchoscopes.*

   Smallest Smallest Largest tube
  Smallest endotracheal endotracheal that should be
  endotracheal tube for tube for used with this
 Suction tube for assisted spontaneous instrument for
Diameter channel intubation ventilation ventilation intubation
(mm) (mm) (mm) (mm) (mm) (mm)†

2.2 None 2.5 3.0 3.5 4.0
2.8 1.2 3.0 3.5 4.0 4.5
3.5 1.2 4.5 5.0 5.5 6.0
3.8‡ 1.2 5.0 5.0 5.5 7.5
4.4 2.0 5.0 5.5 6.0 7.5
4.9 2.0 5.5 6.0 6.5 NA

*Olympus Corporation. Instruments by other manufacturers may have similar (but not 
necessarily identical) characteristics.
†Use with larger tubes may result in damage to the instrument.
‡True videoscope; tip diameter is actually closer to 4.4 mm.
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Persistent wheezing, unresponsive or poorly responsive to con-
ventional therapy, is a common indication for diagnostic bronchos-
copy in children. Other than stridor, this is the indication 
most commonly associated with the fi nding of an anatomic abnor-
mality. Wheezing that responds promptly and completely to bron-
chodilator therapy rarely (but sometimes) warrants endoscopic 
evaluation. Like stridor, wheezing can result from a variety of 
causes, and the endoscopic diagnosis may also depend on the tech-
nique utilized for the examination. For example, bronchomalacia, 
the dynamic collapse of a bronchus during expiration, may not be 
detectable if the patient is too heavily sedated to generate suffi cient 
expiratory effort to collapse the airway or if the procedure is per-
formed with positive pressure ventilation. As with atelectasis, a 
negative examination often has real value, and evaluation of BAL 
cytology and culture often gives an important clue to the 
diagnosis.

Recurrent or persistent pneumonia is a common indication for 
diagnostic bronchoscopy in pediatric patients, although, in the 
PICU, bronchoscopy is more likely to be performed as part of 
the evaluation of pneumonia in a compromised host. In general, 
the diagnostic value of bronchoscopy and BAL for such a patient is 
maximized by performing the procedure before the initiation of 
therapy. However, in real life, it is more frequently the case that the 
clinical condition of the patient mandates immediate initiation of 
empirical (usually broad-spectrum) therapy. This may result 
in a false-negative culture result, although many clinicians theo-
rize that what they are really searching for is an infectious agent 
that is not affected by the antimicrobial agents being utilized. 
Nonculture-based methods for detection of infectious agents 
(i.e., special stains for microorganisms such as Pneumocystis 
carinii and polymerase chain reaction or antibody-based tests) 
can enhance the yield. Care must be taken to select the most appro-
priate diagnostic tests to which the BAL specimen will be 
subjected.

In the evaluation of the patient who is immunocompromised, 
great care must be taken to minimize the risk of contamination of 
either the diagnostic specimen or the lower airways with aspirated 
secretions from the oropharynx. This is most often ensured by 

elective tracheal intubation and passing the fl exible bronchoscope 
through the tracheal tube. This should be done without application 
of topical anesthetic to the larynx (which promptly results in the 
aspiration of oral secretions). If desired, the supraglottic airway 
can be examined after the BAL specimen has been obtained. Other 
techniques to minimize contamination of the specimen include 
placing the patient in a Trendelenburg position, assiduously avoid-
ing suctioning through the suction channel of the bronchoscope 
until it is in the position desired for the collection of the BAL 
specimen, and insuffl ating oxygen (at no more than 2 L/min) 
through the suction channel continuously during passage of 
the bronchoscope.

Children admitted to the PICU are not infrequently suspected of 
harboring an aspirated foreign body. If there is radiographic 
evidence of the foreign body, or if the clinical suspicion is quite 
high (witnessed aspiration with wheezing, for example), bronchos-
copy should be performed as soon as feasible with a rigid instru-
ment (or with a rigid instrument immediately available). Removal 
of foreign bodies with fl exible bronchoscopes is almost never a 
good idea—it accepts all the limitations of fl exible instruments 
(very small working channels and extremely limited forceps, etc.) 
while rejecting all the advantages of rigid instruments (large 
working channels, a wide variety of suitable and specially designed 
forceps). The exceptions to this rule are few and include very small, 
peripheral objects whose shape allows them to be grasped by small, 
fl exible forceps.

Bronchoscopy is often useful in the evaluation of patients with 
intrathoracic masses or vascular lesions suspected of compressing 
the airways. In theory, imaging techniques, such as computed 
tomography (CT) scan with three-dimensional reconstruction, 
could substitute for a bronchoscope in such patients. However, the 
techniques are often complementary, each providing information 
that the other cannot. Bronchoscopy cannot defi ne the lesion 
outside the airway as well as a CT scan, but a CT scan will not 
demonstrate the airway dynamics or give as accurate a demonstra-
tion of the degree of obstruction, and it does not provide informa-
tion obtainable by BAL.

Bronchoscopy is useful for the evaluation of a patient with aspi-
ration. Bronchoalveolar lavage can demonstrate the presence of 
aspirated material, but, unfortunately, there is no unequivocal 
marker of aspiration. The demonstration of signifi cant numbers of 
lipid-laden macrophages is usually thought to be indicative of aspi-
ration, but this test is neither specifi c nor very sensitive. False-
positive results are common with patients who have been given 
intravenous lipid infusions, for example, whereas false-negative 
results are common in patients who aspirate oral secretions but are 
not fed by mouth.

Children in PICUs have a surprisingly high incidence of congeni-
tal airway anomalies that may be a reason for bronchoscopy or that 
may be discovered during bronchoscopy. These include complete 
tracheal rings (congenital tracheal stenosis) and tracheoesophageal 
fi stulas. If in doubt, take a look. All too often, the initials WNL 
written by a well-meaning physician and thought to mean within 
normal limits actually mean we never looked.

Therapeutic Bronchoscopy

The preceding discussion should make it clear that there is a poten-
tially large role for diagnostic bronchoscopy in the PICU. Arguably, 
however, the therapeutic role may be larger, at least in terms of the 

TABLE 4.2. Causes of stridor in children.

Laryngomalacia
Vocal cord paralysis
Subglottic stenosis or edema
Subglottic cyst
Subglottic hemangioma
Supraglottic hemangioma
Supraglottic cyst
Tracheomalacia
Tracheal compression
Laryngeal foreign body
Esophageal foreign body
Lingual tonsillar hypertrophy
Glossoptosis
Tonsillar hypertrophy
Adenoidal hypertrophy
Vallecular cyst or mass
Laryngeal papilloma
Laryngeal edema—supraglottic or subglottic
Laryngeal granulation tissue (intubation complications)
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number of procedures done in the PICU. In general, bronchoscopes 
are quite useful in providing relief of airway obstruction by remov-
ing endobronchial obstructions of various kinds and by facilitating 
the management of artifi cial airways.

Many intensivists and anesthesiologists view fl exible broncho-
scopes almost entirely in the context of airway management, facili-
tating diffi cult intubations and evaluating tube placement and 
patency. This is surely a very important aspect of fl exible bronchos-
copy. It is fair to say that there is virtually no patient otherwise 
capable of extrauterine survival who cannot be tracheally intu-
bated with the aid of a suitable fl exible bronchoscope and an opera-
tor skilled in its use.

Bronchoscopic tracheal intubation is substantially easier when 
performed transnasally than transorally. A tracheal tube of suit-
able size is loaded over a fl exible bronchoscope of suitable size (see 
Table 4.1), and the tube is pulled as far proximally on the shaft of 
the bronchoscope as possible. The bronchoscope is passed via the 
nostril to the glottis, topical anesthetic is applied, and the tip of 
the bronchoscope is then advanced to the carina. A variety of ana-
tomic abnormalities may be encountered along the way (perhaps 
the reason the tracheal intubation was diffi cult in the fi rst place) 
and should be recognized and documented by the bronchoscopist. 
With the tip of the bronchoscope at the carina, the fl exible 
bronchoscope is held vertically so that the shaft is as straight as 
possible. The tracheal tube is then advanced over the broncho-
scope, using a rotating, twisting motion (this motion dramatically 
reduces friction against the bronchoscope and also facilitates 
the safe passage of the tube through the turbinates and the glottis). 
It is critically important that the operator keep the carina in 
view at all times; it is very easy, especially in small infants, for 
the tip of the bronchoscope to fi nd its way into the esophagus. 
The tube is advanced until it can be seen through the bronchoscope 
and its tip positioned in the desired relation to the carina. The 
bronchoscope can then be withdrawn. This entire process can 
usually be accomplished within 30 seconds by an experienced 
bronchoscopist. If the operator chooses to intubate orally, it is criti-
cally important to ensure that the patient does not bite the 
bronchoscope. 

When the tracheal tube is properly positioned, the bronchoscope 
can be withdrawn and the patient ventilated through the tracheal 
tube. After securing the tube at the nostril, the bronchoscope 
should again be passed to evaluate the distal airways and to verify 
the position of the tip of the tube (thus obviating the need for a 
chest fi lm for tube placement). It is important to choose the proper 
fl exible bronchoscope for the tracheal tube selected for the patient. 
See Table 4.1 for minimum tube sizes for the different fl exible 
bronchoscopes available. Note also that the nominal diameter of a 
fl exible bronchoscope may be different from the actual diameter, 
as the diameter may increase where different materials used to 
cover the instrument are joined.

Flexible bronchoscopes are often utilized to evaluate problems 
with artifi cial airways during mechanical ventilation (or in chil-
dren with tracheostomies). The instruments can be passed through 
the tube without moving the tube or changing the anatomic rela-
tionships, thus revealing the patency of the tube and the airways 
distal to the tip of the tube as well as the position of the tube. This 
can have special utility in children with tracheostomies to ensure 
that the tube is an appropriate length.

Bronchoscopes are employed to remove lesions (and objects) 
that obstruct the airway, such as foreign bodies, tissue masses, 
blood clots, and mucous plugs. Flexible instruments are useful for 

diagnosis but are of relatively limited value in the management 
of foreign bodies and tissue masses (although the latter can be 
treated through the fl exible instrument with a laser fi ber or 
electrocautery electrode). Discovery of a foreign body or endobron-
chial tissue mass during fl exible bronchoscopy in the PICU should 
lead to a rigid bronchoscopy (possibly in a more conventional 
venue). Mucous plugs, however, are usually effectively treated with 
fl exible bronchoscopy, although they may require a prolonged 
effort if they are tenacious and extensive. Large blood clots can be 
challenging, especially when fresh; suctioning often results in 
fi brin strands that still obstruct the peripheral bronchi without 
removal of the clot itself. Localized instillation of thrombolytic 
agents may be helpful but has the potential to cause fresh 
hemorrhage.

Bronchoscopy can be helpful in the management of patients 
with persistent bronchopleural fi stulas. The bronchus leading 
to the air leak can be selectively obstructed with a Fogarty 
catheter, thus identifying the site. This bronchus can then be 
obstructed temporarily with material such as fi brin glue or 
Gelfoam, stopping the leak long enough to allow tissue repair at the 
pleura.

Contraindications

There are few absolute contraindications (Table 4.3) to bronchos-
copy if the procedure really needs to be done.

Complications

Complications will occur. A complication is defi ned as an event 
that is unexpected and that results in injury to the patient, prema-
ture termination of the procedure, or a signifi cant alteration of the 
procedure that results in less than optimal results. In general there 
are fi ve types of complications: mechanical, physiologic, microbio-
logic, anesthetic, and cognitive (Table 4.4). In the PICU, disease 
acuity is high, patients are, almost by defi nition, less stable, and 
procedures may be performed by physicians with relatively less 
experience. Thus, the potential for complications is high. The inci-
dence of complications can be decreased by careful attention to 

TABLE 4.3. Contraindications to bronchoscopy.

Absolute contraindication Relative contraindication

Lack of proper indication(s) Severe hypoxemia or hypercapnia (may be an 
  indication)
Lack of proper instruments Coagulopathy (can usually be corrected, at least 
  temporarily)
Lack of suitably trained personnel Severe airway obstruction (requires extra care 
  with technique and selection of instruments, 
  anesthetic technique, etc.)—may be an 
  important indication!
 Known, active cavitary pulmonary tuberculosis 
  (until appropriate therapy has been initiated 
  and sputum smears are negative)
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detail, adequate patient preparation, use of appropriate instru-
ments and sedation techniques, and practice.

Anesthesia

It is important for patients undergoing bronchoscopy to be safe and 
comfortable. A signifi cant percentage of PICU patients will already 
be tracheally intubated and sedated; further sedation may not be 
needed. However, topical anesthesia of the distal trachea and 
bronchi may be important. The operator must take care, by placing 
an appropriate bite block, to ensure that the orally intubated patient 
does not damage the bronchoscope. The bronchoscopist and the 
anesthesiologist or intensivist who is supervising the sedation must 
have effective and continuous communication.

Patients who are not tracheally intubated will usually need some 
form of sedation, which must be given carefully and with a good 
working knowledge of the agents employed. A discussion of sedation 
techniques and drugs is beyond the scope of this chapter, and the 
reader is referred to subsequent chapters in this textbook. Anesthe-
sia/sedation always places the patient at some degree of risk. The 
minimal dose of drug(s) should be used to achieve the desired results. 
The technique chosen for sedation must be appropriate to the diag-
nostic or therapeutic goals of the procedure. The wrong sedation 
technique may result in the operator obtaining the wrong diagnostic 
answer. If the primary goal is to evaluate and hopefully treat atelec-
tasis, for example, intubation with deep sedation or even muscle 
relaxation may be appropriate. However, if the primary goal is the 
evaluation of airway dynamics, it will be necessary for the patient to 
be breathing spontaneously, and it may even be important that some 
coughing be witnessed. Positive pressure ventilation with or without 
muscle relaxation will effectively mask airway dynamics.

TABLE 4.4. Potential complications of flexible bronchoscopy.

Mechanical complications
 Pneumothorax, pneumomediastinum
 Hemoptysis, epistaxis
 Mucosal trauma
 Subglottic edema, bronchial edema
 Damage to the bronchoscope (teeth, etc.)
Physiologic complications
 Hypoxemia
 Hypercapnia
 Hypotension/hypertension
 Increased intracranial pressure
 Aspiration
 Hypoglycemia (nothing-by-mouth status)
 Seizure (missed medication)
Microbiologic complications
 Nosocomial pneumonia (introduction of infectious agents into the patient’s lungs)
 Spread of infection from one lobe to another
 Spread of infection from patient to hospital staff
 Endocarditis (although risk is thought to be low for flexible bronchoscopy)
Anesthetic complications
 Allergic reaction to agent
 Hypotension, etc.
 Seizures (especially with excessive lidocaine)
 Performing the procedure with excessive sedation, masking airway dynamics that 
  may have been the primary diagnostic entity
Cognitive complications
 Failure to perform bronchoscopy when it is indicated and necessary
 Performing the procedure under inappropriate conditions or with inappropriate/
inadequate equipment
 Failure to recognize the pathology
 Failure to examine the appropriate anatomic region

Note: Doing the procedure and obtaining the wrong answer is the most serious complica-
tion, other than death of the patient!
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predictive value of this defi nition for adults has been questioned. 
In contrast to adult studies, recent epidemiologic studies in pedi-
atric ALI have demonstrated a correlation between the initial PaO2/
FiO2 and mortality [5]. Nevertheless, this defi nition fails to incor-
porate any information about the amount of positive pressure ven-
tilation being used to support a patient at a given FiO2. Because the 
oxygenation index (OI) incorporates the mean airway pressure 
(MAP) in its equation OI = [(MAP × FiO2)/PaO2] × 100, many clini-
cians believe this to be a more relevant parameter for stratifying 
ALI/ARDS patients for clinical studies as well as following the clini-
cal response to therapeutic maneuvers as the amount of PEEP, 
positive inspiratory pressure, and inspiratory time are incorpo-
rated into the determination of the MAP. Acute lung injury/ARDS 
is perhaps one of the most common and challenging clinical enti-
ties pediatric intensivists will face throughout their careers, and, 
therefore, it is crucial to possess a comprehensive understanding 
of the epidemiology, pathophysiology, and management of this 
disease process.

Epidemiology

The exact incidence of ARDS has been relatively diffi cult to estab-
lish. A 1972 population study in the state of New York by the 
National Heart, Lung, and Blood Institute reported the incidence 
of ARDS in adults to be approximately 150,000 cases/year [6]. Other 
investigators have reported an incidence ranging from 1.5 to 75 
patients/100,000 inhabitants/year [7–10], for children, the exact 
incidence has also been diffi cult to establish [11]. Only recently 
have prospective epidemiologic studies that made use of the A-ECC 
defi nition of ALI/ARDS provided more defi nitive data regarding 
the current incidence of ARDS. In a prospective, population-based, 
cohort study that was centered around Kings County, Washington, 
Rubenfeld et al. reported a crude incidence of ALI of 79 per 100,000 
person-years and an age-adjusted incidence of 86 per 100,000 
person-years, with an inhospital mortality rate of 38.5% [12]. Based 
on these data, they estimated that there are over 190,000 cases of 
ALI/ARDS per year, which are associated with nearly 75,000 deaths 
and 3.6 million hospital days—thus supporting the conclusion that 
ALI has a substantial impact on public health, both in this country 
and abroad. Unfortunately, as patients under the age of 15 years 
were excluded from this most recent study, the burden of pediatric 
ALI/ARDS largely remains unknown.
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Introduction

Acute lung injury (ALI) is a clinical syndrome of infl ammation of 
the lung resulting in the loss of the capillary–alveolar integrity. 
Patients suffer from a high-permeability, nonhydrostatic pulmo-
nary edema, reduced lung compliance, alveolar fl ooding and col-
lapse, ventilation and perfusion (VA/Q) mismatch, and consequent 
intrapulmonary shunting leading to hypoxemia. In 1967, Ashbaugh 
and colleagues described a cohort of 12 patients who had the acute 
onset of tachypnea, hypoxemia, panlobular infi ltrates on chest 
radiograph, and decreased lung compliance [1]. It was noted that 
this syndrome was similar to the infant respiratory distress syn-
drome, and in 1971 the same investigators coined the name adult 
respiratory distress syndrome [2]. Since that time, it was noted that 
the same condition occurs in children and consequently was 
renamed the acute respiratory distress syndrome (ARDS). In 1988, 
Murray and colleagues defi ned ARDS via the Lung Injury Score 
(LIS) based on chest radiographic fi ndings, the degree of hypox-
emia (PaO2/FiO2 ratio), the level of positive end-expiratory pressure 
(PEEP), and lung compliance (Table 5.1) [3]. Later, in 1994, a joint 
American-European Consensus Committee (A-ECC) was convened 
with the goal of developing a universally accepted, consensus defi -
nition of ALI and ARDS.

The defi nition (Table 5.2) included an acute pulmonary or non-
pulmonary triggering of the disease process in previously normal 
lungs, oxygenation abnormalities as defi ned by the PaO2/FiO2 ≤ 300 
for ALI or PaO2/FIO2 ≤ 200 for ARDS, radiographic fi ndings, and 
the exclusion of left atrial hypertension when measured, but it did 
not include PEEPs, as described in the LIS [4]. Thus, this descrip-
tion defi ned ARDS as the most severe manifestation of ALI. 
Although highly useful in stratifying and identifying patients for 
clinical studies, it is currently being considered for revision, as the 
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Etiology

The varieties of insults that lead to ALI/ARDS are diverse (Table 
5.3). This heterogeneity of several different etiologies leading to a 
similar end-organ event may relate to the distinct environment of 
the lungs. The pulmonary surface area that participates in gas 
exchange totals approximately 50–100 m2 [13] and by virtue of its 
function must encounter the particulate and microbiologic envi-
ronment of the outside world. This intimate connection of the 
atmosphere to the delicate capillary network of the pulmonary 
vasculature is separated by only micrometers from the epithelial 
lining layer, necessitating that the body’s defenses be poised to 
react rapidly to pathogenic challenges. This proximity of the pul-

monary structures explains in part the common manner by which 
infl ammation can be triggered in this organ and is placed at further 
risk by the presence of additional factors.

The clinical syndrome of ALI/ARDS may be triggered from either 
a direct insult to the lungs as in pneumonia or aspiration (pulmo-
nary ARDS) or from remote or systemic injuries such as sepsis or 
trauma (extrapulmonary ARDS). Although physicians initially 
thought that the clinical presentation in either case resulted from 
similar pathophysiologic mechanisms, differences in the therapeu-
tic responses have raised the possibility that this assumption is 
incorrect. Recent publications suggest that the pathophysiology of 
ARDS caused by pulmonary versus extrapulmonary disease may 
be different [14,15]. It is intuitive that, depending on the site of 
triggering insult, the injurious effect on the cell type comprising 
each component of the epithelial–endothelial barrier capacity may 
differ. For example, in the setting of a direct insult, alveolar epi-
thelial cellular injury and dysfunction will be associated with an 
intrapulmonary infl ammatory response with the accumulation of 
intraalveolar fl uid, blood, and proteinaceous materials. Conversely, 
in the setting of a systemic or extrapulmonary trigger, the increase 
in pulmonary vascular permeability results from injury to the vas-
cular endothelium via systemically released mediators of infl am-
mation [16]. However, the subsequent similarity in the cascade of 
infl ammatory events leading to the common clinical end-point 
described in ALI/ARDS has led clinical investigators to surmise a 
common pathway. This is countered by the observation that there 
are clinically measurable differences in pulmonary versus extra-
pulmonary ARDS in terms of the response to PEEP, respiratory 
mechanics, and fi ndings on computed tomography (CT) scans [17]. 
Overall, however, no signifi cant differences in the responsiveness 
to ventilation strategies has been observed [18] so that whether or 
not the two types of triggers should alter the approach to ALI/ARDS 
and lead to clinically relevant differences in treatment strategies 
remains to be determined.

Risk Factors and Outcomes

Several risk factors for the development of ALI/ARDS in adults have 
been consistently identifi ed, including sepsis and pneumonia. 
Fewer studies have been performed in children [19,20], as the pedi-
atric literature on ALI/ARDS has suffered from relatively small 
study size, variable exclusion criteria among studies, examination 
of only individual patient populations [21], and the variable adher-
ence to the current consensus defi nition. These factors have made 

TABLE 5.1. Murray lung injury score.

 SCORE

Chest radiograph
 No consolidation 0
 1 Quadrant 1
 2 Quadrants 2
 3 Quadrants 3
 4 Quadrants 4
Hypoxemia (PaO2/FiO2)
 ≥300 0
 225–229 1
 175–224 2
 100–174 3
 <100 4
Peep (cm H2O)
 ≤5 0
 6–8 1
 9–11 2
 12–14 3
 ≥15 4
Compliance (ml/cm H2O)
 ≥80 0
 60–69 1
 40–59 2
 30–39 3
 ≤29 4

Note: The final value is obtained by dividing the sum of the individual component scores 
by 4.
Scores: 0 = no injury; 0.1–2.5 = Mild to moderate injury; >2.5 = Severe injury (acute respira-
tory distress syndrome).

TABLE 5.2. American-European Consensus Committee definition of acute respiratory 
distress syndrome (ARDS) and acute lung injury (ALI).

    Pulmonary artery
 Timing Oxygenation Chest radiograph wedge pressure

ALI Acute PaO2/FiO2 ratio Bilateral infiltrates ≤18 mm Hg when
  onset  ≤300 mm Hg  seen on frontal  measured or no
   (regardless of  chest radiograph  clinical evidence of
   PEEP level)   left atrial 
     hypertension
ARDS Acute PaO2/FiO2 ratio Bilateral infiltrates ≤18 mm Hg when
  onset  ≤200 mm Hg  seen on frontal  measured or no
   (regardless of  chest radiograph  clinical evidence of
   PEEP level)   left atrial
     hypertension

TABLE 5.3. Common causes of acute lung injury and acute respiratory distress syndrome.

Pulmonary (direct causes)
 Pneumonia
 Aspiration
 Hydrocarbon aspiration
 Inhalation injury
 Pulmonary contusion
Extrapulmonary (indirect causes)
 Sepsis
 Pancreatitis
 Trauma
 Transfusion
 Near-drowning
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comparisons among pediatric studies diffi cult. However, the pres-
ence of sepsis, septic shock, and multiple-organ dysfunction have 
consistently had a very high association with the development of 
ALI/ARDS in both adults and children [20,22]. The literature would 
suggest an approximate 40% incidence of developing ARDS in 
patients with sepsis [23–26], with the incidence increasing in 
patients with additional risk factors such as witnessed gastric aspi-
ration, multiple transfusions, and trauma [24]. Sepsis secondary to 
Gram-negative bacteria portends a particularly high mortality rate 
in the setting of ARDS. In a series of 86 patients with Gram-negative 
bacteremia by Kaplan et al., 20 patients developed ARDS (23%) and 
the mortality rate (90%) was substantially higher than for those 
who did not develop ARDS (50%) [27]. Historically, prior investiga-
tions on the incidence and outcomes from ALI/ARDS reported 
mortality rates that were substantially higher than more recent 
reports [28–30]. In one of the most recent epidemiologic studies of 
ALI in pediatrics, Flori et al. reported on 328 admissions (for 320 
patients) for ALI/ARDS as defi ned by consensus defi nition at two 
centers over a nearly 4-year time frame [5]. The most common 
diagnoses were consistent with historical observations: pneumonia 
(35%), aspiration (15%), sepsis (13%), near-drowning (9%), and 
concomitant cardiac disease (7%) [5]. Overall mortality rate of the 
group was 22% (in contrast to adult outcomes of 35%–55%), with 
the highest rates observed among near-drowning (54%), associated 
cardiac disease (39%), and sepsis (31%). Importantly, hypoxemic 
respiratory failure was an uncommon cause of demise; more fre-
quently, death occurred as a result of either a do not resuscitate 
order or withdrawal of life support in the face of medical futility. 
Again, as mentioned earlier, in stark contrast to the majority of 
adult series, mortality did in fact correlate with the initial PaO2/
FiO2 ratio.

Clinical Course and Histopathology

The initial phase of ARDS (the acute or exudative phase) is mani-
fested clinically by progressively refractory hypoxemia. The chest 
radiograph demonstrates bilateral patchy pulmonary infi ltrates, 
similar to that observed during cardiogenic pulmonary edema 
(Figure 5.1), whereas CT scans of the chest reveal that alveolar 
fi lling, consolidation, and atelectasis occur predominantly in the 
dependent lung zones (Figure 5.2). Histologic examination reveals 
alveolar epithelial cell damage characterized by cytoplasmic swell-
ing, cell membrane fragmentation, and denudation of the cell 
lining in severe cases. As a result, the impermeability of the 
endothelial–epithelial barrier is abrogated, resulting in protein-
rich alveolar fl uid and parenchymal infi ltration by neutrophils and 
monocytes in association with the loss of type I alveolar epithelial 
cells.

Although some patients will recover after this acute stage, other 
patients will enter a second phase, known as the fi broproliferative 
phase. The time of onset of the fi broproliferative phase is highly 
variable (commonly thought to be 3–7 days after initial onset of 
ARDS) and is typically characterized by the onset of lung architec-
tural changes and persistent hypoxemia. More recent translational 
research evidence suggests that the fi broproliferative response is 
driven by the proinfl ammatory cytokine interleukin (IL)-1β and 
begins much sooner than previously believed [31,32]. Histologically 
this phase is characterized by prominent interstitial infi ltration by 
fi broblasts, myofi broblasts, and infl ammatory cells (mostly of the 
mononuclear lineage) and increased collagen deposition. Of note, 

the infi ltration of immature monocytes occurs during this phase 
and may correlate with persistence of hypoxemia [33]. The type II 
pneumocyte, which is responsible for surfactant production, is the 
only epithelial cell type that appears capable of mitotic division and 
replication and must repopulate the alveolar lining and differenti-
ate into type I pneumocytes for the lungs to recover. Clinical fea-
tures of the fi broproliferative stage include increased alveolar dead 
space and further decreases in lung compliance. This process of 
fi broproliferation may be attenuated by the administration of cor-
ticosteroid therapy during this phase, as suggested by preliminary 
observations of Meduri and colleagues [34–36].

The fi nal phase is the recovery phase, characterized by gradual 
resolution of the hypoxemia and improved compliance as the lung 
architecture is restored to normal. The timing and duration of this 
stage are also highly variable. Unfortunately, some patients will not 
recover and have histologic changes showing progressive lung 
fi brosis and cyst formation with irreversible loss of functional 

FIGURE 5.1. Chest radiograph of a patient with acute respiratory distress syndrome illus-
trating bilateral diffuse alveolar infiltrates.

FIGURE 5.2. Chest computed tomography scan of a patient with acute respiratory distress 
syndrome illustrating bilateral diffuse alveolar consolidation and septal fluid (closed 
arrow), pronounced dependent edema (open arrows), and pleural effusions (Eff).
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alveoli that ultimately leads to death secondary to refractory 
hypoxemia.

Pathophysiologic Mechanisms

Development of Pulmonary Edema

As reviewed earlier, the hallmark of ARDS is the development of 
pulmonary edema and fl ooding of the alveolar space, resulting in 
either alveolar collapse [37] or alveolar fl ooding [38,39]. In either 
case, the result is an impairment of matching between ventilation 
and perfusion primarily as a result of impaired ventilation of alveo-
lar units. The subsequent intrapulmonary shunt results in clinically 
signifi cant hypoxemia and is most often refractory to supplemental 
oxygen. The numerous factors that contribute to the development 
of pulmonary edema may be best thought of in the context of the 
Starling equation, which predicts fl uid fl ux into or out of the pulmo-
nary capillary system (Figure 5.3). Intravascular capillary pressure 
can be an important driving force of fl uid transudation into the airs 
pace and is countered by interstitial pressure. This physiologic 
effect explains the fi nding of pulmonary edema that results from 
elevated left atrial as well as pulmonary venous pressure in the 
setting of congestive heart failure (CHF). For this reason, an ele-
vated pulmonary wedge pressure remains an exclusion factor in 
defi ning ALI/ARDS. In contrast to hydrostatic pressure, increases 
in pulmonary capillary oncotic pressure serve to retain fl uid within 
the intravascular space. Loss of plasma proteins (e.g., nephrotic 

syndrome) or impaired synthesis (e.g., liver failure) can result in 
decreased plasma oncotic pressure and increase the fl ux of fl uid into 
the interstitial space. Importantly, this process can dilute intersti-
tial protein concentration, decrease the interstitial oncotic pres-
sure, and diminish the force driving fl uid out of the vascular space. 
This process may provide a safety factor for interstitial fl uid fl ux, 
although ultimately the capacity to resorb excess fl uid is overcome, 
eventually resulting in alveolar fl ooding.

In the context of ARDS, perhaps the largest contributor to the 
development of pulmonary edema is a change in the permeability 
coeffi cient, Kf. For reasons elucidated later, numerous mediators 
affect the barrier function of the endothelium and epithelium, which 
increases the permeability of these cell layers to both fl uid and ulti-
mately circulating proteins (Figure 5.4). In this manner, the effect on 
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FIGURE 5.3. Factors regulating fluid flux in the lungs as predicted by Starling’s equation. 
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the development of pulmonary edema attributed to a small increase 
in elevated microvascular pressure, denoted Pmv (e.g., related to 
decreased myocardial compliance in sepsis) and/or a decrease in 
interstitial oncotic pressure will be amplifi ed by increased permea-
bility. The biologic causes of this change in permeability have been 
extensively studied over the past several years.

Cytokines

The diffi culty in elucidating the pathophysiology of ARDS relates 
to the multiple etiologies that have been associated with its onset. 
Although initially it was believed that both direct/pulmonary and 
indirect/extrapulmonary causes of ARDS were characterized by a 
similar cascade of pathophysiologic events, recent insight into the 
responses of these different mechanisms to therapeutic interven-
tions suggests they may differ. Nevertheless, the reason for surmis-
ing that the two shared a similar pathophysiology related to the 
consistent observation of increased cytokines measured either 
locally (from bronchoalveolar lavage [BAL] samples) or systemi-
cally (in serum samples) in the setting of ARDS [40]. Because of 
their presence and multiple effects, cytokines have been extensively 
investigated as causative mediators in ARDS (Figure 5.5).

Cytokines are soluble proteins synthesized by every cell type in 
the lung, including the alveolar epithelium, pulmonary vascular 
endothelium, alveolar macrophages, lymphocytes, and interstitial 
cells. They comprise a diverse group of peptides and glycoproteins 
that mediate numerous functions, including intercellular commu-
nication, adhesion molecule expression, chemotaxis, leukocyte 
activation, generation of oxygen- and nitrogen-based radicals, and 

de novo gene expression mediated by intracellular signal transduc-
tion. Most of the effects of cytokines are mediated via binding to 
receptors on various target cells. The receptor–ligand interaction 
initiates any number of signaling cascades that can result in either 
inhibitory or stimulatory responses by the target cell [41]. In the 
setting of ARDS, some of the most extensively studied cytokines 
include tumor necrosis factor-α (TNF-α) [42], interleukin-1β (IL-
1β) [43], interleukin-8 (IL-8/CXCL8), and monocyte chemoattrac-
tant protein (MCP)-1/CCL2.

Tumor necrosis factor-α and IL-1β are classically described as 
early response cytokines produced by cells of the innate immune 
system that evolved to protect the host from pathogen invasion. 
Microorganisms express a series of highly conserved molecular 
patterns that distinguish them from the host, for example, double-
stranded RNA of viruses, unmethylated CpG dinucleotides of bac-
teria, mannan binding proteins of yeast, glycolipids of mycobacteria, 
lipoproteins of bacteria and parasites, lipoteichoic acids of Gram-
positive bacteria, and lipopolysaccharide (LPS) of Gram-negative 
bacteria [44–49]. These so-called pathogen-associated molecular 
patterns (PAMPs) are recognized by members of the toll-like family 
of receptors (TLRs). As a result of TLR binding, cellular activation 
results in the expression of these early response cytokines, which 
appear to be critical to the induction of acute lung infl ammation.

Tumor necrosis factor-α is biologically active as a trimer and 
binds to one of two distinct receptors (55 and 75 kD forms) that 
exist on nearly every cell type studied. In early preclinical studies, 
administration of purifi ed TNF-α caused fever, hypotension, 
and impaired endothelial barrier function characterized by the 
onset of pulmonary edema. Conversely, anti-TNF-α neutralizing 
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antibodies prevented signs of sepsis, including ARDS, when Gram-
negative bacteria or its toxic moiety endotoxin was administered 
to animals [42,50–52]. Because of the frequent observation of ARDS 
in sepsis and increased levels of TNF-α in BAL fl uids of ARDS 
patients, a causative role for TNF-α in ARDS was hypothesized 
[53,54].

Interleukin-1β is a second early response cytokine whose peak 
level of expression characteristically follows TNF-α. When 
referring to IL-1, it is important to note that it can exist as one 
of two proteins, an α or a β isoform that share little homology. 
Interleukin-1β is synthesized as a proform that is proteolytically 
cleaved by the IL-1β converting enzyme (ICE, or caspase-1) to the 
bioactive form that mediates biologic effects in both the circulation 
and lung secretions [55,56]. Both TNF-α and IL-1β independently, 
and synergistically, are capable of regulating expression of subse-
quent cytokines and other mediators, notably, IL-8 [57], MCP-1, 
and adhesion molecules (e.g., intercellular adhesion molecule 
[ICAM]-1). Of note, the induction of both pro- and antiinfl amma-
tory cytokines from macrophages by IL-1β differs between children 
and adults in that there is a substantial antiinfl ammatory response 
triggered in children’s macrophages whereas only proinfl amma-
tory mediators are produced by macrophages from adults [58].

Both IL-8 (CXCL8) and MCP-1 (CCL2) are members of a large 
family of chemoattractant cytokines, or chemokines [reviewed in 
59]. Chemokines are divided into four groups on the basis of con-
served cysteine motifs, which also form the basis of the newer 
nomenclature for these molecules: CXC, CC, C, and CX3C chemo-
kine families. Chemokines function as potent chemotactic factors 
for a variety of leukocytes, including neutrophils, eosinophils, 
basophils, monocytes, mast cells, dendritic cells, natural killer 
cells, and T and B lymphocytes [60]. In the setting of a variety of 
infl ammatory challenges in experimental models, CXC chemo-
kines, notably IL-8 (CXCL8), mediate neutrophil infi ltration into 
the lung [61–65]. There is also substantial clinical evidence that 
IL-8 is present in the lungs of patients with ARDS and that increased 
BAL fl uid levels of IL-8 correlate with the number of lung neutro-
phils, the severity of injury, and mortality [66]. It remains unclear, 
however, as to whether neutralization of CXC chemokines may be 
of benefi t, as they are crucial to pathogen clearance. For example, 
Greenberger and colleagues observed that while depletion of MIP-2 
(CXCL2/3) in murine Klebsiella pneumoniae pneumonia reduced 
neutrophil recruitment to the lung, they also observed reduced 
bacterial clearance and increased bacteremia [61]. In a similar 
fashion, investigators have attempted to target CXC receptors to 
determine the importance of CXC chemokine ligand/CXCR biology 
during bacterial pneumonia. These investigators found marked 
reductions in lung neutrophils in response to Pseudomonas aeru-
ginosa, Nocardia asteroides, and Aspergillus fumigatus, which were 
accompanied by reduced clearance of the microorganisms and 
increased mortality, suggesting that impairing this key component 
of innate immune response in the setting of bacterial infections 
may not be of benefi t [65]. Nevertheless, as described below, lung 
injury mediated by noninfectious stimulation of CXC chemokine 
expression (e.g., lung stretch) may be inhibited with overall favor-
able outcomes [67].

More recently, the role of CC chemokines in ARDS has been 
examined, and studies have implicated a key pathophysiologic role 
for MCP-1. Examination of BAL fl uid cellular infi ltration over time 
in patients with ARDS noted increased monocytes recruited to the 
air space. Importantly, there was a correlation between the number 
of these cells and MCP-1 BAL fl uid levels, suggesting that MCP-1 

may mediate the recruitment of this cellular population in ARDS 
[33]. In a murine model of sepsis, the presence of MCP-1 was also 
noted to mediate recruitment of neutrophils to the lungs that was 
attenuated by neutralization of MCP-1 [68,69]. Thus, CC chemo-
kines appear to be important contributors to the pathophysiology 
of ARDS.

All the cytokines described have a variety of biologic activities 
that modulate the infl ammatory response of the lungs in a number 
of ways. For example, cytokines can function as key amplifi ers of 
infl ammation through synergistic activity [70–72]. As an example, 
in an immune complex–mediated model of lung infl ammation, 
blocking the CC chemokine MIP-1α decreased BAL fl uid TNF-α 
content, suggesting that MIP-1α might function as an autocrine 
activator of TNF-α expression [73]. Therefore, targeting proximal 
cytokine mediators may dampen this autoamplifi cation observed 
during the acute infl ammatory response. One of the most impor-
tant roles for cytokines is their facilitation of the endothelial cell–
leukocyte adhesion cascade (Figure 5.6).

One of the pathologic hallmarks observed in lungs from patients 
succumbing to ALI/ARDS is neutrophil infi ltration. The mecha-
nism by which leukocytes are recruited from the blood to the lung 
has been extensively studied and is well understood [reviewed in 
72]. The initial phase of leukocyte adhesion begins with a process 
called rolling in which members of the selectin family of adhesion 
molecules (e.g., E-selectin) are upregulated on the endothelium 
and mediate an interaction with sialylated oligosaccharides that 
are constitutively expressed on neutrophils [74,75]. In the second 
phase of adhesion, a fi rm interaction develops between cytokine-
activated β2-integrins (e.g., CD11a,b,c/CD18) expressed on neutro-
phils and their counterreceptors (e.g., ICAM-1) expressed on the 
endothelial cell surface that anchors the neutrophil to the pulmo-
nary vascular endothelium [76]. Finally, neutrophils (or other 
adherent leukocytes) migrate into the alveolar space via chemotac-
tic gradients created by chemokine expression (discussed later) 
[77]. Once in the interstitial and/or alveolar space, leukocytes 
release a series of oxygen- and nitrogen-based radical species, pro-
teases, and arachidonic acid metabolites all of which can contribute 
to impaired endothelial barrier function and the pathognomonic 
development of noncardiogenic pulmonary edema. Despite initial 
consideration of a therapeutic strategy aimed at blocking adhesion 
molecule function, the appreciation that this biologic response 
remains key to host pathogen clearance has dampened enthusiasm 
for this approach.

Leukocyte Chemotaxis Related to Acute and 
Transitional Inflammation

A key characteristic of the acute infl ammation associated with the 
development of ARDS is the recruitment of leukocytes from the 
blood to the air spaces of the lung [78]. Although this response is 
critical to eradication of an offending pathogen, an overexuberant 
cellular response combined with the release of mediators may 
instead amplify acute infl ammation resulting in tissue injury. In 
addition, the maintenance of leukocyte recruitment necessitates 
intercellular communication between leukocytes and other struc-
tural cell types, including the endothelial and parenchymal cells. 
This intercellular communication is mediated not only by cyto-
kines and adhesion molecules but also by the production of 
chemokines.

Early investigations identifi ed a series of nonspecifi c chemotactic 
molecules such as N-formylmethionyl peptides from bacterial cell 
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walls—the anaphylatoxin C5a, leukotriene B4 (LTB4), and platelet 
activating factor (PAF)—that were principally chemotactic for neu-
trophils [79]. Although these molecules are critical to leukocyte 
extravasation, they do not exhibit the degree of specifi city for 
leukocyte subsets. It has become apparent that the nature of the 
stimulus triggering lung infl ammation variably determines the 
subpopulation of leukocytes recruited to the lungs. Thus, it was 
hypothesized that a more diverse set of chemokines existed that 
possess specifi c activity for subsets of leukocytes. The CXC chemo-
kines (e.g., IL-8/CXCL8, MIP-2/GROα/CXCL2), so designated 
because the fi rst two cysteine residues are interrupted by a noncon-
served amino acid, are principally neutrophil chemoattractants. In 
contrast, CC chemokines (e.g., MIP-1α/CCL3, MCP-1/CCL2), have 
their fi rst two cysteine residues adjacent and are the principal 
mononuclear cell chemoattractants. In ARDS, the acute infi ltration 
of neutrophils is temporally followed by migration of mononuclear 
cells into the lung. Both T cells and monocytes may contribute to 
persistent lung infl ammation and mediate subsequent fi brosis as 
observed in animal models of chronic lung infl ammation. Recent 
clinical data suggest that this late mononuclear cell recruitment, 
or so-called transitional infl ammation, is critical to the outcome 
of patients with ARDS [33]. Further understanding of the regula-
tion of the expression of these chemokines may identify potential 
therapeutic targets for interrupting the infl ammatory process 
in ARDS.

Role of Antiinflammatory Cytokines in Regulating Acute 
Respiratory Distress Syndrome

Following their initial discovery, cytokines were principally 
described as proinfl ammatory molecules based on their causal 
association with sepsis and ARDS. Subsequently, it became clear 
that a counterregulatory response is mounted by the host, charac-

terized by a number of cytokines possessing antiinfl ammatory 
properties. Included among this group of cytokines are IL-10, IL-
13, transforming growth factor-β (TGF-β), and, in some circum-
stances, IL-6 and a related cytokine, IL-11. Among the most well 
characterized of these cytokines is IL-10, which possesses potent 
antiinfl ammatory effects by its ability to downregulate cytokine 
production by macrophages in a myriad of ways [80]. In a rat model 
of ALI, blocking endogenous IL-10 caused increased infl ammation 
and pulmonary edema in association with increased levels of TNF-
α and IL-1β [81]. This fi nding is further supported by the obser-
vation that IL-10 knockout mice are exquisitely sensitive to 
infl ammation as refl ected by their response to sublethal endotoxin 
injection that results in 100% mortality [82]. A correlative fi nding 
has been observed in humans in that patients who mounted the 
lowest levels of IL-10 in their BAL fl uid displayed the highest mor-
tality rate from ARDS [83]. Similar fi ndings have been observed in 
studies examining TGF-β and IL-13 as monocyte deactivating 
agents, suggesting that these molecules also serve as important 
counterregulatory molecules in the setting of acute infl ammatory 
disease states such as ARDS.

It is important to note that the biologic effects orchestrated by 
proinfl ammatory cytokines are critical to mounting an appropriate 
innate immune response directed against host invasion. In con-
trast, an overexuberant antiinfl ammatory response my lead to 
acquired host immunosuppression, thus impairing pathogen clear-
ance—the so-called compensatory anti-infl ammatory response 
syndrome (CARS) [84]. This inability to regulate both necessary 
responses associated with the pathologic syndromes of ALI/ARDS 
and sepsis has been described as immune dissonance. Accordingly, 
as the fi eld of critical care contemplates ongoing interventional 
studies, it is imperative to not presume that all ARDS patients 
exhibit any one particular immunologic phenotype. The multitude 
of clinical investigators who have witnessed the failings of 
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proinfl ammatory cytokine inhibition to favorably impact clinical 
outcomes in ARDS are realizing this concept [85,86]. It may in fact 
be that some patients overexpress antiinfl ammatory cytokines that 
contribute unfavorably to overall outcome by impairing pathogen 
clearance. As a result, it is crucial for the host to maintain a homeo-
static cytokine balance in its response to any number of infl amma-
tory challenges. More importantly, future clinical studies may 
need to better stratify patients by immune status in order to strike 
the appropriate balance between pro- and antiinfl ammatory 
cytokines.

Molecular Regulation of Cytokine Gene Expression

Because of the important role cytokines play in the development, 
propagation, and eventual resolution of ARDS, their molecular 
regulation has been a target of active investigation over the past 
decade. In this era of molecular biology and genomic science, it is 
necessary to achieve a fundamental understanding of the mecha-
nisms of gene expression and relevant signal transduction path-
ways that play fundamental roles in the expression of genes 
contributing to the pathobiology of ARDS. These aspects have been 
recently reviewed in great detail [87].

Conventional Therapeutics

Therapy for ARDS begins by addressing any treatable, underlying 
cause of ARDS, such as sepsis, pneumonia, or pancreatitis [reviewed 
in 26]. Beyond this, with a few exceptions, most therapies specifi -
cally directed at the pathophysiologic mechanisms described above 
remain experimental or have not shown any benefi t in clinical 
trials [reviewed in 9]. Thus, at present, the majority of therapies for 
ARDS are primarily supportive in nature. Further consideration of 
any therapy for ARDS must take into account the fact that most 
patients with ARDS do not die from respiratory failure. Rather, as 
mentioned previously, most patients with ARDS die as a result of 
sepsis or multiple-organ failure. Nevertheless, it is expected that 
therapy specifi cally directed toward ARDS has the potential to 
reduce the incidence of all causes of death associated with ARDS.

Conventional Mechanical Ventilation

As is the case for all patients with critical illnesses, maintaining 
adequate oxygen delivery is an important therapeutic goal in the 
management of ARDS. For the patient with ARDS, this goal is 
achieved with the usual strategies of fl uid management, achieve-
ment of adequate hematocrit, achievement of adequate oxygen sat-
uration, and the use of appropriate inotropes and vasopressors to 
maintain adequate cardiac output. Of particular importance to the 
patient with ALI/ARDS is the need for respiratory support, most 
typically in the form of mechanical ventilation. Mechanical venti-
latory support should be targeted toward achieving the greatest 
benefi t while minimizing potential harm.

A select group of patients with respiratory failure have the poten-
tial to be managed with noninvasive positive pressure ventilation 
(NPPV). The most common indication for NPPV appears to be 
acute hypercapnic respiratory failure, particularly in the setting of 
chronic obstructive pulmonary disease [88,89]. Additionally, it has 
been suggested that patients with hypoxemic respiratory failure do 
not receive the same benefi t from NPPV as do patients with hyper-
capnic respiratory failure [90]. Nevertheless, there are reports of 

successful NPPV in the setting of ARDS [91,92]. Thus, NPPV may 
be considered for some select patients with ARDS (i.e., patients 
with obstructive pulmonary disease and patients with milder forms 
of ARDS), but it should be understood that the vast majority of 
patients with ARDS require tracheal intubation and mechanical 
ventilation.

Increasing mean alveolar pressure (mPalv) is currently con-
sidered the key component of mechanical ventilation for ARDS. 
Increased mPalv allows for recruitment of alveoli and for reduction 
of FiO2 to nontoxic levels (still arbitrarily agreed to be <0.6). There 
are several ways to increase mPalv, but PEEP appears to be the most 
effective with respect to lung mechanics and perhaps avoidance of 
ventilator-induced lung injury (VILI). Typically, PEEP levels are 
increased incrementally until the FiO2 can be reduced below 0.6 
while maintaining a systemic oxygen saturation >90%. It has been 
advocated to use pressure–volume loops for the optimal setting of 
PEEP [93]. In this strategy, PEEP is set at or above the lower infl ec-
tion point of the pressure–volume curve (Figure 5.7) with the goal 
of maintaining alveolar patency and eliminating repeated closure 
and opening of alveoli consistent with what has been coined as the 
open lung approach. Thus, most patients with ARDS will require 
PEEP levels in the range of 10 to 15 cm H2O. The effi cacy of this 
approach was rigorously tested in a recent clinical trial (ALVEOLI 
Trial) conducted by the ARDS Clinical Network, by comparing a 
higher end-expiratory lung volume/lower FiO2 versus a lower end-
expiratory lung volume/higher FiO2 ventilation strategy in patients 
with ARDS (see www.ardsnet.org) [94]. The study was stopped 
early after enrolling 549 patients because of futility—an interim 
analysis suggested that the trial, if continued until completion, 
would ultimately fail to show any difference in mortality. The 
reasons for these fi ndings remain unclear, although there can be 
harmful effects of too high a PEEP.

Negative consequences of PEEP include barotrauma, alveolar 
overdistension with CO2 retention, and decreased cardiac output 
secondary to increased intrathoracic pressure and, as a result, 
impaired venous return and preload. Fear of barotrauma and VILI 
should not preclude the aggressive use of PEEP a priori, given the 
potential benefi ts of PEEP. Increases of PaCO2 secondary to alveolar 
distension can be well tolerated physiologically (permissive hyper-
capnia), or, when excessive, can be corrected by lowering PEEP as 
long as it does not compromise oxygenation. Finally, reductions in 
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cardiac output can be overcome by appropriate augmentation of 
preload and appropriate use of intravenous inotropes. In this 
setting, data derived from a pulmonary artery catheter or a less 
precise, but potentially useful method of monitoring superior 
vena cava oxygen saturation might provide valuable guidance in 
understanding the ramifi cations of PEEP changes on the overall 
oxygen delivery as refl ected by a mixed-venous oxygen saturation 
measurement.

Inverse Ratio Ventilation and High-Frequency Ventilation

Apart from PEEP, there are other available modalities for increas-
ing mean airway pressure in the setting of ARDS. Inverse ratio 
ventilation (IRV) is a strategy that makes use of supraphysiologic, 
prolonged inspiratory times such that the ratio of inspiratory time 
to expiratory time is greater than 1 : 1 [95]. This strategy substan-
tially increases mPalv, thereby increasing alveolar recruitment and 
improving oxygenation. Whether improvements in oxygenation 
are caused by increased inspiratory time per se or by increased 
intrinsic PEEP is a matter of debate. Studies using historical con-
trols suggest that IRV can improve the outcome of ARDS [96–98]; 
however, when considering the use of IRV, it should be kept in mind 
that there are no large, prospective randomized trials comparing 
IRV to conventional ventilation in ARDS.

High-frequency oscillatory ventilation (HFV), in the form of 
either high-frequency jet ventilation (HFJV) or high-frequency 
oscillatory ventilation (HFOV), is another alternative means of 
increasing mPalv in the treatment of ARDS [99]. High-frequency 
ventilation has theoretical appeal for ARDS because it makes use 
of small tidal volumes while maintaining alveolar recruitment, 
thus potentially reducing VILI. A large experience in adults with 
HFJV ventilation suggests that there is no benefi t with respect to 
mortality [99]. Experience in pediatric patients, however, suggests 
that HFOV may provide some benefi t [100,101], particularly when 
instituted early in the disease course [102]. Overall, there is con-
tinued enthusiasm for the use of HFV in the setting of ARDS, but 
its true benefi t remains to be established.

Lung Protective Strategies

The use of mechanical ventilation presents a clinical paradox. On 
the one hand, it provides life-sustaining support to allow suffi cient 
time for recovery. On the other hand, the use of high concentrations 
of oxygen and the stretching forces of positive pressure ventilation 
can be directly injurious to the lung. Lung toxicity related to high 
concentrations of oxygen (hyperoxia) has been recognized for 
many years. Hyperoxia is directly toxic to lung parenchymal cells 
by the generation of oxygen-related radicals and by impacting the 
signal transduction pathways of lung parenchymal cells [103]. 
Although the safe level of oxygen during ARDS is not known, a 
reasonable goal appears to be achieving an FiO2 < 0.6, which is why 
the recommendation of titrating PEEP to a level that allows reduc-
tion of FiO2 below this level is espoused. Whether this concept will 
extend to the practice of allowing the systemic arterial oxygen satu-
ration to fall to 85%–90% in order to avoid prolonged exposure 
to high FiO2 levels (so-called permissive hypoxemia) remains to 
be seen.

The concept of VILI secondary to mechanical forces has gener-
ated a great deal of clinical and investigative interest in the last 
decade. Ventilator-induced lung injury is a manifestation of direct 
physical damage to lung parenchyma, as well as stretch-induced 

changes in lung parenchymal signal transduction pathways. This 
latter concept is embodied in the term mechanotransduction, which 
describes how physical forces change gene expression patterns in 
the lung, thus leading to potentially important negative conse-
quences such as increased infl ammation and alterations of ion 
channels [104]. Multiple experimental models and clinical studies 
have documented the physiologic relevance of VILI [105–117] and 
raised the likelihood that the mode of ventilation ultimately 
impacts the development of organ injury remote from the lungs 
[104,111,118].

As a result of the recognition of the infl uence of VILI on the 
course of ARDS, physicians have mandated the clinical use of lung 
protective strategies that attempt to use minimal forces (whether 
pressure or volume triggered) in a manner that limits VILI. Exam-
ples described earlier include use of an appropriate level of PEEP 
to prevent cyclic opening and collapse of alveoli (so-called atelec-
trauma) and the use of HFOV. Much of the clinical support for this 
approach stems from the successful implementation of a lung pro-
tective strategy in which tidal volume was reduced to 6 mL/kg in 
contrast to a tidal volume of 12 mL/kg as reported in a study con-
ducted by the ARDS Network. This study has provided the most 
defi nitive evidence that a high tidal volume (12 mL/kg) is harmful 
to patients with ARDS (see www.ardsnet.org) [119]. Because half of 
the patients in this trial were randomized to a conventional ventila-
tion group in which the preset tidal volumes were often increased 
to 12 mL/kg tidal volume from the more conventional 8–10 mL/kg, 
it remains unclear as to what is the safest, minimal tidal volume 
for adults and—with greater uncertainty—children. Nevertheless, 
although this study was perhaps the largest trial to test this hypoth-
esis, numerous studies had suggested clinical benefi ts of a low tidal 
volume strategy [113,120–122].

Permissive Hypercapnia

Although hypercapnia can cause pulmonary hypertension, 
increased intracranial pressure, and cardiovascular dysfunction, 
hypercapnia appears to be well tolerated in patients with ALI 
similar to what has been observed for years in neonatal respiratory 
distress syndrome [122–125]. In fact, several studies have suggested 
a possible protective role for hypercarbia in models of ALI/ARDS 
[123,126–129]. Although most clinicians tolerate a pH of ∼7.25, 
below this level there is considerably less consensus. When pH 
drops below this level, clinicians choose a myriad of approaches, 
including tolerating the lower pH, increasing minute ventilation by 
increasing frequency, or administering intravenous base agents 
(e.g., sodium bicarbonate) to raise the pH. Which of these three 
approaches is most appropriate remains to be determined, and the 
choice of one method over another currently is generally dictated 
by individual patient scenario and physician experience or 
preference.

Prone Positioning

Chest CT scans illustrate how heterogeneously the lung paren-
chyma is affected in patients with ARDS (see Figure 5.2). When in 
a supine position, the dependent areas (dorsal) tend to be fl uid fi lled 
and/or collapsed, while the nondependent areas (ventral) tend be 
well ventilated, thus causing signifi cant mismatch of ventilation 
and perfusion. Various mechanical factors have been identifi ed 
to suggest that changing the position of the patient may facilitate 
the recruitment of these air spaces. Prone positioning has been 
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considered as an inexpensive, noninvasive, and generally safe 
approach for improving lung physiology for patients with ALI and 
is reviewed in greater detail in subsequent chapters of this text-
book. Although there can be complications from prone positioning 
(e.g., accidental extubation, pressure sores, catheter dislodgement, 
and in some cases worsening oxygenation), prone positioning is 
generally well tolerated and clinically feasible for nearly any patient 
(Figure 5.8).

Lung collapse is predominant in the dependent regions (zone 
III), and ventilation is preferentially distributed to the nondepen-
dent regions (zone I). Furthermore, perfusion to the air spaces is 
lowest in the nondependent regions and increases progressively in 
dependent regions. As a result, patients with ARDS and in a supine 
position have maximal maldistribution (or mismatch) of ventila-
tion and perfusion with subsequent physiologic shunt and resultant 
hypoxemia, as reviewed earlier. Conversely, it is now appreciated 
that placing a patient in the prone position may be associated with 
a reduction of perfusion to collapsed regions, providing a non-
invasive means to improve V/Q matching. Redirection of perfusion 
from nonventilated regions to newly recruited areas of lung regions 
in the prone position has been demonstrated in initial studies [130]. 
Several subsequent studies have shown similar physiologic reduc-
tion of perfusion to low V/Q regions and resultant increase in the 
V/Q ratio with improved oxygenation.

These observations led to additional studies in which prone posi-
tioning was found to (1) improve V/Q matching, (2) decrease het-
erogeneity in the transpulmonary gradient related to heterogeneous 
lung diseases, (3) improve alveolar recruitment, (4) infl uence chest 
wall compliance, and (5) potentially prevent VILI by decreasing the 
expand/collapse interface between recruited and derecruited air 
spaces.

Curly et al. demonstrated an immediate improvement in oxygen-
ation as measured by either P/F ratio or OI at various time points 
during the fi rst 24 hours of prone positioning [131], and this 
improvement was maintained in immediate responders upon 

returning to the supine position. In contrast, Casado-Flores et al. 
showed that the improved oxygenation was not sustained after a 
return to the supine position [132]. These seemingly discordant 
data are typical of the reported variability in the response to prone 
positioning such that predicting who will respond and derive 
benefi t from the prone position is diffi cult. Unfortunately, despite 
evidence to show that prone positioning can be applied to improve 
oxygenation and respiratory mechanics, given the inherent com-
plexity of ARDS studies, proving this to be a therapeutic interven-
tion that alters mortality (and other end-points) in this 
patient population has been challenging, as none of the large trials 
in either pediatric or adult ARDS patients demonstrated clear 
benefi t beyond improved oxygenation [133,134]. Although various 
reasons for this have been the subject of great speculation, one 
important confounder remains the heterogeneous patient popula-
tion captured in large ARDS studies. Regardless of the reason, it is 
becoming increasingly clear that oxygenation and mortality may 
be insuffi cient outcomes to exclusively exam in interventional ALI/
ARDS studies. From a practical standpoint, most intensivists’ clini-
cal experiences indicate that the response to prone positioning is 
variable from patient to patient, with some patients achieving 
greater improvements in oxygenation than others. As a result, it 
remains a reasonable recommendation that the prone position 
be considered for most patients with severe and/or refractory 
ALI/ARDS.

Fluid Management

Titrating preload and concomitant hemodynamic variables to sup-
raphysiologic values for patients with ALI/ARDS cannot be recom-
mended based on the current literature; however, titrating these 
variables to normal levels in the setting of ALI/ARDS is prudent. 
Furthermore, because alveolar edema is a key component of ARDS, 
signifi cantly reducing extravascular lung water, with fl uid restric-
tion and administration of diuretics, may occasionally be of benefi t 

FIGURE 5.8. A 180-kg patient in the prone position, illustrating that the prone position is feasible for nearly every patient with acute respiratory distress syndrome.
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for patients with ARDS. The literature supporting or refuting this 
approach remains controversial and relies heavily on the use of 
pulmonary artery catheters, which has also come under strong 
criticism recently with regard to demonstrating patient benefi t.

Recent clinical data suggest that pulmonary edema during ALI/
ARDS results from not only an imbalance of alveolar–epithelial 
permeability but also from impaired alveolar fl uid clearance by the 
alveolar epithelium [135,136]. In addition, patients with ARDS who 
have relatively normal alveolar fl uid clearance have a better sur-
vival rate than patients who have a lower than normal clearance 
rates [136]. Based on the available data, the best approach seems to 
be avoidance of hypervolemia and an attempt to reduce extravas-
cular lung water to a level that does not compromise cardiac output. 
Admittedly, judging the latter can be problematic and is often sub-
jective. Future noninvasive diagnostics capable of better predicting 
extravascular fl uid status and future therapies aimed at restoring 
normal alveolar fl uid clearance (e.g., β-adrenergic receptor ago-
nists) may hold the promise of more specifi cally managing the 
pulmonary edema associated with ARDS.

Corticosteroids

There has been interest in the therapeutic use of corticosteroids in 
ARDS and septic shock since the early 1960s. This strategy is based 
on the pathophysiologic concept that the organ injury observed in 
these clinical syndromes is a manifestation of dysregulated infl am-
mation. Because corticosteroids are potent antiinfl ammatory 
agents, it has been postulated that they might attenuate organ 
injury associated with ALI/ARDS. Despite this sound hypothesis, a 
consistently benefi cial effect of corticosteroids had not been estab-
lished in earlier ARDS studies [137–139]. However, more recently, 
there has been renewed interest in the use of corticosteroids by 
patients with so-called late or unresolving ARDS, defi ned by a 
failure to demonstrate clinical improvement over the course of the 
illness [34–36]. This newer strategy employed a longer course of 
therapy, at lower doses, than the original trials in ARDS. Meduri 
and colleagues performed a randomized trial involving 24 patients 
with unresolving ARDS and observed that administration of corti-
costeroids to these patients had several benefi ts, including improved 
lung injury score, improved PaO2/FiO2 ratio, decreased multiple-
organ dysfunction, and decreased mortality [34]. As a result, this 
approach was subjected to a larger, multiinstitutional study called 
the Late Steroid Rescue Study or LsSRS Trial conducted by the 
ARDS Network (http://www.ardsnet.org/lasrs.php). Until the full 
results of this study are disseminated, the ongoing use of cortico-
steroids for unresolving ARDS is likely to be considered in most 
intensivists’ clinical practices.

Experimental Therapies

Targeting Cytokine Production

Although a number of cells produce cytokines, those of mono-
nuclear-leukocyte lineage, such as the peripheral blood monocyte 
(in indirect lung injury) and the alveolar macrophage (in direct 
lung injury), appear to be principal sources. A number of agents 
have shown promise in deactivating these cells as a means of inhib-
iting cytokine production. Antiinfl ammatory cytokines such as 
IL-10 [140] and TGF-β [141] and other pharmacologic agents such 
as ketoconazole [142,143] and lisofylline [144] display potent 

monocyte deactivating properties and have been touted as poten-
tial therapeutic candidates in ARDS. Interleukin-10 has demon-
strated particular promise as it inhibits a variety of biologic 
functions that are fundamental to the development and propaga-
tion of ARDS. Interleukin-10 inhibits the synthesis of a number of 
cytokines [145], impairs the endothelial cell–leukocyte adhesion 
cascade [146], attenuates NFκB activation [147,148], increases the 
expression of endogenous cytokine antagonists (e.g., IL-1 receptor 
antagonist protein) [149], and destabilizes cytokine mRNA, result-
ing in decreased translational expression [150]. In light of the mul-
tiple mechanisms by which IL-10 and other regulatory cytokines 
can regulate infl ammation, exogenous administration of these 
molecules may be a potentially promising strategy, although this 
potential has not been realized in the studies performed to date.

Cytokine Neutralization

Following their discovery, cytokines were considered as strictly 
proinfl ammatory molecules on the basis of their contribution 
to this pathophysiology of sepsis and ALI/ARDS. In addition, 
because of the proximal role cytokines play in the infl ammatory 
cascade and their autocrine amplifi cation effects, investigators 
have attempted to directly block their activity by either 
antibody neutralization (e.g., anti-TNF-α antibody) or receptor 
blockade (e.g., IL-1Ra), as reviewed earlier. Although these 
strategies proved promising in preclinical trials, their ultimate 
clinical effi cacy in human trials has been disappointing [reviewed 
in 85,151].

There are many reasons for this observation, including inaccu-
rate modeling of the human disease, poor identifi cation of underly-
ing risk factors, and limitations of statistical power analysis [152]. 
Other factors weighing against the success of this strategy include 
the fact that cytokines are likely to be increased before the clinical 
presentation of a critically ill patient. In addition, the cytokine 
cascade has been discovered to be highly redundant and inter-
linked, making it unlikely that inhibition of any single mediator 
will prove benefi cial in the context of the clinical trials that are 
limited by size. Finally, given the heterogeneity of both the trigger-
ing insults and the patients’ co-morbid conditions and immune 
responses, it is unlikely that all patients with ALI/ARDS are 
battling uncontrolled proinfl ammation. It is likely that a subset of 
individuals exist in a relatively immunocompromised state as a 
result of overexpression of antiinfl ammatory molecules, rendering 
the patient at substantial risk for overwhelming infection as the 
cause of respiratory failure.

One notable exception to this approach has been the success 
observed with the use of the anti-TNF agent etanercept in idio-
pathic pneumonia syndrome (IPS) following bone marrow trans-
plantation. When etanercept is applied early to patients with this 
form of acute, noninfectious lung injury, remarkable success has 
been achieved in decreasing radiologic evidence of lung edema and 
clinical resolution of ALI suffi cient to warrant a phase II/III trial 
sponsored by the national Bone Marrow Transplant Trials Network 
and Children’s Oncology Group.

Modulating the Regulation of Lung Edema Clearance

An important component of maintaining homeostasis of lung func-
tion is the ability to continuously clear alveolar lining fl uid. This 
process becomes more imperative for patients with ALI/ARDS in 
whom a progressive increase in interstitial fl uid occurs early in the 
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illness. Furthermore, because it has been observed that patients 
who have higher alveolar fl uid clearance rates have improved sur-
vival than patients with a lower than normal alveolar fl uid clear-
ance rate [136], it is critical to ascertain the important factors 
regulating this biology. Although a detailed, molecular under-
standing of this process is beyond the scope of this chapter, the 
reader is referred to several seminal reviews by the pioneers in this 
fi eld [153,154]. In work derived principally from the Matthay labo-
ratory, it has been established that resolution of alveolar fl uid is 
dependent on active ion transport by the lung epithelial cells [155]. 
The most important factor that preserves the alveolar space from 
fl ood is the resistance of the epithelial cells to injury. Even in the 
setting of endothelial barrier injury, preservation of epithelial 
function serves to keep extravasated fl uid in the interstitium where 
lymphatic drainage can accommodate an increased need for fl uid 
removal, thus sparing the air space from edema formation. In 
experimental settings of endothelial injury (e.g., systemic endotox-
emia) not only is alveolar fl uid clearance not impaired, but it may 
in fact be augmented [156]. This observed increase in fl uid clear-
ance has subsequently been shown to be inhibited by amiloride and 
propranolol instillation. These data support the conclusion that 
this epithelial function is dependent on β-adrenergic agonist 
stimulation of Na+-K+/ATPase–dependent sodium transport [156]. 
Thus, if the integrity of the alveolar epithelium is maintained, fl uid 
clearance can be augmented in the setting of interstitial and/or 
mild pulmonary edema, although this process is modulated by 
various factors. For example, in the context of raised left atrial 
pressure, fl uid clearance is attenuated even with β-adrenergic stim-
ulation because of excess production of atrial natriuretic factor 
(ANF) [157].

Depending on the trigger used to induce lung injury, numerous 
mechanisms augment the capacity for fl uid transport. In 
hyperoxia, increased expression of Na+-K+/ATPase correlated with 
increased sodium transport in respiratory epithelial cells [158]. 
In experimental models of sepsis-induced or hemorrhagic 
shock–induced lung injury, increased clearance appears to be 
mediated by catecholamine-dependent stimulation of cAMP and 
subsequently sodium pump activity. Data have implicated multiple 
biochemical mechanisms, including increased expression, activity, 
and/or epithelial membrane insertion of Na+-K+/ATPase, as well as 
increased expression of the epithelial sodium channel (ENaC) 
[159]. More recent data have suggested that glucocorticoids 
and other stress hormones may modulate expression of ENaC 
and/or Na+-K+/ATPase, resulting in increased fl uid clearance 
rates [160].

Thus, there are a number of factors that can upregulate the rate 
of fl uid clearance in the injured lung. As a result, future therapies 
aimed at restoring normal alveolar fl uid clearance may hold the 
promise of more specifi cally managing the pulmonary edema asso-
ciated with ARDS. To date, studies have examined the benefi cial 
role of employing a β-adrenergic agonist on alveolar fl uid clearance 
in numerous models of lung injury [153]. However, inhibition by 
ANF, β-receptor desensitization, or downregulation and endoge-
nous inhibitors of cAMP may all impact on the eventual clinical 
utility of this approach. Other agents that have been examined 
include certain growth factors (e.g., keratinocyte growth factor) 
that have been shown to increase fl uid clearance and synergize with 
β-agonist effects [161]. Finally, future directions may consider 
application of gene therapy, as preclinical studies have shown that 
overexpression of the α- and β-subunits of Na+-K+/ATPase can 
decrease lung edema formation in mouse models [162].

Blocking Adhesion Molecules

As our understanding of the role of adhesion molecule expression 
has unfolded, the goal of antiadhesion molecule therapy has become 
an intriguing pursuit. Numerous preclinical animal trials have 
demonstrated that antiadhesion molecule antibodies such as anti-
ICAM-1 [163,164], anti-E-selectin [••], anti-L-selectin [166], and 
anti-P-selectin [164,167] were able to inhibit neutrophil accumula-
tion in the lung and subsequent tissue injury. Despite these encour-
aging results, to date no human trials have successfully used 
antiadhesion molecule strategies. It is important to recall that the 
leukocyte–adhesion molecule cascade is highly conserved, and an 
adaptive host response is necessary for pathogen clearance as evi-
denced by individuals who suffer recurrent bouts of infection as a 
result of leukocyte adhesion defi ciency (LAD) syndromes 1 and 2 
and the more recently described LAD-3 (although this defect is 
restricted to platelet aggregation). The molecular basis of the 
defects associated with LAD-1 and LAD-2 are absent expression of 
the β-integrins (the counterreceptors for ICAM-1) and absence of 
sialyl-Lewis X (the carbohydrate ligand for selectins), respectively 
[168,169]. In light of these observations from nature’s experiments, 
investigators must approach the strategy aimed at disrupting this 
cascade carefully, especially in the setting of an invading 
pathogen.

Blocking of Chemokines or Chemokine Receptors

As mentioned earlier, chemokines appear to play a central role in 
the activation and recruitment of neutrophils to the lung in ALI/
ARDS, and as a result chemokines have become important thera-
peutic targets in many infl ammatory states, including ALI/ARDS. 
Monoclonal antibodies directed against IL-8 have been shown to 
decrease neutrophil infl ux and tissue injury in a number of animal 
models of lung injury [170–172]. Because of these encouraging pre-
clinical results, anti-IL-8 antibody has been considered for testing 
in human ARDS; however, it has come to light that antigen–
antibody complex formation between IL-8 and anti-IL-8 may trigger 
an increased infl ammatory response and has been associated with 
higher mortality [173,174]. Thus, whether this approach will con-
tinue to have merit is debated, and alternative approaches to attenu-
ating the effects of chemokines such as IL-8 have been suggested. 
Besides antibody neutralization, targeting the chemokine receptors 
has become a novel therapeutic target for clinical investigators 
[175]. As a result, it is possible that chemokines may be successfully 
inhibited in a selective and effective manner in the near future.

Application of Genomics

Acute respiratory distress syndrome is a highly heterogenous 
disease process with respect to both etiology and outcome. Variable 
outcomes are particularly frustrating to the pediatric intensivist 
who is faced with the reality that one patient with ARDS may 
survive, whereas another patient of similar age, having an identical 
trigger with seemingly similar co-morbidities, may die. These 
highly divergent outcomes may at times be explained by manage-
ment strategies. However, recent progress in genomics suggests 
that part of the basis of these variable outcomes may lie in the 
genetic background of the child who possesses a predisposition to 
a more severe manifestation of ALI/ARDS.

The evolving fi eld of genomics holds the promise of elucidating 
a genetic predisposition to ARDS and other diseases affl icting criti-
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cally ill children [176–178]. Although no clear ARDS gene or marker 
has been established to date, there is good evidence that mutations, 
or polymorphisms, in surfactant protein genes can impart a phe-
notype characterized by the propensity to develop interstitial lung 
disease and/or ARDS [179,180]. In addition, polymorphisms of 
cytokine genes have been associated with increased mortality in 
sepsis, a primary cause of indirect ALI [181,182]. Because the devel-
opment of sepsis is so closely linked, clinically and pathophysio-
logically, to the development of ARDS, it is expected that similar 
associations will be found between cytokine gene polymorphisms 
and the course of ARDS. Additional clinical investigations into 
candidate ALI/ARDS genes have included an examination of the 
role of aquaporin (AQP). Aquaporins play a key role in water trans-
port in several tissues, including the lung. Aquaporin-1 (AQP1) is 
expressed on apical and basolateral membranes of pulmonary 
microvascular endothelial cells of the lung and has been implicated 
in the regulation of lung vascular permeability [183]. In animal 
models of lung injury, AQP1 is substantially increased whereas null 
mutations in AQP1 in mice have been associated with protection 
from the development of lung edema fl uid [184], although it was 
interesting to note that AQP1–/– mice were not protected from 
acute lung edema formation triggered by an infl ammatory stimulus 
[185,186]. Work from the HopGene Program in Genomics sup-
ported by the NHLBI has identifi ed two single nucleotide polymor-
phisms in the 3′-untranslated region of the AQP1 gene (http://www.
hopkins-genomics.org/ali/abstracts/aqp1.html). In these studies, 
higher proportions of the C allele substitutions at positions 525 and 
578 were found in patients with sepsis than in controls. Taken 
together, these data support the concept that AQP1 plays a role in 
regulating pulmonary vascular permeability. Similar efforts to link 
polymorphisms in selected genes with ARDS by this group are 
summarized on the program’s Web site (http://www.hopkins-
genomics.org/ali/ali_snp.html).

Important tools for the application of genomics to the study of 
ARDS include the recent sequencing of the human genome, evolu-
tion of microarray technology, and expansion of powerful bioin-
formatics. With these tools it may become possible to further 
characterize the host response during ARDS at the genomic level. 
These studies are eagerly awaited, as they hold the promise of 
increasing our understanding of ARDS and with that hope that 
individual patient responses can be more thoroughly characterized 
such that therapies can be more specifi cally tailored to the needs 
of individual patients.

Conclusion

Acute lung injury and ARDS continue to be major causes of mortal-
ity in pediatric populations. It is clear that cytokines contribute to 
this pathophysiologic state via receptor-mediated signaling path-
ways that affect target cell responses. The application of molecular 
biology techniques to the fi eld of critical care has both improved 
our understanding of biologic responses and identifi ed a number 
of potential therapeutic targets. Although in vitro and animal 
model data have demonstrated amelioration of the infl ammatory 
response and lung injury by these strategies, the modalities that 
have been tested in humans thus far have proven ineffective. It is 
hoped that further understanding of the fundamental biology, 
improved identifi cation of the patient’s infl ammatory state, and 
application of therapies directed at multiple sites of action will 
ultimately prove benefi cial for patients suffering from ALI/ARDS.
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is indicated when the patient’s spontaneous ventilation is threat-
ened or not adequate to sustain life.

Children usually require mechanical ventilation because of 
respiratory failure or impending respiratory failure that occurs 
when the system fails to meet the body’s requirements in terms of 
oxygenation and/or elimination of carbon dioxide. It may occur as 
a result of primary lung disease (e.g., reduction in functional resid-
ual capacity [FRC] or compliance, worsened ventilation–perfusion 
mismatch) or pump dysfunction (e.g., reduced central drive, muscle 
disease). Beyond these pulmonary indications, mechanical ventila-
tion may be instituted in order to improve left ventricular function 
in the case of heart failure or to optimize carbon dioxide in the case 
of increased intracranial pressure. As mechanical ventilation is not 
without complications, the goal should be to apply it only when 
necessary and with minimal injury to the lungs and maximal 
comfort to the patient.

Mechanical Ventilation: Children Versus Adults

Although ventilation has been extensively investigated and charac-
terized for preterm neonates and adults, there have been limited 
laboratory investigations, and few prospective clinical investiga-
tions, of mechanical ventilation for infants or older children. As a 
result, age-based guidelines for the use of conventional mechanical 
ventilation in pediatric patients have not been established. Indeed, 
any recommendations for mechanical ventilation that exist have 
been extrapolated from adult data. Compared with adults, pediat-
ric patients demonstrate a spectrum of lung and chest wall develop-
ment. Maturation in the human lung continues well after the 
neonatal period until between 2 and 8 years of age [1]. There are 
important morphologic differences among the neonate, the infant, 
and the adult that may have implications on the way mechanical 
ventilation should be managed.

The ratio of lung volume, in particular total lung capacity and 
FRC, to body weight is not constant through development; both 
ratios are lower in infants than in adults [2,3]. As a result, applica-
tion of tidal volumes that are based on body weight (i.e., mL per 
kg) may have a different impact in adults compared with children. 
Indeed, the susceptibility of adult models to experimental ventila-
tor-induced lung injury (VILI) may be greater than in infant or 
neonatal models [4], although the relevance of these fi ndings to the 
clinical context remains to be determined.
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Introduction

Mechanical ventilation, perhaps the cornerstone of contemporary 
critical care, can be applied invasively or noninvasively. Although 
mechanical ventilation is clearly lifesaving, one should remember 
that it is only a supportive modality; it is not a therapy. Indeed, it 
is associated with signifi cant adverse effects and may cause 
important complications when applied improperly. We describe 
the indications for, classifi cation of, and associated complica-
tions and considerations related to weaning from mechanical 
ventilation.

Indications for Mechanical Ventilation

The need for mechanical ventilation support is the most common 
reason for admission to a critical care unit. Although explicit indi-
cations exist (Table 6.1), they are not well validated. Thus, the 
decision to institute mechanical ventilation is made by the physi-
cian at the bedside on clinical grounds and takes into consideration 
the underlying condition, the likely course of the disease, and the 
potential response to medical treatment. The indications for tra-
cheal intubation (e.g., airway protection, relief of airway obstruc-
tion) are not the same as for mechanical ventilation and are 
discussed elsewhere in this textbook. However, children who 
require tracheal intubation will usually be provided with mechani-
cal ventilation because of the reduction in respiratory drive associ-
ated with sedation, the perceived benefi ts of positive end-expiratory 
pressure (PEEP), and to counter the resistance to airfl ow offered by 
the tracheal tube. In general, institution of mechanical ventilation 

67
D.S. Wheeler et al. (eds.), The Respiratory Tract in Pediatric Critical Illness and Injury,
DOI 10.1007/978-1-84800-925-7_6, © Springer-Verlag London Limited 2009 



68 A. Kornecki and B.P. Kavanagh

The process of alveolization continues beyond the infant age 
range until the age of 2–5 years. Approximately 50 million alveoli 
are present at birth in a term infant, and, by the age of 2–5 years, 
this number reaches 300 million alveoli [1]. The lung matrix of a 
neonate contains only small amounts of collagen; the elastin-to-
collagen ratio changes during the fi rst months and years of life and 
affects lung stiffness and potential for overdistension and recoil. 
Collateral ventilation through the pores of Kohn and Lambert’s 
canal are not well developed in the early years; these collateral 
pathways may help prevent atelectasis, which is more common in 
children than in adults.

Considerable structural changes in the chest wall may change 
infant and childhood predisposition to respiratory failure, lung 
injury, and ventilation-associated lung injury. The orientation of 
the ribs is horizontal in the infant; by 10 years of age, the orienta-
tion is downward. Ossifi cation of the rib cage, calcifi cation of the 
costal cartilage, and development of muscular mass develops pro-
gressively until adulthood.

Mechanical Ventilation: 
Invasive Versus Noninvasive

The interface between the ventilator and the patient may be classi-
fi ed into two categories: invasive and noninvasive. Invasive ventila-
tion uses a tracheal or a tracheostomy tube or, for a limited period 
of time during general anesthesia, a laryngeal mask airway (LMA). 
Noninvasive ventilation, on the other hand, does not require a tra-
cheal device.

Noninvasive ventilation may be administered with a positive 
pressure ventilator, sometimes termed noninvasive positive pres-
sure ventilation (NIPPV), or as negative pressure ventilation. The 
main advantages of noninvasive ventilation are avoidance of tra-
cheal intubation or tracheostomy and thus avoidance of the associ-
ated complications (Table 6.2). The presence of a tracheal tube 
increases the risk of airway trauma and nosocomial pneumonia, as 
well as the propensity for immobilization, need for sedation, and 
sometimes paralysis. In addition, important physiologic functions, 
such as speech, cough, and swallowing, are impaired. Furthermore, 
noninvasive ventilation may be applied outside the critical care 
setting and outside the hospital as an optimal home ventilation 
solution.

Noninvasive Positive Pressure Ventilation

Noninvasive positive pressure ventilation is defi ned as the use of 
mask or face mask to provide ventilator support. It was fi rst intro-
duced to provide home ventilation for children with nocturnal 
hypoventilation caused by neuromuscular disease. Since the early 
1990s, NIPPV has gained increased popularity for extended acute 
and chronic indications. However, as with other modalities of ven-
tilation, there are fewer reports regarding children than adults, and 
there have been no controlled trials with children. As a result, 
selection guidelines regarding the use of NIPPV in children are 
extrapolated from the adult literature (Table 6.3).

Although no randomized, controlled studies regarding the effi -
cacy of NIPPV in children have been performed, there several case 
series that describe its application in children with mild to moder-
ate acute respiratory failure (e.g., bronchiolitis, asthma, pneumo-
nia) and for chronic home ventilation (e.g., neuromuscular disease) 
[5]. A trial of NIPPV may be attempted for any child with early 
respiratory failure; however, one should not persist with its use if 
it becomes clear that the approach is only deferring the inevitable 

TABLE 6.1. Indications for mechanical ventilation.

Respiratory failure
 Pump failure
  Chest wall dysfunction (e.g., flail chest)
  Neuromuscular disease
  Central nervous dysfunction (decrease in respiratory drive)
   Congenital (e.g., Ondine course)
  Acquired (e.g., trauma, drugs, infectors)
 Pulmonary disease
 Ventilation–perfusion mismatch (e.g., pneumonia)
 Pulmonary shunt (e.g., acute respiratory distress syndrome)
 Reduction in functional residual capacity
Others
 To support an intubated patient (e.g., patient intubated for airway protection)
 To decrease the work of breathing and afterload
 To optimize carbon dioxide levels (e.g., head trauma with increase in intracranial 
  pressure)

TABLE 6.2. Complications and physiologic adverse effects of positive pressure mechanical 
ventilation.

Respiratory
 Upper airways
  Nasal trauma
  Nasopharyngeal and pharyngeal trauma
  Laryngeal trauma—vocal cord fixation/paralysis
  Subglottic edema/stenosis
 Lower airways
  Air leak
   Pneumothorax
   Pneumomediastinum
   Pulmonary interstitial
  Atelectasis
  Ventilation-associated pneumonia
  Ventilation-associated lung injury
Cardiovascular
 Decrease venous return
 Increase pulmonary vascular resistance
Central nervous system
 Increase intracranial pressure
Renal
 Decrease urine output (direct and indirect effect)

TABLE 6.3. Potential applications for noninvasive positive pressure ventilation in 
children.

More common
 Nocturnal central hypoventilation
 Chronic lung disease
 Neuromuscular disease
 Cystic fibrosis—bridge for transplant
 Cardiac failure
Less common
 Acute respiratory failure—likely to reverse within 24 hr
 Transient postextubation upper airway obstruction
 Pneumonia
 Asthma, bronchiolitis
 Pulmonary edema
 Patients who refuse intubation
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need for tracheal intubation. The major contraindications for 
NIPPV are clinical conditions in which upper airway protective 
refl exes are compromised, especially with reduced level of con-
sciousness, or recent gastrointestinal surgeries in which increased 
bowel gas may compromise repair and/or recovery.

Noninvasive positive pressure ventilation may be administered 
through a nasal mask or an oronasal mask. The nasal mask is avail-
able in different sizes but not for very small infants. It is most 
commonly employed for chronic ventilator support as it is usually 
better tolerated and allows the child to better communicate and to 
potentially feed. The oronasal mask covers both the nose and the 
mouth. It may be less comfortable than the nasal mask; however, it 
abolishes the potential air leak through the mouth that commonly 
occurs during nasal mask ventilation. Controlled trials with adults 
comparing nasal and oronasal masks show inconsistent results 
regarding the effi cacy of gas exchange; however, the nasal mask is 
generally better tolerated. A relatively new type of mask has been 
introduced, termed the helmet (Figure 6.1) [6]. The helmet covers 
the patient’s entire head, is similar to an over-sized hockey helmet, 
and is sealed using straps under the shoulder. The patients can 
better interact with the environment, and the helmet can be applied 
to any patient regardless of facial contour [7,8].

Any ventilator may be used to provide NIPPV. It can be delivered 
by volume or pressure-preset modes or with a bilevel controlled or 
continuous positive pressure (CPAP) device. The more commonly 
used devices are portable bilevel ventilators that are designed for 
NIPPV and can operate successfully with a relatively large leak, 
providing high continuous fl ow. Pressure support ventilation is the 
most common mode of ventilation used with these devices.

With bilevel devices, the nomenclature may vary, but the inspira-
tory positive airway pressure (IPAP) and expiratory positive airway 
pressure (EPAP) are preset. The patient’s spontaneous inspiration 
triggers the machine and the difference between IPAP and EPAP is 
the magnitude of the pressure support delivered with each breath. 
Because of the potential leak around the mask with high pressures, 
15–20 cm H2O is generally the highest pressure that usually can be 
achieved. As certain ventilators do not have an inspiratory time 
limit, the preset pressure may not be attained in the presence of a 
signifi cant air leak, and the device will not therefore cycle off to 
expiration. In certain circumstances, only constant CPAP is pro-
vided throughout inspiration and expiration.

The old bilevel ventilators lacked an oxygen blender and a 
sophisticated alarm system, limiting their use to patients without 
a signifi cant oxygen requirement. The more modern ventilators are 
equipped with better pressure and FiO2 monitoring, comprehensive 
graphic displays, and sophisticated alarms. In addition, they offer 
volume-controlled, pressure-controlled and proportional assist 
ventilation options.

The key factor for effective initiation of NIPPV is a cooperative 
and relaxed patient. Patient coaching and gradual titration of the 
pressure may improve the rate of success. As a result, initiation of 
NIPPV is more time consuming for the team than conventional 
ventilation; this may be the major reason why some clinicians are 
reluctant to apply it. Noninvasive positive pressure ventilation is 
safe and can be delivered in any number of settings beyond the 
pediatric intensive care unit (PICU). However, it can be associated 
with complications such that it is generally the common practice 
to initiate NIPPV in the PICU setting where increased personnel 
and monitoring can provide constant attention to titrating adjust-
ments to the patient’s needs. Principal complications include skin 
ulceration and erosion in the area of contact between the mask and 
the skin, and, once the skin has become eroded, application of the 
mask is extremely diffi cult. Drying of the nasal and pharyngeal 
mucosa, aspiration, and abdominal distension with gastric dilata-
tion have all been reported also.

Noninvasive Negative Pressure Ventilation

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

At present, negative pressure ventilation delivers negative 
pressure by four modes: cyclic negative pressure; so-called 
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negative-positive pressure (where expiration is actively assisted); 
continuous negative pressure; and negative pressure with an oscil-
lator. Most ventilators have the capacity to independently control 
the pressure and time during inspiration and expiration. The role 
of such ventilation is not well established for either adults or chil-
dren [9,10]. Nonetheless, negative pressure ventilation is routinely 
used in certain centers for chronic home ventilation when the non-
invasive positive pressure is either unavailable or is not tolerated. 
The main factors that limit its widespread application include large 
unit size, noise, and potential upper airway collapse during inspi-
ration [11].

When the entire body is exposed to negative pressure, as occurs 
with the tank ventilators, noninvasive negative pressure ventilation 
has similar hemodynamic effects to conventional positive pressure 
ventilation. However, when the negative pressure is confi ned to the 
chest alone (e.g., using the cuirass-type, Hayek Oscillator), this 
modality of ventilation closely mimics the physiologic dynamics of 
spontaneous ventilation and may have potential hemodynamic 
advantages over conventional positive pressure ventilation. The 
deleterious effect of positive pressure ventilation on venous return 
is not present with negative pressure ventilation; on the contrary, 
negative pressure ventilation augments venous return, as in spon-
taneous inspiration. An appealing indication for noninvasive nega-
tive pressure ventilation was suggested by Shekerdemian et al. [12]. 
During inspiration the right atrial pressure decreases, increasing 
the gradient for venous return. Shekerdemian et al. [12] showed 
that, following the Fontan operation or repair of tetralogy of Fallot, 
children had a signifi cantly greater pulmonary blood fl ow and 
cardiac output when ventilated with negative versus positive pres-
sure. In conclusion, noninvasive negative pressure ventilation is an 
attractive mode of ventilation; however, there are not enough physi-
ologic and clinical data to support its use as a fi rst-line approach. 
It may be applied on individual basis when venous return or pul-
monary blood fl ow is especially tenuous.

Mechanical Ventilation: Classification and Modes

Since the 1960s, when negative pressure ventilation was almost 
completely abandoned, nearly all mechanical ventilators have 
employed the principle of intermittent positive pressure ventila-
tion, where the lungs are infl ated by applying a positive pressure to 
the airways. Most modern ventilators are equipped with a piston 
bellows system or use a high-pressure gas source to drive the gas 
fl ow to the lungs. Ventilators used to be classifi ed according to the 
termination of active inspiration and initiation of passive exhala-
tion. Accordingly, the inspiratory phase may be terminated when 
a preset pressure is achieved (pressure-cycled ventilators), a preset 
volume is achieved (volume-cycled ventilators), or a preset inspira-
tory time is reached (time-cycled ventilators). This classifi cation 
has become somewhat irrelevant because, with modern ventilators, 
one may separately control the tidal volume, the pressure delivered, 
and the inspiratory time (or indirectly with the fl ow). Some ventila-
tors that are used for transport or for home ventilation are pure 
pressure-cycled ventilators, where the ventilator produces gas fl ow 
to the lungs until it reaches a preset pressure; then inspiration is 
terminated, and, thereafter, the expiration valve opens and expira-
tion begins. The duration of inspiration and tidal volume varies 
according to the total respiratory system compliance (chest and 
lung) and the airway resistance. When lung or chest wall compli-
ance is low or inspiratory time short, then the delivered tidal 

volume will be smaller. Furthermore, in case of an air leak, the 
preset airway pressure may not be reached, thereby preventing the 
termination of inspiration. The above limitations restrict the use 
of these ventilators to children with relatively healthy lungs (e.g., 
neuromuscular disease, central hypoventilation).

Pediatric ventilators are designed differently from adult ventila-
tors. They are designed to minimize the system compliance that 
includes compression of the gas. In order to reduce the response 
time of the ventilator and reduce the work of breathing during a 
spontaneously triggered breath, the ventilators used for children 
provide a constant fl ow of fresh gas compared with the adult ven-
tilators that use demand fl ow, in which the inspiratory valve is 
opened by patient effort.

The ventilatory cycle during mechanical ventilation is divided 
into an inspiratory and an expiratory phase. Modes of mechanical 
ventilation are classifi ed according to the mechanism of the so-
called patient–ventilator interaction during inspiration. This 
ranges from full ventilator control of the tidal volume and fre-
quency, to provision of partial support only during a spontaneous 
breathing where the patient determines both the tidal volume and 
the respiratory rate. A classifi cation of common modes of mechani-
cal ventilation follows.

Controlled Mode Mechanical Ventilation

In controlled mode mechanical ventilation (CMV), the ventilator 
delivers a mechanical breath at a preset interval irrespective of the 
patient’s spontaneous effort (Figure 6.2). The breath is either 
volume regulated or pressure regulated. In this mode of ventilation, 
the patient’s spontaneous effort to breathe may interfere with the 
mandatory breath delivered by the ventilator. To prevent this, 
the patient’s spontaneous breathing may be inhibited by decreasing 
the respiratory drive either by administering sedative drugs or by 
hyperventilation to induce respiratory alkalosis. In extreme cases, 
when the patient’s spontaneous breath cannot be eliminated 
and the patient continues to fi ght with the ventilator (so-called 
patient–ventilator dysynchrony), neuromuscular blockade is 
required. This mode of ventilation has almost been completely 
abandoned for children. It may be used rarely when a high rate of 
ventilation is required and the specifi c ventilator is unable to 
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FIGURE 6.2. Controlled ventilation mode. The ventilator delivers preset tidal volume or 
pressure with a preset inspiratory time and respiratory rate. End expiratory pressure (PEEP) 
may be kept over zero.
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provide synchronized intermittent mandatory ventilation at such 
respiratory rates.

Assist Control Mechanical Ventilation

Assist control mechanical ventilation (ACMV) is a form of ventila-
tion in which the ventilator provides a preset tidal volume in 
response to each spontaneous breath, regardless of the size of the 
tidal volume desired by the patient (Figure 6.3). Where the patient 
does not trigger the ventilator within the specifi ed time interval, 
the ventilator will provide the preset tidal volume at the preset 
respiratory rate.

Synchronized Intermittent Mandatory Ventilation

Synchronized intermittent mandatory ventilation (SIMV) was 
originally developed as a weaning mode but was quickly adopted 
as the mainstream mode of ventilation because of its apparent 
advantages over the control mode. It is a mixed ventilatory mode 
that allows both mandatory and spontaneous breathing (Figure 
6.4). The mandatory breaths can be pressure or volume regulated, 
and the spontaneous breaths can be pressure supported (or not). 
The SIMV algorithm is designed to deliver a mandatory breath in 
each SIMV breathe cycle, where the breath cycle is 60/(number of 
breaths per minute), in seconds. The mandatory breath is either 
patient or ventilator initiated.

The SIMV cycle has two periods: The fi rst period is the manda-
tory period, which is reserved for the mandatory breath. If the 
patient does not trigger the ventilator during the mandatory period, 
the machine will deliver the preset mandatory breath at the end of 
this period. When the patient triggers the ventilator during this 
period, a preset mandatory breath is delivered and the mandatory 
period is terminated. The second period is the spontaneous period, 
which is reserved for the spontaneous breaths. The spontaneous 
period starts each time a mandatory period terminates. The main 
advantages of SIMV over CMV are maintenance of spontaneous 
respiratory activity, which results in continuous use of the respira-
tory muscle, and improved patient–ventilator synchronization. The 
result of the latter may be a reduction in the use of excessive seda-
tion and neuromuscular blockade.

Mechanical ventilation can also be classifi ed by whether the 
ventilator is set to deliver a predetermined tidal volume (volume-

preset ventilation) or to achieve a predetermined plateau pressure 
(pressure-preset ventilation).

Pressure-Preset Ventilation (Pressure-Limited Ventilation)

The breath is delivered at a set rate with a decelerating fl ow pattern 
and is terminated when a preset peak inspiratory pressure (PIP) is 
achieved (Figure 6.5). The tidal volume is determined by the preset 
PIP and respiratory system mechanics. The inspiratory time is 
usually set by the operator. Pressure-limited ventilation is usually 
recommended for patient with leakage around an uncuffed tra-
cheal tube, in cases of obstructive lung disease (e.g., status asth-
maticus), for neonates or small infants because measurement of the 
tidal volume is inherently inaccurate, or, rarely, in the presence of 
a bronchopleural fi stula. When the tidal volume is measured at the 
ventilator, instead of at the end of the tracheal tube, then changes 
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FIGURE 6.3. Assist control ventilation. When the patient does not trigger the ventilator 
within the specified time interval, the ventilator will provide the preset tidal volume at the 
preset respiratory rate (left). When the patient triggered the ventilator, a preset tidal 
volume in response to each spontaneous breath is delivered by the ventilator (right).
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FIGURE 6.4. Synchronized intermittent mandatory ventilation (SIMV). The SIMV cycle con-
sists of a mandatory period and spontaneous period. A breath effort during the SIMV 
mandatory period will deliver a breath with a preset volume or pressure. A breath effort 
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FIGURE 6.5. Pressure-limited breath (left) versus volume-limited breath (right). The same 
tidal volume is delivered in both modes. However, there is a decelerating flow in limited 
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in circuit compliance signifi cantly infl uence the data. This is par-
ticularly the case with neonates and infants, whose tidal volumes 
are far smaller than the volume of the ventilator circuit.

The main drawback of pressure-limited ventilation is that tidal 
volume and minute ventilation are directly infl uenced by the respi-
ratory system mechanics, and, as these change, so too does the 
delivered tidal volume. As a result, in cases of rapidly changing 
respiratory system mechanics (e.g., administration of surfactant), 
the patient may be at risk of inappropriate levels of ventilation.

Volume-Preset Ventilation

A preset volume is delivered by the ventilator with each breath 
using a constant fl ow pattern (see Figure 6.5). The breath is termi-
nated by a preset time (time cycled) or after the delivery of the 
preset tidal volume (volume cycled). In the fi rst, the inspiratory 
fl ow is regulated in order to deliver the preset tidal volume (time-
cycled ventilation), and the tidal volume and minute ventilation are 
guaranteed. This is common for larger infants and children but not 
recommended for neonates or small infants. The main drawback is 
variation in tidal volume delivery because of either leaks or inac-
curate volume measurement. In modern ventilators, peak pressure 
can be limited during volume control ventilation.

Pressure-Limited Volume-Controlled Ventilation

Pressure-limited volume-controlled ventilation (PRVC) is strictly 
a control mode (not an assist mode) of ventilation that is available 
with most modern ventilators. It combines the purported advan-
tages of a decelerating fl ow pattern characteristic of the pressure-
limited mode with the guaranteed tidal volume associated with 
volume-preset ventilation. A preset (i.e., chosen) tidal volume is 
delivered with the lowest pressure possible, using a decelerating 
fl ow. After the fi rst volume-limited breath, the plateau pressure 
measured by the ventilator is used for the next breath; this pattern 
is continued for each successive breath (Figure 6.6). For each sub-
sequent breath, the ventilator automatically adjusts the minimal 
inspiratory pressure required to guarantee the preset tidal volume. 
If the tidal volume increases above the preset value, the next breath 

is delivered with a lower pressure. Limited clinical trials have docu-
mented lower levels of peak airway pressure were required to 
deliver the same tidal volumes using PRVC compare with volume-
control modes [13]. However, it is unclear whether this represents 
a meaningful advantage in the prevention of ventilator-induced 
lung injury.

Pressure Support Ventilation

Pressure support was designed as a spontaneous mode of ventila-
tion that augments only spontaneous breaths (Figure 6.7). The idea 
is that, by doing so, the work of breathing imposed on the patient 
is reduced. It is a patient-triggered, pressure-limited, fl ow-cycled 
mode of ventilation. During pressure support ventilation, the ven-
tilator delivers fl ow in order to provide a constant preset inspira-
tory pressure with each spontaneous breath. The patient controls 
the respiratory rate, inspiratory time, and the tidal volume (unless 
the preset pressure is extremely high). To trigger the ventilator, the 
patient has to develop a minimum negative inspiratory effort that 
exceeds in magnitude the preset sensitivity (based on either pres-
sure or fl ow). To reduce the effort of triggering to a minimum, most 
modern ventilators are equipped with very sensitive pressure or 
fl ow transducers that have a fast demand valve and a continuous 
fl ow. Because support ventilation is completely dependent on 
patient capacity to develop an inspiratory effort when this mode is 
used in isolation, the patient must have suffi cient respiratory drive 
and muscle strength in order to trigger the ventilator. Furthermore, 
pressure support ventilation per se does not prevent apnea; however, 
virtually all modern ventilators have an alarm and backup mechan-
ical support in the event of apnea.

The basis for determining or choosing the optimal preset pres-
sure levels is not well established. In addition, neither the appropri-
ate pulmonary disease states nor the use of adjunct SIMV has been 
determined for pressure support ventilation. However, in practice, 
pressure support is usually used in combination with SIMV in 
order to improve patient comfort or simply because practice has 
evolved that way. In addition, pressure support is commonly used 
during the weaning process.

One approach in implementing pressure support ventilation is to 
adjust the preset pressure to a level appropriate to achieve the 
desired tidal volume and/or to achieve apparent patient comfort. 
The major drawback in this mode of ventilation, as with any 
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FIGURE 6.6. Pressure-regulated volume control (PRVC) is a mode in which the ventilator 
delivers a preset tidal volume, with preset frequency and inspiratory time. The ventilator 
automatically adapts the optimal inspiratory pressure (lowest) in order to deliver the 
preset tidal volume.
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FIGURE 6.7. A combination of control and pressure support ventilation.
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pressure-preset mode, is that tidal volume is not guaranteed. The 
delivered tidal volume in pressure support ventilation depends on 
patient effort, which of course may continuously change. Changes 
in neurologic status (e.g., increased sedation, which may reduce 
respiratory drive) or alteration in respiratory mechanics may affect 
the delivered tidal volume. Furthermore, oxygen demand (i.e., the 
requirement for O2 because of fever, stress, or pain) may change 
over time, and, as a result, minute ventilation may change corre-
spondingly while the preset pressure remains constant.

Volume Support Ventilation

To overcome the major drawbacks of pressure support ventilation 
(i.e., tidal volume is not guaranteed), some recent models have 
introduced the concept of volume support ventilation. Basically, 
this is a pressure support mode in which the infl ation pressure 
changes in order to maintain a constant (i.e., preset) tidal volume. 
Using a closed-loop control system, the ventilator alters the pres-
sure level to deliver a preset tidal volume. The delivered tidal 
volume is used as a feedback control for continuous adjustment of 
the level of pressure. This way the ventilator continuously adapts 
to the changes in patient effort, respiratory system mechanics, and 
oxygen requirement. The operator sets the desired tidal volume 
and also, by choosing the respiratory rate, the minute ventilation.

Airway Pressure Release Ventilation

A continuous relatively high positive airway pressure is applied, 
which is similar to CPAP, with an intermittent release phase to 
allow for expiration. Inspiration may be a mechanical preset breath 
or a spontaneous breath. Most importantly, all spontaneous breaths 
are unrestricted and are independent of the ventilator. Rather than 
producing a tidal volume by increasing the airway pressure above 
a preset PEEP as in the conventional modes of positive pressure 
ventilation, in airway pressure release ventilation (APRV) the tidal 
volume is generated when airway pressure is reduced from the 
preset pressure.

One theoretical advantage of this mode of ventilation may occur 
in acute respiratory distress syndrome, when FRC is reduced, and 
potential overdistension of the relatively healthy lung may contrib-
ute to the development of VILI. During APRV the FRC increases 
and inspiration begins from a higher FRC, thereby facilitating the 
spontaneous breath. In addition, because spontaneous breaths do 
not trigger the ventilator (as in CPAP), spontaneous inspiration 
during any phase of APRV results in lower pleural pressure and can 
therefore augment right ventricular fi lling. Clinical studies demon-
strate improved patient comfort, gas exchange, and cardiac output 
during spontaneous breaths with APRV. Finally, APRV maintains 
lung volume (functional residual volume) and thereby may provide 
an alternative lung protective strategy and minimize the potential 
for VILI by limiting distension during mechanical ventilation.

Proportional Assist Ventilation

In the conventional mode of pressure support or assist control 
ventilation the support delivered by the ventilator is fi xed as a 
consequence of patient demand (triggering). Thus, whether the 
patient’s demand increases or decreases, the support remains fi xed. 
In contrast, proportional assist ventilation (PAV) is governed by the 
equation of motion:

Pressure = (Elastance · Volume) + (Resistance · Flow)

which identifi es the necessary pressure to be applied to the respira-
tory system in order to overcome opposing elastance and resistance 
forces that exist in proportion to the volume and fl ow, respectively 
[14]. During PAV, the ventilator output (i.e., fl ow and pressure) 
changes according to changes in the resistance and elastance of the 
respiratory system, thereby decreasing the work of breathing to a 
preset level [15].

Neurally Adjusted Ventilatory Assist

In the neurally adjusted ventilatory assist mode of ventilation, con-
tinuous detection of the electrical activity of the diaphragm muscles 
are used as an index of inspiratory drive and the amount of 
support provided by the ventilator corresponds to the ventilatory 
demand [16].

Variable Ventilation

The basis of variable ventilation is the hypothesis that loss of physi-
ologic variability in breathing pattern contributes to the deteriora-
tion in respiratory mechanics and gas exchange observed over time 
with controlled mechanical ventilation. Unlike conventional ven-
tilation in which the tidal volume is either constant or it is desired 
that it be so, in variable ventilation there is breath-to-breath varia-
tion in tidal volume. However, the minute ventilation remains con-
stant. Thus, the respiratory rate and tidal volume are constantly 
varying, with periodically deep infl ation that theoretically main-
tains alveolar recruitment. Studies performed in animals have 
demonstrated superior gas exchange and lung mechanics, as well 
as a reduction in the development of lung injury [17]; however, no 
human trials have yet been performed.

Closed-Loop Ventilation

Closed-loop ventilators are theoretically capable of automatically 
adjusting ventilator output according to continuous arterial blood 
gas monitoring. The clinician sets the desired PaO2 or the hemo-
globin saturation, and, by negative feedback, the ventilator adjusts 
the PEEP and FiO2. At present, no commercially available system 
exists.

Automatic Tube Compensation

Although not a mode of ventilation as such, automatic tube com-
pensation is offered by some ventilators as an option in which the 
ventilator assists a spontaneous breath by delivering positive pres-
sure, the degree of which is proportional to the inspiratory fl ow. 
This pressure compensates for the estimated endotracheal resis-
tance via a closed-loop control of the calculated tracheal tube resis-
tance. The theoretical advantage of the system is that the work of 
breathing imposed by the artifi cial airway (e.g., tracheal tube, tra-
cheostomy) is overcome. The system uses a known resistive coeffi -
cient of the tube, measures the fl ow through the tube, and then 
applies a pressure proportional to the resistance throughout the 
respiratory cycle (inspiration and expiration). It eliminates the 
imposed work of breathing during inspiration, and, by decreasing 
the PEEP, it compensates for the fl ow-dependent pressure drop 
across the endotracheal tube during expiration. Kinks or bends in 
the tube as it transverse the upper airway and secretions in the 
inner lumen may change the tube resistance and result in imperfect 
compensation. Some investigators have reported that automatic 
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tube compensation improves patient comfort and helps to elimi-
nate dynamic hyperinfl ation [18].

Determining Initial Ventilator Settings

The overall goal of mechanical ventilation is to provide acceptable 
gas exchange while causing the least amount of lung injury. Gener-
ally speaking, aggressive ventilation in terms of airway pressure, 
tidal volume, and FiO2 results in better gas exchange but with a 
higher risk for the development of lung damage. Thus, one should 
always weigh the benefi ts of gas exchange against the injury caused 
to the lung in order to achieve it [19].

The defi nition of acceptable gas exchange is complex, and there 
are no validated values for PaCO2 and SaO2 toward which one 
should aim. In terms of PaCO2, there has been a gradual acceptance 
of higher values than clinicians treating neonates [20] and adults 
with either asthma [21] or acute respiratory distress syndrome have 
historically practiced [22,23]. In these contexts, the higher levels of 
PaCO2 are tolerated or permitted by the clinician, hence the term 
permissive hypercapnia. Such tolerance is not accepted when ele-
vated PaCO2 could be directly harmful, such as in the presence of 
intracranial hypertension or acute pulmonary hypertension. In 
addition, recent experimental work suggests that elevated PaCO2 
might be directly benefi cial in certain situations [24], although 
these concepts have not been well tested outside the laboratory. 
Although the dangers of hypercapnia have received much atten-
tion, the dangers of hypocapnia are less well appreciated. In some 
circumstances hypocapnia is valuable (e.g., evolving brain stem 
herniation), but in many situations it is either of no benefi t or 
potentially harmful [25].

The lowest acceptable level of oxygenation is even more diffi cult 
to defi ne. Although there is no consensus regarding how low one 
might aim with arterial oxygen saturation (SaO2), a lower target 
level of SaO2 >90%–92% (PaO2 ≈ 55 mm Hg) appears physiologically 
safe. Indeed, when high levels of PEEP, plateau pressure, and/or 
FiO2 are required, clinicians will commonly accept lower target 
levels of SaO2 (i.e., 85%–88%) [26].

In cases of parenchymal lung disease, lung compliance and the 
FRC are usually reduced. Unfortunately, the parenchymal lung 
disease is usually heterogeneous in nature, and different regions of 
the lung are differently affected. As a result, the mechanical prop-
erties are inhomogenous. The gas delivered will preferentially go 
to the regions with lower resistance and higher lung compliance. 
The rationale behind the setting of the ventilator is to homogenize 
the otherwise inhomogeneous disease (recruitment), to keep the 
lung open throughout the respiratory cycle (PEEP), and to avoid 
overdistension (limited tidal volume and/or plateau pressure) of 
the relatively healthy lung regions.

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

1. Hemodynamic status should be optimized by ensuring intravas-
cular volume and inotrope support in order to tolerate relative 
high PEEP.

2. The proportion of nonaerated lung should be minimized by 
recruitment.

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

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

The choice of pressure-targeted versus volume-targeted breath is 
not well established, and it often depends on the type of the ventila-
tor and physician familiarity with the two modes unless the 
patient is a newborn, in which case pressure-targeted ventilation is 
preferable.

The optimal tidal volume is not well established, and it is still a 
matter of considerable debate. However, it is accepted that high 
tidal volume associated with high end-inspiratory pressure has a 
negative impact on outcome. Although a precise number for the 
optimal tidal volume for all critically children has not been identi-
fi ed (it is not likely that one exists), a reasonable approach would 
be to use the lowest tidal volume necessary to achieve accep-
table gas exchange without predisposing to atelectasis. The level of 
hypercapnia associated with relative low tidal ventilation is usually 
not signifi cant and it is well tolerated, and experimental evidence 
suggests that it may exert protective effects against development of 
VILI [27].

The peak expiratory pressure has a pivotal role in maintaining 
the unstable lung units open throughout the respiratory cycle and 
increasing the FRC. The overall effect here may be to limit the risk 
of VILI and improve oxygenation, thereby allowing the use of a 
lower FiO2. However, simultaneously high levels of PEEP have the 
potential to cause circulatory depression and, by increasing the 
transpulmonary pressure and lung volume, may in turn contribute 
to overdistension and VILI. Recently a clinical trial with adults 
with acute respiratory distress syndrome who were ventilated with 
low tidal volume (6 mL/kg) and limited plateau pressure (30 cm 
H2O) failed to show differences in mortality or length of ventilation 
between ventilation with high (13.2 ± 3.5 cm H2O) and low (8.3 ± 
3.2 cm H2O) PEEP [28]. Thus, one could conclude that there are no 
well-established optimal PEEP levels, nor is there any clear frame-
work with which to establish one. Some suggest determining the 
optimal PEEP by plotting the semistatic pressure-volume curve 
and setting the PEEP between the lower and higher infl ection 
points, whereas others suggest increasing PEEP by 2 cm H2O steps 
and watching for improvement in oxygenation and lung mechanics 
(compliance). We suggest optimizing intravascular fl uid volume 
and then assessing the patient for recruitment potential by apply-
ing a recruitment maneuver and assessing improvement in oxygen-
ation and lung mechanics (compliance). When the lung is not 
recruitable, PEEP should be maintained at a low level (5–8 cm H2O); 
in contrast, when the lung appears recruitable, the PEEP should be 
increased gradually by steps of 2 cm H2O while observing for 
improvement in oxygenation and lung mechanics. Whether a 
simultaneous response in improving ventilation associated with a 
decreased PaCO2 can serve as a secondary indicator of recruitable 
lungs remains untested in children. Recruitment maneuvers need 
to be performed routinely, and the PEEP level should be assessed 
several times per day because the disease changes over time and a 
previously nonrecruited lung may become recruitable (and vice 
versa).

The transpulmonary pressure is the idealized pressure that 
affects the respiratory units. However, it is not normally monitored 
in the clinical setting, and its measurable analog may be the plateau 
pressure. Theoretically, in children, because of the higher chest 
wall compliance, there is a better correlation among the inspiratory 
pressure, plateau pressure (pressure at the end of inspiration with 
no fl ow), and transpulmonary pressure than in the adult. The 
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plateau pressure may be measured in most modern ventilators. The 
difference between the peak inspiratory pressure measured by 
the ventilator and the plateau pressure is caused predominately by 
the tracheal and airway resistance. The transpulmonary pressure 
is theoretically 10%–30% lower than the plateau pressure. A trans-
pulmonary pressure of 20 cm H2O is generally safe, and, unless 
chest wall compliance is very low, plateau pressure should probably 
be <30 cm H2O.

Levels of FiO2 lower than 0.5 are usually considered safe. The 
initial FiO2 should be 0.6 unless SaO2 <92%. After setting the PEEP, 
FiO2 should be set to the lowest level required to attain an SaO2 
>92%. In a sick patient, FiO2 <0.3 is not recommended for safety 
reasons (e.g., inadvertent extubation). When FiO2 >0.6 is required 
despite high levels of PEEP, the tolerated SaO2 limit may be reduced 
to 85%–88%, and a trial of prone positioning or nitric oxide may 
be attempted.

The ventilatory rate is selected according patient age and nature 
of the disease and is then adjusted according to the PaCO2 and 
patient comfort. The initial respiratory rate setting is ∼40 breaths 
per minute for a neonate, ∼20–25 breaths per minute for an infant, 
and decreases further with age. The inspiratory time may be 
selected in order to provide a certain inspiratory : expiratory ratio 
(usually 1 : 1.5 or 1 : 2) or to provide a preset inspiratory time. For 
neonates, the inspiratory time is usually set to 0.3–0.4 seconds, and 
this usually increases with age.

In heterogeneous lung disease with low compliance and variable 
time constants, the inspiratory time is usually longer in order to 
allow suffi cient infl ation. In contrast, in the case of obstructive lung 
disease (e.g., asthma, bronchiolitis), the expiratory time is set 
longer in order to allow the lung to fully empty, thereby avoiding 
air trapping and overinfl ation, which can be confi rmed by auscul-
tation, time-fl ow loops, and auto-PEEP determinations using an 
expiratory pause.

Triggering the Ventilator

To deliver a triggered breath the ventilator has to sense the patient’s 
inspiratory effort. There are two principal mechanisms by which 
such sensing occurs—through changes in either pressure or fl ow. 
In most modern ventilators designated for pediatric use, a continu-
ous base fl ow exists in the circuit. Sensors measure the delivered 
fl ow and the exhaled fl ow and continuously calculate the difference 
between the two. If no leak exists in the system or around the tra-
cheal tube, the fl ow measured is identical in both sensors unless 
the patient makes an inspiratory effort. As the patient inspires from 
the baseline fl ow, the delivered fl ow remains unchanged but the 
exhaled fl ow is reduced. When the differences between the deliv-
ered and exhaled fl ow equal or are greater than the preset fl ow 
sensitivity, the ventilator commences an inspiration. With pressure 
sensitivity, a drop in pressure below the baseline end-expiratory 
pressure is the signal to commence a ventilator breath.

Because a noncuffed tube is commonly used in children, particu-
larly in infants and neonates, a leak may exist around the tracheal 
tube. The leak causes a drop in fl ow and pressure in the circuit and 
may be detected as an inspiration; this will cause the ventilator to 
commence an inspiration, commonly called auto-cycling or auto-
triggering. To compensate for a leak, the operator may attempt to 
increase the sensitivity to fl ow or pressure. The differences between 
fl ow and pressure sensitivity are subtle. With fl ow triggering, fl ow 
is experienced during the short interval between the start of the 

effort and the beginning of gas delivery. In contrast, with pressure 
triggering, a brief isometric effort is experienced. In clinical prac-
tice, there may be few signifi cant differences between the two 
systems.

Complications of Mechanical Ventilation

Mechanical ventilation is a life-saving therapy in many circum-
stances; however, it is associated with numerous complications and 
adverse physiologic side effects, which, for the most part, have been 
studied in adult patients (Table 6.2). In a prospective study con-
ducted by Zwillich et al., a total of 400 complications attributable 
to mechanical ventilation were observed in 345 consecutive patients 
[29]. The complications associated with mechanical ventilation can 
be classifi ed as follows.

Respiratory Effects

Injury to the respiratory system can involve the upper airways and 
lungs. Airway injury may be caused by laryngoscopy, insertion of 
the tracheal tube, or presence of the tracheal tube for a prolonged 
time. Lung injury is due to mechanical stretch caused by the con-
tinuous pressure and volume changes associated with positive 
pressure ventilation. Such injury may be macroscopic (i.e., extraal-
veolar air leak) or microscopic; the latter is functionally and histo-
logically similar to that observed in acute respiratory distress 
syndrome and is termed ventilator-induced lung injury (VILI). 
Additional pulmonary complications include ventilator-associated 
pneumonia and atelectasis.

Upper Airway Injury

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

Clinically apparent laryngeal injury is relatively rare and ranges 
from mild edema to ulceration of the mucosa. Signifi cant vocal cord 
injury may be minimal or, in extreme cases, involve subluxation of 
the arytenoid cartilages with subsequent vocal cord fi xation. The 
more frequent and clinically signifi cant complications occur in the 
subglottic region (i.e., below the vocal cords). This region is a nar-
rower region in children than in adults, and it is the only region with 
a complete circumferential cartilaginous ring that does not allow 
for expansion under pressure. Autopsy studies demonstrate the 
presence of subglottic trauma in over 75% of ventilated children. 
Infection and ischemic necrosis may develop over time, and, during 
healing, granulation tissue or, in the absence of resolution, an orga-
nized scar may evolve causing subglottic stenosis and clinically 
signifi cant airway obstruction. Similar injury may develop deeper 
in the trachea at the tip of the tracheal tube or at the carina as a 
result of continuous epithelial injury from the suction catheter. 
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Some of the injuries may be prevented by skillful intubation, with a 
proper size tube, and taking care with tube repositioning, taping, 
and carefully measured suctioning lengths. When a cuffed tracheal 
tube is being used, the cuff should be defl ated daily for assessment 
of a leak and then infl ated to a maximal pressure no greater than 
25 cm H2O. Underlying clinical factors that may increase the risk of 
tissue injury include tissue hypoxia (exacerbated by hypotension or 
hypoxemia), capillary leak, hypoalbuminemia (causing edema for-
mation), and local infection.

Air Leak

Macroscopic air leak has been reported in up to 40% of children 
receiving mechanical ventilation [30]. Excessive transpulmonary 
pressure and overdistension lead to alveolar rupture and escape 
into the pulmonary interstitium (i.e., pulmonary interstitial 
emphysema [PIE]). Extension of this may involve the mediastinum 
(i.e., pneumomediastinum), the pleural space (i.e., pneumothorax), 
or the pericardium (i.e., pneumopericardium), or it may propagate 
into the subcutaneous space (i.e., subcutaneous emphysema). Sub-
cutaneous emphysema, pneumopericardium, and PIE are 
usually not clinically signifi cant, although the former may cause 
discomfort.

Pneumothorax is generally the most important type of air leak. 
If continuous, air may enter the pleural space with each inspiration, 
and, because it cannot exit the space, a net accumulation occurs, 
with steadily increasing pressure (i.e., tension pneumothorax). 
Over time, the volume of air and the pressure in the pleural space 
increase signifi cantly, causing collapse of the ipsilateral lung, shift 
of the mediastinum, obstruction of the venous return, and compro-
mise of the cardiac output. Tension pneumothorax should be 
immediately suspected in any mechanically ventilated child who 
unexpectedly experiences an acute deterioration in oxygenation or 
cardiac output. Unless it is rapidly diagnosed and drained, it may 
cause death. Air leak is rare in otherwise healthy lungs, in the 
absence of excessive airway pressures. Retrospective studies have 
shown the association of occurrence or air leak with high levels of 
PIP, PEEP, or tidal volume [31,32]. Application of a protective ven-
tilation strategy that limits plateau pressure and tidal volume may 
decrease the risk of air leak.

Ventilation-Associated Pneumonia

Pneumonia occurring beyond 48 hours after tracheal intubation is 
commonly attributed to mechanical ventilation, and is called ven-
tilator-associated pneumonia (VAP). Although a common cause of 
morbidity in adult critical care, it is not well characterized in chil-
dren. In critically ill adults, the incidence may be as high as 70% 
overall. Duration of mechanical ventilation, severity of underlying 
disease, use of neuromuscular blockade, prolonged supine 
positioning, and head injury all appear to be important risk 
factors [33].

Ventilator-associated pneumonia is principally a clinical diag-
nosis based on the appearance of new infi ltrates on chest radiogra-
phy, purulent endotracheal secretions, and the presence of fever or 
leukocytosis. The microbiologic diagnosis can be confi rmed by 
obtaining a tracheal aspirate for culture during suction, bronchoal-
veolar lavage (BAL), or bronchoscopic-protected specimen brush 
sampling, although the latter is rarely performed in children. When 
the diagnosis of VAP is established on clinical grounds, micro-
biologic confi rmation (i.e., BAL) should be sought and therapy 
(directed by the local microbial sensitivity profi le) commenced 

pending microbiologic confi rmation. The antibiotics should 
be tailored according to the response and the subsequent microbio-
logic data.

Aspiration of previously colonized oropharyngeal fl ora may be 
the initiating step in development of VAP, and Gram-nega-
tive bacilli are the most frequent bacterial causes. After 4 days of 
mechanical ventilation, the most common organisms include 
methicillin-resistant Staphylococcus aureus and Pseudomonas 
aeruginosa. It is important to recognize the local resistance pat-
terns when making empiric choices about initial antibiotic therapy. 
Measures that may reduce the risks of VAP include the following: 
placing patients in a semirecumbent position, establishing a con-
tinuous subglottic suctioning routine, changing heat-moisture 
exchangers, using a nasojejunal instead of a nasogastric tube, and 
maintaining oral hygiene [34]. The role of prophylactic antibiotics 
is not well established.

Atelectasis

Injured lungs have a low compliance and a tendency to collapse 
[35]. Mechanical ventilation increases the risk by direct lung injury, 
retention of secretions, de-nitrogenation during ventilation with 
100% oxygen, endobronchial placement of the endotracheal tube, 
and intermittent suctioning. Furthermore, neuromuscular block-
ade, commonly used during mechanical ventilation, abolishes dia-
phragmatic tone and further decreases FRC. Because infants have 
a relatively lower FRC and less collateral ventilation than adults, 
they may be at even greater risk of developing atelectasis [36]. 
Atelectasis is important because it may compromise oxygenation, 
increase pulmonary artery pressure, and contribute to VILI by 
overdistension of the ventilated lung regions. It may be treated with 
positioning, physiotherapy, increasing the PEEP, and using routine, 
short recruitment maneuvers. Prolonged ventilation may contrib-
ute to disuse atrophy of the diaphragm, which has been demon-
strated in animal studies but not in humans. However, it seems that 
maintenance of spontaneous respiratory effort may mitigate against 
this problem.

Central Nervous System Effects

The effects of positive pressure ventilation have been exten-
sively studied in the context of head trauma, but the effects on 
intracranial pressure (ICP) and cerebral perfusion pressure are 
complicated. Some issues are apparent from several studies. The 
application of PEEP may directly increase ICP by transmission of 
pleural pressure through vertebral veins toward the cranium. Indi-
rectly, PEEP may increase ICP by increasing the right ventricular 
afterload, decreasing right ventricular output, and decreasing 
venous return—including the venous return from the skull. These 
effects are more prominent in patients with normal ICP and are 
minimal in the context of modestly elevated ICP [37]. Furthermore, 
increased PEEP may decrease cardiac output and systemic arterial 
pressure, thereby reducing cerebral perfusion pressure.

Cardiovascular Effects

The heart is a pressure chamber within another pressure chamber, 
the thorax. Because the pulmonary vasculature, right ventricle and 
left atrium all exist in the same pressure chamber (i.e., thorax), 
changes in pleural and intrathoracic pressures affect them identi-
cally. However, intrathoracic pressure will affect the pressure 
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gradient for both blood draining into the heart (i.e., venous return) 
and blood leaving the heart (i.e., left ventricle ejection) indepen-
dent of cardiac function. The overall effects of mechanical ventila-
tion on cardiovascular function are discussed here (Figure 6.8) and 
in Chapter 45.

During inspiration with positive pressure ventilation, the thorax 
expands and the lung volume and intrathoracic pressure increase. 
In contrast, with a negative pressure (or spontaneous) inspiration, 
the changes are in the opposite direction: the volumes of the thorax 
and lung increase, but the intrathoracic pressure decreases. It is 
important to understand that the pressure that the clinician usually 
observes during mechanical ventilation is the airway pressure, 
which is that pressure in the proximal trachea, not the pressure 
transmitted to the lung. During positive pressure ventilation, the 
volume of the lung increases only by increasing the airway pres-
sure; only part of this pressure is transmitted to the lung. The 
pleural pressure may be monitored with an esophageal probe, but 
this is not routine in most centers.

In cases where lung compliance is reduced, as in acute respira-
tory distress syndrome, or lung resistance is increased, as in 
asthma, the percentage of airway pressure transferred to pleural 
pressure is lower than when chest wall compliance is reduced. Gen-
erally, when tidal volume is kept constant, the changes in airway 
pressure refl ect mostly the changes in the mechanics of the lung 
and will not refl ect changes in intrathoracic pressure. Additional 
reviews of cardiorespiratory interaction during positive pressure 
ventilation are given in Chapter 45 and elsewhere [38,39].

Venous Return

When intrathoracic pressure increases, right atrial atmospheric 
pressure also increases. The systemic venous return, which is the 

principal determinate of cardiac output in the normal heart, 
depends on the gradient between the upstream mean systemic 
pressure and the downstream pressure in the right atrium. An 
increment in the right atrial pressure therefore decreases the 
venous return to the right atrium, decreasing the fi lling pressure 
and stroke volume of the right ventricle. The reduction in venous 
return caused by an elevation in right atrial pressure may be of a 
lower magnitude than the increases seen with a reduction in right 
atrial pressure. This occurs because, during positive pressure ven-
tilation, the intraabdominal pressure increases, increasing the 
mean systemic pressure.

The hemodynamic effects of increased intrathoracic pressure 
are, under normal conditions, not clinically signifi cant. However, 
in certain clinical conditions the effect of elevated intrathoracic 
pressure may compromise cardiac output. These include hypovo-
lemia, relative hypovolemia (e.g., septic shock), and obstructive 
right heart lesions and/or right ventricle failure. Often this effect 
is countered by effects on left ventricular afterload.

Left Ventricular Afterload

The left ventricle and thoracic aorta are also in the thorax, and both 
are affected by changes in intrathoracic pressure. The pressure that 
left ventricular work is directed against is the transmural pressure 
and not the pressure measured outside the thorax. The transmural 
pressure of the aorta is the difference between the intravascular 
pressure (positive) and the intrathoracic pressure (negative during 
spontaneous respiration). During spontaneous inspiration the 
intrathoracic pressure decreases (becomes more negative) and as a 
result the transmural pressure increases (Ptm = Piv − Pit), thereby 
increasing the afterload of the left ventricle. Conversely, during 
positive pressure ventilation the intrathoracic pressure becomes 
positive and as a result the transmural pressure decreases, thereby 
decreasing the afterload of the left ventricle. Thus, the application 
of positive pressure ventilation with PEEP (or just CPAP) was shown 
to improve signifi cantly cardiac output in patients with heart 
failure [40]. Most commonly these swings in intrathoracic pressure 
are not clinically signifi cant in otherwise healthy children under 
normal conditions. However, they may become clinically signifi -
cant in extreme situations, such as severe upper-airway obstruc-
tion when the intrathoracic pressure signifi cantly decreases, 
resulting in a substantial increase in the afterload of the left ven-
tricle and contributing to the development of acute pulmonary 
edema.

Cardiovascular Effects of Change in Lung Volume

A key effect of altered lung volume is on the pulmonary circulation, 
a low-resistance, low-pressure system. The pulmonary vessels can 
be classifi ed to alveolar and extraalveolar vessels. The alveolar 
vessels are small vessels (i.e., capillaries, arterioles, and venules) 
that are adjacent to the alveolar wall. The extraalveolar vessels are 
the larger vessels in the interstitium. The total pulmonary vascular 
resistance is the sum of the resistance in both the alveolar and the 
extraalveolar vessels. A change in lung volume has different effects 
on both systems. In normal lung mechanics, ventilation around 
FRC is associated with the nadir of pulmonary vascular resistance. 
However, when the lung is infl ated above FRC, the distended alveoli 
may compress the alveolar vessels and increase the vascular vessels. 
Similarly, as lung volume falls below FRC, the extraalveolar vessels 
become more tortuous, the transmural pressure increases, and the 
vessels tend to collapse, resulting in increased total pulmonary 
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FIGURE 6.8. Schematic model of the cardiovascular effects of mechanical ventilation. (1) 
Changes in intrathoracic pressure decrease the venous return. (2) Increases in pulmonary 
vascular resistance may affect the end ventricular diastolic volume and shift the common 
interventricular septum, affecting the compliance of the other. (3) Changes in lung volume 
may increase the resistance to pulmonary flow, increasing the afterload for the right ven-
tricle. (4) Changes in intrathoracic pressure may reduce transmural aortic pressure, reduc-
ing the afterload for the left ventricle. (From Dantzker DR., Cardiopulmonary Critical Care, 
2nd ed. Philadelphia: WB Saunders; 1991:111. Reprinted with permission from Elsevier.)
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vascular resistance. Thus, at least in the isolated perfused lung 
(although never conclusively demonstrated in humans), mainte-
nance of the lung volume at physiologic FRC will yield optimal 
pulmonary vascular resistance. Furthermore, in the case of ventila-
tion with small tidal volumes, certain areas of the lung tend to 
collapse, causing alveolar hypoxia, which in turn may activate 
hypoxic pulmonary vasoconstriction. Indeed, in contrast to the 
traditional beliefs outlined earlier, newer in vivo data suggest that, 
during atelectasis, alveolar hypoxia, not volume loss, may be the 
key determinant of increased pulmonary vascular resistance [36].

Ventricular Interdependence

The right and left ventricles pump in series and share a common 
intraventricular septum. If the right ventricular volume increases, 
it shifts the septum to the left, reducing left ventricular fi lling 
volume and compromising left ventricular diastolic function.

Ventricular interdependence is not a signifi cant factor in posi-
tive pressure ventilation unless pulmonary vascular resistance is 
increased signifi cantly. Some suggest that this phenomenon may 
become clinically signifi cant in patients with acutely injured lungs 
whose echocardiographic studies have revealed leftward shift with 
the application of PEEP, most probably because of the increase in 
pulmonary vascular resistance and right ventricular afterload.

Renal Effects

Mechanical ventilation with positive pressure induces a reduc-
tion in renal water and sodium excretion. This effect appears to be 
exacerbated by PEEP. The rise in intrathoracic pressure, adminis-
tration of sedatives and analgesic drugs, and immobility reduce 
venous return and cardiac output and may eventually lower mean 
arterial pressure. As a result, renal perfusion decreases, and the 
renin–angiotensin system is stimulated. Angiotensin II formation 
stimulates aldosterone production, resulting in increased resorp-
tion of water and sodium. Low systemic blood pressure increases 
the secretion of antidiuretic hormone, which also decreases urinary 
output. Reduced venous return and decreased right atrial pressure 
results in reduced levels of atrial natriuretic peptide to further 
reduce diuresis. These issues are particularly important when dis-
continuing mechanical ventilation, as, in the presence of good 
cardiac function, a large diuresis may occur.

The biotrauma hypothesis suggests that nonprotective ventila-
tion may release infl ammatory mediators into the systemic circula-
tion that potentially cause renal dysfunction [41]. These effects are 
not signifi cant in a healthy kidney and usually resolve after admin-
istration of extra fl uid. However, the clinician must be aware of the 
phenomenon, especially when signifi cant underlying real disease 
coexists.

Hepatic Effects

Blood fl ow to the liver represents the balance of fl ow through the 
hepatic artery and portal circulation. The reduction of cardiac 
output associated with positive pressure ventilation may reduce 
fl ow through the hepatic artery. In addition, positive pressure ven-
tilation increases intraabdominal pressure, which may decrease 
portal vein fl ow. Many patients receiving positive pressure ventila-
tion demonstrate some degree of hepatic dysfunction; it is not clear 
whether positive pressure ventilation is causative here or whether 
the dysfunction represents underlying systemic disease. The precise 

clinical signifi cance of the positive pressure on liver function in the 
critically ill is not clear.

Weaning from Mechanical Ventilation

Weaning is the word used to describe termination of mechanical 
ventilation, because in most adult cases it is a gradual and 
sometimes long process. However, in children, the more appropri-
ate term would be liberation or termination of mechanical 
ventilation, because most children can be easily weaned from the 
ventilator without either delay or signifi cant problems. Only a 
small group of children, usually those with underlying chronic 
pulmonary disease, neurologic disease, or malnutrition are diffi -
cult to wean.

One should distinguish between extubation failure and weaning 
failure. Weaning failure is failure of the patient to maintain ventila-
tion and oxygenation when the ventilatory support is reduced. 
Extubation failure assumes that the patient has in fact been suc-
cessfully weaned from ventilatory support and that it is the extuba-
tion (i.e., later phase) not the weaning (i.e., earlier phase) that has 
not been successful. In general, a need for reintubation for any 
reason within 24 hours after elective extubation is termed extuba-
tion failure. The major causes of extubation failure include upper 
airway obstruction from postextubation stridor, poor airway 
protection, excess secretions, and pulmonary atelectasis. Assess-
ment of the airway for extubation readiness is clinical, and the 
presence of supraglottic edema, if suspected, most commonly by 
the absence of an endotracheal leak, can be ascertained by direct 
laryngoscopy.

For adults the rates of reintubation range from 2% to 20% and 
are similar for children. The major risk factors associated with 
extubation failure in children are young age (i.e., <3 years), dura-
tion of ventilation, severity of underline lung disease, oxygenation 
impairment (i.e., oxygenation index >5), and intravenous sedation. 
The mortality rate increases signifi cantly for children who require 
reintubation; however, it is impossible to establish whether it is 
directly attributable to the extubation failure or to the underlying 
disease. Because of the numerous complications and side effects 
associated mechanical ventilation, it is widely recognized that it is 
advantageous to remove the patient from mechanical ventilation as 
early as it is safe to do so. The duration of mechanical ventilation 
is known to be an independent risk factor for morbidity, especially 
VAP; however, premature discontinuation of mechanical ventila-
tion may result in reintubation and additional complications. Thus, 
the value of removing the ventilator as soon as possible must be 
balanced against the risks of premature withdrawal.

Termination of mechanical ventilation should always be ap-
proached with caution. A rapid approach is possible for children 
after a short period of intubation (e.g., following surgery) and when 
the patient has no underlying lung disease. For other patients who 
have recovered from relatively longer periods of ventilation and 
potentially severe respiratory failure, a more gradual approach is 
required. The gradual transition from full or almost full mechani-
cal support to spontaneous breathing may be accomplished by 
gradually decreasing the mandatory breath rate with SIMV, the 
level of PEEP, and/or the degree of pressure or volume support. 
Sedation should be reduced carefully in order not to compromise 
both the respiratory drive and patient comfort or to precipitate 
drug withdrawal. During this period, gas exchange and breathing 
pattern should be assessed. Generally, before discontinuation 
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of mechanical ventilation, patients should be hemodynamically 
stable, alert, and capable of protecting their airway (i.e., adequate 
cough and gag) and have no severe metabolic abnormalities that 
may affect their work of breathing or muscular strength.

The best approach for all patients is to question (perhaps several 
times) every day: Why are they receiving mechanical ventilation? 
Do they require the current levels of support? Do they actually still 
need to be ventilated? There are no well-established methods to 
predict successful extubation in children, and it unfortunately is 
impossible to mimic breathing without an endotracheal tube unless 
an extubation is performed. Purely protocol-directed extubation 
strategies have yielded inconsistent results. However, it appears 
that, when clinical standards are reasonable, protocol-directed 
weaning regimens offer no advantage over usual practice for the 
weaning of either adults [42] or children [43].

A trial of spontaneous breathing with assessment of the gas 
exchange and pattern of breathing with minimal pressure support 
(~10 cm H2O) or T-tube without pressure support appears to be 
equally useful approaches in order to evaluate readiness for extu-
bation. Usually levels of PaO2 <60 mm Hg, where FiO2 >0.4 consti-
tutes a relative contraindication to extubation. In addition, 
signifi cantly increased respiratory rate or reduction in tidal volume 
(or particularly a combination of both) during spontaneous breath-
ing strongly suggests that the patient is not ready for extubation.

The potential for postextubation stridor may be assessed by 
evaluating the presence of an air leak around the endotracheal 
tube, although clinical studies do not strongly support this. This 
may be performed by auscultation after defl ation of the cuff in a 
cuffed endotracheal tube by comparing the inspiratory and expira-
tory tidal volumes as measured by the ventilator or by manually 
applying a positive pressure of 25–30 cm H2O and assessing the leak 
by auscultation. Administration of corticosteroids before extuba-
tion and for a short period following extubation have been demon-
strated to confer a minor benefi t in terms of a lower rate of 
reintubation [44]. The administration of inhaled racemic epineph-
rine or heliox or application of noninvasive positive pressure ven-
tilation for a short period of time may decrease the rate of 
reintubation in cases of postextubation stridor.

Conclusion

Mechanical ventilation plays a pivotal role in the treatment of criti-
cally ill children. Applying knowledge of childhood physiology and 
ventilation techniques may be among the most important skills a 
physician will need in critical care medicine. Over time, mechani-
cal ventilators have become more sophisticated, new modes of ven-
tilation have been introduced, and monitoring techniques have 
undergone dramatic improvements. With the recognition of the 
complications associated with positive pressure ventilation and the 
advances in monitoring, it is possible that in the near future we will 
be able to tailor, in real-time, the modality of ventilation to a spe-
cifi c patient with a specifi c disease.
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Ventilator-Induced Lung Injury
Shinya Tsuchida and Brian P. Kavanagh

injured lung [3], have not elucidated the precise mechanisms of 
ventilator-induced lung injury, nor have they informed us of the 
optimal mode of protective ventilation. These “clinical unknowns” 
are the rationale for reviewing clinical trials and experimental 
studies in this chapter.

Low Tidal Volume Lessens Ventilator-Induced 
Lung Injury

In their classic in vivo experiments, Webb and Tierney [5] found 
that high peak inspiratory pressure combined with zero PEEP was 
fatally injurious. This was the fi rst demonstration of lethal pulmo-
nary barotrauma. Dreyfuss et al. [6] bound the chests, of in vivo 
anesthetized animals, thereby developing high airway pressures 
but without high tidal volumes. They found that elevated tidal 
volume, as opposed to airway pressure per se, was paramount in 
inducing ventilator-induced lung injury, thus establishing the 
concept of volutrauma [6]. This elegant concept was challenged by 
Broccard et al. [7], who compared independently the effects of 
mean airway pressure versus tidal volume under conditions of con-
stant pulmonary blood fl ow using ex vivo perfused rabbit lungs. 
They concluded that mean airway pressure contributed more than 
tidal volume to the increase in pulmonary vascular permeability. 
They attributed the mechanism whereby high mean airway pres-
sure promoted lung edema formation to the increase of pulmonary 
vascular resistance and thereby increased (extraalveolar) vascular 
transmural pressure [7]. Notwithstanding that high stretch has 
been investigated in terms of the peak airway pressure, tidal 
volume, and mean airway pressure, it is unclear which of these 
three factors is most crucial to the progression of ventilator-induced 
lung injury.

Given that some combination of high tidal volume and elevated 
airway pressure is harmful, a reasonable supposition might be: 
“The lower the tidal volume, the better the outcome.” Unfortu-
nately, this is also a complex issue. Atelectasis may develop through 
the use of low tidal volume ventilation and cause atelectrauma, 
especially in the absence of PEEP. Chiumello et al. [8] demonstrated 
in their studies of rats following acid-aspiration lung injury that, 
although high tidal volume was adverse (particularly in terms of 
infl ammatory cytokine production), the greatest mortality occurred 
in those animals ventilated with low tidal volume in the absence of 
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Introduction

When considering mechanical ventilation, is it important to avoid 
an injurious ventilator strategy in the treatment of acute respira-
tory distress syndrome (ARDS) patients? We believe that the answer 
is “absolutely yes,” because two landmark studies have conclusively 
demonstrated that how the mechanical ventilator is set has a direct 
effect on patient mortality [1,2]. Indeed, as reviewed through this 
chapter, such work represented the clinical confi rmation of multi-
ple laboratory studies [3]. Amato and colleagues [1] demonstrated 
the superiority of a protective strategy comprising low tidal volume, 
high positive end-expiratory pressure (PEEP), and recruitment 
maneuvers. Focusing on the tidal volume alone, the investigators 
from the ARDS Network [2] clearly demonstrated that ventilation 
with 6 mL/kg predicted body weight resulted in a lower mortality 
rate than ventilation with 12 mL/kg. Although Eichacker et al. [4] 
pointed out in their meta-analysis that control groups in these 
trials might not have refl ected the current best standards at that 
time, it is clear that mechanical ventilation can have an impact on 
mortality.

The theory of a lung protective strategy is twofold: prevention of 
atelectasis and prevention of lung overinfl ation. In fact, there are 
many practical issues in the application of a lung protective strat-
egy for clinical use. This is further complicated in the pediatric 
intensive care unit, because the most important data, those studies 
demonstrating an effect of ventilation on outcome [1,2], are from 
adult studies only. Furthermore, the accumulating data from the 
experimental studies, although teaching us to be “gentle” with the 
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PEEP. A similar fi nding was reported in the absence of preexisting 
lung injury, wherein a high mortality rate occurred with low tidal 
volume ventilation (without PEEP or supplemental oxygen) and 
was attributed to right ventricular failure [9]. On the contrary, in 
acid-injured in vivo rats, very low tidal volumes (as low as 3 mL/kg) 
were more protective than higher tidal volumes at the same (ele-
vated) level of PEEP (10 cm H2O) [10]. Although the atelectasis may 
partly depend on the PEEP level, it should be elucidated whether 
low tidal volume is protective against atelectasis-associated lung 
injury, and, if so, how. Indeed, more questions continue to evolve 
in this area [11].

A particularly important thesis is the possibility that, because of 
the heterogeneous nature of the disease, a given tidal volume may 
ventilate only the healthy portion of the ARDS lungs. This possibil-
ity was proposed by Gattinoni et al. [12], who examined the amount 
of aerated lung tissue and the pressure–volume (PV) curve to dif-
ferent PEEP levels in ARDS patients. As a result, they suggested that 
the PV curve in ARDS refl ects only the residual healthy zones and 
does not directly estimate the injured zones. Hence, apparently a 
low tidal volume based on body weight could conceivably be too 
high for the remaining aerated portion of lung, resulting in 
ventilator-induced lung injury caused by the overdistention (Gat-
tinoni’s so-called baby lung concept; Figure 7.1). Substantiating 
this concept is the observation that air cysts and bronchiectasis 
prevail in the nondependent (better-ventilated) areas in ARDS 
patients [13].

High Positive End-Expiratory Pressure Protects 
Against Injury with Low Tidal Volumes

A recent clinical trial (i.e., the ALVEOLI study) performed by the 
ARDS Network [14] was unable to fi nd differences in the clinical 
outcomes of ARDS patients who were assigned to either the higher 
PEEP strategy (13.2 ± 3.5 cm H2O) or the lower PEEP strategy (8.3 
± 3.2 cm H2O), with the targeted tidal volume being the same in 
both groups (6 mL/kg). This whole area is problematic, however, as 
the stated hypothesis was that elevated PEEP may help in some 
situations and harm in others [14]. Such a dual hypothesis is of 
course completely defensible on physiologic grounds, as these con-
trasting effects of PEEP are precisely what is predicted based 
on many years of physiologic research. However, a fundamental 
problem with the ALVEOLI study was that, having advanced such 

a hypothesis, the investigators then proceeded to randomize 
patients without attempting to identify those patients who might 
benefi t and/or those who might be harmed by the high PEEP inter-
vention. This negative trial follows another study conducted 20 
years earlier [15] that demonstrated that the early application of 
8 cm H2O PEEP was not useful for the prevention of ARDS com-
pared with zero PEEP at the same tidal volume (12 mL/kg). What 
arises from these clinical studies are the questions of whether the 
level of PEEP has an impact on outcome and whether PEEP has been 
subjected to testing with suffi cient physiologic stratifi cation.

Important work is, however, available from the laboratory. 
Muscedere et al. [16] compared 0, 4, and 15 cm H2O PEEP ventilated 
with the same low tidal volume (6 mL/kg) in ex vivo, nonperfused 
saline-lavaged rat lungs. They found that 15 cm H2O PEEP (i.e., 
above the infl ection point on the PV curve) was protective, and, 
notably, the injured sites depended on the PEEP level. While 4 cm 
H2O PEEP (i.e., below the infl ection point on the PV curve) showed 
mainly alveolar injury, zero PEEP exhibited mostly bronchiolar 
injury. The investigators attributed these differences to the repeti-
tive opening and closing of airways at different sites (Figure 7.2). 
According to Tremblay’s ex vivo, nonperfused ventilation model in 
which end-inspiratory lung volume was made equivalent, high tidal 
volume without PEEP was more injurious, producing more tumor 
necrosis factor-α (TNF- α) protein and c-fos mRNA than the 
combination of “moderate” tidal volume with high PEEP [17]. 
Indeed, the progression of ventilator-induced lung injury was 
reported to be delayed in proportion to the increasing level of PEEP 
employed in an in vivo rat model, where end-inspiratory lung 
volume was matched [18]. Additionally, the superiority of high 
PEEP over low PEEP in in vivo saline-lavaged rabbits has been 
demonstrated, where mean airway pressure and plateau pressure 
are similar [19].

However, not all studies are so positive. High PEEP (10 cm H2O) 
has been compared with lower PEEP (3 cm H2O) in an in vivo rabbit 
model of acid aspiration, demonstrating that there were no signifi -
cant differences in histologic fi ndings between the two groups [20]. 
Interestingly, 3 to 4 cm H2O PEEP is most frequently used for sur-
factant-treated infants with respiratory distress syndrome (RDS). 
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FIGURE 7.1. A schematic illustration of the baby lung concept. In an extensively atelectatic 
lung, tidal volume will be shifted toward the small aerated lung (baby lung), resulting in 
overdistention in this region.
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FIGURE 7.2. A schematic illustration of repetitive opening and closing of airways as a cause 
of atelectasis-associated lung injury. The degree of lung recruitment is a determinant of 
lung injury and its site in an atelectasis-prone lung. The repetitive opening and closing of 
distal airways is essential in the progression of atelectasis-associated lung injury. PEEP, 
positive end-expiratory pressure.
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A comparison of 0, 4, and 7 cm H2O PEEP in surfactant-treated 
preterm lambs that were ventilated with 10 mL/kg tidal volume [21] 
demonstrated that, whereas both 4 and 7 cm H2O PEEP were more 
protective than zero PEEP, the use of 7 cm H2O PEEP was associated 
with superior oxygenation but with an adverse increase in pulmo-
nary vascular permeability. Naik et al. [22] also administered sur-
factant to the preterm lambs and compared the effects of 0, 4, and 
7 cm H2O PEEP on the expression of proinfl ammatory cytokine 
production and pulmonary morphometry. Surprisingly, 4 cm H2O 
PEEP was most protective among the three different PEEP levels. 
The morphometry exhibited more atelectatic areas in zero PEEP 
and a higher proportion of overdistended alveoli in 7 cm H2O PEEP, 
suggesting that the injurious mechanism may be different between 
0 and 7 cm H2O PEEP. In addition, the optimal PEEP level may 
depend on the lung maturity. We know that PEEP is important; 
however, what the optimal level of PEEP and the associated tidal 
volume are remain unresolved issues.

Recruitment Is Essential to Lung Protection

The recruitment maneuver has been suggested as a pivotal issue in 
lung protection. Rimensberger et al. [23] demonstrated that the 
recruitment maneuver enabled the ventilatory cycles to relocate 
onto the defl ation limb of the PV curve during low tidal volume 
ventilation, where low tidal volumes (5 mL/kg) were combined 
with PEEP set to less than the lower infl ection point (Figure 7.3). A 
comparison of the effects of two different maneuvers (i.e., recruit-
ment maneuver and PEEP titration) on the regional aeration of 
saline-lavaged in vivo dogs using sequential computed tomography 
demonstrated that the recruitment maneuver resulted in the tidal 
ventilation being localized on the defl ation limb [24]. These were 
similar in concept to the earlier fi ndings of Rimensberger et al. [23]. 
However, use of the recruitment maneuver tended to induce a 
greater increase in hyperaerated lung volume than did use of PEEP 
titration. Their study shows that alveolar recruitment may occur at 
the expense of hyperaeration, and, therefore, the advantages of the 
recruitment maneuver must be weighed against this complication. 
Using saline-lavaged in vivo sheep, Musch et al. [25] found that 

recruitment maneuvers can worsen oxygenation in acute lung 
injury by diverting pulmonary blood fl ow from aerated to nonaer-
ated regions.

A recent clinical trial [26], investigators were unable to fi nd sus-
tained improvement in oxygenation or lung mechanics following 
the recruitment maneuver in ARDS patients ventilated with high 
PEEP (13.8 cm H2O) and low tidal volume (6 mL/kg). Indeed, it is 
possible that the higher PEEP level used in this trial might have 
concealed the potential for improvements related to recruitment 
maneuvers [26]. Conversely, others have reported greater effects of 
recruitment on oxygenation when ARDS patients were ventilated 
with relatively lower PEEP (9.4 cm H2O) [27]. In addition to the 
basal PEEP levels, the effects of a recruitment maneuver may 
depend on the phase of ARDS. While early ARDS patients mechani-
cally ventilated for less than 3 days showed transient improvements 
in the lung compliance, venous admixture, and end-expiratory 
lung volume, patients in later phases of ARDS (i.e., those ventilated 
for more than 7 days) showed no improvement in these parameters 
[28]. In both ARDS phases, arterial oxygenation did not change in 
response to recruitment maneuvers. The investigators pointed out 
the possibility that alveolar overdistention might redistribute 
blood fl ow and increase intrapulmonary shunt. Grasso et al. [29] 
also found differences in the phases of ARDS between the respond-
ers and nonresponders to recruitment maneuvers and attributed 
the poor responses in late ARDS patients to their impaired chest 
wall and lung mechanics. Thus, at this time, we should consider the 
issues of both recruitment maneuvers and optimal level of PEEP to 
be unresolved in the clinical context.

Susceptibility to Ventilator-Induced Lung Injury: 
Adults Versus Infants

In the application of noninjurious ventilation to pediatric patients, 
many intensivists are concerned about ventilator-associated lung 
injury caused by indiscriminate use of tidal volume based on body 
weight. Compared with adults, pediatric patients demonstrate a 
spectrum of lung development, spanning neonatal, infant, juvenile 
and adult stages. There are important structural and functional 
differences between infant and adult lungs, thus raising an impor-
tant question: does the lung maturation have an effect on the sus-
ceptibility to ventilator-induced lung injury?

Adkins et al. [30] ventilated in vivo young and adult rabbits with 
comparable peak inspiratory pressures (pressure-controlled venti-
lation) and showed that the younger rabbits developed greater 
microvascular permeability and macroscopic air leak. They specu-
lated that the younger rabbits might have been exposed to dispro-
portionately larger tidal volumes, relative to body weight, because 
the use of pressure-controlled ventilation might have resulted in 
far greater tidal volumes in the younger animals, in which respira-
tory system compliance was clearly greater.

In volume-controlled ventilation, tidal volume is usually 
expressed based on the body weight. Because the ratio of airway 
volume to body weight changes with age [31], tidal volume based 
on body weight might occupy a different fraction of total lung 
capacity (TLC) in the adult versus the infant, resulting in propor-
tionally more lung stretch and thereby more lung injury. Copland 
et al. [32] ventilated in vivo neonatal and adult rats with high tidal 
volume based on the body weight. As a result, all adult rats exposed 
to a tidal volume of 40 mL/kg developed severe lung injury and died 

(+) RM

(–) RM

PEEP Pinf
Transpulmonary pressure

TLC

50%
TLC

FIGURE 7.3. Effects of a recruitment maneuver (RM) on the ventilatory cycles. The RM 
enables the ventilatory cycles to relocate onto the deflation limb of the pressure–volume 
curve, where positive end-expiratory pressure (PEEP) is set to less than the lower inflection 
point (Pinf). TLC, total lung capacity.
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within 20 min, but all neonatal rats survived for 3 hr while develop-
ing only a small decrement in respiratory system compliance. On 
the basis of measured compliance, edema formation, and histology, 
ventilation with 25 mL/kg was also more injurious to adult rats 
than newborns [32]. Their fi ndings are supported by Kornecki et 
al. [33], who compared ex vivo, nonperfused infantile and 
adult lungs ventilated with high tidal volume (30 mL/kg) and found 
that adult lungs are more susceptible to ventilator-induced lung 
injury than infantile lungs in terms of lung mechanics and histol-
ogy. In addition, they performed dynamic subpleural microscopy 
on the adult and infantile rats, fi nding greater and more heteroge-
nous alveolar stretch in adult lungs. In summary, great caution 
should be exercised in the translation to pediatric practice of any 
recommendations for clinical practice that are based on adult 
studies.

Stretch Increases Production of Biochemical 
Mediators (Mechanotransduction)

It has been demonstrated that mechanical ventilation induces the 
intrapulmonary production of proinfl ammatory (e.g., interleukin-
1β (IL-1β), IL-6, and TNF-α) and antiinfl ammatory (e.g., IL-10) 
cytokines, as well as chemokines (e.g., MIP-2) in the presence of 
underlying lung injury. In patients with ARDS, proinfl ammatory 
cytokines (IL-1β, IL-6, and TNF-α) were increased in the bron-
choalveolar lavage (BAL) of the control arm but not where protec-
tive ventilation (higher PEEP, lower tidal volume) was used [34]. In 
laboratory studies of conventional versus high-frequency ventila-
tion, Takata et al. [35] reported that intrapulmonary expression of 
TNF-α mRNA was high with conventional ventilation but not with 
high-frequency ventilation. Using a comparable model (i.e., the 
atelectasis-prone, surfactant-depleted rabbit), Imai et al. [36] dem-
onstrated that conventional ventilation increased the production 
of TNF-α protein in the BAL compared with high-frequency ven-
tilation. Chiumello et al. [8] found the increased TNF-α and MIP-2 
protein in the BAL of acid-injured in vivo rats ventilated with high 
tidal volume (16 mL/kg) and zero PEEP. Most animal studies 
using “preinjured lungs” show the involvement of proinfl ammatory 
cytokines.

In the absence of preceding injury, it is very controversial whether 
injurious ventilation per se can induce the intrapulmonary produc-
tion of TNF-α at mRNA and protein levels [37,38]. Injurious venti-
lation increased TNF-α at both mRNA and protein levels in ex vivo, 
nonperfused lungs [17] as well as in ventilated ex vivo, perfused 
mouse lungs [39]. A signifi cant increase in TNF-α protein has been 
reported in an in vivo rat model ventilated with high tidal volume 
but without underlying lung injury [40]. Consistent with this, 
Copland et al. [32] ventilated rats in vivo with high tidal volume 
(25 mL/kg) and zero PEEP, resulting in the increased expression of 
TNF-α mRNA at only 30 min. On the contrary, others failed to fi nd 
a large increase in TNF-α protein in the BAL following high tidal 
volume ventilation in the ex vivo rat lung [41]. Verbrugge et al. [42] 
and Imanaka et al. [43] ventilated rats with high peak inspiratory 
pressure and zero PEEP and found no increase in TNF-α protein 
and TNF-α mRNA, respectively. In contrast to TNF-α, MIP-2 
protein, the murine homolog of IL-8, has been consistently found 
in most animal studies [17,32,41,44,45]. Quinn et al. [44] ventilated 
rats with high tidal volume (20 mL/kg) and, interestingly, MIP-2 
protein was not increased in the BAL immediately after the 

ventilation but was signifi cantly increased at 6 hr after extubation 
to the room air.

Wilson et al. [45] ventilated in vivo mice in vivo with high tidal 
volume and exhibited a transient increase in TNF-α protein and 
more sustained increase in MIP-2 protein in the BAL. Their fi nd-
ings are supported by those of Tremblay et al. [46], who ventilated 
the ex vivo, nonperfused rats with high tidal volume (40 mL/kg) 
and demonstrated using in situ hybridization that the proportion 
of pulmonary epithelial cells expressing TNF-α mRNA peaked at 
30 min and returned to baseline thereafter. The transient nature of 
TNF-α upregulation may help explain the previous controversies 
regarding the involvement of cytokines in ventilator-induced lung 
injury.

Copland et al. [32] ventilated newborn rats in vivo with high tidal 
volume and observed the temporal mRNA expression of several 
cytokines. They showed that the most prominently upregulated 
genes were MIP-2 and IL-10 at 30 min, whereas at 3 hr of high tidal 
volume ventilation IL-6 and MIP-2 were the most strongly induced 
cytokines. They also referred to the balance between the pro- and 
antiinfl ammatory cytokines. With regard to this balance, the com-
partmentalization of the infl ammatory response should be taken 
into account as well as the temporal factors. Dugernier et al. [47] 
observed the pro- and antiinfl ammatory activities in the three 
different compartments (ascites, lymph, and blood) of patients 
suffering from severe acute pancreatitis. They concluded that the 
peritoneal compartment was the site of proinfl ammatory response 
and that an early, dominant, and sustained antiinfl ammatory 
activity took place in the circulating compartments. Their fi ndings, 
although obtained from the patients with severe acute pancreatitis, 
may provide insight into to how a local organ infl ammation propa-
gates into an infl ammatory response in the systemic circulation.

Does Ventilator-Induced Lung Injury Lead to 
Multiple-Organ Dysfunction Syndrome?

The leading cause of death in ARDS patients is multiple-organ 
dysfunction syndrome (MODS) rather than respiratory insuffi -
ciency. In the ARDS Network trial [2], plasma IL-6 concentration 
on day 3 was higher in the ARDS patients of the control group 
associated with the higher mortality. Ranieri et al. [34] reported an 
increase in proinfl ammatory cytokines (IL-6 and TNF-α) not only 
in the BAL but also in the plasma of ARDS patients in the control 
arm. Accumulating evidence from multiple experimental studies 
suggest that ventilator-induced lung injury can lead to systemic 
infl ammation.

Von Bethmann et al. [39] used the isolated, perfused mouse lung 
in which frequent perfusate sampling allows determination of 
mediator release into the nonrecirculated perfusate. They demon-
strated that hyperventilation increased the mRNA expression of 
TNF-α and IL-6, peaking at 30 and 150 min, respectively. Further-
more, they found that hyperventilation increased the perfusate 
concentration of TNF-α and IL-6 protein as ventilation time 
elapsed, establishing the concept of translocation of proinfl amma-
tory cytokine from the lung tissue to the circulation. Held et al. [48] 
used the same isolated model and found that high stretch and 
lipopolysaccharide were nearly indistinguishable in terms of their 
effects on lung nuclear factor-κ B (NFκB) activation and the release 
of chemokines and cytokines into the perfusate. As lipopolysac-
charide is known to elicit infl ammation via NFκB activation, they 



7. Ventilator-Induced Lung Injury 85

concluded that NFκB activated by the high stretch is associated 
with the translocation of chemokines and cytokines [48]. Using in 
vivo saline-lavaged rabbits, Murphy et al. [49] demonstrated that 
an adverse ventilatory strategy caused pulmonary-to-systemic 
translocation of endotoxin. They also found that plasma endotoxin 
levels were higher in eventual nonsurvivors than survivors, sug-
gesting that the poor outcome was associated with systemic spread-
ing of endotoxin [49]. These fi ndings are in line with the results of 
Chiumello et al. [8], who used in vivo acid-injured rats and dem-
onstrated that high tidal volume ventilation without PEEP gave rise 
to the greater increases in TNF-α and MIP-2 in both of the BAL and 
plasma levels. It should be noted that both studies referred to the 
alveolar capillary stress failure as the translocation mechanism, 
regardless of whether endotoxin or the cytokine is shifting com-
partments [8,49].

Another potential mechanism whereby ventilator-induced lung 
injury might lead to MODS is bacterial translocation from the air 
spaces into the circulation. Following the tracheal instillation of 
Escherichia coli, Nahum et al. [50] found that an adverse ventilatory 
strategy caused a higher incidence of bacteremia than the less inju-
rious strategy. Using in vivo saline-lavaged newborn piglets, van 
Kaam et al. [51] intratracheally instilled group B Streptococcus, 
which is the leading cause of serious infections in human new-
borns, and induced severe pneumonia. They found that reducing 
atelectasis by means of exogenous surfactant and open lung venti-
lation with suffi cient PEEP prevented bacterial translocation. 
However, given that the organisms responsible for the clinical ven-
tilator-associated pneumonia are not usually detectable in the sys-
temic circulation, it seems unlikely that bacterial translocation can 
account for the chief mechanism of ventilator-induced lung injury 
spreading to the systemic infl ammation.

Finally, injurious mechanical ventilation may induce distal 
organ dysfunction via circulating soluble factors, such as soluble 
Fas ligand. Imai et al. [52] ventilated in vivo acid-injured rabbits 
with injurious or protective ventilatory strategies. They found that 
the injurious ventilatory strategy led to epithelial cell apoptosis in 
the kidney and small intestine. They also demonstrated that the 
induction of apoptosis was increased in the in vitro renal tubular 
cells incubated with plasma from rabbits treated with the injurious 
ventilatory strategy, suggesting that distal organ dysfunction is, at 
least partly, caused by the circulating soluble factors [52].

Conclusion

After numerous studies in both clinical and experimental settings, 
investigators have recommended the use of low tidal volume and 
high PEEP for the prevention of ventilator-induced lung injury. 
However, the optimal levels of PEEP and the associated tidal volume 
are still unresolved issues. Although the recruitment maneuver has 
been suggested as a pivotal issue in lung protection, clinical studies 
have exhibited only the limited advantages of this technique. One 
should consider the issue of recruitment maneuvers to be unre-
solved in the clinical context.

Pediatricians often say, “Kids are not small adults,” and this 
holds true in the application of mechanical ventilation to pediatric 
patients. Indeed, great caution should be exercised in the transla-
tion to pediatric practice of any recommendations that are based 
on adult studies. Several studies have made a breakthrough by 
showing that mechanical forces such as high stretch can induce 
biochemical mediators; however, a total understanding of this 

mechanism may require more studies elaborating the spatial and 
temporal dimensions of mechanotransduction. The leading cause 
of death in ARDS patients is MODS rather than respiratory insuf-
fi ciency. Further studies are required to elucidate the mechanisms 
whereby a local pulmonary infl ammation propagates into an 
infl ammatory response in the systemic circulation and, ultimately, 
to distal organ dysfunction.
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areas of the lung are more atelectatic and likely to endure collapse 
and infl ation (atelectrauma) during mechanical ventilation at low 
PEEP. Meanwhile, perfusion to the lung units progressively 
increases from the nondependent to the dependent regions, with 
preferential perfusion of the dependent atelectatic lung regions [4]. 
Thus, in supine patients with ARDS, lung ventilation is preferen-
tially shifted to the nondependent ventral regions, and lung perfu-
sion is preferentially shifted to the dependent dorsal atelectatic 
regions. The overall effect is a mismatch between ventilation and 
perfusion, with a low ventilation : perfusion (V/Q) ratio, physiologic 
shunt, and resultant hypoxemia. This was illustrated by Pappert et 
al, who administered pressure-controlled ventilation in the prone 
position for 24 hr to 12 patients with ARDS [5]. Continuous V/Q 
ratios were recorded using the multiple inert gas elimination tech-
nique (MIGET). Improved oxygenation was seen in eight patients, 
within 30 min of prone positioning (responders), and was associ-
ated with a reduction of perfusion to the shunt regions and resul-
tant increase in the V/Q ratio. This redirection of perfusion from 
nonventilated regions of the lung to those with normal V/Q ratios 
was thought to be caused by recruitment of previously atelectatic 
but healthy lung regions in the prone position. Computerized 
tomography (CT) scan images from patients with ARDS have shown 
radiographic densities predominantly located in the dependent 
regions (Figure 8.1).

The transpulmonary gradient (difference between the alveolar 
and pleural pressures) is higher in the ventral regions than the dorsal 
dependent regions of the lung and may explain increased alveolar 
recruitment in the ventral (nondependent) regions. This heterogene-
ity of alveolar ventilation distribution is largely eliminated with the 
application of PEEP when the previously collapsed (compression 
atelectasis) alveoli are recruited. Prone positioning has been associ-
ated with a more homogeneous distribution of transpulmonary 
pressures and hence alveolar infl ation (Figure 8.2) [6].

Respiratory Mechanics

In the supine position, factors such as lung weight, cardiac mass, 
diaphragmatic displacement, and triangular shape of the chest are 
thought to infl uence alveolar dimensions by their effects on the 
transpulmonary gradient and the distribution of densities or atel-
ectatic lung units. Computerized tomography studies have shown 
the vertical gradient of lung aeration in ARDS. Lung edema, on the 
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Introduction

The hypoxemia and undesirable respiratory mechanics in patients 
with acute respiratory distress syndrome (ARDS) have long been 
targets for intervention. Prone positioning was fi rst proposed as a 
therapeutic modality for improvement of lung mechanics in 1974, 
when Bryan described improved oxygenation in anesthetized and 
muscle-relaxed patients placed in the prone position [1]. This was 
followed by application of prone positioning in small groups of 
ARDS patients with improvement in oxygenation [2,3]. Prone 
positioning emerged as a novel, relatively noninvasive, simple, yet 
logistically challenging therapeutic intervention for patients with 
ARDS. The past 30 years have seen increasing enthusiasm for this 
maneuver, which has been extensively applied to improve oxygen-
ation and respiratory mechanics in ARDS patients.

Prone positioning is an easy, readily available treatment option 
for refractory hypoxemia, a characteristic feature of severe ARDS. 
The ultimate effi cacy of prone positioning in ARDS is diffi cult to 
evaluate because of heterogeneous study populations, the variances 
in the application of prone positioning, and the small sample sizes 
used in most studies. Although there is a rationale supporting the 
hypothesis that prone ventilation could reduce the mortality of 
ARDS patients, currently there are no clinical data to support the 
hypothesis.

Ventilation–Perfusion Relationships: 
Effects of Postural Changes

In supine patients with ARDS, lung densities are predominant in 
the dependent dorsal regions and, in the absence of optimal posi-
tive end-expiratory pressure (PEEP), ventilation is preferentially 
distributed to the nondependent ventral regions. The dependent 
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other hand, appears to be uniformly distributed in the lung paren-
chyma. The increasing lung weight down the gravitational gradient 
results in defl ation of alveolar units in the dependent lung regions 
[6]. In addition, CT imaging in patients with ARDS has shown 
increased cardiac dimensions, volume, and mass in this group 
compared with normal adults [7]. The pressure exerted by cardiac 
mass on underlying lung lobes was signifi cantly higher in patients 
with ARDS, with a reduction in the volumes of corresponding lung 
regions. The cardiac mass in the thoracic cavity may also infl uence 
the pleural pressures [8]. The vertical gradient of the pleural pres-
sures have been correlated with changing mass of mediastinal 
structures, especially the heart, in animal experiments [9,10]. 
However, this vertical gradient was not seen in animals in the prone 
position [10]. It is likely that the lung in supine position, but not in 
the prone position, supports the heart, and this contributes to 
its pleural pressure. Using a noninvasive rebreathing technique, 
Reutershan et al. demonstrated a continuous increase in pulmo-
nary blood fl ow in responders when placed in the prone position 
[11]. The elevated pulmonary blood fl ow was sustained even when 
patients were returned to the supine position. Based on these obser-
vations, suggesting benefi cial cardiorespiratory profi le, investiga-
tors have studied the effects of prone mechanical ventilation in 
patients with acute respiratory failure after cardiac surgery [12].

System maturation during early childhood changes the shape, 
compliance, and deformability of the thorax. The horizontally 
extending ribs give a circular shape to the newborn thorax, and the 
diaphragm is horizontal. The high compliance and easy deform-
ability of the newborn ribcage predisposes to sucking in of the 
chest wall during inspiration and reduces mechanical coupling of 
the diaphragm and the rib cage. Furthermore, the high ratio of the 
passive compliances of the chest wall to that of the lung (6.7 : 1) 
exaggerates the magnitude of the paradoxical motion between the 
caudal surface of the lung (driven by the diaphragm) and 
the remaining lung (driven by the rib cage) [13]. The effi ciency of 
the thoracic cage and its volume is much improved with gradual 
caudal inclination of ribs. The adult rib cage has a smaller antero-
posterior diameter, and the volume increase is achieved by the 
“bucket handle” or the “pump handle” effect of the elevation of ribs 

during inspiration. The changes in the shape of the thorax, the 
effect of gravity in the upright position, the development of tho-
racic muscles, and the mineralization of bone all contribute to 
decreased chest wall compliance and deformability. The total respi-
ratory compliance progressively decreases from 5 to 16 years of age 
[14]. This allows opposition of the inward pull of the diaphragm on 
the chest wall during inspiration and improves mechanical cou-
pling of the diaphragm and chest wall.

Newborns, especially preterm infants, may be more vulnerable 
to respiratory muscle fatigue because of the extra work imposed by 
the characteristics of their rib cages. The work required in distort-
ing the chest wall may be 90%–96% of the work done on the lung 
[15]. In a cross-sectional study including children in the age range 
of 3 weeks to 15 years, Nicolai et al. demonstrated disproportion-
ately high respiratory system compliance in infants compared with 
older children as an infl uence of chest wall confi guration after 
adjusting for the effects of lung volume [16]. The compliant chest 
wall of the infant also affects the airways and impairs gas exchange. 
There is a reduction in the minimal outward recoil of the chest wall 
during end expiration in infants. This results in limited distending 
pressure (transpulmonary pressures are lower in infants), with a 
tendency to airway collapse, atelectasis, decreased functional 
residual capacity with consequentially impaired gas exchange, and 
increased work of breathing [17].

Thus, the elastance of the chest wall has a signifi cant infl uence 
on the respiratory mechanics of the developing child. Chest wall 
elastance is thought to be increased in mechanically ventilated 
patients with acute lung injury [18]. The abdominal distension seen 
in acute respiratory distress patients contributes to this increased 
chest wall elastance [19]. In their study of 18 patients with ARDS, 
Ranieri et al. showed signifi cant differences in the degree of impair-
ment of respiratory system elastic properties in ARDS and also 
highlighted the effect of abdominal distension [20]. Some authors 
have described these chest wall properties to contribute to the pro-
posed differences in respiratory mechanics in pulmonary and 
extrapulmonary ARDS [21].

FIGURE 8.1. Computed tomography scan showing acute respiratory distress syndrome.
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Diaphragmatic mechanics during positive pressure ventilation 
under anesthesia are signifi cantly different from those during 
spontaneous breathing because of the differences in the distribu-
tions of the expanding forces during these two states. The pattern 
of volume distribution during mechanical ventilation is indepen-
dent of muscle contraction and mainly determined by the relative 
regional elastance within the lung and chest wall. The relative con-
tribution of the rib cage is likely to be larger in recumbent mechani-
cally ventilated patients. Anesthesia is associated with a relative 
decrease in the functional residual capacity, and, at these volumes, 
nondependent lung appears to be preferentially ventilated [22].

In 1989, Hernandez et al. demonstrated the role of high tidal 
volume in ventilator-induced lung injury (VILI) [23]. In this study, 
white rabbits ventilated with chest wall restriction achieved by 
plaster cast manifested with limited pressure-induced injury com-
pared with intact closed-chest animals that experienced larger 
tidal volumes. The study provided convincing evidence that volume 
distension (volutrauma) rather than higher peak inspiratory pres-
sure (barotrauma) was principally responsible for producing 
microvascular damage in the animal lung. Susceptibility to volu-
trauma was thought to be inversely related to the compliance of the 
chest wall and static recoil forces opposing volume expansion. The 
highly compliant chest wall of infants is likely to suffer more 
damage from volutrauma than that of adults. Subsequent clinical 
trials have shown the benefi t of low tidal volume ventilation strat-
egy for adults with ARDS [24].

The discussion highlights the signifi cant impact of the innate 
chest wall compliance in infants and the subsequent developmental 
changes on gas exchange in spontaneously breathing patients as 
well as mechanically ventilated subjects with acute lung injury. 
Prone positioning favorably alters chest wall compliance, and the 
resultant respiratory mechanics are thought to have benefi cial 
effects in acute lung injury. Cox et al. studied 10 healthy infants 
undergoing clubfoot surgery and recorded the pulmonary mechan-
ics they found in the supine and prone positions [25]. This was the 
fi rst study to demonstrate the safety of prone positioning in healthy 
infants. Both static and dynamic compliance were signifi cantly 
lower in the prone position, although this was not associated with 
any impairment of gas exchange. Prone positioning was reported 
to reduce venous admixture and improve the uniformity of ventila-
tion distribution without affecting end-expiratory lung volume in 
animal models of acute lung injury [4,26].

Thus, the application of prone positioning in ARDS is based on 
the multiple physiologic benefi ts of this therapeutic maneuver on 
oxygenation and respiratory mechanics. These benefi ts include (1) 
improved V/Q matching, (2) homogeneous transpulmonary gradi-
ent, (3) improved recruitment of alveoli, (4) decreased chest wall 
and diaphragmatic asynchrony, and (5) possible prevention of 
VILI. Initial studies of the use of prone positioning in patients with 
acute lung injury showed signifi cant variability of response. 
However, dramatic responses in some patients and the safety of the 
maneuver prompted a number of studies in which prone position-
ing was employed with an aim to affect physiologic outcomes such 
as oxygenation in ARDS.

Recruitment and Ventilator-Induced Lung Injury

Lung opacities in acute lung injury are heterogeneously distrib-
uted, with the densities seen predominantly in the most dependent 
regions [27]. As discussed earlier, the superimposed pressure from 

the lung and heart decreases the transpulmonary pressure, with a 
resultant progressive atelectasis along the ventrodorsal gradient. 
The effect of PEEP on this defl ation is limited by the amount of 
alveolar infl ation (recruitment) achieved at end inspiration. The 
amount of end-expiratory collapse is likely to be increased when 
the plateau pressure in the previous inspiration is lower [27]. The 
ventrodorsal gradient of transpulmonary pressures is steeper in 
the supine than in the prone position [28]. The results of the land-
mark ARDSnet trial demonstrated the benefi cial effects of lower 
tidal volume strategy during mechanical ventilation in ARDS 
patients [29]. As the role of volutrauma and its effect on VILI is 
increasingly demonstrated, clinicians should aim to prevent VILI 
with the application of stress and strain within physiologic limits. 
Both stress (fi ber tension in the lung, proportional to transpulmo-
nary pressure) and strain (elongation of stressed fi bers from resting 
position) are likely to be distributed more evenly in the prone posi-
tion [30]. This concept was recently demonstrated by Valenza et al. 
in their animal model in which prone position delayed the progres-
sion of VILI [31].

The effect of the prone position on improved oxygenation is 
likely to be variable depending on the underlying recruitment 
status of individual alveolar units. Acute lung injury and ARDS are 
characterized by lung units with different opening pressures 
ranging from 45 to 70 cm H2O [32]. Recruitment is a pan-inspira-
tory phenomenon and occurs along the entire volume–pressure 
curve, following a ventral to dorsal and cephalad to caudal distri-
bution and progression [33]. Thus, it is conceivable that in the 
setting of a de-recruited lung, prone position is not likely to have 
benefi ts that would be seen in an optimally recruited lung. Lungs 
of patient with extrapulmonary ARDS may be more responsive to 
standard recruitment measures [21,34]. For these patients, it has 
been proposed that recruitment maneuvers (such as sustained 
infl ation) may improve oxygenation, although these effects were 
not sustained in the supine position [35].

Guerin et al. studied the effects of the prone position on alveolar 
recruitment and oxygenation in 12 adult patients with ARDS [36]. 
They reported a correlation between change in oxygenation and 
recruited lung volume and speculated that recruitment was one of 
the mechanisms by which the prone position improved oxygen-
ation [36]. Pelosi et al. also examined the effect of the prone posi-
tion on enhancing the potential of recruitment maneuver (sighs) in 
ARDS and concluded that cyclical sighs during ventilation in the 
prone position may provide optimal lung recruitment [37]. Oczen-
ski et al. showed an enhanced and persistent improvement in oxy-
genation after performing sustained infl ation maneuvers in patients 
with ARDS 6 hr after placement in the prone position [38]. These 
observations support the hypothesis that the prone position 
improves the recruitment of lung units by standard recruitment 
maneuvers. It may be concluded that the full potential of the prone 
position for patients with extrapulmonary ARDS will only be 
achieved in an optimally recruited lung.

Pediatric Studies

Overview

Although the majority of the described work was carried out in the 
adult population, neonatal studies in the past and more recent 
pediatric studies have examined the feasibility and effi cacy of the 
prone position in acute lung injury. Table 8.1 highlights some of the 



90 N.M. Mehta and M.A.Q. Curley
TA

BL
E 

8.
1.

 S
tu

di
es

 o
f t

he
 p

ro
ne

 p
os

iti
on

.

Pe
di

at
ric

 s
tu

di
es

 
 

 
 

 
 

Ti
m

e 
Fr

eq
ue

nc
y 

 
Pe

rc
en

t  
 

 
 

Pe
rc

en
t

 
 

 
Ty

pe
 o

f 
No

. 
En

tr
y 

af
te

r l
un

g 
of

 P
P 

(N
o.

  
(%

)o
f  

Du
ra

tio
n 

Du
ra

tio
n 

(%
) o

f 
Ad

ve
rs

e
Re

fe
re

nc
e 

 
Ye

ar
 

st
ud

y 
of

 P
ts

 
cr

ite
ria

 
in

ju
ry

 (m
ea

n)
 

of
 c

yc
le

s)
 

tim
e 

in
 P

P 
in

 P
P 

in
 S

P 
re

sp
on

de
rs

 
ef

fe
ct

s 
Ou

tc
om

es
 m

ea
su

re
d

M
ur

do
ch

 a
nd

 S
to

rm
an

 [6
3]

 
19

94
 

On
e-

ce
nt

er
 p

ro
sp

ec
tiv

e 
ca

se
 

 
7 

AR
DS

 
  

4.
5 

da
ys

 
1 

—
 

0.
5 

hr
 

0.
5 

hr
 

10
0 —

 
CO

, H
D 

va
ria

bl
es

,  
DO

2

 
 

 
 

 
se

rie
s 

 
 

 
 

 
 

 
 

 
 

Nu
m

a 
et

 a
l. 

[3
9]

 
 

19
97

 
On

e-
ce

nt
er

 p
ro

sp
ec

tiv
e 

ca
se

 
 3

0 
In

tu
ba

te
d 

pt
s 

  
12

 d
ay

s 
1 

—
 

70
 m

in
 

Re
st

 o
f t

he
 

NA
 —

 
AB

G,
 F

RC
, C

RS
, R

RS

 
 

 
 

 
se

rie
s 

 
Co

nt
ro

l =
 1

0 
 

 
 

 
 

da
y 

 
 

 
 

 
 

 
 

Ob
st

ru
ct

iv
e 

= 
10

 
 

 
 

 
Re

st
ric

tiv
e 

= 
10

Cu
rle

y 
et

 a
l. 

[4
4]

 
 

20
00

 
On

e-
ce

nt
er

 p
ro

sp
ec

tiv
e 

ca
se

 
 2

5 
AL

I/
AR

DS
 

<1
9 

hr
 

1–
12

 4
7 

20
 h

r/
da

y 
 4

 h
r/

da
y 

 8
4 S

ta
ge

 II
 sk

in
 Pa

O 2
 : F

iO
2 r

at
io

, m
or

ta
lit

y
 

 
 

 
 

se
rie

s 
 

 
 

 
 

 
 

  
ul

ce
rs

 in
  

(s
tu

dy
, 2

8 
da

ys
), 

ad
ve

rs
e

 
 

 
 

 
 

 
 

 
 

 
 

 
 

24
%

  
ef

fe
ct

s, 
CO

M
FO

RT
 s

co
re

Ko
rn

ec
ki

 e
t a

l. 
[4

5]
 

 
20

01
 

On
e-

ce
nt

er
 p

ro
sp

ec
tiv

e 
ca

se
 

 1
0 

AR
F 

 
1 

 
12

 h
r/

da
y 

12
 h

r/
da

y 
 9

0 F
ac

ia
l e

de
m

a H
D,

 O
I, 

st
at

ic
 C

RS
 &

 R
RS

 
 

 
 

 
se

rie
s 

 
OI

 >
 1

2 
 

 
 

 
 

  
in

 3
0%

 
 

 
 

 
 

 
 

Fi
O 2

 >
 0

.5
 

 
 

 
 

 
 

 
 

 
 

 
 

Fo
r 1

2 
hr

Ca
s a

do
-F

lo
re

s e
t a

l. 
[4

3]
  

20
02

 
On

e-
ce

nt
er

 p
ro

sp
ec

tiv
e 

ca
se

 
 2

3 
AL

I/
AR

DS
 

56
 h

r 
2–

14
 3

6 
 8

 h
r 

 8
 h

r 
 7

8 —
 

Pa
O 2

 : F
iO

2 r
at

io
 

 
 

 
 

se
rie

s
Ha

ef
ne

r e
t a

l. 
[6

1]
 

 
20

03
 

On
e-

ce
nt

er
 re

tr
os

pe
ct

iv
e 

 6
3 

EC
M

O 
fo

r r
es

pi
r. 

—
 

15
 p

os
iti

on
 

—
 

—
 

—
 N

A 
 

Ad
ve

rs
e 

ef
fe

ct
s r

ec
or

de
d

 
 

 
 

 
co

ho
rt

 
 

 
fa

ilu
re

 
 

 
ch

an
ge

s 
 

 
 

 
 

 
Re

lv
as

 e
t a

l. 
[4

8]
 

 
20

03
 

On
e-

ce
nt

er
 re

tr
os

pe
ct

iv
e 

 4
0 

AR
DS

 
10

7 
hr

 
Va

ria
bl

e 
—

 
>2

0 
hr

 
—

 —
 

—
 

OI
, P

aO
2 :

 Fi
O 2

 ra
tio

 
 

 
 

 
ch

ar
t r

ev
ie

w
 

 
 

 
 

 
 

(n
 =

 3
7)

Cu
rle

y 
et

 a
l. 

[6
8]

 
 

20
05

 
Ra

nd
om

iz
ed

, m
ul

tic
en

te
r 

10
2 

AL
I/

AR
DS

 
<4

8 
hr

 
Up

 to
 7

 
 

20
 h

r/
da

y 
 4

 h
r/

da
y 

 
 Ve

nt
ila

to
r-

fr
ee

 d
ay

s
 

 
 

 
 

st
ud

y 
 

 
 

 
 

 
 

 
 

 
m

or
ta

lit
y,

 ti
m

e 
to

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

re
co

ve
ry

 fr
om

 lu
ng

in
ju

ry
, 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

or
ga

n 
fa

ilu
re

– 
fr

ee
 d

ay
s,

 
 

 
 

 
 

 
 

 
 

 
 

 
 

fu
nc

tio
na

l o
ut

co
m

e

Ne
on

at
al

 s
tu

di
es

Re
fe

re
nc

e 
Ye

ar
 

No
. o

f p
ts

 
Pa

tie
nt

 p
op

ul
at

io
n 

Ag
e 

at
 e

nr
ol

lm
en

t 
Du

ra
tio

n 
in

 P
P 

Du
ra

tio
n 

in
 S

P 
Be

ne
fit

s o
f P

P 
Ad

ve
rs

e 
ef

fe
ct

s

W
ag

am
an

 e
t a

l. 
[6

4]
 

19
79

 
14

 
34

 w
ee

ks
 m

ea
n 

ge
st

at
io

na
l a

ge
 

5 
da

ys
 (2

–1
4)

 
30

 m
in

 w
ith

 a
bd

om
en

 
30

 m
in

 
In

cr
ea

se
d 

co
m

pl
ia

nc
e 

an
d 

tid
al

  
No

ne
 re

po
rt

ed
 

 
 

 
Re

co
ve

rin
g 

ph
as

e 
of

 re
sp

ir.
 il

ln
es

s 
 

 
re

st
ric

te
d;

 3
0 

m
in

 
 

 
vo

lu
m

e 
 

 
 

 
 

 
 

w
ith

 a
bd

om
en

 
 

In
cr

ea
se

d 
Pa

O 2
 

 
 

Ve
nt

. s
up

po
rt

 (1
0 

CP
AP

, 4
 C

M
V)

 
 

 
su

sp
en

de
d

Li
oy

 a
nd

 M
an

gi
ne

llo
 

19
88

 
19

 
Pr

et
er

m
 (n

 =
 1

8)
 a

nd
 fu

ll 
te

rm
 

M
ea

n 
of

 5
 d

ay
s o

n 
25

 m
in

 
25

 m
in

 
In

cr
ea

se
d 

Pa
O 2

 
No

ne
 re

po
rt

ed
 

[6
5]

 
 

 
 

(n
 =

 1
) 

 
ve

nt
ila

to
r b

ef
or

e 
 

 
De

cr
ea

se
d 

re
sp

ira
to

ry
 ra

te
s a

nd
 

 
 

 
31

 w
ee

ks
 m

ea
n 

ge
st

at
io

na
l a

ge
 

 
ex

tu
ba

tio
n 

 
 

 
re

tr
ac

tio
n 

sc
or

es
 

 
 

RD
S,

 re
qu

iri
ng

 v
en

til
at

or
y

 
 

 
 

st
ud

ie
d 

su
pp

or
t i

m
m

ed
ia

te
ly

 
 

 
 

po
st

ex
tu

ba
tio

n
M

en
do

za
 e

t a
l. 

[6
6]

 
19

91
 

33
 

27
 w

ee
ks

 m
ea

n 
ge

st
at

io
na

l a
ge

 
28

 d
ay

s (
15

–1
38

) 
 

 
Hi

gh
er

 o
xy

ge
n 

sa
tu

ra
tio

n 
No

ne
 re

po
rt

ed
 

 
 

 
 

M
ec

ha
ni

ca
l v

en
t.,

 R
DS

 
 

 
 

Lo
w

er
 h

ea
rt

 ra
te

 
 

 
 

 
 

 
Lo

w
er

 p
ul

m
on

ar
y 

re
sis

ta
nc

e
M

cE
vo

y 
et

 a
l. 

[6
7]

 
19

97
 

55
 

26
 w

ee
ks

 m
ea

n 
ge

st
at

io
na

l a
ge

 
42

 d
ay

s (
28

–8
3)

 
60

 m
in

 
60

 m
in

 
Im

pr
ov

ed
 o

xy
ge

na
tio

n 
No

ne
 re

po
rt

ed
 

 
 

LB
W

 (<
1,

00
0 

g)
 R

DS
/C

LD
 

 
 

 
De

cr
ea

se
d 

pe
rio

ds
 a

nd
 fr

eq
ue

nc
y

 
 

 
M

ec
ha

ni
ca

l v
en

til
at

io
n 

(n
 =

 1
7)

 
 

 
 

 
of

 d
es

at
ur

at
io

ns

No
te

: 
AB

G,
 a

rt
er

ia
l b

lo
od

 g
as

; A
LI

, a
cu

te
 lu

ng
 in

ju
ry

; A
RD

S,
 a

cu
te

 r
es

pi
ra

to
ry

 d
is

tr
es

s 
sy

nd
ro

m
e;

 A
RF

, a
cu

te
 r

es
pi

ra
to

ry
 f

ai
lu

re
; C

LD
, c

hr
on

ic
 lu

ng
 d

ise
as

e;
 C

PA
P, 

co
nt

in
uo

us
 p

os
iti

ve
 a

irw
ay

 p
re

ss
ur

e;
 C

M
V,

 c
on

ve
nt

io
na

l m
ec

hn
ic

al
 v

en
til

at
io

n;
 

C R
S, 

co
m

pl
ia

nc
e;

 E
CM

O,
 e

xt
ra

co
rp

or
ea

l m
em

br
an

e 
ox

yg
en

at
io

n;
 F

RC
, f

un
ct

io
na

l r
es

id
ua

l c
ap

ac
ity

; H
D,

 h
em

od
yn

am
ic

 m
ea

su
re

m
en

ts
; L

BW
, l

ow
 b

irt
h 

w
ei

gh
t; 

NA
, n

ot
 a

va
ila

bl
e;

 O
I, 

ox
yg

en
at

io
n 

in
de

x;
 P

P, 
pr

on
e 

po
sit

io
n;

 R
DS

, r
es

pi
ra

to
ry

 d
is

tr
es

s s
yn

-
dr

om
e;

 R
RS

, r
es

is
ta

nc
e;

 S
P, 

su
pi

ne
 p

os
iti

on
.



8. Prone Positioning 91

salient features of the pediatric prone positioning studies. Use of 
prone positioning in the pediatric population has been increasingly 
reported in the past 10 years, although the initial reports were 
characterized by nonrandom assignment of this postural maneu-
ver for varying periods of time applied to a heterogeneous popula-
tion. The initial reluctance among pediatricians to employ this 
technique was caused by the lack of a uniform, effective, and safe 
guideline by which to perform the maneuver. Initial pediatric data 
provided limited information on the procedure, nor were its effec-
tive and safe continuation and the associated complications 
systematically studied. However, dramatic improvements in oxy-
genation were reported soon after prone positioning in children 
with acute lung injury. In the absence of other interventions that 
reduced mortality, the perceived benefi ts of improvement in oxy-
genation and the potential for reduced fractional oxygen require-
ment provided the impetus for continued evaluation of this 
intervention.

Patient Selection

Patient selection for prone positioning remains a challenging 
endeavor and is likely to be the key to unraveling the true potential 
and specifi c application of this intervention. Patient selection for 
prone positioning may be affected by feasibility of the maneuver 
(e.g., extreme obesity), inability to tolerate prone positioning (e.g., 
neurologic trauma), and associated therapies that make the pos-
tural change challenging (e.g., extracorporeal membrane oxygen-
ation, continuous venovenous hemofi ltration). Because of their 
size, pediatric patients appear to be easier candidates for safe prone 
positioning.

Numa et al. enrolled mechanically ventilated children with 
restrictive and obstructive lung diseases and controls and exam-
ined the infl uence of the prone position on functional residual 
capacity, oxygenation, and respiratory mechanics [39]. They dem-
onstrated a pattern of increasing functional residual capacity in the 
prone position in all three subgroups, although this did not corre-
late with improvements in oxygenation. Patients with restrictive 
lung disease and controls did not demonstrate improvements in 
oxygenation. Moreover, in the study, patients were enrolled after 
relatively prolonged periods of mechanical ventilation (1–2 weeks), 
and the authors speculate that this may have infl uenced the physi-
ologic effects of the therapeutic postural maneuver. In the absence 
of clear mortality benefi t in the ARDS group, investigators have 
performed subgroup analyses to identify those select patients who 
might benefi t most from this therapy. In the absence of a mortality 
benefi t, prone positioning should be used as a recruitment maneu-
ver when high settings of the ventilator are required to achieve 
adequate oxygenation. The improved V/Q ratio resulting from this 
maneuver could be desirable for this subgroup of patients, at least 
during the acute illness.

Responses in Pulmonary Versus Extrapulmonary 
Acute Respiratory Distress Syndrome

Acute lung injuries from varied etiologies do not share the same 
morphologic and mechanical characteristics. Literature derived 
from adult acute lung injury studies has long debated the distinc-
tion between pulmonary and extrapulmonary ARDS and its clini-
cal signifi cance [40,41]. Some investigators speculate that the two 
conditions have distinct pathophysiologic, biochemical, radiologic, 
and mechanical properties [21]. Primary ARDS and secondary 

ARDS may have differential responses to prone positioning, and it 
has been proposed that secondary ARDS (with diffuse atelectasis) 
may be more responsive to this intervention [6]. The altered lung 
elastance in pulmonary ARDS (vs. altered chest wall elastance in 
extrapulmonary ARDS) may not benefi t from strategies such as 
PEEP, recruitment, and the prone position compared with patients 
with extrapulmonary ARDS. However, the defi nition of the two 
conditions and the clinical impact of individually tailored therapy 
are not known. Suntharalingam et al. showed no difference in lung 
function assessments, 6 months after hospital discharge, in patients 
with ARDS of differing etiologies [42].

Outcome Measures

Selection of clinically relevant outcome measures is crucial 
when evaluating therapy for complex diseases such as ARDS. 
The degree of oxygenation has traditionally been the main deter-
mining factor when measuring the severity of lung injury. 
Hypoxemia is the common denominator in ARDS, and one of 
the early goals of mechanical ventilatory support is optimizing 
oxygenation.

Indices of oxygenation have long been primary outcome mea-
sures in evaluating the role of prone positioning. Pediatric studies 
of prone positioning in ARDS have also used indices of oxygenation 
such as the oxygenation index (OI) and the PaO2/FiO2 (P/F) ratio as 
outcome measures [43–45]. In their cohort of 25 patients, Curley et 
al. demonstrated an immediate, cumulative improvement in oxy-
genation after prone positioning as measured by P/F ratios and OI 
at the four time points in the fi rst 24 hr after prone positioning 
(Figure 8.3) [44]. A signifi cant improvement in both indices was 
shown at 1 hr and up to 19 hr after prone positioning. Based on their 
response to prone position on day 1 as measured by the P/F ratio, 
patients were classifi ed as immediate responders (n = 11, 44%) and 
immediate nonresponders (n = 14, 56%) (Figure 8.4). Oxygenation 
appears to improve early and is sustained in the immediate respond-
ers. In this subgroup of patients, the improvement in oxygenation 
was shown to be preserved even after returning to the supine posi-
tion (persistent). The nonresponders showed a delayed improve-
ment in oxygenation, which was not persistent. Although there is 
some variation in defi ning response to the maneuver, overall rate 
for responders in the pediatric age group is probably close to 80%. 
Casado-Flores et al. showed that the improved oxygenation in their 
study was not sustained after returning to the supine position [43]. 
Overall, authors have reported variability in the oxygenation 
responses to prone positioning, and responders or patients who 
may benefi t cannot always be predicted in the immediate period 
after prone positioning.

To date, no studies demonstrate that improved oxygenation 
decreases mortality in ARDS. There is increasing evidence 
that survivors of ARDS may suffer from extended pulmonary 
morbidity (such as oxygen requirement) and nonpulmonary mor-
bidity (such as muscle fatigue, wasting, and weakness). To assess 
the long-term effi cacies of interventions in ARDS, it is desirable to 
monitor, quantify, and evaluate their effect on these functional 
outcomes. Herridge et al. evaluated 109 adults with ARDS 3, 6 
and 9 months after intensive care unit discharge [46]. At 1 year, a 
signifi cant proportion of survivors reported nonpulmonary 
morbidity. Future studies with pediatric ARDS patients to evaluate 
the role of prone positioning should incorporate clinically 
relevant functional outcomes to quantify long-term effects of this 
intervention [47].
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Duration of Prone Positioning

There is a wide variation in the duration of prone positioning used 
in the pediatric studies (see Table 8.1). Prospective studies have 
included protocols in which patients underwent repeated postural 
changes, spending periods ranging from 8 to 20 hr in the prone 
position. Relvas et al. retrospectively analyzed data from patients 
placed in the prone position during ARDS and compared the pre-

treatment values of OI with those after brief (6–10 hr) and pro-
longed (18–24 hr) periods in the prone position [48]. Children 
demonstrated a more pronounced and stable reduction in OI after 
prolonged periods of prone position than after brief periods. Curley 
et al. demonstrated the safety and feasibility of intermittent prone 
positioning for children admitted to the intensive care unit with 
respiratory failure with P/F ratios of 300 mm Hg or less who were 
on mechanical ventilatory support [44]. Patients ranged in age 
from 2 months to 17 years and were enrolled within 19 hours of 
meeting entry criteria. Patients were in the prone position for 20 hr 
each day and returned to the supine position for 4 hr. This accounted 
for 47% of the time of mechanical ventilation spent in the prone 
position.

Relvas et al. also reviewed 40 pediatric patients (aged 1 month to 
18 years) over a period of 3 years who had been placed in the prone 
position during management of ARDS [48]. Patients in this study 
showed a higher benefi t of decreasing OI when in the prone position 
for more than 12 hr compared with shorter periods of prone posi-
tioning. Kornecki et al. enrolled 10 children (8 weeks to 16 years) 
within the fi rst week after acute lung injury. Patients were kept in 
the prone position for 12 hr, alternating between prone and supine 
positions [45]. Overall, the variable duration of the prone position 
in these studies stems from uncertainty regarding the optimal 
duration of this therapy. Early improvements in hypoxemia as seen 
in responders in the studies mentioned may be due to redistribu-
tion of ventilation and improvement of V/Q matching. However, 
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FIGURE 8.3. Day 1 PaO2/FiO2 ratio, oxygenation index (OI), and PaCO2. (Top) The PaO2/FiO2 
ratios among the four data collection points were significantly different (p = 0.006). The 
PaO2/FiO2 ratio significantly increased (p = 0.04) from 143 ± 10 mm Hg at baseline in the 
supine position to 173 ± 14 mm Hg after 1 hr in the prone position. It continued to increase 
significantly (p = 0.005) to 194 ± 15 mm Hg after 19 hr in the prone position. The PaO2/FiO2 
ratio at hour 21 in the supine position (150 ± 11 mm Hg) was not significantly different 
from that at baseline. (Middle) The OIs among the four data collection points were sig-
nificantly different (p = 0.01). The OI significantly decreased (p = 0.05) from a baseline 
value in the supine position from 15.7 ± 1.7 to 13.6 ± 1.6 mm Hg after 1 hr in the prone 
position and continued to decrease significantly (p = 0.008) to 10.9 ± 1.5 mm Hg after 19 hr 
in the prone position. The OI at hour 21 in the supine position (14 ± 1.9 mm Hg) was not 
significantly different from that at baseline. (Bottom) PaCO2 values were not significantly 
different among the four data collection points. (From Curley et al. [44]. Copyright 2000 
from the American College of Chest Physicians. Reprinted with permission.)
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FIGURE 8.4. The PaO2/FiO2 ratio was significantly different between the two subgroups 
(p = 0.05) over the four data collection points (p = 0.003) and between the two subgroups 
over the four data collection points (p = 0.03). Immediate responder group (•): The PaO2/
FiO2 ratio significantly increased (p = 0.003) from a baseline value in the supine position 
of 134 ± 11 to 213 ± 21 mm Hg after 1 hr in the prone position. Significant (p = 0.02) but 
not cumulative increases in oxygenation were seen after 19 hr in the prone position (220 
± 25 mm Hg). The PaO2/FiO2 ratio at hour 21 in the supine position (170 ± 12 mm Hg) was 
significantly better than that at baseline in the supine position (p = 0.02). Immediate 
nonresponder group (�): the PaO2/FiO2 ratio did not significantly increase from a baseline 
value in the supine position from 152 ± 16 to 141 ± 13 mm Hg after 1 hr in the prone posi-
tion. Significant (p = 0.02) and cumulative increases in oxygenation were seen after 19 hr 
in the prone position (173 ± 15 mm Hg). The PaO2/FiO2 ratio at hour 21 in the supine posi-
tion (135 ± 15 mm Hg) was not significantly better than that at baseline in the supine 
position. Note: with the exception of increasing the FiO2 to keep SpO2 at >85%, ventilator 
settings were held constant during the 1-hr supine-to-prone and prone-to-supine 
repositioning. (From Curley et al. [44]. Copyright 2000 from the American College of Chest 
Physicians. Reprinted with permission.) 
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other mechanisms have been proposed for the presumed benefi ts 
of longer periods of prone positioning.

McAuley et al. studied the effects of the prone position over a 
period of 18 hours in 11 patients with ARDS [49]. Respiratory 
parameters and extravascular lung water (EVLW) were prospec-
tively recorded at various times during prone positioning. The 
study demonstrated early improvement in oxygenation followed by 
progressive improvement in gas exchange, pulmonary shunt, and 
decreased ELVW. The authors proposed that studies examining the 
role of prone positioning would have to offer the therapy over a 
prolonged period before allowing conclusions about its effi cacy or 
benefi ts. It is impossible at this stage to determine the exact dura-
tion of an effective postural maneuver. The ideal duration of prone 
positioning may be individually variable, and it appears that 
patients may vary in their responses to this maneuver.

The most recent multicenter randomized controlled clinical 
trial, evaluating the role of prone positioning for acutely ill children 
with ARDS, was stopped after an interim analysis for futility. 
Patients (aged 2 weeks to 18 years) were enrolled from seven pedi-
atric intensive care units within 48 hr of meeting ALI/ARDS criteria 
and randomized to either conventional supine management or 
prone positioning. The two groups were managed according to 
ventilator protocol, extubation readiness testing, sedation proto-
col, and hemodynamic, nutrition, and skin care guidelines. Thus, 
signifi cant co-interventions were uniform between the groups. 
Patients in the treatment arm spent 20 hr/day in the prone position 
for a maximum of 7 days. The study was stopped after analyzing 
data from 102 patients (51 in the prone positioning group) when no 
signifi cant differences were noted in ventilator-free days between 
the two groups after adjusting for age, severity of illness, and type 
of lung injury (direct/indirect ALI). No signifi cant differences were 
observed in the secondary outcomes (mortality, time to recovery 
of lung function, organ failure-free days, or functional outcome) 
between the two groups. Overall, the study failed to show a clini-
cally relevant outcome benefi t of the prone position for pediatric 
ARDS/ALI patients.

Pragmatics of Prone Positioning

Since its initial description, a large number of studies have exam-
ined the effects of prone positioning in patients with a variety of 
respiratory illnesses. In the process, the technique has been refi ned 
with protocols, devices, and safeguards developed over the years to 
ensure patient safety. Patient selection, timing, and the duration of 
prone positioning have been discussed in the previous sections. 
Practical considerations for the implementation of prone position-
ing are discussed here.

Early investigators such as Piehl and Brown [2] used the Cir-
cOlectric bed for prone positioning without abdominal suspen-
sion. Douglas et al. [3] utilized customized foam pads, allowing 
space for the abdomen to prevent its restriction. Regardless of the 
approach, most recent investigators have made provisions for 
abdominal suspension during prone positioning.

As previously discussed, prone positioning is unlikely to be ben-
efi cial in the derecruited lung. Currently, clinicians rely on oxygen-
ation and experimental methods of measuring lung dynamics to 
assess the response to recruitment maneuvers at bedside. Before 
postural change, clinicians should evaluate the patient for status 
of lung infl ation and aim to achieve optimal recruitment. By incor-
porating this step as part of the prone positioning algorithm, 

the chances of deriving a clinical benefi t from this maneuver is 
maximized.

Adverse Events

The procedure of safely turning patients from a supine to prone 
position presents some logistical challenges. The perceived benefi ts 
of this therapeutic intervention must outweigh the potential adverse 
effects of this maneuver [50]. The potential complications associ-
ated with turning a patient include tissue [43] and nerve injury [51] 
at pressure areas, decreased venous return and edema, changes in 
intraocular pressure [52], diffi culty in positioning and/or accessing 
the lines and tubes, diffi cult access to patients during resuscitation 
[53], risk of disconnection of lines and tubes [54], and delayed rec-
ognition of cardiorespiratory deterioration. With a well-designed 
procedural algorithm and procedurally competent personnel, the 
incidences of these complications can be minimized and patients 
safely turned even during periods of critical illness [55]. Reversible 
edema of the face, eyelids, conjunctiva, lips, and tongue becomes 
increasingly common after a few hours of prone positioning. 
Dependent edema may be diffi cult to avoid even with frequent 
changes in position [54,56].

Pressure ulcers were reported by Jolliet et al. [57] in 3/19 patients 
in their study with a 12-hr protocol and by Willems et al. [58] in 
one of their subjects who developed bilateral nipple ulcers after 
being prone for 5 days. In a 20-hr protocol for prone positioning, 
Fridrich et al. [54] reported some cutaneous problems but no pres-
sure ulcers in this study where head and arm positions were changed 
every 2 hr. Corneal edema and ulceration have been associated with 
prone positioning and have the potential to cause visual loss if not 
detected and treated early. Stocker et al. [59] report a case of corneal 
ulceration, requiring corneal transplantation. Hering et al. [60] 
examined the effects of prone positioning on intraabdominal pres-
sure and renal and cardiovascular function in 16 mechanically 
ventilated adults. The authors reported improved arterial oxygen-
ation in their patients without alterations in hemodynamic status, 
renal function, and perfusion. Although no special efforts were 
made to suspend the abdomen in this study, intraabdominal pres-
sure increased by only 2 to 14 mm Hg while the patients were prone 
with no perceived clinical effects.

Similar adverse effects of prone positioning have been reported 
in pediatric studies. Casado-Flores et al. [43] placed 23 children 
with ARDS in the prone position and then repositioned to supine 
every 8 hr for an average of 10 days. Pads and massage were applied 
to pressure points. Scars in knees (n = 2), external ear necrosis (n 
= 1), facial edema, and hemodynamic instability were recorded. 
Curley et al. [44] enrolled 25 children with ARDS/ALI and subjected 
them to prone positioning for a period of 20 hr each day for a 
median time of 4 days. In the phase one study, a prone-positioning 
device was used with a standardized procedure for prone position-
ing by a team of trained personnel. The abdomen was unrestrained 
from the bed and pressure-relieving material was used at patient 
contact areas. Stage II pressure ulcers were reported in pressure 
areas in 24% of patients in this study. Haefner et al. [61] reported 
their experience with 962 position changes in 93 patients with 
respiratory failure who were placed in the prone position while 
receiving extracorporeal membrane oxygenation (ECMO) therapy. 
There were no unplanned extubations, tube displacements, pres-
sure ulcerations of skin, or corneal abrasions associated with prone 
positioning in this study. The incidence of bleeding from cannulae 
and tube insertion sites was not higher in these patients than in 



94 N.M. Mehta and M.A.Q. Curley

patients on ECMO. Prone positioning of pediatric patients has been 
reported to result in cephalad movement of the endotracheal tube 
in the trachea [62]. In this study, 15 pairs of radiographs from 14 
patients were retrospectively reviewed and images before and after 
prone positioning were compared. Based on their observations, the 
authors recommend placement of the endotracheal tube tip deeper 
than the level of one-third tracheal length to avoid upward move-
ment and dislodgement.

Recommendations for Safe Prone Positioning

An institutional protocol for standardizing the process of prone 
positioning will limit iatrogenic injury. Appendix 39.1 includes the 
prone positioning procedure employed in a recent pediatric multi-
center clinical trial of prone positioning. The protocol includes a 
safety check that anticipates and makes provisions for avoiding 
potential problems.

A reasonable and minimum number of personnel should partici-
pate in the process of prone positioning. A respiratory therapist 
(RT) should be part of the repositioning team. The RT should antic-
ipate likely changes in the pulmonary compliance and be prepared 
to reassess ventilatory requirements after postural changes. The 
need for suctioning airway secretions before prone–supine pos-
tural changes is essential. All invasive devices should be checked 
and re-secured if necessary before repositioning. Pressure-reliev-
ing positioning aides are used to prevent damage to the eyes, 
face, and skin. New protocols should be reviewed by a pediatric 
physical therapist. Pictorial and video training materials and 
reminders are helpful to maintain procedural competence. Prone-
positioned patients require ongoing surveillance for pressure ulcers 
and corneal injury.

We have observed an important patient safety issue when 
placing children supported on high-frequency oscillatory ventila-
tion (HFOV) in the prone position. Currently available HFOV ven-
tilators do not have a safety alarm for detection of a decrease in 
tidal volume. Soon after placement in the prone position, the ability 
to monitor the effi cacy of the oscillations, traditionally described 
as the “wiggle factor,” is compromised. Any impairment in the 
oscillatory amplitude of HFOV could result in rapidly escalating 
levels of carbon dioxide. Indeed, we have observed hypercapnia in 
some patients with severe ARDS who were placed in the prone posi-
tion during HFOV therapy. This effect should be anticipated and 
potentially documented with early arterial blood gases following a 
supine-to-prone turn. Awareness of these adverse effects will allow 
regular monitoring and prompt detection and intervention in the 
clinical setting.

Conclusion

We have reviewed what is currently known about prone positioning 
for pediatric patients with ALI/ARDS. The prone position has been 
safely applied in the pediatric population. The prone position is 
likely to benefi t a subgroup of children with ARDS when started 
early after lung injury, and immediate responders may benefi t from 
prolonged periods of prone positioning. The duration in the prone 
position may be restricted by the feasibility of the maneuver. There 
may not be much benefi t in continued prone positioning of patients 
who do not show immediate response to this postural change.

The prone position should be used for select patients to improve 
lung recruitment. Improvement in oxygenation is likely to be the 

Appendix 8.1. Prone Positioning Check Sheet

Preparation (prior to getting help into the room)
❏  •  Create cushions using egg crate material (head, chest, pelvic, distal femoral, and 

lower limb).
❏ Consider transpyloric feed tube and check placement.
❏   Check endotracheal tube (ETT) on chest x-ray (CXR)—tip should be in the lower 

third of the thoracic trachea.
❏ Assess the security of the ETT, vascular lines, and oxyhemoglobin saturation (SpO2) 

probe and reinforce as necessary.
  •  Retape the ETT to the upper lip on the side of the mouth that will end in the “up” 

position.
  •  Place a protective layer of plastic tape over the white adhesive tape holding the ETT.
❏ If cuffed ETT/trach, inflate cuff using minimal leak technique (cuff pressure under 

25 mmHg).
❏ Protect eyes if chemically paralyzed and/or open (cleanse, lubricate, cover with 

plastic wrap).
❏ If high-frequency oscillatory ventilation (HFOV), apply plastic film dressing over 

anterior bony prominences to avoid friction injury.
❏ Move electrocardiographic electrodes to the lateral aspects of the upper arms and 

hips.
❏ Remove clothing surrounding the thorax and abdomen.
❏ Coil and then secure the bladder catheter to the inner thigh.
❏ Suction the patient’s oropharynx.
 (If ETT suctioned, postpone turn until unit patient is returned to the presuctioning 

ventilator settings).
❏ Temporarily cap nonessential vascular lines and the patient’s nasogastric tube 

(NGT)/nasojejunal tube (NJT).
❏ Final check—Review the start and end points of all that is left attached to the 

patient. Arrange the remaining vascular lines and Foley catheter tubing to prevent 
excessive tension.

❏ Premedicate with comfort medications at the discretion of the bedside nurse.

Turing (bedside nurse/respiratory therapist [RT] team)
❏ Call for RT and at least one other nurse.
❏ Preplan responsibility: RT, head/ETT; nurse 1, chest/arms; nurse 2, hips/legs.
❏ Review technique:
 •  Infants/toddlers: Levitate = levitate up, turn 45 degrees, pause/reassess, turn 

prone, levitate up to place cushions under the subject.
 •  School aged/adolescents: Mummy = using all bed linens, slide patient to the edge 

of the bed away from the ventilator, place new draw sheet over patient; position 
chest and pelvic cushions over draw sheet; place full sheet over entire patient; 
create a mummy effect by tucking the edges of the full sheet under patient; turn 
patient 45 degrees toward ventilator, pause/reassess, position patient prone on 
new linen and cushions/remove old linen.

❏ Keep head in alignment with body, avoid hyperextension, keep arms next to torso, 
point toes of the upper leg in the direction of turn.

❏ Turn toward the ventilator without disconnecting. (FiO2 may be manipulated to 
maintain target SpO2. All other ventilator settings remain constant until 1-hr post 
turn arterial blood gas values obtained.)

❏ Talk the patient through the turn.

Immediately after the turn
❏ Reassess the security and patency of all tubes/lines.
❏ Reassess SpO2, blood pressure, cardiac rhythm, and breath sounds.
❏ Reassess ETT/trach leak. (May adjust cuff volume, head position, delivered tidal 

volume to ensure adequate ventilation.)
❏ Uncap/reattach capped off lines/NGT/NJT.
❏ Position the patient:
 � Turn head to side and cushion head and ear with pressure-relieving material.
 � Place an absorbent diaper under the patient’s mouth.
 �  Avoid excessive flexion/extension of the spine, cushion the upper chest and 

pelvis—check that the abdomen is unrestrained. For males, check that the penis 
and scrotum are unrestrained. For adolescent females, check that the nipples are 
away from chest rolls.

 � Flex arms up.
 � Position knees and feet off bed using a roll under the distal femur and lower leg.
 �  Check that everything attached to the patient is not pressing against the skin (ETT 

balloon port) and that the patient’s skin in not pinched in any way (periumbilical area).

Return to supine
❏ Precautions and techniques described above apply.
❏ Consider performing the patient’s daily suctioning procedure
❏ Patients are turned away from the ventilator without disconnecting.
❏ Position the patient:
 •  Cushion head using pressure-relieving materials (pillow, jell pillow, or Spenco pad).
 • Elevate the patient’s heels off the bed using an appropriate sized pillow.
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immediate benefi t from this maneuver and will be desirable in 
most patients if it provides stability and minimizes potentially 
lung-injuring mechanical ventilatory support. With vigilance to 
protocol, prone positioning can be performed safely as a therapeu-
tic maneuver to improve systemic oxygenation in the most critical 
of patients. Importantly, oxygenation as a single parameter has not 
been shown to correlate with outcomes such as mortality. Thus, the 
impact of the prone position on functional outcomes remains to be 
fully evaluated, and future studies will need to incorporate longer 
follow-up periods and assess quality of life, lung function, and 
other such functional outcomes in these children.
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not have acute lung injury (ALI) at initiation of mechanical ventila-
tion, 80 (24%) developed it within 5 days [12]. Approximately one 
third of the study patients were ventilated using tidal volumes 
exceeding 12 mL/kg, and multivariate analysis identifi ed large tidal 
volumes as the most signifi cant risk factor for the development of 
ALI (odds ratio 1.3 for each 1 mL above 6 mL/kg; p < 0.001)[12].

Inappropriate mechanical ventilation strategies may also poten-
tiate the dysfunction of distant organs among patients with respira-
tory failure. In a multicenter trial, Ranieri and colleagues 
randomized 37 patients to receive a strategy directed at ventilating 
between the upper and lower infl ection points on the pressure–
volume curve (Figure 9.1), versus a higher volume, lower peak end-
expiratory pressure (PEEP) strategy targeted at achieving normal 
blood gas tensions in the control group [6]. Bronchoalveolar 
lavage (BAL) and blood samples showed a local and systemic 
infl ammatory cytokine response at 36 hr among those in the control 
group, whereas the experimental strategy appeared to diminish 
this response [6]. In addition, a landmark multicenter trial has 
brought about the understanding that specifi c strategies for 
mechanical ventilation can have an important infl uence on 
outcomes in patients with the acute respiratory distress syndrome 
(ARDS). In 2000, the ARDS Network investigators demonstrated a 
22% relative reduction in mortality among adult patients with 
ARDS on conventional mechanical ventilation who were random-
ized to receive relatively small tidal volumes (6 mL/kg ideal body 
weight) compared with those who were ventilated with larger tidal 
volumes (12 mL/kg ideal body weight) [13]. Collectively, these 
observations on the benefi ts of tidal volume reduction have led to 
the expectation that high-frequency ventilation would have an 
important role in the clinical arena because of its unique ability 
to provide adequate gas exchange using very low tidal volumes 
in the setting of continuous alveolar recruitment. Theoretically, 
high-frequency ventilation provides the ultimate open-lung strategy 
of ventilation, preserving end-expiratory lung volume, minimizing 
cyclic stretch, and avoiding parenchymal overdistension at end 
inspiration by limiting tidal volume and transpulmonary pressure 
(Figure 9.2) [4–7].

Modalities of High-Frequency Ventilation

The major modalities of high-frequency ventilation include high-
frequency fl ow interruption (HFFI), high-frequency positive pres-
sure ventilation (HFPPV), high-frequency jet ventilation (HFJV), 
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Introduction

Data supporting the feasibility of high-frequency oscillatory ventila-
tion (HFOV) come from the observation that delivering very tidal 
volumes small at high frequencies can overcome the need for ade-
quate bulk gas fl ow in the lung. In the early 1970s, while attempting 
to measure cardiac performance in large animals by assessing the 
myocardial response to pericardial pressure oscillations, Lunken-
heimer and colleagues found that endotracheal high-frequency 
oscillations could produce effi cient CO2 elimination in the absence 
of signifi cant chest wall excursion [1,2]. These investigators deter-
mined that CO2 elimination was related to changes in the frequency 
of oscillation as well as the amplitude of the vibrations [1]. In general, 
CO2 was cleared optimally at a frequency between 23–40 Hz, with 
smaller animals requiring higher frequencies [1]. Several years later, 
Butler and colleagues observed that gas exchange could be sup-
ported in humans at a frequency of 15 Hz, hypothesizing that this 
would enhance diffusive gas transport while minimizing depen-
dence on bulk convective gas fl ow in the airways [3]. In their study, a 
series of patients, 9 years of age and older, were successfully venti-
lated with a piston pump calibrated to deliver tidal volumes in the 
range of 50–150 mL, and a single 2.5-kg infant was supported with a 
tidal volume of 7.5 mL using the same device [3].

At the moment, there are many laboratory data to suggest that 
repetitive cycles of pulmonary recruitment and derecruitment are 
associated with identifi able markers of lung injury, and experimen-
tal models of ventilatory support that reverse atelectasis, limit 
phasic changes in lung volume, and prevent alveolar overdistension 
appear to be less injurious [4–11]. There is also a growing quantity 
of clinical data that support these observations. A recent single-
center cohort study demonstrated that among 332 patients who did 
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and high-frequency oscillatory ventilation (HFOV). High-
frequency oscillatory ventilation is the most widely used form of 
high-frequency ventilation in clinical practice today. In HFOV, lung 
recruitment is maintained by the application of relatively high 
mean airway pressure, while ventilation is achieved by superim-
posed sinusoidal pressure oscillations that are delivered by a 
motor-driven piston or diaphragm at a frequency of 3–15 Hz [7,14]. 
High-frequency oscillatory ventilation is the only form of high-
frequency ventilation in which expiration is an active process. As 
a result, alveolar ventilation is achieved during HFOV with the use 

of tidal volumes in the range of 1–3 mL/kg, even in the most poorly 
compliant lungs [14].

Gas Transport and Control of Gas Exchange

A comprehensive understanding of the mechanisms of gas trans-
port in HFOV has not emerged despite a long period of scientifi c 
investigations. Although direct bulk fl ow can account for ventila-
tion of proximal alveolar units even at very low tidal volumes, it is 
now believed that Pendelluft, or mixing of gases among alveolar 
units with varying time constants, contributes signifi cantly to gas 
exchange at high frequencies [15–17]. In addition, effi cient gas 
mixing likely occurs along the parabolic inspiratory gas front in 
high-frequency oscillation, because this provides an increased area 
along which radial diffusion can occur [15,16]. Finally, axial asym-
metry of inspiratory and expiratory gas fl ow profi les creates sepa-
ration of fresh gas and exhaled gas so that inspiratory gas fl ow 
travels down the central axis of the airway, while expiratory fl ow 
is distributed along the airway wall [15,16].

Experimental work in healthy rabbits has shown that CO2 elimi-
nation during HFOV is a function of frequency and the square of the 
tidal volume (VCO2 = f × Vt2) [18]. In HFOV, tidal volume is positively 
correlated with the amplitude of oscillation (“delta P,” ΔP), and is 
related inversely to the frequency (Hz) [19]. Alveolar recruitment is 
positively correlated with the mean airway pressure (Paw) and the 
ratio of inspiratory time to expiratory time (I : E) [20]. Although 
most of the research using HFOV has focused on the use of higher 
frequency ranges, CO2 elimination can probably occur at many 
potential combinations of f and Vt2, with higher frequency ranges 
providing conditions of lowest lung impedance and, consequently, 
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FIGURE 9.1. Pressure–volume relationships in acute lung injury. High end-expiratory 
pressures and small tidal volumes minimize the potential for derecruitment (lower left) and 
overdistension (upper right). (From Froese AB. High-frequency oscillatory ventilation for 
adult respiratory distress syndrome: let’s get it right this time! Crit Care Med 1997;25:906–
908. Copyright 1997. Reprinted with permission from Lippincott Williams & Wilkins.)
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a lower pressure cost of ventilation [21,22]. In HFOV, Paw, ΔP, fre-
quency, and I : E are all directly controlled by the operator.

Presently available high-frequency ventilators vary with respect 
to pressure waveforms, consistency of I : E ratio over a range of 
frequencies, and the relationship of displayed mean airway pres-
sure to distal mean alveolar pressure [19]. Most of the experience 
with HFOV in the clinical arena involves the SensorMedics 3100A 
(SensorMedics, Yorba Linda, CA), which is approved for use in 
infants and children. Almost 20 years of study using this device in 
the laboratory have provided clinicians with a fundamental under-
standing of its performance characteristics. Using in vitro models 
as well as alveolar capsule techniques in small animals with open 
chests, several investigators have reported that mean airway pres-
sure and ΔP are signifi cantly attenuated by the tracheal tube, that 
alveolar pressure is inhomogeneously distributed during HFOV, 
and that the I : E ratio is an important determinant of alveolar pres-
sure [20,23–25]. Specifi cally, early data from surfactant-defi cient 
small animals, as well as from large animals and humans, seemed 
to indicate that limitation of expiratory time using an I : E ratio of 
1 : 1 would promote alveolar gas trapping, especially at lower mean 
airway pressures [20,26–28]. This observation led to the suggestion 
that HFOV be applied in the clinical setting with an I : E ratio of no 
greater than 1 : 2.

When transitioning the patient to HFOV from conventional ven-
tilation (Figure 9.3), the Paw on HFOV is typically set up to 5 cm 
H2O above the Paw last used on the conventional ventilator in 
order to maintain recruitment in the face of pressure attenuation 
by the tracheal tube. Amplitude (ΔP) is set by adjusting the power 
control while observing for adequacy of chest wall vibrations, as 
indicated by visible vibration to the level of the groin. Frequencies 
of 12–15 Hz are generally used for small infants, whereas lower 
frequencies in the range of 3–8 Hz are typically used for larger 
pediatric patients and adults, with the goal of generating enough 
volume displacement to adequately ventilate using currently avail-
able HFOVs. If employing an open lung ventilation strategy, Paw is 
then slowly titrated upward in 1–2 cm H2O increments, with the 

goal of reducing the FiO2 to ≤0.6 with an arterial oxygen saturation 
of ≥90%.

Achieving acceptable oxygen saturations at this stage will often 
require intravascular volume expansion in order to avoid creating 
zone 1 conditions [29] in the lung as pulmonary blood volume is 
displaced by the increasing alveolar pressure. Once adequate alveo-
lar recruitment is achieved, it may be possible to capitalize on pul-
monary hysteresis, evident in many regions of the lung early in the 
course of disease (see Figure 9.1) [30], by carefully adjusting the 
Paw downward as long as the oxygenating effi ciency is preserved. 
Alternatively, after a brief period of aggressive volume recruitment, 
the Paw can be dropped to a point that is known to be above the 
closing pressure, with the expectation that adequate tidal volume 
will be preserved [30]. Adequacy of lung recruitment is verifi ed by 
ensuring that both hemidiaphragms are displaced to the level of 
the ninth posterior rib on chest x-ray [14]. A typical sequence 
of steps for addressing hypercarbia once an appropriate degree of 
lung infl ation as well as patency of the tracheal tube are verifi ed 
would be (1) increasing the ΔP in increments of 3 cm H2O until 
power is maximized, (2) decreasing the frequency in increments of 
0.5–1 Hz, and (3) partially defl ating the tracheal tube cuff, if avail-
able, to allow additional egress of CO2 [31–33]. In the latter case, 
any decrement in Paw should be corrected by increasing the bias 
fl ow as necessary to maintain a stable level of distending pressure 
[32,33].

If employing a strategy targeted at managing active air leak, the 
lung is initially recruited using stepwise increases in Paw to achieve 
FiO2 ≤0.6 and SaO2 ≥90%, and then Paw and ΔP are lowered to a 
point just below the leak pressure, the value at which air is no longer 
seen to drain from the thoracostomy tube. If the leak pressure is 
relatively low, it may be necessary to tolerate an FiO2 in excess of 
0.6 with SaO2 ≥85%, and hypercarbia if necessary, as long as pH 
≥7.25, in order to provide satisfactory gas exchange while minimiz-
ing alveolar pressure [17,34–36]. As demonstrated in a small animal 
model of pneumothorax, higher frequencies and short inspiratory 
times may also minimize air leak during HFOV [36].

High Frequency Oscillatory Ventilation
Initial Starting Recommendations:  Open Lung Strategy 

Mean Airway Pressure (Paw):  5 cm H2O above latest Paw on
conventional ventilator. (Confirm adequacy by chest x-ray 
showing 9-10 posterior ribs of expansion) 

FiO2: 1.0 

ΔP:  Increase Power to achieve adequate chest wall vibration

% Inspiratory Time:  33% 

Bias Flow Rate:  20 LPM (adjust upward if needed to maintain desired Paw)
          30 LPM if using 3100B ventilator

Frequency (Hz):  Infants:  12-15 Hz
          Children:  8-10 Hz
          Adolescents:  5-8 Hz 

To Improve Oxygenation 

Increase Paw (in increments of 1-2 cm H2O) 
to achieve target 
FiO2: 0.6 

To Improve Ventilation 

1. Verify patency of endotracheal tube
2. Increase ΔP in increments of 3 cm H2O
3. When ΔP maximized, decrease the 
frequency in increments of 0.5-1 Hz
4. Partial deflation of endotracheal tube cuff 

**Higher bias flow rates may be needed to 
maintain Paw or to accomplish adequate 
ventilation 

Weaning from HFOV 

•  Oxygenation:  Incremental decreases in FiO2 until 0.4-0.6, followed by incremental (1-2 cm H2O) decreases in Paw 
•  Ventilation:  Incremental (3-5 cm H2O) decreases in ΔP
•  Consider weaning to conventional ventilation when Paw ≤ 20 cm H2O, FiO2 ≤ 0.4, and patient tolerates endotracheal 
     tube suctioning without desaturation

FIGURE 9.3. Transitioning the critically ill child from conventional mechanical ventilatory support to high-frequency oscillatory ventilation.
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High-Frequency Oscillatory Ventilation in the 
Neonate and Infant

Neonatal Respiratory Distress Syndrome

Surfactant defi ciency, high chest wall compliance, and a dynamic 
functional residual capacity (FRC) that is near closing volume in 
the preterm infant interact to potentiate a repetitive cycle of dere-
cruitment and reinfl ation that makes the neonatal lung particularly 
well suited to an open lung strategy of ventilation (Figure 9.4). 
Following laboratory investigations that demonstrated adequate 
gas exchange at lower intrapulmonary pressures and reduced inci-
dence of pulmonary air leak with the use of HFOV in surfactant-
defi cient small animals [37,38], a substantial amount of data have 
accumulated on the use of HFOV in humans for the management 
of the neonatal respiratory distress syndrome (RDS).

The fi rst large randomized, controlled trial with premature 
infants comparing high-frequency ventilation using a piston oscil-
lator with conventional mechanical ventilation was published in 
the pre-surfactant era by the HIFI Study Group in 1989 [39]. The 
study was designed to evaluate the effect of high-frequency ventila-
tion on the incidence of chronic lung disease of prematurity and 
included 673 infants weighing 750–2,000 g who had been supported 
less than 12 hr on conventional ventilation for respiratory failure 
in the fi rst 24 hours of life. Infants randomized to receive HFOV 
were administered an FiO2 and Paw equal to those administered on 
conventional ventilation. Infants who had not already been trache-
ally intubated were administered an FiO2 equal to that received 
before intubation and a Paw of 8–10 cm H2O. Hypoxemia was fi rst 
addressed by increasing the FiO2 and then by increasing the Paw 
[39]. Overall, the investigators did not incorporate alveolar recruit-
ment into the HFOV strategy, and the study was unable to show a 
signifi cant difference in the incidence of chronic lung disease or in 
28-day mortality between the two groups. However, it did show a 

signifi cant increase in the incidence of air leak as well as high-
grade intraventricular hemorrhage among the infants who were 
randomized to receive HFOV [39].

Two additional large multicenter trials were recently published 
in an effort to clarify the role of high-frequency ventilation in the 
management of RDS in preterm infants [40,41]. Unlike the HIFI 
trial and subsequent studies that produced confl icting results 
[42,43], these two trials were produced by centers with a great deal 
of experience with the use of HFOV in neonates, and each empha-
sized alveolar recruitment as part of the strategy for high-frequency 
ventilation. In a well-controlled study, Courtney and colleagues 
used a strategy in the conventional ventilation arm that targeted a 
tidal volume of 5–6 mL per kg body weight and ventilated infants 
in the HFOV arm at a frequency of 10–15 Hz [40]. These investiga-
tors were able to show that infants randomized to receive HFOV 
with the 3100A were successfully separated from mechanical ven-
tilation earlier than those assigned to a lung-sparing strategy of 
conventional ventilation, and, among the infants assigned to high-
frequency ventilation, there was a signifi cant decrease in the need 
for supplemental oxygen at 36 weeks postmenstrual age [40]. By 
defi ning a disease threshold in the study infants, adhering to lung-
protective protocols for mechanical ventilation, and extubating 
from the assigned ventilator according to specifi c criteria, this 
study identifi ed a set of circumstances in which HFOV may be used 
with clear benefi t in preterm infants with RDS [40]. In contrast, 
Johnson and colleagues included healthier patients, used fewer 
defi ned protocols, and used more aggressive ventilator strategies 
[41]. In both study arms, the investigators targeted a PaCO2 of 34–53 
torr, whereas Courtney and colleagues used a ventilation strategy 
that allowed permissive hypercapnia [40]. For those infants who 
were supported on HFOV, Johnson and colleagues initiated therapy 
at a frequency of 10 Hz, and, if maximizing amplitude (ΔP) did not 
achieve adequate clearance of CO2, the frequency was subsequently 
reduced [41]. Finally, Johnson’s group transitioned the majority of 
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FIGURE 9.4. Conventional ventilation versus high-frequency oscillatory ventilation (HFOV) 
in the preterm neonate: representative chest radiographs from preterm infants with the 
respiratory distress syndrome assigned to receive HFOV or conventional ventilation. Each 
picture is taken on day 2 of mechanical ventilatory support. (A) Conventional ventilation. 

(B) High-frequency oscillatory ventilation. (Source: Helbich TH, Popow C, Dobner M, Wun-
derbaldinger P, Zekert M, Herold CJ. New-born infants with severe hyaline membrane 
disease: radiological evaluation during high-frequency oscillatory versus conventional 
ventilation. Eur J Radiol 1998;28:243–249. Copyright 1998 with permission.)
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study infants to conventional ventilation for weaning after a median 
time on HFOV of 3 days, a relatively small portion of the total dura-
tion of mechanical ventilation [41].

It is important to emphasize that neither of these studies was able 
to duplicate the fi ndings of the HIFI group with respect to associating 
the use of HFOV with the development of high-grade intraventricu-
lar hemorrhage. However, the difference in outcomes in the two 
trials is striking. The rigorously controlled conditions in the Court-
ney study probably isolate the effect of HFOV with greater clarity, 
and their data suggest that only 11 infants need be supported with 
HFOV in order to prevent one occurrence of chronic lung disease at 
36 weeks postmenstrual age [40]. Using Johnson’s data, the number 
of infants needed to support on HFOV in order to prevent one occur-
rence of chronic lung disease is 50 [41]. Although the study design 
used by Johnson and colleagues may better represent actual practice, 
the outcomes indicate that exposure to aggressive conventional ven-
tilation protocols may offset the benefi ts of HFOV.

Congenital Diaphragmatic Hernia

Infants with congenital diaphragmatic hernia (CDH) commonly 
demonstrate complex pulmonary pathophysiology that derives 
from alveolar and pulmonary vascular hypoplasia [44]. The discov-
ery that ventilator-induced lung injury is evident on histopathology 
specimens from these patients [45,46] has continued to focus atten-
tion in recent years on applying lung-protective strategies of 
mechanical ventilation to infants with CDH. As a result, numerous 
centers have reported case series of infants with CDH in whom the 
application of high-frequency oscillatory ventilation has been asso-
ciated with an improvement in survival [47–49]. Several retrospec-
tive studies of HFOV in infants with CDH have also reported 
improved survival, with dramatic reductions in PaCO2 and concur-
rent improvements in oxygenation [48,49]. At least one center using 
HFOV without the use of extracorporeal membrane oxygenation 
(ECMO) in infants with CDH has reported an overall survival rate 
comparable to that of infants who were supported with conven-
tional ventilation and ECMO, although no survival benefi t specifi -
cally attributable to the use of HFOV was identifi ed [45]. Nonetheless, 
some of the best survival statistics for CDH are reported in one 
recent single-center historical experience in which these infants 
were managed with conventional ventilation. This report docu-
mented a signifi cant increase in survival from 44% to 69% among 
all infants with this condition during a period in which fl ow-trig-
gered pressure support ventilation with permissive hypercapnia 
was used. Even higher survival rates were noted in those without 
coexisting heart disease [50].

Overall the role of HFOV in the management of infants with CDH 
is unclear. Despite its theoretical advantages in maintaining alveo-
lar recruitment with minimal pressure cost, application of an open 
lung strategy using high-frequency ventilation in infants with CDH 
can lead to problems because aggressive recruitment in the setting 
of alveolar hypoplasia may precipitate acute increases in pulmo-
nary vascular resistance with ensuing hemodynamic instability, air 
leak, or ongoing lung injury. Centers that report success with HFOV 
in the management of infants with CDH have found that it is impor-
tant to limit Paw to ≤20 cm H2O in order to avoid alveolar overdis-
tension [17]. In summary, infants with CDH may suffer excess lung 
injury if aggressively ventilated in an attempt to manipulate pul-
monary vascular resistance, and the use of high-frequency ventila-
tion to achieve specifi c short-term physiologic end-points may not 
offset this risk.

Persistent Pulmonary Hypertension of the Newborn

Several investigators have tested the hypothesis that sustained 
alveolar recruitment using HFOV could enhance the delivery of 
therapeutic gases to patients with respiratory failure. In one large 
multicenter trial, therapy with HFOV was coupled with inhaled 
nitric oxide (iNO) in an effort to identify the relative contribution 
of each therapy to outcomes in patients with persistent pulmonary 
hypertension of the newborn (PPHN). The investigators random-
ized 200 neonates with severe hypoxic respiratory failure and 
PPHN to receive therapy with HFOV alone or conventional ventila-
tion combined with iNO [51]. Crossover as a result of treatment 
failure resulted in combined therapy with HFOV and iNO. The 
study concluded that signifi cant short-term improvements in PaO2 
occurred during combined treatment with HFOV and iNO among 
patients who failed either therapy alone [51]. This combination was 
particularly effective among patients with severe parenchymal 
disease attributable to RDS and meconium aspiration [51]. The 
suggestion that effi cacy of iNO may depend on the adequacy of 
alveolar recruitment is also supported by a retrospective analysis 
of data from children enrolled in a multicenter randomized trial 
of the use of iNO in the treatment of acute hypoxic respiratory 
failure [52].

Air Leak Syndromes

Given the expectation that satisfactory gas exchange occurs at a 
relatively low Paw during HFOV, it is not surprising that this 
therapy has been applied with success in severe air leak syndromes. 
In one early case report, 27 low-birth-weight infants (mean birth 
weight 1.2 kg) who developed pulmonary interstitial emphysema 
on conventional ventilation were transitioned to HFOV. All dem-
onstrated early improvement on HFOV, and survivors demon-
strated sustained improvements in oxygenation and ventilation, 
allowing for lower Paw and FiO2 and ultimate resolution of air leak. 
Overall survival among nonseptic patients was 80% [53].

Bronchiolitis

Despite concerns that ventilation at high frequencies may exacer-
bate dynamic air trapping in diseases of the lower airways, HFOV 
has been used in the management of bronchiolitis caused by respi-
ratory syncytial virus [54,55]. A couple of small case series have 
reported the successful application of HFOV using an open lung 
strategy in young infants with bronchiolitis [54,55]. Applying a 
relatively high Paw in this clinical context derives from the obser-
vation that lower Paw may promote worsening hyperinfl ation by 
creating choke points that impede expiratory fl ow [28]. The inves-
tigators used a frequency of 10–11 Hz and an I : E of 0.33, with initial 
pressure amplitude (ΔP) in the 35–50 cm H2O range. All patients 
survived without development of pneumothoraces attributable to 
HFOV and without need for ECMO [54,55].

High-Frequency Oscillatory Ventilation in the Child

Diffuse Alveolar Disease

Much of the data on the application of HFOV outside of the neonatal 
period comes from case series in which this therapy was applied to 
children with acute severe respiratory failure attributable to diffuse 
alveolar disease and/or air leak syndromes. In the early 1990s, two 
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centers reported the use of HFOV in pediatric patients with these 
conditions who had been managed on conventional ventilation for 
varying periods of time [35,56]. In general, each concluded that 
HFOV may be applied safely as rescue therapy for pediatric patients 
with severe hypoxic lung injury and that its use is associated with 
improvement in physiologic end-points such as PaCO2 and oxygen-
ation index, OI = (Paw × FiO2)/PaO2) × 100. In addition, there were 
no reports of worsening air leak [35,56]. Each of these studies 
applied HFOV after recruiting the lung, but one of them [35] modi-
fi ed the HFOV protocol for patients with active air leak by dropping 
the Paw below the leak pressure following recruitment, raising the 
FiO2 as necessary to maintain adequate oxygenation, and tolerating 
hypercarbia as long as the arterial pH remained above 7.25.

The fi rst and largest multicenter randomized trial evaluating the 
effect of HFOV on respiratory outcomes in pediatric patients is a 
crossover study that enrolled patients with diffuse alveolar disease 
and/or air leak [34]. The investigators randomized 70 patients to 
receive conventional ventilation using a strategy to limit peak 
inspiratory pressure, or HFOV at a frequency of 5–10 Hz, using an 
open lung strategy in which the lung volume at which optimal 
oxygenation occurred was defi ned (SaO2 ≥90% and FiO2 <0.6), and, 
in patients with air leak, airway pressure was then limited while 
accepting preferential increases in FiO2 to achieve saturations of 
≥85% and pH ≥7.25 until it resolved [34]. The study found no dif-
ference in survival or duration of mechanical ventilatory support 
between the two groups, but signifi cantly fewer patients random-
ized to receive HFOV remained dependent on supplemental oxygen 
at 30 days compared with those who were randomized to receive 
conventional ventilation, despite the use of signifi cantly higher Paw 
in the HFOV group [34]. The OI, used often in the pediatric litera-
ture to quantify oxygenation failure, was shown in this study to 
discriminate between survivors and nonsurvivors after 24 hours of 
therapy. In addition, the time at which changes in OI were noted to 
occur infl uenced the likelihood of survival: an OI ≥42 at 24 hr pre-
dicted mortality with an odds ratio of 20.8, sensitivity of 62%, and 
specifi city of 93% [34]. Post hoc analysis revealed that outcome 
benefi ts were not as great for those who crossed over to the HFOV 
arm [34], supporting the suggestion by numerous studies that 
HFOV may be most successful if employed early in the course of 
disease, using a strategy that emphasizes alveolar recruitment 
[9,37,56–58].

Other Conditions

Experience with the use of HFOV for treatment of lower airways 
disease in older pediatric patients is limited. In one interesting case 
report, HFOV was successfully applied to a toddler with status asth-
maticus [59]. The authors achieved optimal CO2 clearance using an 
open lung strategy with Paw 20 cm H2O, low frequency (6 Hz), I : E 
0.33, and relatively high ΔP (65–75 cm H2O in the fi rst 24 hr of 
therapy) without apparent air leak [59]; however, the use of HFOV 
in obstructive lung diseases must be considered thoughtfully.

High-Frequency Oscillatory Ventilation in the 
Adolescent and Adult

In recent years, the 3100B HFOV (SensorMedics, Yorba Linda, CA) 
has become available for use in larger pediatric patients and adult 
patients, addressing initial reports with large animals that ade-
quate alveolar ventilation could not be achieved using the 3100A 

model [60,61]. The 3100B differs from the 3100A model by having 
a higher maximal bias fl ow, which allows for the delivery of higher 
mean airway pressures. The 3100B also has a more powerful elec-
tromagnet, which produces faster acceleration to maximal oscilla-
tory pressure (ΔP) [33].

Early experiences with the use of HFOV on adolescent and adult 
patients with hypoxic respiratory failure are summarized in several 
case series [33,62]. In each, low-frequency (maximum 5–6 Hz) HFOV 
with a strategy of volume recruitment was used as rescue therapy 
for patients with ARDS who were failing conventional ventilation. 
These studies included patients with severe disease, including mean 
values for PaO2/FiO2 in the 60 range at the time of enrollment 
[33,62]. Although neither study was powered to measure signifi cant 
differences in outcomes such as mortality, the majority of patients 
in the two studies demonstrated an improvement in short-term 
physiologic variables such as FiO2, PaO2/FiO2 ratio, and OI [33,62]. 
Nonsurvivors in each of these studies were exposed to signifi cantly 
longer periods of conventional ventilation, suggesting once again 
the importance of instituting HFOV early in the course of disease.

A multicenter, prospective, randomized controlled trial designed 
to evaluate the safety and effectiveness of HFOV compared with 
conventional ventilation in the management of early ARDS (PaO2/
FiO2 ≤200 while on PEEP 10 cm H2O) in adult patients was published 
in 2002 [32]. Treatment strategies for both arms of the study included 
a volume recruitment strategy and were directed at achieving SaO2 
≥88% on FiO2 ≤60%. Patients in the conventional arm were managed 
in the pressure-control mode, targeting a delivered tidal volume of 
6–10 mL/kg actual body weight, without specifi c attention to plateau 
pressures. Patients in the HFOV arm were ventilated at frequencies 
of 3–5 Hz and were transitioned back to conventional ventilation 
when FiO2 ≤0.5 and Paw ≤24 cm H2O with SaO2 ≥88%, and conven-
tional ventilation was reinstituted at an equivalent Paw [32]. With 
regard to short-term physiologic measures, these investigators also 
reported a signifi cantly higher Paw among patients on HFOV and 
signifi cant early increases while on HFOV in PaO2/FiO2 [32]. Post-
study multivariate analysis also revealed that the trend in OI was 
the most signifi cant post-treatment predictor of survival regardless 
of treatment group—survivors showed a signifi cant improvement 
over the fi rst 72 hr of the study period and nonsurvivors did not [32]. 
Although the OI is not a measure traditionally reported in the adult 
literature, it has been reported by others as predictive of mortality 
in adult ARDS [62].

This study was not powered to evaluate differences in mortality 
between the two groups, but there was a clear trend toward increased 
30-day mortality among the patients randomized to receive con-
ventional ventilation versus those who received HFOV (52% vs. 
37%) [32]. At the moment, it is not known if HFOV using low fre-
quencies is as protective as ventilating at a higher frequency range, 
such as what has been used with success in small animals and 
human infants. It is important to understand that laboratory 
experiments using the 3100B HFOV have demonstrated that tidal 
volumes approaching those used in conventional ventilation are 
produced under conditions of low-frequency and high-pressure 
amplitude (ΔP) [63].

Adjuncts: Noninvasive Assessment of Lung Volume

One of the diffi culties facing intensive care clinicians is that evalu-
ation of the adequacy of recruitment after initiating HFOV and in 
response to changes in ventilator settings must be guided by 
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indirect measures such as peripheral oxygen saturations, fractional 
inspired oxygen concentration, blood gas tensions, anteroposterior 
chest radiographs, and a visual assessment of chest wall vibration. 
Global measures of alveolar plateau pressure, tidal volume, and 
pulmonary mechanics that are available from breath to breath 
when using conventional ventilation are not provided on the 
high-frequency ventilator console, and the operator must often use 
intuition when adjusting ventilator settings, risking sudden and 
clinically signifi cant derecruitment or alveolar overdistension. In 
recent years, respiratory impedance plethysmography (RIP) and 
electrical impedance tomography (EIT) have emerged as two 
promising means by which pulmonary mechanics and alveolar 
recruitment can be assessed noninvasively at the bedside during 
HFOV.

Respiratory impedance plethysmography is a monitoring tech-
nique that is capable of quantifying global lung volume by relating 
it to measurable changes in the cross-sectional area of the chest 
wall and the abdominal compartment. In RIP, two elastic bands 
with Tefl on-coated wires embedded in a zigzag distribution along 
their circumference are applied to the patient. One is typically 
placed around the chest, 3 cm above the xiphoid process, and the 
other is typically placed around the abdomen. Each of these two 
bands produces an independent signal, and the sum of the two 
signals is calibrated against a known volume of gas. Use of this 
technique in association with HFOV has been validated in animal 
models [64,65]. In a large animal model of acute lung injury 
managed with HFOV, Brazelton and colleagues have demonstrated 
that RIP-derived lung volumes correlated well with those that were 
obtained using a supersyringe (r2 = 0.78) and that RIP is capable of 
tracking global changes in lung volume and creating a pressure–
volume curve during HFOV [64]. With a newborn animal model, 
Weber and colleagues were able to demonstrate that RIP is capable 
of detecting relative changes in pulmonary compliance that were 
induced by saline lavage [65]. Experience with RIP in human 

subjects is limited to investigations of its application in conven-
tional phasic ventilation. One study with adult patients [66] and 
another with pediatric patients [67] have utilized RIP to quantify 
the relative degree of derecruitment that is associated with closed, 
in-line techniques for endotracheal tube suctioning compared with 
open suctioning techniques. Each study was able to demonstrate a 
potential role for RIP in tracking global changes in lung volume at 
the bedside.

Applying HFOV in a way that harmonizes with what computed 
tomography (CT) has revealed about the heterogeneity of paren-
chymal involvement in ARDS [68] will ultimately depend on 
developing noninvasive bedside technologies that are capable of 
identifying regional changes in lung volume and pulmonary 
mechanics. Computed tomography images of the lung in ARDS 
patients have demonstrated that, during a prolonged inspiratory 
maneuver, alveolar recruitment occurs all the way to total lung 
capacity, according to the specifi c time constants of individual lung 
units (Figure 9.5; see also Figure 9.2) [68,69]. Therefore, ideal 
settings on HFOV would be those that achieve ventilation above the 
lower infl ection point on the regional pressure–volume curves for 
the majority of lung units, while avoiding overdistension in the 
most compliant alveoli. Electrical impedance tomography (EIT) is 
one technology that may be best suited to detecting regional 
heterogeneity at the bedside of the patient with diffuse alveolar 
disease.

In EIT, a series of electrodes is applied circumferentially to the 
patient’s chest. The electrodes sequentially emit a small amount of 
electrical current that is received and processed by the other elec-
trodes in the array. Receiving electrodes determine a local change 
in impedance based on the voltage differential calculated between 
the transmitting electrode and the receiving electrode. Well-aerated 
areas, which conduct current poorly, are associated with high 
impedance, whereas fl uid and solid phases (including atelectatic or 
consolidated lung) would be associated with lower impedance [70]. 

FIGURE 9.5. Heterogeneity of lung parenchymal involvement in acute respiratory distress 
syndrome (ARDS). Anteroposterior chest radiograph and computed tomography (CT) 
scans corresponding to lung apex, hilum, and base from a patient with sepsis and ARDS. 
Images are taken with the patient in the supine position at a positive end-expiratory pres-

sure of 5 cm H2O. The CT scans illustrate the influence of the gravitational axis on the 
pattern of alveolar consolidation in ARDS: nondependent regions are aerated while depen-
dent regions remain consolidated. (From Gattinoni et al. [68]. Copyright 2001 the American 
Thoracic Society. Reprinted with permission.)
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The impedance values that are generated are referenced to a base-
line measurement and represent relative rather than absolute 
changes in electrical properties [69]. This process creates a tomo-
gram that depicts the distribution of tissue electrical properties in 
a cross-sectional image (Figure 9.6), and the thickness of the slice 
of thorax that is represented in the image varies between approxi-
mately 15 and 20 cm, depending on the circumference of the chest 
[69,71]. Of the presently available EIT systems, the Goe MF II (Uni-
versity of Goettingen, Germany; distributed by Viasys, USA) seems 
to have the most favorable signal-to-noise ratio and is also capable 
of dynamic measurements at low lung volumes [69,72]. This system 
scans at a rate of 13–44 scans/sec (Hz), generating up to 44 cross-
sectional images per second [69].

In the laboratory, EIT has been used in conjunction with both 
conventional ventilation and HFOV to describe regional lung char-
acteristics. Investigations using conventional ventilation in large 
animal models of lung injury have validated EIT against supersy-
ringe methods for the determination of regional pressure–volume 
(or pressure–impedance) curves [69,73] and have demonstrated 
good correlation between EIT-derived regional changes in lung 
impedance and CT-derived regional variations in aeration [69,74]. 
Using EIT to track regional lung mechanics in a large animal model 
of acute lung injury managed with HFOV, van Genderingen and 
colleagues were able to demonstrate that regional pressure–volume 
curves constructed using maneuvers on HFOV show less variation 
along the gravitational axis than pressure-volume curves that are 
obtained using a supersyringe method, suggesting that recruitment 
is more uniformly distributed between dependent and nondepen-
dent areas during HFOV [75].

Published experience with EIT in human subjects with acute 
lung injury or ARDS has correlated regional impedance changes 
induced by slow infl ation maneuvers using the DAS-01P EIT system 
(Sheffi eld, UK) with regional lung density measurements obtained 

by CT scanning [76]. Most recently, a group of investigators at 
Children’s Hospital Boston has utilized EIT to detect regional 
changes in lung volume during a standardized suctioning 
maneuver in children with acute lung injury or ARDS who were 
supported on HFOV. These data demonstrate considerable regional 
heterogeneity in volume changes during a derecruitment maneuver 
(Figure 9.7) [77].

It is tempting to expect that EIT will soon facilitate the develop-
ment of strategic HFOV protocols. Theoretically, this technology 
can create opportunities for therapeutic intervention by dynami-
cally tracking the regional differences in alveolar recruitment that 
make portions of the lung highly susceptible to ventilator-induced 
lung injury (VILI). However, there are important limitations to the 
presently available technology. For instance, substantial bias may 
be introduced into the EIT image because of the tendency for elec-
trical current to follow the path of lowest impedance rather than the 
path of shortest distance between the transmitting and receiving 
electrodes [70]. This phenomenon may account in large part for the 
variation between EIT measures of regional lung impedance and CT 
measures of regional lung density [76]. In addition, because EIT 
measures impedance changes that are relative to baseline values, 
changes in baseline regional intrathoracic impedance resulting 
from sources other than alterations in gas volume and distribution 
could lead to errors in the interpretation of EIT-derived data. 
Despite these limitations, several investigators have reported that 
EIT reliably detects regional alterations in pulmonary blood fl ow 
[78] and extravascular lung water [79]. In summary, identifying a 
useful role for EIT as an adjunct to HFOV at the bedside will depend 
on additional technical modifi cations to make it suitable for reliably 
detecting very small regional tidal volumes at high frequency in the 
electrically hostile environment of the intensive care unit.

Weaning

Numerous studies have suggested that limiting exposure to poten-
tially injurious strategies on conventional ventilation may enhance 
outcome benefi ts attributable to HFOV among patients with severe 
lung injury. Large trials in the neonatal and pediatric populations 

FIGURE 9.6. Electrical impedance tomography image of the lung. The orientation is 
the same as for a computed tomographic image. Both lung fields show equal impedance 
change during spontaneous breathing. (Courtesy of G.K. Wolf, MD. Children’s Hospital 
Boston.)
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FIGURE 9.7. Three-dimensional depiction of recruitment after suctioning on high-fre-
quency oscillatory ventilation. The standard deviation of impedance change after recon-
nection to the ventilator is displayed. (From Wolf and Arnold [77]. Copyright 2005. 
Reprinted with permission from Lippincott Williams & Wilkins.)
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have demonstrated favorable outcomes when HFOV is applied early 
in disease, and it seems logical to expect that timing the transition 
back to conventional ventilation may be of substantial importance 
as well.

Weaning a patient from HFOV may be considered when the clini-
cian determines that gas exchange and pulmonary mechanics are 
suitable for transition to acceptable settings on conventional ven-
tilation. Some investigators have reported successfully extubating 
infants directly from HFOV [40,41,57], but this is diffi cult to accom-
plish in the older pediatric and adult patient, who may be less likely 
to tolerate a degree of sedation that would allow spontaneous res-
piration while on HFOV and in whom spontaneous breathing may 
signifi cantly depressurize the circuit, resulting in recurrent alveo-
lar derecruitment. In general, when clinical improvement occurs to 
the point that Paw may be reduced to ≤20 cm H2O, FiO2 is reduced 
to ≤0.4, and the patient tolerates endotracheal suctioning without 
signifi cant desaturation, it is appropriate to undertake a more 
detailed evaluation of the patient’s response to phasic ventilation 
provided by conventional means [17]. This may be done by hand 
ventilating (with the aid of an in-line pneumotachometer, if neces-
sary) while noting the pressures, tidal volume, and inspiratory to 
expiratory time ratio necessary to sustain satisfactory oxygen satu-
ration. It is common to fi nd on transition to conventional ventila-
tion that the patient will demonstrate satisfactory gas exchange on 
a mean airway pressure several cm H2O below the last Paw on 
HFOV.

Conclusion

Despite compelling laboratory data supporting a physiologic ratio-
nale for HFOV in the treatment of diffuse alveolar disease, evidence 
of its superiority to conventional ventilation with regard to clini-
cally important outcomes beyond the neonatal period is scant. The 
diffi culty in proving signifi cant clinical outcome benefi t in pediat-
ric and adult patients may be due in large part to the diverse poten-
tial etiologies of respiratory failure in these populations as well as 
a wide range of approaches to their medical management applied 
over a relatively long period of mechanical ventilatory support. It 
is also possible that low-frequency HFOV as traditionally used for 
larger patients may not be as protective as the higher frequency 
strategies that have been used with success in small animal models 
and human infants.

High-frequency oscillatory ventilation remains a therapeutic 
option in the intensive care unit that is worthy of further study 
because it is a safe and practical way to provide a “low stretch” form 
of ventilation that is less likely to produce VILI [4,6–9]. Applying 
this concept with greater precision in the clinical arena will depend 
on developing bedside technologies capable of both identifying the 
critical opening pressure in a majority of lung units and tracking 
regional changes in lung volume that follow changes in HFOV set-
tings. Electrical impedance tomography is a promising technology 
that may ultimately be incorporated into the design of future trials 
that are powered to evaluate the benefi ts of specifi c HFOV 
protocols.
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dampened by initial unsuccessful attempts by Robillard et al. [9] 
and Chu et al. [10,11] in the 1960s to use aerosolized dipalmitoyl 
phosphatidylcholine (DPPC), the major phospholipid component of 
pulmonary surfactant, to treat HMD in premature infants. This 
lack of success was misunderstood as indicating that HMD was not 
caused by surfactant defi ciency and, consequently, that surfactant 
replacement was not an effi cacious treatment [11]. Fifteen years of 
biophysical, biochemical, and animal research was required to 
reverse this clinical misconception and establish a fi rm scientifi c 
basis for exogenous surfactant therapy (see Notter [12] for detailed 
review). Basic science research made it clear that DPPC alone is not 
active lung surfactant and that the aerosolization techniques used 
by Robillard et al. [9] and Chu et al. [11] were ineffective for alveolar 
delivery. In 1980, Fujiwara et al. [13] reported the fi rst successful 
use of exogenous surfactant therapy in premature infants with 
RDS, although it was another decade before FDA-licensed surfac-
tant drugs were available in the United States. Exogenous surfac-
tant therapy is now a standard of care for the treatment and 
prevention of RDS in premature infants, but the utility of this 
treatment approach in other conditions such as clinical acute lung 
injury (ALI) and acute respiratory distress syndrome (ARDS) is 
less certain and remains the subject of ongoing research as 
detailed later.

Pulmonary Surfactant and Its Functions

Pulmonary surfactant serves two primary functions in the lungs. 
It is fi rst and foremost a surface-active agent that lowers and varies 
surface tension to reduce the work of breathing, stabilizes alveoli 
against collapse and overdistension, and lessens the hydrostatic 
driving force for edema fl uid to transudate into the interstitium 
and alveoli. In addition, specifi c apoprotein components of lung 
surfactant have been found to play an important role in the lung’s 
innate immune response.

Surface Tension and Surfactants

Molecules at the interface between two phases (solid, liquid, or gas) 
are subjected to specialized conditions that generate associated 
forces, which manifest as an interfacial tension. Surface tension is 
the common name given to the interfacial tension at the liquid–gas 
interface. In biologic systems, the most prevalent liquid–gas 
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Overview of Lung Surfactant and Exogenous 
Surfactant Therapy

Pulmonary surfactant is the evolutionary solution to the problem 
of surface tension and air breathing. Without surfactant, each 
breath would require inordinate energy expenditure to expose the 
huge intrapulmonary surface (approximately the size of a badmin-
ton court) to inspired air, and life on land, at least as we know it, 
would be virtually impossible. One of the fi rst insights into the 
existence of surface tension forces in the lungs came from the study 
of von Neergaard in 1929 [1]. Von Neergaard observed that it took 
nearly twice as much pressure to infl ate excised animal lungs with 
air as it did with fl uid. He speculated that because infl ating the 
lungs with an aqueous solution eliminated the air–liquid interface 
in the alveoli, the additional work required to infl ate the lungs with 
air must be incurred in overcoming surface tension forces at that 
interface. Von Neergaard’s work was supported several decades 
later in studies by Gruenwald [2] and Mead et al. [3], which further 
documented the importance of surface tension forces in respira-
tion. Moreover, additional studies indicated that surface tension 
forces were moderated in the normal lungs by the action of surface-
active agents (i.e., surfactants). Work by Pattle [4] in 1955 suggested 
that the stability of bubbles in the foam expressed from the lungs 
was related to surfactants that acted to abolish the tension of the 
alveolar surface. Clements [5], Brown [6], and Pattle [7] subse-
quently confi rmed the existence of surfactants in the lungs by 
further surface tension and biochemical studies.

The crucial physiologic importance of lung surfactant in respira-
tion was shown by the early fi nding that a lack of this material in 
premature infants contributed to the development of hyaline mem-
brane disease (HMD; later called the neonatal respiratory distress 
syndrome or RDS) [7,8]. This fi nding stimulated the interest of 
physicians, spurring further research into the function and com-
position of surfactant. However, clinical interest was signifi cantly 
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interface involves a water-based fl uid layer contacting air, as occurs 
in the alveoli of mammals. In the absence of lung surfactant, 
surface tension at the alveolar interface would be quite high—on 
the order of 50 dynes/cm for tissue fl uid that contains nonspecifi c 
soluble proteins and other endogenous solutes [12]. The surface 
tension of aqueous fl uids is high because water is a strongly polar 
substance with signifi cant intermolecular attractive forces. Liquid 
(water) molecules at the interface have a strong attraction toward 
the bulk of the liquid with no equivalent attractive forces above the 
surface because molecules in the gas (air) are so dilute. These 
unbalanced forces cause the surface to minimize its area, giving 
rise to surface tension (Figure 10.1). In a construct such as a spheri-
cal bubble, surface tension forces necessitate a pressure drop to 
maintain the interface at equilibrium against collapse. As described 
by Laplace in the 18th century for a spherical bubble, this pressure 
drop (ΔP) is directly proportional to the surface tension (γ) and 
inversely proportional to the radius of curvature (R), that is, ΔP = 
2γ/R.

Surfactants are molecules that have an energetic preference for 
the interface. Molecules that are surface active at an air–water 
interface all share the characteristic of being amphipathic, that is, 
possessing both polar and nonpolar regions in their structure. Pul-
monary surfactant is largely composed of phospholipids that are 
molecules with polar phosphate head groups and nonpolar fatty 
chains or tails. This structure gives phospholipids an energetic 
preference for the interface in that they can orient with the polar 
head group in the aqueous hypophase and the nonpolar hydro-
carbon moieties in the air. Lung surfactant also contains proteins 
that have regions of polar and nonpolar structure, and these pro-
teins interdigitate with phospholipid molecules in the interfacial 
fi lm and in bilayers/lamellae in the aqueous phase. A surfactant 
fi lm at an air–water interface acts to lower surface tension because 
the attractive forces between surfactant molecules and water mol-
ecules are less than those of water molecules for each other (if this 

were not true, and the surfactant molecules had a stronger attrac-
tion for water, they would necessarily go into solution rather than 
being at the interface). The presence of a surfactant fi lm thus 
reduces the net unbalanced attractive force between interfacial 
region and bulk liquid molecules, lowering surface tension as a 
function of surfactant concentration. In the lungs, the surfactant 
fi lm at the alveolar interface has powerful consequences for pres-
sure–volume (PV) mechanics and respiratory function.

Effects of Lung Surfactant on Respiratory Physiology

Pulmonary surfactant exists in the alveolar hypophase in a complex 
microstructure of phospholipid-rich aggregates with incorporated 
apoproteins. Surfactant molecules in the hypophase adsorb to the 
air–water interface, which is energetically preferred as described 
above. The resulting surface fi lm is compressed and expanded 
during breathing and lowers and varies surface tension in a dynamic 
fashion. As alveolar size decreases during exhalation, the surfac-
tant fi lm is compressed and surface tension reaches very low values 
(<1 mN/m compared with 70 mN/m for pure water at 37°C). As 
alveolar size increases with inspiration, the surfactant fi lm is 
expanded, and surface tension proportionately increases. This 
dynamic variation of surface tension with area allows alveoli of 
different sizes to coexist stably at fi xed pressure during respiration 
(Figure 10.2). Small alveoli resist collapse at end expiration because 
their surface tension is low, and alveolar infl ation is better distrib-
uted during inhalation because the ratio of surface tension to area 
is more uniform in different-sized alveoli. Moreover, by reducing 
surface tension throughout the lungs, surfactant decreases the 
pressures (work) needed for pulmonary infl ation. There is a 
direct connection between the surface activity of lung surfactant 
and pulmonary PV mechanics. The physiologic consequences of 
surfactant defi ciency or dysfunction are profound, as seen in the 
diffuse atelectasis, uneven infl ation, and severe ventilation/

Liquid

Gas

2

1

FIGURE 10.1. Molecular forces leading to surface tension at a liquid–gas interface. Attrac-
tive forces from nearest neighbors are illustrated for an idealized bulk liquid molecule (1) 
and an interfacial region molecule (2) contacting a gas. Because the gas is much more 
dilute, gas molecules exert a negligible attraction on interfacial molecules compared with 
the liquid. This leads to an unbalanced inward attractive force that causes the surface to 
minimize its area, generating surface tension. (From Notter [12], with permission from 
Taylor & Francis Group.)

Simplified view of lung surfactant action in an alveolus

ΔP = 
2γ
r

Surfactant
film

Air

Hypophase

the surfactant film is compressed
and surface tension is small

the surfactant film is expanded
and surface tension is larger

When alveolar radius is small

Conceptually:

When alveolar radius is large

RESULT:  The ratio of surface tension to radius is more uniform in each alveolus
                 and throughout the lung, stabilizing P-V behavior from Laplace’s law.

FIGURE 10.2. Schematic showing the effects of lung surfactant on pulmonary pressure–
volume (P–V) behavior based on the Laplace equation. The pressure drop (ΔP) necessary 
to maintain alveoli at equilibrium is proportional to surface tension (γ) and inversely pro-
portional to radius (r), i.e., ΔP = 2γ/r (Laplace’s law for a sphere). By lowering and varying 
surface tension as a function of alveolar size (radius), lung surfactant acts to stabilize pul-
monary P-V mechanics as shown schematically. Surfactant also greatly decreases the 
overall work of breathing by a generalized lowering of surface tension throughout the 
alveolar network. See text for discussion.
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perfusion mismatching present in the lungs of preterm infants with 
RDS. The physiologic roles of lung surfactant, and the surface prop-
erties that generate them as described earlier, are summarized in 
Table 10.1.

Biophysically Functional Composition of Lung Surfactant

The surface behavior of lung surfactant results from molecular 
interactions between its lipid and protein components. An overall 
mass composition of lung surfactant is given in Table 10.2. Func-
tional surfactant primarily contains phospholipids and three active 
surfactant proteins (SP), A, B, and C. A fourth apoprotein (SP-D) 
that does not participate in surfactant biophysics but is important 
in host defense (see later) also exists. Phosphatidylcholines (PCs) 
are the major phospholipid class in lung surfactant, including 
DPPC as the most prevalent single component. Dipalmitoyl phos-
phatidylcholine and other disaturated phospholipids form rigid, 
tightly packed surface fi lms capable of reducing surface tension to 
very low values under dynamic compression (<1 mN/m as noted 
earlier). Lung surfactant also contains fl uid unsaturated PCs, plus 
a range of other phospholipid classes with a mix of saturated and 
unsaturated compounds. Fluid phospholipids increase the respread-
ing of lung surfactant fi lms so that material ejected from the inter-
face during compression reenters the fi lm during expansion and 
remains available for subsequent respiratory cycles. Neutral lipids 
in lung surfactant also may help increase fi lm respreading. Surfac-

tant proteins have crucial biophysical actions in facilitating the 
adsorption of phospholipids into the air–water interface, and SP-B 
and SP-C also act within the surface fi lm itself to refi ne its composi-
tion, increase respreading, and optimize surface tension, lowering 
during dynamic cycling.

A summary of the molecular characteristics and activities of the 
four lung surfactant proteins is given in Table 10.3. The two small 
hydrophobic surfactant proteins (SP-B and SP-C) are found in 
approximately equal amounts in endogenous surfactant (totaling 
about 1.5% by weight relative to phospholipid) and are vital to 
surface activity. Surfactant protein B, which is the most active of 
the two in increasing adsorption and overall dynamic surface 
activity [12,14–18], is a particularly important component of 
functional surfactant. The presence or absence of hydrophobic 

TABLE 10.1. Physiologic actions and surface properties of functional lung surfactant.

Physiologic actions of functional surfactant
 Reduces the work of breathing (increases lung compliance)
 Increases alveolar stability against collapse during expiration
 Improves alveolar inflation uniformity
 Reduces the hydrostatic driving force for edema formation
Biophysical (surface) properties of functional surfactant
 Adsorbs rapidly to the air–water interface
 Reaches very low minimum surface tensions during dynamic compression
 Varies surface tension with area during dynamic cycling
 Respreads from surface collapse phases and other film-associated structures during 
  cycling

See text for discussion.
Source: Adapted from Notter [12].

TABLE 10.2. Average mass composition of lung surfactant lipids and proteins.

Phospholipids 85%–90%
 Phosphatidylcholine (PC) 80%
  Saturated PCs 55%–65%
  Unsaturated PCs 45%–35%
 Anionic phospholipids (PG, PI, PS) 15%
 Other phospholipids 5%
Neutral lipids 4%–7%
 Cholesterol, cholesterol esters, glycerides Protein* 6%–8%
 SP-A, SP-B, SP-C

Note: Tabulated values are averages in weight percent for alveolar surfactant obtained by 
bronchoalveolar lavage (BAL). Surfactant in BAL contains aggregates of varying sizes that 
can differ in specific composition (not shown). PC, phosphatidylcholine; PG, phosphatidyl-
glycerol; PI, phosphatidylinositol; PS, phosphatidylserine.
*Only biophysically active proteins are tabulated.
Source: Notter [12], with permission from Taylor & Francis Group.

TABLE 10.3. Molecular characteristics of lung surfactant proteins.

Surfactant 
protein (SP) Selected molecular characteristics and functional activities

SP-A Molecular weight 26–38 kD (monomer), 228 amino acids in humans
 Most abundant surfactant protein, relatively hydrophilic
 Acidic glycoprotein with multiple post-translational isoforms
 C-type lectin and member of the collectin family of host defense 
  proteins
 Forms an active octadecamer (six triplet monomers)
 Aggregates and orders phospholipids (Ca2+ dependent)
 Necessary for tubular myelin formation (along with SP-B, Ca2+)
 Enhances ability of lung surfactant to resist biophysical inhibition
 Helps regulate reuptake/recycling in addition to aiding host defense
SP-B Molecular weight 8.5–9 kD (monomer), 79 amino acids in humans 
  (active peptide)
 Hydrophobic, with 2–3 amphipathic helices plus β-sheet structural 
  regions
 Forms dimers and other oligomers of probable functional significance
 Has 10 positive Arg/Lys and 2 negative Glu/Asp residues at neutral pH
 Interacts biophysically with both head groups and chains of 
  phospholipids
 Necessary for tubular myelin formation (along with SP-A, Ca2+)
 Disrupts and fuses lipid bilayers and promotes lipid insertion/mixing in 
  surface films
 Enhances the adsorption, film spreading, and dynamic surface activity of 
  lipids
 Most active SP in increasing overall adsorption and dynamic surface 
  activity
SP-C Molecular weight 4.2 kD (monomer), 35 amino acids in humans (active 
  peptide)
 Most hydrophobic SP, with only 2 charged Arg/Lys residues
 Contains two palmitoylated cysteine residues in humans
 Can form dimers and other oligomers
 Primarily α-helical in structure, with a length that spans a lipid bilayer
 Interacts biophysically primarily with hydrophobic phospholipid chains
 Disrupts and fuses lipid bilayers
 Enhances the adsorption, film spreading, and dynamic surface activity of 
  lipids
SP-D Molecular weight 39–46 kD (monomer), 355 amino acids in humans
 Has significant structural similarity to SP-A
 Oligomerizes to a dodecamer (four triplet monomers)
 C-type lectin and member of the collectin family of host defense 
  proteins
 Not implicated in lung surfactant biophysics
 Important in host defense and may also participate in surfactant 
  metabolism

Source: Adapted from Notter [12] and Notter et al. [61].
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apoproteins in exogenous lung surfactants is a crucial factor in 
their effi cacy as pharmaceutical agents as described later. Genetic 
defi ciency of SP-B is associated with fatal respiratory distress in 
infancy [19–22], and mutations in SP-C have now been associated 
with diffuse interstitial pneumonitis and the early development of 
emphysema [23].

Surfactant Proteins and Innate Immune Function

Pulmonary surfactant is also important in innate (nonadaptive) 
pulmonary host defense. The epithelial lining of the lungs is criti-
cally positioned to participate in the neutralization and clearance 
of inhaled microorganisms or other particles. Two of the surfactant 
proteins (SP-A and SP-D) are members of a family of proteins called 
collectins that play a vital role in innate host defense [24–27]. Other 
collectins include complement, mannan binding lectin (MBL), and 
conglutinin. Surfactant proteins A and D are synthesized and 
secreted by alveolar type II cells and also by nonciliated bronchio-
lar cells (Clara cells) in the airways [24,25].

As a class, collectins are large multimeric proteins composed of 
an N-terminal cysteine-rich region, a collagen-like region, an α-
helical coiled neck region, and a carbohydrate recognition domain 
(CRD) [24–26]. The basic collectin structure is a trimer of the poly-
peptide chain, but different collectins have different degrees of 
higher order oligomerization [26]. Surfactant protein A forms octa-
decamers (6 trimers), whereas SP-D preferentially accumulates as 
dodecamers (4 trimers). The C-terminal domains of SP-A and SP-D 
are responsible for their lectin (carbohydrate binding) activity, and 
trimeric clusters of the peptide chains are required for high-affi nity 
binding to multivalent ligands. Both proteins bind to the mannose 
or glucose sugars present in most microbial ligands, although SP-A 
preferentially binds to the di-mannose repeating unit in Gram-
positive capsular polysaccharides and SP-D to the glucose-contain-
ing core oligosaccharides of Gram-negative lipopolysaccharide 
(LPS) [24]. Both can also interact with lipids, SP-A with phospho-
lipids and the lipid A domain of Gram-negative LPS and SP-D with 
the lipid and inositol moieties of phosphatidylinositol.

Surfactant proteins A and D can bind, agglutinate, and opsonize 
a variety of pathogens as well as induce chemotaxis, phagocytosis, 
and provoke killing by phagocytic cells. Table 10.4 lists organisms 
bound by SP-A and/or SP-D. Although no specifi c diseases associ-

ated with defi ciencies of these proteins in humans have been 
described, murine knockout models have elucidated their role in 
host defense. Surfactant protein-A–defi cient mice have normal sur-
factant homeostasis and respiratory function but enhanced suscep-
tibility to a number of different bacteria, viruses, and parasites 
[24,28,29]. The phenotype of SP-D–defi cient mice is somewhat con-
fusing in that these animals develop a lipoproteinosis-like disease 
that makes effects on innate immunity diffi cult to separate from 
changes in surfactant function [30]. Nonetheless, SP-D can be 
shown to similarly bind, agglutinate, and opsonize a variety of 
pathogens [24,31,32].

Surfactant Metabolism and Recycling

A good deal of information is now available about the complex 
metabolism of pulmonary surfactant [e.g., 12,33–41]. Lung surfac-
tant is synthesized, packaged, stored, secreted, and recycled in type 
II epithelial cells in the alveolar lining (shown schematically in 
Figure 10.3). The phospholipid components are synthesized in the 
endoplasmic reticulum and transported through the Golgi 
apparatus to the lamellar bodies, whereas surfactant proteins are 
translated in the usual fashion and then undergo extensive post-
translational processing. Surfactant proteins A, B, and C [42–46], 
but not SP-D [47,48], are found in lamellar bodies.

Lamellar bodies are subcellular organelles, and their contents 
are composed of tightly packed membrane-like structures that are 
effectively identical in composition to surfactant obtained from the 
alveolar space. Lamellar bodies make their way to the cell surface 
where their contents are extruded into the alveolar hypophase and 
unwind into a lattice-like construction called tubular myelin 
[49–51] (Figure 10.4). Tubular myelin is a regularly spaced lattice 
of phospholipid bilayers studded with regularly spaced particles 
thought to be SP-A. Surfactant protein B and calcium are also 

TABLE 10.4. Interactions of lung surfactant collectins with bacterial ligands.

 Bacterial ligand Collectin

Gram-negative bacteria
 Pseudomonas aeruginosa Lipopolysaccharide (LPS)? SP-A
  SP-D
 Klebsiella pneumoniae LPS core (cap-phenotype) SP-D
 Capsule (di-mannose) SP-A
 Escherichia coli LPS core SP-D
 Not defined SP-A
 Haemophilus influenzae, type A P2 outer membrane protein SP-A

Gram-positive bacteria
 Group B streptococci Not defined SP-A
 Staphylococcus aureus
  Cowan I strain Not defined SP-A
  Clinical isolate Not defined SP-A
 Streptococcus pneumoniae Not defined SP-A

Source: Crouch and Wright [24]. Copyright 2001 the Channal Reviews.
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FIGURE 10.3. Schematic overview of the pulmonary surfactant system. The specific lipids 
and proteins that make up lung surfactant are synthesized, processed, packaged, stored, 
secreted, and recycled by alveolar type II cells. Surfactant is secreted from lamellar body 
organelles into the alveolar hypophase, where it forms heterogeneous aggregates (phos-
pholipids plus incorporated apoproteins) that include tubular myelin plus other lamellar/
vesicular structures. Surfactant absorbs from these aggregates to form a film at the air–
hypophase interface, which acts to lower and vary surface tension during breathing. Over 
time, “spent” surface-active material in the hypophase is eventually taken up back into the 
type II pneumocyte for recycling. (From Notter [12], with permission from Taylor & Francis 
Group.)
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required for tubular myelin formation [51,52] and are present in its 
lattice structure. In addition to tubular myelin, a variety of other 
size-distributed surfactant aggregate forms (lamellar, vesicular, 
and nonspecifi c) exist in the alveolar hypophase [12]. Lung surfac-
tant adsorbs from tubular myelin and other active aggregates to 
form a complex mixed lipid–protein fi lm at the alveolar 
hypophase–air interface as described earlier.

Lung surfactant has a fi nite life span in the alveoli and then is 
cleared from the alveolar space. As much as 90% of the surfactant 
cleared from the alveolar space is taken up and recycled by type II 
pneumocytes, with the highest uptake percentages found in 
newborn compared with adult or premature animals [12,33,53,54]. 
Alveolar macrophages are responsible for only about 10%–15% of 
surfactant clearance, and a smaller percentage (<5%) is cleared via 
the airways. Studies using labeled surfactant introduced into the 
airways have demonstrated direct uptake by type II pneumocytes, 
repackaging in lamellar bodies, and eventual resecretion [55]. The 
half-life for turnover of human surfactant is variable and has been 
reported to range from 1 to 24 hr in animals [12,33,53]. Surfactant 
protein A has been shown to enhance the uptake of surfactant 
phospholipids into type II pneumocytes [56–58], and SP-B/C may 
also infl uence phospholipid uptake in type II cells [59,60]. The 
uptake of exogenously administered surfactants as substrate is 
thought to be an important factor in the indirect (nonsurface-
active) benefi ts of surfactant therapy, particularly for relatively 
inactive preparations with a high DPPC content such as Exosurf® 
and ALEC® (pharmaceutical surfactants are described in more 
detail later).

Acute Pulmonary Injury

The pathophysiology of acute pulmonary injury (ALI/ARDS) is 
multifactorial and includes infl ammation, surfactant dysfunction, 
vascular dysfunction, edema, oxidant injury, ventilation/perfusion 

mismatching, and injury to alveolar, capillary, and other pulmo-
nary cells. A common aspect of acute pulmonary injury is damage 
to the cells of the alveolar–capillary membrane (type I and type II 
alveolar epithelial cells and capillary endothelial cells) with a loss 
of barrier integrity leading to interstitial and alveolar edema. 
Another common feature is infl ammation. The innate pulmonary 
infl ammatory response is complex, involving the recruitment and 
activation of circulating leukocytes as well as participation by resi-
dent lung cells. A large number of infl ammatory mediators and 
transduction and regulatory pathways are involved in acute pul-
monary infl ammation and injury (for comprehensive reviews on 
lung injury and infl ammation, see Notter et al. [61]).

In infants, although not generally labeled ALI/ARDS, common 
causes of respiratory failure include meconium aspiration, sepsis, 
and pulmonary infection. Although acute respiratory failure in 
preterm neonates is typically initiated by surfactant defi ciency 
(i.e., RDS), secondary lung injury and surfactant dysfunction can 
arise in association with hyperoxia, mechanical ventilation, infec-
tion, edema from patent ductus arteriosus, and other factors. 
In addition to acute respiratory failure, ALI/ARDS can also 
progress to a fi broproliferative phase that leads to chronic lung 
injury with tissue remodeling and the initiation of fi brosis. However, 
surfactant dysfunction is most prominent in the acute phase of 
ALI/ARDS.

Surfactant Dysfunction in Acute Pulmonary Injury

In their original descriptions of ARDS, Ashbaugh, Petty, and col-
leagues [62,63] commented on its similarity to infantile RDS, and 
Petty et al. [64] subsequently reported abnormalities in surfactant 
function. However, respiratory failure in RDS is initiated by a 
quantitative defi ciency in surfactant that leads to progressive atel-
ectasis and overdistension with decreased lung compliance. 
Although an element of surfactant defi ciency can be present in 

FIGURE 10.4. Lung surfactant secreted from a lamellar body and resulting tubular myelin. 
Lamellar body contents are extruded from a type II pneumocyte (left) and subsequently 
“unwind” into tubular myelin in the alveolar hypophase (right). Formation of tubular 

myelin requires phospholipids, SP-A, SP-B, and calcium. Alveolar surfactant also exists in 
a variety of large and small aggregate forms in addition to tubular myelin. (From Williams 
[49], with permission from Rockefeller University Press.)
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ALI/ARDS, surfactant dysfunction (inhibition and/or inactivation) 
as a consequence of infl ammatory injury and edema is generally 
much more prominent. Extensive basic research over the past two 
decades has identifi ed many of the mechanisms contributing to 
surfactant dysfunction in lung injury (detailed reviews of lung sur-
factant inhibition and mechanisms of dysfunction are available 
[12,17,65]). Irrespective of whether the initiating event is direct 
injury from the alveolar side or indirect pulmonary injury from the 
vascular side, surfactant dysfunction may arise by multiple path-
ways that include the following (Table 10.5):

1. Physicochemical interactions with inhibitory or reactive sub-
stances: A prevalent cause of surfactant dysfunction in lung injury 
is through biophysical or chemical interactions with substances 
that gain access to the alveolar space following damage to the alve-
olar–capillary membrane. Albumin, hemoglobin, fi brin, fi brino-
gen, and other blood or serum proteins have been shown in vitro 
to diminish the surface tension lowering of lung surfactant by com-
peting with the adsorption of its active components into the air–
water interface, thus compromising fi lm formation [66,67]. Other 
biophysical inhibitors include cell membrane lipids, lysophospho-
lipids, or fatty acids that mix into the interfacial fi lm itself to impair 
surface tension lowering during dynamic compression [67–72]. 
Additional biophysical inhibitors are listed in Table 10.6, which 
also notes chemically acting inhibitors such as phospholipases or 
proteases that can degrade essential surfactant lipids or proteins to 
impair surface activity [71–73]. Lung surfactant can also be chemi-
cally altered by interactions with reactive oxygen and nitrogen 
species [65]. Fortunately, although surfactant can be inhibited by 
these physicochemical processes, it has been well-documented, at 
least in vitro, that dysfunction can be overcome by increasing the 
concentration of active surfactant even if inhibitors are still present 
[12,65].

2. Altered surfactant aggregates and metabolism: Another 
pathway by which surfactant activity can be reduced during lung 
injury is by depletion or alteration of active large aggregates. As 
noted earlier, surfactant exists in the alveolar hypophase in a size-
distributed microstructure of aggregates, the largest of which typi-
cally have the greatest surface activity and the highest apoprotein 

content [74–81]. The percentage of large aggregates and their 
content of SP-A and SP-B are reduced in bronchoalveolar lavage 
from patients with ARDS [82–84]. Surfactant phospholipid compo-
sition can also be altered in patients with ALI/ARDS [84,85]. Animal 
models of ALI/ARDS show that large surfactant aggregates can be 
depleted or reduced in activity by interactions with inhibitors or 
by changes in surfactant metabolism [77,86–89]. Although large 
aggregates can be detrimentally affected in ALI/ARDS, informa-
tion on total surfactant pools is inconsistent, with both decreased 
[90–92] and unchanged [85,93] amounts reported.

In assessing surfactant dysfunction in ALI/ARDS, it is important 
to realize that the pathology is not static. The contribution of 
surfactant dysfunction to ALI/ARDS is almost certainly dependent 
on the stage of disease, which commences with an exudative 
phase involving alveolar–capillary membrane damage and 
acute infl ammation but may evolve to fi broproliferation and 
fi brosis. The superimposition of iatrogenic factors such as 
ventilator-induced lung injury and hyperoxic injury during inten-
sive care further confounds pathology, as does the multiorgan 
disease that is frequently present in patients with ALI/ARDS. The 
multifaceted pathology of lung injury is an important issue when 
evaluating the potential effi cacy of exogenous surfactant therapy 
in ALI/ARDS.

Surfactant Therapy in Acute Pulmonary Injury

The existence of surfactant dysfunction in ALI/ARDS provides a 
conceptional rationale for the therapeutic use of exogenous surfac-
tant, but the use of surfactant drugs having the greatest surface 
activity and ability to resist inhibition is clearly required. More-
over, to be effective in ALI/ARDS, exogenous surfactant must be 
delivered and distributed to injured alveoli in the necessary 
amounts despite the presence of edema and infl ammation. Similar 
to initial attempts to treat RDS in premature infants, the fi rst large 
controlled trial of surfactant replacement in ARDS using the aero-
solized protein-free synthetic surfactant Exosurf® was an unequiv-
ocal failure [94]. This failure at least partly refl ects similar reasons, 
that is, the use of a surfactant with inadequate activity and an inef-
fective delivery method. However, surfactant therapy in ALI/ARDS 
faces more complex challenges than in the case of neonatal RDS, 
and this therapy remains investigational particularly for adults, as 
detailed next.

TABLE 10.5. Pathways and processes that can contribute to surfactant abnormalities in 
acute inflammatory lung injury.

Lung surfactant dysfunction/inactivation
 Biophysical inactivation by inhibitory substances in edema or present as a result of 
  inflammation
 Chemical degradation by lytic enzymes or by reactive oxygen/nitrogen species
 Depletion or detrimental alteration of active large aggregate surfactant subtypes
Alveolar epithelial cell damage or alteration
 Type I cell injury and death leading to increased permeability of the alveolar epithelial 
  barrier
 Type II cell injury and/or hyperplasia leading to altered surfactant synthesis, secretion,
  recycling
Inflammation and microvascular dysfunction
 Capillary endothelial injury leading to increased microvascular permeability and 
  interstitial or alveolar edema that contains surfactant inhibitors
 Multiple mediators and products produced by leukocytes and lung cells that affect 
  the severity of injury and can directly or indirectly affect alveolar surfactant or type
   II cells

See text for discussion. Surfactant dysfunction and its mechanisms in ALI/ARDS are 
reviewed in detail by Notter [12] and Wang et al. [81].

TABLE 10.6. Endogenous compounds that inhibit lung surfactant activity by physical or 
chemical interactions.

Biophysical inhibitors
 Plasma and blood proteins (e.g., albumin, hemoglobin, fibrinogen, fibrin monomer)
 Cell membrane lipids
 Lysophospholipids
 Fluid free fatty acids
 Glycolipids and sphingolipids
 Meconium
Chemically acting inhibitors
 Lytic enzymes (proteases, phospholipases)
 Reactive oxygen and nitrogen species (ROS, RNS)

Tabulated inhibitors are examples only. See text for discussion.
Source: Adapted from Notter [12], Notter and Wang [17], and Gross [81].
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Pharmaceutical Surfactants

Although the composition of endogenous surfactant is similar 
throughout mammalian species, this is not true of exogenous sur-
factant drugs. The degree of resemblance of pharmaceutical sur-
factants to native surfactant is highly variable and has direct 
consequences for surface and physiologic activity. Pharmaceutical 
surfactants can be divided into three functionally relevant 
groups: (1) organic solvent extracts of lavaged lung surfactant from 
animals, (2) organic solvent extracts of processed animal lung 
tissue with or without additional synthetic additives, and (3) syn-
thetic preparations not containing surfactant material from animal 
lungs (Table 10.7).

Organic solvent extracts of lavaged alveolar surfactant (category 
I) contain all of the hydrophobic lipid and protein components of 
endogenous surfactant, although specifi c compositional details can 
vary depending on preparative methodology. Extracts of minced 
or homogenized lung tissue (category II) necessarily contain some 
nonsurfactant components and require more extensive processing 
that can further alter composition compared with native surfac-
tant. The synthetic surfactants in category III that have been most 
widely studied are Exosurf® and ALEC® (artifi cial lung expanding 
compound). Exosurf is a mixture of DPPC : hexadecanol : tyloxapol 
(1 : 0.11 : 0.075 by weight), and ALEC is a mixture of 7 : 3 DPPC : egg 
phosphatidylglycerol (PG). These two preparations are no longer in 
active clinical use because they have been shown to have inferior 
activity compared with animal-derived surfactants [e.g., 12,95–
100]. Two additional synthetic surfactants, KL4 (Surfaxin®) and 
recombinant SP-C surfactant (Venticute®), are currently undergo-
ing clinical evaluation.

The compositions and activities of the exogenous surfactants 
listed in Table 10.7, and their effi cacy in preventing or treating RDS 
in clinical trials in premature infants, are reviewed in detail by 
Notter [12]. Four exogenous surfactant preparations are currently 
licensed for clinical use in RDS in the United States: Infasurf®, 
Survanta®, Curosurf®, and Exosurf® (the latter is no longer used, 

as noted earlier). Infasurf® is a direct chloroform : methanol extract 
of large aggregate surfactant obtained by bronchoalveolar lavage 
from calf lungs [12,56,101]. Survanta® is made from an extract of 
minced bovine lung tissue to which DPPC, tripalmitin, and pal-
mitic acid are added [12,18]. Curosurf® is prepared from minced 
porcine lung tissue by a combination of washing, chloroform-
methanol extraction, and liquid-gel chromatography [102]. Sur-
faxin®, which is under active consideration for FDA approval, 
contains a 21 amino acid peptide (KL4) that has repeating units of 
one leucine (K) and four lysine (L) residues. This peptide is com-
bined at 3% by weight with a 3 : 1 mixture of DPPC and palmitoyl-
oleoyl phosphatidylglycerol (POPG) plus 15% palmitic acid [12]. 
Venticute® contains synthetic lipids and palmitic acid plus a 34 
amino acid modifi ed human recombinant SP-C that has substitu-
tions of phenylalanine for cysteine at two positions and isoleucine 
for methionine at another [12].

Relative Activity and Inhibition Resistance of Exogenous 
Surfactant Drugs

The relative activities and effi cacies of surfactant drugs are crucial 
for evaluating and optimizing therapy. Differences in effi cacy 
among pharmaceutical surfactants have been demonstrated in 
comparison trials in premature infants and in retrospective meta-
analyses (reviewed by Notter [12]). These differences in surfactant 
activity can be directly linked to differences in composition. The 
fact that natural surfactants from animal lungs (categories I and 
II, Table 10.7) have greater effi cacy than the protein-free synthetic 
surfactants Exosurf® and ALEC® refl ects the diffi culty of substitut-
ing for the highly active hydrophobic lung surfactant proteins SP-
B/C in synthetic surfactants. The surface and physiologic activities 
of Exosurf® are signifi cantly increased by the addition of purifi ed 
bovine SP-B/SP-C, demonstrating that its synthetic components do 
not adequately replace these active apoproteins [95]. Animal-
derived clinical surfactants also differ markedly in their surface 
activity and ability to resist inhibitor-induced dysfunction based 
on their compositions.

Biophysical research demonstrates that the surface activity, inhi-
bition resistance, and physiologic effects of extracts of lavaged 
animal surfactant (category I surfactant drugs, Table 10.7) are 
greater than those of other clinical surfactants (Figures 10.5 to 10.7) 
[e.g., 18,95,96]. It has also been shown that differences in apoprotein 
content can help explain some of these differences in activity 
[14,16,18,95,103,104]. For example, the activity and inhibition resis-
tance of Infasurf® are substantially greater than those of Survanta® 
in basic biophysical and animal research [18,95,96,103] (see Figures 
10.5 to 10.7), and these differences correlate directly with the content 
of SP-B in the two preparations [18,103,105]. Survanta® contains 
only 0.044% SP-B by weight relative to phospholipid because of 
losses during processing of lung tissue [18]. In contrast, Infasurf® 
has a specifi c SP-B content of 0.9% by weight (and a total hydropho-
bic protein content of 1.7% by weight) equivalent to lavaged calf 
lung surfactant [18]. As described earlier, SP-B is the most active 
of the hydrophobic surfactant proteins in enhancing the adsorp-
tion and overall dynamic surface activities of phospholipids 
[14–16,18,106,107]. The addition of SP-B or synthetic SP-B peptides 
to Survanta® signifi cantly improves its activity toward that 
of natural surfactant [18,103,104] (e.g., Figure 10.7), indicating 
that the lack of SP-B in this exogenous surfactant is functionally 
important. Even without SP-B, however, Survanta® still has 

TABLE 10.7. Clinical exogenous surfactant drugs used to treat lung diseases involving 
surfactant deficiency/dysfunction.

 I. Organic solvent extracts of lavaged animal lung surfactant
  Infasurf® (CLSE)
  bLES®
  Alveofact®

 II.  Supplemented or unsupplemented organic solvent extracts of processed 
animal lung tissue

  Survanta®
  Surfactant-TA®
  Curosurf®

 III. Synthetic exogenous lung surfactants
  Exosurf®
  ALEC®
  Surfaxin® (KL4)
  Venticute® (recombinant SP-C surfactant)

Note: Infasurf® (ONY, Inc., and Forest Laboratories), Survanta® (Abbott/Ross Laborato-
ries), and Curosurf® (Chesi Farmaceutici and Dey Laboratories) are currently FDA approved 
in the United States, and Surfaxin® (KL4) is under clinical evaluation. Exosurf® (Glaxo-
Wellcome) is also FDA approved but is no longer used. Details on the compositions, activi-
ties, and efficacies of these exogenous surfactants in neonatal RDS are reviewed by Notter 
[12], and their use in ALI/ARDS is discussed in the text.
Source: Adapted from Notter [12] and Enhorning et al. [72].
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signifi cantly better activity than protein-free surfactants like 
Exosurf® because of its content of SP-C and other ingredients [12].

Animal Studies of Surfactant Therapy

Animal models of ALI/ARDS in which exogenous surfactant 
therapy has been shown to improve respiratory function or mech-
anics include acid aspiration [108–110], meconium aspiration [111–
114], anti-lung serum [115], bacterial or endotoxin injury [116–121], 
vagotomy [122], hyperoxia [123–27], in vivo lavage [104,128–132], 
N-nitroso-N-methylurethane (NNNMU) injury [133–135], and 
viral pneumonia [136,137]. In addition to demonstrating that sur-
factant therapy has potential benefi t in ALI/ARDS, animal studies 
are also important in comparing surfactant activity under repro-
ducible conditions, as well as in examining other variables of inter-
est for clinical therapy. These variables include the method of 
surfactant delivery (instillation versus aerosolization), the timing 
of administration, the effects of different modes of ventilation, the 
effects of dose, and so on. For example, animal studies indicate that 
direct airway instillation is more effective than current aerosol 
techniques in delivering exogenous surfactant to the alveoli and 
that early therapy is preferable to later therapy in terms of distrib-
uting surfactant to injured lungs (reviewed by Notter [12]). However, 
despite their utility for assessing the acute effects of exogenous 
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surfactants and comparing preparations and delivery methods, 
animal models offer limited insight into longer term morbidity or 
mortality. For this, one must ultimately turn to human studies.

Human Studies of Surfactant Replacement Therapy

Multiple clinical studies have reported benefi ts following the instil-
lation of exogenous surfactants to term infants, children, or adults 
with ALI/ARDS or related acute respiratory failure [138–154] (Table 
10.8). However, many of these are small case series or pilot studies 
and found improvements in only acute lung function (oxygen-
ation). Controlled trials of surfactant therapy in patients with ALI/
ARDS have met with mixed success, particularly in studies with 
adults [94,155]. The clinical experiences with exogenous surfactant 
therapy in term infants, children and adults are summarized 
next.

The best-studied application of surfactant therapy in term infants 
with acute pulmonary injury is in meconium aspiration syndrome 
[148–152]. Meconium obstructs and injures the lungs when aspi-
rated and is known to cause surfactant dysfunction [156,157]. Auten 
et al. [148], Khammash et al. [151], and Findlay et al. [152] have all 
reported signifi cant improvement from surfactant administration 
in infants with meconium aspiration. The randomized study of 
Findlay et al. [152] found reductions in the incidence of pneumo-
thorax, duration of mechanical ventilation and oxygen therapy, 
time of hospitalization, and requirements for extracorporeal mem-
brane oxygenation (ECMO) in 20 term infants treated with 
Survanta® compared with controls. Lotze et al. [149,150] also 
reported favorable results using Survanta® in a controlled trial in 
term infants referred for ECMO because of severe respiratory 
failure (meconium aspiration was a prevalent diagnosis in both 
studies). Twenty-eight infants treated with four doses of Survanta® 
(150 mg/kg) had improved pulmonary mechanics, decreased dura-
tion of ECMO treatment, and a lower incidence of complications 
after ECMO than control infants [149]. A subsequent multicenter 
controlled trial with 328 term infants also reported signifi cant 
improvements in respiratory status and the need for ECMO follow-
ing surfactant treatment [150]. Exogenous surfactant is now used 
in many institutions to treat respiratory failure in term infants with 
meconium aspiration or pneumonia, although fewer controlled 

studies are available for the latter condition. Surfactant therapy has 
also been studied in infants with congenital diaphragmatic hernia, 
but its use remains somewhat controversial in this context 
[158,159].

Studies of surfactant in children and adults with ALI/ARDS have 
followed the general pattern of initial positive case reports or series 
followed by more equivocal results in randomized prospective 
studies. The fi rst large prospective, controlled study of surfactant 
therapy for adults with ARDS was defi nitively negative. Anzueto et 
al [94] administered nebulized Exosurf® versus placebo to 725 
adults with ARDS secondary to sepsis and found no improvement 
in any measure of oxygenation and no effect on morbidity or mor-
tality. As described earlier, Exosurf® is no longer used clinically in 
the United States because of its lower activity compared with 
animal-derived surfactants, and aerosolization is currently not as 
effective as airway instillation in delivering surfactant. Gregory et 
al. [155] reported small benefi ts in oxygenation in a controlled trial 
in adults with ARDS who received four 100 mg/kg doses of Sur-
vanta® but with no overall advantage in survival in the 43 surfac-
tant-treated patients studied. A recent study by Spragg et al. [160] 
using recombinant SP-C surfactant (Venticute®) in adults with 
ARDS showed immediate improvements in oxygenation but no 
longer term improvement in duration of mechanical ventilation, 
lengths of stay, or mortality. Post hoc analysis did suggest, however, 
that the response in the subgroup of patients with ARDS caused by 
direct lung injury was quite positive, and a follow-up prospective 
study with this group of patients is currently underway.

Controlled studies of surfactant therapy in children with ALI/
ARDS have been more encouraging. A randomized but unblinded 
trial by Willson et al. [143] in 42 children at eight centers with 
ALI/ARDS showed that those receiving Infasurf® (70 mg/kg) had 
immediate improvement in oxygenation and fewer ventilator days 
and days in intensive care. This trial followed an initial open-label 
trial by the same group demonstrating improved oxygenation in 29 
children (0.1–16 years) treated with instilled Infasurf® [142]. 
Luchetti et al. [153,154] have reported two small controlled studies 
showing that treatment with porcine surfactant (Curosurf®, 50 mg/
kg) led to improved gas exchange as well as reduced time on 
mechanical ventilation and in intensive care for infants with bron-
chiolitis. A study by Moller et al. [161] found that children with 

TABLE 10.8. Clinical studies reporting benefits of exogenous surfactant therapy in acute respiratory failure (ALI/ARDS).

Study Patients (N) Disease or syndrome Surfactant Outcomes

Gunther et al. [138] Adult (27) ARDS Alveofact Improved surfactant function
Walmrath et al. [139] Adult (10) ARDS from sepsis Alveofact Improved oxygenation
Spragg et al. [140] Adult (6) ARDS from multiple causes Curosurf Improved oxygenation a and biophysical function
Wiswell et al. [141] Adults (12) ARDS from multiple causes Surfaxin Improved oxygenation
Willson et al. [142,143] Children (29, 42) ARDS from multiple causes Infasurf Improved oxygenation
Willson et al. [144] Children (152) ARDS from multiple causes Infasurf Improved survival, and improved ventilation
Lopez-Herce et al. [145] Children (20) ARDS + postop cardiac Curosurf Improved oxygenation
Hermon et al. [146] Children (19) ARDS + postop cardiac Curosurf or Alveofact Improved oxygenation
Herting et al. [147] Children (8) Pneumonia Curosurf Improved oxygenation
Auten et al. [148] Infants (14) Meconium aspiration or pneumonia Infasurf (CLSE) Improved oxygenation
Lotze et al. [149,150] Infants (28, 328) ECMO, multiple indications Survanta Improved oxygenation, decreased ECMO
Khammash et al. [151] Infants (20) Meconium aspiration bLES Improved oxygenation in 75% of patients
Findlay et al. [152] Infants (40) Meconium aspiration Survanta Improved oxygenation, decreased pneumothorax and mechanical 
     ventilation
Luchetti et al. [153,154] Infants (20, 40) RSV bronchiolitis Curosurf Improved oxygenation

Note: Tabulated clinical studies include both controlled and noncontrolled trials as discussed in the text. ARDS, acute respiratory distress syndrome; ECMO, extracorporeal membrane 
oxygenation; RSV, respiratory syncytial virus.



118 D.F. Willson et al.

ARDS showed immediate improvement in oxygenation and had 
less need for rescue therapy following treatment with Survanta®, 
but it was underpowered for more defi nitive outcomes. Most 
recently, a blinded controlled study by Willson et al. [144] yielded 
very positive results in pediatric patients with ALI/ARDS, showing 
both immediate benefi ts with regard to oxygenation as well as a 
signifi cant survival advantage for patients receiving calfactant 
(Infasurf®) relative to placebo (Table 10.9). None of the above 
studies showed any signifi cant adverse long-term effects from sur-
factant administration, although transient hypoxia and some 
hemodynamic instability surrounding instillation appear common. 
Transmission of infectious agents and allergic reactions have not 
been reported with any of the surfactants currently licensed in the 
United States.

The Future of Surfactant Therapy and Related 
Combination Therapies

As described in preceding sections, surfactant replacement therapy 
is standard in the prevention and treatment of RDS in premature 
infants, and there is basic science and clinical evidence supporting 
its use in some forms of lung injury–associated respiratory failure. 
Clinical evidence of the effi cacy of surfactant therapy for term 
infants with meconium aspiration is suffi ciently strong that this 
approach is now frequently used in neonatal intensive care units 
(and is also being applied to other forms of neonatal respiratory 
failure, such as pneumonia). Controlled trials of surfactant therapy 
for children with ALI/ARDS also suggest signifi cant benefi ts, with 
survival advantages shown in a recent trial [144]. It can be argued 
that evidence of surfactant dysfunction in ALI/ARDS, along with 
favorable results for surfactant treatment in animal models and 
evidence for effi cacy in humans without signifi cant adverse effects, 

makes a strong rationale for considering surfactant therapy for any 
pediatric patient with pulmonary injury and ALI/ARDS. From this 
perspective, the major downside of the therapy is its considerable 
expense. However, it would be ideal if additional questions about 
the therapy were addressed in research before its indiscriminate 
adoption.

As emphasized in this chapter, some exogenous surfactants are 
more active and have better inhibition resistance than others, and 
this, along with effective delivery, will impact the success of sur-
factant therapy for ALI/ARDS. It is also likely that surfactant 
therapy is more applicable for some types of pulmonary injury than 
others. It is important to note that post hoc analyses in the studies 
of both Spragg et al. [160] and Willson et al. [144] suggested greater 
effi cacy in direct lung injury (e.g., pneumonia, aspiration) as 
opposed to indirect lung injury (e.g., sepsis, systemic infl ammatory 
response syndrome). It would obviously be helpful to focus surfac-
tant therapy on the types of lung injury where it has maximal 
benefi t. Also, neonatal data suggest that early surfactant adminis-
tration generates improved responses compared with delayed 
administration [e.g., 162], possibly as a result of better intrapulmo-
nary drug distribution coupled with minimized ventilator-induced 
lung injury. Intuitively, similar advantages might accompany early 
surfactant administration in patients with ALI/ARDS.

Finally, a major issue with regard to surfactant therapy in ALI/
ARDS involves its potential use in combination with agents or 
interventions that target additional aspects of the complex patho-
physiology of acute pulmonary injury. This kind of combination 
therapy approach may be particularly important for adults with 
ALI/ARDS, whose responses to exogenous surfactant have so far 
been disappointing. The use of multiple therapeutic agents or inter-
ventions based on specifi c rationales for potential synergy has the 
potential to signifi cantly enhance patient outcomes in complex 
disease processes such as those involving infl ammatory lung injury. 
The potential use of exogenous surfactant therapy in the context of 
specifi c combined-modality interventions is described in detail 
elsewhere [163,164]. Examples of agents that might be synergistic 
with exogenous surfactant in ALI/ARDS include antiinfl ammatory 
antibodies or receptor antagonists, antioxidants, and vasoactive 
drugs such as inhaled nitric oxide (iNO). In addition, specifi c ven-
tilator modalities or ventilation strategies that reduce iatrogenic 
lung injury may be equally important to consider in conjunction 
with surfactant therapy. Given the known importance of surfactant 
dysfunction in infl ammatory lung injury, it is likely that ongoing 
research will continue to identify specifi c populations of patients 
with ALI/ARDS or related acute respiratory failure who can benefi t 
from exogenous surfactant therapy, with or without complemen-
tary agents or interventions.
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oxidation of L-arginine to L-citrulline [6]. A mitochondrial NOS 
has been identifi ed, although it is still unclear if this is a distinct 
isoform or, more likely, a post-translational modifi cation of NOS I 
[7,8]. The structure of NOS is complex, containing a reductase 
domain and oxygenase domain separated by a calmodulin-binding 
motif [9]. The COOH-terminal reductase domain contains binding 
sites for nicotine adenine dinucleotide phosphate (NADPH), which 
serves as the source of electrons, as well as fl avin mononucleotide 
(FMN) and fl avin adenine dinucleotide (FAD), which transfer elec-
trons to the oxygenase domain [10]. The NH2-terminal oxygenase 
domain contains a cytochrome P450–like heme site and binding 
site for the essential cofactor tetrahydrobiopterin (BH4). Binding of 
Ca2+/calmodulin enables the fl ow of electrons from the reductase 
to the oxygenase domain with the resultant oxidation of L-arginine 
to L-citrulline and release of NO. Nitric oxide synthases I and III 
contain a region that destabilizes calmodulin-binding and inhibits 
electron transfer from FMN at low Ca2+ levels and accounts for the 
Ca2+ dependence of these NOS isoforms. In contrast, NOS II is less 
responsive to changes in intracellular Ca2+ because of tight calmod-
ulin binding.

Although originally described as constitutive (NOSs 1 and III) 
or inducible (NOS II) and attributed to specifi c cell types, it is 
now recognized that constitutive production of NO may be 
further induced, NOS II may release NO constitutively, and iso-
forms are not confi ned to specifi c organs or cell types. The regula-
tion of NOS expression and activity is essential for normal cellular 
functioning under physiologic conditions and alterations in NOS 
contribute to disease states. In the lung, for example, each isoform 
is present in multiple cell types. In the perinatal lung, NOS expres-
sion increases to prepare the high resistance fetal pulmonary cir-
culation to release NO at birth to facilitate the transition to the low 
resistance adult pulmonary circulation. Decreased NOS activity 
and NO production can lead to persistent pulmonary hypertension 
of the newborn. Conversely, in septic shock, increased production 
of NO by NOS II leads to nitrosative stress and systemic 
hypotension.

The expression and activity of the NOS isoforms are regulated at 
the level of transcription and translation and through post-
translational modifi cations and protein–protein interactions. A 
detailed review of the regulation of the NOS isoforms is beyond the 
scope of this chapter, but the reader is referred to recent reviews 
[9–11]. A variety of stimuli can increase NOS transcription, includ-
ing cytokines, estrogen, growth factors, oxidative stress, and 
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Introduction

The discovery that nitric oxide (NO) is produced in living systems 
and participates in diverse biologic processes generated tremen-
dous excitement in the scientifi c community and stimulated exten-
sive research on NO biology. These investigations continue to 
provide new insight into the pathophysiology of numerous disease 
processes and open new opportunities for therapeutic interven-
tions. To understand the rationale and limitations of inhaled NO 
and other therapies that modulate NO bioactivity in neonatal and 
pediatric lung diseases, it is useful to highlight the production, 
chemistry, and biologic functions of NO in the lung.

Nitric oxide (NO) and other higher nitrogen oxides were fi rst 
identifi ed as atmospheric pollutants long before it was recognized 
that NO could be produced endogenously. A pivotal study by Furch-
gott and Zawadzki in 1980 demonstrated that aortic endothelial 
cells released a factor responsible for vasorelaxation by acetylcho-
line [1]. Subsequently, two research groups lead by Ignarro and 
Moncada simultaneously determined that the endothelium-derived 
relaxing factor was NO, an extraordinary discovery leading to the 
Nobel Prize in Medicine [2,3]. In the diverse fi elds of immunology 
and neurobiology, researchers also found inducible release of NO 
by macrophages during infl ammation and constitutive production 
of NO by neuronal cells [4,5]. Parallel studies in neurons, macro-
phages, and endothelial cells lead to the identifi cation of three dis-
tinct isoforms of the enzyme nitric oxide synthase (NOS) that are 
responsible for the production of NO.

Nitric Oxide Synthase: Structure and Regulation

The three NOS isoforms, NOS I (nNOS), NOS II (iNOS), and NOS 
III (eNOS), which share more than 50% amino acid sequence 
homology, release NO during the oxygen-dependent fi ve-electron 
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glucocorticoids. These stimuli mediate their effects by increasing 
a variety of transcription factors that can bind to specifi c consensus 
sequences within the promoter region of the NOS genes. The three 
NOS genes contain binding sites for many transcription factors, 
including nuclear factor-κB (NFκB), activating proteins 1 and 2 
(AP-1 and AP-2), a shear stress response element, and cAMP 
response element binding protein (CREB). In addition, regulation 
of mRNA stability has also been shown to modulate translation of 
the NOS isoforms.

Nitric oxide synthase protein activity is regulated by many 
factors, including substrate availability, dimerization, and post-
translational modifi cations such as myristoylation, palmitoylation, 
phosphorylation, and nitrosylation. In vitro, conditions that limit 
substrate availability, including L-arginine or BH4 defi ciency, or 
compounds that uncouple the two enzymatic domains, such as the 
heat shock protein 90 (HSP-90) inhibitor geldanamycin, promote 
NADPH oxidation without NO formation, leading to release of 
superoxide anion [12]. This is very interesting given that super-
oxide can, in turn, inactivate NO bioactivity. The in vivo conditions 
that determine whether NOS will produce NO or superoxide are not 
well understood at this time. In both plasma and cells, naturally 
occurring L-arginine inhibitors including dimethyl arginine 
(ADMA) are present that decrease NO release and may contribute 
to NOS-dependent production of superoxide [13]. Myristoylation 
and palmitoylation of NOS III targets the protein to the membrane 
calveolae, whereas phosphorylation and nitrosylation regulate NOS 
III activity [12]. Post-translational modifi cations and inactivation 
of NOS III by NO contributes to the rebound pulmonary hyperten-
sive effects that can be observed when inhaled NO therapy is 
discontinued.

One additional important property of NOS, which infl uences its 
localization, activity, and function, is its ability to form numerous 
protein–protein interactions [14]. Nitric oxide synthase can bind to 
activators such as calmodulin, the chaperone protein, HSP-90, as 
well as isoform-specifi c inhibitors to regulate enzyme activity. 
Nitric oxide synthase can also bind to scaffolding proteins such as 
the calveolin proteins to direct its subcellular localization. Nitric 
oxide synthase also interacts with G protein–coupled receptors, 
transporters, kinases, and GTPases, which infl uences both activity 
and function. Binding of NOS III to the arginine transporter (cat-
ionic amino acid transporter-1) may serve to transport L-arginine 
directly to NOS to facilitate NO production. Bradykinin triggers 
NOS III phosphorylation via the kinase Akt, which increases NOS 
activity. Interestingly, NOS III binds to both the bradykinin G 
protein–coupled receptor and Akt.

A unique feature of NOS I is its PDZ domain, which determines 
a number of specifi c protein interactions [10]. For example, the PDZ 
domain enables NOS I to bind to scaffolding proteins in skeletal 
muscle and directs it to the sarcolemma to infl uence blood fl ow in 
contracting muscle. In the brain, the PDZ domain associates NOS 
I to the N-methyl-D-aspartate (NMDA) receptor and links gluta-
mate-stimulated Ca2+ infl ux with NO release. The extensive research 
on NOS structure, regulation, and protein–protein interactions 
provide further insight into the diverse signaling pathways by NO. 
It is important to note that NO production does not depend entirely 
on the activities of constitutive and inducible NOS. Other sources 
of NO include exogenous nitrogen oxides (NOx), such as nitrite 
(NO2

−) from food or bacterial fl ora, or stores of endogenous NO 
bound to transitional metals or existing as low-mass S-nitrosothi-
ols (SNOs).

Nitric Oxide: Reactions and Targets

Nitric oxide is a free radical that exists in the aqueous environment 
as a number of NO-related molecules, such as multiple NOx species 
including peroxynitrite (OONO−), metal–NO complexes, and SNOs. 
In the gaseous state, NO reacts rapidly with oxygen to form the 
toxic species nitrogen dioxide, which is an important consideration 
when delivering NO as an inhaled gas. The reactions of NO are part 
of a broad redox-based signaling system that mediates diverse 
physiologic processes. In the vasculature, NO not only functions as 
a vasodilator but also has antiproliferative, antiinfl ammatory, anti-
atherogenic, and metabolic effects.

Early studies demonstrated that NO can mediate its biologic 
effects through cGMP-dependent signaling pathways. Nitric oxide 
binds to the heme in guanylate cyclase to increase cGMP and relax 
vascular smooth muscle. One important cGMP-dependent mecha-
nism to regulate vascular tone is through the inactivation of the 
Rho A/Rho kinase pathway by protein kinase G to activate myosin 
light chain phosphatase, decrease phosphorylation of myosin light 
chain, and produce vasorelaxation [15]. Nitric oxide can also be 
released following activation of specifi c subtypes of the serotonin 
and endothelin G protein receptors to mediate cGMP-dependent 
vasodilation.

Nitric oxide can also transduce cellular signals through cGMP-
independent mechanisms. One pathway is through peroxynitrite 
(OONO−), which is formed by rapid reaction of superoxide with NO 
and has been characterized as a highly reactive nitrating species 
[16]. Peroxynitrite can inactivate proteins, and its footprint, nitro-
tyrosine, is detectable in multiple animal models and in human 
tissues in diseases associated with nitrosative stress, including 
acute respiratory distress syndrome (ARDS).

Another important cGMP-independent pathway for NO to 
mediate its biologic effects is via S-nitrosylation. The reaction of 
NO with thiols, or S-nitrosylation, is now recognized as an impor-
tant post-translational modifi cation that can regulate the function 
of numerous enzymes, transcription factors, ion channels, and 
receptors [17–20]. S-nitrosothiols, including S-nitrosoglutathione 
and S-nitrosoalbumin, form a stable reservoir of NO that can par-
ticipate in transfer of NO to other protein thiols through transni-
trosylation. One novel role for SNO in the circulation is the 
contribution of SNO-hemoglobin (Hg) in hypoxic vasodilation. 
SNO-Hg forms in the high oxygen environment of the lung micro-
vasculature. When the blood reaches the peripheral tissues, the low 
oxygen tension induces a conformational change in Hg to enable 
the release of NO to promote vasodilation and facilitate oxygen 
delivery [21,22] . S-nitrosothiol levels are decreased in a number of 
disease states, including asthma, cystic fi brosis, and hypoxic lung 
diseases [23,24]. A role overall for an imbalance in reactive oxygen 
and nitrogen species has important implications for disease pro-
cesses encountered in the pediatric intensive care unit.

In the intensive care setting, excessive NO production may 
augment hypotension and cellular injury in septic shock and sys-
temic infl ammatory conditions, whereas endothelial dysfunction 
and loss of endothelium-derived vascular NO may contribute to 
pulmonary hypertension. This chapter reviews the current thera-
peutic tools, including inhaled NO, pharmacologic NO donors, and 
phosphodiesterase inhibitors (to protect the downstream mediator 
cGMP), that are utilized to augment NO-mediated pulmonary 
vasodilation and improve right ventricular function and ventila-
tion/perfusion matching.
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Exogenous Nitric Oxide

Nitric oxide exists not only as an endogenous molecule but also as 
a gas that can be inhaled. The ability to deliver NO as an inhaled 
gas directly to ventilated regions of the lung makes NO a unique 
and selective pulmonary vasodilator [25,26]. When inhaled, NO 
diffuses from the ventilated areas of the lung, across the alveolar 
capillary membrane, to the smooth muscle cells of the adjacent 
pulmonary vessels. Once in the vascular smooth muscle cell, NO 
selectively binds to soluble guanylate cyclase to activate cyclic 
GMP, resulting in pulmonary vasodilation. The NO that diffuses 
into the blood stream is rapidly bound to hemoglobin and inacti-
vated. The rapid inactivation of NO by hemoglobin limits its effects 
to the lung and avoids dilating systemic blood vessels. This distin-
guishes NO from systemic (intravenous) vasodilators that can 
result in systemic hypotension because these agents nonselectively 
dilate both the systemic and the pulmonary vasculatures. The sys-
temic administration of vasodilators can also increase pulmonary 
shunt and worsen oxygenation by dilating both ventilated and non-
ventilated lung units. Inhaled NO has been used in a variety of 
diseases to improve oxygenation and lower pulmonary vascular 
resistance [27].

Clinical Applications of Inhaled Nitric Oxide

Persistent Pulmonary Hypertension of the Newborn

The onset of ventilation during the normal transition at birth 
results in a decrease in pulmonary vascular resistance and an 
increase in pulmonary blood fl ow, and the failure to make this 
transition results in persistent pulmonary hypertension of the 
newborn (PPHN). A variety of insults may result in PPHN, but 
common to each is the presence of extrapulmonary right-to-left 
shunting of blood across a patent ductus arteriosus or foramen 
ovale because of high pulmonary vascular resistance, leading to 
hypoxemia and a high morbidity and mortality. Low-dose inhaled 
NO was shown to cause pulmonary vasodilation and increase pul-
monary blood fl ow in near-term fetal lambs during perinatal tran-
sition [28,29]. Roberts et al. demonstrated that 30 min of inhalation 
of 80 ppm NO improved oxygenation in infants with PPHN [29]. At 
the same time, Kinsella et al. demonstrated improved oxygenation 
in infants with severe PPHN treated with lower doses (6–20 ppm) 
of inhaled NO and that continuous inhalation of NO caused a 
sustained improvement in oxygenation [28]. These early studies 
showed that treatment with inhaled NO resulted in improved oxy-
genation in neonates with PPHN, but that oxygenation rapidly 
decreased after discontinuing NO, and that additional therapies 
were then needed.

Pilot studies of continuous inhalation of NO in neonates with 
echocardiographic evidence of high pulmonary vascular resistance 
with right-to-left shunting showed a sustained improvement in 
oxygenation without the need for additional therapies [30]. 
Several multicenter randomized trials, based on these early results, 
were conducted to determine the effi cacy of inhaled NO in term 
neonates with PPHN [31,32]. The largest of these trials (the Neona-
tal Inhaled NO Study—NINOS) randomized 235 neonates to treat-
ment with inhaled NO or placebo gas [31]. The hypothesis of this 
trial was that treatment with inhaled NO would decrease mortality 
and the need for extracorporeal membrane oxygenation (ECMO). 

Infants treated with inhaled NO showed an acute improvement in 
oxygenation and a signifi cant reduction in the need for ECMO 
compared with the placebo-treated group. There was no difference 
in mortality between the two groups. The toxicities associated with 
NO, including methemoglobinemia, high exhaled nitrogen dioxide 
concentrations, or intracranial hemorrhage, were rare, and study 
gas was not stopped in any patient because of toxicity. Based on the 
fi ndings of these trials, the U.S. Food and Drug Administration 
approved the use of inhaled NO for the treatment of term or near-
term neonates with clinical or echocardiographic evidence of 
PPHN.

Respiratory Distress Syndrome

The role of inhaled NO in premature newborns with hypoxemic 
respiratory failure is another area of investigation. As stated earlier, 
NO may have direct effects on lung infl ammation and vascular 
permeability and a potential protective effect on surfactant func-
tion in addition to its effects on vascular tone and reactivity. Pre-
liminary studies of low-dose inhaled NO in premature neonates 
with severe hypoxemic respiratory failure have demonstrated an 
improvement in oxygenation without additional adverse events. 
Randomized controlled trials of low-dose inhaled NO in premature 
neonates are currently underway.

Acute Respiratory Distress Syndrome

The role of inhaled NO in the treatment of ARDS in adults or pedi-
atric patients is less well defi ned. The predominant mechanism for 
hypoxemia in ARDS is intrapulmonary shunting caused by lung 
parenchymal disease (edema, infl ammation). Rossaint et al. com-
pared intravenous infusion of prostacyclin to short-term inhala-
tion of two doses (18 and 36 ppm) of NO in adults with severe ARDS 
[33]. They found that both agents decreased pulmonary artery pres-
sure but that only inhaled NO decreased intrapulmonary shunting 
and resulted in an improvement in oxygenation [33]. Prostacyclin 
caused systemic hypotension and decreased oxygen saturation. 
Seven patients were then treated with continuous inhalation (3–53 
days) of NO [33]. The investigators observed a sustained decrease 
in pulmonary pressure and improved oxygenation, and neither 
signifi cant toxicities nor tachyphylaxis was seen. Subsequent mul-
ticenter randomized placebo controlled trials of inhaled NO in 
adult patients with ARDS have demonstrated acute but transient 
improvement in oxygenation [34,35]. No difference in either mor-
tality or days alive off of mechanical ventilation has been shown in 
these trials. Dellinger et al. enrolled 231 adults with ARDS; 54 were 
randomized to placebo, and 177 were randomized to fi ve different 
concentrations (1.25, 5, 20, 40, or 80 ppm) of inhaled NO [35]. In 
this study, a higher percentage of patients treated with 5 ppm 
inhaled NO than with placebo were alive and off of mechanical 
ventilation at 28 days in a post hoc subgroup analysis [35]. Pediatric 
patients with acute hypoxemic respiratory failure treated with 
inhaled NO have also shown a similar transient acute improvement 
in oxygenation [36,37]. Because the mortality seen in ARDS is most 
often associated with multiorgan failure, additional studies are 
needed to determine whether these acute/transient improvements 
in oxygenation are important in the long-term management of 
patients with ARDS.
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Pulmonary Hypertension and Right Ventricular Failure

The development of acute pulmonary hypertension with resultant 
right-sided heart failure and death is a signifi cant cause of mor-
bidity and mortality following surgical repair of congenital cardiac 
lesions and cardiac death [38,39]. One possible precipitating mech-
anism may be endothelial dysfunction resulting in decreased NO 
production [40]. Postoperative inhalation of NO has been shown in 
several small studies [41,42] to selectively reduce pulmonary vas-
cular resistance and improve right ventricular function and stroke 
volume. A randomized trial of inhaled NO following congenital 
heart surgery demonstrated a reduction in pulmonary hyperten-
sive crises and earlier extubation in the group treated with inhaled 
NO compared with the placebo group [43].

Post-Lung Transplantation

Ischemia–reperfusion is a major cause of graft failure in lung trans-
plantation. In animal models of ischemia–reperfusion injury, 
inhaled NO has been shown to reduce leukocyte adhesion and 
distal microvascular constriction [44]. Several clinical trials 
have also shown a reduction in ischemia–reperfusion injury in 
lung transplantation [45,46]. Based on this rationale, adults under-
going lung transplantation were randomized to inhaled NO initi-
ated 10 min after reperfusion of the lung or to placebo [47]. There 
was no effect on outcome of these patients following lung 
transplantation.

Inhaled Nitric Oxide as a Diagnostic Tool

Inhaled NO is also used as a diagnostic tool in pediatric and adult 
patients with pulmonary hypertension from cardiac or pulmonary 
etiologies. Inhaled NO is used during cardiac catheterization to 
measure pulmonary vasoreactivity and to assess the severity and 
reversibility of pulmonary hypertension [48]. A reduction in pul-
monary artery pressure or pulmonary vascular resistance of 20% 
or more in these patients in response to vasodilating agents pre-
dicts a favorable response to oral vasodilators and an improved 
long-term clinical outcome [49]. The rapidity of action of inhaled 
NO and its lack of systemic effects have allowed inhaled NO to be 
used safely to assess pulmonary vasoreactivity in pediatric and 
adult patients with pulmonary hypertension. This contrasts with 
the systemic administration of vasodilators such as calcium channel 
blockers or prostacyclin, which can result in systemic hypotension, 
increased intrapulmonary right-to-left shunting, and even death 
during diagnostic cardiac catheterization [50]. Pulsed delivery of 
low-dose inhaled NO via nasal cannula has been used in the chronic 
treatment of pulmonary hypertension [51].

In summary, numerous clinical applications for inhaled NO 
exist; however, it remains to be determined whether its use will be 
associated with clinically important benefi ts in these various indi-
cations. Although long-term follow-up studies of neurodevelop-
ment and lung function are ongoing, current data appear to favor 
the use of inhaled NO for neonatal patients [52,53].

Toxicities and Monitoring

Methemoglobinemia is a rare complication that occurs after expo-
sure to high concentrations (≥80 ppm) of inhaled NO. Methemoglo-
binemia has not been reported at doses less than 20 ppm inhaled 

NO. Because methemoglobin reductase defi ciency may occur 
unpredictably, measurement of methemoglobin levels by co-
oximetry 4 hr after starting inhaled NO and every 24 hr of therapy 
could be considered.

Formation of nitrogen dioxide from NO can occur in gas mix-
tures of high oxygen concentrations. Breathing concentrations of 
≥5 ppm of nitrogen dioxide have been shown to cause diffuse 
infl ammation and hyperreactivity. Levels of nitrogen dioxide 
remain low when inhaled NO is delivered within the recommended 
doses. Early monitoring of both nitrogen dioxide and NO were done 
with chemiluminescence devices. These were cumbersome and 
expensive. Electrochemical sensors are used now but are relatively 
slow and are not accurate when measurements of acute change in 
concentrations are needed.

Dosing and Rebound

A wide range of doses for inhaled NO have been used in both pre-
clinical and clinical trials. All doses of inhaled NO (5, 20, or 80 ppm) 
studied in a randomized, controlled, dose–response trial in neo-
nates with hypoxemic respiratory failure improved oxygenation 
when compared to placebo [31]. The highest dose tested, 80 ppm, 
was no more effective than the other doses, but it was more often 
associated with the adverse effects of increased methemoglobin-
emia and high exhaled nitrogen dioxide concentrations. Increasing 
the dose to 40 ppm generally does not improve oxygenation in 
patients who did not respond to a dose of 20 ppm inhaled NO [32]. 
As stated above, the inhalation of 5 ppm NO by adults with ARDS 
in the Dellinger et al. trial showed better outcomes in post hoc 
subgroup analysis than the placebo group [35]. Doses between 5 
and 20 ppm NO, depending on the patient population and underly-
ing pathophysiology, would be supported by these data.

There can be variability in the clinical response to inhaled NO. 
Inadequate lung infl ation appears to be the most frequent etiology 
associated with a poor response to inhaled NO [54,55]. Improper 
dosing, abnormal pulmonary vascular function or structure, 
unsuspected anatomic cardiac disease, or myocardial dysfunction 
can also contribute to a lack of response to inhaled NO.

Abrupt discontinuation of inhaled NO may result in a “rebound 
response” that is characterized by decreases in oxygenation and 
elevation of pulmonary vascular resistance [56,57]. Generally, these 
responses are mild and respond to a brief increase in FiO2. Postop-
erative cardiac patients with high pulmonary artery pressures at 
the time of NO withdrawal appear to be most at risk for developing 
this rebound response. The mechanisms that contribute to this 
rebound response are unclear, but the factors that may be active 
include the following. Exogenous (inhaled) NO may downregulate 
endogenous NO production by inhibiting NOS production and has 
also been associated with increased expression of the potent vaso-
constrictor endothelin-1 [58]. Alterations in other components of 
the NO–cGMP pathway may decrease vascular sensitivity to NO 
and contribute to vasospasm after withdrawal of inhaled NO [57]. 
The rise in pulmonary vascular resistance and drop in oxygenation 
after stopping inhaled NO may represent the presence of more 
severe underlying pulmonary vascular disease. Several recent 
anecdotal reports and preclinical studies have suggested that a 
slower weaning of the inhaled NO dose to discontinuation, addition 
of a phosphodiesterase inhibitor (e.g., milrinone) at a low dose, or 
addition of sildenafi l before inhaled NO discontinuation may 
prevent a clinically compromising rebound effect.
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Phosphodiesterase Inhibitors

Nitric oxide activates soluble guanylate cyclase, converting guano-
sine triphosphate to cGMP and resulting in relaxation of the vas-
cular smooth muscle. Hydrolysis of cGMP by cyclic nucleotide 
phosphodiesterases (PDEs) limits the action of cGMP [59]. The 
isozyme PDE-5 has a high affi nity for cGMP and is the most active 
cGMP-hydrolyzing PDE in vascular smooth muscle. Selective inhi-
bition of this isoform with PDE-5 inhibitors such as sildenafi l and 
zaprinast is being used to prolong the effects of endogenous NO 
[60–62]. Early studies of diseases with increased pulmonary arte-
rial pressure suggest that oral dosing of sildenafi l to inhibit PDE-5 
lowers pulmonary artery pressure and may be effective in a syner-
gistic manner when combined with inhaled NO.

Although inhaled NO has been shown to be an important thera-
peutic tool for newborn infants with PPHN, it is unclear whether it 
will be benefi cial in other lung diseases, particularly in those char-
acterized by infl ammation and increased NO production. New 
studies are investigating the potential benefi t of repletion of SNOs in 
diseases associated with increased NO production but depletion of 
SNO. In a pilot study with nine adult patients with cystic fi brosis, 
treatment with aerosolized nitrosoglutathione acutely raised oxygen 
saturations [63]. In a study of seven neonates with PPHN, treatment 
with an S-nitrosoglutathione donor, O-nitrosoethanol, also improved 
oxygenation [64]. Understanding the role of NO in the pathogenesis 
of pediatric lung disease will lead to the optimal use of current treat-
ment strategies and development of new therapeutic approaches to 
improve the outcome of these critically ill patients.
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(OI), in the past few years. An alternative explanation is that use of 
ECMO has expanded from neonates with only respiratory failure 
to include neonates with a variety of comorbidities that may also 
infl uence survival

Approximately 200 to 300 non-neonatal pediatric patients receive 
ECMO each year for severe respiratory failure, with an overall sur-
vival rate of 53% (Table 12.2) [4]. Most patients suffer from severe 
hypoxia, hypercapnia, or intractable air leaks. Pulmonary dys-
function resulting from bacterial or viral pneumonia, aspiration 
syndromes, intrapulmonary hemorrhage, acute respiratory dis-
tress syndrome, and other poorly defi ned disorders have been suc-
cessfully treated with ECMO. The uncertainties accompanying the 
use of ECMO for neonates, who compose a homogeneous group 
relative to other age groups, are compounded for older children. 
The enormously heterogeneous older pediatric population spans 
nearly two decades of physiologic development, and cardiorespira-
tory failure develops from a multitude of disorders. Furthermore, 
many patients have varying degrees of multiple-organ failure along 
with respiratory failure at the time ECMO is instituted. Resolution 
of both lung disease and secondary organ dysfunction must occur 
to achieve survival. These factors result in lower survival rates for 
older patients treated with ECMO than that achieved with the neo-
natal patient population [5].

Despite attempts to defi ne predictive models that identify optimal 
candidates for the institution of ECMO, none have proved univer-
sally applicable. The clinician still most often relies on clinical 
judgment at the bedside as to when conventional medical therapy 
has failed. Perhaps the largest change in non-neonatal ECMO in the 
past few years is the variety of patients to whom it has been applied. 
Patients with recent trauma, tracheal injury requiring reconstruc-
tion, burns, smoke inhalation, severe sepsis, compromised immune 
systems, and toxic ingestions with cardiopulmonary collapse are 
but a few of the types of patients who may have been excluded from 
ECMO support in the past but have now been successfully sup-
ported with ECMO therapy [6–9]. The multiple exclusion criteria 
used in the early days of ECMO have now been fairly well elimi-
nated, and potential patients are often considered on a case-by-case 
basis. Even patients with known bleeding disorders such as hemo-
philia have received ECMO support [10].

Perhaps one group for whom ECMO is still cautiously avoided or 
rarely applied is patients with malignancy and transplanted bone 
marrow. The continued high mortality rate for these patients when 
respiratory failure develops, however, has recently caused several 
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Introduction

Extracorporeal life support has been used for over 30 years for 
more than 30,000 infants, children, and adults. This chapter focuses 
on the use of extracorporeal membrane oxygenation (ECMO), or 
extracorporeal life support (ECLS), as it is also known, for children 
predominately with acute respiratory failure. The overall survival 
rate for patients is shown in Table 12.1. Neonates with severe respi-
ratory failure have historically been the predominate recipients of 
ECMO support. Most of these infants suffer from a combination of 
pulmonary parenchymal and vascular dysfunction that leads to 
impaired gas exchange [1].

As alternative support methods, such as high-frequency oscilla-
tory ventilation, surfactant, and inhaled nitric oxide, have been 
developed and become accepted for the neonatal population, the 
need for ECMO support has declined [2]. Annual neonatal ECMO 
cases now number around 800 per year, down from the peak of 
1,500 cases in the early 1990s. Survival has also decreased in the 
neonatal population over the past few years. This is speculated to 
be related to delays in institution of ECMO while other, less-
invasive therapies are attempted. Infants who fail all other thera-
pies and require ECMO may thus be sicker than in years past when 
ECMO was the only “rescue” therapy available. Although this 
explanation seems logical, in an evaluation of the Extracorporeal 
Life Support Organization (ELSO) registry data, there was no dif-
ference in outcomes among infants who received treatment with 
inhaled nitric oxide, with high-frequency ventilation, or with both 
prior to ECMO and those who did not [3]. Similarly, there were no 
statistical differences in measures of respiratory severity, such as 
alveolar-arterial oxygen gradient (AaDO2) or oxygenation index 
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clinicians to advocate application of ECMO at an early time in 
disease for such patients to see if outcome can be improved. A 
recent review of the use of ECMO in 30 cancer patients from 58 
centers noted an overall survival rate of 37%. Of seven patients who 
underwent bone marrow transplantation and received ECMO, two 
(29%) patients survived [11].

In addition to respiratory support, ECMO can readily be com-
bined with hemofi ltration to augment renal function, provide 
stable hemodynamics to allow use of plasmapheresis or plasma 
exchange, allow use of hepatic support devices, or be coupled with 
a variety of these adjunct therapies. As a consequence, ECMO may 
benefi t patients with established multiorgan dysfunction. Imple-
mentation of ECMO during multiple-organ dysfunction syndrome 
(MODS) now occurs under a variety of conditions, with resolution 
of organ dysfunction and good outcome for some patients [12]. 
Furthermore, because it avoids the circulatory derangements that 
often result from extreme forms of mechanical ventilation and 
provides systemic perfusion without the need for high doses of 
inotropic agents, ECMO may also prevent damage to other 
systems.

A smaller number of adult patients have also received ECMO 
support (Table 12.3). Several attempts at randomized trials of 
ECMO use for adults did not show benefi t of ECMO, and this has 
precluded the consideration of ECMO for adults in many  clinicians’ 
eyes [13]. All these studies, however, had design and procedural 
fl aws that may have affected results. Multiple case reports and 

series of successful use of ECMO for adults exist [14,15]. In a 
recent report of ECMO for 255 adults with severe respiratory 
failure, 68% of patients were weaned off ECMO support and 53% 
survived to discharge. Multivariate analysis noted that age, 
gender, pH < 7.10, pre-ECMO ventilator days, and pre-ECMO 
PaO2/FiO2 ratio were associated with outcome [16]. Other reports 
of the successful use of ECMO for adult patients with burns, 
trauma, myocardial infarct with arrest, and a variety of other 
disease processes exist in the literature. The large size of adult 
patients makes them ideal for venovenous ECMO support, which 
may be important for older patients. The need to use the carotid 
artery for ECMO support in older patients has been another 
reason why clinicians have avoided ECMO in this age group. 
Recent advances in ECMO technology and a newly funded study 
by the NIH to develop large double-lumen single cannulae that 
can be used in adult-sized patients may make ECMO a more 
attractive and accepted modality for this population. The lack of 
adult ECMO centers and poor awareness of the technique and 
potential benefi ts among adult clinicians are major obstacles to 
acceptance of ECMO for adults. Currently, many pediatric ECMO 
centers (including the authors’) are opening their ECMO pro-
grams to adults and trying to teach adult caregivers about the 
potential benefi ts of ECMO for selected patients. Alternative 
support techniques such as the implantable artifi cial lung are also 
close to clinical application and may also provide rescue modali-
ties for adults in respiratory failure [17–19].

Methods of Support

Several modes of ECLS have been developed that differ according 
to cannulation site and minor physiologic principles. However, the 
basic circuit is similar for all modes (Figure 12.1). Blood is drained 
from the body via venous access, circulated through tubing to a 
membrane oxygenator by either a roller head or a centrifugal pump, 
and returned to the body. More specifi c details regarding cannula-
tion, circuit design, and types of pumping devices are provided 
elsewhere (1,2,4,5).

Patient Selection

Various mortality prediction criteria have been put forth as indi-
cators of when ECMO rescue is best applied, although many of 
these criteria have been derived from small series of historical data 
for respiratory failure patients or extrapolated from neonatal 

TABLE 12.1. Total numbers of extracorporeal life support patients.

Group Total cases Survive to DC or transfer

Neonatal
 Respiratory 19,463 14,942 77%
 Cardiac 2,344 896 38%
 ECPR 174 72 41%
Pediatric
 Respiratory 2,883 1,608 56%
 Cardiac 3,059 1,312 43%
 ECPR 322 124 39%
Adult
 Respiratory 1,025 542 53%
 Cardiac 499 159 32%
 ECPR 139 51 37%
Total 29,908 19,706 66%

Note: ECPR, extracorporeal cardiopulmonary resuscitation; DC, discharge.
Source: Adapted with permission from ELSO International Summary, January 2005.

TABLE 12.2. Extracorporeal life support for pediatric respiratory failure.

Primary diagnosis Total No. No. surviving % Surviving

Bacterial pneumonia 309 171 55
Viral pneumonia 747 471 63
Aspiration pneumonia 170 111 65
ARDS 358 193 54
ARF, non-ARDS 608 288 47
Other 720 386 54

Total 2,912 1,720 59

Note: ARF, acute respiratory failure; ARDS, acute respiratory distress syndrome.
Source: Adapted with permission from ELSO International Summary, January 2005.

TABLE 12.3. Extracorporeal life support for adult respiratory failure.

 Primary diagnosis No. cases No. surviving % Surviving

Bacterial pneumonia 191 100 52
Viral pneumonia 88  55 63
Aspiration pneumonia 32  18 56
ARDS, postop/trauma 136  70 51
ARDS, not postop/trauma 200 101 51
ARF, non-ARDS 59  37 63
Other 352 172 49

Total 1,058 553 52

Note: ARF, acute respiratory failure; ARDS, acute respiratory distress syndrome.
Source: Adapted with permission from ELSO International Summary, January 2005.
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respiratory failure data [20–24]. Attempts to provide universally 
accepted criteria for institution of ECMO have proved diffi cult. 
The predominant listed criterion for placing a pediatric patient on 
ECMO remains failure to respond. Over 50% of pediatric ECMO 
patients reported to the ELSO registry have failure to respond as 
the major criterion for initiation of ECMO. Although no strict 
defi nition of what failure to respond entails exists, the basic 
premise may be interpreted as the clinician caring for the patient 
determining that current support is insuffi cient and death is 
imminent without ECMO rescue. The majority of patients who are 
placed on ECMO have failed less invasive methods of respiratory 
support. Such methods of support often include conventional 
mechanical ventilation in pressure-controlled or pressure-regu-
lated volume control (PRVC) modes, high positive end-expiratory 
pressure (PEEP), high-frequency oscillatory ventilation (HFOV), 
surfactant, and/or inhaled nitric oxide (iNO). An evaluation of the 
ELSO registry noted that for pediatric patients who received 
ECMO, use of both iNO and HFOV before ECMO was associated 
with poorer outcome than for patients who received neither or 
only one of these modalities before ECMO [25], although it is 
unknown whether this simply refl ects disease severity.

There has been concern that respiratory severity indices reported 
in the past are not applicable to today’s respiratory failure patients, 
although there are few recent reports comparing past severity 
indices to outcome in the current era. One recent report examined 
the current utility of respiratory severity indices used in the past 
for potential ECMO eligibility for 118 children with acute hypox-
emic respiratory failure [25]. Indices examined included the AaDO2, 
OI, PaO2/FiO2, ventilation index (VI), mean airway pressure (Paw), 
as well as individual ventilator settings and arterial blood gas 
values. When risk of mortality predictions based on respiratory 
severity indices were compared to the observed mortality of the 118 
children, survival was much better than would have been predicted 
based on historical data [26]. As an example, in the past, an 
OI > 40 had been associated with > 80% risk of death. Although 
only 15 patients reached an OI > 40 in this study, the positive pre-
dictive risk of mortality in these patients was only 40%, signifi -

cantly lower than predicted by past reports. An AaDO2 > 450 for 
24 hr, Paw > 23, or AaDO2 > 420 had positive predictive value for 
mortality of 32%–40%. Using logistic regression, no respiratory 
parameter (AaDO2, OI, Paw, ventilator settings, or blood gas values) 
was independently correlated with death. All deaths were associ-
ated with multiorgan system failure, coincident pathology, or per-
ceived treatment futility leading to limitation or withdrawal of 
care. The overall mortality rate for these 118 children was 22%, 
with no previously healthy child expiring from respiratory failure. 
Nonconventional therapies applied included high-frequency venti-
lation in 25/119 (21%, survival 64%), surfactant administration in 
15/119 (13%, survival 73%), iNO in 38/119 (32%, survival 69%), and 
ECMO in 4/119 (3%, survival 75%) of patients. In contrast, a more 
recent prospective clinical study of 131 pediatric patients, age range 
1 month to 18 years, with acute hypoxemic respiratory failure 
found the OI measured during any time point during mechanical 
ventilation to be an independent predictor of mortality [27]. No 
threshold value of OI, however, was identifi ed that could accurately 
predict mortality. As a result, precise criteria for initiating ECMO 
support for any single patient do not exist, leaving the decision up 
to the clinical team caring for any given patient.

Gas Exchange and Oxygen Delivery

Oxygenation

The difference between the partial pressure of oxygen (PO2) in the 
gas supplied to the oxygenator and that in the patient’s systemic 
venous blood provides the “driving pressure” across the membrane 
lung. As an example, 30% oxygen blended into the gas entering the 
oxygenator will result in an estimated PAO2 of 228 torr at sea level. 
The PO2 of venous blood entering the oxygenator depends on the 
difference between oxygen delivery and consumption in the patient 
but is usually about 40 torr. The driving pressure for oxygen diffu-
sion into the blood would thus be approximately 188 torr (228 torr 
− 40 torr = 188 torr), which is usually adequate to achieve 100% 
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saturation of hemoglobin. Higher oxygen concentrations in the gas 
phase may be necessary to compensate for loss of membrane surface 
area over time to maintain hemoglobin saturation. Once the oxy-
hemoglobin saturation exceeds 95%, higher oxygen concentration 
in the sweep gas results in a higher PO2 in postoxygenator blood 
without a signifi cant increment in overall oxygen content. For this 
reason, oxygen concentration in sweep gas is usually adjusted to 
maintain an oxygen saturation of approximately 95% in postoxy-
genator blood.

Carbon Dioxide Exchange (Ventilation)

The pressure gradient for carbon dioxide between blood and gas is 
less than that for oxygen. The partial pressure of carbon dioxide in 
the body is usually low (the venous partial pressure of carbon 
dioxide, PvCO2, is 45–55 torr) so that the pressure difference 
between the blood and gas phase in the oxygenator is much less 
than with oxygen. Despite the small pressure difference, the mem-
brane’s high diffusion coeffi cient for carbon dioxide (at least six 
times that for oxygen) allows excellent carbon dioxide removal, 
even at low fl ow rates. To eliminate more carbon dioxide, the gas 
fl ow in the membrane must be increased, much as alveolar ventila-
tion must increase to eliminate carbon dioxide from the body 
under physiologic conditions. Carbon dioxide removal is also 
limited by the surface area across which gas exchange can occur. 
Thus, increased carbon dioxide clearance may be obtained by using 
larger oxygenators or using more than one oxygenator in parallel 
in the circuit. Conversely, to prevent excessive carbon dioxide 
removal and hypocapnia in small infants and neonates, carbon 
dioxide may be blended into the gas mixture to further reduce the 
partial pressure difference between blood and gas and maintain 
normocarbia.

Oxygen Delivery

During venoarterial ECMO, both increasing oxygen delivery and 
increasing the patient’s PaO2 and arterial saturation can be accom-
plished by increasing the ECMO fl ow rate. This diverts more of the 
systemic venous return into the ECMO circuit for oxygenation 
while at the same time proportionally decreasing the amount of 
venous blood that enters the diseased pulmonary circuit. The result 
of increasing ECMO fl ow, then, will be an increase in oxygen 
delivery provided by the circuit and an elevation in measured sys-
temic arterial saturation and PaO2. Another means to change the 
proportion of native blood fl ow to that from the ECMO circuit is to 
decrease the overall blood volume in the patient. During cardio-
pulmonary bypass, fi lling pressures and overall blood volume can 
be adjusted by removal of blood volume into the bypass circuit. 
Circulating volume is also frequently decreased by modifi ed ultra-
fi ltration. During ECMO, these same principles can be followed: 
excessively high fi lling pressures can be lowered by simple removal 
of blood volume from the circuit, and diuretics and renal replace-
ment strategies can be used to control fl uid balance. Care must be 
taken, however, to avoid decreasing circulating volume excessively, 
as this may in turn cause tissue hypoperfusion or an increase in 
oxygen extraction.

Systemic oxygen delivery is defi ned as the product of cardiac 
output and arterial oxygen content [28]. By altering the amount of 

cardiac output diverted from the patient to the ECMO circuit, veno-
arterial ECMO can be viewed as either complete or partial. In the 
patient on complete venoarterial ECMO, the cardiopulmonary 
circuit is almost totally bypassed, and oxygen delivery is deter-
mined by the product of pump fl ow and the oxygen content of blood 
leaving the oxygenator. Most centers use partial venoarterial 
ECMO because adequate systemic oxygenation can be achieved by 
diverting less than 100% of cardiac output to the ECMO circuit. 
Studies have suggested that complete bypass of the pulmonary 
circuit may lead to pulmonary alkalosis or ischemia and cause 
direct damage of the pulmonary capillary bed [29]. Furthermore, 
microsphere studies have shown that the majority of coronary 
artery perfusion comes from native left heart ejection during 
ECMO, which is another important reason to avoid total bypass 
[30]. Monitoring of adequate oxygen delivery is aided by following 
venous saturation [31]. Most ECMO circuits contain a sensor along 
the venous return line that continuously measures and displays 
venous saturation. Other centers use an indwelling blood gas 
monitor for the same purpose. Low venous saturation and other 
markers such as elevated lactate, poor perfusion, decreased urine 
output, and mental status changes may indicate need for improved 
oxygen delivery. If ECMO fl ow cannot be increased to provide ade-
quate support, an additional drainage cannula to improve ECMO 
fl ow may be needed.

For patients cannulated via the venovenous route, reduced sys-
temic oxygenation caused by either less bypass obtained in this 
mode or the effect of recirculation may be observed compared with 
patients supported with venoarterial ECMO. Recirculation is the 
phenomenon where too proximal a juxtaposition between the 
venous drainage lumen and the oxygenated blood return lumen 
results in blood being recirculated through the cannulae and circuit 
and not delivered to the patient (Figure 12.2). This can result in an 
artifi cially high venous saturation while other markers of inade-
quate oxygen delivery (elevated lactate, poor perfusion, decreased 
urine output) are present. Persistent signs of inadequate oxygen 
delivery or continued hemodynamic instability with venovenous 
ECMO may require conversion to venoarterial ECMO. Patients with 
venovenous ECMO support or who have a left atrial communica-
tion to the ECMO circuit may have artifi cially high measured 
venous saturations due to mixing of well-oxygenated blood with 
systemic venous return. Following venous saturations from another 
site in the body may be helpful to monitor adequacy of support in 
this circumstance.

One novel means to improve oxygenation to the head and upper 
body in patients cannulated through bilateral femoral veins is to 
add an additional venous cannula via the right internal jugular 
vein to the right atrium. Connecting this cannula into the infl ow 
return side of the ECMO circuit will thus increase the amount of 
oxygenated bypass directly returning to the right heart. This may 
improve overall oxygen delivery to the patient while still avoiding 
the need for arterial vessel cannulation.

Loose occlusion of the roller heads against the raceway tubing 
can also lead to less blood being propelled forward through 
the ECMO circuit and reduce systemic oxygen delivery. Although 
this is an uncommon problem, failure to recognize it can be 
harmful to the patient. Finally, persistent vasodilation, which 
can occur with sepsis, may require the administration of low 
levels of vasoconstricting agents to maintain adequate central 
venous pressures and adequate pump return without massive fl uid 
administration.



12. Extracorporeal Life Support 133

Patient Management

Screening

Infants who are candidates for ECMO undergo routine cranial 
ultrasonography to identify existing intracranial hemorrhage 
[32,33]. The presence of hemorrhage greater than that confi ned 
to the germinal matrix (grade I) is a contraindication to ECMO 
because heparinization may cause additional bleeding. Older 
patients may also have evaluation of intracranial bleeding by ultra-
sound if an open fontanelle is present. Computed tomography can 
be useful if the patient is stable enough to undergo such an exami-
nation. Frequently, however, older patients are not stable enough to 
undergo computed tomography, and clinical neurologic evaluation 
may be hampered by sedation or neuromuscular blockade before 
ECMO. The decision to place a patient on ECMO is thus made on 
best assessment of neurologic function. For infants, echocardiog-
raphy is usually performed before ECMO to determine if hypoxia 
is caused by structural defects in the heart that may be better 
served by surgical repair than by ECMO support. Echocardio-
graphy is also used to detect the presence and direction of central 
shunts and to assess myocardial function [34,35].

Cannulation and Initiation of Extracorporeal Life Support

A guideline for selection of cannula size and circuit components 
based on patient weight is shown in Table 12.4A (cardiac patients) 
and Table 12.4B (respiratory failure patients). Cannulation is 
usually performed at the bedside, with the patient receiving a com-
bination of local anesthetics and intravenous analgesics, sedatives, 

and neuromuscular blocking drugs. An initial bolus of heparin 
(usually 50–200 units/kg) and continued heparin infusion ensures 
systemic anticoagulation for the duration of ECMO. Activated clot-
ting time (ACT) is measured at the bedside and provides a gauge 
for adjusting the heparin dose to avoid either catastrophic clotting 
in the circuit or bleeding complications [36]. The ECMO fl ow is 
initially begun at 50 mL/kg/min and increased in 50–100 mL/kg/
min increments. For infants, a rate of 100–200 mL/kg/min usually 
provides adequate perfusion and oxygenation, although patients in 
a state of high cardiac output, such as sepsis, may require 
more. Some centers use high-fl ow ECMO in patients cannulated 
with single ventricle physiology, especially those patients with 
a systemic-to-pulmonary artery shunt, to provide adequate 
circulation for both systemic and pulmonary organs [37]. Pediatric 
patients usually require about 90 mL/kg/min of fl ow to maintain 
adequate oxygen delivery, and adult patients require rates of 70 mL/
kg/min. Estimates of fl ow needs can also be predicted by using 
cardiac index data based on body surface area. One caution in 
estimating ECMO fl ow in this manner is that patients with sepsis 
or MODS may require fl ow rates that are much higher than that 
predicted. These factors must be taken into account when selecting 
cannula size, as larger cannulas than predicted by body surface 
area may be required. In venoarterial ECMO, the arterial waveform 
provides a rough estimation of the degree of bypass provided by 
the ECMO circuit. Because ECMO fl ow is nonpulsatile, increasing 
fl ow and decreasing left ventricular output will result in a fl attening 
of the arterial wave contour. Severe myocardial dysfunction may 
also cause a fl attened wave contour. This effect must be kept in 
mind when waveform contour is used to monitor the extent of 
bypass.
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Priming

Priming of the ECMO circuit before initiation is accomplished with 
a crystalloid solution that is then replaced with blood. Because 
required blood usually has been citrated and stored, it may be 
calcium depleted, have a high potassium level, and possess a low 
pH. Addition of calcium (usually as calcium chloride), bicarbonate, 
or THAM (tromethamine) and heparin is performed during the 
priming procedure. Electrolytes should be measured in the priming 
blood before bypass is begun, as disturbances of cardiac rhythm or 
frank cardiac arrest can occur on initiation of ECMO [38]. Hyper-
kalemia exists almost universally in the ECMO primed circuit 
despite buffering by calcium and bicarbonate. The potassium level 
rarely causes systemic effects once the ECMO prime is diluted with 
the patient’s intrinsic blood volume. As an example, if a neonatal 
patient with a blood volume similar to that of the ECMO circuit has 
a potassium level of 3 and the ECMO prime has a potassium level 
of 7, the circulating potassium level may be around 5 on ECMO 
initiation. This is unlikely to cause systemic or cardiac effects. 
Larger patients with blood volumes proportionally much less than 
that of the ECMO circuit will have less risk of hyperkalemia or 
hypocalcemia. Use of the freshest blood available may also lessen 
the degree of hyperkalemia in the primed circuit. Rarely, hyperka-
lemia may be of such concern that blood must be washed before 
ECMO use or the primed ECMO circuit cannot be used until the 
potassium level is reduced. In this circumstance, replacement of 
blood in the circuit with fresh-frozen plasma or albumin can be 

done to lower the circulating potassium concentration in the 
prime.

Patient Management

Hypovolemia causes low central venous pressures and results in 
decreased venous return to the circuit. This can be easily corrected 
with fl uid administration. Increased oxygen delivery also can be 
accomplished by increasing the pump fl ow rate, which increases 
blood diverted into the ECMO circuit for oxygenation. Anemia can 
be corrected with transfusion of blood products. Maintenance of 
hematocrit at 30%–33% is usually suffi cient to sustain adequate 
oxygen content [39,40]. Intermittent administration of packed red 
blood cells to maintain adequate blood volume and hematocrit will 
be required [41–43]. Fresh-frozen plasma may also be given inter-
mittently to provide adequate clotting factors and help prevent 
excessive bleeding [44]. Platelet sequestration in the ECMO circuit 
is a constant problem. Historically, platelet counts of 80,000–
100,000/mm3 have been maintained routinely on ECMO to deter 
bleeding, but there are now multiple examples of patients placed 
on ECMO with thrombocytopenia of 30,000/mm3 or lower and in 
whom massive bleeding was not a problem [15,16]. Although 
patients often require frequent platelet transfusions, the capacity 
of transfusions to increase platelet counts to high levels may be 
limited in patients such as those with cancer. For these patients, 
lower platelet counts may be allowed and a careful watch for bleed-
ing maintained.

TABLE 12.4A. Sample components for cardiac extracorporeal life support based on patient weight.

 Weight (kg)

 2.5–6 6–12 12–25 25–40 40–70 70+

Tubing pack 1–4˝ 1–4˝ 3–8˝ 3–8˝ 1–2˝ 1–2˝
Raceway 1–4˝–3–8˝ 3–8˝ 3–8˝–1–2˝ 1–2˝ 1–2˝ 1–2˝
Oxygenator model 0800 1500 I-2500 I-3500 I-4500 I-4500 × 2
Venous cannula (French) 10–15 14–19 17–19 19–21 19–23 19–29
Chest venous cannula (French) 16 20 22 24–28 28–32 32–36
Arterial cannula (French)  8–12 12–15 14–17 17–21 17–21 19–23
Blood prime(units of PRBCs)*  1 1–2 2–3 3–4 4 4–5

Note: These are guidelines only. Individual variables must be considered! Estimates are for a roller head pump with silicone 
membrane oxygenator. All cannula references are for Biomedicus. PRBCs, packed red blood cells.
*Consider adding albumin 25% 200 cc after crystalloid priming. Also may add fresh-frozen plasma 50 cc/unit PRBCs
Source: Data provided by University of Michigan, Ann Arbor, MI, and Children’s National Medical Center, Washington, DC.

TABLE 12.4B. Sample components for respiratory failure extracorporeal life support based on patient weight.

 Weight (kg)

 2.5–6 6–12 12–25 25–40 40–70 70+

Tubing pack 1–4˝ 1–4˝ 3–8˝ 3–8˝ 1–2˝ 1–2˝
Raceway 1–4˝ 1–4˝–3–8˝ 3–8˝ 1–2˝ 1–2˝ 1–2˝
Oxygenator model 0800 1500 I-2500 I-3500 I-4500 I-4500 × 2
Venous cannula (French) 10–15* 14–18* 15–19 19–21 19–23 19–29
Arterial cannula (French) 8–12 12–1 14–17 17–21 17–21 19–23
Blood prime (units of PRBCs)† 1 1–2 2–3 3–4 4 4–5

Note: These are guidelines only. Individual variables must be considered! Estimates are for a roller head pump with silicone 
membrane oxygenator. All cannula references are for Biomedicus, the shortest cannulas available in specified sizes except 
the dual-lumen cannulas as indicated. PRBCs, packed red blood cells.
*Venovenous double-lumen cannula available in 12, 15, 18 French by Origen and 14 French by Kendall.
Consider adding albumin 25% 200 cc after crystalloid priming. Also may add fresh-frozen plasma 50 cc/unit PRBCs.
Source: Data provided by University of Michigan, Ann Arbor, MI, and Children’s National Medical Center, Washington, DC.
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Another recently identifi ed problem with ECMO, especially 
during prolonged runs, is heparin-induced thrombocytopenia 
(HIT) [45,46]. Heparin-induced thrombocytopenia should be sus-
pected in any patient receiving heparin who develops a drop in 
platelet count that is unresponsive to platelet transfusion or con-
tinues to fall without an identifi ed reason. Although HIT usually 
develops 5–15 days after initial exposure to heparin, it can occur 
immediately in patients with previous exposure to heparin, such as 
cardiac surgical patients. Heparin-induced thrombocytopenia 
associated with immune response to heparin can result in severe 
thrombocytopenia and thrombotic complications.

The only cure is to remove heparin exposure from the patient. 
During ECMO, this necessitates the use of other anticoagulation 
methods. Currently, lepirudin and Argatroban are the two alterna-
tives which have been commented on in ECMO, although neither 
is widely used in the pediatric population in general [47–49]. Lepi-
rudin is a derivative of the leech anticoagulant hirudin. Two reports 
of its use during ECMO noted no bleeding or clotting complica-
tions. It is rapidly active, has a relatively short half life (1.3 hr), and 
is dosed by weight of the patient. One pediatric report used 0.1 mg/
kg bolus dosing followed by an infusion of 0.12 mg/kg/hr and moni-
tored to maintain the activated partial thromboplastin time at two 
times the control level. It is relatively contraindicated in renal 
failure. Argatroban is also a direct thrombin inhibitor approved for 
use in HIT. It is metabolized predominantly by the liver but excreted 
normally even in severe renal failure. One report of two infants 
with CDH and HIT treated with Argatroban at a dose of 0.5–10 μg/
kg/min to maintain an activated clotting time of ∼200 sec had no 
associated bleeding or thrombotic complications. Another 
report of thrombin production in ECMO circuits comparing 
heparin-prepared circuits with Argatroban-primed circuits found 
that those circuits with Argatroban had less thrombin generation 
[50]. Thrombocytopenia caused by platelet antibodies has also 
been described.

Adequate nutrition is essential for healing and can be provided 
as total parenteral nutrition, enteral feeding, or a combination of 
both in patients on ECMO. The prior concern of lipids potentially 
causing either platelet malfunction (bleeding) or increased lung 
damage from metabolism of arachidonic acid has not been substan-
tiated. Anecdotally, lipids have been associated with the develop-
ment of cracks in stopcocks used to connect the lipid infusion line 
to the ECMO circuit [51]. Use of lipids may also be associated with 
shortened life span of hollow-fi ber oxygenators. Enteral feeding has 
been shown to be safe and effective during ECMO and may limit 
the need for total parenteral nutrition with its associated complica-
tions [52,53].

It is currently popular to maintain a strict fl uid balance in criti-
cally ill patients, and patients supported with ECMO are no excep-
tion. Diuretic use to promote urine excretion, concentrating fl uids 
to balance intake and output, and the use of hemofi ltration in 
patients with renal insuffi ciency are all important considerations 
with ECMO [54,55]. Concomitant use of continuous renal replace-
ment therapy during ECMO has become commonplace as a means 
to maintain fl uid balance, support failing kidneys, and potentially 
clear pathogenic mediators/cytokines from the blood. One recent 
abstract noted that continuous renal replacement therapy (in the 
form of continuous venous-venous hemofi ltration [CVVH]) was 
used in 27/84 (32%) of pediatric ECMO patients usually for fl uid 
overload. Overall survival rate was 75% for respiratory failure 
patients. Of these 84 patients, 27 were matched for age, diagnosis, 
and PRISM III score with ECMO patients who did not receive 

CVVH. Improved fl uid balance over time, less diuretic use, and 
faster time to reach caloric-intake goals were noted in patients 
receiving renal replacement, although there was no difference in 
survival (67% CVVH, 82% non-CVVH, p = 0.352), duration of ven-
tilation post-ECMO, or need for potassium supplementation 
between groups [56]. Data from the ELSO registry show that about 
30% of pediatric and adult ECMO patients receive renal replace-
ment therapy either by hemofi ltration or dialysis, although eleva-
tions of creatinine >1.5 were reported in only 15% of pediatric 
patients. Other adjunct extracorporeal therapies such as plasma-
pheresis and liver support systems have also been used successfully 
during ECMO.

The optimal ventilatory management for patients on ECMO is 
not known, and each center may have its own preference for how 
to treat the lungs during ECMO. Minimizing further barotrauma 
or oxygen toxicity and providing an environment that promotes 
lung healing are basic tenets. For neonatal patients on venoarterial 
ECMO, most centers use ventilator settings with low peak inspira-
tory pressure (PIP; 25 to 30 cm H2O), PEEP (5 cm H2O), intermittent 
mandatory ventilation rates (6–12 breaths per minute), and frac-
tion of inspired oxygen (FiO2, 0.21). Lung volume decreases dra-
matically with such settings in most ECMO patients, often resulting 
in generalized opacifi cation on the chest radiograph. Maintaining 
lung expansion and functional residual capacity with higher levels 
of PEEP (10–15 cm H2O) were associated with shorter ECMO dura-
tion in one neonatal study, and this approach is also used fre-
quently at many centers [57]. Given the recent evidence supporting 
the role of atelectasis in ongoing cytokine production, maintaining 
some lung distention with PEEP even during ECMO seems prudent. 
For older patients, use of PEEP with reduced peak airway pressures, 
low ventilator rates, and low concentrations of inspired oxygen are 
also the predominant method of support. Common settings 
reported in the pediatric and adult ECMO literature include PEEP 
levels in the range of 5–15 cm H2O, PIP less than 30 cm H2O, and 
respiratory rates of 10–12 with FIO2 between 0.3 and 0.4.

Patients with barotrauma and persistent air leaks even at low 
distending airway pressures on ECMO may benefi t from a period 
of total apnea to allow the lungs to rest [58]. Allowing airway pres-
sure to equilibrate with atmospheric pressure has been used suc-
cessfully to promote healing of ruptured parenchyma within 48 to 
72 hours. Reinfl ation is accomplished by lavage to remove accumu-
lated secretions, gentle hand ventilation to begin recruiting col-
lapsed alveoli, and then resumption of mechanical ventilation to 
complete alveolar reexpansion. Use of HFOV to improve lung 
recruitment, bronchoscopy to remove inspissated secretions, and 
prone positioning to improve lung mechanics have all been suc-
cessful in ECMO patients.

At high fl ow rates in venoarterial ECMO, there is minimal blood 
entering the pulmonary circuit. Therefore, manipulating ventilator 
settings, especially in diseased lungs with impaired gas exchange, 
generally has little effect on blood gas tensions. Oxygenation 
and carbon dioxide elimination depend on the function of the 
ECMO circuit. With venovenous cannulation, less overall bypass is 
obtained, and the systemic oxygenation provided by ECLS is 
less than with venoarterial bypass. Systemic arterial oxygen satu-
rations are thus lower with venovenous support. Although the 
majority of patients do well with saturations in the 80s, monitoring 
of adequate oxygen delivery by following lactate, venous 
saturation, urine output, metabolic acid–base balance, and mental 
status is recommended with patients supported with venovenous 
ECMO.
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Increasing oxygenation over time may herald recovery of native 
pulmonary function. As the lungs heal, compliance and tidal 
volume increase [59]. The radiograph of the lung fi elds gradually 
improves from atelectatic opacifi cation to increasing lung aeration. 
Increasing concentration and absolute volume of expired carbon 
dioxide also heralds improved alveolar–capillary gas exchange. 
These changes along with evidence of decreasing pulmonary artery 
pressure (indicating resolution of right-to-left intracardiac 
shunting) may signal that the patient is ready to be weaned from 
ECMO [60].

Maintaining patient comfort during ECMO can be a challenge, 
especially during prolonged ECMO runs. Sedation and analgesia 
are provided by routine medications such as morphine, fentanyl, 
midazolam, lorazepam, and other agents. If lorazepam infusions 
are used, intermittent osmolality and osmol gap should be calcu-
lated to prevent propylene glycol toxicity [61]. Medications may be 
absorbed by the membrane oxygenator, and patients can become 
tolerant to them over time [62]. The extraordinary amount of 
medications some patients require has led some centers to use 
anesthesia gas in the membrane oxygenator, although a protocol 
for appropriate scavenging of these gases must be developed for 
use. European centers are facile in maintaining patients in a 
“normal” awake status in which they can play games, read books, 
and even eat during their ECMO course. Nursing and family 
support play a major role in the success of providing ECMO with 
little sedation.

Weaning

The most common mode of weaning from ECMO involves reducing 
the fl ow rate in increments every 1–2 hr provided that arterial and 
mixed venous oxygen saturations remain adequate. Once ECMO 
fl ow is reduced to provide only about two-thirds of cardiac output, 
ventilator support is increased (PIP 20–30 cm H2O; intermittent 
mandatory ventilation of 20–30 breaths per minute; PEEP 5 cm 
H2O; and FiO2 0.30–0.40). Weaning continues until an ECMO fl ow 
rate of 50–100 mL/min in infants or an estimated 10% of cardiac 
output is reached. If the patient remains physiologically stable with 
acceptable blood gas tensions at this low fl ow, the ECMO cannulas 
are clamped, and the infant is observed off ECMO support for a 
short time. If respiration and circulation remain stable during the 
trial, the cannulas are removed and the patient is returned to con-
ventional therapy. Quicker weaning methods involve decreasing 
ECMO fl ow in larger increments over shorter periods of time, 
similar to what is performed during cardiopulmonary bypass in 
the operating room [63].

Complications

Complications that occur during ECMO can be mechanical or 
patient related. The most common adverse events that are reported 
to the ELSO registry are shown in Table 12.5 (respiratory failure 
patients).

Bleeding

Bleeding from systemic heparinization is the major complication 
associated with ECMO [64]. Although bleeding occurs predomi-
nately from cannulation or surgical sites, intracranial hemorrhage 

is the most dreaded site for bleeding to occur. Intracranial bleeding 
occurs in approximately 11% of patients overall, with the rate 
highest in the neonatal population and lowest in the adult 
population. Bleeding that occurs outside the head that cannot 
be controlled with medical means requires surgical investigation. 
Although there are obvious risks of surgical intervention in a 
bleeding patient who is systemically anticoagulated, many 
operative repairs have been accomplished during ECMO 
support [65].

Initial attempts to control bleeding focus on decreasing the rate 
of heparin infusion and lowering activated clotting time levels. 
Limitation of heparin may put the circuit at risk for increased clot-
ting, especially at lower fl ow levels that must be balanced against 
the bleeding risk. Medications to help prevent clot breakdown in 
the patient are also used. Aminocaproic acid, also known by the 
trade name Amicar, has historically been the predominant medica-
tion used during ECMO [66]. Amicar functions as an antifi brinol-
ytic amino acid by displacing plasminogen from fi brin and 
inhibiting clot breakdown. Although a recent survey found a wide 
range of doses used, we have commonly followed a dosage scheme 
of 100 mg/kg as a loading dose followed by an infusion of 25–50 mg/
kg/hr. Although Amicar has been used in ECMO centers for many 
years, a recent randomized controlled trial of Amicar versus 
placebo in neonates found no difference between groups in need 
for transfusion or need for circuit changes caused by thrombosis.

More recently, aprotinin has become the favored agent in many 
centers [67]. Aprotinin is a serine protease inhibitor that is antifi -
brinolytic by inhibiting protein C and factors Va and VIIIa in the 
extrinsic coagulation pathway and inhibiting the intrinsic pathway 
as well. It also preserves platelet function, reduces vascular perme-
ability, and has been suggested to decrease the infl ammatory 
response to cardiopulmonary bypass. It has not been compared in 
a randomized fashion to Amicar or placebo during ECMO, but 
many centers now use it as their fi rst agent for bleeding patients. 
Aprotinin is administered as a loading dose of 10,000 units/kg and 
continued at an infusion rate of 10,000 units/kg/hr. Circuit throm-
boses may be noted with use of Amicar or aprotinin. Several recent 
reports of intractable bleeding on ECMO have commented on the 
benefi ts of factor VIIa, although the data with this medication are 
still too sparse to recommend it without further investigation [68]. 
Discontinuation of heparin to help control intractable bleeding can 
also be benefi cial and has been used for variable periods of time up 

TABLE 12.5. Mechanical and patient-related complications for respiratory failure 
patients.

Complication Neonatal Pediatric Adult

Mechanical
 Oxygenator failure  5.7 (55) 13.7 (45) 18.0 (42)
 Tubing rupture  0.7 (74)  3.8 (47)  3.9 (29)
 Pump malfunction  1.8 (68)  3.0 (48)  4.1 (35)
 Cannula problems 11.2 (69) 13.9 (49) 10.8 (40)
Patient related
 Gastrointestinal hemorrhage  1.7 (46)  4.0 (25)  4.3 (24)
 Cannula site bleeding  6.2 (68)  9.4 (61) 12.2 (45)
 Surgical site bleeding  6.1 (46) 15.6 (47) 22.2 (35)
 Hemolysis 12.0 (67)  8.8 (42)  5.2 (27)
 Brain death  1.0 (0)  6.0 (0)  3.8 (0)
 Seizures: clinically determined 10.7 (62)  7.2 (34)  1.9 (45)

Note: Data are percent reported (percent survival).
Source: Adapted with permission from ELSO International Summary, January 2005.
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to 36 hr or more without signifi cant clotting in the ECMO circuit 
[69]. Larger patients with faster ECMO fl ow rates are more likely to 
tolerate discontinuation of heparin without signifi cant clotting. It 
is wise, however, to have a backup circuit readily available if clot-
ting does occur and the ECMO system requires an emergent 
replacement.

Infection

Infection is another potential complication of ECMO [70]. Coloni-
zation of indwelling catheters, selective adherence of bacteria to 
polyurethane surfaces, sequestration of bacteria from the body’s 
normal antibody and phagocytic defense mechanisms, and the 
patient’s prior debilitated state are all factors that may increase the 
risk of infection [71,72]. Successful therapy may be diffi cult without 
eliminating invasive equipment, most signifi cantly the ECMO cath-
eters. Viral infection from blood transfusions also may occur. The 
risk may be limited by minimizing the exposure to blood products 
from multiple donors by using multiple aliquots sequentially dis-
pensed from a single unit of packed red blood cells. Although 
sepsis, either preexisting or developing on ECMO, was once seen as 
a reason to exclude patients from ECMO support, several recent 
reports have demonstrated that sepsis can be cleared and septic 
patients may be successfully treated with ECMO. In fact, the most 
recent guidelines for hemodynamic support of pediatric patients 
with septic shock note that ECMO should be considered for patients 
with refractory catecholamine-resistant shock [73]. There is still 
some debate over whether patients in high-cardiac output shock 
will obtain any benefi t from augmenting cardiac output further 
with ECMO, but such patients have been treated successfully with 
ECMO support.

Troubleshooting

Use of an extracorporeal device such as an ECMO circuit is fraught 
with potential complications that the intensivist should be familiar 
with in order to compliment the expertise commonly provided by 
the ECMO technician/perfusionist manning the circuit. Common 
scenarios include the following: (1) Air might enter the circuit. In 
this instance the arterial and venous lines should be clamped and 
the pump turned off while emergent ventilatory and circulatory 
support is provided the patient. Potential locations of air entry are 
identifi ed and air removed using the three-way stopcock most 
proximal to the site of entry. Extracorporeal life support is then 
restarted. (2) The power might fail. In this setting either emergent 
ventilatory and circulatory support is provided to the patient, or, 
if practical, hand-cranking of the pump can be maintained. (3) 
Increase in negative pump inlet pressure and/or bladder “chirping” 
can indicate diminished blood return to the circuit, a change in the 
venous cannula position, or hypovolemia. This can be addressed 
in a number of ways, including decreasing the pump fl ow if mea-
sures of oxygen delivery are adequate, changing the patient posi-
tion, raising the patient higher, or administering volume. (4) 
Decreased oxygenation or evidence of increasing PaCO2 in the 
patient can be a refl ection of a number of problems, but membrane 
failure particularly as the circuit ages during long runs must be 
excluded. Assessment of a postoxygenator blood gas will often 
reveal decreased gas exchange function of the membrane. This can 
often be overcome simply by increasing the fl ow of the sweep gases 
and/or increasing the FiO2, but failure to improve may eventually 

require changing the membrane oxygenator, which can usually be 
done in under a minute off bypass support. Other common causes 
of low saturations include inadequate pump fl ow, anemia, inade-
quate ventilatory support for the percentage of native pulmonary 
blood fl ow, sweep gas disconnection, and pneumothorax. Increas-
ing experience with this modality in the setting of available tech-
nical expertise is the optimal way to gain an enhanced ability to 
identify either patient- or circuit-related problems in order to effec-
tively and expeditiously remedy them without unintended injury 
to the patient while using this life-saving technology.

Long-Term Outcome

Patients undergoing ECMO are at risk of neurologic damage from 
hypoxia, acidosis, hypotension, induced alkalosis before ECMO, 
hemorrhage or ischemia related to systemic heparinization, and 
alterations in cerebral blood fl ow following ligation of the carotid 
artery and internal jugular vein [74–79]. Nevertheless, two thirds 
of the neonatal survivors appear to have a normal neurodevelop-
mental outcome. The remaining one third suffer from mild to 
severe defi cits in motor or cognitive function. Sensorineural 
hearing loss has been noted in 23% of patients, an incidence com-
parable to that in infants with persistent pulmonary hypertension 
treated conventionally. The long-term effects of carotid artery and 
jugular vein ligation remain unknown.

Severe chronic respiratory disease in patients treated with ECMO 
is uncommon [80]. Most reports relate an incidence of bronchopul-
monary dysplasia (defi ned as the need for oxygen beyond the fi rst 
month of life) from 4% to 27%. Most cases occurred in patients who 
had required extreme ventilator settings for more than 7 days 
before ECMO rescue. A follow-up report of neonates treated with 
ECMO and evaluated at 10–15 years post-ECMO found that, 
although patients had some diminished lung function by pulmo-
nary function testing, they had similar aerobic capacity and were 
able to reach anaerobic exercise goals similar to those of age-
matched healthy controls [81].

Of 2,800 pediatric respiratory ECMO patients listed in the ELSO 
registry through January 2005, 6% of patients had intracranial 
infarct or hemorrhage found on computed tomography examina-
tion. Brain death occurred in 6% of the patients, and 7% of patients 
had reported seizures. Long-term neurologic outcome data are 
sorely missing in the pediatric population. Few centers maintain 
regular follow-up clinics, and patients are often referred for ECMO 
from distant sites, making follow-up studies diffi cult. In one report 
of 15 pediatric and 4 adult patients, 58% survived to discharge. 
Patients were evaluated by use of the Pediatric Cerebral Perfor-
mance Category (PCPC; which measures cognitive impairment) 
and the Pediatric Overall Performance Category (POPC; which 
measures functional morbidity). Overall, 64% of survivors had 
normal PCPC scores, 27% had mild disabilities, and 9% had moder-
ate cognitive disability. Functional outcome was normal in 27%, 
while 45% had mild disability, 18% moderate disability, and 9% 
severe disability [82]. In another small series of 26 patients studied 
1–3 years after ECMO, 38% of pre-school-aged children were 
described as normal, and 31% had observed abnormalities. Four 
patients (31%) who had prior neurologic dysfunction remained at 
baseline following ECMO. Among children who were school-aged, 
77% were described as normal by parental report [83]. More spe-
cifi c neurologic follow-up studies of the pediatric age groups are 
needed.
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The Future

The current extension of ECLS systems to older pediatric and adult 
patients in a variety of clinical settings highlights the changes that 
have occurred in the ECLS environment. Progress in renal replace-
ment, liver support, and plasmapheresis and the development of 
new cardiac support devices applicable to pediatrics may also 
expand the use of ECMO or related techniques. Additionally, the 
development of small, portable systems for cardiopulmonary 
resuscitation may herald a new age of extracorporeal support. 
Technical advances in extracorporeal life support equipment con-
tinue to make such support safer and more effi cient. Venovenous 
ECMO techniques have been refi ned and used successfully in a wide 
age range of patients: neonatal to adults. Single-cannula, double-
lumen catheters for venovenous ECMO may obviate the risks of 
arterial cannulation and offer the benefi t of requiring only one 
surgical site for venous access. Heparin- or novel anticoagulant-
bonded circuits may decrease the need for systemic anticoagula-
tion and the risk of hemorrhagic complications. Until the day when 
medical science may make the need for ECLS obsolete, research 
into ways to make it safer and more effi cient should continue.
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form cartilages are the last to develop, late in the seventh month, 
within the aryepiglottic folds.

The respiratory tract begins with the nasal and oral cavities, 
which together comprise the pharynx. The pharynx is connected 
to the esophagus and the larynx. The larynx and its unique anatomy 
continue into the chest in the form of a cylindrical structure called 
the trachea, which divides into the right and left main bronchi. 
The bronchi continue dividing approximately 23 more times 
until the terminal bronchioles and the accompanying alveoli are 
reached. The larynx is a unique structure whose primary functions 
are in speech production and protection of the airway. It is formed 
by cartilaginous, bony, and connective tissue structures. The glottis 
is the area around the vocal cords. The subglottis is the area directly 
below the vocal cords leading into the trachea. The cords are closed 
during the end of the expiratory phase and rest, and they open at 
the beginning of the inspiratory phase. The narrowest part of the 
adult airway is the vocal cords, but, in children, the narrowest part 
is the cricoid cartilage located in the subglottic area of the larynx. 
The trachea is a cylindrical structure formed by 16–20 U-shaped 
cartilaginous rings and a muscular/cartilaginous part that com-
pletes the tube. The airway is divided into the upper airway, which 
begins with the nose and lips and extends down to the glottis, and 
the lower airway, which is the airway below the glottis.

Although basic principles in the management of the airway in 
children are the same as in adults, there are important develop-
mental characteristics that distinguish the pediatric airway from 
the adult airway (Table 13.1). These affect both mask ventilation 
and tracheal intubation. In the neonate and infant, important ana-
tomic differences include a proportionately larger head and tongue, 
narrower nasal passages, an anterior and cephalad larynx, long 
epiglottis, and a short trachea and neck. These factors contribute 
to making infants “obligate” nasal breathers. The cricoid cartilage 
is the narrowest point of the airway in children younger than 10 
years of age as opposed to the glottis in the adult. Even minimal 
edema will have a proportionately greater effect in children because 
of their smaller tracheal diameters. In older children, prominent 
adenoidal and tonsillar tissue can obstruct visualization of the 
larynx. Also, there are specifi c congenital anatomic airway anoma-
lies that occur in children that make management of these airways 
even more complex. As the child becomes older the airway becomes 
more comparable to the adult anatomy, and by 8 or 9 years of age 
the airway is considered similar to the adult airway, with the excep-
tion of size.

Developmental Anatomy  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  141
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Developmental Anatomy

Prenatal development of the upper airway is divided into the 
embryonic phase (0–8 weeks of gestation) and the fetal phase (8–40 
weeks of gestation). The embryonic phase is characterized by 
organogenesis, whereas the fetal phase is characterized by organ 
maturation. The human embryo develops at the interface between 
two sacs, a dorsal, ectodermal sac and a ventral, endodermal yolk 
sac. The part of the yolk sac incorporated into the arching head fold 
forms the foregut. One outgrowth of the foregut into the dorsally 
aligned mesodermal beds is termed the laryngotracheal groove, the 
primordium of the tracheal and pulmonary diverticula. Laterally, 
the foregut is limited by a thick wall of mesoderm in which the 
branchial or pharyngeal arches develop. These paired arches are 
intimately involved in the ultimate formation of the mouth, nasal 
cavities, pharynx, and larynx. The ear and mandible share the fi rst 
and second arch derivation. The laryngotracheal groove develops 
furrows along its lateral aspect, which deepen and eventually unite, 
separating the laryngotracheal tube from the esophagus. The ante-
rior portion of the cranial end of the laryngotracheal tube forms 
the laryngeal slit, covered by an epithelial lamina. Caudally it pro-
gresses to form lung buds. On either side of the slit, two lateral 
swellings appear that ultimately become the arytenoids. The epi-
glottis forms from an anteriorly sited, central elevation of the 
primitive larynx, and the lateral arms develop into the aryepiglot-
tic folds.

The thyroid, cricoid, and corniculate cartilages are fi rst recog-
nizable in the seventh week of gestation as condensations of mes-
enchyme paralleled by the appearance of the laryngeal muscles. By 
10–11 weeks, the major structures of the larynx have developed and 
the cartilages are chondrifying. At this stage, the epithelial lamina 
dissolutes and the glottic aperture appears. By the end of second 
trimester the laryngeal development enters the differentiation 
phase during which it attains the inverted cone shape. The cunei-
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All parts of the pediatric airway are very small and fragile. Even 
trauma that occurs during tracheal intubation can cause signifi -
cant edema and obstruction of the upper airway. For example, 
1 mm of circumferential edema can result in a 16-fold increase in 
resistance in a 4-mm infant airway (Figure 13.1). The narrowness 
of the airway results in greater baseline resistance. Any process that 
narrows the airway further will cause an exponential rise in airway 
resistance and a secondary increase in the work of breathing. When 
the child perceives distress, the resultant increase in respiratory 
effort will further augment turbulence and raise resistance.

Because the neonate is primarily a nasal breather, any degree of 
obstruction of the nasopharynx may result in a signifi cant increase 
in the work of breathing and present clinically as retractions. The 
tongue of infants and small children dominates the overall capaci-
tance of the oropharynx, so any pediatric patient who presents with 
altered mental status will be at risk for the development of upper 
airway obstruction secondary to loss of muscle tone affecting the 
tongue. Occlusion of the oropharynx by the tongue is not uncom-
mon in this setting, but tilting of the head, lifting the chin, or 
insertion of an oral airway may correct this obstruction.

Older children have tonsillar and adenoidal tissues that are large 
in proportion to available airways. Although these rarely cause an 
upper airway catastrophe, they are vulnerable to traumatization 
and bleeding during clinical interventions such as insertion of an 
oral or a nasal airway. The pediatric trachea is easily distensible 
and compressible because of incomplete closure of semiformed 
cartilaginous rings. Any maneuver that overextends the neck will 
contribute to compression of this structure and secondary upper 
airway obstruction. As the cricoid ring represents the narrowest 
portion of the upper airway in children, it is often the site of occlu-
sion in tracheobronchial foreign body aspiration.

The lower airway tract consists of all structures below the level 
of the midtrachea, including the bronchi, bronchioles, and alveoli. 
Developmental immaturity of these structures in infancy is 
refl ected by a decreased number of subunits necessary for ap-
propriate oxygenation and ventilation. In addition, the pediatric 
patient possesses a diminished pulmonary vascular bed. The rela-
tively small caliber of the pediatric lower airway predisposes it to 
occlusion. Even partial occlusion will result in an increased degree 
of airway resistance. Immaturity of musculoskeletal and central 
nervous systems of the pediatric patient also contributes to the 
development of respiratory failure. In infancy, the diaphragm 
remains the primary muscle of respiration, with only minor con-
tributions provided by the intercostal musculature. Any degree of 
abdominal distension will provide signifi cant interference to dia-
phragmatic function and secondary ventilatory insuffi ciency. The 
infantile diaphragm possesses muscle fi bers that are more prone to 
fatigue than their adult counterparts. In addition, the chest wall of 
the pediatric patient is quite compliant, preventing adequate stabi-
lization during periods of increased respiratory distress. Also, 
infants are less responsive to hypoxemia because of immature 
development of central respiratory control, placing them at risk for 
insuffi cient respiratory responses to disease states.

Congenital Anomalies of the Upper Airway

Congenital anomalies of the upper airway are relatively common 
and typically present with signs and symptoms of upper airway 
obstruction [1–5]. As these disorders are discussed in length in 
Chapter 17, they are only briefl y mentioned here.

Supralaryngeal Anomalies

Syndromes Associated With Upper Airway Obstruction

Several malformation syndromes are commonly associated with 
upper airway obstruction. The Pierre-Robin sequence [6–10] is a 
pattern of malformations that arise from a single primary defect in 
early morphogenesis—in this case, mandibular hypoplasia—which 
include micrognathia, cleft palate, and glossoptosis. Mandibular 
hypoplasia forces the tongue posteriorly, keeping it high in the oral 
cavity and causing a cleft in the palate by preventing the closure of 
the palatal shelves. This leads to the classic inverted U-shaped cleft 
and the absence of an associated cleft lip common in these children. 
The tongue is not actually larger than normal, but, because of the 
small mandible, the tongue is large relative to the airway and there-
fore causes obstruction. Although the Pierre-Robin sequence is 
associated with multiple malformation syndromes, Stickler syn-
drome, deletion 22q11.2 spectrum, and Treacher-Collins syndrome 
account for the vast majority [6–10]. Trisomy 21 (Down syndrome), 

TABLE 13.1. Major anatomic differences between the airways of infants and adults.

 Infant Adult

Head Large, prominent occiput Flat occiput
Tongue Relatively larger Relatively smaller
Larynx Cephalad position Opposite to C4–C6
 Opposite to C2–C3
Epiglottis Omega-shaped and soft Flat and flexible
Vocal cords Short and concave Horizontal
Narrowest portion Cricoid ring, below cords Vocal cords
Cartilage Soft Firm
Lower airways Smaller, less developed Larger, more cartilage

Adult

Infant

Normal Edema Δ diameter Δ resistance

8 mm 6 mm

2 mm
50% 16X

25% 3X

4 mm

FIGURE 13.1. Age-dependent effects of a reduction in airway caliber on the airway resis-
tance and air flow. Normal airways are represented on the left (top, infants; bottom, 
adults), and edematous airways are represented on the right. According to Poiseuille’s law, 
airway resistance is inversely proportional to the radius of the airway to the fourth power 
when there is laminar flow and to the fifth power when there is turbulent flow. One milli-
meter of circumferential edema will reduce the diameter of the airway by 2 mm, resulting 
in a 16-fold increase in airway resistance in the pediatric airway versus a 3-fold increase in 
the adult (cross-sectional area reduced by 75% in the pediatric airway versus a 44% 
decrease in the adult airway). Note that turbulent air flow (such as occurs during crying) 
in the child would increase the resistance by 32-fold.
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Crouzon disease, Beckwith-Wiedemann syndrome, and Goldenhar 
syndrome are also commonly associated with upper airway 
obstruction.

Choanal Atresia

Choanal atresia occurs in approximately 1 : 8,000 live births and 
may be unilateral or bilateral. Cases of unilateral and bilateral 
choanal atresia appear to be evenly distributed (i.e., 50% of cases 
are unilateral and 50% are bilateral) [1,11,12]. The majority of cases 
(71%) are of the mixed type (bony and membranous), while the 
remaining cases (29%) are primarily of the bony type. The mem-
branous type is exceedingly rare [1,11,12]. Because infants are obli-
gate nasal breathers, most children with this condition present 
with respiratory distress and poor feeding in early infancy.

Affected infants have episodes of respiratory distress with cya-
nosis that is relieved with crying (paradoxical cyanosis). Bilateral 
choanal atresia always produces symptoms during the neonatal 
period, although the degree and severity of airway obstruction 
are variable. Unilateral choanal atresia often presents with unilat-
eral rhinorrhea and persistent obstruction between the ages of 2 
and 5 years. Rarely an infant with unilateral choanal atresia may 
present early because of contralateral obstruction such as a devi-
ated septum. Diagnosis is confi rmed at the bedside by the inability 
to pass a soft catheter through the nose. Radiologic evaluation of 
the nose and nasopharynx by computed tomography (CT) scan-
ning is helpful in establishing the diagnosis as well as the extent of 
disease. Flexible fi beroptic examination after topical decongestion 
usually confi rms the presence of atresia, but axial CT is necessary 
to assess the thickness of the atresia plate, the degree of lateral 
pterygoid plate and vomerine involvement, and the plan for surgi-
cal intervention. Associated anomalies are common and occur in 
20%–50% of infants with choanal atresia. The CHARGE associa-
tion includes coloboma or other ophthalmic anomalies, heart 
disease, choanal atresia, growth retardation, genital hypoplasia, 
and ear anomalies associated with hearing loss. Defi nitive manage-
ment is surgical and includes either transnasal or transpalatal 
repair [1,11–13].

Intranasal Tumors

Signifi cant airway obstruction secondary to intranasal tumors 
(e.g., dermoids, gliomas, encephaloceles, or teratomas) usually 
present in the neonatal period. Encephaloceles contain herniated 
brain tissue, dura, and cerebrospinal fl uid, and early surgical resec-
tion is recommended (regardless of the degree of airway obstruc-
tion) in order to alleviate the risk of meningitis [1,11].

Tongue Cysts

Cysts at the base of the tongue are rare but potentially life-
threatening causes of upper airway obstruction during infancy 
[1,11,14,15]. These include thyroglossal duct cysts, dermoid cysts, 
and vallecular cysts. Vallecular cysts [16–18] are a rare but well-
recognized cause of stridor and respiratory distress in infants and 
have been associated with sudden airway obstruction resulting in 
death. Vallecular cysts are also called mucous retention cysts, epi-
glottic cysts, base-of-the-tongue cysts, and ductal cysts [18]. Infants 
typically present with inspiratory stridor and respiratory distress 
in the fi rst weeks of life. Feeding diffi culties and failure to thrive 
are also common manifestations. Vallecular cysts consist of a uni-
locular, cystic mass that arises from the lingual surface of the epi-

glottis. Diagnosis is usually made by direct laryngoscopy, and 
surgery is curative.

Laryngeal Anomalies

Laryngomalacia

Laryngomalacia is the most common cause of stridor in infants, 
accounting for 60% of cases with congenital anomalies [1–3,19–21]. 
Boys appear to be affected twice as often as girls. Although severe 
cases can produce obstructive apnea, cor pulmonale, and failure to 
thrive, most cases are self-limited. The etiology of this disorder is 
not known, but gastroesophageal refl ux may play a contributing 
role.

Children with laryngomalacia most commonly present with 
noisy respirations, often since the fi rst few weeks of life, which are 
accentuated by the supine position, feeding, and agitation. Feeding 
diffi culties may also occasionally occur, although failure to thrive, 
respiratory distress, and cyanosis are rare. The stridor of laryngo-
malacia is inspiratory in character and is typically milder in the 
prone position or when the neck is extended. The severity of stridor 
typically worsens with growth and increasing oxygen demands 
and then slowly resolves between 6 and 18 months of age. Central 
nervous system disorders associated with neuromuscular coordi-
nation diffi culties are likely to exacerbate laryngomalacia in af-
fected infants. The diagnosis is made based on a classic history and 
physical examination and is confi rmed by endoscopy. During 
awake, fl exible laryngoscopy, the epiglottis may be omega shaped 
and appear to fold posteriorly with inspiration. The arytenoids are 
bulky and prolapse into the glottis with inspiration (Figure 13.2). 
Radiologic evaluation will show downward and inferior displace-
ment and bowing of the aryepiglottic folds [22,23]. The majority 
of cases can be managed with observation alone, and symptoms 
generally resolve by 18–24 months of age. Gastroesophageal refl ux 
should be treated if present, as it is known to exacerbate symptoms. 
Surgical management is rarely required, but, when indicated, 
supraglottoplasty is the procedure of choice [1–3,19–21].

Vocal Cord Paralysis

Vocal cord paralysis is the second most common congenital 
anomaly of the larynx, accounting for nearly 10% of all cases [1–
3,19–21,24–26]. Vocal cord paralysis may be unilateral or bilateral. 
Most cases of unilateral vocal cord paralysis are idiopathic but may 
also occur secondary to peripheral nerve injury (e.g., injury to the 
recurrent laryngeal nerve following Norwood stage I palliation for 
hypoplastic left heart syndrome, during repair of tracheoesopha-
geal fi stula, or resulting from birth trauma). Unilateral vocal cord 
paralysis is usually well tolerated and is suggested by the presence 
of a weak cry and occasional stridor in the right historical context. 
Congenital anomalies of the cardiovascular system frequently are 
associated with unilateral vocal cord paralysis. The left vocal cord 
is more commonly affected than the right because of its longer 
course and closer proximity to the heart, placing it at greater risk 
for injury during surgery for congenital heart disease. Bilateral 
vocal cord paralysis, on the other hand, usually results from central 
nervous system (CNS) injury or disease (hemorrhage, hypoxia/
ischemia, Arnold-Chiari malformation, spina bifi da, etc.) [1,25]. 
Central nervous system involvement is almost always the result of 
brain stem pathology. Supranuclear etiologies are rare causes of 
bilateral vocal cord paralysis caused by the extensive interhemi-
spheric connections of laryngeal efferent neural pathways. The 
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Arnold-Chiari malformation is the most common cause of bilateral 
vocal cord paralysis, which probably results from brain stem com-
pression and stretching of vagal nerve rootlets due to caudal dis-
placement of the brain stem or cerebellum into the foramen 
magnum [1–3,19–21,24–26].

Infants with bilateral vocal cord paralysis present with marked 
inspiratory stridor and respiratory distress, although the cry is 
often normal. Aspiration leading to recurrent pneumonia is 
common. The diagnosis of vocal cord paralysis is suggested by the 
history and physical examination and confi rmed by endoscopy. 
Radiologic evaluation is important to evaluate for potential etiolo-
gies (e.g., head CT for bilateral vocal cord paralysis). Most cases of 
unilateral vocal cord paralysis can be managed with observation 
alone. Upright positioning may be required to alleviate feeding 
diffi culties and minimize the risk of aspiration. However, children 
with bilateral vocal cord paralysis often require urgent manage-
ment of the airway. A tracheotomy is generally necessary and 
should remain in place for 2 years to allow for potential recovery 
of function. If spontaneous recovery does not occur, further opera-
tive procedures (e.g., arytenoidectomy) may be attempted in an 
effort to decannulate the patient [1–3,19–21,24–26].

Congenital Subglottic Stenosis

Congenital subglottic stenosis is the third most common laryngeal 
anomaly, accounting for nearly 15% of all cases [1–3,19–21,21,27,28]. 
Males are affected twice as commonly as females. Congenital sub-
glottic stenosis can be classifi ed into a membranous subtype and a 
cartilaginous subtype. The membranous subtype results from cir-
cumferential submucosal hypertrophy with excess fi brous connec-
tive tissue and mucous glands and is the most common and milder 
form of congenital subglottic stenosis. The cartilaginous subtype 

results from an abnormal shape of the cricoid cartilage. Infants 
with congenital subglottic stenosis usually present within the fi rst 
2–3 months of life with biphasic stridor, often following an upper 
respiratory tract infection or croup-like illness. Even the slightest 
degree of infl ammation and edema can precipitate partial to com-
plete airway obstruction in these infants. Milder cases often present 
as recurrent croup.

Diagnosis is made with a suggestive history and endoscopy. The 
severity of stenosis is assessed by the ability to pass a tracheal tube 
through the airway using the rigid bronchoscope. Congenital sub-
glottic stenosis is diagnosed when the lumen diameter is less than 
4 mm in a term infant or less than 3 mm in a preterm infant. 
Although the majority of cases of congenital subglottic stenosis 
resolve spontaneously with normal growth, laryngotracheoplasty 
may be required in severe cases [1–3,19–21,21,27,28].

Subglottic Hemangiomas

Subglottic hemangiomas are seldom present at birth and usually 
present before 6 months of age with worsening respiratory distress. 
Females appear to be affected twice as often as males. Initially, 
children present with signs and symptoms similar to croup. Inspi-
ratory stridor is exacerbated by agitation and crying. As the lesion 
grows, symptoms worsen, and affected infants develop biphasic 
stridor. Approximately one-half of children will also have cutane-
ous hemangiomas on the head and neck. Diagnosis is made by 
identifi cation of the lesion by rigid bronchoscopy. Management is 
usually conservative, as most hemangiomas will regress spontane-
ously, usually disappearing by 2 years of age. Larger lesions may 
require surgical intervention via one of several options, including 
carbon dioxide laser ablation, cryosurgery, intralesional interferon 

A B

FIGURE 13.2. Endoscopic appearance, laryngomalacia. (A) Severe laryngomalacia during expiration. (B) Same patient during inspiration with total collapse of the airway. 
(Courtesy of Mitchell B. Austin, MD, Department of Otolaryngology, Medical College of Georgia.)
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or sclerosing agent injection, and systemic steroids. Tracheotomy 
is only rarely necessary [1–3,19–21,27,28–31].

Congenital Laryngeal Webs and Atresia

Congenital laryngeal webs are rare and arise from defects in recan-
nulation of the embryonic larynx during the third month of gesta-
tion, with laryngeal atresia representing the extreme end of the 
spectrum of these disorders [1–3,19–21,27,28,32–34). Laryngeal 
webs are often noted at birth, presenting with upper airway obstruc-
tion, a weak or feeble cry, and occasionally aphonia. Complete 
obstruction of the airway may occur and requires immediate rec-
ognition and defi nitive management. Nearly 75% of webs are 
located at the level of the glottis and are usually anterior in posi-
tion. Supraglottic and subglottic webs comprise the remaining 25% 
of children. Nearly one third of children will also have associated 
anomalies of the respiratory tract, most commonly congenital sub-
glottic stenosis. Diagnosis is easily made with rigid bronchoscopy. 
Management includes close observation when the web is small 
to emergent tracheotomy when the web is large. Laryngeal atresia, 
also known as congenital high airway obstruction syndrome 
(CHAOS) is fortunately an extremely rare anomaly [32,33]. It pres-
ents with immediate airway obstruction upon clamping of the 
umbilical cord unless there is a concomitant tracheoesophageal 
fi stula (TEF) that is suffi ciently large to sustain adequate ventila-
tion. Physical examination reveals a newborn with markedly severe 
respiratory distress associated with strong respiratory efforts and 
inability to inhale air or cry. Emergent tracheotomy must be per-
formed; otherwise, death is imminent. If a TEF is present, mask 
ventilation and esophageal intubation may be suffi cient to stabilize 
the infant before tracheotomy. Successful treatment with the ex 
utero intrapartum treatment (EXIT) procedure has been encourag-
ing [32,33,35–38].

Laryngeal Clefts

Laryngotracheoesophageal clefts are extremely rare, accounting 
for 0.3%–0.5% of all laryngeal malformations [1–3,19–21,27,28,32–
34,39,40]. They result from a failure of the tracheoesophageal 
septum to fuse at approximately 35 days of gestation and, if com-
plete, are associated with 90% mortality. The clinical presentation 
depends on the severity of the cleft. Infants typically present with 
recurrent aspiration and respiratory distress following a feeding. 
Coughing, choking, and stridor are commonly observed, and there 
is a history of maternal polyhydramnios in more than 30% of cases. 
Diagnosis is made by endoscopy, although radiographic studies are 
typically helpful during the initial evaluation of a suspected laryn-
geal cleft. Chest radiography often shows aspiration pneumonia, 
while lateral radiographs of the neck frequently show a posteriorly 
displaced tracheal tube or an anteriorly displaced nasal or oral 
gastric tube. Minor clefts can usually be treated medically (posi-
tioning, antirefl ux medications, etc.) with close observation. Surgi-
cal management is required for more severe cases.

Bifid Epiglottis

Congenital bifi d epiglottis is a rare anomaly that usually presents 
with a constellation of signs and symptoms similar to laryngoma-
lacia [1–3,19–21,27,28,41]. The midline defect in the epiglottis often 
renders it incompetent in protecting the airway during feeding, and 
aspiration is common in affected infants. Surgical management is 
often required in severe cases.

Laryngoceles and Laryngeal Cysts

Laryngoceles are sac-like, air-fi lled structures corresponding to a 
remnant of the lateral laryngeal air sac of the higher anthropoid 
apes. They may be internal (i.e., remaining within the laryngeal 
cartilage) or external (i.e., extending through the thyrohyoid mem-
brane). Laryngeal cysts are saccular cysts that are similar in their 
embryologic development to laryngoceles. However, in contrast to 
the air-fi lled laryngocele, saccular cysts are fl uid fi lled. Both laryn-
goceles and laryngeal cysts may present with stridor and respira-
tory distress in severe cases. Surgery is indicated when airway 
obstruction is severe [1–3,19–21,27,28,42–44].

Tracheal Anomalies

As a group, tracheal anomalies are much less common than laryn-
geal anomalies [1–3,19–21,27,28,45–49). Because of the normal 
compliance of the trachea and its position within the thorax, the 
trachea dilates somewhat with inspiration and narrows with expi-
ration, refl ecting the difference between intrathoracic and intralu-
minal pressures. This phenomenon is accentuated whenever 
intrathoracic pressure is substantially greater than intraluminal 
pressure, as during forced expiration, cough, and the Valsalva 
maneuver or if there is any degree of anatomic obstruction in the 
trachea. Therefore, tracheal anomalies typically present with expi-
ratory stridor, although the stridor may also have an inspiratory 
component if there is a fi xed obstruction. Feeding diffi culties are 
also common, as the bolus of food passing through the esophagus 
may compress the trachea and exacerbate the severity of 
obstruction.

Tracheomalacia

Tracheomalacia [45–49] is a relatively uncommon anomaly that 
results from an intrinsic weakness in the cartilaginous support of 
the trachea such that it is prone to collapse, especially during expi-
ration. If the main bronchi are also affected (which they are com-
monly), the term tracheobronchomalacia is used. Although much 
less common than laryngomalacia, tracheomalacia is the most 
common congenital anomaly of the trachea. Primary (or congeni-
tal) and secondary (acquired) forms exist. The secondary or 
acquired form of tracheomalacia is perhaps more common than the 
congenital form and is frequently associated with prematurity and 
extrinsic vascular compression of the trachea. Several conditions 
are commonly associated with tracheomalacia, including tracheo-
esophageal fi stula (see below), congenital heart disease, and gas-
troesophageal refl ux [1–3,19–21,27,28,45–49].

Tracheomalacia commonly presents with expiratory stridor (in 
contrast to inspiratory stridor) and a croup-like cough. Tracheo-
malacia is frequently misdiagnosed as asthma. Most of these 
infants have impaired clearance of secretions as a result of luminal 
closure during cough and are therefore prone to aspiration pneu-
monia. Feeding diffi culties are also common. Diagnosis is made by 
a relevant history and endoscopic examination of the trachea 
(Figure 13.3). Tracheomalacia is self-limiting in the majority of 
cases and rarely requires surgical intervention. Most infants 
outgrow the symptoms by age 18–24 months. However, when 
severe, tracheomalacia is potentially life-threatening. Historically, 
tracheotomy and long-term mechanical ventilatory support 
have been the mainstays of treatment. Recent technological 
improvements in noninvasive positive pressure ventilation 
(NIPPV) will likely improve the outcomes of children with this 
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disease. Aortopexy is now widely considered the surgical proce-
dure of choice, although this is by no means a panacea because of 
a small, but signifi cant, failure rate and potential for complications 
[1–3,19–21,27,28,45–49].

Tracheal Stenosis

Tracheal stenosis is also rare with a variable clinical presentation 
depending on its severity [1–3,19–21,27,28,45–50). It is best viewed 
in the context of laryngeal stenosis, as the two entities frequently 
coexist; hence use of the term laryngotracheal stenosis is preferred. 
Isolated tracheal stenosis is most commonly a result of a complete, 
circumferential tracheal ring. Associated anomalies are common 
and include tracheoesophageal fi stula, pulmonary hypoplasia, and 
skeletal abnormalities. These infants typically present with bipha-
sic stridor, although the expiratory phase is usually more pro-
nounced. Failure to thrive because of feeding diffi culties is also 
common. Diagnosis is made by endoscopy, although CT or mag-
netic resonance imaging (MRI) of the trachea may be helpful. Sur-
gical options for severe cases include endoscopic dilation, resection 
of the stenotic segment with end-to-end reanastomosis, laryngo-
tracheoplasty with either costal cartilage interposition or a peri-
cardial patch, and slide tracheoplasty. If the stenotic segment is 
short, resection and end-to-end anastomosis is generally preferred. 
Slide tracheoplasty, frequently performed under cardiopulmonary 
bypass, is rapidly becoming the preferred technique for long 
segment stenosis [51–55].

Tracheoesophageal Fistula

Tracheoesophageal fi stula results from an incomplete development 
of the tracheoesophageal septum and is usually associated with 
esophageal atresia [56]. Infants with TEF typically present soon 

after birth with recurrent pneumonia, choking or coughing during 
feeding, stridor, and retention of secretions. Direct visualization of 
the fi stulous tract on rigid bronchoscopy is diagnostic, although a 
barium swallow is helpful as well. Surgical treatment is curative. 
As discussed earlier, children with TEF frequently have tracheoma-
lacia and/or stenosis.

Vascular Compression on the Trachea

Nonvascular causes of extrinsic compression of the trachea include 
thoracic masses such as mediastinal tumors and cystic hygromas. 
The three most common vascular causes of extrinsic compression 
of the trachea and airways include (1) double aortic arch, in 
which the trachea and esophagus are completely encircled by 
bilateral aortic arches (derived from the embryonic paired fourth 
aortic arches); (2) pulmonary artery sling, in which an aberrant left 
pulmonary artery arises abnormally from the right pulmonary 
artery; and (3) aberrant innominate artery, which causes compres-
sion of the anterior trachea [57–59]. Affected children typically 
present with stridor, wheezing, lobar atelectasis, and recurrent 
pneumonia. As mentioned earlier, tracheomalacia at the site of the 
extrinsic compression is common. Surgical correction is required 
in severe cases.

Infectious Disorders of the Pediatric Airway

The clinical spectrum of infectious causes of upper airway obstruc-
tion has changed dramatically in the past few decades, especially 
following the introduction of vaccines against diphtheria and Hae-
mophilus infl uenzae. Many of the infectious causes of upper airway 
obstruction pose less of a threat today as a result of advances in 
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FIGURE 13.3. Endoscopic appearance, tracheomalacia. (A) Normal trachea. (B) Child with severe tracheomalacia demonstrating total collapse of the airway during expiration. The child 
required tracheotomy. (Courtesy of Mitchell B. Austin, MD, Department of Otolaryngology, Medical College of Georgia.)
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prevention, early diagnosis, and treatment. Nevertheless, infec-
tious causes of upper airway obstruction remain an important 
source of morbidity and potential mortality in the pediatric age 
group (Tables 13.2 and 13.3) [60–63].

Viral Laryngotracheobronchitis

Viral laryngotracheobronchitis, or croup, is the most common 
infectious cause of upper airway obstruction in children, with an 
annual incidence of 18 per 1,000 children in the United States [61–
64]. Croup primarily affects children between the ages of 6 months 

and 4 years, with a peak incidence between 1 and 2 years of age. 
Although sporadic cases may occur throughout the year, the 
peak incidence is during late fall and winter. Males are affected 
slightly more commonly than females [60,61–64]. Croup is 
caused by an infl ammation affecting the subglottic tissues, occa-
sionally affecting the tracheobronchial tree as well, usually 
because of a viral infection. Croup is most commonly caused by 
parainfl uenza virus type 1, although parainfl uenza virus types 2 
and 3, infl uenzas A and B, respiratory syncytial virus (RSV), ade-
novirus, and Mycoplasma pneumoniae are commonly implicated 
as well [65–68].

Most children with croup can be managed in the outpatient 
setting, although between 1% and 30% of children require hospi-
talization, and 2% of hospitalized children require tracheal intuba-
tion and mechanical ventilatory support [69,70]. Children with 
croup typically present with several days of viral prodromal symp-
toms (cough, coryza, rhinorrhea, low-grade fever) with progres-
sively worsening hoarseness, the classic “seal-like” or barky cough, 
and stridor (most commonly inspiratory in nature, although 
biphasic stridor is indicative of a more severe degree of airway 
obstruction). Conversely, children with high fevers and/or a toxic 
appearance are more likely to have a more serious infection, such 
as bacterial tracheitis, retropharyngeal abscess, or supraglottitis. 
The classic harsh cough or bark may progress to inspiratory stridor 
and frank dyspnea in severe cases, and various scales have been 
devised to quantify the severity of stridor and document the 
progression of the illness and subsequent response to therapy 
[71–74].

Although radiographic examination is useful to rule out other 
important causes of airway obstruction (e.g., supraglottitis, foreign 
body, retropharyngeal abscess), the classic steeple sign (Figure 13.4) 
may be absent in as many as half of children with croup [65,75,76]. 
When visible, the subglottic narrowing is dynamic and is more 
accentuated during inspiration because of the more negative intra-
luminal airway pressure during inspiration [77]. Children with a 
long-standing history of stridor or those under 4 months 
of age should be carefully evaluated for anatomic airway obstruc-
tion, such as laryngeal cyst or papillomatosis, vocal cord paralysis 

TABLE 13.2. Common causes of upper airway obstruction in children.

Anatomic
 Altered level of consciousness (airway muscle laxity)
 Postextubation airway obstruction
 Tonsillar hypertrophy
 Subglottic stenosis (acquired or congenital)
 Macroglossia
 Vocal cord paralysis
External or internal compression
 Tumor
 Hemangioma
 Hematoma
 Cyst
 Papilloma
 Vascular rings and slings
Infectious
 Laryngotracheobronchitis (croup)
 Peritonsillar abscess
 Retropharyngeal abscess
 Bacterial tracheitis
 Supraglottitis (epiglottitis)
 Infectious mononucleosis
Miscellaneous
 Postextubation airway obstruction
 Angioedema
 Foreign body aspiration
 Airway trauma

TABLE 13.3. Infectious causes of upper airway obstruction.

 Croup Epiglottitis Bacterial tracheitis Retropharyngeal abscess

Onset Gradual Rapid onset 6–12 hr Viral prodrome followed by rapid  Viral prodrome followed by rapid
 Viral prodrome 1–7 days   deterioration  deterioration
Typical age at onset 6 months to 4 years 2–8 years 6 months to 8 years <5 years
Seasonal occurrence Late fall to winter Throughout the year Fall to winter Throughout the year
Causative agents Parainfluenza, respiratory Haemophilus influenzae type b Staphylococcus aureus (classically),  Anaerobic bacteria, 
  syncytial virus,  (classically), Streptococcus  GABHS, Streptococcus GABHS, Staphylococcus aureus
  influenza A  pneumoniae, GABHS  pneumoniae 
Pathology Subglottic edema Inflammatory edema of supraglottis Thick, mucopurulent, membranou  Abscess formation in the deep cervical
     stracheal secretions  fascia
Fever Low-grade High fever High fever High fever
Cough “Barking” or “seal-like” None Usually absent Usually absent
Sore throat None Severe None Severe
Drooling None Frequent None Frequent
Posture Any position Sitting forward,mouth open, neck Any position Sitting forward, mouth open, neck extended
   extended (“tripod position”)   (“tripod position”)
Voice Normal or hoarse Muffled Normal or hoarse Muffled
Appearance Nontoxic Toxic Toxic Toxic

Note: GABHS, group A β-hemolytic Streptococcus.
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extrinsic airway compression (e.g., vascular ring), or laryngotra-
cheal stenosis.

Croup is generally self-limited and frequently requires only sup-
portive care. Humidifi cation with continuous cool mist has been 
the standard accepted treatment for many years [75,77–79]. The 
mechanism by which humidifi ed cool mist improves symptomatol-
ogy is not well understood and probably refl ects a placebo effect 
[78–80]. Nebulized racemic epinephrine rapidly reduces airway 
edema and improves symptoms, although the effect is transient 
and disappears within 2–3 hr of administration [81–86]. Both the 
racemic and L-isomer forms of epinephrine appear to be safe and 
effective; however, racemic epinephrine has not been shown to 
decrease the need for either tracheal intubation or tracheotomy in 
children with croup [83,85,86]. Rebound or worsening of airway 
obstruction after the drug effect wears off may occur with the use 
of racemic epinephrine, and for this reason treated patients should 
be observed for 4–6 hr after administration [87].

Several recent studies have shown substantial improvement in 
symptoms following administration of corticosteroids. Adminis-
tration of corticosteroids appears to improve symptomatology, 
shorten the duration of hospital stay, and reduce the need for 
racemic epinephrine [69,88]. A single dose of dexamethasone is 
usually adequate for mild to moderate croup. The dose of dexa-
methasone ranges from 0.15 mg/kg of oral preparation to 0.6 mg/kg 
of parenteral preparation. Children with severe croup who are 
managed in the pediatric intensive care unit setting may require a 
more prolonged course of corticosteroids. Although few adequately 
controlled, randomized studies exist to suggest any benefi t to pro-
longed administration of corticosteroids in critically ill children 
with acute respiratory failure secondary to croup, the wealth of 
anecdotal experience would suggest this to be a reasonable prac-
tice. Corticosteroids appear to be advantageous in relieving upper 
airway obstruction regardless of the route of administration [89–
92]. Although the precise mechanism of action of corticosteroids 
in croup is not readily known, the rapid response observed follow-
ing corticosteroid administration suggests that decreased capillary 
permeability and peripheral vasoconstriction plays an important 
role [93]. The antiinfl ammatory effects of corticosteroids (via inhi-

bition of proinfl ammatory gene expression) require 6–12 hr for 
maximal effect [94–96].

The use of helium–oxygen mixtures may be benefi cial for some 
children with croup. Laminar fl ow is determined by the Reynolds 
number (Re):

Re = 2 V r ρ/η

where V is the velocity of the air fl ow, ρ is the density of the air, r 
is the radius of the airway, and η is the viscosity of the air. When 
Re is <2,000, laminar fl ow is present. Conversely, when Re is >4,000, 
turbulent fl ow is present. Airway resistance is inversely propor-
tional to the airway radius to the fi fth power (r5) under conditions 
of turbulent air fl ow (versus airway radius to the fourth power when 
laminar fl ow is present). Helium is a colorless, odorless gas with the 
lowest density of any gas except hydrogen. As such, helium will 
reduce Re and change a turbulent fl ow pattern to a laminar fl ow 
pattern, resulting in lower airway resistance and improved bulk 
fl ow [97]. Helium–oxygen gas (heliox) mixtures have been shown 
to improve the work of breathing and gas exchange in children with 
croup [98–104]. Heliox has few side effects and is easy to administer 
by face mask, hood, or tracheal tube in children on mechanical 
ventilatory support [104]. To minimize the risk of asphyxia second-
ary to administration of 100% helium, heliox mixtures should 
only be administered from premixed helium–oxygen cylinders. 
Currently, 80 : 20, 70 : 30, and 60 : 40 helium : oxygen mixtures are 
available. Therefore, children with a high oxygen requirement are 
unlikely to benefi t (and may actually worsen) from heliox admin-
istration. The benefi cial effects of helium are reduced with lower 
ratios of helium to oxygen, although it appears likely that helium 
will have at least some therapeutic value even at low concentrations 
[97,105]. Heliox may also be an effective alternative for those chil-
dren in whom the administration of corticosteroids or racemic 
epinephrine is contraindicated. Additionally, heliox may help to 
prevent the need for tracheal intubation in those children with 
impending respiratory failure [98–104].

Until the airway infl ammation resolves, severe upper airway 
obstruction may develop and occasionally necessitate tracheal intu-
bation. Before the introduction of corticosteroid therapy, tracheal 
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FIGURE 13.4. Typical radiographic appearance of croup 
demonstrating symmetric narrowing of the subglottic 
region (“steeple sign”). (A) Normal anatomy (v, vesti-
bule; p, pyriform sinuses). (B) Subglottic narrowing 
(arrow) consistent with croup.
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intubation was required in approximately 2% of children hospital-
ized with croup [60–63]. Tracheal intubation is now commonly 
limited to those children who either have preexisting airway abnor-
malities or who have been tracheally intubated in an outside facility 
before transfer. Generally, tracheal intubation with a tube smaller 
than what would be normally predicted for age and weight should 
be used in the minority of children requiring tracheal intubation 
and mechanical ventilatory support. Extubation can usually be 
accomplished within 2–3 days once an air leak has developed around 
the tracheal tube. Bronchoscopy is reserved for children who fail to 
develop an air leak after 7 days or who are less than 6 months of age, 
who have a high likelihood of congenital malformations of the 
airway [60–63]. Although the etiologies of many infections of upper 
respiratory tract are viral, there may be bacterial superinfection or 
injury to the respiratory mucosa that may invite bacterial infection. 
Uncomplicated croup is viral in origin and should not be treated 
with antibiotics. Antibiotic therapy may be considered for those 
children who fail to improve or who require tracheal intubation.

Supraglottis (Epiglottitis)

Epiglottitis is a true emergency, although the term is somewhat 
misleading as the supraglottic structures are most severely affected. 
Supraglottitis is perhaps a more appropriate term for this reason. 
It classically affects children between the ages of 2 and 8 years 
[60–63]. Historically, supraglottitis was most commonly caused by 
Haemophilus infl uenzae type B (HIB). Streptococcus pneumoniae, 
group A β-hemolytic Streptococcus (GABHS), and Staphylococcus 
aureus are reported more commonly in the post-HIB vaccination 
era [106–111]. Since the development and widespread use of the 
conjugated HIB vaccine, there has been a signifi cant decrease in the 
incidence of supraglottitis. The incidence of supraglottitis in chil-
dren <5 years of age has decreased from 41 cases per 100,000 in 
1987 to 1.3 cases per 100,000 in 1997 [112]. The incidence of supra-
glottitis appears to have stabilized at around 1.3 cases per 100,000 
children, primarily because of low or incomplete vaccination cov-
erage in localized populations, as well as cases of supraglottitis 
caused by microorganisms other than HIB [113].

Supraglottitis requires a high index of suspicion, especially now 
in the post-HIB vaccination era when many physicians have never 
seen a child with true supraglottitis. In addition, especially now in 
the post-HIB vaccination era, epiglottitis may present with atypical 
features, especially in children under 2 years of age [107,114,115]. 
Children classically present with rapidly progressive signs and 
symptoms, including high fever, irritability, drooling, and respira-
tory distress (the “4 Ds” include drooling, dysphagia, dyspnea, and 
dysphonia). These children are toxic in appearance and prefer to 
rest in the tripod position. Stridor is relatively late and ominous. 
There is usually no viral prodrome. By the time that affected 
children present for medical attention, they are generally toxic 
and have inspiratory stridor [60–63]. The voice tends to be 
muffl ed rather than hoarse as in children with croup. Affected 
children assume a characteristic sniffi ng position in an attempt to 
maintain optimal airway patency. These children are usually 
anxious, which is a strong indication that their airway is signifi -
cantly compromised.

When supraglottitis is suspected, intraoral examination and 
lateral neck radiograph should be deferred and only performed if 
equipment and personnel are available to secure the airway imme-
diately. Excessive manipulation of the child and his or her airway 
should be avoided to minimize the risk of acute exacerbation of 
airway obstruction. The appearance on a lateral neck radiograph 
obtained with hyperextension of the neck is classic (Figure 13.5), 
although diagnosis is usually confi rmed by direct inspection of the 
airway in the operating room. When a diagnosis of supraglottitis 
is entertained based on initial history and physical examination, 
the child should be accompanied by a physician skilled in airway 
management to the operating room. The child should be allowed 
to remain in his or her “position of comfort” and all anxiety-pro-
voking procedures (e.g., phlebotomy, oral examination) should be 
deferred.

Direct laryngoscopy under anesthesia should be performed 
while maintaining spontaneous breathing [60–63,116–119]. Cul-
tures of the supraglottic region should be obtained, and the trachea 
should be intubated. Treatment with broad-spectrum antibiotics 
effective against β-lactamase–producing microorganisms (e.g., a 
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FIGURE 13.5. Typical radiographic appearance of supraglottitis. (A) Normal lateral neck x-ray showing normal epiglottis. (B) Lateral neck x-ray showing the classic appearance of supra-
glottitis: loss of cervical lordosis; thick, rounded epiglottis (“thumb sign”); loss of the vallecular air space; and thickening of the aryepiglottic folds.
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second- or third-generation cephalosporin such as cefuroxime or 
ceftriaxone or, alternatively, ampicllin/sulbactam) is initiated once 
cultures have been obtained [60–63,120,121]. Antibiotic therapy 
should be tailored to the pathogenic organism, and the duration of 
antibiotic therapy is determined by the clinical response. Gener-
ally, symptomatic improvement and the development of an audible 
air leak around the tracheal tube occur within 24–48 hr [122]. 
Despite the virtual elimination of invasive HIB infection, it is 
important for pediatric intensivists to understand the management 
issues surrounding patients with supraglottitis to avoid disastrous 
outcomes.

Bacterial Tracheitis

Bacterial tracheitis, also known as pseudomembranous croup, is a 
relatively uncommon, but potentially life-threatening cause of 
infectious upper airway obstruction in children [60–63]. It is char-
acterized by thick, mucopurulent, membranous tracheal secretions 
that do not clear with cough, which have the potential to occlude 
the airway. Bacterial tracheitis is more insidious than supraglottitis 
and affects children between the ages of 6 months and 8 years, 
with a peak incidence during fall and winter [60–63,123–125]. 
Children frequently present with a viral prodrome of several days’ 
duration, accompanied by low-grade fever, cough, and stridor 
(similar to croup). The viral prodrome is followed by rapid clinical 
deterioration characterized by a high fever and upper airway 
obstruction. Affected children are more toxic in appearance than 
children with croup. Radiographic examination often is indistin-
guishable from that of croup (steeple sign), and, in fact, the noted 
similarities between these two disorders have led some authors to 
suggest that bacterial tracheitis represents a bacterial superinfec-
tion of croup.

Historically, bacterial tracheitis is most commonly secondary to 
Staph. aureus, although Strep. pneumoniae, GABHS, H. infl uenzae, 
Moraxella catarrhalis, anaerobic bacteria, and viruses have been 
implicated as well ([23–127]. Infection with the parainfl uenza virus 
has been implicated as the prodromal infection in many cases, 
further lending credence to the suggestion that bacterial tracheitis 
represents a bacterial superinfection of croup. Children with bacte-
rial tracheitis are managed using the epiglottis management algo-
rithm described earlier [128]. Direct inspection of the airway under 
anesthesia should be performed in the operating room and usually 
reveals subglottic edema with ulcerations, erythema, and pseudo-
membrane formation in the trachea. Removal of pseudomembranes 
and dead tissue from the airway at diagnosis, tracheal intubation, 
and administration of broad-spectrum antibiotics directed against 
staphylococcal and streptococcal species are the cornerstone of 
treatment. Empiric therapy should be broadly directed against 
both Gram-positive and Gram-negative organisms until culture 
results are available. Staph. aureus is treated with a penicillinase-
resistant drug, such as methicillin or nafcillin, that has been effec-
tive against resistant staphylococci. Anaerobic organisms may be 
treated with clindamycin. Extubation may be attempted following 
clinical improvement and the development of an air leak around 
the tracheal tube, usually within 3–5 days [60–63,128].

Retropharyngeal Abscess

Retropharyngeal abscess has been called “the epiglottitis of the 
new millennium” [129]. The retropharyngeal space is composed of 
a loose network of connective tissue and lymph nodes that drain 

the nasopharynx, paranasal sinuses, middle ear, teeth, and facial 
bones. Infection and abscess formation in this area generally result 
from lymphatic spread of infection or direct spread from the naso-
pharynx, paranasal sinuses, or middle ear. These lymph nodes 
atrophy during early childhood, thereby decreasing the risk of 
disease in older children and adolescents [60–63,130–132]. For this 
reason, trauma (e.g., from placing a pencil or stick in the mouth) 
and foreign body ingestion account for the majority of cases in 
older children and adolescents. Most cases of retropharyngeal 
abscess occur in children less than 5 years of age, so there is a sig-
nifi cant overlap in the affected age range compared with supraglot-
titis and bacterial tracheitis [60–63].

Children with retropharyngeal abscess present with a nonspe-
cifi c constellation of symptoms that progress to high fever, sore 
throat, and neck stiffness. Fever, sore throat, dysphagia, drooling, 
muffl ed voice, and limited neck movement or torticollis are the 
most common presenting symptoms. Airway symptoms include 
stridor or stretor and diffi culty in breathing. Symptoms often 
mimic those of supraglottitis. However, in contrast to supraglotti-
tis, children with retropharyngeal abscess normally have a sore 
throat and cough for several days before showing symptoms of 
fever and respiratory distress. The neck stiffness may mimic that 
seen in children with meningitis such that these children are often 
evaluated for meningitis. Physical examination may reveal the 
presence of a bulging unilateral neck mass. Additional physical 
fi ndings commonly include diffuse erythema, tonsillar exudates, 
and swelling or bulging of the involved tonsillar region. Cervical 
adenopathy appears to be greatest on the side of the neck where 
deep infection is most involved [60–63,133–135].

The diagnosis of retropharyngeal abscess is confi rmed by the 
presence of an abnormally increased prevertebral space on lateral 
neck radiographs (Figure 13.6). Additional radiographic fi ndings 
include the presence of gas or air–fl uid levels in the retropharyn-
geal space and the loss of the normal cervical lordosis. Computed 
tomography with contrast confi rms the presence of abscess, deter-
mines its extent, and identifi es its relationship to the airway [135–
137]. Although blood cultures are generally negative, culture of the 
abscess often yields anaerobic microorganisms such as Prevotella, 
Porphyromonas, Fusobacterium, and Peptostreptococcus spp., as 
well as Staph. aureus, GABHS, and H. infl uenzae [138].

Treatment with broad-spectrum antibiotics and close observa-
tion are highly effective, with drainage of the abscess recommended 
in children refractory to antibiotic therapy. Complications are rare 
with early recognition and appropriate treatment, although com-
plications include spontaneous rupture into the pharynx leading 
to aspiration or spread of the infection laterally to the side of the 
neck or dissection into the posterior mediastinum through the 
facial planes and the prevertebral space. Although rare, death can 
occur from aspiration, upper airway obstruction, erosion into 
major blood vessels, or extension into the mediastinum with medi-
astinitis. Tracheal intubation is often necessary to protect the 
patient from aspiration of the purulent content [60–63,135].

Peritonsillar Abscess (“Quinsy” Tonsillitis)

Peritonsillar abscess (PTA) rarely requires admission to the pedi-
atric intensive care unit, but can lead to signifi cant airway obstruc-
tion and respiratory compromise if not recognized and therefore 
left untreated [139]. Peritonsillar abscess, also known as quinsy 
tonsillitis, is the most common deep space head and neck infection 
in children and is thought to result from the direct contiguous 
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spread of infection from the tonsils. Older children and adolescents 
appear to be most commonly affected, with no seasonal predilec-
tion. Children with PTA present with sore throat, neck pain, ody-
nophagia or dysphagia, and fever. Physical examination typically 
reveals enlargement of the cervical lymph nodes, uvular deviation, 
and a muffl ed voice. Treatment options include broad-spectrum 
antibiotics, needle aspiration of the abscess, incision and drainage, 
and tonsillectomy. Complications include extension of the infec-
tion, acute upper airway obstruction (rare), and rupture of the 
abscess with aspiration of purulent material and subsequent pneu-
monia [139,140].

Recurrent Respiratory Papillomatosis

Recurrent respiratory papillomatosis (RRP) is the most common 
benign laryngeal neoplasm in children and is usually caused by 
perinatal transmission of human papilloma virus (HPV) 6 or HPV-
11. Recurrent respiratory papillomatosis is characterized by the 
proliferation of squamous epithelial cells in the upper respiratory 
tract, which occasionally form lesions that cause severe to life-
threatening airway obstruction. Affected children are usually 
between the ages of 2 and 5 years and typically present with stridor 
and voice changes. The classic triad consists of a fi rst-born child 
delivered vaginally to an adolescent mother. The diagnosis of RRP 
is based on endoscopic observation of characteristic lesions. 
Because any region of the upper aerodigestive tract is involved, 

laryngoscopy, bronchoscopy, and careful inspection of the oro-
pharynx and nasopharynx should be performed [61,63,141].

The primary goal of treatment is to prevent airway obstruction 
while the lesions are in the proliferative phase and minimize any 
complications of therapy. The mainstay of treatment for RRP is 
surgical debulking of the lesions in the operating room by one 
of several methods, including physical debridement with forceps 
and/or CO2 laser vaporization, as often as weekly to ensure a safe 
airway. Adjuvant medical therapies to control aggressive papillo-
matosis include topical chemotherapy, corticosteroids, podophyl-
lin, tetracycline, autogenous vaccine, immune stimulators, 
acyclovir, isotretinoin, and interferon. Recently successful treat-
ment of respiratory papillomatosis with adjunctive intralesional 
injection of cidofovir has been reported [142]. Cidofovir suppresses 
cytomegalovirus replication by selective inhibition of viral DNA 
synthesis. Specifi cally, cidofovir diphosphate, the active intracel-
lular metabolite of cidofovir, inhibits the activity of cytomegalovi-
rus DNA polymerase. Tracheotomy should be avoided if at all 
possible, although tracheotomy is occasionally required because of 
acquired tracheal stenosis [61,63,141].

Infectious Mononucleosis

Acute airway obstruction secondary to enlargement of the tonsils 
and adenoids is a well-recognized complication of infectious mono-
nucleosis [143–146). Fortunately, this complication is exceedingly 
rare and appears to occur primarily in younger children. Paren-
teral corticosteroids are recommended, based primarily on case 
reports and retrospective series [143–147]. Tracheal intubation may 
be required if airway obstruction is severe, and in such cases tonsil-
lectomy is generally recommended [148,149].

Noninfectious Disorders of the Pediatric Airway

Obesity

The prevalence of childhood obesity has increased dramatically in 
recent years. Obesity is associated with decreased upper airway 
patency, principally related to increased fat deposition in the lateral 
walls of the pharynx [150] and is a common cause of obstructive 
sleep apnea syndrome (OSAS) in children [151,152]. Adenotonsil-
lectomy is a commonly performed surgical procedure in this popu-
lation, and children with OSAS secondary to obesity occasionally 
require postoperative monitoring and care in the pediatric inten-
sive care unit [153,154].

Angioedema

Angioedema is an immunologically mediated, nonpitting edema 
that frequently results in acute airway obstruction. It is caused by 
a kinin- and complement-mediated increase in capillary permea-
bility that leads to edema, usually affecting the head and neck, face, 
lips, tongue, and larynx. Angioedema is most often caused by 
ingestion (either food or medication), upper respiratory tract infec-
tion, and insect envenomation [62].

Angioedema represents a type 1 anaphylactic reaction and 
results from immunoglobulin E (IgE)–mediated activation of mast 
cells leading to the release of histamine and other mediators. Signs 
and symptoms typically occur approximately 15 min after expo-
sure to an allergen and may lead to respiratory and circulatory 

FIGURE 13.6. Typical radiographic appearance of a retropharyngeal abscess (RPA). A ret-
ropharyngeal space measured from the most anterior aspect of C2 to the soft tissues of 
the posterior pharyngeal wall >7 mm (normal 3–6 mm) or a retrotracheal space >14 mm 
is suggestive of RPA. Normal prevertebral spaces are as follows: anterior to C2, less than or 
equal to 7 mm; anterior to C3–C4, less than 5 mm or less than 40% of the anteroposterior 
diameter of the C3 and C4 vertebral bodies. A good rule of thumb to remember is that the 
upper prevertebral soft tissue should be no wider than one vertebral body width. Note: 
Adequate hyperextension of the head and neck is necessary in order to properly interpret 
the film. If the head and neck are not properly positioned, the prevertebral space will 
appear widened. In addition, crying can cause rapid changes in the size of the retropha-
ryngeal space. If there is any doubt, repeated radiographic examination with more hyper-
extension of the neck, fluoroscopy, or computed tomography imaging is indicated.
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collapse. Early symptoms include itching of the eyes, nose, and 
throat associated with facial fl ushing and a tightening sensation in 
the throat. Tachycardia, bronchospasm, urticaria, and a “feeling of 
impending doom” are other features suggestive of an anaphylactic 
reaction. Respiratory distress is secondary to edema of the larynx, 
trachea, and even hypopharynx. The type 1 reaction may also lead 
to a “late” allergic response causing airway obstruction that appears 
several hours after exposure to the allergen, such as food or 
medications. Children with angioedema rapidly improve with 
intravenous corticosteroids, antihistamines, and subcutaneous 
epinephrine, which are the mainstay of treatment. The airway 
should be secured in any child demonstrating signs and symptoms 
of acute airway obstruction, such as stridor and respiratory 
distress [62].

Adenotonsillar Hypertrophy

Adenotonsillar hypertrophy is usually the result of infection. The 
majority of the children with adenotonsillar hypertrophy present 
with symptoms of chronic airway obstruction, especially at night 
time; however, a small group will present suddenly during an acute 
viral upper respiratory tract infection that causes additional swell-
ing. Infectious mononucleosis commonly causes enlargement 
of lymphoid tissue and may precipitate acute obstruction in rare 
situations (see preceding paragraphs). Children with underlying 
craniofacial abnormalities such as Down syndrome [155,156] and 
children with hypotonia are more susceptible to acute episodes of 
obstruction from adenotonsillar swelling. Careful questioning of 
caregivers will often elicit a history of preceding chronic airway 
obstruction, especially at night time with loud snoring, obstructed 
and irregular breathing, and even brief periods of apnea. During 
an acute infection, these symptoms become more severe. Severe, 
long-standing airway obstruction may progress to cor pulmonale 
and right heart failure. Therefore, failure to respond to medical 
therapy is usually an indication for tonsillectomy and 
adenoidectomy.

Acquired Subglottic Stenosis

A history of previous tracheal intubation dramatically increases 
the incidence of subglottic injury [157–160]. Subglottic stenosis may 
be congenital (see preceding paragraphs) or acquired. Before 1965 
and before the advent of neonatal intensive care, acquired subglot-
tic stenosis more commonly affected older children and adults 
following either trauma or infection (particularly supraglottitis, 
diphtheria, and tuberculosis). Acquired subglottic stenosis in these 
cases was frequently observed as a complication following trache-
otomy and not prolonged tracheal intubation. Signifi cant advances 
in pediatric critical care medicine, vaccination, and antimicrobial 
therapy have decreased the incidence of tracheotomy in this age 
group [157–160], and since 1965 the majority of cases of acquired 
subglottic stenosis involve children who develop subglottic stenosis 
following prolonged tracheal intubation because of preterm deliv-
ery. Acquired subglottic stenosis occurs in 1.8% of infants less than 
1,500 g and in 1 in 678 of infants more than 1,500 g [158].

Affected children generally present with feeding diffi culty, 
changes in voice, stridor (usually biphasic), and respiratory dis-
tress. The feeding problems are so severe that failure to thrive is 
common. Occasionally affected children will present with recur-
rent croup or asthma that is refractory to medical therapy. The 
mainstay for diagnosis of subglottic stenosis is rigid bronchoscopy 

under general anesthesia. Flexible broncoscopy may help to iden-
tify the level of airway collapse. Computed tomography or MRI 
scan may be necessary to rule out the possibility of extrinsic vas-
cular compression. Finally, affected children should undergo a 
thorough evaluation for swallowing dysfunction, gastroesophageal 
refl ux, and pulmonary function before surgical correction. Surgi-
cal options include an anterior cricoid spilt, tracheotomy, and 
laryngotracheoplasty [157,159,161–164].

Laryngeal Neoplasms and Mediastinal Masses

With the exception of laryngeal papillomatosis, laryngeal tumors 
are rare in children. Some of the rapidly developing malignant 
mediastinal masses (e.g., lymphomas, certain types of acute leuke-
mias) may impinge on the intrathoracic trachea and lead to severe 
respiratory compromise. Aggressive medical therapy should be 
commenced immediately to decrease the size of tumor mass. Tra-
cheal intubation should only be considered for severe respiratory 
compromise, as these masses may also impinge on the bronchial 
tree distal to the tip of the endotracheal tube and will not improve 
with positive-pressure ventilation [165–168].

Airway Trauma

Damage to the upper airway can occur from multiple causes, 
including foreign body aspiration, thermal or chemical injury, and 
direct trauma to the airway itself, either blunt or penetrating.

Postextubation Stridor

Tracheal intubation, although vital to facilitate mechanical ventila-
tion in the intensive care and operating room setting, is associated 
with the potential development of glottic or subglottic edema 
(Figure 13.7), resulting in stridor on extubation [169]. Postextuba-
tion stridor is an inspiratory stridor that occurs within 24 hr of 
extubation and is associated with tachypnea, increased work of 
breathing, and occasionally the need for reintubation. Postextuba-
tion stridor is a relatively common problem and occurs in as may 
as 37% of critically ill children [170]. Postextubation stridor may 
prolong length of stay in the intensive care unit, particularly if 
airway obstruction is severe and reintubation proves necessary. 
Reactive edema develops in the glottic or subglottic mucosa because 
of pressure necrosis and often worsens upon removal of the 
tracheal tube [169–171].

Historically, cuffed tracheal tubes have not been generally rec-
ommended for children less than 8 years of age. Using an uncuffed 
tracheal tube, for example, does allow a tube of larger internal 
diameter to be used, minimizing resistance to air fl ow and the work 
of breathing in the spontaneously breathing child. A prolonged 
period of tracheal intubation and a poorly fi tted tracheal tube are 
signifi cant risk factors for damage to the tracheal mucosa regard-
less of whether the tracheal tube is cuffed or uncuffed. Cuffed tra-
cheal tubes may have signifi cant advantages over uncuffed tracheal 
tubes, including better control of air leakage and decreased risk of 
aspiration and infection in mechanically ventilated children. 
Therefore, cuffed tracheal tubes are being used with greater fre-
quency in this age group [172,173], especially when high infl ation 
pressures are required to provide adequate oxygenation and venti-
lation in the setting of severe acute lung disease. The available 
data suggest that there is no difference in the incidence of 
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postextubation stridor in children who were tracheally intubated 
with cuffed tubes compared with those who received uncuffed 
tubes [174–176].

There are several factors associated with postextubation stridor, 
including age, size of tracheal tube, and type of injury [170,171,177]. 
Patients suffering from burn and trauma appear to be at particu-
larly signifi cant risk [170]. Children with trisomy 21 are also at 
signifi cant risk of developing postextubation stridor [155,156]. 
Children with trisomy 21 have smaller airways than other children 
because of an overall decrease in the diameter of the tracheal 
lumen. Tracheal intubation should therefore be performed with a 
tracheal tube at least two sizes smaller than would be used in a 
child of the same age without trisomy 21 in order to avert potential 
trauma to the airway [178].

The air-leak test before extubation is a poor predictor of extuba-
tion success, although it may predict the presence of postextuba-
tion stridor with some degree of accuracy [179,180]. Several 
treatment options for postextubation stridor exist, although none 
has been shown to prevent subsequent reintubation in severe cases. 
The vasoconstrictive properties of racemic epinephrine and its 
proven effi cacy in the treatment of croup have led to its routine use 
immediately following extubation in many neonatal and pediatric 
intensive care units [81–86,181]. The use of corticosteroids in the 
prevention and/or treatment of postextubation stridor are advo-
cated by many pediatric intensivists, although there is very little 
evidence to support the universal use of corticosteroids at this 
time. Dexamethasone at a dose of 1 to 1.5 mg/kg/day every 6–8 hr 
(maximum daily dose 40 mg/day) has also been administered in an 
attempt to interrupt the progressive cycle of infl ammation that 
results in edema of injured tissue following extubation. Again, the 
evidence that this therapy prevents reintubation is limited [182–
186], although a recent meta-analysis suggested a possible benefi t 

[186]. Regardless, in a recent national survey of pediatric critical 
care fellowship program directors, 66% of those surveyed continue 
to rely on the air-leak test and use corticosteroids to prevent postex-
tubation stridor and extubation failure. Furthermore, the majority 
stated that they would delay extubation and administer corticoste-
roids in the presence an air leak of ≥30 cm H2O [187]. Finally, 
helium–oxygen mixtures (see preceding discussion) have also been 
used in several studies [188–191]. Heliox should be viewed only as 
a temporizing measure until either the aforementioned therapies 
become effective or the disease process naturally resolves. In the 
majority of cases, postextubation stridor is self-limited, although 
reintubation is occasionally required. Unfortunately, reintubation 
further exacerbates the reactive airway edema. Ideally, a smaller 
tracheal tube (generally one size smaller) than previously used 
should be placed with the hope of causing less airway injury. The 
new tracheal tube is generally left in place until air leak is observed 
24–48 hr later. Anatomic airway problems such as subglottic steno-
sis and tracheal compression should be considered if postextuba-
tion stridor persists following the second attempt at extubation.

Foreign Body Aspiration

Foreign body aspiration is an important cause of accidental death 
in infants and young children compounded by the fact that infants 
seem to place almost any object in their mouths [192]. Although 
most foreign bodies pass through the vocal cords and lodge in the 
lower airways, laryngeal foreign bodies are not uncommon and are 
immediately life threatening. The clinical presentation depends on 
the location of the foreign body as well as the degree of obstruction. 
Importantly, the actual aspiration event is not always identifi ed, 
and a high index of suspicion is required. Foreign bodies that are 
lodged in the glottic or subglottic airway (extrathoracic obstruc-
tion) often produce symptoms that mimic croup such as sudden 
onset of stridor and respiratory distress. In contrast, foreign 
bodies lodged in the distal trachea (intrathoracic obstruction) 
tend to produce coughing and wheezing, mimicking asthma or 
bronchiolitis.

The most commonly aspirated foreign bodies include vegetable 
matter such as peanuts (Figure 13.8), grapes, and popcorn [192]. 
Large objects that are lodged in the proximal esophagus and apply 
pressure to the posterior larynx may also produce stridor and signs 
of upper airway obstruction. Coins are the most common foreign 
bodies ingested (Figure 13.9) [193,194]. Coins are radiopaque and 
usually easy to remove via rigid esophagoscopy. Children with a 
history of choking and respiratory distress should undergo imme-
diate rigid bronchoscopy, which is both diagnostic and therapeutic. 
Radiographs may be helpful if the child is otherwise stable. Most 
distal tracheal or bronchial foreign objects can often be identifi ed 
on inspiratory/expiratory fi lms, lateral decubitus fi lms, or chest 
fl uoroscopy. Lateral neck radiographs are helpful if the foreign body 
is radiopaque (see Figure 13.9). However, most aspirated foreign 
bodies are not radiopaque and lodge in the bronchi. The presence 
of atelectasis (i.e., distal to a bronchus that is completely occluded 
by a foreign body) or air trapping and hyperinfl ation (i.e., 
distal to a partially obstructing foreign body), which are viewed 
best on expiratory fi lms, are fi ndings that are highly suggestive 
of foreign body aspiration (Figure 13.10) [195,196]. Basic life support 
maneuvers (Figures 13.11–13.13) should be initiated in the fi eld 
whenever possible. Rigid bronchoscopy is the gold standard for 
diagnosis of foreign body aspiration and is the treatment of choice 
[192]. Occasionally, tracheotomy is required. If bronchoscopic 

FIGURE 13.7. Endoscopic appearance, subglottic edema from prolonged tracheal intuba-
tion. (Courtesy of Mitchell B. Austin, MD, Department of Otolaryngology, Medical College 
of Georgia.)
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A B

FIGURE 13.8. Endoscopic appearance, foreign body aspiration (in this case, a peanut is lodged in the right main bronchus) before (A) and after (B) removal. Note the resultant tissue 
reaction and formation of granulation tissue. (Courtesy of Mitchell B. Austin, MD, Department of Otolaryngology, Medical College of Georgia.)

A B

FIGURE 13.9. Radiopaque foreign body (coin) in the esophagus. (A) Anteroposterior chest view. (B) Lateral neck view.
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A B

FIGURE 13.10. Foreign body aspiration. Inspiratory and expiratory chest radiographs dem-
onstrate hyperinflation caused by a peanut fragment in the left main stem bronchus. 
(A) The inspiratory film appears relatively normal except for a slight mediastinal shift to 

the right. (B) In expiration, the left lung remains overaerated (i.e., ball-valve mechanism), 
and the mediastinum moves far to the right.

A Proper technique to remove foreign
body from conscious child’s airway C Placement of nondominant

hand on child’s abdomen

B Placement of dominant
hand on child’s abdomen

FIGURE 13.11. Basic life support—removal of foreign body in the airway in a conscious 
child. (Reprinted from Foltin GL, Tunik MG, Cooper A, Markenson D, Treiber M, Phillips R, 
Karpeles T. Teaching Resource for Instructors in Prehospital Pediatrics. New York: Center 
for Pediatric Emergency Medicine; 1998.)

extraction is unsuccessful, pulmonary lobectomy may be neces-
sary. Foreign bodies often elicit a local infl ammatory response, 
which is generally self-limited. Racemic epinephrine and systemic 
corticosteroids may be benefi cial in this scenario.

Inhalational Injury

Life-threatening airway obstruction may develop as a result of 
inhalational injury, laryngeal burns, or caustic ingestions. Any 
child with a scald injury to the face or neck should be evaluated for 
potential inhalational injury. Inhalational injury should also be 
suspected in children with any of the following signs or symptoms: 
evidence of soot in sputum or vomitus, burns of the face, singed 
nasal hairs, lip burns, wheezing, stridor, or the presence of severe 
burns. An aggressive approach with early endoscopic evaluation in 
the operating room suite and management of the airway with either 
tracheal intubation or tracheotomy is recommended.

Direct Trauma

Although direct trauma resulting in serious injury to the craniofa-
cial skeleton and larynx is relatively uncommon, the types of 
injuries sustained are likely to be signifi cant and potentially life 
threatening. The anatomic features of the pediatric airway (e.g., 
cephalad position of the larynx) may explain the relative infre-
quency of airway injuries in children versus adults. However, 
although the pediatric larynx is soft, pliable, and less likely 
to fracture, the ligamentous and soft tissue support is less well-
developed such that laryngotracheal separation is not un-
common [197–203].
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Blunt trauma to the airway appears to be more common in chil-
dren than is penetrating trauma and is more common in the ado-
lescent age group [197–203]. The most frequent causes of injury are 
motor vehicle accidents or direct blows to the larynx. Edema and 
hematoma formation frequently lead to acute upper airway obstruc-
tion. Although less common than in adults, laryngeal fractures 
occasionally occur. Laryngotracheal separation, although rela-
tively uncommon, is potentially life-threatening. The severity of 
airway obstruction dictates the extent of the initial evaluation and 
management. An unstable airway should be immediately secured 
using the fl exible bronchoscope. Tracheal intubation without endo-
scopic evaluation is best avoided. If immediate surgical interven-
tion is required, tracheotomy is preferable to cricothyrotomy. If the 
airway is stable, radiographic evaluation should include chest 
radiograph (to look for associated injuries, such as pneumothorax, 
pneumomediastinum, or subcutaneous emphysema), lateral neck 
radiograph (to evaluate the cervical spine), and CT. A barium 
swallow may be helpful to rule out the possibility of esophageal tear 
or laceration [197–203].

Tracheotomy

The indications for performing tracheotomy in children have 
changed signifi cantly in the past 30 years [204–207]. Historically, 
the most common indication for tracheotomy was infectious upper 
airway obstruction secondary to epiglottitis, diphtheria, or viral 
laryngotracheobronchitis. The advent of vaccines against Coryne-
bacterium diphtheriae and H. infl uenzae as well as the increased 
use of tracheal intubation has almost eliminated the need for tra-
cheotomy in these children. Common indications now include 
prolonged tracheal intubation (e.g., prematurity), neurologic 
impairment (e.g., cerebral palsy, Werdnig-Hoffman syndrome, 
hypoxic–ischemic encephalopathy), congenital airway malforma-
tions (discussed below), craniofacial syndromes (e.g., Pierre-Robin 

sequence, CHARGE association), and vocal cord paralysis [204–
207]. A recent national study showed that pediatric tracheotomies 
are relatively infrequent, occurring at a rate of 6.6 children per 
100,000 child-years. However, children who received tracheotomies 
accounted for an average of nearly $200,000 in health care costs and 
a mean length of hospital stay of 50 days, refl ecting the inherent 
complexity of care for these children [205]. Potential complications 
in the immediate postoperative period, before the fi rst tracheos-
tomy tube change, are well described and include tube occlusion, 
accidental decannulation, and false passage. Serious, potentially 
life-threatening complications, such as pneumomediastinum, 
pneumothorax, and innominate artery erosion are infrequent. Late 
complications include laryngeal stenosis, tracheal stenosis, stomal 

Proper technique to remove foreign body from unconscious child’s airway

A Proper hand
placement to deliver back blows

B Proper finger position
to deliver chest thrusts

FIGURE 13.12. Basic life support—removal of foreign body in the airway in an unconscious 
child. (Reprinted from Foltin GL, Tunik MG, Cooper A, Markenson D, Treiber M, Phillips R, 
Karpeles T. Teaching Resource for Instructors in Prehospital Pediatrics. New York: Center 
for Pediatric Emergency Medicine; 1998.)

FIGURE 13.13. Basic life support—removal of foreign body in the airway in an infant. 
(Reprinted from Foltin GL, Tunik MG, Cooper A, Markenson D, Treiber M, Phillips R, Karpeles 
T. Teaching Resource for Instructors in Prehospital Pediatrics. New York: Center for Pediatric 
Emergency Medicine; 1998.)
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granuloma formation, stomal bleeding, tube occlusion, and lower 
respiratory tract infection [204–208].

The decision to perform an elective tracheotomy is complex and 
depends on several factors. The decision-making process should be 
multidisciplinary in nature and at a minimum include the child’s 
parent(s) or other primary caregiver, the child’s primary care phy-
sician, the pediatric intensive care team, and the otolaryngologist. 
Tracheotomy is more commonly performed in the critically ill 
adult population and is frequently performed at the bedside [209–
211]. In contrast, children appear to tolerate prolonged tracheal 
intubation without signifi cant laryngeal complications and may 
remain safely tracheally intubated even for several months before 
tracheotomy is considered [212–219]. Currently there are no studies 
of early tracheostomy in critically ill children on which to base 
additional recommendations, although the wealth of evidence 
obtained from retrospective studies in critically ill children with 
Guillain-Barré syndrome, tetanus, botulism, and so forth would 
suggest that prolonged tracheal intubation with meticulous care is 
relatively safe.
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a 4 year old with an asymptomatic, mild congenital subglottic 
stenosis may require a 3.0-mm tracheal tube. In some children, 
the size of the tracheal tube ideal for the larynx may not allow 
adequate pulmonary ventilation and toilet. In such cases, a larger 
tracheal tube without a leak may be tolerated for a period of time—
a calculated risk, as the true risk of developing subglottic stenosis 
is still small.

To minimize the risk of developing subglottic stenosis in this 
situation, consideration should be given to early tracheotomy. A 
similar problem may occur with poor pulmonary compliance, 
whereby a leak pressure of less than 20 cm H2O may not allow ade-
quate ventilation. One possible solution is the use of a low-pressure 
cuffed tracheal tube that permits higher pressure ventilation while 
still minimizing laryngeal trauma. For some children, the risks 
associated with tracheal intubation may be circumvented by the 
use of alternatives to intubation, such as continuous positive airway 
pressure (CPAP), bilevel positive airway pressure (BiPAP), high-
fl ow nasal cannula, or even tracheotomy.

Difficult Intubation

In some children tracheal intubation is diffi cult, while in others 
tracheal intubation may carry undue risks. In some cases, prob-
lems with tracheal intubation are predictable; in other cases, such 
problems cannot be anticipated. As such, it is prudent to have a 
cascade of options to secure an airway should diffi culties be 
encountered. Maintaining spontaneous ventilation during attempts 
to intubate is recommended, as children who are not paralyzed may 
be able to at least partly maintain their own airway should prob-
lems be encountered during attempts at tracheal intubation.

Anatomic anomalies of the mandible present a predictable chal-
lenge, especially in the neonate. The retrognathic child, particu-
larly infants with Pierre-Robin sequence, may be extraordinarily 
diffi cult to intubate; furthermore, the degree of diffi culty may not 
necessarily be refl ected by the clinical degree of retrognathia or the 
severity of obstruction. Children with microsomia, temporoman-
dibular fi xation, macroglossia, and maxillofacial trauma may be 
similarly challenging to intubate.

Standard tracheal intubation techniques also may be challenging 
in children in whom neck extension should be avoided. The child 
with an unstable cervical spine is the best example of this. The risk 
may be known, such as in a child with Down syndrome or atlanto-
occipital instability, or unknown, such as in an unconscious child 
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Introduction

Airway management in the pediatric intensive care unit (PICU) 
environment carries the inherent potential of becoming problem-
atic. For children with underlying congenital anomalies of the 
airway, this potential may be greatly compounded. Congenital 
anomalies of the airway frequently have predictable patterns by 
which the airway is compromised. If anticipated, these patterns 
may be either prevented or ameliorated. Management of the pedi-
atric patient in the PICU with a congenitally abnormal airway may 
signifi cantly infl uence surgical options and patient outcomes both 
pre- and postoperatively. This chapter presents an overview of 
airway management in critically ill infants and children, with par-
ticular emphasis on infants and children with anatomic airway 
abnormalities.

General Considerations

Prevention of Complications

Although prolonged tracheal intubation may be tolerated for weeks 
or even months by neonates, this tolerance decreases with age. The 
longer the period of tracheal intubation, the greater the relative 
risk of developing subglottic stenosis or posterior glottic stenosis. 
A variety of factors may act synergistically to increase the risk of 
laryngeal scar formation secondary to tracheal intubation. These 
factors include the composition of the tracheal tube, the length of 
time intubated, patient agitation while intubated, and factors that 
predispose patients to mucosal damage, such as extraesophageal 
refl ux and airway burns. The most potent predisposing factor to 
laryngeal damage is the size of the tracheal tube. Ideally, the size 
of the tracheal tube selected should be child appropriate more so 
than age appropriate.

An ideal tracheal tube should be large enough to allow adequate 
ventilation but small enough to permit a leak of air through the 
subglottis at a subglottic pressure of less than 20 cm H2O. Although 
the average 4 year old should accommodate a 5.0-mm tracheal tube, 
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with a head injury and possibly a cervical injury. If intubation is 
elective, fl exion extension views of the cervical spine of children at 
risk of cervical instability are prudent. Children with Down syn-
drome, mucopolysaccharide storage disorders, and any major 
chromosomal anomalies are most at risk. Intubation without neck 
extension may still be safely performed in most cases.

Even in children who are diffi cult to intubate, it is usually pos-
sible to intubate in a standard fashion, with an anesthetic laryngo-
scope blade (larger is usually better), a styleted tracheal tube (with 
the tip of the stylet being angled anteriorly 30°–45° in a retrogna-
thic child), and with laryngeal pressure applied. If this is unsuc-
cessful, options include transnasal fi beroptic intubation, intubation 
with a rigid ventilating bronchoscope, intubation with a tracheal 
tube threaded over a Hopkins rod telescope, or placement of a 
laryngeal mask airway. It should be emphasized that even in chil-
dren who are diffi cult to intubate, a bag and mask with an oral 
airway may be suffi cient to temporarily stabilize the airway until a 
more defi nitive solution can be arranged. For children in whom 
intubation is very diffi cult, either elective or emergent tracheotomy 
is generally required. It is desirable to place a tracheotomy with the 
airway already secured with a tracheal tube whenever possible.

The Child With a Tracheotomy

In the PICU setting, the airway of a child with a tracheotomy tube 
should be easily managed, as the child may be conveniently venti-
lated and usually does not require sedation. However, a tracheot-
omy is not without risk, and tube blockage or displacement may 
result in abrupt airway obstruction. Tracheotomy tube complica-
tions may be divided into those related to a fresh tracheotomy tract 
and those related to tube obstruction. With a fresh tracheotomy, 
the risk is that of tube displacement and subsequent diffi culty with 
tube replacement. Precautions to prevent displacement include 
maturing the stoma (the skin is sewn directly to the tracheal car-
tilage) and placing stay sutures. These precautions are taken so that 
if the tracheotomy is displaced, traction on the stay sutures will 
open the tracheotomy and aid in replacement of the tube. Ensuring 
that the tip of the tracheotomy tube is well distal to the tracheotomy 
site is also prudent, as this lessens the risk of displacement. Flexible 
bronchoscopy at the time of tracheotomy is a simple method of 
ensuring that the tracheotomy tube is in suffi ciently and that it is 
not too close to the carina or down a bronchus.

Obstructive symptoms may be due to either obstruction within 
the tube or obstruction distal to the tube. Regular suctioning to the 
tip of the tube, but not beyond, will usually prevent tube obstruc-
tion, and, whenever the tube appears obstructed, suctioning is the 
fi rst intervention. If this does not rapidly resolve the problem, the 
tube should be replaced. If obstruction persists, obstruction distal 
to the tube should be suspected. Ideally, fl exible bronchoscopy 
down the tracheotomy tube will confi rm the site of obstruction, 
and a longer tube may be all that is required to bypass the obstruc-
tion (usually granulation tissue or tracheomalacia). Positive 
pressure will alleviate obstruction caused by tracheomalacia or 
bronchomalacia. In an emergency situation, a longer tracheotomy 
tube or even a tracheal tube placed through the stoma will usually 
bypass the obstruction.

Single-Stage Airway Reconstruction

Airway surgery is frequently performed without retaining a trache-
otomy tube, but rather relying on a tracheal tube to both act as a 

temporary stent and to maintain the airway; this is referred to as 
single-stage reconstruction. The tracheal tube may be required for 
only a few hours or may be placed for up to 2 weeks. In general, the 
more complex the surgery, the longer the period of tracheal intuba-
tion required. A prerequisite for successful single-stage surgery is 
a capable PICU staff that can manage a child who may be tracheally 
intubated for a prolonged period and minimize the risk of acciden-
tal extubation, as reintubation may potentially compromise the 
reconstruction. Ideally, paralytic agents should be avoided, for, 
should an accidental extubation occur, nonparalyzed children may 
be able to manage their own airway for a time that is suffi cient to 
arrange reintubation under controlled conditions.

Many children requiring airway surgery have a history of pro-
longed tracheal intubation and sedation before tracheotomy place-
ment. These children may be quite tolerant to a range of sedatives. 
Most children younger than 3 years of age require sedation, while 
most neurologically normal children older than age 3 do not. Despite 
tracheal intubation, neurologically normal children older than 3 
years of age may be able to ambulate and even eat. For children who 
require sedation, the amount of sedation required may be remark-
able, resulting in a need for ventilation and inotropic support. This 
may also present problems of oversedation upon extubation. As 
such, conversion to a rapidly metabolized agent such as propofol or 
dexmedetomidine for the 12 hr before extubation is useful. The 
child should be as awake as possible before extubation.

A bronchoscopic evaluation of the airway the day before extuba-
tion is very useful to (1) assess whether it is prudent to attempt 
extubation, (2) remove excessive glottic granulation tissue, and (3) 
place a smaller tracheal tube that allows resolution of some of the 
laryngeal edema. Once a child is extubated, glottic or subglottic 
edema is common, and stridor and retractions are to be expected. 
Laryngeal edema typically worsens for the fi rst 24–36 hr and 
then subsides. Every effort should be made to avoid reintubation 
during this period. Useful adjunctive measures include the use of 
racemic epinephrine, heliox, CPAP, high-fl ow nasal cannula, corti-
costeroids (dexamethasone, 0.5 mg/kg daily), and chest physio-
therapy. If a child requires reintubation, it is usually worth 
reattempting extubation after an additional 48 hr. If a child has 
failed a trial of extubation on three occasions, tracheotomy should 
be considered.

There are no absolutes, and for some children single-stage 
surgery should be approached with caution. This includes children 
who are diffi cult to intubate, those who have a history of failed 
single-stage surgery, those who have severe or multilevel airway 
stenosis, and those who have a history of problems with sedation.

Congenital Anomalies of the Airway

Retrognathia/Glossoptosis

Retrognathia is seen with a variety of conditions, including the 
Pierre-Robin sequence, Treacher-Collins syndrome, and Stickler 
syndrome. An associated cleft palate is common in severe cases. 
The degree of retrognathia is not always a reliable indicator of the 
degree of obstruction or of the potential problems with tracheal 
intubation. Although obstructing retrognathia is usually a problem 
encountered in the neonatal nursery, problems may be encountered 
years later. Such problems are often triggered by seemingly trivial 
surgical procedures or with the insidious onset of severe sleep 
apnea.
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For neonates, initial management includes prone positioning, 
the use of high-fl ow nasal cannula, and occasionally the use of a 
nasal trumpet. Continuous positive air pressure is often not suc-
cessful, as the mask tends to exacerbate the relative retrognathia. 
Because infants struggle with feeding, nasogastric tube placement 
is often required. If the airway remains compromised, tracheal 
intubation is desirable, but, as discussed previously, it may be 
challenging.

For infants with signifi cant obstructive symptoms or feeding 
problems, surgical intervention is desirable. Performing a trache-
otomy is standard, and, in most children catch-up growth of the 
mandible will permit decannulation within 1–2 years. If catch-up 
growth is not apparent by 1 year of age, consideration can be 
given to mandibular distraction. In some cases, distraction may 
be an alternative to tracheotomy; however, this remains controver-
sial [1,2]. Even after tracheotomy, some children continue to 
have symptoms of obstruction, as there is an association with 
retrognathia and tracheobronchomalacia. Performing fl exible 
bronchoscopy through the tracheotomy tube is diagnostic, and 
management with CPAP, BiPAP, or positive pressure ventilation 
may be required. In cases of isolated tracheomalacia, replacing the 
tracheotomy tube with a longer tube that lies close to carina may 
be suffi cient.

Laryngomalacia

Laryngomalacia is the most frequent cause of stridor in the neonate, 
and most children are symptomatic at birth or within the fi rst few 
days of life. Stridor is generally mild, but it is exacerbated by 
feeding, crying, and lying in a supine position. In 50% of cases, 
symptoms worsen during the fi rst 6 months of life, and, in virtually 
all children with laryngomalacia, symptoms resolve by 1 year of 
age. In less than 5% of cases, severity mandates surgical interven-
tion. In severe cases, symptoms may include apnea, cyanosis, severe 
retractions, and failure to thrive. Cor pulmonale is seen in very 
severe cases. There also are some children in whom apnea and 
cyanosis are not marked but who are clearly obstructed, thus 
causing family stress and concern. In a subset of these children, 
intervention also is warranted.

Diagnosis is confi rmed by fl exible transnasal fi beroptic laryn-
goscopy. Characteristic fi ndings include short aryepiglottic folds, 
with prolapse of the cuneiform cartilages. In some cases, a tightly 
curled (Ω-shaped) epiglottis is also observed. Because of the 
Bernoulli effect, characteristic collapse of the supraglottic struc-
tures is seen on inspiration. Infl ammation suggestive of refl ux lar-
yngitis is frequently seen. The need for intervention is determined 
not by the endoscopic appearance of the larynx but rather by the 
symptoms of the infant.

Children with laryngomalacia rarely present with acute airway 
compromise. In the 5% of children who require operative manage-
ment, this may be arranged in a semielective fashion within 1 to 2 
weeks of presentation. Preoperative management of gastroesopha-
geal refl ux is prudent. Supraglottoplasty (also termed epiglotto-
plasty) has replaced tracheotomy as the preferred intervention. 
This is a rapid and effective endoscopic procedure, directed at the 
infant’s specifi c laryngeal pathology. Both aryepiglottic folds 
usually are divided. In addition, one or both cuneiform cartilages 
may be removed. If the aryepiglottic folds alone are divided, post-
operative intubation is generally not required; however, overnight 
tracheal intubation should be considered if more extensive surgery 
has been performed.

Following supraglottoplasty, overnight observation in the PICU 
is desirable, as laryngeal edema may compromise the airway, 
necessitating reintubation. Extubation is usually possible within 
24 hr of the surgery. In some children, obstruction persists postop-
eratively. Repeated fi beroptic laryngoscopy at the bedside can 
help establish whether this is due to laryngeal edema or persistent 
laryngomalacia that necessitates further surgery. Refl ux manage-
ment helps manage laryngeal edema. Occasionally, the post-
operative appearance of the larynx is adequate, but the infant is 
still struggling. In such cases, there is sometimes an underlying 
neurologic component to the laryngomalacia. Although the neuro-
logic problems may be extremely subtle initially, they may become 
much more evident with time. This group of children is far more 
likely to require tracheotomy placement [3].

Vocal Cord Paralysis

Vocal cord paralysis is the second most common cause of neonatal 
stridor. As with laryngomalacia, the diagnosis is established with 
awake fl exible transnasal fi beroptic laryngoscopy. This condition 
is subdivided into congenital and acquired paralysis and unilateral 
and bilateral paralysis. In most cases, bilateral vocal cord paralysis 
is congenital, while unilateral paralysis is an acquired problem 
caused by damage to the recurrent laryngeal nerve. Because of the 
length and course of the left recurrent nerve, this is far more likely 
to be damaged than the right recurrent laryngeal nerve. As such, 
most children with acquired vocal cord paralysis have unilateral 
left-sided paralysis.

Congenital cord paralysis is usually idiopathic in nature, but 
may also be seen with central nervous system pathology, including 
hydrocephalus and Chiari malformation of the brain stem. It may 
be reversible if the underlying cause is corrected. Most children 
with bilateral vocal cord paralysis present with signifi cant airway 
compromise but excellent voice quality. They usually do not aspi-
rate. Up to 90% of infants with bilateral vocal cord paralysis ulti-
mately require tracheotomy. By contrast, children with unilateral 
vocal cord paralysis usually have an acceptable airway, but a 
breathy voice, and are at a slightly higher risk of aspiration.

Diagnosis is made with awake transnasal fl exible laryngoscopy. 
The risk factors for acquired paralysis are patent ductus arteriosus 
repair, the Norwood cardiac repair, and esophageal surgery, espe-
cially tracheoesophageal fi stula repair. For older children, thyroid 
surgery is an additional risk factor.

For an infant with stridor and retractions due to bilateral vocal 
cord paralysis, tracheotomy is indicated. Stabilization may be 
achieved with tracheal intubation, CPAP, or high-fl ow nasal cannula 
as an alternative temporizing measure. Up to 50% of children with 
congenital idiopathic bilateral vocal cord paralysis have spontane-
ous resolution of their paralysis by 1 year of age. Surgical interven-
tion to achieve decannulation is thus usually delayed until after 1 
year. Similarly, children with acquired bilateral vocal cord paraly-
sis may have spontaneous recovery several months after recurrent 
laryngeal nerve injury if the nerve is only stretched or crushed but 
is otherwise intact.

Most children with unilateral vocal cord paralysis do not require 
surgical intervention. For those with bilateral paralysis, there are 
several surgical options because no single surgical approach offers 
a perfect result. The aim of surgery is to achieve an adequate decan-
nulated airway while maintaining voice and not exacerbating aspi-
ration. Surgical options include laser cordotomy, partial or complete 
arytenoidectomy (endoscopic or open), vocal process lateralization 
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(open or endoscopically guided), and posterior cricoid cartilage 
grafting [4,5]. In a child with a tracheotomy, it is often desirable to 
maintain the tracheotomy to ensure an adequate airway before 
decannulation. In a child without a tracheotomy, a single-stage 
procedure can be performed.

Acquired bilateral vocal cord paralysis is usually more recalci-
trant to treatment than idiopathic cord paralysis, and more than 
one procedure may be required to achieve decannulation. For 
patients who have undergone any such procedures, postextubation 
stridor may respond to CPAP or high-fl ow nasal cannula. A child’s 
postoperative risk of aspiration should be assessed by a video 
swallow study before resuming a normal diet. During the initial 
weeks following surgery, there is sometimes an increased aspira-
tion risk with certain textures, especially thin fl uids.

Subglottic Stenosis

Subglottic stenosis (SGS) can be either congenital or acquired. Con-
genital SGS is comparatively rare. In the neonate, it is defi ned as a 
lumen 4.0 mm in diameter or less at the level of the cricoid. Acquired 
SGS is much more frequently seen and is normally a sequela of 
prolonged intubation of the neonate. The cause of congenital SGS 
is thought to be a failure of the laryngeal lumen to recanalize. This 
condition is one of a continuum of embryologic failures that include 
laryngeal atresia, stenosis, and webs. In its mildest form, congenital 
SGS appears as a normal cricoid with a smaller than average diam-
eter, usually elliptical in shape. Mild SGS may manifest in recurrent 
upper respiratory infections (often diagnosed as croup) in which 
minimal subglottic swelling precipitates airway obstruction. In a 
young child, the greatest obstruction is usually 2–3 mm below the 
true vocal cords. More severe cases may present with acute airway 
compromise at delivery. If tracheal intubation is successful, the 
patient may require intervention before extubation. When intuba-
tion cannot be achieved, tracheotomy placement at the time of 
delivery may be life saving. Important to note, infants typically 
have surprisingly few symptoms. Even those with grade III SGS 
may not be symptomatic for weeks or months.

Congenital SGS is often associated with other congenital head 
and neck lesions and syndromes (e.g., a small larynx in a patient 
with Down syndrome). After initial management of SGS, the larynx 
will grow with the patient and may not require further surgical 
intervention. However, if initial management requires tracheal 
intubation, the risk of developing an acquired SGS in addition to 
the underlying congenital SGS is considerable.

Radiologic evaluation of an airway that is not intubated may give 
the clinician clues about the site and length of the stenosis. Useful 
imaging modalities include (1) inspiratory and expiratory lateral 
soft tissue neck fi lms, (2) fl uoroscopy to demonstrate the dynamics 
of the trachea and larynx, and (3) a chest x-ray. The single most 
important investigation, however, is high-kilovoltage airway fi lms. 
These fi lms are taken not only to identify the classic steepling 
observed in patients with SGS but also to identify possible tracheal 
stenosis. The latter condition is generally caused by complete tra-
cheal rings, which may predispose the patient to a life-threatening 
situation during rigid endoscopy.

Evaluation of SGS, whether congenital, acquired, or a combina-
tion of both, requires endoscopic assessment. Endoscopy is neces-
sary for the diagnosis of laryngeal stenosis. Flexible fi beroptic 
endoscopy provides information on dynamic vocal cord function. 
Rigid endoscopy with a Hopkins telescope provides the best possi-
ble examination. Precise evaluation of the endolarynx should be 

carried out, including grading of the subglottic stenosis. Stenosis 
caused by scarring, granulation tissue, submucosal thickening, 
or a congenitally abnormal cricoid can be differentiated from 
SGS with a normal cricoid, but endoscopic measurement with 
tracheal tubes or bronchoscopes is required for an accurate 
evaluation.

The greatest risk factor for developing acquired SGS is presently 
prolonged intubation with an inappropriately large tracheal tube. 
The appropriate tracheal tube size is not the largest that will fi t but 
rather the smallest that allows for adequate ventilation. Ideally, 
the tracheal tube should leak air around it, with subglottic pres-
sures below 25–30 cm H2O. Other cofactors for the development of 
acquired SGS include gastroesophageal refl ux (GER) and eosino-
philic esophagitis (EE).

Children with mild acquired SGS may be asymptomatic or mini-
mally symptomatic. Observation rather than intervention may thus 
be appropriate. This is often the case for children with grades I or 
II SGS. Those with more severe SGS (grades III and IV), however, 
are symptomatic, with either tracheal dependency or stridor and 
exercise intolerance. Unlike congenital SGS, acquired SGS is 
unlikely to resolve spontaneously and thus requires intervention.

For children with mild symptoms and a minor degree of SGS, 
endoscopic intervention may be effective. Endoscopic options 
include radial laser incisions through the stenosis and laryngeal 
dilatation. More severe forms of SGS are better managed with 
open airway reconstruction. Laryngotracheal reconstruction using 
costal cartilage grafts placed through the split lamina of the cricoid 
cartilage is reliable and has withstood the test of time [6,7]. Costal 
cartilage grafts may be placed through the anterior lamina of the 
cricoid cartilage, the posterior lamina of the cricoid cartilage, or 
both. These procedures may be performed as a two-stage proce-
dure, maintaining the tracheal tube and temporarily placing a 
suprastomal laryngeal stent above the tracheal tube. Alternatively, 
in selective cases, a single-stage procedure may be performed, with 
removal of the tracheal tube on the day of surgery and with the 
child requiring intubation for a 1–14-day period [8]. More recently, 
better results have been obtained with cricotracheal resection than 
with laryngotracheal reconstruction for the management of severe 
SGS [9]. However, this is a technically demanding procedure that 
carries a signifi cant risk of complications. Reconstruction of the 
subglottic airway is a challenging procedure, and the patient should 
be optimized before undergoing surgery. Preoperative evaluation 
includes assessment and management of GER, EE, and low-grade 
tracheal infection, particularly oxacillin-resistant Staphylococcus 
aureus (ORSA) and Pseudomonas.

Posterior Laryngeal Clefts

Posterior laryngeal clefts result from a fusion failure of the laryn-
gotracheal groove (failure of the laryngotracheal groove to fuse 
during embryogenesis). Although these clefts are generally not 
obstructive in nature, infants with laryngeal clefts sometimes 
present with signifi cant obstruction. Aspiration is the hallmark 
clinical feature of this disorder. While gross aspiration may occur 
with associated apnea, cyanosis, and even pneumonia, often the 
symptoms are those of microaspiration, with choking episodes, 
transient cyanosis, and recurrent chest infections. As such, diag-
nosis may initially be elusive.

Other associated anomalies are common and may be divided 
into those that affect the airway and those that do not. Associated 
airway anomalies include tracheomalacia (>80%) and tracheo-
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esophageal fi stula (TEF) (20%) formation. Non-airway associations 
include anogenital anomalies and GER. The most common syn-
drome associated with posterior laryngeal clefting is Opitz-Frias 
syndrome, which is characterized by hypertelorism, anogenital 
anomalies, and posterior laryngeal clefting. Diagnosis is challeng-
ing. Although contrast swallow studies may suggest risk of 
aspiration, defi nitive diagnosis requires rigid laryngoscopy and 
bronchoscopy, with the interarytenoid area being specifi cally 
probed to determine if a posterior laryngeal cleft is present. Figure 
14.1 shows a modifi cation of the Benjamin and Inglis classifi cation 
system, with cleft types I to V illustrated.

Initial management decisions should consider whether the infant 
requires tracheotomy placement, gastrostomy tube placement, or 
Nissen fundoplication. Although none of these is essential, each 
increases the likelihood of successful cleft repair. Protection against 
aspiration is also crucial, and nasojejunal feeding may be a useful 
way of stabilizing an infant. Surgical repair may be performed 
endoscopically for most type I and some type II clefts; however, 
longer clefts that extend into the cervical or thoracic trachea require 
open repair. The transtracheal approach is advocated in that it 
provides unparalleled exposure of the cleft while protecting the 
recurrent laryngeal nerves. A two-layer closure is recommended, 
with the option of performing an interposition graft if warranted; 

a useful interposition graft is a free transfer of clavicular or 
tibial periosteum. The most challenging cleft to repair is the type 
V cleft, which extends to the carina or beyond. Performing such 
surgery is anesthetically daunting. Type V clefts are prone to anas-
tomotic breakdown, and the infant often has multiple congenital 
anomalies [10].

Vascular Compression

Vascular compression of the airway, particularly innominate artery 
compression, is not uncommon; however, it is usually asymptom-
atic or minimally symptomatic. Symptomatic vascular compres-
sion of the trachea or bronchi is rare but associated with marked 
symptoms, including biphasic stridor, retractions, a honking 
cough, and dying spells. Symptoms tend to substantially worsen 
when the child is upset. Forms of vascular compression affecting 
the trachea include innominate artery compression, double aortic 
arch, and pulmonary artery sling. Vascular rings resulting from a 
retroesophageal subclavian artery and a ligamentum arteriosum 
are less likely to be associated with airway obstruction. Bronchial 
compression by the pulmonary arteries or aorta may be signifi cant 
but are more commonly a unilateral problem unless there are asso-
ciated major cardiac anomalies. The diagnosis of airway compres-
sion is best established with rigid bronchoscopy. Thoracic imaging 
then assists in establishing the relevant vascular anatomy. Imaging 
modalities include high-resolution computed tomography (CT) 
imaging with contrast enhancement and three-dimensional recon-
struction, magnetic resonance imaging (MRI) and magnetic reso-
nance angiography (MRA), and echocardiography. Less commonly, 
formal angiography is required. Although the primarily role of 
imaging is to evaluate the intrathoracic vasculature, excellent 
images of the airway and the thymus gland may also be obtained.

In a child with an airway compromised by vascular compression, 
CPAP may provide a limited degree of temporary improvement, as 
there is often segmental tracheomalacia in the region of the vascu-
lar compression. Otherwise, tracheal intubation may be required. 
Because of the proximity of a vascular structure, prolonged intuba-
tion is avoided when possible due to the risk of forming an arterial 
fi stula. Similarly, although tracheotomy will establish an unob-
structed airway, there is also an increased risk of a vascular fi stula 
into the airway.

The surgical management of symptomatic vascular compression 
addresses the specifi c pathology involved. Innominate artery com-
pression responds well to thymectomy and aortopexy, but, if little 
thymus is present, an alternative is reimplantation of the innomi-
nate artery more proximately on the aortic arch. A double aortic 
arch requires ligation of the smaller of the two arches, which is 
usually the left. A pulmonary artery sling is transected at its origin, 
dissected free, and reimplanted into the pulmonary trunk anterior 
to the trachea. There is a high incidence of complete tracheal rings 
in children with a pulmonary artery sling, and these should also 
be repaired at the time of vascular repair [11].

Alleviating vascular compression will improve the airway; nev-
ertheless, it takes time for the airway to completely normalize. This 
is a consequence of long-standing vascular compression having 
adversely affected the normal cartilaginous development of the 
compressed segment of trachea, with resultant cartilaginous 
malacia or stenosis. Until the airway normalizes, which may take 
months, children who are persistently symptomatic may require 
airway stabilization with a tracheotomy. Although tracheal 
stabilization with intratracheal stents is alluring under these 
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FIGURE 14.1. Classification of posterior laryngeal clefts (a modification of the Benjamin 
and Inglis classification). The larynx and trachea are viewed from the posterior aspect. Type 
I: Cleft to but not below the true vocal cords. Type II: Cleft into the cricoid cartilage but not 
into the cervical trachea. Type III: Cleft through the cricoid into the cervical trachea. Type 
IV: Cleft into the thoracic trachea. Type V: Cleft to or beyond the carina.
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circumstances, the incidence of complications is high. Temporary 
tracheotomy is generally a more desirable alternative.

Complete Tracheal Rings

Although complete tracheal rings are rare, they are life threatening. 
They present with insidious worsening of respiratory function over 
the fi rst few months of life, with stridor, retractions, and marked 
exacerbation of symptoms during intercurrent upper respiratory 
tract infections. Children with distal tracheal stenosis usually have 
a characteristic biphasic wet-sounding breathing pattern that tran-
siently clears with coughing; this pattern is referred to as washing 
machine breathing. The risk of respiratory failure increases with 
age. Although diagnosis is made with rigid bronchoscopy, an initial 
high-kilovolt airway fi lm may warn of tracheal narrowing. Bron-
choscopy should be performed with great caution, using the small-
est possible telescopes, as any airway edema in the region of the 
stenosis may turn a narrow airway into an extremely critical airway. 
The location, extent, and degree of stenosis are all relevant; however, 
if the airway is exceptionally narrow, it may be more prudent just 
to establish the diagnosis rather than to risk causing post-trau-
matic edema by forcing a telescope through a stenosis.

Because 50% of children have a tracheal inner diameter of 
approximately 2 mm at the time of diagnosis, the standard inter-
ventions for managing a compromised airway are not applicable. 
More specifi cally, the smallest tracheal tube has an outer diameter 
of 2.9 mm, and the smallest tracheotomy tube has an outer diame-
ter of 3.9 mm; hence, the stenotic segment cannot be intubated. This 
may leave extracorporeal membrane oxygenation (ECMO) as the 
only viable alternative for stabilizing the child. This situation is 
best avoided by performing bronchoscopy with the highest level of 
care. Over 80% of children with complete tracheal rings have other 
congenital anomalies, which are generally cardiovascular in origin. 
As such, investigation should include a high-resolution contrast-
enhanced CT scan of the chest and a cardiac echocardiogram. Spe-
cifi cally, a pulmonary artery sling should be excluded, as this is a 
common association and, if present, should be repaired concurrent 
with the tracheal repair. Most children with complete tracheal 
rings require tracheal reconstruction [12]. The recommended sur-
gical technique is the slide tracheoplasty [13]. This approach yields 

signifi cantly better results than any other form of tracheal recon-
struction and is applicable to all anatomic variants of complete 
tracheal rings.
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[18–20]. Since 1980, in fact, the frequency of asthma has approxi-
mately doubled [21]. Certainly some of the increases in disease 
prevalence may be attributed to increased awareness and better 
reporting, although studies utilizing similar case defi nitions con-
tinue to show an epidemic increase in the incidence of asthma, 
especially in westernized countries such as the United Kingdom, 
Australia, and New Zealand; far lower prevalence rates have been 
observed in India, China, Africa, and other countries in Asia and 
Eastern Europe [20]. However, several studies demonstrate increas-
ing prevalence rates of asthma in countries as they become more 
westernized [22,23]. Similar trends have been observed in the 
United States. For example, the National Center for Health Statis-
tics (NCHS) reported results from the National Health Interview 
Survey (NHIS) showing that the self-reported prevalence of asthma 
increased by nearly 75% across all age groups between 1980 and 
1994. The greatest increases occurred among preschool children 
(<5 years), in which the prevalence rate rose by nearly 150% [7]. The 
prevalence rates are highest among African Americans and chil-
dren from lower socioeconomic backgrounds [4,7,24,25].

Germane to the present discussion, the morbidity and mortality 
from asthma appear to be steadily rising in certain high-risk groups 
of the population [4–9,15–17]. Some investigators have suggested 
that this apparent increase can be attributed to complications asso-
ciated with the increased usage of β-agonist therapy, although this 
probably refl ects a greater severity of illness and subsequent need 
for therapy than an actual cause-and-effect association [26–32]. 
Rather, the wealth of evidence suggests that undermedication, par-
ticularly with regard to the inadequate use of corticosteroids, and 
lack of recognition of the severity of an asthma attack by both 
patients and parents (causing a delay in seeking medical care), 
as well as the health care provider are more important factors 
[33–39].

There appear to be two clinical subsets of children who die from 
status asthmaticus [40]. For example, some children with fatal 
asthma usually have a long history of poorly controlled, severe 
asthma, often with a previous history of respiratory failure (type I, 
or slow onset-late arrival). This pattern of fatal asthma, which is 
responsible for the majority of asthma-related deaths, is generally 
considered preventable, with death occurring secondary to acute 
respiratory failure and asphyxia or from complications associated 
with mechanical ventilation [41–46]. Pathologic examination in 
these cases demonstrates extensive bronchial mucous plugging, 
edema, and eosinophilic infi ltration of the airways. Alternatively, 
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Introduction

Asthma is the most common pediatric respiratory disease and 
remains one of the most common reasons children in the United 
States require hospitalization. Current statistics suggest that 
approximately 15 million Americans suffer from this disease, 
including nearly 5 million children [1]. Asthma poses a signifi cant 
economic burden to the health care system, accounting for 2 million 
emergency department visits, 500,000 hospitalizations, and nearly 
$6 billion in total health care expenditures each year [2–9]. Status 
asthmaticus, defi ned as a condition of progressively worsening 
bronchospasm unresponsive to standard therapy, accounts for a 
signifi cant number of admissions to the pediatric intensive care 
unit (PICU) each year. For example, during the 5-year period 
between 1998 and 2002, status asthmaticus accounted for 6% of all 
admissions to the PICU at a major tertiary children’s medical center 
(Wheeler, D.S., unpublished data), although only 0.5%–2% of chil-
dren admitted to the hospital with asthma require intensive care 
treatment [10–14]. Although recent trends suggest that the inci-
dence of childhood asthma may have reached a plateau, asthma 
morbidity and mortality continue to rise, especially in certain 
subsets of the population [4–9,15–19]. As a result, there continues 
to be great interest in the identifi cation and development of 
treatment strategies that can effectively manage and improve 
the outcome of critically ill children diagnosed with status 
asthmaticus.

Epidemiology

In striking contrast to cancer and heart disease, asthma lacks a 
standardized, consensus defi nition and therefore does not lend 
itself to straightforward epidemiologic study. However, despite this 
inherent diffi culty, the overwhelming preponderance of evidence 
suggests that the worldwide incidence of asthma is increasing 
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some children present with only a mild history of asthma, and 
often even without a prior history of asthma, experience the sudden 
onset of bronchospasm, and rapidly progress to cardiac arrest and 
death (type II, or fast-onset) [47–50]. If recognized and managed 
early, these children respond faster to β-agonists and mechanical 
ventilatory support compared with children with type I fatal 
asthma [51]. Pathologic examination in these cases shows empty 
airways devoid of mucous plugging with a greater proportion of 
neutrophils than eosinophils [52].

Robertson et al. [53] reviewed 51 pediatric deaths from asthma 
between 1986 and 1989 and found that nearly one-third of these 
children were judged to have mild asthma with no prior hospital-
izations for asthma. Sixty-three percent of these children experi-
enced a sudden collapse within minutes of the onset of symptoms, 
and 75% died before reaching the hospital. Only 25% of these chil-
dren had an acute progression of chronic, poorly controlled asthma 
that resulted in eventual death. The authors of this study concluded 
that only 39% of these deaths were preventable by earlier recogni-
tion and intervention. Over a 6-year period at the Hospital for 
Sick Children in Toronto, 89 children were admitted to the PICU 
for status asthmaticus. Three children died in the PICU from 
hypoxic–ischemic encephalopathy following out-of-hospital 
cardiac arrest [13]. Kravis and Kolski [54] reported a case series of 
13 deaths secondary to asthma. Only one child died following 
admission to the hospital. Similarly, nearly 50% of asthmatic chil-
dren in another study died before reaching the hospital, with the 
time from the onset of symptoms to death less than 1 hr in 21% and 
less than 2 hr in 50% of these cases, respectively [55,56]. These 
series further underscore the need for early recognition for chil-
dren at risk for type II fast-onset, sudden asphyxial asthma. 
Accordingly, several authors have attempted to defi ne characteris-
tics or risk factors of children who die of asthma (Table 15.1) 
[26,33–35,37,47,48,53,55,57–65].

Pathogenesis

Asthma was widely viewed as a neurologic disorder in the 19th and 
early 20th century caused largely by emotional disturbances and 
anxiety [66]. Asthma is now considered a disease of infl ammation, 
and, over the past decade, tremendous gains have been made with 
regard to our understanding about the pathogenesis of asthma. 
This mechanistic insight has been driven by attempts to identify 
the etiology of the two principal hallmarks of asthma, airway 
(or bronchial) hyperresponsiveness (AHR) and infl ammation. By 

employing both animal models and well-designed clinical studies, 
investigators have continued to identify not only the cellular and 
mediator participants in asthma but also the genetic infl uences 
regulating this common disease entity.

Immunopathogenesis

Asthma frequently begins during early childhood and is often asso-
ciated with atopy, the genetic susceptibility to produce IgE specifi c 
to common airborne allergens (e.g., house dust, animal dander). 
Children with asthma respond to these airborne allergens with an 
increase in activated, CD4+ T helper (Th) cells. The immunologic 
response to a particular allergen depends to a signifi cant extent on 
the type of Th cells that accumulate in the airways. Atopic children 
tend to respond with a T helper type 2 (Th2) immune response, 
whereas nonatopic children demonstrate a T helper type 1 (Th1)-
skewed response. The Th1 and Th2 cells are effector T cells that 
develop from naïve T cells upon activation by antigens presented 
by antigen-presenting cells (APCs) and are characterized by differ-
ent cytokine production.

Dendritic cells (DCs) are potent APCs and have a central role in 
initiating the primary immune response [67,68]. Respiratory DCs 
form a tightly meshed network throughout the airway epithelium 
and are situated to monitor the external environment [69,70]. 
Respiratory DCs prime Th2 immune responses to inhaled antigens 
and initiate allergic airway infl ammation [71,72]. Th2 cells produce 
interleukin (IL)-4, IL-5, IL-6, IL-9, and IL-13 and are involved in 
activating B cells for the production of immunoglobulins, particu-
larly IgE. Conversely, Th1 cells produce interferon (IFN)-γ, IL-2, 
and lymphotoxin. T helper type 1 responses stimulate macrophage 
activation and delayed-type hypersensitivity reactions, whereas 
Th2 responses stimulate antibody-mediated responses and activa-
tion of mast cells and eosinophils (see later). Of interest, Th1 cyto-
kines suppress the development of Th2 cells, and vice versa. The 
marked increase in the incidence of asthma has been attributed by 
some investigators to a cleaner environment and reduced bacterial 
burden during early childhood, leading to a shift in the normal 
development of the immune response and a shift toward a Th2-
dominant immune response to allergens, the so-called hygiene 
hypothesis. Although such a theory is attractive, it does not explain 
the parallel rise in the incidence of classic Th1 diseases such as type 
I diabetes mellitus. A detailed account of the hygiene hypothesis is 
clearly beyond the scope of the present discussion, although several 
excellent reviews are available to the interested reader [21,73–75].

As discussed earlier, induction of a Th2 response increases the 
level of IgE, IL-4, IL-5, IL-9, and IL-13 in the serum of patients with 
asthma, and increased levels of these cytokines are found in 
patients with acute asthma [21,74]. Increased IgE levels correlate 
with asthma severity and may be a risk factor for nonallergic 
asthma [76,77]. Immunoglobulin E antibodies bind to a high-
affi nity Fc receptor (FcεRI) that is expressed on mast cells, baso-
phils, and eosinophils. IgE–FcεRI crosslinking results in (1) release 
of preformed vasoactive mediators (histamine, mast cell tryptase, 
leukotrienes B4 and C4); (2) upregulation of cytokine expression 
(tumor necrosis factor (TNF)-α, IL-4, IL-5, and IL-13); and (3) syn-
thesis of prostaglandins. Interleukin-4 induces IgE-type–specifi c B 
cells and proliferation and activation of mast cells. Interleukin-5 
plays an essential role in enhancing eosinophilic accumulation and 
activation. Recent evidence suggests that IL-13 is especially critical 
to the immunopathogenesis of asthma [21,74]. All of the features 
result in the main pathophysiologic components of the asthmatic 

TABLE 15.1. Risk factors for potentially fatal asthma.

History of previous attack with
 Severe, rapid progression of symptoms
 Respiratory failure requiring endotracheal
  Intubation or ventilatory support*
 Seizures or loss of consciousness
 Pediatric intensive care unit admission
Attacks precipitated by food allergy
Denial or failure to perceive the severity of illness
Noncompliance
Lack of social support network (dysfunctional family)
Associated psychiatric disorder (e.g., depression)
Nonwhite children (especially african-american and hispanic children)

*May include noninvasive positive pressure ventilation.
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response—airway infl ammation, bronchial AHR, airway remodel-
ing, and reversible airway obstruction.

Airway Inflammation

Historically, the fi rst evidence that implicated a role for infl amma-
tion in asthma was obtained from postmortem lung examinations 
from patients who died with status asthmaticus [78]. Hyperinfl ated 
lungs, plugging of bronchi, excessive mucus, edematous or denuded 
epithelium, and cellular infi ltration with neutrophils, eosinophils, 
and desquamated epithelial cells all were observed in these studies. 
More recently, samples obtained by bronchoalveolar lavage (BAL) 
have confi rmed the consistent presence of infl ammatory cells that 
have been more specifi cally identifi ed to include neutrophils, 
eosinophils, mast cells, and B and T lymphocytes [79]. Because 
many of these cell types are not present in the lung normally, it was 
hypothesized and determined that activation of the residential 
APCs, principally the DCs (see earlier), results in further stimula-
tion of Th2 cells [80]. The mechanism by which these cell types are 
recruited to the lung in asthma has been a major focus of ongoing 
investigations.

The respiratory epithelium plays a key role in the asthmatic 
response, as it is the fi rst point of contact between the lung and 
viruses, aeroallergens, and irritants. The respiratory epithelium is 
not merely a physical barrier; instead, it plays an active role as a 
regulator of airway infl ammation. Epithelial cells can synthesize 
and release a wide range of chemoattractants to recruit infl amma-
tory cells into the airways. In addition, airway epithelial cells can 
synthesize and release factors that are important for the matura-
tion and survival of neutrophils, macrophages, and eosinophils 
[81–83].

The chemotactic cytokines (chemokines) are a group of cytokines 
that are instrumental in the recruitment of leukocyte populations 
[84,85]. Chemokines are chemoattractant cytokines that have been 
divided into four groups, with the vast majority falling into either 
the CXC or CC groups. The minor groups are represented by single 
molecules: fractalkaline in the CX3X and lymphotactin in the C 
group. Members of both the CXC and CC groups have diverse func-
tions during asthmatic responses, including recruitment, cellular 
activation and degranulation, and differentiation and modulation 
of the Th1 versus Th2 immune response. Identifi cation of multiple 
chemokines in the BAL fl uid of asthmatic patients has supported 
the concept that these molecules play a key role in asthma patho-
genesis [86,87].

Eosinophils are the most prevalent of the immune cells found in 
the airway of patients with asthma and release a variety of highly 
charged cationic proteins, such as eosinophil cationic protein 
(ECP), eosinophil protein X (EPX), eosinophil-derived neurotoxin 
(EDN), and major basic protein (MBP), all of which are highly toxic 
to the respiratory epithelium. Mast cell activation and subsequent 
release of mediators, such as histamine, chemotactic factors, and 
arachidonic acid metabolites (notably prostaglandins, thrombox-
ane, leukotrienes, and hydroxyeicosatetraenoic acid) further exac-
erbates the infl ammatory response. It is not entirely clear whether 
neutrophils contribute to asthma pathophysiology; however, it has 
been shown that neutrophils seem to be signifi cantly increased in 
the airways of patients with severe asthma but not in mild asthmat-
ics [88].

Airway smooth muscle (ASM) has previously been thought of 
as playing a passive role in mediating the infl ammatory process 
to inhaled allergens. However, ASM has recently been shown to 

synthesize and release a multitude of cytokines, chemokines, 
growth factors, receptors/surface molecules, and lipid mediators/
enzymes [89]. That ASM synthesizes chemokines for T cells, eosin-
ophils, neutrophils, and monocytes suggests accumulation of these 
infl ammatory cells around the ASM. In fact, the ASM of atopic 
asthmatics expresses the IgE receptor FcεRII [90] as well as recep-
tor ligands to allow for T-cell binding [91].

One particularly interesting facet of asthma research is the rela-
tively recent correlation between exhaled nitric oxide (NO) and the 
degree of airway infl ammation. Nitric oxide is produced by the 
enzyme inducible nitric oxide synthase (iNOS), and the infl amma-
tory stimuli present in the airways of patients with asthma result 
in an increase in both the gene expression and activation of iNOS 
[92]. Exhaled NO levels appear to correlate with the severity of 
asthma [93], and measurement of exhaled NO offers tremendous 
promise in monitoring the response to treatment of children with 
chronic asthma in the outpatient setting, as well as during acute 
exacerbations in the hospital setting [93–97].

Airway Hyperresponsiveness

Airway hyperresponsiveness is an exaggerated bronchoconstrictor 
response following exposure to allergens, irritants, viral infections, 
cold air, or exercise. Airway hyperresponsiveness can be measured 
by inhalation challenge with methacholine or histamine. The 
degree of AHR generally correlates with the clinical severity of 
asthma [98]. A genetic linkage between histamine airway respon-
siveness and a predisposition for the development of asthma has 
been suggested [reviewed in 99]. Changes in the airway morphol-
ogy (i.e., epithelial cell damage, thickening of the basement mem-
brane, release of mediators mainly from the increased number of 
eosinophils) may result in thickening of the airway wall. Using 
high-resolution computed tomography (CT), bronchial wall 
thickening has been shown to be more extensive in patients with 
asthma than in healthy controls, regardless of the severity of the 
disease [100].

Interleukin-4, IL-5, and IL-13 all seem to play an important role 
in AHR most likely through their role in IgE synthesis and eosino-
phil differentiation and activation [80]. Immunoglobulin binds to 
the FcεR receptors on mast cells, resulting in the release of a variety 
of chemokines and cytokines from mast cells. In addition, mast 
cells contain a number of preformed mediators, such as histamine, 
prostaglandin D2, leukotriene C4, and platelet-activating factor, as 
well as the proteases mast cell tryptase, carboxypeptidase A, and 
chymase. These mediators have been shown to enhance the activa-
tion of infl ammatory cells, cause microvascular leakage, increase 
mucus production, and induce bronchoconstriction [101]. Airway 
hyperresponsiveness, as measured by the forced expiratory volume 
in 1 second (FEV1), was reduced in a clinical trial in patients treated 
with an antibody against IgE [102]. However, another study showed 
that IgE-defi cient mice develop AHR following exposure to Asper-
gillus fumigatus [103]. These data suggest that, although IgE levels 
may play a role in AHR, other mechanisms are likely to be 
involved.

Airway Remodeling

The airways are continuously exposed to triggers that mediate the 
remodeling phenotype, including tobacco smoke, viruses, bacteria, 
and allergens [104–106]. The extent of remodeling and the clinical 
consequences are still under debate, although relatively few 
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asthmatics are found without any detectable remodeling of the 
airways. One study documented signifi cant airway remodeling in 
children with severe asthma as young as 6 years of age [107]. Patho-
logically, airway remodeling appears to have a variety of features 
that include alterations of the airway epithelium, increased ASM 
mass, mucous gland hyperplasia, increased collagen deposition and 
persistence of chronic infl ammatory cellular infi ltrates [108–110].

As early as 1922, it was documented that asthmatic patients had 
signifi cantly more ASM cell mass [111]. Airway smooth muscle cell 
hyperplasia and hypertrophy have both been shown to play a role 
in increased ASM cell mass. T helper type 2 CD4+ cells have also 
been shown to play a role in both ASM and epithelial remodeling 
after allergen challenge [reviewed in 112]. The role of subepithelial 
fi brosis, characterized by the enhanced accumulation of fi bronec-
tin and types I, III, and V collagens, in asthma severity is still 
unknown. Although fi brosis was shown to correlate with a decline 
in FEV1 [113], another study showed that collagen deposition in the 
airways of patients with severe asthma was not signifi cantly differ-
ent from that in either patients with mild asthma or controls [114]. 
Thickening and hyalinization of the basement membrane along 
with infi ltration of the submucosa with lymphocytes has been 
detected in bronchial biopsy specimens from children with moder-
ate asthma [115]. There is increasing evidence that the epithelium 
in asthmatics is abnormal and has enhanced susceptibility to 
injury. Many investigators have found that the bronchial epithe-
lium in asthma is structurally disturbed with epithelial disruption 
from the basement membrane and epithelial shedding [116]. In 
addition, the expression of CD44 and epidermal growth factor 
receptor (EGFR) is signifi cantly increased in the asthmatic epithe-
lium consistent with the hypothesis that epithelial damage and 
airway remodeling are consistent features of bronchial asthma 
[117,118].

Airflow Obstruction

Airfl ow obstruction can be caused by a variety of changes, includ-
ing acute bronchoconstriction, airway edema, chronic mucous plug 
formation, and airway remodeling. Acute bronchoconstriction is 
the consequence of IgE-dependent mediator release upon exposure 
to aeroallergens and is the primary component of the early asth-
matic response. Airway edema occurs 6–24 hr following an allergen 
challenge and is referred to as the late asthmatic response. Mucus 
production, which is an important component of host defense, rep-
resents an important cause of airway obstruction when secreted in 
excess. During asthma exacerbations, most patients have a signifi -
cant increase in mucin [119], and chronic mucous plug formation 
consists of an exudate of serum proteins and cell debris that may 
take weeks to resolve. Fatal asthma is commonly associated with 
goblet cell hyperplasia and airway occlusion from mucous plugs 
[120,121]. Adoptive transfer of Th2 cells, but not Th1 cells, into the 
lungs of naïve mice caused goblet cell hyperplasia and mucin pro-
duction, although the mechanism by which Th2 cytokines induce 
goblet cell hyperplasia is uncertain [122]. Airway remodeling is 
associated with structural changes due to long-standing infl amma-
tion and may profoundly affect the extent of reversibility of airway 
obstruction.

Pathophysiology

Severe airway obstruction resulting from infl ammation, broncho-
constriction, and excessive mucus production is at the heart of the 

gas exchange abnormalities and symptomatology in children 
with status asthmaticus. The marked increase in airway resistance 
leads to a dramatic increase in the work of breathing and may be 
characterized by marked reductions in FEV1, FEV1/FVC, and 
FVC25–75 [123–125]. As the degree of airway obstruction worsens, 
expiration becomes active rather than passive. Inspiration 
often occurs before termination of the previous expiration, result-
ing in air-trapping and lung hyperinfl ation [126,127]. Residual 
volume and functional residual capacity are increased, with the 
increase in residual volume exceeding that of the increase in func-
tional residual capacity [126,128–130]. Total lung capacity is also 
increased to a variable extent [126,129]. The increase in lung 
volumes during an acute asthma exacerbation may increase the 
caliber of the airways and temporarily improve the resistive work 
of breathing [131,132], although at a signifi cant mechanical disad-
vantage [133,134].

Air-trapping and lung hyperinfl ation lead to an intrinsic positive 
end-expiratory pressure (PEEPi) or auto PEEP [135], a phenomenon 
also termed dynamic hyperinfl ation. Dynamic hyperinfl ation has 
several adverse effects on the cardiovascular and respiratory 
systems. For example, the increased lung volumes shift tidal breath-
ing to a less compliant portion of the pressure–volume curve. In 
addition, fl attening of the diaphragm produces an additional 
mechanical disadvantage. Dynamic hyperinfl ation also results in 
premature closure of the airways, which produces a further increase 
in airways resistance, thereby worsening gas exchange. These 
factors collectively increase the work of breathing and increase 
the physiologic dead space. The gas exchange abnormalities pro-
duced by dynamic hyperinfl ation result in ventilation–perfusion 
mismatch.

The effects of dynamic hyperinfl ation on cardiorespiratory 
interactions are quite complex suffi ce it to say that right ventricular 
afterload is increased by a combination of factors, including lung 
hyperinfl ation (increased pulmonary vascular resistance), hypoxic 
pulmonary vasoconstriction (ventilation–perfusion mismatch), 
and acidosis. During expiration, the increase in intrathoracic pres-
sure secondary to dynamic hyperinfl ation impedes systemic venous 
return, thereby worsening left ventricular preload. During inspira-
tion, the large negative intrathoracic pressures required to over-
come airways resistance markedly increase left ventricular afterload 
[40,136]. These changes are detected clinically as an increase in the 
pulsus paradoxus (see later).

Clinical Manifestations

The initial clinical assessment of the child presenting with status 
asthmaticus should focus on the major organ systems and will 
provide important clues to the potential for progression to respi-
ratory failure. A quick assessment of the child’s neurologic status 
may demonstrate early signs of hypoxia, which can include rest-
lessness, irritability, confusion, anxiety, and an inability to rec-
ognize parents. Conversely, the child who is awake, alert, and 
cooperative is less likely to deteriorate acutely. Furthermore, the 
child with impending respiratory failure often prefers a sitting or 
tripod position in an unconscious effort to maximize diaphrag-
matic excursion [137]. Although tachypnea is the usual compen-
satory response to hypoxia, bradypnea in the context of status 
asthmaticus is an ominous fi nding. Grunting, nasal fl aring, 
retractions, and use of the accessory muscles of breathing are 
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often present. The presence of dyscoordinate, seesaw breathing, 
which if severe will manifest as paradoxical movement of the 
thoracic cage during breathing (i.e., the chest moves inward 
during inspiration), is often a harbinger of impending respiratory 
failure. The older child may be able to communicate the com-
plaints of dyspnea and air hunger, although if airway obstruction 
is severe the child will often speak only in short phrases or even 
single words.

Tachycardia is the usual physiologic response in status asthmati-
cus, which may result from a combination of factors, including 
anxiety, acidosis, fever (if present), and hypoxia. Pulsus paradoxus 
(over a 10 mm Hg change in systolic blood pressure between inspi-
ration and expiration) is often present in severe airway obstruction 
and represents a useful prognostic measure of respiratory compro-
mise [138]. Recent advances in the technology of monitoring devices 
have resulted in dramatic improvements in the precision and 
accuracy of determining the pulsus paradoxus and may further 
strengthen its utility as an objective, effort-independent sign in 
children with status asthmaticus [139–142].

Pulse oximetry provides for a rapid determination of the arterial 
oxygen saturation, often called the fi fth vital sign. The newer gen-
eration of pulse oximeters allow for a reasonable estimation of 
arterial oxygen saturation (SaO2) even under poor monitoring con-
ditions (motion artifact, poor peripheral perfusion, etc.). The SaO2 
may be useful to differentiate between patients who are likely to 
improve with therapy and those who are likely to progress to respi-
ratory failure. For example, an increase in oxygen saturation fol-
lowing albuterol nebulization predicts patients who are likely to 
improve [143], and respiratory failure rarely occurs in patients with 
an oxygen saturation >92% on initial presentation [144]. The degree 
of hypoxemia signifi cantly correlates with the degree of airway 
obstruction, as determined by the FEV1 [145–147]. Furthermore, 
hypoxemia appears, at least in some studies, to be an independent 
risk factor for both hospitalization and increased length of stay 
[148–154].

Hypoxemia is multifactorial in origin, resulting from a combina-
tion of factors including ventilation–perfusion mismatch, alveolar 
hypoventilation, and hypercarbia (although, by the alveolar gas 
equation, clinically signifi cant hypoxemia, i.e., PaO2 <60 mm Hg, 
does not occur under normal conditions, breathing ambient air at 
sea level until a PaCO2 >72 mm Hg is attained) [155]. Signifi cant 
hypoxemia, however, is relatively uncommon in children with 
status asthmaticus [136,156–158]. For example, one study docu-
mented a signifi cant correlation between SaO2 and FEV1 (r2 = 0.59), 
although the range of SaO2 for any given FEV1 was quite variable, 
and some children had signifi cant airways obstruction despite 
normal SaO2 [146]. The mean SaO2 of 150 children presenting to the 
emergency department with status asthmaticus who subsequently 
required hospitalization was approximately 93% [149]. A large, 
multicenter trial involving over 1,000 children presenting to the 
emergency department with status asthmaticus documented a 
mean SaO2 of 95 ± 4%. In this particular study, the mean SaO2 for 
the 241 children who subsequently required hospitalization was 93 
± 5% (p < 0.001 compared with children not requiring hospitaliza-
tion) [154,159]. Therefore, the presence of signifi cant hypoxemia 
should alert the physician to search for some additional underlying 
cause, such as diffuse atelectasis secondary to mucous plugging, 
pneumonia, or pneumothorax [160].

The degree of airway obstruction is rapidly determined by 
assessment of pulmonary function using the FEV1 and the peak 
expiratory fl ow rate (PEFR). The PEFR is defi ned as the greatest 

fl ow that can be attained during a forced expiration starting from 
total lung capacity (i.e., complete lung infl ation) and is often uti-
lized as a measure for monitoring the severity of illness upon initial 
presentation and in response to therapy. The PEFR is easily obtained 
using a hand-held spirometer, and this is endorsed by the National 
Asthma Education Program [161,162]. The test is effort dependent, 
so the accuracy and reliability of the results rely heavily on close 
supervision. Interpretation of test results should be made only after 
correction for age and sex. Generally, however, PEFR is 70% to 90% 
of baseline or predicted normal in mild exacerbations, 50% to 70% 
of baseline or predicted normal in moderate exacerbations, and 
<50% of baseline or predicted normal in severe exacerbations. 
It should be noted that adequate PEFR measurements are often 
diffi cult to obtain in children during an acute asthma episode, 
especially those with an exacerbation severe enough to warrant 
admission to the PICU [163]. For this reason, PEFR assessment 
should not delay therapy for a critically ill child, and attempts at 
PEFR assessment should be discontinued if the child’s clinical con-
dition deteriorates during testing.

Based on a rapid assessment, the physician caring for the child 
with status asthmaticus should be able to have a reasonable impres-
sion of the severity of airway obstruction (Table 15.2). The modifi ed 
Becker Clinical Asthma Score (Table 15.3) is a clinical asthma score 
that was originally developed by Becker et al. [164] and later modi-
fi ed by DiGiulio et al. [165]. This widely used score assesses the 
severity of an acute asthma exacerbation based on the acuity of 
physical signs for four clinical characteristics (respiratory rate, 
wheezing, inspiratory/expiratory ratio, and accessory muscle use) 
and assigns a score for each variable ranging from 0 to 12 (0 indicat-
ing minimal disease severity).

Although arterial blood gas (ABG) analysis is not predictive of 
outcome, it may be useful in the initial evaluation and triage of 
children with status asthmaticus to the PICU. Typical ABG 
results during an acute asthma exacerbation show normal PaO2 and 
respiratory alkalosis, although hypoxemia with PaO2 approaching 
60 mm Hg may be observed in moderate to severe exacerbations 
[166]. However, serial ABG analyses are more useful in following 
response to treatment compared with a single measurement. 
Although the initial PaCO2 may be slightly below normal, a 
progressive increase in PaCO2 is considered an early warning 
sign of severe airway obstruction and impending respiratory 
failure.

Metabolic acidosis is well described in both adults and children 
with status asthmaticus [167–174]. The majority of studies 
suggest that the metabolic acidosis reported in these patients is 
secondary to accumulation of lactic acid, presumably from the 
prolonged and markedly increased work of breathing (with 
coincident respiratory muscle fatigue) associated with status 
asthmaticus. Additional factors include tissue hypoxia secondary 
to (1) oxygen supply/demand imbalance in respiratory muscles 
(i.e., insuffi cient oxygen delivery to meet excessive oxygen 
demands), (2) dehydration accompanying status asthmaticus from 
both poor oral intake and increased insensible losses through the 
respiratory tract, (3) ventilation–perfusion mismatching (rarely 
suffi cient to produce tissue hypoxia, however), and (4) decreased 
cardiac output associated with hyperinfl ation. Alternatively, 
stimulation of β-adrenergic receptors by endogenous catechol-
amines and β-agonists results in increased glycolysis and lipolysis, 
potentially leading to excess lactic acidemia through excess 
substrate utilization [170,174]. Okrent et al. [175] noted the presence 
of metabolic acidosis in 10/22 adults with status asthmaticus, 
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all of whom had a nonanion gap acidosis with normal whole blood 
lactate levels. They suggested that the nonanion gap metabolic aci-
dosis in these patients was caused by the excessive renal bicarbon-
ate excretion that occurred as a renal compensatory response to a 
preceding period of hyperventilation and subsequent respiratory 
alkalosis.

Hypokalemia is the most common electrolyte abnormality in 
children with status asthmaticus and is a well-recognized compli-
cation of β-agonist administration [170,176–186]. In addition, the 
glucocorticosteroids used in the management of asthma can possess 
unwanted mineralocorticoid effects, leading to hypokalemia 
[182,186]. Children with status asthmaticus are often dehydrated 
because of increased insensible fl uid losses from the respiratory 
tract, coupled with poor oral intake of fl uids. Dehydration may 
produce thicker, more tenacious bronchial secretions, leading to 
worsening bronchial mucous plugging. Although the majority of 
children require intravenous fl uid rehydration, overzealous fl uid 

administration may lead to fl uid retention and pulmonary edema. 
Children with status asthmaticus have elevated plasma antidiuretic 
hormone levels and are at risk for hyponatremia and fl uid overload 
if given large volumes of hypotonic fl uid [187,188]. In addition, the 
high negative transpulmonary pressures associated with status 
asthmaticus promote fl uid accumulation around the respiratory 
bronchioles [189], leading to pulmonary edema and worsening 
respiratory status.

Chest radiographs are generally not helpful in the diagnosis and 
management of children with mild and uncomplicated asthma 
[160,190–200]. The majority of chest radiographs of children with 
asthma show atelectasis or hyperinfl ation/hyperaeration. For 
example, in a study by Brooks et al. [190], only 7 of 128 children 
with acute asthma had a clinically signifi cant x-ray fi nding, three 
of which were suspected on clinical assessment alone. Further, Tsai 
et al. [160] prospectively reviewed 445 children presenting to the 
emergency department with acute asthma and found no signifi cant 
correlations among radiographic fi ndings on chest x-ray and dura-
tion of hypoxemia, hospital length of stay, or admission to the 
PICU, even for those children who were hypoxemic. Most of the 
aforementioned studies, however, excluded children who were 
admitted to the PICU. Although objective data are lacking, we 
believe that chest radiographs should be obtained for every child 
with status asthmaticus requiring admission to the PICU to 
examine for evidence of infection or air-leak syndromes secondary 
to hyperinfl ation. In addition, chest radiographs should be obtained 
for children with suspected foreign body aspiration or for those not 
responding appropriately to treatment. Hypoinfl ation on chest 
radiograph is highly correlated with disease severity [201] and may 
warrant more intensive monitoring and treatment.

TABLE 15.2. Assessment of the severity of acute asthma.

Mild Moderate Severe

History
 Intermittent wheezing Frequent hospitalizations (no intensive care unit admissions) Previous pediatric intensive care unit admission
 Few hospitalizations Chronic medications ≤2 treatments Chronic medications ≥2 treatments
 No chronic medications  
Physical examination
 CNS
  Absence of CNS signs Anxious, restless, irritable Coma, seizures
  Inability to recognize parents
 Respiratory system
  No cyanosis in room air Cyanosis on <1.0 FiO2 Cyanosis on 1.0 FiO2

  Good air entry with wheezes Decreased air entry with wheezes Silent chest 
  Speaks in full sentences Speaks in phrases or partial sentences Speaks only in single words or short phrases
 Tachycardia Heart rate greatly increased or slightly decreased
 Cardiovascular system Pulsus paradoxus 10–20 mm Hg Pulsus paradoxus >20 mm Hg
  Tachycardia
  No pulsus paradoxus
Pulmonary function tests
 PEFR
  70%–90% predicted or baseline 50%–70% predicted or baseline <50% predicted or baseline
 FEV1/FVC
  85% 75% 45%
Laboratory data
 Pulse oximetry
  >95% 90%–95% <90%
 Blood gases
  PaO2 >80 PaO2 60–80 PaO2 >60
  PaCO2 <35 PaCO2 <50 PaCO2 >50

Note: CNS, central nervous system; PERF, peak expiratory flow rate.

TABLE 15.3. The modified Becker score for assessing asthma severity.

   Inspiratory: 
   expiratory Accessory muscle
Score Respiratory rate Wheezing ratio use

0 <30 None  1 : 1.5 None
1 30–40 Terminal expiration  1 : 2.0 One site*
2 41–50 Entire expiration  1 : 3.0 Two sites
3 >50 Inspiration and entire >1 : 3 Three sites or 
   expiration   neck strap use

*Site refers to chest wall musculature, such as intercostal and subcostal muscles.
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Management

Several studies have shown that a protocolized, systematic approach 
to the treatment of children who are admitted to the hospital with 
status asthmaticus will result in improved outcomes and lower 
hospital costs. For example, in a recent study the use of an asthma 
clinical pathway signifi cantly shortened the hospital stay (36 hr vs. 
71 hrs, p < 0.001) and decreased total hospital costs ($1,685 vs. 
$2,829, p < 0.001) compared with traditional inpatient management 
[202]. McDowell et al. [203] demonstrated a signifi cantly shorter 
length of stay for children managed on a clinical pathway com-
pared with traditional management, although the study was poorly 
randomized. Children randomized to the asthma pathway were 
signifi cantly older and more likely to be white, both factors that 
impact asthma severity. In addition, the trial excluded children 
who required admission to the PICU. Wazeka et al. [204], however, 
demonstrated signifi cant cost-savings and decreased length of stay 
without an increased rate of readmission following the implemen-
tation of an asthma clinical pathway. Notably, children remained 
on the pathway even if they required admission to the PICU. Further 
studies that specifi cally include patients in the PICU are required 
before the results of these studies can be translated into everyday 
PICU practice. In addition, experience has shown that implementa-
tion of a clinical pathway requires a real commitment of resources, 
training, and education by all health care providers involved, and 
the benefi ts may not be realized initially [205].

Oxygen

The administration of supplemental oxygen is considered standard 
therapy for children with status asthmaticus [161]. As discussed 
above, hypoxemia, when present, is multifactorial in origin, result-
ing from a combination of factors including ventilation–perfusion 
mismatch, alveolar hypoventilation, and hypercarbia [155], 
although again, signifi cant hypoxemia is relatively uncommon in 
children with status asthmaticus [136,156–158]. When present, 
hypoxemia may produce pulmonary hypertension (via hypoxic 
pulmonary vasoconstriction, the pulmonary vasculature’s normal 
response to alveolar hypoxia), worsen bronchoconstriction, and 
decrease oxygen delivery to the muscles of respiration in the face 
of tremendous metabolic demand.

A recent study of adult asthmatics suggested that administration 
of 100% oxygen adversely infl uenced CO2 elimination [206]. Upon 
initial presentation, the 37 subjects had moderate-to-severe airway 
obstruction (FEV1 49.1 ± 3.6% predicted), hypocarbia (PaCO2 36.8 
± 1.1 mm Hg), hypoxemia (PaO2 70.2 ± 2.5 mm Hg), and respiratory 
alkalosis (pH, 7.43 ± 0.01). During administration of 100% oxygen, 
gas exchange worsened as manifested by a mean increase in PaCO2 
of 4.1 ± 0.6 mm Hg (p = 0.0003) in 25 subjects (67.6%). The tendency 
to develop worsening gas exchange was the greatest for those sub-
jects with the most severe airway obstruction. The potential sig-
nifi cance and underlying mechanism of this phenomenon remains 
to be elucidated, although as yet there are no pediatric studies 
demonstrating similar occurrences. For now, it seems prudent to 
administer supplemental oxygen to maintain SaO2 >92%. It should 
be mentioned, however, that some bronchodilators, particularly 
the β-agonists, reduce hypoxic pulmonary vasoconstriction and 
thus worsen hypoxemia, at least initially [207–209]. Therefore, 
these medications should be administered concurrently with sup-
plemental oxygen rather than air [159,208,210].

Systemic Corticosteroids

With the recognition that airway infl ammation plays a prominent 
role in the pathophysiology of status asthmaticus, corticosteroids 
are now standard treatment for children with status asthmaticus. 
The use of corticosteroids in the treatment of acute asthma is well-
established, and numerous clinical trials with both children and 
adults demonstrate the benefi ts of corticosteroids in improving 
PEFR, decreasing the need for β-agonists, and reducing the rate of 
hospital admission [211–219]. A meta-analysis by Rowe et al. [217] 
reviewed 30 randomized, controlled trials that evaluated the 
administration of corticosteroids in children and adults with status 
asthmaticus. Early administration of corticosteroids reduced 
hospital admission and improved pulmonary function in both 
children and adults. A Cochrane Collaboration review of seven 
randomized, controlled clinical trials involving a total of 426 chil-
dren (274 with oral prednisone vs. placebo, 106 with intravenous 
steroids vs. placebo, and 46 with nebulized budesonide vs. pred-
nisolone) concluded that administration of systemic corticoste-
roids produce some improvements for children admitted to hospital 
with acute asthma. In this review, a signifi cant number of children 
treated with corticosteroids were discharged early after admission 
(<4 hr). The length of stay was shorter for the steroid groups, 
although there were no signifi cant differences between groups in 
pulmonary function or oxygen saturation measurements. In addi-
tion, children treated with steroids in the hospital were less likely 
to relapse within 1 to 3 months following discharge. Based on the 
wealth of available evidence, expert opinion and published guide-
lines [161,162,220] recommend the administration of corticoste-
roids in the routine management of status asthmaticus within the 
initial 48 hours of treatment.

The standard recommended dosage of corticosteroid (methyl-
prednisolone 2–4 mg/kg/day divided every 6 hr intravenously) will 
maintain a minimal plasma steroid concentration of 100–150 μg 
cortisol/100 mL [221]. However, the optimal dosing of systemic cor-
ticosteroids for children with status asthmaticus remains an unre-
solved issue. Several studies with both children [212,222] and 
adults [223–226] suggest that high-dose corticosteroid therapy 
offers few advantages over low-dose corticosteroids in the treat-
ment of status asthmaticus. In addition, although the currently 
available evidence does not support the use of inhaled corticoste-
roids in lieu of systemic corticosteroids (administered intrave-
nously, by mouth, or intramuscularly) for the treatment of status 
asthmaticus [220,227–230], oral administration appears to be 
equally effi cacious to intravenous or intramuscular administration 
[231–233]. However, oral corticosteroids are generally not recom-
mended for children with severe status asthmaticus and impending 
respiratory failure.

The peak antiinfl ammatory effects of corticosteroids usually 
become evident between 6 and 12 hours after administration of the 
fi rst dose [234]. Early administration of corticosteroids in the emer-
gency department should therefore be associated with more rapid 
improvement in pulmonary function and reduce the need for hospi-
talization. For example, Scarfone et al. [218] reported that adminis-
tration of oral prednisone within 4 hr of initial presentation to the 
emergency department reduced the need for hospitalization of chil-
dren with status asthmaticus. Tal et al. [215] showed a signifi cantly 
lower rate of hospitalization for children treated with intramuscular 
methylprednisolone in the emergency department compared with 
placebo. Although additional studies contradict these fi ndings 
[235,236], a Cochrane Collaboration review of 12 randomized, 
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controlled studies involving 863 patients, including both children 
and adults, suggested that administration of corticosteroids within 
1 hr of presentation to the emergency department signifi cantly 
reduced admission rates. These benefi ts appeared greatest for patients 
with more severe exacerbations [237]. Despite the lack of studies spe-
cifi cally addressing the administration of corticosteroids in children 
with status asthmaticus and impending respiratory failure, the avail-
able evidence would suggest that timely administration of corticoste-
roids in this population would provide early benefi ts.

Although corticosteroids are widely used in the treatment of 
asthma, the molecular mechanisms responsible for their antiin-
fl ammatory effects remain under active investigation. Corticoste-
roids are believed to inhibit proinfl ammatory gene expression, at 
least partially through a mechanism involving the transcription 
factor nuclear factor (NF)-κB [238–241]. This would appear to 
account for at least some of the delayed onset of action for cortico-
steroids in acute asthma discussed earlier, as the antiinfl ammatory 
effects require inhibition of gene expression (so-called genomic 
effects of corticosteroids). Additional studies have suggested that 
corticosteroids upregulate β-adrenergic receptor gene expression 
and enhance β-adrenergic signaling pathways in ASM cells 
[242,243]. Consistent with these mechanisms that depend on new 
gene expression, the available clinical evidence suggests that 
systemic corticosteroids require between 6 and 24 hr in order 
to produce a maximal antiinfl ammatory therapeutic effect 
[234,237,244]. However, so-called nongenomic effects (i.e., effects 
that do not require new gene expression) have also been reported, 
possibly through membrane-stabilizing effects or effects on ion 
channels [245–248]. These nongenomic effects are more or less 
immediate and may account for at least some of the benefi cial 
effects associated with early administration of corticosteroids in 
the emergency department.

Inhaled Corticosteroids

As discussed earlier, the currently available evidence does not 
support the use of inhaled corticosteroids in lieu of systemic cor-
ticosteroids (administered intravenously, by mouth, or intramus-
cularly) for the treatment of status asthmaticus [220,227–230]. 
Perhaps obstruction of the lower airways (i.e., mucous plugging 
and bronchospasm) limits the distal delivery of even the most 
potent inhaled corticosteroids, minimizing their effectiveness. 
However, several recent studies suggest an adjunctive role for 
inhaled corticosteroids in the management of children with status 
asthmaticus. Matthews et al. [227] compared nebulized budesonide 
(2 mg every 8 hr) with oral prednisolone (2 mg/kg at entry and again 
at 24 hr) in 46 children admitted to hospital with severe asthma 
exacerbation. After 24 hr of treatment, FEV1 improved signifi cantly 
compared with baseline in children who received nebulized 
budesonide compared with the prednisolone group (no signifi cant 
difference). Subjective measurements such as dyspnea, cough 
severity, and wheezing also decreased signifi cantly in the nebulized 
budesonide group [227]. Similarly, Devidayal et al. [228] compared 
nebulized budesonide (800 μg every 30 min for 3 hr) to oral pred-
nisolone (2 mg/kg) in 80 children with acute asthma exacerbations 
in the emergency department. Oxygen saturation, respiratory rate, 
pulmonary index, and respiratory distress score improved signifi -
cantly in the budesonide group compared with the prednisolone 
group. Signifi cantly more children in the budesonide group than 
in the prednisolone group were ready for discharge from the emer-
gency department at 2 hr. Five children in the prednisolone group 

required admission to the hospital compared with only one child 
in the budesonide group, though the difference was not statistically 
signifi cant. Scarfone et al. [229] compared a single dose of nebu-
lized dexamethasone (1.5 mg/kg) with oral prednisone (2 mg/kg) in 
111 children with acute asthma. Although there were no signifi cant 
differences in hospital admission rates between the two groups, 
signifi cantly more children in the nebulized dexamethasone group 
were ready for discharge from the emergency department at 2 hr 
[229]. Similar fi ndings have been noted in studies of adults with 
acute asthma [249,250]. In contrast to these studies, Schuh et al. 
[230] compared a single dose of inhaled fl uticasone propionate (FP; 
2 mg) with oral prednisone (2 mg/kg) in 100 children with severe 
acute asthma and found that FEV1 improved signifi cantly in the 
oral prednisone group compared with the FP group. More impor-
tantly, 16 (31%) children in the FP group required hospital admis-
sion compared with 5 (10%) children in the oral prednisone group 
(p = 0.01).

Unfortunately, there are no prospective, randomized, controlled 
studies on which to base recommendations for the use of inhaled 
corticosteroids in critically ill children with status asthmaticus 
admitted to the PICU. The evidence presented would suggest that 
children admitted to the PICU with status asthmaticus may benefi t 
from the use of inhaled corticosteroids. Regardless, the currently 
available evidence does not support the use of inhaled corticoste-
roids in lieu of systemic corticosteroids (administered intrave-
nously, by mouth, or intramuscularly), and the possible synergistic 
effects versus adverse effects with combined administration of 
inhaled corticosteroids and systemic corticosteroids in this popu-
lation are not known.

b-Adrenergic Agonists

Table 15.4 provides details on the bronchodilators currently used 
in the management of status asthmaticus.

Epinephrine

Subcutaneous epinephrine has been used for decades for the treat-
ment of status asthmaticus and was once considered the treatment 
of choice [251–253]. However, subcutaneous epinephrine has fallen 
out of favor in recent years, largely because of the widespread avail-
ability, ease of administration (painless aerosol vs. painful injec-
tion), and effi cacy of relatively newer β-adrenergic agonists such as 
albuterol [254–258]. However, many experts still believe that sub-
cutaneous epinephrine continues to have a role in the treatment of 
critically ill children with impending respiratory failure secondary 
to status asthmaticus [203,259–263]. Subcutaneous administration 
of epinephrine (0.01 mL/kg of 1 : 1,000 concentration or 1 mg/mL, 
maximum dose 0.3–0.5 mL) or terbutaline (0.01 mL/kg of 1 : 1,000 
concentration or 1 mg/mL, maximum dose 0.3–0.5 mL) should be 
considered in children who are rapidly decompensating despite 
inhaled β-adrenergic agonists (see later) and in children who are 
unable to cooperate with inhalational therapy secondary to anxiety, 
altered mental status, or apnea. Subcutaneous epinephrine may be 
administered every 20 min for three doses. Terbutaline loses its β-
selectivity when administered subcutaneously and offers no advan-
tages over epinephrine [264]. Severe air fl ow obstruction may be 
relieved by subcutaneous epinephrine to a degree suffi cient to 
allow adequate delivery of aerosolized β-adrenergic agonists to the 
distal airways, thereby allowing these agents to take effect. Subcu-
taneous terbutaline and subcutaneous epinephrine appear to be 
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equal in terms of effi cacy and safety profi le. Concerns regarding 
the safety of these agents are largely unfounded, as subcutaneous 
administration of epinephrine or terbutaline is well tolerated even 
by adult patients older than 40–50 years with no history of cardio-
vascular disease (angina or recent myocardial infarction).

Albuterol (Salbutamol)

Several studies have demonstrated the superior effi cacy of inhaled 
β2-agonists compared with subcutaneous epinephrine in the treat-
ment of status asthmaticus [256,257,265–267]. Littner et al. [268] 
prospectively compared the bronchodilatory effects of albuterol 
with inhaled isoproterenol in 11 children presenting with acute 
asthma, noting that albuterol produced more signifi cant broncho-
dilation with fewer side effects. However, although a fi xed dose of 
nebulized albuterol (2.5 mg in 2.5 mL saline) appears to be just as 
effi cacious as a dose calculated for bodyweight (0.1 mg/kg body 
weight) in children with moderate asthma exacerbations [269], 
higher doses of albuterol (0.30 mg/kg) appear to be more effi cacious 
than lower doses (0.15 mg/kg, 0.05 mg/kg) in children with severe 
airway obstruction [270,271]. Furthermore, although the duration 
of action appears to be dose dependent [272], sequential inhalation 
of these agents produces a more rapid, greater improvement in 
airway obstruction than nebulizing higher doses less frequently 
[273,274]. Frequent nebulization is presumed to lead to better drug 

delivery to the distal airways, although signifi cant systemic absorp-
tion of albuterol has been demonstrated as well, which may account 
for some of the observed bronchodilatory effects [275–277]. Based 
on the available evidence, the consensus is that frequent albuterol 
nebulization should be considered standard therapy for children 
presenting with status asthmaticus [161].

Several studies have compared the effi cacy of small-volume 
nebulizers versus metered dose inhalers (MDI) with spacers for the 
treatment of acute asthma exacerbations in children [278]. Although 
nebulizers allow the concurrent administration of supplemental 
oxygen, some studies have suggested that close to 90% of the drug 
is lost to the atmosphere [279]. Drug delivery is maximized with 
the use of a mouthpiece versus a facemask, fl ow rates of 6–8 L/min, 
and total solution volumes of 3–4 mL [280,281]. The available evi-
dence suggests that there are no differences between MDIs with 
spacers compared with nebulizers, regardless of the severity of the 
acute asthma exacerbation [278,282], and either option appears 
reasonable in at least the emergency department setting. We remain 
convinced, however, that continuous albuterol nebulization is the 
most appropriate choice for the management of critically ill chil-
dren with status asthmaticus (see next).

Continuous albuterol nebulization has been shown to be more 
effective in children with status asthmaticus and impending respi-
ratory failure [283–289]. Continuous nebulization provides sus-
tained stimulation of the β-adrenergic receptors in the airways, 

TABLE 15.4. Bronchodilators currently used in the management of status asthmaticus.

Agent Parenteral Aerosol

Epinephrine hydrochloride Subcutaneous No current indications*
 1 : 1,000, 1 mg/mL
 0.01 mL/kg/dose every 15–20 min; may be repeated three times
  if clinically indicated
Albuterol (salbutamol) Intravenous Intermittent
 5–15 μg/kg/dose intermittent dose 0.5% solution, 5 mg/mL
 -or- 2.5 mg in 2.5 mL 0.9% saline
 1 μg/kg loading dose followed by continuous infusion at 0.5% solution, 5 mg/mL
  0.2 μg/kg/min; dose may be increased by 0.1 μg/kg/min 0.1–0.3 mg/kg in 2.5 mL 0.9% saline
  increments to clinical improvement or greater than 20% Continuous, 10–20 mg/hr
  increase in heart rate
Terbutaline sulfate Subcutaneous Intermittent
 1 : 1,000 or 1 mg/mL 1 mg/mL
 0.01 mL/kg (0.01 mg/kg), maximum dose 0.3– 0.5 mL every  0.01–0.03 mL/kg every 4–6 hr (minimum dose 0.1 mL, maximum dose
  15–20 min; may be repeated three times if clinically indicated  2.5 mL)
 Intravenous
 1 mg/mL
 2–10 μg/kg loading dose followed by continuous infusion at
  0.5 μg/kg/min; dose may be increased by 0.1–0.2 μg/kg/min
  increments as clinically indicated every 15–30 min; doses as
  high as 10 μg/kg/min have been reported
Ipratropium bromide Not available in parenteral form Intermittent
  Infants and children: 250 μg every 20 min for three doses, then every
   2–4 hr
  Adolescents: 500 μg every 20 min for three doses, then every 2–4 hr
Magnesium sulfate Intravenous Intermittent
 50–75 mg/kg (maximum dose 2 g) every 4–6 hr Magnesium used as a vehicle for albuterol in lieu of 0.9% saline (dose
 -or-  varies among several studies)
 50–75 mg/kg loading dose followed by continuous infusion at
 10–20 mg/kg/hr
 Titrated to keep serum magnesium 4–5.5 mg/dL
Ketamine Intravenous Not available
 2 mg/kg loading dose followed by continuous infusion at
  1–2 mg/kg/hr

*Racemic epinephrine has not been studied in this population.
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thereby preventing the rebound bronchospasm that can occur with 
intermittent nebulization. In addition, continuous nebulization of 
albuterol may promote progressive bronchodilation, thereby 
improving drug delivery in the distal airways. Finally, syste-
mic absorption of albuterol resulting from continuous nebuliza-
tion may account for a portion of its bronchodilatory effects 
[275–277].

Although continuous nebulization of albuterol appears to be 
safe, side effects such as muscle cramps, hypokalemia, and hyper-
glycemia commonly occur. Katz et al. [285] documented elevated 
serum creatine phosphokinase (CPK)-MB concentrations in 2 of 19 
patients receiving continuous nebulized albuterol. Seven patients 
developed nonspecifi c T-wave changes on ECG, although no patients 
developed sings of myocardial ischemia or cardiac arrhythmias 
other than sinus tachycardia. Craig et al. [288] documented ele-
vated serum CPK concentrations in 3 of 17 patients receiving con-
tinuous nebulized albuterol. Only one of these three patients had 
elevated serum CPK-MB concentrations, and none of these patients 
developed signs of myocardial ischemia or cardiac arrhythmias. 
The signifi cance of these fi ndings is unclear at present. Several 
investigators have documented elevated serum CPK-MB concentra-
tions in healthy volunteers following vigorous exercise [290–292], 
and Choi [293] suggested that the excess work of breathing associ-
ated with severe airway obstruction is similar to vigorous exercise. 
Therefore, the elevated CPK concentrations in these patients may 
not be indicative of myocardial injury. For these reasons, prudence 
recommends that continuous nebulized albuterol should be admin-
istered only in a closely monitored setting.

It should be mentioned that in experimental studies, higher 
doses of albuterol decreased the DNA binding affi nity of the steroid 
receptor to the glucocorticoid response element, thereby perpetu-
ating airway infl ammation through the inhibition of the antiin-
fl ammatory response to both endogenously and exogenously 
administered corticosteroids [294–296]. These data, if duplicated, 
may partially explain the resistance of some children with status 
asthmaticus to β-agonists, resulting in the need for other, addi-
tional agents working via different mechanisms.

Terbutaline

The fi rst National Asthma Education Program (NAEP) Expert Panel 
Report recommended the use of systemic β-agonists, such as terbu-
taline, for the treatment of severe, life-threatening asthma exacer-
bations [162]. Since the publication of these guidelines, there have 
been relatively few studies assessing the effi cacy of terbutaline in 
either children or adults with status asthmaticus, and this recom-
mendation was removed in the subsequent revision of the NAEP 
guidelines in 1997 [161]. Terbutaline is a selective β2-receptor adren-
ergic agonist that has been administered to children with status 
asthmaticus via the subcutaneous [255,297], nebulized [298–300), 
and parenteral routes [299,301–305]. There are currently no pro-
spective, randomized, placebo-controlled trials on the use of terbu-
taline in either children or adults with status asthmaticus. In certain 
cases, children with status asthmaticus may fail to respond to con-
tinuous, nebulized albuterol, in part because of the inability of the 
albuterol to reach its site of action within the lung secondary to 
severe bronchospasm and mucous plugging [306]. However, several 
adult trials have failed to show any difference between continuous, 
nebulized terbutaline and intravenously administered terbutaline 
[307–309]. Regardless, terbutaline appears to be relatively safe 
[303,310] and may offer some benefi t, although additional studies 

will be required before it can be routinely recommended in the 
treatment of children with status asthmaticus.

Levalbuterol

Albuterol in reality exists as a 50 : 50 mixture of two mirror-image 
enantiomers—the active R-albuterol and S-albuterol. In contrast, 
levalbuterol (Xopenex®) is pure R-albuterol and is currently avail-
able as a solution for nebulization. Emerging data suggest that S-
albuterol may have deleterious effects—in fact, S-albuterol is 
thought to promote bronchoconstriction [282]—so that adminis-
tration of only the R-enantiomer appears to be an appropriate 
treatment rationale. However, the majority of studies in children 
with acute exacerbations of asthma suggest that there is no clinical 
benefi t to the use of levalbuterol versus racemic albuterol [311–313). 
Carl et al. [314] noted that children treated with levalbuterol had a 
lower hospitalization rate than children treated with albuterol in a 
randomized trial involving over 500 children. However, this study 
has several methodologic fl aws that could have potentially biased 
the results, especially when considered in the context of more 
recent trials, suggesting no clinical benefi ts to using levalbuterol 
versus racemic albuterol. Given the overwhelming difference in 
cost, until more conclusive evidence is available, racemic albuterol 
should be preferentially used in the treatment of children with 
status asthmaticus.

Isoproterenol

Isoproterenol is a nonselective β-agonist that is no longer clinically 
used for the treatment of status asthmaticus, and it is mentioned 
here for historical interest. Isoproterenol is a potent bronchodilator 
when administered either by aerosol (0.5% solution, 5 mg/mL; 
0.01–0.03 mL/kg diluted with 1.5 mL saline every 2–6 hr) or contin-
uous intravenous infusion (0.02% solution, 0.2 mg/mL; 0.05–0.1 μg/
kg/min, increased by 0.05–0.1 μg/kg/min every 15–20 min until 
clinical response or greater than 20% increase in heart rate) 
[268,315–322]. However, isoproterenol was associated with tachyar-
rhythmias and myocardial ischemia and was removed from clini-
cal use when albuterol became widely available [54,323–326].

Intravenous Albuterol

Intravenous albuterol is not currently available for clinical use in 
the United States. However, following a similar rationale for the use 
of either subcutaneous epinephrine or intravenous terbutaline (see 
earlier), intravenous administration of albuterol via either bolus 
(5–15 μg/kg) or continuous infusion (1 μg/kg loading dose followed 
by 0.2 μg/kg/min increased by 0.1 μg/kg/min to clinical improve-
ment or greater than 20% increase in heart rate) is widely used 
outside of the United States and has been studied in both children 
and adults with status asthmaticus [327–332]. However, one study 
suggested that there was no clinical differences between intrave-
nous albuterol and intravenous aminophylline in 44 children pre-
senting to the emergency department with status asthmaticus [331]. 
Intravenous albuterol may also be associated with an increased 
incidence of side effects, including tremors, nausea/vomiting, and 
tachyarrhythmias [333].

Ipratropium Bromide

The autonomic nervous system is intimately involved in the regula-
tion of ASM tone and mucous secretion. The parasympathetic 
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nerve fi bers, which are generally confi ned to the larger, central 
airways, stimulate bronchoconstriction and increased mucous 
secretion (mediated through the neurotransmitter acetylcholine). 
In contrast, the sympathetic nerve fi bers are distributed more 
peripherally in the smaller airways and stimulate bronchodilation 
[334]. This dual-innervation suggests that a therapeutic strategy 
aimed at both the cholinergic and adrenergic pathways would be 
benefi cial in the treatment of status asthmaticus. There are at least 
three subtypes of muscarinic receptors in the human airways: M1, 
M2, and M3 [335,336]. The M1 subtype is localized to the parasym-
pathetic ganglion and mediates cholinergic transmission. The pre-
junctional M2 receptors inhibit the release of acetylcholine and 
serve as a negative feedback mechanism, thereby limiting broncho-
constriction. Conversely, stimulation of the M3 receptors, which are 
localized to ASM and submucosal glands, results in bronchocon-
striction and increased mucous production. The M2 receptors are 
thought to be dysfunctional in patients with asthma, especially 
following viral infection, resulting in unopposed M1 and M3 activ-
ity, producing excessive bronchoconstriction [337].

The nonselective, muscarinic antagonist ipratropium bromide is 
a quaternary ammonium atropine derivative that has been used 
successfully in the treatment of chronic obstructive pulmonary 
disease (COPD) and chronic asthma (see Table 15.4). Increasing 
evidence suggests a synergistic reduction in airfl ow obstruction in 
both children and adults when treated with both ipratropium 
bromide and albuterol [334,338,339]. For example, three recent 
studies showed that the addition of ipratropium bromide to alb-
uterol aerosols in children presenting to the emergency department 
with status asthmaticus signifi cantly reduced the rate of hospital 
admission [340—342]. However, two studies in children hospital-
ized with acute asthma suggested that the addition of ipratropium 
to standard therapy offered no additional benefi t [343,344]. 
However, there are no studies of ipratropium bromide combined 
with standard therapy for critically ill children who are admitted 
to the PICU with status asthmaticus. Given the low risk of adverse 
effects and until more defi nitive evidence is available, the addition 
of ipratropium bromide to standard therapy appears reasonable for 
this population.

Magnesium

Roselló and Plá [345] fi rst reported the use of magnesium for the 
treatment of acute asthma in 1936. Since that time, magnesium has 
been shown to be a direct bronchodilator [346–349], and numerous 
case reports [350–352] have noted clinical effi cacy in patients with 
respiratory failure complicating status asthmaticus. The mecha-
nism of action by which magnesium produces bronchodilation in 
asthma is not entirely clear. Magnesium administration may serve 
to replace an underlying magnesium defi ciency. Several studies 
have shown that patients with status asthmaticus have an underly-
ing hypomagnesemia [353–357], and frequent β-agonist therapy 
has been demonstrated to result in decreased magnesium levels 
[358]. Alternatively, magnesium may act as a pharmacologic agent 
via one of several potential mechanisms (Table 15.5). Regardless of 
the exact mechanism, it is clear that magnesium acts principally as 
a calcium antagonist, directly inhibiting calcium uptake in smooth 
muscle cells, thereby resulting in smooth muscle relaxation 
[359–365].

Several randomized, controlled trials comparing the effects of 
placebo versus either nebulized [366,367] or intravenous magne-
sium sulfate [368,369] in adults with status asthmaticus have been 

conducted, although the results have been confl icting. The experi-
ence in children, however, has been somewhat more favorable. 
Pabon et al. [370] presented their experience with the use of intra-
venous magnesium sulfate in four children with status asthmaticus 
admitted to the PICU. All four patients responded favorably to 
magnesium without any adverse effects. Five small, prospective, 
randomized, controlled trials comparing intravenous magnesium 
and placebo in children presenting to the emergency department 
with status asthmaticus have been conducted since that time [371–
375]. Four of these trials [371–373,375] demonstrated signifi cant 
improvements in respiratory function (as measured variably by 
PEFR, FEV1, FVC, and/or CAS [clinical asthma score]), as well as a 
decreased number of hospital admissions in children who were 
randomized to the magnesium groups. Scarfone et al. [374], on the 
other hand, failed to demonstrate any signifi cant differences in 
these parameters between the magnesium and placebo groups. Two 
subsequent meta-analyses of these fi ve studies concluded that mag-
nesium sulfate provides additional benefi t to children with status 
asthmaticus when added to a regimen of frequent, nebulized β-
adrenergic agonists and corticosteroids [376,377].

The correct dose and frequency of administration have not been 
adequately defi ned (see Table 15.4). However, there is evidence to 
suggest that increasing the serum magnesium level >4 mg/dL is 
necessary to produce effective bronchodilation [346,348]. Onset of 
action is quite rapid (within minutes), and the effects last for 
approximately 2 hr [346,348,378]. Side effects appear to depend on 
the serum magnesium concentration. Mild effects include nausea, 
vomiting, facial fl ushing, and dry mouth. At serum magnesium 
levels >12 mg/dL, loss of deep tendon refl exes, muscle weakness, 
and respiratory depression, as well as cardiac conduction defects, 
may be seen [346,348,379].

Theophylline

Theophylline has been used as a bronchodilator for the treatment 
of reversible obstructive airway disease for many years and was 
once considered the bronchodilator of choice for the management 
of acute asthma. A study conducted in 1971 demonstrated a signifi -
cant improvement in the FEV1 in hospitalized children managed 
with aminophylline, hydrocortisone, and phenylephrine and iso-
proterenol aerosols compared with children managed with hydro-
cortisone and aerosols alone [380]. Although theophylline has been 

TABLE 15.5. Potential mechanisms of magnesium bronchodilation in status asthmaticus.

Magnesium acts as a calcium antagonist
 Decreases amount of calcium available for myosin light chain 
  phosphorylation
 Competes with calcium at its binding sites
 Increases activity of the magnesium-calcium atpase (extruding calcium 
  from cell)
 Promotes calcium uptake by the sarcoplasmic reticulum
Magnesium acts at the level of the neuromuscular junction
 Decreases acetylcholine release
 Diminishes the depolarizing action of acetylcholine
 Depresses excitability of smooth muscle membrane
Magnesium is necessary cofactor in β-adrenergic signal transduction
Magnesium decreases superoxide production by neutrophils
Magnesium inhibits histamine release (via inhibition of mast cell 
  degranulation)
Magnesium directly inhibits smooth muscle contraction (mechanism?)
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effective in the management of chronic asthma, its role in the treat-
ment of hospitalized children diagnosed with status asthmaticus 
has become less clear, particularly for the critically ill (Table 15.6). 
In addition, as specifi c inhaled β2-adrenergic agonists, such as alb-
uterol, have become readily available, the use of theophylline in 
this population has declined further. Several studies in hospital-
ized children diagnosed with mild to moderate status asthmaticus 
have failed to demonstrate any added benefi t when theophylline or 
aminophylline was added to a standard regimen of frequently neb-
ulized β-agonists and intravenously administered corticosteroids 
[165,381–386). A recently published meta-analysis of these trials 
concluded that any benefi ts associated with the use of theophylline 
in treating children with mild to moderate status asthmaticus were 
slight and that the available evidence suggested a detrimental effect 
with theophylline treatment as measured by an increased number 
of albuterol treatments and hospital length of stay [387]. As a result 
of these studies, the NAEP Expert Panel 2 revised its original guide-
lines and concluded that methylxanthines are not recommended 
for the treatment of hospitalized children with status asthmaticus 
[161]. The aforementioned studies, however, excluded children 
from participation if they were diagnosed with impending respira-
tory failure or if they required admission to the PICU. In sum, 
current recommendations, proscribing the use of theophylline 
are not based on analysis of treatment data in critically ill child-
ren with status asthmaticus, and the effi cacy of theophylline for 
critically ill children with status asthmaticus remains to be 
established.

Theophylline may offer several potential advantages for the 
treatment of status asthmaticus in the PICU population. For 
example, theophylline produces bronchodilation and improves air 
fl ow without adversely affecting ventilation–perfusion matching 
[388]. The use of intravenous β-agonists, such as terbutaline, can 
worsen pulmonary gas exchange, despite improved air fl ow because 

of the effect of hypoxic pulmonary vasoconstriction [389,390]. 
Theophylline’s diuretic effects may also reduce excess alveolar fl uid 
and microvascular permeability [388,391]. Finally, theophylline 
increases respiratory drive, improves mucociliary clearance, 
reduces pulmonary vascular resistance, and improves contractility 
of the diaphragm, all of which may benefi t the tenuous child 
with impending respiratory failure secondary to status asthmati-
cus [388].

Three recent trials have examined the effects of theophylline 
when added to the standard treatment regimen of β-agonists, cor-
ticosteroids, and oxygen in critically ill children who were admit-
ted to the PICU with status asthmaticus [392–394]. Notably, two of 
these trials included children who developed respiratory failure 
and required mechanical ventilation [392,393]. These studies 
suggest that theophylline continues to have a role in the manage-
ment of severe acute exacerbations of asthma in children; however, 
other therapies with a lower risk of adverse effects (Table 15.7) 
should be utilized fi rst. In addition, serum theophylline concentra-
tions should be followed closely, as several conditions (Table 15.8) 
and medications (Table 15.9) affect theophylline clearance.

Helium–Oxygen

According to Hagen-Poiseuille’s law, the change in air fl ow result-
ing from a reduction in airway diameter is directly proportional to 
the airway radius elevated to the fourth power. While airway resis-
tance is inversely proportional to the radius of the airway to the 
fourth power when there is laminar fl ow, resistance is inversely 
proportional to the fi fth power when there is turbulent fl ow. The 
therapeutic use of helium–oxygen mixtures in children with 
asthma therefore appears reasonable based on the physical proper-
ties of helium. Helium reduces the Reynolds number and renders 
turbulent fl ow less likely to occur in the small airways [395,396]. 

TABLE 15.6. Dosing guidelines for intravenous theophylline.

Loading dose (in patients not currently receiving aminophylline or 
  theophylline)
 6 mg/kg (based on aminophylline) administered over 20–30 min

Continuous infusion
 6 Weeks to 6 months: 0.5 mg/kg/hr
 6 Months to 1 year: 0.6–0.7 mg/kg/hr
 1–9 Years: 1–1.2 mg/kg/hr
 9–12 Years and young adult smokers: 0.9 mg/kg/hr
 12–16 Years: 0.7 mg/kg/hr
 Adults (healthy, nonsmoking): 0.7 mg/kg/hr
 Older patients and patients with cor pulmonale, congestive heart failure, 
  or liver failure: 0.25 mg/kg/hr

Note: Serum theophylline levels should be obtained 3 hours after the initial loading 
dose and every 12–24 hours thereafter. The dose should be adjusted to maintain serum 
theophylline concentrations between 12 and 20 μg/mL:
•  If the serum theophylline concentration <12 μg/mL, a repeat bolus of theophylline 

(based on the assumption that 1 mg/kg will increase the serum theophylline concentra-
tion approximately 2 μg/mL) should be administered and the continuous infusion 
should be increased by 10%.

•  If the serum theophylline concentration is between 12 and 16 μg/mL, no changes are 
made.

•  If the serum theophylline concentration is >16 μg/mL, the continuous infusion is 
decreased by 10%.

•  If the serum theophylline concentration is >22 μg/mL, the continuous infusion should 
be discontinued until the concentration falls below 20 μg/mL.

TABLE 15.7. Theophylline toxicity.

Theophylline serum
concentration (mg/ml)* Adverse reactions

15–25 Gastrointestinal upset, gastroesophageal reflux, diarrhea, 
  nausea, vomiting, abdominal pain, nervousness, 
  headache, insomnia, agitation, dizziness, muscle 
  cramp, tremor
25–35 Tachycardia, occasional premature ventricular contractions
>35 Ventricular tachycardia, frequent premature ventricular 
  contractions, seizure

*Adverse effects do not necessarily occur according to serum levels. Arrhythmia and 
seizure can occur without seeing the other adverse effects.

TABLE 15.8. Clinical factors reported to affect theophylline clearance.

Decreased level Increased level

Smoking (cigarettes, marijuana) Acute pulmonary edema
High protein/low carbohydrate diet Cor pulmonale
Charcoal-broiled beef Congestive heart failure
 Hypothyroidism
 Cessation of smoking (after chronic use)
 Fever
 Liver dysfunction
 Acute renal failure
 Shock
 Acute viral illness
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Several small series and anecdotal reports suggest that helium–
oxygen decreases the work of breathing and improves respiratory 
mechanics in both tracheally intubated and nonintubated children 
with status asthmaticus [397–403]. A Cochrane Database review, 
however, recently concluded that the available evidence does not 
currently support a role for the administration of helium–oxygen 
mixtures to emergency department patients with moderate to 
severe acute asthma [404]. A recently published trial (not included 
in the above Cochrane Database review) suggests that continuous 
albuterol nebulized with helium–oxygen mixtures results in a 
greater clinical improvement compared with continuous albuterol 
nebulized with 100% oxygen [405]. Thirty children were randomly 
assigned to receive continuously nebulized albuterol (15 mg/hr) 
delivered by either heliox or oxygen using a nonrebreathing face 
mask. There was a statistically signifi cant improvement in pulmo-
nary index score at 240 min in the heliox group compared with the 
oxygen group. In addition, the heliox group was discharged from 
the emergency department sooner [405]. The utility of helium–
oxygen for children for the treatment of status asthmaticus and 
acute respiratory failure remains unproven, although, until more 
defi nitive evidence is available, helium–oxygen remains a reason-
able therapeutic alternative in this critically ill population.

Ketamine

Ketamine is a dissociative anesthetic agent that causes bronchodi-
lation secondary to a combination of factors, including the drug-
induced release of endogenous catecholamines, inhibition of vagal 
tone, and direct muscle relaxation [406,407]. For these reasons, it 

is the induction agent of choice for the tracheal intubation of chil-
dren with asthma. Although ketamine has been used successfully 
for the treatment of refractory bronchospasm in intubated patients 
[408–414], there is controversy surrounding its use in nonintubated 
patients because of its propensity to increase pulmonary secre-
tions, cause occasional laryngospasm, and induce hallucinations. 
Numerous case reports and anecdotes [408,415–417], as well as a 
recently completed prospective study in children [418], however, 
suggest that ketamine may be a safe and effi cacious adjunct to 
standard therapy in the treatment of children with status asthmati-
cus and impending respiratory failure. Ketamine should only be 
used in a monitored setting, however, and additional prospective, 
randomized, controlled trials demonstrating its effi cacy and safety 
in this setting are justifi ed [419].

Leukotriene Modifying Agents

Leukotriene modifying agents (LMAs) are a relatively new class of 
asthma medications that are approved for use in the chronic treat-
ment of moderate-to-severe asthma. The LMAs are biologically 
active fatty acids generated from arachidonic acid (AA) by the 
enzyme 5-lipoxygenase. 5-Lipoxygenase generates leukotriene (LT) 
A4 (LTA4) from AA. LTA4 is metabolized to LTC4, LTD4, and LTE4 
(the so-called slow-reacting substances of anaphylaxis). The LTs 
produce bronchoconstriction, stimulate mucous secretion, decrease 
mucociliary clearance, increase vascular permeability, and recruit 
eosinophils and basophils into the airway, thereby perpetuating 
the airway infl ammation that is the hallmark of asthma [420]. The 
LTs are 1,000 times more potent than either histamine or metha-
choline in airway challenge tests [421]. Activation of LT pathways 
during acute asthma exacerbations, as determined by urinary LTE4 
levels, appears to strongly correlate with the degree of airway 
obstruction [422].

Several LMAs are currently available, each working via different 
mechanisms. Zileuton blocks LTA4 synthesis by directly inhibiting 
5-lipoxygenase, while montelukast and zafi rlukast are LT receptor 
antagonists. Currently, only montelukast and zafi rlukast are 
approved for use in children. Although slightly less effective than 
inhaled corticosteroids, the LMAs have demonstrated effi cacy in 
reducing the symptoms of chronic asthma. In addition, there is 
evidence suggesting that the LMAs produce a rapid improvement 
in FEV1, an effect that seems to be additive to the effects of β-
agonists [423–426] and inhaled corticosteroids [427]. For this 
reason, there has been growing interest in using these agents for 
the treatment of status asthmaticus, although only a few studies 
exist for adults [428–430] and no current studies exist for children. 
The preliminary data appear promising, but further work needs to 
be done before these agents can achieve widespread use in this 
setting.

Mechanical Ventilation

Status asthmaticus leading to respiratory failure is an important 
cause of morbidity and mortality because of the potential risks of 
barotrauma and cardiovascular instability associated with the use 
of mechanical ventilation in these children [11,63,431–435]. Given 
these risks, many experts feel that mechanical ventilation should 
be avoided at all costs [63,431], frequently viewing this modality as 
a last ditch effort or the therapy of last resort. Although the decision 
to tracheally intubate a child with status asthmaticus should not be 
taken lightly, the potential benefi ts of ventilatory support, espe-

TABLE 15.9. Medications affecting theophylline clearance resulting in either increased or 
decreased serum levels.

Decreased level Increased level

Aminoglutethimide Alcohol
Carbamazepine Allopurinol (>600 mg/day)
Isoproterenol (IV) Beta-blockers
Isoniazid* Calcium channel blockers
Ketoconazole Cimetidine
Loop diuretics* Ciprofloxacin
Nevirapine Clarithromycin
Phenobarbital Corticosteroids
Phenytoin Disulfiram
Rifampin Ephedrine
Ritonavir Erythromycin
Sulfinpyrazone Esmolol
Sympathomimetics Influenza virus vaccine
 Interferon, human recombinant alpha 2-a and 2-b
 Isoniazid*
 Loop diuretics*
 Methotrexate
 Mexiletine
 Oral contraceptives
 Propafenone
 Propranolol
 Tacrine
 Thiabendazole 
 Thyroid hormones
 Troleandomycin (TAO®)
 Verapamil
 Zileuton

*Both increased and decreased theophylline levels have been reported.
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cially when used carefully and judiciously with appropriate goals 
in mind, appear to outweigh the potential adverse effects. Nonin-
vasive positive pressure ventilation is an attractive modality that 
may obviate the need for tracheal intubation [436].

There are few absolute indications for tracheal intubation in chil-
dren with status asthmaticus (e.g., coma, cardiac arrest), although 
failure to maintain adequate oxygen saturations, a worsening met-
abolic acidosis, and decreasing mental status are all signs that 
respiratory arrest is imminent. The decision to tracheally intubate 
should be based on the clinical examination and not the results of 
an arterial blood gas. These children are quite ill, and a rapid-
sequence intubation technique should be performed by the most 
experienced physician available. Ketamine (2 mg/kg intravenous 
[IV]) is an excellent choice for an induction agent because of its 
bronchodilatory properties, although propofol (2 mg/kg IV) may 
be an effective alternative as well. Neuromuscular blockade with 
either succinylcholine (if there are no contraindications to its use) 
or high-dose vecuronium (0.3 mg/kg IV) produces acceptable con-
ditions for laryngoscopy and tracheal intubation within 1–3 min. 
These children will require high inspiratory pressures, and the use 
of a cuffed tracheal tube is justifi ably preferable in this scenario 
[48,63,434]. More than half of the complications in patients requir-
ing mechanical ventilation for status asthmaticus occur at or 
around the time of tracheal intubation [63] and include hypoxe-
mia, hypotension, and cardiac arrest. Hyperventilation should be 
avoided, and hypotension should improve with volume resuscita-
tion and slowing the respiratory rate to avoid further air-trapping 
and dynamic hyperinfl ation. A tension pneumothorax should 
be considered if these measures fail to relieve hypotension and 
hypoxemia—in these cases, needle thoracentesis is life saving.

The goal of mechanical ventilation is to maintain acceptable 
oxygenation, avoid complications, and buy time to allow the corti-
costeroids and bronchodilators to break the cycle of bronchospasm 
and airways infl ammation. Mechanical ventilation should not be 
targeted toward the results of an arterial blood gas! A landmark 
article by Darioli and Perett in 1984 introduced the concept of per-
missive hypercapnia, in which low tidal volumes and respiratory 
rates were used in adult asthmatics, dramatically reducing the fre-
quency of barotraumas and death compared with historical con-
trols [437]. Similarly, strategies that emphasize the use of low tidal 
volumes (8–10 mL/kg), short inspiratory times (0.75–1.5 sec) and 
correspondingly longer expiratory times to allow adequate time for 
emptying, and lower-than-normal respiratory rates in children 
with status asthmaticus result in improved survival [433–435]. The 
degree of hypercapnia that can be safely tolerated is not known. 
Several case reports of severe acute hypercapnia in children with 
reported PaCO2 as high as 269 mm Hg, usually associated with 
near-fatal status asthmaticus, have been reported in the literature 
[438]. Sodium bicarbonate can be administered to maintain a rela-
tively physiologic pH [431,439] and in some cases may even reduce 
PaCO2 [440].

The most appropriate mode of mechanical ventilatory support 
may differ among patients and their stages of illness. Pressure 
control [441], volume control [433,434,442], and pressure support 
[443] ventilation have all been used in children with status asth-
maticus. Each mode of ventilation has its advantages and disadvan-
tages. We generally prefer a pressure-regulated volume-control 
mode (PRVC) because of the advantage of delivering a constant 
tidal volume, even in the face of changing lung compliance and 
airways resistance, using a decelerating fl ow pattern that mini-
mizes peak inspiratory pressures. A PRVC can be delivered in a 

synchronized, intermittent mandatory ventilation (SIMV) mode 
with the Servo i ventilator (Siemens, Inc.). The use of PEEP in this 
population remains controversial, and many experts continue to 
recommend against using PEEP because of the concerns for more 
air trapping and auto PEEP [444]. However, low-level PEEP may 
minimize dynamic airway collapse and decrease trigger work in 
spontaneously breathing patients [63,136,445–447]. We generally 
set external PEEP just below auto PEEP, as determined by an end-
expiratory hold maneuver.

Additional, potentially life-saving techniques of invasive support 
have been reported in the literature but have not been adequately 
studied. For example, tracheal gas insuffl ation is a method that 
may reduce the physiologic dead space and improve ventilation 
[448,449]. The use of high-frequency oscillatory ventilation in chil-
dren with acute respiratory failure secondary to status asthmaticus 
has also been described [450]. Finally, extracorporeal life support 
may be potentially life-saving for children with refractory status 
asthmaticus [398,451–456].

Volatile Anesthetics

Inhalational anesthetics were used for the treatment of status asth-
maticus and acute respiratory failure as early as 1939 [457]. The 
bronchodilatory properties of these agents are well known, and 
proposed mechanisms include direct stimulation of the β-adrener-
gic receptor, direct relaxation of bronchial smooth muscle, inhibi-
tion of the release and action of bronchoactive mediators (e.g., 
histamine, acetylcholine), and depression of vagally mediated 
airway refl exes [458]. In addition, preliminary studies in certain 
animal models suggest that inhalational anesthetics may mediate 
bronchodilation via an epithelial-dependent mechanism involving 
either nitric oxide or a prostanoid [459,460]. Halothane appears to 
be particularly effective [461–463], although concerns regarding its 
potential toxicity, including direct myocardial depression, hypo-
tension, and arrhythmias, have limited its use in this setting. These 
adverse effects may be further potentiated in children with status 
asthmaticus who will have some degree of hypoxia, hypercapnia, 
and acidosis and who are frequently managed with the concomitant 
administration of β-adrenergic agents and/or theophylline [464]. 
Inhalational anesthetics may also precipitate malignant hyper-
thermia and require special, expensive equipment to administer, 
monitor, and scavenge gases.

The use of isofl urane in status asthmaticus and acute respiratory 
failure offers several advantages over halothane. Isofl urane has a 
low blood-gas solubility coeffi cient such that the depth of anesthe-
sia can be rapidly titrated and recovery from anesthesia is relatively 
short. Isofl urane produces less myocardial depression and is less 
arrhythmogenic compared with other inhalational anesthetics 
such as halothane. Given its role as a general anesthetic, concomi-
tant administration of sedation/analgesia and neuromuscular 
blockade is not necessary. Finally, although isofl urane produces 
dose-dependent hypotension via direct vasodilation, there is a 
compensatory increase in heart rate so that cardiac output is rela-
tively preserved [442,465,466]. In addition, the hypotension is 
usually responsive to volume resuscitation.

Isofl urane has been used with some success in both children and 
adults with status asthmaticus refractory to conventional therapy 
[442,467–472]. Based on these data and on the theoretical advan-
tages discussed earlier, we currently favor isofl urane over other 
inhalational anesthetics such as halothane. Isofl urane should only 
be administered in consultation with an anesthesiologist using 
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either an anesthesia machine or vaporizer custom-fi tted to a stan-
dard PICU ventilator—we have used the Servo 900D ventilator 
(Siemens, Inc.) [442]. An inline volatile gas analyzer is necessary 
for monitoring the inspiratory and expiratory concentrations of 
isofl urane. Finally, a system to scavenge exhaled gases is necessary. 
We generally start therapy with 1%–2% isofl urane and increase the 
dose by 0.1% every 15 min until a therapeutic effect is achieved 
(decrease in positive inspiratory pressure ≤35 cm H2O with tidal 
volumes 8–10 mL/kg with improving air entry on clinical examina-
tion). Sedation, analgesia, and neuromuscular blockade are 
discontinued, as this dose of isofl urane provides adequate anesthe-
sia. Other therapeutic agents, such as albuterol, corticosteroids, 
magnesium, and terbutaline, are continued. Isofl urane undergoes 
minimal metabolism, although prolonged isofl urane has been 
associated with an increase in plasma fl uoride concentration 
because of the release of fl uoride ions [465]. Fluoride concentra-
tions >50 μmol/L are nephrotoxic [473], although subclinical 
nephrotoxicity may occur at lower levels with prolonged 
exposure [474,475]. Renal function should therefore be monitored 
closely.
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syncytium formation, and the large glycoprotein (G, attachment 
protein), which mediates viral attachment [3].

The clinical picture of RSV infection varies according to age. 
Respiratory syncytial virus has the potential to cause disease in all 
age groups, although infection in older infants and children is 
usually less severe. The primary infection at 6 weeks to 2 years of 
age is usually symptomatic and involves the lower respiratory 
tract. Asymptomatic primary RSV infection in children is rare. 
Repeated infecting in older children is usually less severe. Respira-
tory tract infections are frequently associated with expiratory 
wheezing, pneumonia, and acute otitis media. Respiratory 
syncytial virus infections in neonates differ from those in older 
children, as neonates do not often exhibit wheezing, and apnea may 
be the only symptom of infection. Pneumonia is the most common 
manifestation in elderly subjects. Isolated upper respiratory tract 
infections associated with RSV have been noted in older children 
and adults with rhinorrhea, nasal congestion, pharyngitis, and 
cough [4].

The diagnostic criteria for bronchiolitis vary among centers. In 
general, bronchiolitis presents clinically in infants less than 12 
months old who, after a brief prodrome of upper respiratory 
symptoms, display wheezing, dyspnea, respiratory distress, 
poor feeding, tachypnea (>50/min), and radiologic evidence of 
hyperaeration of the lung. Auscultation of the chest often 
reveals fi ne crepitation. The symptoms and signs resolve within a 
few days to a week after the onset of illness. Infants under 6 
weeks old and those with underlying illnesses often need longer 
hospitalization [3].

Epidemiology

In the northern hemisphere, annual outbreaks of RSV infection 
typically occur between October and May, with the peak in January 
and February. Infections with RSV occur in 50%–67% of infants in 
the fi rst year of life, causing wheezing in about 30% of those 
infected. Approximately 2% of all infants will be hospitalized. The 
proportion of hospitalizations associated with bronchiolitis among 
children younger than 1 year of age has increased from 22.2% 
in 1980 to 47.4% in 1996 [1], and RSV bronchiolitis had been 
documented as the leading cause of hospital admissions for 
infants younger than 1 year of age [5]. Fatalities are uncommon in 
the United States among otherwise healthy children. However, 
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Introduction

Disorders of the lower respiratory tract account for signifi cant mor-
bidity and mortality in children. Viral bronchiolitis is the most 
common lower respiratory tract infection (LRTI) in children less 
than 12 months of age and is the most frequent cause of hospitaliza-
tion of infants under 6 months of age. Respiratory syncytial virus 
(RSV) is the most common pathogen, with parainfl uenza virus, 
adenovirus, infl uenza virus, rhinoviruses, and, most recently, 
human metapneumovirus accounting for the majority of the 
remainder of acute viral LRTI. Nearly 100% of children in the 
United States are infected with RSV by 2 or 3 years of age, and, 
although RSV infection usually results in a mild, self-limited respi-
ratory illness, approximately 1% of infants require hospitalization. 
There is evidence to suggest that bronchiolitis hospitalizations 
have increased during the past two decades. For example, from 
1980 through 1996, more than 1.6 million children under the age 
of 5 years were hospitalized for bronchiolitis in the United States 
alone [1,2] The majority of these children (nearly 81%) were under 
1 year of age. During this time period, the rate of hospitalizations 
increased, especially for young infants less than 6 months of age 
[1,2]. Perhaps just as important, RSV infection early in life has been 
associated with long-term respiratory problems and wheezing later 
in life.

Respiratory syncytial virus is a pleomorphic, enveloped, cyto-
plasmic virus containing single-stranded, negative-sense RNA and 
is classifi ed in the genus Pneumovirus, which belongs to the family 
Paramyxoviridae. The Paramyxoviridae family also includes two 
other genera, Paramyxovirus (containing parainfl uenza virus 
types 1, 2, and 3 and mumps virus) and Morbillivirus. The surface 
proteins of RSV that induce protective antibodies are the major 
antigenic determinants, including the disulfi de-bonded glycopro-
tein (F, fusion protein), which mediates viral penetration and 
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mortality is more frequent in those with underlying heart or lung 
diseases, in immunocompromised children, and in the developing 
world [6]. Of RSV hospitalized infants, only 10% require mechani-
cal ventilation [7]; however, more than half of RSV-hospitalized 
infants and a large percentage of infants who require mechanical 
ventilation and even die from RSV infection were previously healthy 
[8]. Overall, the mortality associated with primary RSV infection 
in otherwise healthy children is estimated to be 0.005% to 0.020%. 
In hospitalized children, mortality rates are estimated to range 
from 1% to 3%. However, considerably higher mortality rates have 
been observed for children with cardiopulmonary abnormalities 
and in immunosuppressed patients [6].

Pathology

Respiratory syncytial virus infection results in loss of epithelial 
cilia and sloughing of epithelial cells in the airway. The pathologic 
features include collections of desquamated airway epithelial cells, 
polymorphonuclear cells, and lymphocytes within the airway and 
cellular infi ltration and edema around the airway, with very little 
alveolar infi ltration of infl ammatory cells. Desquamation of airway 
epithelial cells and infl ammation are more extensive in bronchiol-
itis than in asthma. In acute bronchiolitis, sloughed epithelial cells, 
neutrophils, and lymphocytes appear to be the major contributors 
to airway obstruction. The complete plugging of some airways and 
partial plugging of others may lead to localized atelectasis of some 
units of lung parenchyma and overdistention of other units. This 
patchwork of overdistention and underdistention is a common 
fi nding on chest radiographs in infants with bronchiolitis (Figure 
16.1). The imbalance of ventilation and perfusion results in hypoxe-
mia that can be in part aided by the administration of oxygen 
[9,10].

In fatal cases of bronchiolitis, pathologic changes in the lung 
include detachment and necrosis of the epithelium, airway wall 
edema, infi ltration of the airway wall and of the interstitium with 
leukocytes (predominantly macrophages and lymphocytes), and 
plugging of the airway with mucus and cellular debris. The plugs 
may completely obstruct terminal bronchioles and extend into the 
alveoli. There is no evidence of smooth muscle hypertrophy in 
bronchiolitis.

Immunology

Antibody-Mediated Immunity

Passively acquired maternal immunoglobulins protect newborns 
against RSV infection during the fi rst 2 months of life. However, 
the presence of maternal antibodies decreases gradually during the 
fi rst 6 months of life, leaving most infants unprotected against RSV 
between 2 and 4 months of age [11]. Humoral responses are stronger 
if primary infection occurs after 6 months of age. These responses 
are also enhanced after each subsequent episode of reinfection 
throughout life.

Cell-Mediated Immunity

Epithelial cells and alveolar macrophages are key players in the 
activation of cellular immunity after RSV infection. These cells 
release multiple chemical substances, including chemokines, pro-
infl ammatory cytokines, and mediators. These include interleukin 
(IL)-1, tumor necrosis factor-α, IL-6, IL-8 (CXCL8), macrophage 
infl ammatory protein (MIP)-1α (CCL3), and RANTES (regulated 
upon activation, normal T cell expressed and secreted) (CCL5) [12]. 
Release of these cytokines and chemokines appears to be at least 
partially responsible for airway infl ammation and bronchial hyper-
responsiveness, as well as upper respiratory symptoms. When these 
chemical mediators are released into the airway, recruited cells 
prolong the infl ammatory response with further cytokine/chemo-
kine release that attracts and upregulates other infl ammatory cells. 
The release of these chemical substances may persist for months 
after clinical evidence of infection has disappeared.

The response of helper T (Th) cells plays an important role in 
RSV infection. T cells produce proinfl ammatory mediators catego-
rized as type 1 cytokines (Th1) or type 2 (Th2) cytokines. Type 1 
cells secrete IL-2, interferon (IFN)-γ, and lymphotoxin, whereas 
Th2 cells produce IL-4, IL-5, IL-6, and IL-13. Interleukin-4 and IL-5 
promote both IgE production and eosinophilia. When there is an 
imbalance in Th1 and Th2 responses, disease severity appears to 
be enhanced [13].

Infants who recover from RSV lower respiratory tract infection 
have an increased risk of recurrent wheezing during early 
childhood. Recurrent wheezing is accompanied by functional 
abnormalities of the airways, such as airway hyperresponsiveness. 
Infection with RSV may be one factor, although other host 
and environmental factors may also contribute to the development, 
suggesting that it may only indirectly predispose children to 
postbronchiolitic wheezing and asthma [14]. Overall, children 
are more likely to wheeze or develop asthma if they have been pas-
sively exposed to cigarette smoke, if they develop atopic disease, 
and if RSV infection induces peripheral blood eosinophilia. Only 
indirectly does RSV appear to cause childhood wheezing and 
asthma [14].

FIGURE 16.1. Chest radiograph of an infant with the clinical syndrome of acute 
bronchiolitis.



16. Bronchiolitis 197

Management

Efforts aimed at developing successful therapeutics to combat RSV 
infection have been in progress for decades. Despite attempts at 
vaccine, drug development, and antiviral regimens, there are still 
no effective treatments for RSV infections. Typically, infants hos-
pitalized for RSV are given supplemental oxygen and provided a 
suitable thermal environment in which oxygen consumption will 
be minimized. Attention is paid to hydration status, and mucus 
is periodically suctioned to remove excess nasopharyngeal 
secretions.

Fluid Replacement

Adequate fl uid replacement should be ensured, and the route of 
administration varies among units. The increased fl uid demand of 
patients with bronchiolitis because of fever, tachypnea, and inade-
quate intake because of respiratory diffi culty makes the parenteral 
administration of fl uids often necessary. Interestingly, infants with 
bronchiolitis have a transient increased risk of swallowing dys-
function and aspiration that may alter the natural history of the 
disease and generate further morbidity. Moreover, aspiration might 
play a role when rapid deterioration occurs in infants with bron-
chiolitis [15].

Antibiotics

Because viruses are the primary agents in bronchiolitis, antibiotics 
should not infl uence the course of the disease, and no evidence 
supports the use of antibiotics for bronchiolitis or RSV pneumonia. 
The risk of concurrent serious bacterial infections in infants 
with bronchiolitis is low (<2%) [16]. The bacterial infection 
work-up should be restricted to those severely ill-appearing 
infants with underlying high-risk factors (chronic cardiac or pul-
monary disease, immunodefi ciency) and/or those with atypical 
signs and symptoms (e.g., recrudescence or persistence of 
fever, development of radiologic infi ltrates, prolonged respiratory 
distress) [17].

Antiviral Agents: Ribavirin

Ribavirin is a synthetic guanosine analogue with a broad spectrum 
of antiviral activity against RSV, infl uenza types A and B, parain-
fl uenza virus, adenovirus, measles virus, hepatitis virus, and a 
number of other viruses. It is a virustatic agent that inhibits viral 
replication during the active replication phase [18]. Aerosolized 
ribavirin is the only antiviral agent currently approved for treat-
ment of RSV bronchiolitis in hospitalized infants. Early trials with 
ribavirin suggested that ribavirin was effective in improving the 
clinical condition in infants with RSV bronchiolitis [19]; however, 
the uncertainty about the drug arose because of possible teratoge-
nicity, high costs, problems with its administration, and less than 
persuasive clinical effects. In 1996, the American Academy of Pedi-
atrics published recommendations for the use of ribavirin that 
advised it be used at the discretion of the physicians caring for 
infants at high risk of severe disease, including those with compli-
cated congenital heart disease, bronchopulmonary dysplasia and 
other chronic lung disease or immunosuppressive conditions, pre-
viously healthy premature infants, those younger than 6 weeks, and 
those who are severely ill [20].

A randomized, controlled trial showed that ribavirin does not 
signifi cantly reduce mortality rate or risk of deterioration in previ-
ously healthy infants undergoing mechanical ventilation for RSV 
bronchiolitis [21]. These results were in agreement with other pub-
lished studies [22]. A study evaluating the long-term morbidity of 
RSV bronchiolitis showed that early (<5 days of the course of 
illness) ribavirin treatment in combination with bronchodilators 
and systemic steroids resulted in a reduction of incidence and 
severity of reactive airway disease as well as respiratory illness-
related hospitalization during a 1-year follow-up period. However, 
previous studies with longer follow-up periods after discharge (5 
years) did not fi nd these positive results [23,24].

Given the concerns about cost, safety, and limited positive effects, 
decisions about ribavirin aerosol therapy should be based on the 
clinical circumstances and the experiences of the health care team. 
If the decision is made to administer ribavirin, treatment should 
probably be initiated early in order to achieve its maximal potential 
benefi ts and administered according to the “high dose,” short-
duration regimen (60 mg/mL over three 2-hr periods for a total of 
6 g/100mL every 24 hr) in a nebulized form [25].

Immunotherapy

Standard and Enriched Immunoglobulins

Aerosolized or intravenous administration of standard immuno-
globulins has shown no benefi t in patients with bronchiolitis. 
Respiratory syncytial virus immunoglobulin (RSV-IGIV; Respi-
Gam, MedImune, Inc.), an immunoglobulin preparation enriched 
with high titers of anti-RSV antibodies, did not affect clinical 
outcome in previously healthy RSV-infected infants, although there 
was a trend toward fewer days of mechanical ventilation and shorter 
intensive care stay in infants with more severe disease [6]. Respira-
tory syncytial virus immunoglobulin has not been shown to have 
a role in the treatment of RSV bronchiolitis.

Monoclonal Antibodies: Palivizumab

Palivizumab is a genetically engineered, humanized monoclonal 
antibody directed at the F glycoprotein of RSV. Currently, palivi-
zumab is approved for RSV prophylaxis for high-risk infants as 
defi ned by American Academy of Pediatrics criteria. Palivizumab 
has been demonstrated to be approximately 50% effective in 
reducing the need for hospitalization for RSV-related illness 
when given to high-risk infants (those born prematurely with or 
without chronic lung disease of prematurity) throughout the RSV 
epidemic season [27]. A randomized, controlled trail with mechan-
ically ventilated RSV-infected infants showed that a single dose of 
palivizumab resulted in reduced viral load in tracheal aspirates, 
but the clinical outcome was not changed [28]. Thus, current evi-
dence does not support the use of palivizumab for acute RSV 
bronchiolitis.

Antiinflammatory Agents: Corticosteroids

The antiinfl ammatory actions of steroids have been examined to 
potentially reduce airway edema and the duration of bronchiolitis 
symptoms; however, no study has demonstrated a conclusive benefi t 
in this setting. Inhaled or systemic corticosteroids do not provide 
signifi cant short- or long-term benefi ts for healthy infants with the 
fi rst episode of acute viral bronchiolitis [29–31]. However, a study 
examining high-dose dexamethasone 1 mg/kg by mouth initiated 
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within 4 hr of therapy and continued for 5 days revealed benefi t for 
infants with moderate-to-severe disease by reducing the rate of 
hospitalization and improving the respiratory status measured by 
a respiratory assessment score [32]. Further studies with larger 
populations will be needed to determine the effects of corticoste-
roids on severely affected and/or high-risk patients and to defi ne 
optimal dosing strategies before incorporating corticosteroids into 
standard practice.

Antileukotrienes: Montelukast

Cysteinyl-leukotrienes (cys-LTs) are potent proinfl ammatory 
mediators that cause increased mucosal blood fl ow and mucosal 
edema through increased vascular permeability and interstitial 
transport of macromolecules. Cysteinyl-LTs are released during 
RSV airway infection and represent a potential target for treating 
RSV bronchiolitis [33].

Montelukast reduced lung symptoms, primarily cough, in 
patients with RSV bronchiolitis [34]. Studies are currently investi-
gating the use of montelukast in young infants with severe 
bronchiolitis.

Bronchodilators

The use of bronchodilators for bronchiolitis is likely explained by 
the similarity of symptoms and signs between bronchiolitis and 
asthma; however, the primary pathology in bronchiolitis is not 
airway smooth muscle constriction. Despite the widespread use for 
acute viral bronchiolitis, bronchodilators have not been universally 
accepted in this setting.

b2-Agonists

A meta-analysis examined the effectiveness of bronchodilators in 
patients with bronchiolitis and found only a modest short-term 
improvement in clinical scores, without changes in oxygen satura-
tion, rate of hospitalization, or length of hospital stay [35]. There 
is no evidence to support the indiscriminate use of inhaled β2-
agonists for acute viral bronchiolitis. It is possible that a subset of 
patients with recurrent wheezing and/or asthmatics may respond 
to a therapeutic trial. Lack of signifi cant improvement within 
60 min of a trial with inhalation therapy should lead to its discon-
tinuation [36].

Adrenergics: Epinephrine

Epinephrine has bronchodilatory effects and in addition may be 
effi cacious in bronchiolitis because of its α-adrenergic effects 
resulting in pulmonary arteriolar vasoconstriction, decreasing 
mucosal edema, and increasing airway caliber. Studies comparing 
epinephrine to β2-agonists or placebo revealed a greater short-term 
benefi t for infants receiving epinephrine. Epinephrine enhanced 
clinical score and oxygenation, improved respiratory function, and 
reduced hospitalization rate [37,38]. Some studies failed to fi nd 
advantages from the use of epinephrine [39,40]. A randomized, 
double-blind, controlled trial comparing nebulized single-isomer 
epinephrine with placebo in 194 infants with clinical diagnosis of 
bronchiolitis found no signifi cant difference in length of hospital 
stay. This trial did not demonstrate benefi t in either short-term or 
long-term clinical outcomes from nebulized epinephrine for infants 
hospitalized with acute bronchiolitis [41]. If inhaled epinephrine is 
considered, this therapy should be discontinued if there is no 

signifi cant improvement in clinical assessment within 30 min after 
the fi rst treatment.

Anticholinergics: Ipratropium Bromide

Parasympathetic stimulation does not appear to contribute sub-
stantially to airway obstruction in bronchiolitis. Ipratropium 
bromide alone or added to albuterol therapy has not been demon-
strated to be effi cacious in the management of acute viral bronchi-
olitis [42,43].

Helium–oxygen Gas Mixture

Helium–oxygen (heliox) mixture has a substantially lower density 
than air–oxygen mixture, enabling helium–oxygen to reduce the 
driving pressure required by turbulent fl ow conditions and pre-
serve laminar fl ow at high fl ow rates by reducing the Reynolds 
number [44]. This effect makes it particularly benefi cial for patients 
with airway obstruction and turbulent gas fl ow. Short-term heliox 
therapy for infants with acute bronchiolitis resulted in a signifi cant 
improvement in the clinical asthma score, with the most severe 
disease at baseline demonstrating the greatest decrease in severity 
score [45]. A prospective study examining humidifi ed 70% helium 
and 30% oxygen mixture delivered by a nonrebreather reservoir 
facemask demonstrated improved clinical status as refl ected by 
clinical scoring and reduced tachycardia and tachypnea. The onset 
of the benefi cial response to heliox compared with conventional 
therapy occurred within the fi rst hour of its administration and 
was maintained as long as heliox therapy was continued. In addi-
tion, the length of stay in the pediatric intensive care unit was 
shorter in infants treated with heliox [46]. The results of these 
studies suggest that heliox is effective in improving the respiratory 
condition of infants with acute bronchiolitis in a safe, noninvasive, 
and simple manner; however, long-term prospective studies are 
needed to establish its therapeutic role in bronchiolitis.

Nitric Oxide

Inhaled nitric oxide has pulmonary vasodilatory and bronchodila-
tory properties that may be useful in bronchiolitis especially in 
patients with severe bronchoconstriction and/or pulmonary hyper-
tension. However, the bronchodilatory effect of nitric oxide is weak, 
and the incidence of pulmonary hypertension is low. Case reports 
describe a positive response in oxygenation when inhaled nitric 
oxide was added to conventional and high-frequency ventilation 
[47,48]. However, outside of these reports, studies assessing inhaled 
nitric oxide with bronchiolitis have not shown benefi t [49]. There-
fore, there is no specifi c role for nitric oxide in the routine treat-
ment of acute bronchiolitis.

Exogenous Surfactant

Infants with bronchiolitis have a defi ciency and/or a functional 
abnormality in endogenous surfactant [50]. Surfactant plays a role 
in the prevention of small airway collapse; therefore, its replace-
ment may be useful in mechanically ventilated infants with bron-
chiolitis. Studies of administering surfactant to previously healthy 
infants mechanically ventilated for acute respiratory failure caused 
by RSV infection, complicated with atelectasis or pneumonia, dem-
onstrated improved gas exchange and respiratory mechanics, 
shortened time on mechanical ventilation, and decreased length of 



16. Bronchiolitis 199

stay in the intensive care unit [51]. Additional studies are necessary 
to further explore the potential of exogenous surfactant in high-
risk groups and to determine optimal timing and dosage.

Mechanical Ventilation

The majority of children requiring intensive care are high-risk 
infants with chronic lung disease, congenital heart disease, and/or 
ex-premature infants. Indications for intensive care include recur-
rent apnea, slow irregular breathing, reduced conscious level, 
shock, exhaustion, hypoxia despite high-inspired oxygen, and 
respiratory acidosis (pH < 7.2). A trial of continuous positive airway 
pressure (CPAP) is sometimes effective and may avoid the need for 
intermittent positive pressure ventilation (IPPV) [52]. However, the 
majority of deteriorating infants required IPPV. Ventilatory strate-
gies vary from child to child, but it is essential for infants with 
signifi cant air trapping on chest x-ray to allow adequate expiratory 
times and thus avoid hyperinfl ation. Permissive hypercapnia will 
reduce barotrauma. The majority of patients are successfully ven-
tilated by IPPV, but if gas exchange remains problematic, high-
frequency oscillatory ventilation may be effective [53]. For children 
whose clinical condition is deteriorating despite maximal respira-
tory support, extracorporeal membrane oxygenation (ECMO) 
should be considered [54].

Infection Control

Infection-control measures should accompany medical care to 
protect patients and providers from RSV nosocomial infections. 
Isolating suspected cases, segregating case cohorts, and using dedi-
cated stethoscopes and other instruments or supplies for each 
patient can be effective in reducing transmission. Washing hands 
before entering and leaving the room and using gloves and 
masks that cover the nose and eyes are effective means of infection 
control [55].

Genetic Predisposition

Investigators have begun to identify particular genetic polymor-
phisms that are overrepresented in infants with severe RSV disease. 
Linked variants of three Th2 cytokine genes, IL-4, IL-13, and IL-5, 
are associated with more severe RSV disease [56]. Interleukin-8, a 
member of the CXC chemokine family, contributes to the activation 
and migration of neutrophils, and polymorphisms near the IL-8 
gene were signifi cantly increased in infants with bronchiolitis, 
especially those without known risk factors [57]. Respiratory syn-
cytial virus attachment protein G binds to CX3CR, the specifi c 
receptor for the CX3C chemokines fractalkine, which has been 
shown to facilitate RSV infection. Polymorphisms in this gene have 
been identifi ed; however, it is not clear at this time whether there 
is an association with severe RSV disease [58]. The toll-like family 
of proteins are a link between immune stimulants produced by 
microorganisms and the initiation of host defense. Toll-like recep-
tor 4 (TLR4) and CD14 are the major receptors for lipopolysaccha-
ride (LPS) and have been shown to interact with RSV [9]. Common 
TLR4 mutations have been associated with severe RSV bronchiol-
itis [60].

Surfactant proteins (SP) A and D are members of the “collectin” 
(collagen-like) family involved in host defense, and they bind and 

enhance clearance of RSV [61]. Polymorphism in these genes might 
confer a higher susceptibility to viral disease in the airways. Geno-
type analyses for SP-A and SP-D polymorphism have revealed 
alleles that are overrepresented in RSV-infected infants compared 
with control subjects [62,63].

Conclusion

Respiratory syncytial virus infection occurs in predictable, annual 
outbreaks, and most infants with bronchiolitis who do not have 
underlying conditions can be managed successfully as outpatients. 
Nonetheless, hospitalization rates for lower respiratory tract disease 
in many young children appear to be increasing. As more children 
and adults become immunocompromised as a result of the increas-
ing use of organ transplantation and chemotherapeutic agents, 
greater attention is likely to be focused on the importance of RSV 
as an opportunistic pathogen. At present, the only option for pre-
vention of RSV infection in high-risk patients is passive immuno-
prophylaxis. To substantially decrease the overall burden of RSV 
disease in children, a vaccine will be required.
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Pulmonary Host Defense

In humans, the lung represents the largest epithelial surface of the 
body exposed to the external environment. This area is 40-fold 
larger than the skin. As a consequence, the upper airways and lower 
lung are continuously exposed to a variety of airborne particles and 
microbial agents. Despite this constant attack, sterility of the con-
ducting airways, bronchioles, and alveoli is maintained by a 
complex pulmonary host defense system. Throughout the upper 
(nasopharynx) and lower (conducting airways and alveolar spaces) 
respiratory tracts, the innate and adaptive immune systems work 
synchronously to identify and eliminate foreign non-self particles, 
including microbes. In invertebrates, the innate system is the sole 
mechanism of host defense against pathogens, but in higher verte-
brates it constitutes the fi rst line of defense. The innate defenses are 
constitutive, rapid, and nonspecifi c. The innate system is based on 
pattern recognition of repetitive molecular patterns shared by 
microorganisms.

Major advances in innate immunity have focused on the discov-
ery of a series of cell-surface receptors called toll-like receptors 
(TLRs), fi rst described in Drosophila, but now at least 11 homo-
logues have been discovered in humans [1] and 13 homologues in 
mice. Individual TLRs differ in their ligand specifi cities (Figure 
17.1). The interaction between a TLR and a microbial component 
triggers adaptor proteins and signal molecules, leading to tran-
scription factors activation, production of proinfl ammatory cyto-
kines, and expression of host defense peptides [2]. Importantly, the 
innate system and TLR activation also induce co-stimulatory mol-
ecules that stimulate and drive the inducible and slower specifi c 
adaptive immune system such that antigen-presenting cells present 
antigen to T helper (Th) cells that differentiate along two pathways: 
the Th1 pathway, important in cell-mediated immunity, and Th2 
pathway involved in humoral responses [3].

Mechanical defenses also play a major role in respiratory host 
defense. Aerodynamic fi ltration in the nose and nasopharynx pre-
vents particles that are >10 μm from passing to the lower respira-
tory tract. Particles from 5 to 10 μm are fi ltered by impaction in the 
conducting airways. Material deposited along the airways is 
removed by the mucociliary system, which starts in the nasophar-
ynx and ends in the terminal bronchioles. Ciliary beating occurs 
in a precise and well-orchestrated fashion, propelling mucus and 
deposited organisms toward the oropharynx. A fi nal constituent of 
the mechanical defense of the respiratory tract is cough. This 
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Introduction

Pneumonia is defi ned as infection and infl ammation of the lower 
respiratory tract in association with parenchymal radiographic 
opacity. This defi nition excludes bronchiolitis, tracheitis, neonatal 
pneumonia, and noninfectious causes of pneumonia and pneumo-
nitis, and these are not discussed in this chapter.

In the pediatric intensive care unit (PICU), several pneumonia 
types may be encountered. First, a previously healthy child may be 
admitted to the PICU because of severe community-acquired pneu-
monia (CAP). The pneumonia is usually caused by organisms that 
are prevalent in the out-of-hospital environment. Second, patients 
with genetic or acquired immune defi ciency commonly develop 
severe pneumonia with opportunistic infections that usually do not 
infect healthy children. These immunocompromised patients com-
monly have been given chemo-radiotherapy for cancer or are 
receiving immune-suppressive agents to prevent rejection episodes 
following solid organ and hematopoietic stem cell transplantation. 
Third, both previously healthy and immunocompromised patients 
may acquire nosocomial pneumonia during their hospital stay. 
Mechanically ventilated patients are at especially high risk to 
develop nosocomial ventilator-associated pneumonia (VAP). 
Finally, aspiration pneumonia caused by chronic inoculation of the 
lower respiratory tract with large amounts of less virulent bacteria 
in a susceptible host prone to aspiration is also observed in the 
PICU.

This classifi cation of pneumonia types in the PICU is important 
because it has major implications on the causative microbial agent 
and, thus, the choice of initial empiric treatment that may be life 
saving. This chapter reviews respiratory host defenses that main-
tain sterility of the lower respiratory tract. In addition, the patho-
genesis, classifi cation, and treatment options for pneumonia and 
empyema in the PICU patient are briefl y discussed.
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potent expiratory maneuver is of fundamental importance in pre-
venting material from being aspirated into the lungs.

The conducting airways also contain several antimicrobial sub-
stances, including immunoglobulins (IgG and secretory IgA), and 
complement that bind and enhance the elimination of microbial 
agents. In addition, airway epithelial and alveolar type (AT) II cells 
secrete several antimicrobial peptides. One of the best character-
ized families of antimicrobial peptides are the defensins, which are 
cysteine-rich peptides possessing broad antimicrobial activity [4]. 
An important recent discovery is the expanding role of respiratory 
airway epithelium in innate immune defenses by mechanisms that 
mimic those noted in phagocytic cells. Respiratory epithelial cells, 
including ATII cells, express TLR and are capable of expressing a 
variety of cytokines that amplify infl ammation. The importance of 
innate immunity in epithelial cells was confi rmed in mice with 
specifi c inhibition of nuclear factor (NF) κB activation that was 
restricted to distal airway epithelial cells. Mice lacking the ability 
to activate NFκB in epithelial cells exhibited impaired infl amma-
tory response to inhaled LPS [5]. These data provide evidence that 
distal airway epithelial cells and the signals they transduce play a 
key physiologic role in lung infl ammation in vivo. Alveolar type II 
cells also secrete surfactant proteins (SP)-A and D. Both SP-A and 
SP-D are collagen-like lectins (collectins) that agglutinate and/or 
opsonize pathogens and enhance their phagocytosis by innate 
immune cells such as alveolar macrophages and neutrophils [6]. 
Surfactant proteins A and D may have additional immunoregula-
tory functions [7] and also may exhibit direct bactericidal effects 
by inducing damage to the bacterial cell membrane [8]. The func-
tions of SP-A and SP-D in host defense are listed in Table 17.1.

In the distal airspaces, alveolar macrophages are the fi rst phago-
cytic cell type encountered by pathogens entering the lung. Macro-
phages have the capacity to induce the generation of large amounts 

of cytokines, chemokines, matrix metalloproteinases (MMP), nitric 
oxide, and potent oxidants that participate in antimicrobial 
defenses. In contrast, interstitial macrophages are located in the 
lung connective tissue and serve as both phagocytic cells and 
antigen-processing cells. Tumor necrosis factor (TNF)-α, a macro-
phage-derived multifunctional cytokine, is expressed early in both 
patients with and animal models of pneumonia [9]. Microbes also 
induce macrophages to generate potent chemokines that attract 
circulating neutrophils and monocytes into the lungs. Cytokines/
chemokines amplify infl ammatory responses and orchestrate the 
polarization and transition of innate to adaptive immunity that 
function to eliminate invading microorganisms [10]. Figure 17.2 
summarizes the cellular and secretory peptides that are compo-
nents of host defense against microbes in the lower respiratory 
tract. Disorders associated with impaired mechanical, innate, and 
adaptive host responses that may lead to the development of pneu-
monia in a susceptible host are listed in Table 17.2.

Pathogenesis

The upper respiratory tract is normally colonized with nonpatho-
genic bacterial fl ora, but physical and immunologic host defenses 
generally ensure that bacteria that gain access to the lower respira-
tory tract are cleared. Pneumonia occurs because of an impairment 
of host defenses (as discussed earlier), invasion by a virulent organ-
ism, or invasion by an overwhelming inoculum of less virulent 
organisms. There are fi ve main modes of pathogen entry into the 
lower respiratory tract.

Inhalation and Droplets

Inhalation of infectious particles is probably the most important 
pathogenic mechanism in the development of CAP, with particular 
importance in pneumonia of those caused by Legionella species 
and Mycobacterium tuberculosis. Contact with contaminated 
fomites also may be important in the acquisition of viral agents, 
especially respiratory syncytial virus. The viral agents that cause 
pneumonia proliferate and spread by contiguity to involve lower 
and more distal portions of the respiratory tract. Inhalation is also 
a common cause of pneumonia caused by contaminated ventilator 
tubes.

Bacterial and mycoplasma lipoproteins
Mycobacterial 19KDa lipoprotein
Peptidoglycan
LPS from leptospira
Lipid from Trypanosoma
Zymosan from yeast cell walls
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FIGURE 17.1. Toll-like receptors (TLR) and their ligands. LPS, 
lipopolysaccharide; HSPs, heat shock proteins.

TABLE 17.1. Functions of lung collectins SP-A and SP-D in host defense.

 SP-A SP-D

Agglutination + ++
Opsonization ++  +
Reduced viral infectivity + ++
Modulation of inflammation + +
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Aspiration

In addition to inhalation, pneumonia arises following the aspira-
tion of microorganisms from the oral cavity or nasopharynx. Inva-
sive disease most commonly occurs upon acquisition of a new 
serotype of the organism with which the patient has not had previ-
ous experience. Most episodes of VAP are thought to develop from 
the aspiration of oropharyngeal secretions containing potentially 
pathogenic organisms. Aspiration of gastric secretions may also 
contribute, although likely to a lesser degree. Tracheal intubation 
interrupts the body’s anatomic and physiologic defenses against 
aspiration, making mechanical ventilation a major risk factor for 
VAP. The term aspiration pneumonia should be reserved for pneu-
monia or pneumonitis resulting from the aspiration of large 
amounts of gastric or oropharyngeal contents that may contain a 
large inoculum of relatively nonvirulent bacteria. The pathogens 
that commonly produce CAP or VAP, such as Streptococcus pneu-
moniae, Gram-negative bacilli, and Staphylococcus aureus, are 

relatively virulent bacteria so that only a small inoculum is required 
and the aspiration is usually subtle.

Hematogenous Spread

In immunocompromised individuals, an additional mode of pneu-
monia acquisition is bacteremia and sepsis. Hematogenous deposi-
tion of bacteria is responsible for some cases of pneumonia caused 
by Staph. aureus, Pseudomonas aeruginosa, and Escherichia coli.

Reactivation

Reactivation of pathogens can take place in the setting of defi cits 
of cell-mediated immunity. Pathogens such as Pneumocystis 
carinii/jiroveci, M. tuberculosis, and cytomegalovirus (CMV) may 
remain latent for many years after exposure, with fl ares of active 
disease in the face of immune compromise. Reactivation tubercu-
losis occasionally occurs in immunocompetent hosts.

TABLE 17.2. Conditions associated with impaired pulmonary host defense.

Mechanical defenses Phagocytic function Cellular immunity ( T cells) Humoral immunity (B cells)

Impaired cough Inherited Inherited Inherited
  Chronic granulomatous disease  Severe combined immunodeficiency syndrome  X-linked agammaglobulinemia
  Chediak-Higashi syndrome  DiGeorge syndrome  Common variable immunodeficiency
  Leukocyte adhesion deficiency  Wiskott-Aldrich syndrome  IgA deficiency
   Ataxia telangiectasia  IgG subclass deficiency
Impaired mucociliary function Acquired Acquired Acquired
 Primary ciliary dyskinesia  Neutropenia  Immunosuppressive medications  Steroids
 Cystic fibrosis   Acquired immunodeficiency syndrome  Excessive pleural or peritoneal fluids losses
   Graft-versus-host disease  Nephrotic syndrome

Lysozyme, lactoferin, immunoglobin
defensins, complement

Secretory peptides
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FIGURE 17.2. Cellular and secretory peptides involved in antimicrobial 
innate and adaptive host defense systems.
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Direct Injury and Inflammation

Direct inoculation rarely occurs as a result of surgery or bronchos-
copy but may play a role in the development of pneumonia in 
patients supported with mechanical ventilation. The direct exten-
sion of infection to the lung from contiguous areas such as the 
pleural or subdiaphragmatic spaces is rare.

Pneumonia Types in the Pediatric Intensive 
Care Unit

Community-Acquired Pneumonia

Definitions and Main Features

Community-acquired pneumonia refers to pneumonia in a previ-
ously healthy person who acquired the infection outside a hospital. 
It is one of the most common serious infections in children, with an 
incidence of 34 to 40 cases per 1,000 children in the industrialized 
world [11]. A subset of these patients will require PICU admission. 
Admission to the intensive care unit should be considered for patients 
with persistent hypoxemia despite oxygen therapy, recurrent apnea, 
signs of respiratory fatigue with or without mental status changes, or 
evidence of compensated or decompensated shock. Infants less than 
6 months of age and children with comorbid conditions such as 
bronchopulmonary dysplasia, cystic fi brosis, neuromuscular disor-
ders, congenital heart disease, and immunodefi ciency disorders 
have limited respiratory reserves and, therefore, are at increased risk 
for respiratory failure during a pneumonia episode.

For the adult population, the American and British Thoracic 
Societies have developed guidelines for hospital and ICU admis-
sions for patients with severe CAP [12]. According to the American 
Thoracic Society Guidelines, admission to the ICU is needed for 
patients with severe CAP, defi ned as the presence of either one of 
two major criteria, or the presence of two of three minor criteria. 
The major criteria include need for mechanical ventilation and 
septic shock; the minor criteria include systolic blood pressure 
≤90 mm Hg, multilobar disease, and a PaO2/FiO2 ratio <250. In 
addition, a Pneumonia Severity Index (PSI) score identifi es adults 
at increased risk of medical complications and death [13]. However, 
similar guidelines or scores to grade the severity of pneumonia in 
children have not been developed.

Specific Pathogens

Children admitted to the PICU because of CAP are more commonly 
infected with bacterial than viral pathogens. Streptococcus pneu-
moniae is the most commonly identifi ed bacterial cause of CAP in 
infants and children older than 1 month. Pneumonias caused by 
group A Streptococcus and Staph. aureus are less frequent. Hae-
mophilus infl uenzae pneumonia has become uncommon following 
the widespread use of Haemophilus infl uenza type B immuniza-
tion. Viruses are identifi ed most often in children <5 years of age. 
Respiratory syncytial virus is the most common viral etiology 
during infancy, with adenovirus, infl uenza virus, parainfl uenza 
virus, and the recently described human metapneumonovirus (14) 
also not infrequently detected. Mycoplasma pneumoniae and Chla-
mydia pneumoniae are more common in older children and 
adolescents [11].

In May 1993 an outbreak of an acute febrile illness associated 
with respiratory failure, shock, and high mortality was identifi ed 

by investigators from the Centers for Disease Control and Preven-
tion (CDC) as being caused by a hantavirus. In the United States, 
95% of the cases occurred west of the Mississippi after environmen-
tal exposure to infected deer mouse saliva, urine, or feces. In addi-
tion, a novel coronavirus was identifi ed as the causative agent of 
severe acute respiratory syndrome (SARS), a new respiratory illness 
that affects adults and children, although the severity of the disease 
is less in children than in adults [15]. Another cause of severe pneu-
monia that should be considered is tuberculosis. A history of 
contact with a person with pulmonary tuberculosis is usually elic-
ited. Finally, uncommon causes of CAP in otherwise healthy 
children are fungal infections including Coccidiodes immitis, His-
toplasma capsulatum, and Blastomyces dermatitidis. These organ-
isms should be included in the differential diagnosis as a cause of 
pneumonia only if there is a history of residence or travel to an area 
of endemic infection.

Occasionally, infection with Strep. pneumoniae [16] and Myco-
plasma pneumoniae [17] can cause necrotic pneumonia secondary 
to an invasive organism or exaggerated host immune response. 
Compared to patients with pneumonia and parapneumonic effu-
sions, children who developed necrotizing pneumonia exhibited a 
more protracted hospital course associated with higher rates of 
complications, including bronchopleural fi stulas and need for tho-
racotomy for fi stula repair or lobectomy. None of the necrotizing 
pneumonia patients were immune defi cient [18].

Approach

The diagnosis of CAP is usually made based on the presence of 
respiratory symptoms (cough, retractions) in a febrile and tachy-
pneic child. The presence of infi ltrates on chest radiographs con-
fi rms the diagnosis of pneumonia. Infi ltrates are generally either 
interstitial or alveolar. Although alveolar infi ltrates are more com-
monly observed during bacterial pneumonia [19], in most studies, 
the pattern of infi ltrates has not been shown to correctly differenti-
ate viral from bacterial pneumonia [20]. Chest radiographs will 
also detect the presence of pleural effusions, pneumatoceles which 
are observed during staphylococcal pneumonia, or presence of 
air–fl uid levels indicative of abscess formation.

After initial stabilization, diagnostic testing should be performed 
rapidly, avoiding delays in the administration of initial empiric 
therapy. In addition to a chest radiograph, an admitted patient 
should have a complete blood count and differential and routine 
blood chemistry testing (including glucose, serum sodium, liver 
and renal function tests, and electrolytes). All admitted patients 

should have oxygen saturation assessed by pulse oximetry and 
supplemental oxygen administered as needed. Arterial blood gas 
should be measured in any patient with severe illness to assess both 
the level oxygenation and the degree of carbon dioxide retention.

For critically ill patients with pneumonia, an aggressive approach 
to determine the causative microbial agent is warranted. Micro-
biologic confi rmation is ultimately obtained for approximately 
30%–50% of children with CAP [21]. If a pleural effusion is present, 
aspiration of pleural fl uid for Gram stain and culture prior to start-
ing antibiotics is valuable. Blood culture may reveal organisms in up 
to 30% of patients with bacterial pneumonia [22]. Sputum collection 
is usually not practical for infants and children, and bacterial organ-
isms recovered from the nasopharynx do not accurately predict the 
etiology of pneumonia. However, recovery of viruses and other atyp-
ical pathogens from the nasopharynx is more predictive. Bacterial 
organisms recovered from tracheal secretions obtained through an 
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endotracheal tube may or may not refl ect the causative agent(s) 
responsible for lower respiratory tract infection. Specimens are con-
sidered appropriate for examination if they contain ≤10 epithelial 
cells and ≥25 polymorphonuclear leukocytes under low power [23]. 
The primary purpose of tracheal aspirate samples is to visualize a 
bacterial morphology of an organism that was not anticipated so that 
appropriate drugs can be added to the initial antibiotic regimen (e.g., 
Staph. aureus or an enteric Gram-negative antibiotic). Bronchoalve-
olar lavage (BAL) has been shown to be a rapid, relatively safe, and 
relatively noninvasive diagnostic procedure to obtain lower respira-
tory tract samples for microbial identifi cation and analysis.

Other techniques that can be used to identify pathogens include 
antigen detection of bacteria and viruses using immunofl uores-
cence, polymerase chain reaction, and serology such as cold 
agglutination test for M. pneumonia. The specifi city of the cold 
agglutination test for M. pneumonia is almost absolute, although 
the sensitivity is only about 50%. Detection of Mycoplasma IgM by 
enzyme-linked immunoabsorbant assay (ELISA) is a sensitive 
technique and should be considered for children [24].

Pneumonia in the Immunocompromised Host

Definitions and Main Features

Immunocompromised patients are those whose immune mecha-
nisms are defi cient because of congenital immune defi ciency syn-
dromes, acquired immunologic disorders, or exposure to cytotoxic 
chemotherapy and steroids. In addition, recipients of solid organ 
and hematopoietic stem cell transplantation (HSCT) are frequently 
given life-long treatment with immunosuppressive agents designed 
to prevent graft rejection or graft-versus-host disease. Patients who 
develop severe neutropenia (i.e., an absolute neutrophil count ≤500 
cells/mL) or lymphopenia for prolonged periods of time are at 
greatest risk to develop a variety of infectious complications, 
including life-threatening pneumonia. The lung is the predomi-
nant site of opportunistic infection in the immunocompromised 
patient [25].

Pathogens

Immunosuppressed patients are predisposed to develop infections 
by ubiquitous microorganisms that do not normally cause disease in 
healthy people. They are also more susceptible to the usual causes of 
pneumonia, which can affect anyone. The sequence in which differ-
ent organisms appear in the immunosuppressed and post-transplant 
recipients is fairly characteristic. Nosocomial bacterial infections 
remain the most common cause of pneumonia during the early post-
transplant, neutropenic phase. Staphylococcus aureus and Gram-
negative pathogens predominate. In addition, fungal infections with 
Candida and Aspergillus species are not uncommonly seen during a 
severe neutropenic phase. The second period, from 1 to 6 months 
after solid organ transplant, is the time when opportunistic infec-
tions more commonly associated with transplantation, including 
Nocardia, P. carinii/jiroveci, and CMV are observed [26]. During the 
third period, after 6 months, patients are categorized into different 
risk groups depending on the level of function of their allograft and 
the degree of immunosuppression they have received. Those who are 
on minimal immunosuppression therapy are subject mainly to the 
same pathogens as the rest of the community. Those with allograft 
dysfunction and ongoing heavy immunosuppressive therapy remain 
subject to all of the opportunistic infections seen during the second 
period. Lung transplant recipients who develop bronchiolitis oblit-
erans and HSCT recipients who develop graft-versus-host disease 
remain especially at risk for infections [26].

Approach

Pulmonary infi ltrates in the immunocompromised host may be 
caused by a variety of organisms, and may have noninfectious 
causes. Because progression to respiratory failure may be rapid, an 
aggressive approach to diagnosis and treatment is necessary to 
limit morbidity and mortality. Initial broad-spectrum therapy is 
important, with alterations of the empiric regimen once the clinical 
situation has stabilized and more diagnostic information has been 
obtained. In the immunocompromised host, BAL procedure should 
be performed promptly to rule out infectious etiologies. Table 17.3 

TABLE 17.3. Evaluation of bronchoalveolar lavage in immunocompromised hosts.

Stains Culture Antigen determinations Cytology

KOH Bacterial Legionella Cell count and differential
  Routine aerobic Respiratory syncytial virus
  Legionella Cytomegalovirus
  Nocardia
  Mycobacterium
Gram’s Viral
  Cytomegalovirus shell vial
  Respiratory syncytial virus
  Influenza
  Parainfluenza
  Adenovirus
  Enteroviruses
Silver methenamine Fugal
 Pneumocystis carinii  Aspergillus
 Fungi  Candida
Wright Chlamydia
 Chlamydia inclusions
Hematoxylin and eosin
Oil-Red-O
 Lipid-laden macrophage 
  index
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lists suggested BAL fl uids analysis studies and cultures. Bronchoal-
veolar lavage is very helpful in the diagnosis of P. carinii/jiroveci, 
CMV, tuberculosis, and some fungal infections. However, the 
ability of BAL fl uids analysis and culture to detect invasive asper-
gillosis, one of the most lethal infectious complication after trans-
plantation, is limited [27]. The diagnostic yield for Aspergillus 
species infection has been enhanced by the recently developed 
ELISA that detects galactomannan, a fungal cell wall component 
released during invasive disease [28]. Histopathologic analysis and 
culture of open lung biopsy specimens may provide accurate deter-
mination for the cause of pulmonary infi ltrates in pediatric patients 
[29]. However, open lung biopsy is associated with a signifi cant 
surgical risk in critically ill patients. Open lung biopsy is most 
effective and least risky when performed early in the course of 
patients who develop nodular infi ltrates that require rapid differ-
entiation between fungal infections and more benign lesions [30].

Chemoprophylaxis against opportunistic infections is an im-
portant component of management of the post-transplant immu-
nosuppressed patients. Before the widespread introduction of 
chemoprophylaxis, P. carinii pneumonia (PCP) was observed to be 
a common opportunistic infection among transplant recipients. 
With the administration of low-dose trimethoprim–sulfamethoxa-
zole or an alternative prophylactic agent such as pentamidine, PCP 
can be effectively prevented [31]. Prophylaxis is also recommended 
for CMV in high-risk CMV seronegative recipients. Such prophy-
laxis includes intravenous ganciclovir for 14 days, followed by oral 
ganciclovir capsules for three months [32].

Aspiration Pneumonia

Definitions and Main Features

Aspiration pneumonia refers to the pulmonary consequences 
resulting from the abnormal entry of fl uid, formula, or endogenous 
secretions into the lower airways. There is usually compromise in 
host defenses that protect the lower airways, including glottic 
closure, cough refl ex, and other clearing mechanisms. Histories of 
seizure, anesthesia, or other episode of reduced level of conscious-
ness, neurologic disease, dysphagia, or gastroesophageal refl ux are 
all risk factors for aspiration. The risk of aspiration is especially 
high after removal of an endotracheal tube because of the residual 
effects of sedative drugs, the presence of a nasogastric tube, and 
swallowing dysfunction related to alterations of upper-airway sen-
sitivity, glottic injury, and laryngeal muscular dysfunction [33]. 
Aspiration pneumonia may be classifi ed into three clinical syn-
dromes: chemical pneumonitis, bacterial infection, and airway 
obstruction. In animal models, development of chemical pneumo-
nitis requires a 1 to 4 mL/kg inoculum of fl uid with a pH of 2.5 to 
initiate an infl ammatory reaction that may lead to pulmonary 
fi brosis [34]. Bacteria, present in the aspirated oropharyngeal and 
gastric secretions, may also lead to pneumonia. Aspiration pneu-
monia may involve particulate matter or foreign body, which, in 
addition to causing airway obstruction or refl ux airway closure, 
may synergistically contribute to acid-induced lung injury [34].

Pathogens

True aspiration pneumonia, by convention, usually refers to an 
infection caused by less virulent bacteria, primarily anaero-
bes, which are common constituents of the normal fl ora in a sus-
ceptible host prone to aspiration. Pneumonia is commonly caused 
by oropharyngeal fl ora, including anaerobic Gram-negative 

bacilli (Bacteroides fragilis, Fusobacterium nucleatum, Peptostrep-
tococcus, and Prevotella) and anaerobic Gram-positive bacilli 
(Clostridium, Eubacterium, Actinomyces, Lactobacillus, and 
Propionibacterium).

Approach

Aspiration usually occurs when the patient is supine during or 
immediately after feeding. In the supine position the right upper 
lobe is the most dependent part of the lung and is most frequently 
affected. Commonly, impaired airway protective responses are 
observed. The presence of tracheoesophageal malformations 
should be investigated if recurrent aspiration is noted in an other-
wise healthy infant.

The clinical presentation and course of chemical pneumonitis 
after inhalation of gastric contents ranges from mild and self-
limited to severe and life threatening, depending on the nature of 
the aspirate and the underlying condition of the host. In the absence 
of witnessed inhalation of vomit, diagnosis is diffi cult and requires 
a high index of suspicion in a patient who has risk factors for aspi-
ration. In the absence of an obvious predisposition, the abrupt 
onset of a self-limited illness characterized by dyspnea, cyanosis, 
and low-grade fever associated with diffuse rales, hypoxemia, and 
alveolar infi ltrates in dependent lobes should suggest aspiration 
[35]. If BAL is performed, assessment of lipid-laden macrophage 
index using Oil-Red-O stain is helpful in confi rming the diagnosis 
[36]. The presence of foul-smelling putrid discharge in sputum or 
pleural fl uid is regarded as diagnostic of anaerobic infection. 
Patients often have prolonged fever and productive cough, fre-
quently showing blood in the sputum, which indicates necrosis 
(tissue death) in the lung. If aspiration is persistent, fi brosis and 
bronchiectasis may result.

A number of interventions (e.g., positioning, dietary changes, 
drugs, oral hygiene, tube feeding) have been proposed to prevent 
aspiration Patients with an observed aspiration should have imme-
diate tracheal suction or bronchoscopy to clear fl uids and particu-
late matter that may cause obstruction. The use of corticosteroids 
in the treatment of chemical pneumonitis is controversial [37], and 
antibiotics should not be used early in the course unless a super-
imposed bacterial infection is suspected.

Nosocomial and Ventilator-Associated Pneumonia

Definitions and Main Features

The National Nosocomial Infection Surveillance (NNIS) program 
sponsored by the CDC defi nes VAP as pneumonia in patients who 
have been on mechanical ventilation for >48 hr and have developed 
new and persistent radiographic evidence of focal infi ltrates. In 
addition, patients had to have two of the following: temperature 
>38′C, leukocytosis (white blood cell >12,000/mm3), and purulent 
sputum (>25 white blood cells/high-powered fi eld on tracheal aspi-
rate Gram stain). After blood stream infections, VAP is the second 
most common cause of nosocomial infections in PICUs. The mean 
VAP rate in children ranges from 6 to 12/1,000 ventilator days, 
accounting for 20%–50% of hospital-acquired infections [38,39]. 
Infections acquired in the PICU are associated with a signifi cantly 
increased risk of death [40].

Pathogens

Nosocomial pneumonia and VAP are typically categorized as 
either early onset (occurring in the fi rst 3–4 days of mechanical 
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ventilation) or late onset. This distinction is important micro-
biologically. Early-onset nosocomial pneumonia and VAP are 
commonly caused by antibiotic-sensitive, community-acquired 
organisms (e.g., Strep. pneumoniae, and Staph. aureus). Late-onset 
nosocomial pneumonia and VAP are commonly caused by 
anti-biotic-resistant nosocomial organisms (e.g., P. aeruginosa, 
methicillin-resistant Staph. aureus, Acinetobacter species, and 
Enterobacter species). During the winter respiratory viral season, 
all patients in a medical care environment are at risk for disease due 
to respiratory syncytial virus, parainfl uenza, and infl uenza viruses. 
Legionnaire’s disease is a multisystem illness with pneumonia 
caused by Legionella species usually present in contaminated water. 
Legionnaire’s disease is less common in children than adults.

Approach

Compared with postmortem lung biopsies and culture results, the 
use of clinical criteria to diagnose VAP (lung infi ltrates, leukocy-
tosis, purulent secretions, fever) had a sensitivity of 69% and a 
specifi city of 75% [41]. Clearly, a number of noninfectious causes 
of fever and pulmonary infi ltrates can also occur in these patients, 
making the above clinical criteria nonspecifi c for the diagnosis of 
VAP. Lung infi ltrates may be caused by pulmonary hemorrhage, 
chemical aspiration, or atelectasis. Fever may be caused by a drug 
reaction, extrapulmonary infection, or blood transfusion. Autopsy 
results in a series of patients with acute lung injury demonstrated 
that clinical criteria alone led to an incorrect diagnosis of VAP in 
29% of clinically suspected cases [42]. These limitations have 
encouraged the use of invasive approaches to sample and culture 
material from the lower respiratory tract for accurate diagnosis 
of VAP.

Ventilator-associated pneumonia is most accurately diagnosed 
by quantitative culture and microscopic examination of lower 
respiratory tract secretions, which are best obtained by bronchos-
copy and BAL [43]. Cultures of tracheal aspirates are not very 
useful in establishing the cause of VAP [44]. Although such cultures 
are highly sensitive, their specifi city is low even when they are cul-
tured quantitatively [45]. Combining clinical and bacteriologic 
evaluation is probably the best way to achieve the objectives of cor-
rectly diagnosing VAP and appropriately using antimicrobial 
agents. The main aims of this diagnostic approach are to rapidly 
identify patients with true lung bacterial infection, to select appro-
priate initial antimicrobial therapy, to adjust therapy based on 
antibiotic sensitivities, and to withhold antibiotics from patients 
without VAP. Guidelines for the prevention of VAP in children are 
lacking, but data extrapolated from adult studies support routine 
elevation of head of bed 30°, appropriate use of sedatives and muscle 
relaxants, and adequate oral and circuit hygiene [46].

Empyema

Definitions and Main Features

Empyema is the presence of purulent material containing polymor-
phonuclear leukocytes and fi brin in the pleural cavity. Empyema is 
usually a complication of inadequately treated bacterial CAP, 
although it may occur after trauma, thoracic surgery, or intratho-
racic esophageal perforation. Although parapneumonic pleural 
effusions are noted in up to 34&–40% of children with pneumonia, 
empyema is rare, present in 1%–2% of cases [47]. The formation of 
an empyema can be divided into three stages: exudative, fi brino-
purulent, and organizing. During the exudative stage, pus accumu-

lates. This is followed by fi brin deposition and loculation of pleural 
fl uid known as the fi brinopurulent stage. The organizing stage is 
characterized by fi broblast proliferation; at this time there is the 
potential for lung entrapment by scarring [48].

Typically, the pleural fl uid in empyema is exudative, caused by 
protein leakage from the capillaries because of increased permea-
bility and increased hydrostatic pressure during the infl ammatory 
process. Although the distinction between transudates and exu-
dates is sometimes diffi cult to make, several features favor an exu-
dative process. If at least one of the following three criteria is 
present, the fl uid is virtually always an exudate: (1) pleural fl uid 
protein >2.9 g/dL or protein/serum protein ratio greater than 0.5; 
(2) pleural fl uid lactate dehydrogenase (LDH)/serum LDH ratio 
greater than 0.6; and/or (3) pleural fl uid LDH greater than two 
thirds the serum LDH [49,50].

Pathogens

The most common organisms that cause empyema in children are 
Strep. pneumoniae, Staph. aureus, and group A streptococci. Hae-
mophilus infl uenzae is rarely encountered since the advent of the 
H. infl uenzae B vaccine. Mycoplasma pneumoniae and viruses can 
rarely result in exudative pleural effusions. In a series of 72 pedi-
atric patients with empyema, 24% were secondary to anaerobic 
infection [51]. These data highlight the importance of anaerobic 

bacteria in selected cases of empyema in children and adolescents. 
In addition, tuberculosis should always be considered in the dif-
ferential diagnosis, and a purifi ed protein derivative test should be 
performed.

Approach

The differential diagnosis of patients with pleural effusions is 
shown in Table 17.4. The presence of fever associated with clinical 
signs of bacterial pneumonia is a clue to an underlying pneumonia 
as the cause of the effusion. A lateral decubitus radiograph, ultra-
sonography, or computed tomography may differentiate whether 
the fl uid is loculated. A sample of the fl uid should be obtained by 
thoracentesis in order to determine if the effusion is a transudate 
versus exudate. Pleural cultures are positive in approximately one 
half of pediatric patients with empyema. Blood culture and urine 
latex agglutination may help to identify a bacterial pathogen. A 
pneumatocele or pneumothorax seen on chest fi lm suggests Staph. 
aureus as the cause of the empyema.

Until a specifi c organism is identifi ed, empiric antibiotic therapy 
should be instituted. This might include a third-generation cepha-
losporin and antistaphylococcal β-lactamase–resistant penicillin. 
Antibiotics can be adjusted once an organism is identifi ed. Anti-
biotic therapy should be intravenous until the patient becomes 
afebrile and then should be continued orally for an additional 
2–3 weeks.

TABLE 17.4. Causes of pleural effusion.

Transudate Exudate

Parapneumonic effusions Empyema
Congestive heart failure Neoplasms
Nephrotic syndrome Connective tissue disorder
Cirrhosis Pancreatitis
Ascites Esophageal perforation
Hypothyroidism Chylothorax
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There is major debate as to the proper adjuvant treatment of 
children with empyema. Prospective, randomized and controlled 
studies of children with empyema are lacking. With the exception 
of starting appropriate or empiric antibiotics, there is no consensus 
on when and in whom to place a chest tube, instill fi brinolytic 
agents, or take to the operating room [52]. In 1992, Light suggested 
that chest tubes should be inserted if the pleural fl uid is gross pus, 
if the Gram stain of the pleural fl uid is positive, if the pleural fl uid 
glucose level is below 40 mg/dL, or if the pleural fl uid pH level is 
less than 7.00 [53]. If drainage with a chest tube is unsatisfactory, 
either urokinase or tissue plasminogen activator (tPA) should be 
injected intrapleurally [54,55]. If drainage is still unsatisfactory, a 
decortication should be considered [56]. A stage-related approach 
to the management of empyema is perhaps most effi cacious and 
cost-effective [57]. In the exudative stage, conservative treatment 
using tube drainage may suffi ce. Fibrinolytic treatment may be 
useful during the fi brinopurulent stage. In contrast, aggressive 
treatment using surgical decortication may be necessary during the 
organizing stage.

With the advent of video-assisted thoracoscopy (VATS), these 
traditional approaches to management of empyema in children are 
being challenged. Video-assisted techniques offer distinct advan-
tages in the accurate staging of the disease process, effectiveness of 
management of organizing pleural disease, and post-operative 
patient comfort [58]. In a retrospective study, the performance of 
early VATS (<48 hr after admission) in children with empyema was 
associated with signifi cantly decreased length of hospital stay com-
pared with performance of late VATS (>48 hr after admission) 
[59].

Children treated for empyema generally recover and have no 
residual sequelae. Radiographs at the time of discharge usually 
show pleural thickening that later resolves. Follow-up pulmonary 
function tests and physical examination are also usually normal or 
consistent with mild restrictive disease [60].

General Treatment Principles

Antimicrobial Therapy

Most epidemiologic investigations have clearly demonstrated that 
the indiscriminate administration of antibiotic agents to patients 
in the PICU has contributed to the emergence of multiresistant 
pathogens with potentially increased morbidity and mortality. The 
prevalence of penicillin-resistant strains of Strep. pneumoniae, 
methicillin-resistant Staph. aureus, vancomycin-resistant Entero-
coccus, and Gram-negative bacteria producing extended-spectrum 
β-lactamase is increasing. Despite these concerns, it is clear that 
patient survival may improve if pneumonia is correctly and rapidly 
treated. In adults, inappropriate initial antibiotic therapy is strongly 
associated with fatality [61]. Therefore, it may be concluded that 
empiric antibiotics for the treatment of severe pneumonia are 
indicated.

The choice of antibiotics is based on several factors, including 
the age of the patient, the type of pneumonia, and the local resistant 
patterns of predominant bacterial pathogens. Suggested choices for 
initial empiric antibiotic coverage for pneumonia in the PICU are 
listed in Table 17.5. Aspiration pneumonia occurring in the com-
munity can be treated with ampicillin-sulbactam. Empiric treat-
ment for pneumonia in immunocompromised hosts requires 
broad-spectrum Gram-positive and Gram-negative coverage. 

Immunocompromised patients are especially susceptible to a 
variety of life-threatening opportunistic viral and fungal pneumo-
nias that require prompt diagnosis and aggressive treatment. For 
example, trimethoprim-sulfamethoxazole or pentamidine should 
be given for P. carinii/jiroveci, amphotericin B or caspofungin for 
Candida and Aspergillus species, acyclovir for herpes, amantadine 
for infl uenza, ganciclovir or foscarnet for CMV, and ribavirin for 
severe respiratory syncytial virus. Empiric regimens may need to 
be modifi ed once results of cultures and antibiotic susceptibility 
testing are available.

Antiinflammatory Approach

The infl ammatory response to infection is necessary for host 
defense but can contribute to the systemic toxicity and lung 
injury that may result from pneumonia. In some settings, adjunc-
tive treatment of lower respiratory infections with antiinfl am-
matory agents can reduce morbidity. Corticosteroids have a 
well-documented role in the management of P. carinii/jiroveci 
pneumonia. In a multicenter trial, infusion of hydrocortisone sig-
nifi cantly decreased length of hospital stay and prevented mortal-
ity in adult patients with CAP [62]. Corticosteroids also may be 
effective under some circumstances in the treatment of infl amma-
tory sequelae of respiratory tract infection, such as tuberculous 
pleurisy and bronchiolitis obliterans organizing pneumonia 
(BOOP). Strategies targeting specifi c cytokines have not been effec-
tive to date but remain active areas of investigation. Enhanced 
understanding of the interactions of pathogen components with 
TLRs may be helpful one day in controlling and containing infec-
tious diseases.

Vaccines

Immunization has reduced the incidence of several serious child-
hood diseases. Immunization against infl uenza and increasingly 
resistant pneumococci can play a critical role in the prevention of 
pneumonia, particularly in immunocompromised patients.

TABLE 17.5. Common bacterial causes and empiric antibiotic therapy for pneumonia in the 
pediatric intensive care unit.

 Community-acquired 
 pneumonia Ventilator-associated pneumonia

Usual pathogens Infant Gram positive
  Streptococcus  Staphylococcus aureus
   pneumoniae  Methicillin-resistant Staphylococcus 
    aureus (MRSA)
  Staphylococcus aureus Gram negative
   Klebsiella pneumoniae
 Child and adolescent  Pseudomonas aeruginosa
  Streptococcus  Escherichia coli
   pneumoniae  Serratia marcescens
  Mycoplasma,  Acinotobacter sp.
 Chlamydia  Stenotrophomonas maltophilia
Recommended Infant: Ticarcillin-clavulanate or Piperacillin-
 initial  Cefuroxime+   tazobactam + aminoglycoside
 treatment   cloxacillin Alternatives
 Child and adolescent  Vancomycin (if MRSA present)
  Cefuroxime +  Ceftazidime+ aminoglycoside (if 
   erythromycin   suspect Pseudomonas)
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donor had experienced severe and substantial myocardial infarc-
tion, and consent for an autopsy, not an organ explantation, was 
procured. Renal failure was the proximate cause of death 18 days 
following transplantation [1]. In 1966, the fi rst lobar lung 
transplantation was performed by Shinoi and colleagues at the 
Tokyo Medical College. The transplanted lobe remained in 
place for 18 days, providing essential pulmonary support during a 
period of time when the patient may have otherwise died from 
hypoxemia [7].

Throughout the 1970s, the promise of lung transplantation went 
unrealized, largely as a result of insuffi cient integrity of the 
bronchial anastomoses. Two separate but related changes in the 
approach to lung transplantation fundamentally altered the course 
of pediatric lung transplantation. First, the advent of a corticoste-
roid-sparing approach to perioperative immune suppression in 
lung transplantation dramatically decreased the incidence of 
dehiscence of the bronchial anastomoses [8,9]. The introduction 
of cyclosporine obviated the need for high-dose corticosteroid 
therapy. To further mitigate the potential of breakdown of the 
bronchial anastomoses, an innovative group of surgeons demon-
strated that wrapping the omentum around the bronchial anasto-
moses led to the development of viable arterial circulation to the 
bronchus within 4 days after transplantation [9,10]. In recent years, 
pericardial tissue has been used with similar effi cacy [11].

The refi nement in surgical techniques and improved under-
standing of the immunobiology of graft–host interactions allowed 
for increased application of lung transplantation to the pediatric 
population. In recent years, approximately 60 children have under-
gone lung transplantation annually. Given that there are roughly 
25 medical centers that perform pediatric lung transplantation, 
each center is performing an average of two to three procedures 
each year. Two-thirds of the children undergoing lung transplanta-
tion are between 11 and 17 years of age (Figure 18.1) [4–6].

In general, the most frequent indication for lung transplantation 
is cystic fi brosis (CF) (Table 18.1). One third of all children less than 
10 years of age have undergone lung transplantation as a result of 
CF, but the number increases to almost 70% for children between 
ages 11 and 17 years [4]. However, improvement in the care of chil-
dren with CF has decreased the need for lung transplantation in 
children. For children less than 1 year of age, congenital heart 
disease remains the leading indication for pediatric lung trans-
plantation, followed by primary pulmonary hypertension and 
pulmonary vascular disease. Additional indications in the infant 
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Introduction

Since the initial report of lung transplantation in a human being in 
1963 [1], incremental advances in surgical technique, immunology, 
organ procurement, and preservation have enabled lung transplan-
tation to become increasingly accepted and employed as a viable 
therapeutic option to address end-stage lung disease in infants and 
children [2–5]. Throughout the world, more than 17,500 lung and 
heart–lung transplantations have been performed in adults [6], but 
only 1,200 lung and heart–lung transplantations have been per-
formed in children [4]. The disparity between children and adults 
derives from the smaller number of children relative to adults in 
the general population as well as from the natural history of lung 
disease in children to improve with growth. Nonetheless, increas-
ing success in the area of pediatric lung transplantation has 
prompted medical centers throughout the world to create and 
maintain programs in lung transplantation. At present there are 
approximately 25 medical centers in the United States that perform 
lung transplantation in any given year [4,5]. Consequently, many 
pediatric intensivists with relatively little prior clinical experience 
managing children after lung transplantation may be responsible 
for the care and management of children with newly transplanted 
lungs. The objective of this chapter is to outline and review the 
immediate postoperative care and acute clinical problems of chil-
dren who have undergone lung transplantation.

Historical Perspective

The fi rst lung transplantation, reported in 1963, although ethically 
compromised, was technically successful. The 58-year-old con-
victed felon recipient had metastatic bronchial carcinoma. The 
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population include alveolar proteinosis, surfactant protein B defi -
ciency, and interstitial pneumonias [4,5,12].

Despite recent improvements in clinical outcome, morbidity and 
mortality rates for patients undergoing lung transplantation remain 
high. Interestingly, when mortality rates from three different eras 
in pediatric lung transplantation are compared, there is no differ-
ence in mortality rate [4]. Fifty percent survival is 3.7 years for 
pediatric lung transplant recipients. However, when patients who 
died within the fi rst year after transplant are removed from the 
analysis, 50% survival increases to 6.7 years (Figure 18.2) [13]. 
Survival is compromised by the development of bronchiolitis oblit-
erans [14], which is associated with both acute and chronic rejec-
tion [13]. Within 5 years of the transplantation, less than 50% of 
transplant recipients are free from bronchiolitis obliterans (Figure 
18.3). Hence, signifi cant emphasis has been given to the identifi ca-
tion of clinical tools to minimize both acute and chronic graft 
dysfunction is particularly important.

Surgical Approach

Currently, bilateral sequential lung transplant is the most fre-
quently performed lung transplant procedure in children. The 
sequential procedure allows for each lung to be implanted sepa-

rately and calls for a transthoracic approach via a clamshell inci-
sion. The main stem bronchi and left and right pulmonary arteries 
are connected via end-to-end anastomoses. Two pulmonary veins 
with intact atrial connections are harvested from each donor lung. 
Each left atrial patch is sewn onto the recipient heart. Among the 
advantages of the bilateral sequential lung transplantation is the 
ability to minimize cardiopulmonary bypass (CPB) time, thereby 
reducing CPB-related complications. The more optimal visualiza-
tion of the pleural cavities afforded by the clamshell incision is of 
particular benefi t for patients with pleural adhesions as a result of 
chronic infl ammation as occurs in CF. Furthermore, the approach 
allows for another recipient to receive the heart, thereby benefi ting 
at least two recipients from a single donor [2,3,15,16].

Although combined heart–lung transplantation had been a 
favored surgical approach, improved surgical techniques as well as 
the profound scarcity of donor organs have led to a dramatic 
decrease in the frequency of heart–lung transplantation. Through-
out the 1990s, the number of patients undergoing heart–lung trans-
plantation has steadily declined, with only 15 patients undergoing 
the procedure in 1999 [5]. Moreover, the recognition that right-
sided heart failure associated with pulmonary hypertension 
resolves following lung transplantation has obviated the need for 
heart transplantation to address pulmonary hypertension [17,18]. 
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TABLE 18.1. Leading indications for pediatric lung transplantations performed between 
January 1991 and June 2004.

Diagnosis Age < 1 year Age 1–10 year

Cystic fibrosis  72 (36.5%)
Primary pulmonary hypertension  7 (13.7%) 26 (13.2%)
Congenital heart disease 24 (47.1%) 21 (10.7%)
Idiopathic pulmonary fibrosis  12 (6.1%)
Pulmonary vascular disease  7 (13.7%)  6 (3.0%)
Re-transplant: non-obliterative bronchiolitis  3 (5.9%)  8 (4.1%)
Re-transplant: obliterative bronchiolitis  11 (5.6%)
Interstitial pneumonitis  3 (5.9%)  7 (3.6%)
Obliterative bronchiolitis (not re-transplant)   9 (4.6%)
Bronchiectasis   2 (1.0%)
Other  7 (13.7%) 23 (11.7%)

Source: Boucek et al. [4].
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In addition, the emergence of several medical therapies for 
pulmonary hypertension has led to a decrease in the number of 
patients undergoing lung transplantation to address pulmonary 
hypertension [19].

Single-lung transplantation is infrequently applied to the pedi-
atric population [5]. Recent data indicate that the survival of 
patients undergoing single-lung transplantation is decreased com-
pared with patients who undergo bilateral single-lung transplanta-
tion [4]. Moreover, given that the plurality of pediatric lung 
transplants are undertaken to address CF, single-lung transplanta-
tion would leave an immunosuppressed host with a signifi cant bac-
terial burden in the native lung. Thus, both the transplanted lung 
and the patient would be at signifi cant risk of infectious disease. 
Because the potential for growth of transplanted lung tissue 
remains unknown, providing a child with the greatest possible 
surface area for gas exchange might mitigate against the potential 
that no growth of the transplanted lungs occurs following 
transplantation.

Owing largely to the scarcity of donor organs, as refl ected in the 
number of children dying while waiting for transplantation (Figure 
18.4), living related donor transplantation has developed as a viable 
strategy for transplantation [20,21]. Since the advent of the 
technique, 240 people have received living related lobar lung trans-
plantation (Transplantation Registry). Nationally, 38% of the re-
cipients are children. Although the majority of the experience is in 
California (58%), there are only seven centers in the United States 
performing the procedure at present. In living related lobar lung 
transplantation, two separate donors undergo lower lobectomy. 
The lobes are implanted, becoming the right and left lungs of the 
recipient. It is essential that the size of the recipient be well matched 
to the donor lobes. An optimal size of the recipient is critical as 
lobes from an adult are generally too large for children younger 
than 7 years. Conversely, it is diffi cult to procure suffi cient lung 
tissue from only two single lobes to satisfy the metabolic and ven-
tilatory requirements of adolescents signifi cantly taller than 65 
inches [20,21]. Although the outcomes have been highly favorable, 
generally comparable with the outcomes in cadaveric transplanta-
tion, the very real risk that donors experience superimposed on the 
technical challenges associated with the procedure have prevented 
the procedure from being more widely adopted [22].

Pediatric Intensive Care Management

Immediate postoperative care is focused on careful respiratory and 
hemodynamic management. Pulmonary care in the perioperative 
period emphasizes reestablishment of functional residual capacity 
in the transplanted lung. Aggressive tracheobronchial toilet, chest 
physiotherapy, and even fl exible bronchoscopy may play important 
roles in mobilizing secretions and ensuring patency of the airways 
and the integrity of the surgical anastomoses. Mechanical ventila-
tion is generally necessary for less than 48 hr but may be prolonged 
in the event of graft dysfunction. To minimize oxygen-radical–
related injury to the lungs, the fraction of inspired oxygen is rapidly 
decreased to <0.60 while maintaining systemic arterial saturation 
at 94% or greater. In determining a ventilator strategy, tidal volumes 
should be limited to <8 mL/kg and the plateau inspiratory pressure 
<30 cm H2O [23]. The use of suffi cient positive end-expiratory 
pressure to fully recruit and maintain the functional residual 
capacity of the newly transplanted lungs is of critical importance. 
Inhalational nitric oxide has been shown to improve oxygenation 
in the presence of acute graft dysfunction, likely as a result of 
enhanced ventilation and perfusion matching. Recent data suggest 
that perioperative use of inhaled nitric oxide may decrease the 
incidence of acute rejection in the initial 28 days after transplanta-
tion, implying that inhalational nitric oxide may have an immune 
modulatory role [24].

Hemodynamic status must be closely monitored. Vascular per-
meability and myocardial function may be adversely affected by 
cardiopulmonary bypass, necessitating inotropic support in the 
perioperative period. Hemodynamic instability may be exacer-
bated by diminished intravascular volume, even in the presence of 
an increase in total body water as low serum oncotic pressure may 
be present owing to the compromised nutritional status of the 
recipients before transplantation. Central venous pressure moni-
toring is benefi cial in order to optimize cardiac output. In manag-
ing patients postoperatively, early recognition of compromised 
renal function is essential, as the prescription of all medications 
excreted and metabolized by the kidneys will need to be promptly 
altered.

Recipients may experience early and severe graft dysfunction. 
Early graft dysfunction may result from injury to the donor organ 
because of prolonged ischemic time, exaggerated reperfusion injury, 
or lung injury that occurred before organ harvest. The incidence of 
early graft dysfunction is estimated to be between 10% and 35%. 
The clinical presentation of early graft dysfunction is entirely con-
sistent with noncardiogenic pulmonary edema or acute respiratory 
distress syndrome as manifested by elevated alveolar-arteriolar 
gradient, compromised pulmonary parenchymal compliance, ven-
tilation and perfusion inequality, and subsequent hypoxemia 
caused by intrapulmonary shunting and/or impaired diffusion. 
Biopsy of the transplanted organ is likely to reveal diffuse alveolar 
damage. Experience at several transplant centers suggests that most 
grafts will recover if the recipient can be supported for a suffi cient 
period of time. Treatment entails optimal ventilator management as 
well as diuretic support in an effort to minimize total body water. 
Hence, in the face of severe graft dysfunction, extracorporeal mem-
brane oxygenation has been employed as a therapeutic modality 
[25]. Recent data indicate that inclusion of nitric oxide donors in the 
preservation solution or exposure to inhaled nitric oxide before 
organ harvest may decrease the incidence of acute graft dysfunction 
[26,27]. In addition, recent data demonstrate that low-potassium–
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containing dextran preservative solutions mitigate against the 
development of severe reperfusion injury [28].

The postoperative course is not infrequently complicated by 
technical problems associated with the surgery. At many centers 
the patency of the airway anastomoses is routinely assessed within 
24 hr of return to the pediatric intensive care unit with fl exible 
bronchoscopy. Whereas the vascular anastomoses are more diffi -
cult to assess, arterial anastomoses are generally amenable to 
inspection with nuclear medicine studies. To assess the venous 
anastomoses, transesophageal echocardiography may be neces-
sary. Despite the need to attend to these issues, postoperative bleed-
ing remains the most frequent cause for reoperation [16].

Vocal cord paresis and diaphragmatic paresis can be potential 
complications of virtually any major thoracic surgery. However, the 
clinical symptoms entailed by these issues are generally not appar-
ent until after extubation. Although it is unusual for these injuries 
to occur concomitantly, both derive from injuries to the nerve at 
the time of surgery. Vocal cord paralysis or paresis results from 
recurrent injury to the laryngeal nerve, and phrenic nerve injury 
leads to diaphragmatic paralysis or paresis [29]. The likelihood of 
phrenic nerve injury seems to be increased in patients who have 
had prior thoracic surgery, although most of these injuries resolve 
within several weeks of surgery [30]. In the event that hemidia-
phragmatic function is severely compromised, as evidenced by 
paradoxical movement with inspiration and atelectasis shortly 
after extubation, serious consideration should be given to early 
diaphragmatic plication as the risk of infection in the affected lung 
is quite high [31]. Vocal cord paresis or paralysis is diffi cult to 
assess in the periextubation period as it may take several days for 
vocal cord function to be fully replete following removal of a 
tracheal tube even in the absence of true injury to the vocal cords 
or recurrent laryngeal nerve injury. Thus, defi nitive treatment 
decisions should be deferred until vocal function evaluation can be 
performed at least 72 hr after extubation [29].

Immunobiology

Acute cellular rejection of the transplanted lungs occurs in almost 
two thirds of children who undergo lung transplantation. The clini-
cal manifestations of rejection include fever, dyspnea, and hypoxia. 
Chest radiograph fi ndings are relatively nonspecifi c but include 
perihilar infi ltrates and effusions. Pulmonary function testing 
indicates increasing air fl ow obstruction. The distinction between 
infection and rejection generally requires bronchoscopic evalua-
tion wherein bronchoalveolar lavage and transbronchial biopsies 
are performed. Transbronchial biopsies are obtained from only a 
single lung as the risk of pneumothorax is not insubstantial. Ade-
quate evaluation for the potential of rejection mandates the pro-
curement of approximately 12 specimens from at least two lobes of 
an ipsilateral lung [32]. Histologic evaluation of the specimens 
leads to the assignment of a grade, with A0 indicating an absence 
of rejection. Grade A4 indicates severe rejection [33]. Perivascular 
lymphocytic infi ltration is the histologic hallmark of rejection, but, 
with more severe rejection, the airways demonstrate signifi cant 
infl ammatory infi ltration. The clear relationship between acute 
rejection episodes and the development of bronchiolitis obliterans 
mandates treatment for such occurrences even in the absence of 
overt signs and symptoms of rejection [34].

Induction in the perioperative period with either a cytolytic 
agent or an interleuken-2 receptor antagonist has been shown to 

diminish the likelihood of rejection episodes [35]. Acute rejection 
generally mandates treatment with high-dose intravenous cortico-
steroid treatment. The response to therapy is rapid, with evidence 
of clinical improvement within days. Standard dosing is intrave-
nous methylprednisolone at a dose of 10–15 mg/kg for 3–5 days. 
The dose is rapidly tapered over a 3-week time period. Subjective 
improvement occurs with diminished dyspnea. Objective evidence 
of improvement includes improved oxygenation, increases in pul-
monary function, and resolution of infi ltrates on chest radiograph. 
Should rejection persist despite steroid therapy, treatment is under-
taken with monoclonal antibodies. The incidence of acute rejection 
is greatest in the fi rst 6 months following transplantation and 
diminishes progressively over time.

Infectious Diseases

The lungs are in continuous contact with the environment and are 
therefore readily accessible as a portal of entry for infectious patho-
gens. Normally, mobilization of secretions, the mucociliary clear-
ance, cough, and both cellular and molecular defense mechanisms 
prevent invasive infection. However, the compromised immune 
function superimposed on the diffi culties in mobilizing secretions 
in the perioperative lung transplant recipient predisposes to infec-
tion. The pharmacologically induced compromise in immune 
function renders any infection life threatening. Thus, the index 
of suspicion for infection must be high and the threshold for initiat-
ing broad-spectrum antibiotic therapy low. The similarities in the 
signs and symptoms for both rejection and infection mandate 
liberal use of bronchoscopy to distinguish between these two alter-
natives [36]. Even in the absence of transbronchial biopsies, bron-
choalveolar lavage can be helpful to preclude infection [37].

As opportunistic infections in the lung transplant population are 
particularly problematic, prophylactic treatment with antiviral and 
anti-Pneumocystis carinii therapeutic agents has become a stan-
dard component of infection. Prophylactic treatment with ganci-
clovir has been adopted by some transplant centers [38]. However, 
whether such strategies diminish the incidence of bronchiolitis 
obliterans or result in antiviral resistant infections is not known. 
With the advent of gene-based diagnostic modalities, and the cor-
responding enhancement in diagnostic sensitivity, treatment has 
become more focused. Despite effective antiviral therapy, cyto-
megalovirus infection remains a source of both morbidity and 
mortality. Cytomegalovirus infection is associated with an in-
creased incidence of both acute and chronic rejection.

Aspergillosis is a particularly problematic infectious pathogen 
in the pediatric lung transplant population [39]. A signifi cant 
number of children with cystic fi brosis, the majority of all children 
undergoing lung transplantation, are colonized with aspergillosis. 
Many of the children with cystic fi brosis and aspergillosis have 
allergic bronchopulmonary aspergillosis (ABPA). In the patients 
with CF, ABPA is treated with steroids because, if left unchecked, 
it leads to central saccular bronchiectasis and air fl ow obstruction. 
However, in the presence of immune compromise, aspergillosis can 
become invasive, resulting in disseminated infection that can man-
ifest in the lungs, brain, or other solid organs [40]. Thus, consider-
ation should be given to treating children colonized with Aspergillus 
with antifungal therapy before transplantation [41] in order to 
diminish the infectious burden and thereby mitigate the likelihood 
of disseminated infection in the perioperative period when immune 
suppression is most vigorous [42].
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Neurologic Compromise

Following lung transplantation, patients generally return to the 
pediatric intensive care unit intubated and mechanically venti-
lated. While mechanical ventilation is ongoing, high-dose opiates 
are used for analgesia and benzodiazepines for amnestic properties 
in the perioperative period. As drug metabolism is often altered in 
the perioperative period because of compromised renal function 
and low total body protein levels, the effects of these agents on the 
central nervous system may be exaggerated. The assessment of 
neurologic status may therefore be more complicated. In addition, 
the agents most responsible for modulating immune function, the 
calcineurin phosphatase inhibitors FK 506 and cyclosporine, cause 
cerebral vasoconstriction and may possess idiosyncratic effects on 
the central nervous system that include tremors, seizures, an 
altered level of consciousness, and even obtundation [43]. Magnetic 
resonance imaging studies demonstrate characteristic fi ndings. 
Interestingly, although the neurologic toxicity is attributed to the 
calcineurin phosphatase inhibitors, no linear relationship between 
the serum levels of the agents and neurologic toxicity has been 
demonstrated [44]. Nonetheless, the presence of neurologic toxicity 
mandates a change from one agent to the other. There is no 
consensus on the need to treat with anticonvulsant therapy. The 
determination to do so is contingent on the overall clinical 
presentation.

Post-Transplant Lymphoproliferative Disease

Post-transplant lymphoproliferative disease (PTLD) is a serious, 
sometimes fatal complication that occurs following lung transplan-
tation. Primary Epstein-Barr virus (EBV) infection represents a 
major risk factor for the development of PTLD following lung 
transplantation, as seroconversion signifi cantly increases the 
risk for PTLD [45]. Recent data support the use of prophylactic 
antiviral therapy in seronegative patients. Given that children are 
likely to be seronegative at the time of transplantation, timely ini-
tiation of prophylactic antiviral therapy may be of great benefi t 
[46]. Clinically, PTLD may present as lymphadenopathy, fever, 
malaise, or as mass lesions. Diagnosis can be directed with 
quantitative polymerase chain reactions, EBV titers, and biopsy of 
lymph nodes or affected tissues. Treatment includes a reduction 
in immune suppression and the initiation of monoclonal antibod-
ies designed to specifi cally target CD20 surface markers on B cells 
[47]. Patients treated with diminished immune suppression in 
concert with anti-CD20 antibodies have achieved remission in a 
relatively short time frame, thereby mitigating the risk to the graft 
and minimizing the infectious risks necessarily entailed by 
chemotherapy.

Drug Interactions

In the perioperative period, most pediatric lung transplant recipi-
ents are being treated with multiple medications. In initiating or 
discontinuing therapy, careful consideration must be undertaken 
to ensure that unintended consequences do not accrue. This is 
especially true in the context of medications that are metabolized 
via the cytochrome P450 pathway in the liver. Macrolide anti-
biotics, oral antifungal agents, and antiepileptic agents will have 

signifi cant effects on the metabolism of both tacrolimus and cyclo-
sporine [48]. Moreover, standard measures of renal function may 
provide unjustifi ed reassurance as glomerular fi ltration rate may 
be signifi cantly diminished despite relatively normal serum levels 
of blood urea nitrogen and creatinine [49]. Given that 
children undergoing lung transplantation have been chronically 
ill for many years before the transplantation, the presence of 
compromised renal function is not surprising. Accordingly, treat-
ment with nephrotoxic agents must be undertaken with careful 
consideration.

Conclusion

Lung transplantation is an increasingly well-accepted treatment for 
children with end-stage lung disease resulting from many causes. 
Improved surgical technique has brought transplantation to a 
broader set of patients. The advent of living related lung transplant 
programs holds the promise that lung transplantation will be more 
readily available in the future than has been the case in the past. 
Nonetheless, long-term survival rates remain signifi cantly lower 
than for transplantation of other solid organs. In order for lung 
transplantation to realize its full promise, better understanding of 
and treatment for chronic rejection and bronchiolitis obliterans 
must be realized. Notwithstanding such limitations, lung trans-
plantation has demonstrated progressively improved outcomes. 
With ongoing and incremental improvements in care, lung trans-
plantation is likely to become more frequent and available at more 
centers in the future than has been the case in the past. As such, 
providers of pediatric critical care will need to be even more famil-
iar with the nuances of care surrounding the child undergoing lung 
transplantation than has been the case in the past.
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tion to airway clearance will aid in the prevention or delay of respi-
ratory failure in these chronically ill patients who usually have an 
ineffective cough. Manual percussion and postural drainage with 
deep suction can be benefi cial. The use of a mechanical in–ex-
suffl ator (cough assist device) has been found to be helpful in 
improving airway clearance. In a retrospective study of 62 children 
with neuromuscular disease who used the mechanical in–ex-
suffl ator in the home setting, 90% found it to be effective in pro-
moting airway clearance and preventing atelectasis and pneumonia 
[1]. This device has been demonstrated to potentially aid physicians 
and respiratory therapy staff in successfully weaning such patients 
from mechanical ventilatory support. Bach et al. have reported 
successful use of a protocol-driven approach to extubation in spinal 
muscular atrophy type 1 (SMA-1) patients using a combination of 
the mechanical in–ex-suffl ator and nasal positive pressure ventila-
tion [2,3] A similar protocol has been reported for patients with 
Duchenne muscular dystrophy (DMD) [4]. In either circumstance, 
strict attention to airway clearance is the most important goal for 
preventing respiratory failure or aiding the recovery from an 
episode of respiratory failure in patients with chronic neuromus-
cular disorders.

The decision to move from noninvasive ventilation to tracheal 
intubation for treatment of an acute event must be made with the 
understanding that there is a strong possibility of long-term venti-
lator dependence and tracheotomy for patients with progressive 
neuromuscular disease. In a questionnaire study of pediatric inten-
sivists, physiatrists, and neurologists regarding attitudes about 
intervention for acute respiratory distress in a child with SMA-1, 
there was a wide variation in practice among specialties. Intensiv-
ists and neurologists were more likely than physiatrists to support 
noninvasive mechanical ventilation (NIMV) for both acute and 
chronic management, whereas physiatrists were more likely to 
support tracheal intubation/tracheostomy for these patients and 
less likely to promote comfort care only [5]. In another retrospec-
tive study of 56 SMA-1 children with respiratory failure presenting 
before 2 years of age, outcomes were compared for three groups: 16 
children with tracheostomy, 33 children with nocturnal NIMV and 
cough assist plus tracheal intubation for acute infections, and 7 
children who died of respiratory failure after tracheal intubation 
or tracheostomy was rejected [3]. Those children with tracheosto-
mies had fewer hospitalizations before the age of 3 years, but this 
group also had more hospitalizations after the age of 5 years com-
pared with those children using NIMV. Fifteen of the children with 

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  219
Therapeutic Principles  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  219
Anatomy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220
Force–Length Relationship  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220
Elastic Properties of the Chest Wall. . . . . . . . . . . . . . . . . . . . . . . . 220
Growth and Development. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221
Assessment of Chest Wall Function . . . . . . . . . . . . . . . . . . . . . . . . 222
Disease Classifi cations  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222
Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226

Introduction

Chronic respiratory failure is the expected outcome of many con-
genital neuromuscular disorders, including muscular dystrophy 
and spinal muscular atrophy. Early in the management process for 
these diseases, shortly after confi rmation of the diagnosis, discus-
sion should begin with parents and guardians about long-term 
expectations and plans for handling end-of-life issues. Ideally, end-
of-life circumstances for these patients, as the disease takes its 
inexorable toll, are handled outside the critical care setting by 
appropriate preplanning. However, intercurrent illness may affect 
respiratory function more dramatically in these children than in 
others and require acute intervention with the expectation of some 
degree of reversibility and return to the baseline state. Also, appro-
priate decisions may not have been made previously in these chil-
dren to prevent the need for urgent respiratory support, necessitating 
that this support be provided in the setting of the pediatric inten-
sive care unit (PICU). As a result, it is imperative for PICU staff to 
familiarize themselves with the mechanisms underlying neuro-
muscular respiratory failure as well as the therapeutic support 
applicable to this patient population.

Therapeutic Principles

Management of patients with progressive neuromuscular disease 
has been improved with the institution of greater options for 
mechanical support, especially noninvasive strategies. As a result, 
noninvasive support measures such as mask bilevel positive airway 
pressure or chest cuirass for negative pressure ventilation are the 
preferred means of support for patients with chronic progressive 
neuromuscular disease when possible. Additionally, strict atten-
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tracheostomies required full mechanical ventilatory support 24 hr 
per day. Those using NIMV had fewer hospitalizations after age 5 
years and were more likely to be support-free during waking hours, 
although 3 of the 31 children in this group who survived beyond 13 
months required virtually continuous NIMV. The seven children 
in the third group died at 5–13 months of age when either the family 
rejected support or it was not offered [3]. Thus, differing approaches 
to support provide both advantages and disadvantages over time, 
so that decisions must be made with the family understanding the 
dynamic consequences of any therapeutic plan.

Anatomy

Chest Wall

The chest wall consists of respiratory muscles, supportive connec-
tive tissue, and the rib cage. The bony structures of the thorax are 
a framework of ribs, sternum, and vertebral column. There are 
three groups of muscles of respiration: the diaphragm, the inter-
costal and accessory muscles, and the abdominal muscles. When 
contracted, the respiratory muscles enlarge the thoracic cavity and 
push the abdominal structures downward, thus decreasing the 
intrathoracic pressure and creating a pressure gradient between the 
mouth and the lower airway for initiation of air fl ow [6,7].

Diaphragm

The diaphragm, which is a skeletal muscle under both voluntary 
and autonomic control, has a crucial role in inspiration. This dome-
shaped muscle is attached to the lower ribs and acts as a piston. The 
primary function of the diaphragm is to support inspiration by 
expanding the rib cage [6–9]. During normal quiet breathing the 
diaphragm moves approximately 1–2 cm; however, on forced expi-
ration and at times of increased respiratory demand, the diaphrag-
matic excursion can be as much as 10 cm. There is some activity of 
the diaphragm during the early part of expiration (braking action). 
The innervation of the diaphragm is supplied by the phrenic nerve, 
which originates from C3–C5 spine segments [7–9]. Injury to the 
innervation of the diaphragm resulting in either paresis or paraly-
sis causes it to move paradoxically with an upward excursion as 
opposed to its normal downward movement.

Intercostal and Accessory Muscles

The external intercostal muscles and the interchondral portion of 
the internal intercostal muscles are inspiratory in nature as their 
contraction works to elevate the rib cage. The internal intercostal 
muscles are expiratory as they contract the lower ribs and pull 
down the anterior part of the lower chest. The innervation of the 
intercostal muscles is supplied from the fi rst through twelfth tho-
racic segments [6–8]. The accessory muscles of breathing consist of 
the scalene (anterior, medial, and posterior) and sternomastoid 
muscles. Both of these muscle groups have inspiratory function, 
and they are used at times of increased need (e.g., coughing, exer-
cise, and sneezing) or in pathologic states necessitating increased 
work of breathing (e.g., asthma exacerbation). There are other 
muscles that contribute to respiration (ala nasi, upper airway 
muscles), especially at times of increased demand [7–11]. In certain 
pathologic states, discoordination of the diaphragm and upper 

airway muscles occurs and results in the occlusion of upper airway 
muscles during inspiration to cause obstructive apnea.

Abdominal Muscles

The abdominal muscles utilized during respiratory effort include 
the rectus abdominus, external and internal oblique muscles, 
transverse abdominus, and internal intercostal muscles. These 
muscles are stimulated during the active expiration that occurs 
with coughing, exercise, and speech, as well as during periods of 
increased mechanical load, as with acute asthma [6–9].

Force–Length Relationship

Active force is developed as a function of the length of the muscle. 
Maximal force is generated at the muscle’s resting length [7–12]. 
Any excessive shortening or lengthening of the muscle results in 
the generation of suboptimal force. When the lungs infl ate, inspira-
tory muscles shorten and expiratory muscles lengthen. As lung 
volume increases, maximal inspiratory pressure decreases whereas 
maximal expiratory pressure increases. Hyperinfl ation of the 
lungs, frequently seen in diseases associated with airway obstruc-
tion, fl attens the diaphragm and decreases the ability to generate 
force. Under this circumstance, the diaphragm is less productive 
and operates at a mechanical disadvantage [8–12]. The force gener-
ated by a respiratory muscle is also a function of the stimulation of 
the muscle fi ber and the velocity of fi ber shortening. Force genera-
tion increases as muscle stimulation increases to a plateau, after 
which there is no further increase in force regardless of stimulus 
frequency. Thus, in the setting of abnormal innervations as is the 
underlying defect in neuromuscular diseases, muscle shortening is 
signifi cantly attenuated.

Elastic Properties of the Chest Wall

The interactions between the lung and the chest wall are complex. 
The tendency of the lung to collapse (inward) is counterbalanced 
by the outward pull of the chest wall. Functional residual capacity 
(FRC) in healthy individuals denotes the volume in the lungs at the 
point where the outward recoil of the chest wall is in equilibrium 
with the inward recoil of the lungs and occurs at the completion of 
a normal expiration. At this lung volume no respiratory muscles 
are contracted [10–13]. The slope of each curve at any given volume 
represents the compliance at that volume (change of volume per 
unit pressure). The elastic recoil pressure of the lungs at any given 
volume differs from the elastic recoil pressure of the chest wall. The 
sum of these two system compliances denotes the total respiratory 
system compliance (Figure 19.1 and text below). The static compli-
ance slope (change of volume per unit pressure at no fl ow) for the 
respiratory system depends also on body position. This is primarily 
because of a change in chest wall elastic recoil compliance and the 
effect of gravity on the diaphragm while lung elastic recoil remains 
essentially the same. When an individual is in the supine position, 
the abdominal contents are pushing against the diaphragm and the 
outward recoil of the chest wall is diminished, resulting in dimin-
ished FRC. Therefore, FRC in an individual differs whether the 
individual is in a sitting or a supine position [10,12]. This change 
in FRC becomes prominent in conditions such as obesity. Further-
more, respiratory muscle input is sleep stage dependent and differs 
in wakefulness. In non-REM sleep there is a mild decrease in upper 
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airway muscle tone and tonic activity of the intercostals, resulting 
in an increase in upper airway resistance. More changes occur 
during REM sleep where marked reduction/absence of phasic activ-
ity correlates with bursts of rapid eye movements [14]. As is dis-
cussed later, changes in the normal chest wall elastic recoil 
compliance related to underlying neuromuscular diseases can have 
a profound impact on respiratory function.

Growth and Development

The chest wall, and as a result the whole respiratory system, under-
goes complex changes from infancy to adulthood. Specifi c develop-
mental characteristics of the respiratory system in infants place 
them at a mechanical disadvantage and at an increased risk for respi-
ratory pump failure [15]. The infant chest wall is highly compliant 
because of poorly mineralized bone and increased amount of soft 
cartilage. Chest wall compliance is approximately three to six times 
that of the lung. In premature infants, chest wall compliance is even 
higher than in term infants. Chest wall compliance decreases gradu-
ally during the fi rst 2 years of life [15–18]. This overall picture is 
advantageous during birth as it allows the fetus to more easily tra-
verse the birth canal; however, the increased compliance of the infant 
chest wall may become a functional disadvantage at times of 
increased mechanical load on the respiratory system. Ossifi cation of 
the chest wall begins in utero and continues until age 25 [18]. With 
aging, there is a progressive calcifi cation of the costal cartilages and 
a change in the elastic properties of the lungs. Total respiratory com-
pliance decreases as the child grows, primarily because of this 
decrease in the chest wall compliance.

The confi guration of the chest wall in infants also differs from 
that in adults and imposes an additional risk factor for respiratory 
failure and respiratory pump ineffi ciency. The hallmark of the 
infant rib cage is its horizontal orientation and the horizontal posi-
tion of the diaphragm. By age 10 years the adult pattern of caudal 
orientation is achieved [14,15,18].

The percentage of muscle fi bers differs among adults and full-
term and premature infants. With growth, changes occur in the 
composition, innervation, and mass of muscle fi bers. In full-term 
infants there are approximately 30% of these fi bers and only 10% in 
premature infants. The number of fatigue-resistant fi bers increases 
and reaches adult levels by 1 year of age [19], such that 50%–60% of 
muscle fi bers are composed of fatigue-resistant, slow-twitch, high-
oxidative type 1 fi bers by adulthood. In addition, higher metabolic 
rate, immature respiratory control, and greater time spent in rapid 
eye movement (REM) sleep present additional risks to the infant. In 
REM sleep the stabilizing intercostal muscles are inhibited, and 
paradoxical inward motion occurs during inspiration in infants 
[20]. As a result the respiratory pump in infants is less effective. 
Compliance of the respiratory system differs between newborns 
and adults primarily because of differences in chest wall compli-
ance (see Figure 19.1). This has a signifi cant impact on infants’ end-
expiratory volume (EEV). In healthy children and adults EEV is 
equivalent to FRC. Because FRC is determined by two opposing 
forces, the outward recoil of the chest wall and inward recoil of the 
lungs, infants are predisposed to a low FRC and are at risk for airway 
closure and atelectasis [10,20–22]. As a defense mechanism against 
atelectasis, infants actively maintain their FRC above their pas-
sively determined EEV by active interruption of expiration. This is 
achieved by postinspiratory activity of the diaphragm and laryn-

FIGURE 19.1. The dystrophin-associated protein complex in muscle linking the internal 
cytoskeleton to the extracellular matrix. The DAPC is comprised of sarcoplasmic proteins 
(α-dystrobrevin, syntrophins and nitric oxide synthase), transmembrane proteins (β-
dystroglycan, the sarcoglycan complex, caveolin and dysferin) and extracellular proteins 
(α-dystroglycan and laminin-2). The amino terminus of dystrophin attaches to F-actin 
myofilament of skeletal muscle while the carboxy terminus anchors to the sarcolemmal 
membrane via the dystroglycan complex. Attachment to the extracellular matrix by the 
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time and long-term development of weakness associated with muscular dystrophies. 
(Adapted from Gilchrist [65]).
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geal narrowing during expiration [23,24]. Changes in EEV occur 
during sleep; EEV is particularly diminished in REM sleep [25,26]. 
At approximately 12 months of age, FRC is no longer actively deter-
mined. After 3 years paradoxical motion of the diaphragm in REM 
is rare or absent, and in adolescents it is completely absent [27].

Assessment of Chest Wall Function

Maximal inspiratory pressure (MIP) and maximal expiratory pres-
sure (MEP) provide objective measurements of respiratory strength 
in the children who can cooperate and perform spirometry. 
Maximal inspiratory pressure can be measured with a simple, 
quick, and noninvasive clinical procedure to determine this index 
of inspiratory muscle strength both in healthy subjects and in 
patients with pulmonary or neuromuscular diseases. In the latter 
group, MIP is indicative of ventilatory capacity and the develop-
ment of respiratory insuffi ciency and can also be useful in assess-
ing the degree of abnormality, in monitoring inspiratory muscle 
weakness over time, and in estimating the success of weaning 

patients from mechanical ventilators. Recent research supports 
that MIP increases from 32 weeks to term but thereafter is constant 
throughout development [28]. In normal individuals, MIP against 
an occluded airway ranges from 100 to 200 cm H2O [29–31]. In 
contrast, MEP continues to increase with age and correlates with 
cough effi ciency. Gender differences are observed, with boys having 
higher occlusion pressures than girls [29–31].

Transdiaphragmatic pressure is an index of diaphragmatic force 
and is the difference between pleural and abdominal pressures:

Pdi = Pab − Ppl

where Pdi is transdiaphragmatic pressure, Pab is abdominal pres-
sure, and Ppl is pleural pressure. The Pdi is decreased in states of 
diaphragm fatigue as well as in diseases that lead to diaphragmatic 
paralysis and subsequent pump failure (e.g., central motor neuron 
diseases, peripheral neuron disease, disease of neuromuscular 
junction, primary diseases of muscle).

The tension time index (TTI) can be a useful clinical test for 
assessing respiratory failure. The TTI is obtained by multiplying 
the ratio of transdiaphragmatic pressure and maximal transdia-
phragmatic pressure with the ratio of inspiratory time and respira-
tory cycle time:

TTI = Pdi/Pdi max × Ti/TiTot

In normal individuals, TTI is less than 0.1. Increased TTI with 
values above 0.2 are likely associated with respiratory fatigue [32]. 
There is a paucity of literature regarding infants, and normative 
values in this age group have not yet been defi ned [15]. In neuro-
muscular disease TTI is increased as Pdi max is decreased, whereas 
in upper airway obstruction (e.g., croup) Ti is increased. In diseases 
associated with lower airway obstruction or abnormal lung compli-
ance (asthma, adult respiratory distress syndrome, cystic fi brosis), 
Pdi is increased to overcome airway resistance [15].

Polysomnography is a valuable tool in the evaluation of early 
respiratory impairment caused by neuromuscular disease. Sleep 
represents a vulnerable time for the respiratory pump as breathing 
undergoes change. The fi rst signs of respiratory insuffi ciency in 
respiratory muscle weakness occur in REM sleep in which the 
accessory muscles of inspiration are inhibited while the diaphragm 
is relatively spared. Among the fi rst notable abnormalities in chil-
dren with neuromuscular weaknesses is REM-associated hypoven-
tilation, followed later by hypoventilation in non-REM sleep [14,33]. 

Upper airway obstruction may occur because of weakness of upper 
airway muscles leading to an increased number of obstructive and 
central apneas. As the disease progresses, nocturnal desaturation 
occurs initially in REM sleep and later in non-REM sleep.

Ultimately, respiratory pump failure occurs when the mechani-
cal load exceeds the capacity of the pump, or the pump’s intrinsic 
properties are diminished due to disease. Pulmonary function 
testing, MIP, MEP, full overnight polysomnography, and serial 
blood gas measurements along with clinical evaluation likely 
provide the best assessment of the respiratory pump [14]. Detection 
of subtle changes using these various modalities in neuromuscular 
disease states at an earlier time may afford timely institution of 
preventative interventions.

Disease Classifications

Acute and chronic neuromuscular processes can be characterized 
as primarily neuropathies or myopathies, as outlined in the Table 
19.1. Not all affect respiratory function, and only some are further 
discussed.

Neuropathies

Central Nervous System or Spinal Cord Injury

Acute respiratory failure caused by neuromotor dysfunction is 
most often the result of central nervous system (CNS) or spinal cord 

TABLE 19.1. Neuromuscular conditions with respiratory implications.

Neuropathies
 Acute
  Central nervous system or spinal cord injury
  Phrenic nerve injury
  Infection: poliomyelitis or other enterovirus agent
  Toxin
   Tick paralysis
   Botulism
   Organophosphate poisoning
  Inflammatory
   Guillain-Barré syndrome/acute inflammatory demyelinating polyneuropathy
   Subacute inflammatory demyelinating polyneuropathy
   Acute motor sensory axonal neuropathy (Campylobacter jejuni infection)
  Autoimmune: myasthenia gravis
  Other
   Critical illness polyneuropathy
   Acute porphyric neuropathy
 Chronic
  Critical illness polyneuropathy
  Spinal muscular atrophy
   Infantile/Werdnig-Hoffman type 1
   Childhood/Werdnig-Hoffman type II
   Juvenile/Kugelberg-Welander disease
Myopathies
 Acute
  Metabolic: acid maltase deficiency (Pompe disease)
  Inflammatory
   Dermatomyositis
   Polymyositis
  Congenital myotonic dystrophy
  Critical illness myopathy
 Chronic
  Muscular dystrophies
  Myotonic dystrophy
  Congenital and metabolic myopathies
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injury, which may or may not be reversible. Loss of respiratory 
drive because of CNS injury or of respiratory motor function 
because of cervical cord injury must be managed with urgent intu-
bation and ventilation to sustain life while determining the cause 
and potential reversibility of the dysfunction. Unless there is total 
absence of respiratory function, the signs of failure, even in the 
acute situation, may be spartan. Tachypnea and tachycardia may 
be attributed to stimuli other than low vital capacity, and paradoxi-
cal motion of the abdomen and chest wall may be missed. A dra-
matic fall in vital capacity is required before hypoxia ensues. A 
high index of suspicion for respiratory failure must be maintained, 
even in the setting of an acute injury [34]. Other causes of respira-
tory compromise related to motor neuron dysfunction include uni-
lateral phrenic nerve injury related to cardiothoracic surgery in 
children. This injury can be an important factor in the failure to 
wean patients from mechanical ventilator support in the postop-
erative period. Although adults generally tolerate this insult well, 
diaphragmatic plication may be needed in children to prevent 
paradoxical diaphragmatic motion and thus permit adequate 
respiratory function without ventilator support [34]. In the absence 
of obvious trauma, infectious causes of lower motor neuron dys-
function must be ruled out.

Spinal Muscular Atrophy

The spinal muscular atrophies (SMA) are a group of autosomal 
recessive disorders that vary in age of onset and severity of 
manifestations. They are generally grouped into types 1, 2, and 3, 
based on detection of weakness before 6 months, at 6 to 12 months, 
and in the second or third year of life, respectively. Diagnosis is 
based on history, demonstration of proximal weakness with normal 
muscle enzymes, absence of deep tendon refl exes, and specifi c pat-
terns on muscle biopsy and electromyography. The site of the neu-
rologic defi cit is the motor neurons of the ventral horn of the spinal 
cord and the motor nuclei of the brain stem [58,59]. Spinal muscu-
lar atrophy type 1 is associated with hypotonia from the perinatal 
period and early feeding and respiratory diffi culties. Death from 
respiratory insuffi ciency usually occurs within the fi rst decade in 
SMA-1, even with tracheostomy and respiratory support [59]. Spinal 
muscular atrophy type 2 patients demonstrate a progressive restric-
tive pulmonary insuffi ciency but often survive into the second 
decade with NIMV. Spinal muscular atrophy type 3 is associated 
with little impact on respiratory function in childhood. Aggressive 
pulmonary toilet with chest percussion and airway clearance is the 
mainstay of therapy as pulmonary function is a critical prognostic 
factor in all forms of SMA. Use of NIMV is preferable to tracheos-
tomy, when feasible, for its ability to prolong independence from 
full ventilator support [3,59].

Inflammatory and Immunologically Mediated Neuropathies

Additional illnesses with more insidious onset that often lead to 
respiratory failure include those related to neurotoxins and the 
infl ammatory and immunologically mediated neuropathies.

Guillain-Barré Syndrome

Guillain-Barré syndrome (GBS) is an infl ammatory polyneuropa-
thy of rapid onset that frequently follows an infectious or infl am-
matory process by days to weeks. It is the most common cause of 
acute fl accid paralysis in infants and children [48]. There are mul-
tiple forms with subtleties of presentation and manifestation. The 

season of prevalence is the fall and winter, temporally related to the 
respiratory virus season in the United States. Most cases in chil-
dren are classifi ed as acute infl ammatory demyelinating polyneu-
ropathy (AIDP), characterized by decreased nerve conduction 
velocities and amplitudes, delayed distal nerve latency, and nerve 
conduction blocks. The less common axonal form of GBS, acute 
motor axonal neuropathy (AMAN), is characterized by lack of elec-
trophysiologic evidence of demyelination and has been associated 
with preceding Campylobacter jejuni infection and antiganglioside 
antibodies [48].

Cerebrospinal fl uid protein is generally elevated in both 
forms,with little or no pleocytosis. In a 16-year retrospective review 
of 23 patients, Hung et al. found a biphasic age distribution with 
no patients under 1 year old. Fourteen of their 23 patients were 1–10 
years old, and 9 were 13–17 years old [48]. The evolution of symp-
toms usually progresses over 1–2 weeks in a central to peripheral 
pattern. Bulbar muscle weakness may lead to respiratory compro-
mise, and recovery may be prolonged. Respiratory failure may 
occur in 10% of all patients (children and adults) at presentation 
and in up to 30% over the course of the disease [49].

Therapy is supportive, including monitoring of pulmonary func-
tion and vital signs, good nutrition and skin care, provision of deep 
vein thrombosis prophylaxis, and pain control. Plasmapheresis or 
intravenous gammaglobulin (IVIg) given at 0.4 mg/kg/dose for 5 
days is the most effective intervention. Intravenous gammaglobu-
lin is thought to shorten the time to fi rst improvement and decrease 
the hospitalization time [49]. Systemic corticosteroids have not 
been shown to be helpful in GBS.

In another retrospective study of 23 patients from Turkey, those 
with the demyelinating form of GBS recovered more quickly after 
IVIg than those with the axonal form. Mechanical ventilation was 
required in 7 of the 23 patients, and three of these died of respira-
tory failure. All who survived were fully recovered at 12 months 
from the onset of symptoms [50]. On rare occasion, demyelination 
may extend to the CNS with severe neurologic sequelae [51]. Guil-
lain-Barré syndrome was identifi ed in 1 of 37 children with severe 
neurologic complications of stem cell transplant [52]. In this child 
the onset of GBS was fulminant and occurred 8 months post-
transplant, with the child dying less than 2 months later of respira-
tory distress despite plasmapheresis and high-dose IVIg.

Subacute and Chronic Inflammatory Polyneuropathies

Two other infl ammatory polyneuropathies share features common 
with GBS and with each other, but they are distinct entities. Sub-
acute infl ammatory demyelinating polyneuropathy (SIDP), fi rst 
reported—8 weeks. There is electrophysiologic evidence of demy-
elination, as in GBS, but recurrence is unlikely after initial recovery 
[54]. In contrast to GBS, SIDP responds to systemic corticosteroids 
[53,54], and respiratory failure is uncommon. In a review of 16 
patients with defi nite SIDP and 29 with probable SIDP, only four 
patients (<10%) developed respiratory failure [54]. The most promi-
nent laboratory feature other than electrophysiologic evidence of 
demyelination was elevated CSF protein (usually >55 mg/dL).

Chronic infl ammatory demyelinating polyneuropathy (CIDP) 
has a delay from onset to nadir of symptoms of greater than 2 
months and a tendency to relapse after treatment. Spinal fl uid 
protein may be elevated but less likely so than in GBS or SIDP. Iden-
tifi cation of an antecedent infection is less likely, and improvement 
to full recovery is also less likely [53,54]. The syndrome is thought 
to be autoimmune in origin, with antibodies against myelin pro-
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teins having been reported. Although uncommon in children, it is 
similar to SIDP in that it is generally steroid responsive; however, 
plasmapheresis and IVIg have also been used therapeutically.

Diseases of the Neuromuscular Junction

As motor nerves enter the muscle, they divide into multiple termi-
nal axons each of which innervates a single muscle fi ber at the 
neuromuscular junction (NMJ). At the NMJ, neurotransmission is 
mediated via acetylcholine (Ach) in the following manner. An 
action potential the traverses the axon to the terminus to open 
voltage-gated calcium channels on the presynaptic membrane and 
cause release of the synaptic vesicles containing Ach. Released Ach 
diffuses across the synaptic cleft to bind to postsynaptic receptors, 
which mediates opening of sodium-potassium channels and depo-
larization of the muscle membrane. Once the endplate potential 
reaches threshold, an action potential is generated and propagates 
along the muscle membrane, resulting in contraction. A number of 
disease entities interfere with this neuromuscular transmission 
and can impair respiratory function.

Myasthenia Gravis

Myasthenia gravis is the most common defect of neuromuscular 
transmission and is an autoimmune process characterized by the 
development of antibodies to the postsynaptic Ach receptor. It is 
most prevalent in women in their second and third decades and in 
older men, about 10%–15% in association with thymoma [49,55]. 
Presenting symptoms usually include bulbar dysfunction resulting 
in dysphagia, dysarthria, and ocular muscle weakness in addition to 
prominent fatigue, and it commonly progresses to involve trunk and 
extremity muscles. In a report from Thailand of 27 cases of child-
hood-onset myasthenia, 92% had ocular symptoms at onset, with 
24% of these progressing to generalized symptoms. Two patients 
(8%) presented with respiratory failure requiring ventilator support 
[56]. Ninety percent achieved at least partial remission using azathi-
oprine and pyridostigmine, the majority of these having full recov-
ery. None of these children experienced a myasthenic crisis, although 
15%–25% of all patients may have this rapid decline in respiratory 
muscle function triggered by one of a variety of factors [49].

Diagnosis can be confi rmed with use of a short-acting anti-Ach 
(e.g., edrophonium), electromyography, or assaying for anti-Ach 
receptor antibodies. It is important to note that a majority of 
patients who are seronegative for anti-Ach receptor antibodies 
demonstrated antibodies against a related component of the NMK, 
the muscle-specifi c receptor tyrosine kinase (MuSK). Treatment is 
symptomatic with a longer acting anti-Ach, pyridostigmine, 
although immune-modulating therapies (steroids, azathioprine, 
cyclophosphamide, high-dose IVIg) can be employed in more 
severe cases. Plasmapheresis can acutely and temporarily decrease 
antibody titers in a myasthenic crisis, although these occur infre-
quently in children. Caution should be used in selection of phar-
macologic agents for patients with myasthenia because of the 
potential for worsening weakness. Paralyzing agents and anesthet-
ics, certain antibiotics, and a long list of other drugs have been 
associated with either precipitating a myasthenic crisis or worsen-
ing underlying disease [57].

Botulism

There are multiple forms of botulism that can occur in both chil-
dren and adults. Before 1980 the most common type was food-

borne, with ingestion of preformed toxin from food sources, 
particularly improperly canned foods [41]. Since the late 1970s, the 
most common form has been infantile or adult intestinal botulism, 
with toxin generated in the intestines from ingested Botulinum 
spores [42,43]. Botulinum toxin can also be produced in wounds 
that are infected with spores. Drug addicts may be subject to wound 
botulism, most recently from spores found in black tar heroin. The 
toxin is produced after Clostridium spores germinate in the intes-
tine or the wound site which is absorbed systemically and 
binds irreversibly to the presynaptic motor terminals causing irre-
versible blockade of synaptic vesicle release and therefore inhibits 
motor activity. The pattern of illness is one of descending paralysis 
with bulbar weakness. Notably, poor feeding and constipation are 
frequently presenting symptoms in infants. Older patients may 
complain of dry mouth and blurred vision, and orthostatic 
hypotension and urinary retention may be evidenced as a result of 
autonomic dysfunction [42]. Neither the sensory system nor cogni-
tive function is affected. Diagnosis can often be suspected by 
history and physical fi ndings and confi rmed by identifi cation of the 
organism in the stool and by characteristic electromyographic 
fi ndings [44,45].

Treatment of botulism is supportive, identifying the cause and 
removing the source of spores or toxin. However, mechanical ven-
tilation may be required for several weeks. Failure to recognize the 
problem and intervene may lead to death from respiratory failure. 
A human-derived antitoxin (botulism immune globulin intrave-
nous) is available for treatment of infant botulism that reduces 
morbidity and length of hospitalization [43,45]. It is most effective 
when administered early in the course, because it works only on 
circulating toxin, not on that which is already bound to the nerve 
terminal [42]. There are two equine-derived antitoxins for treat-
ment of food-borne and wound botulism: a trivalent form consist-
ing of antibodies to types A, B, and E and a bivalent form with 
antibodies to types A and B only. There has been a growing concern 
for the use of botulinum toxin as a bioterror agent. Aerosolized 
toxin in a large metropolitan population could potentially cause as 
many as 50,000 cases of clinical botulism and 30,000 deaths [46]. 
Children may be more susceptible than adults to the effects of this 
and other agents of bioterrorism because of their relatively higher 
metabolic and respiratory rates, their frequent hand to mouth 
contact, and their proximity to the ground [47].

Tick Paralysis

In the context of ataxia and acute ascending paralysis one most 
often thinks of GBS (reviewed earlier). However, the possibility of 
neurologic dysfunction from the toxin of certain female ticks must 
also be considered. In the United States the common vector is the 
genus Dermacentor, represented by the common dog tick or the 
wood tick. The neurotoxin is secreted in the saliva of adult female 
ticks and injected into the host during feeding. The toxin acts on 
the presynaptic motor terminals, inhibiting the release of acetyl-
choline [37]. Young children are most often affected and may 
present with a progressive symptom complex that evolves from 
vague complaints of restlessness and fatigue to gait instability to 
an ascending fl accid paralysis over days. The onset of symptoms 
usually begins 5–7 days after tick attachment [37,38]. Sensory and 
cognitive functions remain intact. One or more engorged ticks may 
be easily overlooked, buried in an unexamined skin fold or deep in 
thick hair [39]. If the tick is discovered and removed, recovery may 
begin within an hour and be complete within a day or two [38–40]. 
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If not actively sought and discovered, paralysis continues to involve 
muscles innervated by the cranial nerves, including sternocleido-
mastoid, facial, lingual, and ocular muscles, and up to 10% of 
patients may succumb from respiratory failure [37,39,40].

Lambert-Eaton Myasthenic Syndrome

Although rare in childhood, Lambert-Eaton myasthenic syndrome 
is an autoimmune disorder resulting from antibodies directed 
against the voltage-gated calcium channel of the presynaptic 
membrane. This effectively decreases the release of Ach such 
that the endplate potential is insuffi cient to trigger an action poten-
tial. Most cases are associated with malignancies, particularly 
small cell carcinoma of the lung. Typical clinical features include 
fatigue, proximal limb weakness, arefl exia, and dysautonomia, and 
it occasionally progresses to respiratory insuffi ciency, although 
sensation remains intact. Diagnosis is confi rmed by antibody 
testing but is often suspected on the basis of electrodiagnostic 
testing that reveals an increased motor response with maximum 
exercise, which is a unique feature of this disease. Treatment 
remains symptomatic (with pyridostigmine, steroids, and/or IVIg) 
and supportive.

Myopathies

Acute Myopathies

The acute infl ammatory myopathies dermatomyositis and poly-
myositis usually affect proximal muscle and rarely respiratory 
muscle function. Presentation is usually with symmetric proximal 
muscle weakness and elevated skeletal muscle enzymes. Muscle 
biopsy demonstrates both infl ammation and muscle fi ber necrosis. 
Respiratory compromise in these patients is multifactorial, with 
chronic aspiration related to dysphagia, interstitial lung disease, 
and an infl ammatory alveolitis causing more respiratory failure 
than the muscle weakness itself [49,60]. Treatment is with antiin-
fl ammatory agents, primarily corticosteroids.

Congenital Myotonic Dystrophy

Congenital myotonic dystrophy represents the early onset of a con-
dition that more commonly affects young adults [61]. Autosomal 
dominant myotonic dystrophy may have an earlier onset over 
repeated generations in a kindred, called genetic anticipation, 
during which the causative triplet repeats expand. It can present in 
the neonatal period with weakness and respiratory distress. Con-
genital myotonic dystrophy was previously thought to have a high 
mortality rate, especially if ventilation was required for more 
than 30 days. A recent retrospective review identifi ed better than 
expected long-term outcomes, even when ventilation was required 
for more than 6 months. In a group of 20 children with congenital 
myotonic dystrophy, eight were ventilated for 35–812 days. Three 
of these died at 8 months, 10 months, and 11 years of age; however, 
fi ve of the eight survived for follow ups of 5–13 years. Those chil-
dren requiring longer ventilation had greater resuscitation needs 
at birth than the four requiring no ventilation or the eight who were 
ventilated for <30 days [61].

Critical Illness Myopathy/Steroid Myopathy

An iatrogenic myopathy may result from the treatment of critical 
illness, particularly severe asthma. Critical illness myopathy occurs 

most often in the adult population requiring ventilator support for 
air fl ow obstruction and managed with both high-dose steroids and 
neuromuscular blockade [49]. In a prospective study of 830 PICU 
admissions, 14 (1.7%) developed generalized weakness and four 
had repeated failures in attempted extubation [62]. All required 
ventilation for a mean of 260 hr (range 11–552 hr); 12 of 14 required 
more than 5 days of ventilation. Of note, 3 of 14 were less than 3 
years old and the remainders were over 10 years old. Only one 
patient had asthma, and eight were solid organ or bone marrow 
transplant recipients. Twelve of the 14 patients had multiorgan 
system failure. One died during the PICU stay, and two additional 
patients died within 3 months of the episode but of complications 
relating to the underlying condition, not of the muscle weakness 
itself; however, both persisted in having severe proximal muscle 
weakness after discharge from the intensive care unit. Muscle biop-
sies show atrophy and vacuolization [49] or thick fi lament loss [62] 
but no evidence of infl ammation.

The combination of high-dose systemic corticosteroids and neu-
romuscular blockade in patients with severe respiratory compro-
mise appears to be the primary setting for this complication of 
life-saving therapy [49]. Post-transplant patients who are also 
receiving high-dose steroids appear to be disproportionately rep-
resented in the pediatric study [62]. There is no treatment other 
than physical therapy and muscular rehabilitation. It has been sug-
gested that limitation of full neuromuscular blockade or allowing 
periods of muscle activity may help decrease both the risk and 
severity of muscle injury [36,49].

Chronic Myopathies

Muscular Dystrophies

The muscular dystrophies are divided into groups based on the 
onset of symptoms: infant, early childhood, late childhood, and 
adolescent onset [63,64]. Infantile onset is characterized by symp-
toms before 1 year of age with generalized muscle weakness and 
hypotonia. Diaphragm weakness leads to respiratory compromise, 
and death usually occurs in the early 20s. In early childhood dys-
trophies, symptoms begin between 1 and 5 years of age. They may 
be subdivided into two phenotypes: a rapidly progressive type with 
loss of ambulation by early adolescence and death at 20–30 years 
of age (including DMD); and a slowly progressive type with inde-
pendent walking affected late or not at all and death not until >50 
years of age (some limb-girdle dystrophies). In the late childhood 
onset dystrophies, symptoms begin between 6 and 12 years of age, 
with three subtypes based on ambulation ability, respiratory 
impact, and life expectancy [63].

The underlying molecular cause of DMD has been elegantly 
worked out in the past decade and relates to a deletion or duplica-
tion of the dystrophin gene on chromosome X(p21) leading to an 
X-linked inheritance pattern. Dystrophin is a large molecule on the 
sarcolemmal membrane and an integral part of the so-called dys-
trophin-associated glycoprotein (DAG) complex which is necessary 
for maintaining the structural integrity of the sarcolemmal mem-
brane [65].

Prediction of respiratory compromise in DMD is directly related 
to lung function. In a review of 523 pulmonary function tests in 58 
adolescent and young adult patients who had a minimum follow up 
of 2 years, the age when the forced vital capacity (FVC) fell to less 
than 1 L was a marker of mortality in that 5-year survival rate was 
only 8% after this objective decline in FVC [66]. There was no dif-
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ference in maximal achieved vital capacity between those dying at 
less than 20 years of age and those living beyond 20 years, nor was 
there a difference in the rate of decline of absolute FVC per year. 
However, those who died before age 20 years had a greater decline 
in the percent predicted FVC per year [66]. Sleep hypoventilation 
is another marker of impending respiratory failure in DMD. Hukins 
and Hillman [67] found relationships between spirometry and 
awake blood gas parameters that suggested the need for sleep eval-
uation and potential NIMV intervention when forced expiratory 
volume in one second (FEV1) was <40% predicted or PaCO2 
was >45 mm Hg or base excess was >4 mmol/L, with the base 
excess being the most sensitive predictor of sleep hypoventilation. 
Initiation of nocturnal NIMV in these patients was associated 
with a decrease in daytime PaCO2 despite continuing decline in 
FEV1 [67].

Systemic corticosteroids have been used to preserve muscle 
function and delay respiratory compromise in DMD [68]. Animal 
studies in the mouse model have suggested that treatment with 
prednisone decreases collagen deposition in the diaphragm and 
thus decreases fi brosis and muscle dysfunction [69]. Based on fi nd-
ings with the mouse model of DMD, the benefi t of prednisone is 
thought to be due to suppression of both transforming growth 
factor-β (TGF-β), which is important in collagen production, and 
the infl ammatory cytokine tumor necrosis factor (TNF)-α [69]. 
Several studies have looked at doses of prednisone from 0.75 mg/
kg/day to 1.5 mg/kg every other day for periods from 3 to 36 months. 
All suggested improved strength and function [68]. However, side 
effects of long-term steroids are signifi cant. Recent studies suggest 
delay of scoliosis and maintenance of ambulation with doses tai-
lored to minimize side effects [70–72]. Genetic therapies and phar-
macologic modifi cation of intrinsic genetic dysfunction are also 
therapies being evaluated for this population, although results have 
been disappointing to date [73].

Metabolic Myopathies

A number of inborn errors of metabolism affect muscle function; 
however, they most often present as recurrent rhabdomyolysis or 
incapacitating, exercise-induced myalgia and do not signifi cantly 
impair respiratory function. A notable exception is acid maltase 
defi ciency in which defi ciency of this lysosomal enzyme that 
releases glucose from maltase and glycogen results in hypotonia 
and respiratory muscle weakness in the infantile form. Although 
treatment is largely supportive, premature death usually by the end 
of the second decade is most often caused by respiratory failure. 
Finally, it is important to note that any number of mitochondrial 
encephalomyopathies can result in progressive skeletal myopathy 
ultimately affecting the respiratory muscles. However, these dis-
eases (e.g., Kearns-Sayre syndrome; mitochondrial encephalomy-
opathy, lactic acidosis, and stroke-like episodes [MELALS]; and 
myoclonus epilepsy with ragged red fi bers [MERRF]) are multisys-
tem disorders with a variety of presentations beyond the scope of 
this chapter.

Conclusion

The presentation and management of neuromuscular disorders is 
variable, and signs of respiratory failure may be few until 
severe compromise has occurred. For most there is no defi nitive 

treatment, only recognition and support. For some, preparation of 
the patient and family for a progressive course of respiratory failure 
is the only option. In both acute and chronic management of 
respiratory failure in patients with neuromuscular dysfunction, 
strict attention to airway clearance and support with noninvasive 
ventilation are the major tools available in the physician’s 
armamentarium.
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output, is diverted away from the lungs through the widely patent 
ductus arteriosus to the descending thoracic aorta [27]. Midway 
through gestation, pulmonary blood fl ow is approximately 3%–4% 
of the total combined ventricular output. This value increases pro-
gressively, reaching about 6% at 80% gestation, when the release of 
surface active material into lung fl uid begins and up to a maximum 
of 8%–10% at or near term [21,28,29]. Fetal pulmonary arterial 
pressure also increases with advancing gestation. At term, mean 
pulmonary arterial pressure is about 50 mm Hg, generally exceed-
ing the mean descending aortic pressure by 1–2 mm Hg [28,30]. 
Pulmonary vascular resistance, which is extremely high in early 
gestation, falls progressively as pulmonary arterial development 
advances, which increases the cross-sectional area of the pulmo-
nary circulation; however, the pulmonary vascular resistance of the 
fetus is still much higher than that of the neonate after birth [27,31]. 
A number of mechanisms have been implicated in the maintenance 
of the high pulmonary vascular resistance and pulmonary arterial 
pressure during fetal life. These include mechanical factors, the low 
oxygen tension of fetal pulmonary and systemic blood, leukotri-
enes, thromboxane, ET-1, NO, prostaglandin (PG) I2, platelet-
derived growth factor (PDGF), and K+ channels (32).

The Transitional Circulation

The transition from the fetal to the neonatal pulmonary circulation 
is marked by a dramatic fall in pulmonary vascular resistance and 
rise in pulmonary blood fl ow, which increases 8–10-fold (up to 
300–400 mL/min/kg body weight). These changes are associated 
with the initiation of ventilation of the lungs and the subsequent 
increase in pulmonary and systemic arterial blood oxygen ten-
sions. The increase in pulmonary blood fl ow increases pulmonary 
venous return and left atrial pressure, allowing the foramen ovale 
to close. In addition, the ductus arteriosus constricts, functionally 
closing within several hours after birth, which effectively separates 
the pulmonary and systemic circulations. Mean pulmonary arte-
rial pressure decreases, and by 24 hr of age is approximately 50% 
of mean systemic arterial pressure. Under normal conditions, adult 
values are reached 2–6 weeks after birth [29].

The decrease in pulmonary vascular resistance with ventilation 
and oxygenation at birth is regulated by a complex and incom-
pletely understood interplay between metabolic and mechanical 
factors. In experiments, physical expansion of the fetal lamb lung 
without changing oxygen tension increases fetal pulmonary blood 
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Introduction

Although historically considered the lesser circulation, pathology 
of the pulmonary circulation is a great source of pediatric morbid-
ity and mortality. This is most commonly displayed in neonates 
with persistent pulmonary hypertension; neonates, infants, and 
children with congenital heart disease; and adolescents and young 
adults with primary pulmonary hypertension. Recent evidence 
indicates that normal pulmonary vascular tone is regulated by a 
complex interaction of vasoactive substances that are locally pro-
duced by the vascular endothelium [1–6]. These substances, such 
as nitric oxide (NO) and endothelin-1 (ET-1), are capable of produc-
ing vascular relaxation and/or constriction, modulating the pro-
pensity of blood to clot, and inducing and/or inhibiting smooth 
muscle cell migration and replication [6–20]. In fact, mounting 
data implicate endothelial injury and the subsequent aberration in 
the endogenous production of these substances in the pathophysi-
ology of pulmonary hypertensive disorders [21–25]. This chapter 
discusses the normal regulation of the fetal, transitional, and post-
natal pulmonary circulations, the pathophysiology of pediatric 
pulmonary hypertensive disorders, and new therapeutic and pre-
ventative strategies for pulmonary hypertension. Particular empha-
sis is placed on the role of the pulmonary vascular endothelium in 
these processes and treatment modalities.

Regulation of the Fetal, Transitional, and 
Postnatal Pulmonary Circulations

The Normal Fetal Circulation

In the fetus, gas exchange occurs in the placenta and pulmonary 
blood fl ow is low, measuring approximately 100 mL/100 g wet lung 
weight in the near-term lamb [26]. The majority of right ventricular 
output, which represents two thirds of total combined ventricular 
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fl ow and decreases pulmonary vascular resistance but not to 
newborn values [33]. A proportion of this decrease relates to altera-
tions in the physical architecture of the alveoli and small pulmo-
nary vessels that occur with mechanical distention [34]. In addition, 
physical expansion of the lung results in the release of vasoactive 
substances, such as PGI2, which increases pulmonary blood fl ow 
and decreases pulmonary vascular resistance in the fetal goat and 
lamb independent of the changes in oxygen tension [35–40].

When ventilation is accompanied by changes in oxygen tension 
(i.e., ventilation with ambient air or supplemental oxygen), fetal 
pulmonary blood fl ow increases and pulmonary vascular resis-
tance falls to newborn values. The exact mechanisms of this 
oxygen-induced pulmonary vasodilation remain unclear. Alveolar 
and/or arterial oxygen may directly dilate pulmonary resistance 
vessels or may trigger the release of vasoactive substances, such as 
PGI2 or NO. In fact, data indicate that NO, in particular, partici-
pates in the decrease in pulmonary vascular resistance that accom-
panies increases in alveolar and arterial oxygen tension [7,12] 
However, despite its important role, inhibition of NO does not 
impair the immediate fall in pulmonary vascular resistance seen 
after birth, further suggesting that multiple mechanisms are 
involved in this transitional physiology. In fact, recent data impli-
cate fl uid shear forces across endothelial cells, which result in the 
production of both NO and PGI2, as an additional mechanism by 
which vasodilation occurs after birth [32]. It is possible that this 
particular mechanism acts to maintain pulmonary vasodilation 
once it has been established by the mechanisms described earlier.

In general, the dramatic increase in pulmonary blood fl ow with 
the initiation of ventilation and oxygenation at birth refl ects a shift 
from active pulmonary vasoconstriction in the fetus to active pul-
monary vasodilatation in the newborn. Failure to undergo this 
normal transition contributes substantially to the pathophysiology 
of many neonatal pulmonary hypertensive disorders, including 
bronchopulmonary dysplasia, persistent pulmonary hypertension 
of the newborn, chronic lung disease, and congenital heart disease 
[25,40–64].

The Postnatal Pulmonary Circulation

The successful transition from the fetal to the postnatal pulmonary 
circulation is marked by the maintenance of the pulmonary vascu-
lature in a dilated, low-resistance state [65]. Recent evidence sug-
gests that basal NO release, and the subsequent increase in smooth 
muscle cell cyclic guanosine monophosphate (cGMP) concentra-
tions, in part mediate the low resting pulmonary vascular resis-
tance of the newborn [66]. Other vasoactive substances, including 
histamine, 5-hydroxytryptamine, bradykinin, and metabolites of 
arachidonic acid by the cyclooxygenase and lipoxygenase path-
ways, have also been implicated in mediating postnatal pulmonary 
vascular tone; however, their roles are not well elucidated. Two of 
the most important factors affecting pulmonary vascular resis-
tance in the postnatal period are oxygen concentration and pH. 
Decreasing oxygen tension and decreases in pH elicit pulmonary 
vasoconstriction [67]. Alveolar hypoxia constricts pulmonary arte-
rioles, diverting blood fl ow away from hypoxic lung segments, 
toward well-oxygenated segments, thus enhancing ventilation–
perfusion matching [68]. This response to hypoxia, unique to the 
pulmonary vasculature, is greater in the younger animal than in 
the adult [69]. Indeed, in most vascular beds (e.g., cerebral vascu-
lature), hypoxia is a potent vasodilator. The exact mechanism of 
hypoxic pulmonary vasoconstriction remains incompletely under-

stood but likely involves changes in the local concentration of reac-
tive oxygen species that in turn regulate voltage-gated potassium 
channels and calcium channels [66,70]. Acidosis potentiates 
hypoxic pulmonary vasoconstriction, whereas alkalosis reduces it 
[71]. The exact mechanism of pH-mediated pulmonary vascular 
reactivity also remains incompletely understood but appears to be 
independent of PaCO2 [72]. Recent data suggest that potassium 
channels play an important role in mediating these responses 
as well [73]. Manipulating alveolar oxygen tension and systemic 
arterial pH are fundamental approaches to changing pulmonary 
vascular tone in the critical care setting. Alveolar hyperoxia and 
alkalosis are often used to decrease pulmonary vascular tone 
because they generally relieve pulmonary vasoconstriction with 
little effect on the systemic circulation as a whole. However, severe 
alkalosis is generally avoided because of the detrimental effects of 
severe hypocarbia or alkalosis on cerebral and myocardial blood 
fl ow (see General Treatment Approach, later) [6,8].

Despite extensive innervation of the lung, neural input is not a 
major determinant of basal pulmonary vascular tone. However, 
pulmonary neurohumoral receptors are sensitive to α-adrenergic, 
β-adrenergic, and dopaminergic agonists [74,75]. Therefore, vaso-
active agents that stimulate these receptors will affect the vascular 
tone of both the pulmonary and systemic circulations. Alterations 
in vascular tone, in response to a given agent, are dependent on the 
relative tone of the vascular bed at a given time. Therefore, the 
response of these agents is diffi cult to predict in an individual criti-
cally ill patient.

Determinants of Pulmonary Vascular Resistance

Pulmonary vascular resistance changes throughout gestation and 
after birth. The resistance of the pulmonary circulation at any one 
time is related to several factors and can be estimated by applying 
the resistance equation and the Poiseuille-Hagen relationship [76]. 
The resistance equation (the hydraulic equivalent of Ohm’s law) 
states that the resistance to fl ow between two points along a tube 
equals the decrease in pressure between the two points divided by 
the fl ow [77,78]. For the pulmonary vascular bed, where Rp is pul-
monary vascular resistance and Qp is pulmonary blood fl ow, the 
decrease in mean pressure is from the pulmonary artery (Ppa) to 
the pulmonary vein (Ppv) or left atrium, where la is mean left atrial 
pressure:

Rp = [Ppa − Ppv or la (mean)]/Qp

Therefore, the calculated pulmonary vascular resistance increases 
when pulmonary arterial pressure increases or when pulmonary 
blood fl ow decreases. Changes in pulmonary venous pressure or 
mean left atrial pressure are somewhat more complicated. In isola-
tion, increases in pulmonary venous pressure and left atrial pres-
sure would decrease the calculated pulmonary vascular resistance. 
However, increases in pulmonary venous pressure are generally 
accompanied by a greater increase in pulmonary arterial pressure 
(which maintains driving pressure), resulting in an increase in 
the calculated resistance across the pulmonary vascular bed. 
Furthermore, changes in left atrial pressure, which occur indepen-
dent of alterations in pulmonary vascular resistance, must be con-
sidered. For example, large intracardiac shunts (e.g., ventricular 
septal defect) may result in congestive heart failure with an eleva-
tion in left atrial pressure. Closure of the ventricular septal defect 
may acutely decrease left atrial pressure, resulting in an elevation 
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in the calculated pulmonary vascular resistance (provided that 
pulmonary arterial pressure does not decrease to the same 
extent), when in fact no change in pulmonary vascular tone has 
occurred [79].

Other factors that affect pulmonary vascular resistance can be 
defi ned by applying a modifi cation of the Poiseuille-Hagen rela-
tionship, which describes the resistance (R) to fl ow of a Newtonian 
fl uid through a system of round, straight glass tubes of constant 
cross sectional area:

Rp = 8 · l · η/nπr4

where l is length of the system of vessels, n is vessel number, r is 
the internal radius of the system of vessels, and η is the viscosity 
of the fl uid. According to this relationship, increasing the viscosity 
of blood perfusing the lungs or decreasing the radius or cross-
sectional area (πr4) of the pulmonary vascular bed increases pul-
monary vascular resistance. Because the above equations describe 
steady, laminar fl ow of a Newtonian fl uid in rigid, glass tubes, dif-
ferences between physical and biologic systems should be consid-
ered. First, blood is not a Newtonian fl uid. However, this is probably 
of little importance at normal hematocrit levels [80]. The viscosity 
of blood is related to red cell number, fi brinogen concentration, and 
red cell deformability. An increased hematocrit (secondary to fetal 
hypoxemia, twin-to-twin transfusion, maternal-to-fetal trans-
fusion, or delayed clamping of the umbilical cord) will increase 
viscosity [80,81] as pulmonary vascular resistance increases loga-
rithmically when the hematocrit increases. Second, pulmonary 
vessels are not rigid tubes. Their walls are deformable, and their 
size and shape are infl uenced by transmural pressure. For example, 
as pulmonary blood fl ow or left atrial pressure increases, vessel 
diameter may change, and/or the recruitment of additional pulmo-
nary vessels may occur. Therefore, the fall in calculated pulmonary 
vascular resistance with increases in pulmonary blood fl ow is non-
linear [65,82,83]. Third, blood fl ow through the pulmonary circula-
tion is pulsatile, not laminar, and the small pulmonary arteries are 
branched, curved, and tapered, not smooth [76]. In addition, the 
small pulmonary arteries are in parallel, and the radii of these 
arteries may differ in different lung zones.

Despite these differences from physical models, the general 
effects of changes in physical factors, such as viscosity and radius, 
do apply [76–78]. In fact, a change in luminal radius is the major 
factor responsible for maintaining a high pulmonary vascular 
resistance in the fetus. Consideration of these factors, particularly 
viscosity and cross-sectional area of the vascular bed, is important 
in evaluating the pathophysiology of pulmonary hypertensive 
disorders.

Finally, it is important to note the overall relationship between 
lung volume and pulmonary vascular resistance, which has 
been described by several investigators [84,85]. These studies 
have shown that this relationship to be U-shaped (Figure 20.1) 
with minimal pulmonary vascular resistance noted at functional 
residual capacity. Using an open-chest model, pulmonary vascular 
resistance decreased as lungs were infl ated from a collapsed 
state and then progressively increased at higher lung volumes, 
which was thought to be related to infl ation pressure on the 
alveolar vessels. These observations support the concept that lung 
infl ation may have a variable effect on the distribution of pulmo-
nary blood fl ow.

When pressure is expressed in mm of Hg and fl ow in L/min, units 
of resistance are derived as mm of Hg/L/min (Wood unit, U). 
However, comparisons among patients of differing weight and age 

are problematic. Therefore, resistance is more commonly expressed 
in relation to body surface area, as U·m2. Multiplying U by 80 con-
verts to dynes/sec/cm−5, a common form utilized to express resis-
tance in other settings. Pulmonary vascular resistance may be as 
high as 8–10 U·m2 immediately after birth and then, under normal 
conditions, falls as previously described to adult levels of 1–3 U·m2 
by 6 to 8 weeks of life [27,31].

Pulmonary Hypertensive Disorders

Pulmonary hypertensive disorders are a signifi cant source of mor-
bidity and mortality in the pediatric population. Pulmonary hyper-
tension is defi ned as a mean pulmonary artery pressure of greater 
than 25 mm of Hg at rest or greater than 30 mm of Hg during exer-
cise. In addition, a calculated pulmonary vascular resistance of 
greater than 3 U is generally considered abnormal. In neonates, the 
most common etiology results from a failure to undergo the normal 
fall in pulmonary vascular resistance at birth termed persistent 
pulmonary hypertension of the newborn (PPHN) that has an 
incidence of ∼1 per 1,000 live births. However, other pulmonary 
abnormalities, such as congenital diaphragmatic hernia, respira-
tory distress syndrome, and bronchopulmonary dysplasia, may 
also result in neonatal pulmonary hypertension. Beyond the neo-
natal period, the majority of pediatric pulmonary hypertensive 
disorders are associated with congenital heart defects. Other, 
less common causes of pediatric pulmonary vascular disease 
include primary (idiopathic) pulmonary hypertension, hypoxia-
induced pulmonary vascular disease, rheumatologic disorders, 
sickle cell disease, portal hypertension, chronic thromboembolic 
disease, human immunodefi ciency virus disease, and drug-toxin 
induced disease. A number of clinical classifi cation systems for 
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pulmonary hypertension have been proposed, most recently at the 
2003 Third World Symposium on Pulmonary Arterial Hyperten-
sion (Table 20.1).

Pathobiology of the Pulmonary Vasculature

Vascular endothelial cells are capable of producing a variety of 
vasoactive substances that participate in the regulation of normal 
vascular tone. A schematic of some of these endothelial factors is 
shown in Figure 20.2. These substances, such as NO, ET-1, and 
prostacyclin are capable of producing vascular relaxation and/or 
constriction, modulating the propensity of the blood to clot, and 
inducing and/or inhibiting smooth muscle cell migration and 
replication [6–20].

Nitric oxide is a labile humoral factor produced by nitric oxide 
synthase (NOS) from L-arginine in the vascular endothelial cell 
[86–88]. Nitric oxide diffuses into the smooth muscle cell and 
produces vascular relaxation by increasing concentrations of 
guanosine 3′5′-monophosphate (cGMP) via the activation of 
soluble guanylate cyclase [89,90]. Nitric oxide is released in response 
to a variety of factors, including shear stress (fl ow) and the 
binding of certain endothelium-dependent vasodilators (such as 
acetylcholine, adenosine triphosphate [ATP], and bradykinin) to 
receptors on the endothelial cell [4,91]. Basal NO release is an 
important mediator of both resting pulmonary and systemic vas-
cular tone in the fetus, newborn, and adult, as well as a mediator 
of the normal fall in pulmonary vascular resistance that occurs 

immediately after birth 32,87,92]. In addition, aberrant NO–cGMP 
signaling is integral to the pathophysiology of pulmonary hyper-
tension, as well as a number of other biologic vascular disorders 
[10,11,23,25,44,45,48,52].

Endothelin-1 is a 21 amino acid polypeptide also produced by 
vascular endothelial cells [2]. The vasoactive properties of ET-1 are 
complex, and studies have shown varying hemodynamic effects on 
different vascular beds [16–20]. However, its most striking property 
is its sustained hypertensive action. In fact, ET-1 is the most potent 
vasoconstricting agent discovered, with a potency 10 times that of 
angiotensin II. The hemodynamic effects of ET-1 are mediated by 
at least two distinct receptor populations, ETA and ETB [93,94]. The 
ETA receptors are located on vascular smooth muscle cells and 
mediate vasoconstriction, whereas the ETB receptors are located on 
endothelial cells and smooth muscle cells and thus may mediate 
both vasodilation and vasoconstriction, respectively. Individual 
endothelins occur in low levels in the plasma, generally below their 
vasoactive thresholds. This suggests that they are primarily effec-
tive at the local site of release. Even at these levels, they may poten-
tiate the effects of other vasoconstrictors, such as norepinephrine 
and serotonin [95]. The role of endogenous ET-1 in the regulation 
of normal vascular tone is unclear at present [96]. Nevertheless, 
alterations in ET-1 have been implicated in the pathophysiology of 
a number of disease states, including pulmonary hypertensive dis-
orders, and has been implicated in the so-called rebound effect of 
inhaled NO [24,25,54,60,97].

Endothelial-derived hyperpolarizing factor (EDHF), a diffusible 
substance that causes vascular relaxation by hyperpolarizing 
the smooth muscle cell, is another important endothelial factor. 

TABLE 20.1. Clinical classification of pulmonary hypertension.

Pulmonary arterial hypertension (PAH)
 Idiopathic (IPAH)
 Familial (FPAH)
 Related to risk factors or associated conditions (APAH)
  Collagen vascular disease
  Congenital systemic-to-pulmonary shunts
  Portal hypertension
  Human immunodeficiency virus infection
  Drugs and toxins
  Other: thyroid disorders, glycogen storage disease, Gaucher disease, hereditary 
   hemorrhagic telangiectasia, hemoglobinopathies, myeloproliferative disorders, 
   splenectomy
 Associated with venous or capillary involvement
  Pulmonary veno-occlusive disease
  Pulmonary capillary hemangiomatosis
 Persistent pulmonary hypertension of the newborn
Pulmonary hypertension with left heart disease
 Left-sided atrial or ventricular heart disease
 Left-sided valvular heart disease
Pulmonary hypertension associated with lung disease and/or hypoxemia
 Chronic obstructive pulmonary disease
 Interstitial lung disease
 Sleep-disordered breathing
 Alveolar hypoventilation disorders
 Chronic exposure to high altitude
 Developmental abnormalities
Pulmonary hypertension due to chronic thrombotic and/or embolic disease
 Proximal pulmonary arteries
 Distal pulmonary arteries
 Nonthrombotic embolism (tumor, parasites, foreign material)
Miscellaneous
 Sarcoidosis, histiocytosis X, lymphangiomatosis, compression of pulmonary vessels

Source: Adapted from Simonneau et al. [227].
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Endothelial-derived hyperpolarizing factor has not yet been identi-
fi ed, but current evidence suggests that its action is dependent on 
K+ channels [97]. Activation of potassium channels in the vascular 
smooth muscle results in cell membrane hyperpolarization, closure 
of voltage-dependent calcium channels, and ultimately vasodila-
tion. Potassium channels are also present in endothelial cells. Acti-
vation within the endothelium results in changes in calcium fl ux 
and may be important in the release of NO, prostacyclin, and EDHF. 
Potassium channel subtypes include ATP-sensitive K+ channels, 
Ca2+-dependent K+ channels, voltage-dependent K+ channels, and 
inward-rectifi er K+ channels [97].

The breakdown of phospholipids within vascular endothelial 
cells results in the production of the important byproducts of ara-
chidonic acid, including prostacyclin (PGI2) and thromboxane 
(TXA2). Prostacyclin activates adenylate cyclase, resulting in 
increased cAMP production and subsequent vasodilation, whereas 
TXA2 results in vasoconstriction via phospholipase C signaling. 
Other prostaglandins and leukotrienes also have potent vasoactive 
properties. Increasing evidence suggests that endothelial injury 
and the resulting alteration in the balance of these and other vaso-
active substances has a signifi cant role in the development of pul-
monary hypertension and increased vascular reactivity [22,98,99]. 
Support for this hypothesis is strengthened by observations that 
endothelial injury precedes pulmonary hypertension and its asso-
ciated vascular remodeling in several animal models of pulmonary 
hypertension [61,100]. In humans, endothelial dysfunction, includ-
ing histologic abnormalities of the endothelium, impairment of 
endothelium-dependent pulmonary vasodilation, and increased 
plasma ET-1 concentrations have been described in children with 
congenital heart defects and pulmonary hypertension before the 
development of signifi cant vascular remodeling [22,98,101]. In 
addition, neonates with PPHN and adults with advanced pulmo-
nary vascular disease have evidence of endothelial dysfunction, 
impairment of endothelium-dependent pulmonary vasodilation, 
increased plasma ET-1 concentrations, and decreased prostacyclin 
production [23,24,62,99]. The mechanism of injury to the vascular 
endothelium is unclear but is likely multifactorial and in part 
dependent on the etiology of the pulmonary hypertension. For 
example, in children with congenital heart disease and increased 
pulmonary blood fl ow, the initiating endothelial injury is likely 
mediated by increased shear stress. However, once pulmonary arte-
rial pressure is elevated, shear stress-mediated endothelial injury 
appears to promote the progression of the disease, independent of 
the underlying etiology. Finally, a genetic disposition appears to be 
important in some subtypes of pulmonary vascular disease and 
remains an area of active research. For example, up to 60% of 
patients with familial idiopathic pulmonary hypertension have 
mutations resulting in the loss of function of bone morphogenetic 
protein receptor II [102–105].

Following an initial endothelial injury, smooth muscle prolifera-
tion and progressive structural remodeling occurs. The progres-
sion of anatomic changes is best characterized in congenital 
heart disease (see later discussion) [106–109]. However, regardless 
of the etiology, advanced disease is characterized by medial 
hypertrophy, intimal hyperplasia, angiomatoid formation, in situ 
thrombi, and eventual vascular obliteration. If the underlying 
stress remains untreated (e.g., delayed repair of cardiac shunt), 
these structural changes can progress to the point of becoming 
functionally “fi xed” or irreversible. An important goal of therapy 
is to halt this progression and reverse the early vascular remodeling 
if possible.

General Treatment Approach

Regardless of the underlying etiology, the general treatment 
approach is similar and can be subdivided into four major goals: 
(1) prevent and acutely treat active pulmonary vasoconstriction, (2) 
support the failing right ventricle, (3) treat the underlying etiology, 
and (4) chronically promote, if possible, the regression of pulmo-
nary vascular remodeling.

Prevent and Acutely Treat Active Pulmonary Vasoconstriction

In the intensive care setting, the prevention and treatment of active 
pulmonary vasoconstriction is a primary focus for the care of 
patients with underlying pulmonary vascular disease. It is well 
appreciated that these patients have augmented pulmonary vaso-
constriction in response to such stimuli as hypoxia, acidosis, the 
catecholamine-mediated α1-adrenergic stimulation associated with 
pain and agitation, and increases in intrathoracic pressure [110–
112]. In fact, acute increases in pulmonary vascular resistance can 
lead to signifi cant cardiopulmonary compromise (i.e., a pulmonary 
hypertensive crisis). The pathophysiology of such a crisis in out-
lined in Figure 20.3. Following an acute increase in pulmonary 
arterial pressure, there is an acute increase in right ventricular 
afterload, producing right ventricular ischemia and, ultimately, 
failure [113,114]. The resulting increase in right ventricular end 
diastolic volume shifts the intraventricular septum to the left, 
decreasing left ventricular volume and cardiac output. Decreased 
cardiac output results in decreased systemic perfusion and meta-
bolic acidosis. Increased pulmonary vascular resistance and right 
ventricular failure also decrease pulmonary blood fl ow, increasing 
dead space ventilation. Distention of the pulmonary arteries and 
perivascular edema produce large and small airways obstruction, 
respectively, which impairs ventilation–perfusion matching and 
decreases lung compliance. In fact, the decrease in lung compliance 
can be so dramatic that chest wall movement is impaired, even with 
manual ventilation. The ensuing hypoxemia, hypercapnia, and aci-
dosis (metabolic and/or respiratory) further increase pulmonary 
vascular resistance and perpetuate this cascade.
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FIGURE 20.3. The cardiopulmonary effects of acute pulmonary hypertension. CO, cardiac 
output; LVEDV, left ventricular end diastolic volume; PAP, pulmonary arterial pressure; RV, 
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Prevention of pulmonary hypertensive crises may be accom-
plished by avoiding stimuli known to increase pulmonary vascular 
resistance, including hypoxia, acidosis, agitation, pulmonary 
overdistention, and polycythemia [112]. Various regimens have 
been utilized for this purpose, including the judicious use of sup-
plemental oxygen, analgesics, sedatives, and muscle relaxants 
(especially before noxious stimuli, such as suctioning); the main-
tenance of an alkalotic pH with the use of controlled ventilation 
and buffer; aggressive evacuation of pneumothoraces and 
pleural effusions; the utilization of low lung volume ventilator 
strategies; the minimization of positive end-expiratory pressures; 
and the maintenance of the hematocrit below 55% [85,115]. In 
addition, data suggest that the use of pulmonary vasodilator 
therapy may decrease the incidence of pulmonary hypertensive 
crises [116–128].

Treatment of active pulmonary vasoconstriction is accomplished 
with the use of pulmonary vasodilator therapy. The mainstay of 
acute pulmonary vasodilator therapy remains supplemental oxygen 
and moderate alkalosis, as these therapies have minimal effects 
on the systemic vasculature. Interestingly, the dose-dependent 
response of the pulmonary vasculature to these agents has not been 
well established. Studies in newborn lambs demonstrate dose-
dependent pulmonary vasodilation in response to increasing pH 
from 7.30 to 7.60, and a dose-dependent response to increasing 
inspired oxygen concentrations from 0.21 to 0.5, with minimal 
effects at higher concentrations [129]. Several intravenous agents 
have been utilized to promote pulmonary vasodilation, including 
tolazoline, sodium nitroprusside, nitroglycerin, prostacyclin, pros-
taglandin E1, nifedipine, and α-adrenergic antagonists, such as 
phenoxybenzamine [130–137]. The effi cacies of these agents are 
variable, at least in part because of their effects on the systemic 
vasculature. Systemic afterload reduction can be advantageous in 
the setting of left ventricular dysfunction; however, signifi cant 
reductions in pulmonary arterial pressure without unacceptable 
systemic hypotension are often not possible [138–140]. In addition, 
intravenous vasodilators can override intrinsic hypoxic pulmo-
nary vasoconstriction, resulting in an increase in dead space ven-
tilation, which may not be tolerated in some critically ill patients 
[141–145].

More recent treatment modalities, most notably inhaled NO, 
deliver short-acting vasodilators to the pulmonary vasculature via 
an inhalational route [116–128]. When administered to the lung in 
its natural gaseous form, NO diffuses through the alveolar wall to 
reach small pulmonary arteries. It then enters vascular smooth 
muscle cells, initiating a cascade that results in pulmonary vasodi-
lation via increases in cGMP. After entering the blood vessel lumen, 
NO is rapidly inactivated by hemoglobin, which confi nes its effects 
to the pulmonary vasculature. Because of these properties, inhaled 
NO has several advantages over other vasodilators, including (1) 
selective pulmonary vasodilation caused by rapid inactivation by 
hemoglobin, (2) rapid onset and elimination, and (3) an improve-
ment in ventilation–perfusion matching because of the limitation 
of delivery to well-ventilated lung regions. Accordingly, inhaled NO 
has become a mainstay of treatment for acute pulmonary hyper-
tensive disorders and the assessment of pulmonary vascular reac-
tivity. Inhaled prostacyclin has similar pulmonary selectivity, 
secondary to rapid inactivation by hemoglobin. Its vasodilating 
effects are secondary to increasing cAMP concentrations. Cur-
rently, studies on the use of inhaled prostacyclin for pediatric pul-
monary hypertension are sparse, and comparison studies between 
inhaled NO and inhaled prostacyclin are lacking [146–156].

Inhibitors of phosphodiesterases (PDEs), a family of enzymes 
that hydrolyze the cyclic nucleotides cAMP and cGMP, are a rela-
tively new class of agents that have potent vasodilating and inotro-
pic effects [157]. Milrinone is a PDE 3 inhibitor that increases cAMP 
concentrations. Animal and human data demonstrate pulmonary 
vasodilation in response to milrinone that can be in excess of its 
systemic effects if the pulmonary vasculature is constricted [158–
161]. In addition, a large, randomized study demonstrates that its 
use decreases the incidence of low cardiac output syndrome follow-
ing surgery for congenital heart disease [162]. Given these proper-
ties, milrinone is increasingly utilized in the postoperative 
management of patients with congenital heart disease and pulmo-
nary hypertension.

Sildenafi l, a PDE5 inhibitor, which increases cGMP concentra-
tions, also has potent pulmonary vasodilating effects [163]. The 
oral formulation is currently being investigated for chronic pulmo-
nary hypertensive therapy, and recent short-term studies demon-
strate benefi cial effects in children with advanced pulmonary 
vascular disease [164]. The intravenous formulation is currently 
being investigated for acute pediatric pulmonary hypertensive 
disorders (PPHN and perioperative pulmonary hypertension) 
[165,166].

Increasing data implicate alterations in ET-1 in the pathophysiol-
ogy of pulmonary hypertension (see earlier) and suggest that 
ET-receptor antagonism may be a useful therapeutic strategy 
[24,25,54,60,97]. In fact, bosentan, an oral combined ETA and ETB 
receptor antagonist, has demonstrated effi cacy as a chronic therapy 
for advanced pulmonary vascular disease [167,168]. To date, there 
have been no large studies on the use of ET receptor antagonists for 
acute pulmonary hypertensive disorders. In addition, the use of 
selective ET receptor antagonism is under investigation but has not 
yet reached clinical trials.

Support the Failing Right Ventricle

A signifi cant component of the pathophysiology of both acute and 
chronic pulmonary hypertension is the development of right ven-
tricular dysfunction, which often requires pharmacologic support. 
Maintenance of adequate preload is necessary to optimize cardiac 
output in patients with pulmonary hypertension. Continuous 
central venous pressure monitoring may be helpful to guide volume 
therapy, keeping in mind that patients with a poorly compliant 
right ventricle or increased right ventricular afterload may require 
elevated central venous pressures to maintain an adequate cardiac 
output. Frequent clinical assessment of liver size can be helpful, 
particularly in infants.

Despite adequate preload, cardiac output may be compromised 
secondary to elevated right ventricular afterload and/or biventric-
ular myocardial dysfunction after cardiac surgery and cardiopul-
monary bypass, necessitating the use of inotropic agents [111,169]. 
These agents increase stroke volume at a given preload and after-
load by stimulating ß1-adrenergic receptors [170,171]. However, 
some of these agents also stimulate ß2- or α1-adrenergic receptors, 
which are found on the smooth muscle cells of both the pulmonary 
and systemic arteries. Agents that stimulate ß2-adrenergic recep-
tors decrease both pulmonary and systemic vascular resistance and 
improve right and left ventricular function [172,173]. Agents that 
stimulate α1-adrenergic receptors may increase both systemic and 
pulmonary vascular resistance. Therefore, a rational approach to 
using inotropic agents in the setting of pulmonary hypertension 
is to utilize agents with ß2-receptor selectivity and minimal α1-
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adrenergic stimulation (i.e., dobutamine). Although animal studies 
have shown that high doses of dopamine increase pulmonary vas-
cular resistance, human studies have shown increased cardiac 
output with minimal effects on pulmonary vascular resistance 
[130,174]. Milrinone is also a useful therapy for patients with pul-
monary hypertension and myocardial dysfunction, given its vaso-
dilatory and inotropic properties [162].

In the setting of pulmonary hypertension secondary to congeni-
tal heart defects, an atrial communication can be benefi cial in that 
it allows the failing right ventricle to decompress when right atrial 
pressure rises [175]. Accordingly, atrial septal defects can be left 
unclosed (i.e., patent foramen ovale) or created at the time of 
surgery. The existence of an atrial level communication decreases 
the risk of right ventricular failure and maintains left-sided cardiac 
output. The resulting right-to-left shunt is generally well tolerated, 
particularly if high hemoglobin concentrations are maintained. As 
right ventricular function improves, right-to-left shunting decreases 
and oxygenation improves. Atrial septostomy as a part of manage-
ment for chronic pulmonary hypertension (e.g., primary pulmo-
nary hypertension) has been advocated but must be considered 
carefully on an individual basis [176–180].

In patients with refractory pulmonary hypertension, short-term 
postoperative extracorporeal support has been useful during the 
postoperative period of extreme vasoreactivity. However, its use 
should be limited to support those patients in which the underlying 
pulmonary vascular disease is deemed reversible.

Treat the Underlying Etiology

Whenever possible, treatment of the underlying disorder must 
coincide with symptomatic treatment for pulmonary hypertension 
if attenuation and/ reversal of the disease are to be successful. For 
example, in neonates, this may involve correction of underlying 
metabolic disturbances, antibiotics for infectious etiologies, and 
exchange transfusions for polycythemia. For patients with con-
genital heart disease, repair of the underlying defect, after deter-
mining that the pulmonary vascular disease is reversible (see later), 
is mandatory. For hypoxia-induced disease, tonsillectomy and 
adenoidectomy may be required for sleep apnea, and a descent to 
sea level may be needed for high-altitude–related disease. Finally, 
for rheumatologic disease, immunosuppression may be required.

Chronically Promote, if Possible, the Regression of Pulmonary 
Vascular Remodeling

The mainstay of chronic therapy has been aimed at decreasing 
pulmonary vascular resistance, thereby assisting right ventricular 
function and perhaps attenuating the progression of vascular 
remodeling by decreasing the pressure to which the vasculature is 
exposed. The continuous infusion of prostacyclin (epoprostin) has 
been the most successful therapy to date in this regard [181–185]. 
In fact, several studies in humans with advanced pulmonary vas-
cular disease demonstrate improved 5-year survival and improved 
exercise tolerance. Interestingly, even those patients without an 
initial vasodilating response to the infusion show signifi cant long-
term benefi t, suggesting that effects beyond vasodilation, such as 
antiplatelet effects, cAMP-mediated inhibition of smooth muscle 
cell growth, or other unknown mechanisms may be responsible for 
the treatment effect [186]. Despite the impressive results, several 
factors limit its utilization, including the need for chronic intravas-
cular assess with the associated infectious and thrombotic risks, 
and many other untoward effects, including headache, fl ushing, 

and acute cardiopulmonary compromise with disruption of the 
infusion [187].

With the increasing appreciation for the role of ET-1 in the patho-
physiology of pulmonary vascular disease, ET receptor antagonists 
have been developed as a potential treatment modality. To date, 
bosentan, a combined ETA and ETB receptor antagonist, is the most 
widely studied agent and is the only receptor antagonist approved 
for the treatment of pulmonary hypertension [167,168]. Recent 
studies in adults with primary pulmonary hypertension demon-
strate similar improvements in survival and exercise tolerance as 
those demonstrated with epoprostenol [188]. The use of ET receptor 
antagonists for pediatric pulmonary hypertensive disorders is cur-
rently under investigation.

Defi ciencies in the NO–cGMP cascade in pulmonary vascular 
disease are well documented. In addition, the vasodilating effects, 
antiplatelet effects, and antiproliferative effects of augmenting this 
cascade are well appreciated. Therefore, new chronic therapies that 
augment NO–cGMP signaling, which include chronic inhaled NO 
delivered by nasal cannula and sildenafi l, are currently under 
investigation [187]. In fact, the short-term benefi t of sildenafi l in 
children with advanced pulmonary hypertension has recently been 
reported [164].

Data indicate that several of these new oral therapies, such as 
bosentan and sildenafi l, may offer additional benefi t by virtue of 
their ability to inhibit vascular smooth muscle growth and fi brosis 
[187]. A number of other treatment strategies, including combina-
tion drug therapies, are currently under investigation. To date they 
have been used predominantly in advanced pulmonary vascular 
disease, but, due to these favorable characteristics, several poten-
tial applications warrant investigation. This includes their use in 
lung hypoplastic syndromes, in hypoxia-associated disease, and in 
congenital heart disease in order to improve the operability of 
patients with modest vascular changes [189].

Persistent Pulmonary Hypertension of the Newborn

In a number of clinical conditions, pulmonary vascular resistance 
does not decrease normally at birth. As a result, pulmonary blood 
fl ow remains reduced and pulmonary arterial pressure remains 
high. The pathophysiologic effects are hypoxemia, myocardial dys-
function, and a resulting reduction in systemic oxygen delivery. 
The hypoxemia is most often secondary to extrapulmonary right-
to-left shunting of blood at the atrial and/or ductal levels but may 
also be secondary to intrapulmonary right-to-left shunting of 
blood when associated with parenchymal lung disease. The patho-
physiologic mechanisms preventing the normal pulmonary vaso-
dilatation at birth remain unclear and are most likely multifactorial 
in etiology.

Within this defi nition of PPHN, three major subgroups are often 
characterized: those with underdevelopment of the lung, those 
with maladaptation of the lung, and those with maldevelopment of 
the lung [58]. These subgroups represent a spectrum of etiologies 
and pathophysiology. For example, underdevelopment of the lung 
represents disorders of vascular hypoplasia, which are usually 
associated with varying degrees of lung hypoplasia. Within this 
subgroup, patients with congenital diaphragmatic hernia have been 
most thoroughly investigated. Although the structural abnormali-
ties are greatest on the side of the hernia, both of the lungs of these 
patients are smaller and have fewer alveoli than do lungs from a 
normal control population [190–192]. Their lungs also have fewer 
vessels per unit of lung [192]. Thus, the total cross-sectional area 
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of the vascular bed is markedly decreased. Furthermore, the exist-
ing pulmonary arteries have increased muscle mass with medial 
hypertrophy in normally muscularized arteries and an abnormal 
extension of muscle into the intra-acinar arteries. The increased 
muscularization may explain the labile, right-to-left extrapulmo-
nary shunting of blood seen in such patients [193,194]. The response 
to therapy and long-term outcome is dictated by the degree of 
hypoplasia of the underlying vasculature. Following acute thera-
pies, which often include surgical repair, mechanical ventilation 
with inhaled NO, and extracorporeal support, subacute and chronic 
pulmonary hypertension has been increasingly recognized as a 
major outcome variable in these patients. Because ultimately lung 
and vascular growth are necessary to reverse the disease process, 
aggressive long-term support with agents that inhibit vascular 
remodeling (i.e., ET receptor antagonists and PDE inhibitors) 
is an emerging treatment approach to support these infants as 
they grow.

Maladaptation of the lung represents a stress event at the time of 
delivery that does not allow the normal dilating stimuli, such as 
increases in systemic arterial pH and oxygen tension, to occur. This 
may occur in the setting of apnea, pneumonia, sepsis, and aspira-
tion of meconium or amniotic fl uid [195–197]. The underlying 
pulmonary vasculature is often normal, and, thus, these neonates 
are likely to respond to vasodilator therapy and the correction of 
contributory metabolic abnormalities.

Maldevelopment of the lung represents a group of conditions in 
which the vasculature is thickened and abnormally distributed. For 
example, some newborns who die from persistent pulmonary 
hypertension have abnormally muscular pulmonary vascular beds, 
even when they die on the fi rst day of life. In particular, they have 
thickened muscular coats in the normally muscular preacinar 
arteries, and extension of muscle into the normally nonmuscular 
intra-acinar arteries [56,57]. Because vascular remodeling takes 
time to develop, it has been hypothesized that this increased mus-
cularization is caused by a chronic intrauterine stress. In animal 
models, this pathophysiology can be mimicked by chronic placen-
tal insuffi ciency, fetal hypoxemia, chronic constriction of the 
ductus arteriosus, and chronic NO inhibition [40,55,198–203]. 
Interestingly, PPHN has been associated with maternal indometha-
cin use, which causes constriction of the ductus arteriosus [204,205]. 
The response to therapy in neonates with maldevelopment of the 
lung is variable and may be related to the extent and type of under-
lying structural vascular pathology.

The primary therapeutic approach is to decrease pulmonary 
vascular resistance and support myocardial function. The specifi c 
treatment modality depends on the underlying etiology. If the 
cause is perinatal asphyxia, correcting alveolar hypoxia, hypercar-
bia, and metabolic acidosis by ventilation with 100% oxygen, and 
by administration of buffer, should decrease pulmonary vascular 
tone toward normal levels. If parenchymal disease (i.e., respiratory 
distress syndrome, meconium aspiration, or pneumonia) is causing 
pulmonary vasospasm due to alveolar hypoxia and hypercarbia, 
then infl ation of the alveoli with positive end-expiratory pressure, 
surfactant administration, and mechanical ventilation may reverse 
the pulmonary hypertension [206–208]. The near-term child can 
exert substantial intrathoracic pressure opposing mechanical ven-
tilation; thus, sedation and occasionally muscle paralysis may be 
necessary to obtain stable mechanical ventilation [209].

When treatment of the underlying pulmonary parenchymal, 
infectious, or infl ammatory disease is ineffective, or if there is no 
such underlying disease, therapy is directed at reversing abnormal 

pulmonary vasoconstriction. This is generally accomplished with 
sedation, mechanical ventilation with 100% oxygen, and alkalini-
zation. When further pulmonary vasodilation is needed, inhaled 
NO is utilized with or without high-frequency ventilation. In fact, 
several multicentered, randomized trials have demonstrated that 
inhaled NO improves oxygenation and decreases the need for 
extracorporeal life support in newborns with persistent pulmonary 
hypertension [117,121,126), although no differences in mortality 
were noted. The use of extracorporeal membrane oxygenation has 
substantially decreased overall mortality for most subsets of PPHN. 
However, overall mortality rates remain substantial at 5%–15% 
[210–213].

Pulmonary Hypertension Associated with Congenital 
Heart Disease

The development of pulmonary hypertension and increased pul-
monary vascular reactivity is associated with two major types of 
congenital heart disease: (1) those with increased pulmonary blood 
fl ow and pulmonary arterial pressure and (2) those with increased 
pulmonary venous pressure [110–112,169]. After birth, large com-
munications at the level of the ventricles or great vessels result in 
increased pulmonary blood fl ow and pulmonary arterial pressure, 
which produces progressive structural and functional abnormali-
ties of the pulmonary vasculature [59,106–110,214–217]. Similarly, 
elevated pulmonary venous pressure results in progressive increases 
in pulmonary venous and arterial pressure, which produces struc-
tural abnormalities of the pulmonary vasculature. Heath and 
Edwards fi rst described the progression of these pulmonary vascu-
lar changes in 1958 [217]. In their classifi cation, changes progress 
from medial hypertrophy (grade I) to intimal hyperplasia (grade 
II), lumen occlusion (grade III), arterial dilatation (grade IV), 
angiomatoid formation (grade V) and fi brinoid necrosis (grade VI). 
In addition, morphometric analysis shows progression of disturbed 
arterial growth and remodeling of the pulmonary vascular bed, 
which correlates with the aberrant hemodynamic state of the pul-
monary circulation [108,109,214–216]. These changes are charac-
terized by (1) abnormal extension of vascular smooth muscle into 
small peripheral pulmonary arteries and mild medial hypertrophy 
of normally muscular arteries (grade A), (2) severe medial hyper-
trophy of normally muscular arteries (grade B), and (3) decreased 
pulmonary arterial number (grade C). Uncorrected, these vascular 
changes result in decreased cross-sectional area and obliteration of 
the pulmonary vascular bed and death secondary to severe cyano-
sis or myocardial failure.

Different congenital heart defects vary considerably in the fre-
quency and severity of pulmonary hypertension. The risks and 
frequencies of developing advanced pulmonary vascular disease 
(PVD) for particular heart defects are summarized in Table 20.2. 
Importantly, children with trisomy 21 and congenital heart defects 
often have an accelerated development of advanced pulmonary 
vascular disease [218]. This may be secondary to confounding 
factors such as airway obstruction or another unidentifi ed predis-
position. After surgical correction, early vascular changes (grades 
I–III, grades A, B) are reversible; however, more severe changes are 
irreversible and progressive. Therefore, the pathophysiologic state 
of the pulmonary circulation is the main determinant of the clini-
cal course and the success of surgical treatment, and it explains the 
trend toward early repair of congenital heart defects [169].

Although early surgical repair of congenital heart defects has 
decreased the incidence of irreversible pulmonary vascular disease, 
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even those children with reversible vascular changes suffer mor-
bidity and mortality in the perioperative period secondary to 
chronic and/or acute elevations in pulmonary vascular resistance 
[10–112,219]. Chronic elevations are related to the structural 
changes that decrease the cross-sectional area of the pulmonary 
vascular bed. These alterations may take several months to nor-
malize following surgical repair. Acute elevations in pulmonary 
vascular resistance are often seen immediately following surgery 
with cardiopulmonary bypass, when there is often a period of 
enhanced pulmonary vascular reactivity [8,22,98]. This period may 
last up to 5–7 days and is most likely a manifestation of preexisting 
aberrant endothelial cell–smooth muscle cell interactions that are 
exacerbated at the time of surgery. During cardiopulmonary 
bypass, several factors including the disruption of pulmonary 
blood fl ow, complement activation, and neutrophil activation 
induce pulmonary vascular endothelial dysfunction. This results 
in an increase in the production and/or release of endothelial 
factors that promote vasoconstriction, such ET-1 and TXA2, and a 
decrease in endothelial relaxing factors, most importantly NO 
[220]. This period of extreme reactivity may produce severe hypox-
emia, acidosis, low cardiac output, and death if not treated 
immediately.

Classically, a preoperative determination of pulmonary vascular 
reactivity is made in the cardiac catheterization laboratory in order 
to assess the operability of a given patient, that is, the degree to 
which the pulmonary vascular disease is reversible, as well as the 
postoperative risk. This testing involves measuring pulmonary 
arterial pressure and calculating pulmonary vascular resistance 
under varying conditions. The vascular resistance following acute 
maximal vasodilator therapy (e.g., oxygen and NO) represents the 
degree of structural pulmonary vascular disease that is present. 
Despite the frequent utilization of such testing, there is no absolute 
pulmonary vascular resistance that is universally considered inop-
erable. In general, a larger reduction in resistance in response to 
vasodilator therapy correlates with an increased chance of revers-
ibility and a lower risk of perioperative morbidity from pulmonary 
hypertension. Recent studies suggest that the combination of 100% 
oxygen and inhaled NO produces maximal pulmonary vasodilation 
and has some perioperative predictive value [221,222]. In fact, a 20% 
decrease in the ratio of the pulmonary-to-systemic vascular resis-
tance with vasodilator therapy, and a nadir in this ratio of less than 
33%, was 97% sensitive and 90% accurate in predicting a good sur-
gical outcome. Therefore, the combination of oxygen and inhaled 
NO is now most commonly used for pulmonary vascular reactivity 

testing. Reactivity testing may also be helpful in the intensive care 
unit in the setting of a persistent postoperative elevation of pulmo-
nary arterial pressure in order to differentiate between residual 
anatomic defects and prolonged periods of increased tone [118].

The optimal treatment for perioperative pulmonary hyperten-
sive morbidity is prevention with early surgical repair. It is increas-
ingly clear that the longer the pulmonary vasculature is exposed to 
the abnormal forces associated with increased blood fl ow and/or 
pressure, the greater the risk of perioperative pulmonary vascular 
reactivity. Following surgery, the goal of perioperative manage-
ment is to minimize active pulmonary vasoconstriction during the 
period of exaggerated reactivity and support the right ventricle. To 
this end, avoidance of those stimuli that increase pulmonary vas-
cular resistance (hypoxia, acidosis, pain, agitation, increased intra-
thoracic pressure) is critical. Continuous pulmonary arterial and 
right atrial pressure monitoring is often helpful by allowing prompt 
recognition of pulmonary hypertensive crises and evaluation of the 
response to therapeutic maneuvers. Monitoring systemic arterial 
pressure and systemic arterial oxygen saturation is essential in that 
it allows changes in pulmonary arterial pressure to be interpreted 
in the context of the total cardiopulmonary response. For example, 
if systemic and pulmonary arterial pressures increase in response 
to pain and agitation, but right atrial pressure does not increase, 
and systemic perfusion and oxygen saturation remain adequate, 
then specifi c treatment directed at the pulmonary vasculature is 
not necessary. Conversely, increases in pulmonary arterial pres-
sure that are associated with increased right atrial pressure, 
decreased systemic pressure, and/or decreased systemic saturation 
might herald imminent collapse.

The objective of vasodilator therapy is to decrease right ventricu-
lar afterload and prevent acute increases in pulmonary arterial 
pressure. Inhaled NO, in combination with oxygen, has been 
increasingly utilized because of its potent vasodilating effects, pul-
monary selectivity, and rapid onset and elimination (see earlier). 
Several studies demonstrate its potent vasodilating effects in this 
population [223–226]; however, large, randomized trails are lacking. 
One randomized trial did demonstrate that inhaled NO decreased 
postoperative pulmonary vascular resistance, the incidence of pul-
monary hypertensive crises, and the days of mechanical ventilation 
compared with placebo [226]. In patients with a history of pulmo-
nary venous hypertension (total anomalous pulmonary venous 
return, mitral valve disease), aggressive diuresis may be helpful 
because interstitial pulmonary edema may contribute signifi cantly 
to elevations in pulmonary vascular resistance.

Therapies that maintain an adequate cardiac output in this 
patient population are not dissimilar to therapies utilized in other 
patient populations, with the exception of the particular emphasis 
placed on right ventricular afterload reduction and support. It is 
noteworthy that patients with a poorly compliant right ventricle or 
with increased right ventricular afterload may require elevated 
central venous pressures to maintain an adequate preload. In addi-
tion, the use of inotropic agents with signifi cant α1-adrenergic 
effect should be minimized to avoid the associated pulmonary 
vasoconstriction. Agents such as dobutamine, milrinone, and 
dopamine are routinely utilized.

The use of high levels of positive end-expiratory pressure (PEEP) 
is somewhat controversial. Mechanical hyperventilation with high 
PEEP increases intrathoracic pressure and pulmonary vascular 
resistance [85,115]. This therapy should be avoided if adequate sys-
temic arterial saturation can be achieved by other means. However, 
at low lung volumes, the use of PEEP may increase lung volume 

TABLE 20.2. Risks and frequencies of developing advanced pulmonary vascular disease 
(PVD) in the presence of a heart defect.

Defect Risk of PVD Age

Increased pulmonary blood flow
 Truncus arteriosus ~100% <2 years
 Atrioventricular canal ~100% ~2 years
 Ventricular septal defect (VSD) ~15%–20% >2 years
 Patent ductus arteriosus ~15%–20% >2 years
 Transposition of the great arteries with VSD ~70%–100% 1–2 years
 Atrial septal defect ~20% >20 years
Increased pulmonary venous pressure
 Obstructed TAPVR (total anomalous Variable Variable
  pulmonary venous return)
 Cor triatriatum Variable Variable
 Mitral stenosis Variable Variable
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toward functional residual capacity and, thus, improve gas 
exchange and may lower pulmonary vascular resistance. Mechani-
cal ventilation without PEEP (especially in patients after partial 
and total caval-pulmonary shunts) predisposes patients to atelec-
tasis, worsens ventilation–perfusion matching, results in systemic 
arterial hypoxemia, and increases pulmonary vascular resistance 
[85]. Thus, low levels of PEEP (3–4 cm H2O), which have minimal 
effects on pulmonary vascular resistance, should be used to prevent 
atelectasis in this patient population.

Primary Pulmonary Hypertension

Until very recently, pulmonary arterial hypertension of unknown 
etiology was termed primary pulmonary hypertension. However, 
recent evidence indicates a genetic disposition in a subset of patients 
with primary pulmonary hypertension, and a number of diseases 
that lead to pulmonary arterial hypertension with similar histo-
logical and pathophysiologic features have been uncovered [102–
105]. Thus, at the 2003 Third World Symposium on Pulmonary 
Arterial Hypertension, a new classifi cation was proposed to further 
classify primary pulmonary hypertension into the following sub-
groups: (1) idiopathic pulmonary arterial hypertension (IPAH), (2) 
familial pulmonary arterial hypertension (FPAH), and (3) pulmo-
nary arterial hypertension related to risk factors or associated con-
ditions (APAH) [227].

Unfortunately, mortality from primary pulmonary hypertension 
remains high and may be higher for children than adults. In fact, 
the Primary Pulmonary Hypertension National Institutes of Health 
Registry reports a median survival of only 10 months for pediatric 
patients [228]. However, recent data suggest that pediatric patients 
may respond differently than adults to new therapies and that these 
differences may portend a better outcome in younger patients 
[229,230]. The frequency of primary pulmonary hypertension in 
pediatric patients is not known, but it appears that the number of 
confi rmed cases is increasing. The incidence is slightly increased 
in females [231]. The most common causes of death in children with 
primary pulmonary hypertension are right ventricular failure and 
sudden death, which may be related to malignant cardiac arrhyth-
mias, pulmonary emboli, or acute right ventricular ischemia [228]. 
Physicians caring for children in an intensive care unit setting must 
be cognizant of this disorder, albeit rare, because relatively benign 
disease processes, such as pneumonia, can be life threatening for 
children with primary pulmonary hypertension, which may not 
have been previously identifi ed.

As opposed to adults with primary pulmonary hypertension, 
who often have severe plexiform lesions resulting in relatively fi xed 
vascular changes, children display greater medial hypertrophy 
with less intimal fi brosis and fewer plexiform lesions [187,229]. In 
addition, pediatric patients have a decreased pulmonary arterial 
number and increased pulmonary vascular reactivity compared 
with adult patients. The molecular mechanisms underlying primary 
pulmonary hypertension remain speculative; however, studies 
suggest an integral role for endothelial dysfunction, resulting in an 
increase in factors that favor both vasoconstriction and mitogene-
sis, such as ET-1 and TXA2, and a decrease in factors that promote 
vasodilation and smooth muscle antiproliferation, such as NO and 
prostacyclin [23,101,187,232–235]. Other mechanisms have been 
investigated including, altered gene expression, coagulation ab-
normalities (resulting in intravascular thrombosis), and defects 
of pulmonary vascular smooth muscle cell potassium channels 
[236–238].

Recent advances in the understanding of pulmonary hyper-
tension have established an association with a number of disease 
processes and toxins. Thus, it is now known that pulmonary hyper-
tension can be related to collagen vascular disease, portal hyper-
tension, human immunodefi ciency virus infection, chronic 
obstructive pulmonary disease, interstitial lung disease, sleep-
disordered breathing, alveolar hypoventilation disorders, chronic 
exposure to high altitudes, thromboembolic disease, sickle cell 
disease, Schistosomiasis, sarcoidosis, thyroid disorders, glycogen 
storage disease, Gaucher disease, hereditary hemorrhagic telangi-
ectasia, myeloproliferative disorders, and pulmonary capillary 
hemangiomatosis. In addition, drugs or toxins, most notably 
anorexigens, have been associated with the development of pulmo-
nary hypertension [187,227]. In general the diagnostic work-up 
includes history and physical examination, electrocardiography, 
chest radiography, echocardiography, and cardiac catheterization. 
Serologic evaluation in order to exclude secondary causes is 
required, and V/Q scanning to evaluate for pulmonary emboli may 
be necessary.

Treatment strategies for pediatric pulmonary arterial hyperten-
sion are evolving. When the disease is associated with a known 
disorder, treatment must include specifi c therapy aimed at the 
underlying condition. However, general treatments include the 
approach reviewed above, with oxygen, calcium channel blockers, 
anticoagulation, ET receptor antagonists, prostacyclin analogues, 
acute and chronic inhaled NO, PDE type 5 inhibitors, atrial sep-
tostomy, and lung or heart–lung transplant considerations as 
indicated [187].

Patients with pulmonary arterial hypertension have histologic 
evidence of in situ pulmonary vascular thrombosis, which is the 
rationale for anticoagulation therapy. Although several adult 
studies have demonstrated its effi cacy, pediatric studies are lacking 
[239,240]. Currently, warfarin is the treatment of choice for adult 
patients and in large pediatric centers with signifi cant experience 
with pediatric pulmonary arterial hypertension. Low-molecular-
weight heparin is another alternative [241]; aspirin does not have 
any demonstrated effi cacy.

Chronic calcium channel blockade is effi cacious for a subset of 
adults and children with pulmonary arterial hypertension. In fact, 
whereas less than 25% of adults respond to calcium channel block-
ers, up to 40% of children are positive responders [186,242]. It is 
worth noting that calcium channel blockers are not utilized in the 
management of other common causes of pediatric pulmonary 
hypertension, such as PPHN and congenital heart disease. Indeed, 
calcium channel blockade should be avoided in neonates and after 
congenital heart surgery. However, studies indicate that long-acting 
calcium channel blockers, such as nifedipine and amlodipine, are 
well tolerated in children with primary pulmonary hypertension. 
An important caveat is that a positive response to calcium channel 
blockers (i.e., an acute reduction in pulmonary arterial pressure) 
must be demonstrated as a part of acute vasodilator reactivity 
testing. Children without a positive acute response do not benefi t 
from chronic treatment.

Prostaglandins are a mainstay of therapy for patients with pul-
monary arterial hypertension. In general, prostacyclin (epopros-
tenol) is administered as a continuous infusion, necessitating a 
permanent indwelling central catheter, with its associated risks 
[181–185]. However, various other formulations including oral, 
inhaled, and subcutaneous prostacyclin analogues have been 
developed and are in various stages of clinical investigation 
[243–246].
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Supplemental oxygen, cardiac glycosides, antiarrhythmic 
therapy, and inotropic agents are also variably utilized in certain 
patients [187,247]. Diuretic therapy is also often benefi cial, keeping 
in mind that these patients may require elevated right ventricular 
preload. Based on an expanding understanding of the disease 
process, future therapies might include elastase inhibitors and gene 
therapy [248,249]. As noted previously, atrial septostomy may have 
a role in the management of a select group of patients [250]. 
However, atrial septostomy in the setting of an acute exacerbation 
of chronic pulmonary hypertension may lead to unacceptable 
hypoxemia because of excess right-to-left atrial shunting. Finally, 
heart–lung, single-lung, or bilateral lung transplantation has been 
successful in pediatric patients with terminal pulmonary hyper-
tension [251,252]. The International Society for Heart and Lung 
Transplantation reports survival of approximately 50% at 5 years 
in pediatric patients [253]. Consensus is lacking as to the best type 
of transplant.

Other

Hypoxia

Increases in pulmonary arterial pressure in response to hypoxia 
are well described. Clinical and experimental evidence suggests 
that prolonged exposure or chronic intermittent exposure to 
hypoxia can result in functional and structural derangements of 
the pulmonary vasculature, leading to pulmonary hypertension 
[254–256]. Fortunately, elevations in pulmonary arterial pressure 
that occur in response to acute hypoxia (such as an acute ascent in 
altitude) are rapidly reversible. Interestingly, there is great clinical 
variability in the response to hypoxia. For example, increased sus-
ceptibility to high-altitude pulmonary edema, which is associated 
with increased pulmonary arterial pressure, has been linked to 
certain major histocompatibility complexes [257,258]. The mecha-
nisms of hypoxia-induced pulmonary hypertension continue to be 
an area of intense investigation. To date the precise mechanisms 
remain unclear, but it is known that a number of endothelial 
derived factors, such as NO, ET-1, leukotrienes, and potassium 
channels, participate [10,259–262]. Furthermore, additional genetic 
polymorphisms are also under investigation. Pediatricians must 
consider this physiology in patients with conditions such as upper 
airway obstruction, central hypoventilation, and neuromuscular 
disorders that affect ventilation. In fact, many of these patients do 
develop evidence of pulmonary hypertension, with right ventricu-
lar enlargement. In most cases, addressing the underlying pathol-
ogy is curative, but it can take some time to fully reverse the 
structural changes that have occurred.

Acute Lung Injury

The pathophysiology of acute lung injury involves damage to both 
the alveolar epithelium and pulmonary vascular endothelium. Vas-
cular endothelial injury accounts for key features of acute lung 
injury, including intravascular thrombosis and capillary permea-
bility that increases alveolar fl uid [263]. In fact, pulmonary vascu-
lar injury, in the setting of acute lung injury, can lead to pulmonary 
arterial hypertension, resulting in increased intrapulmonary 
shunting, hypoxia, pulmonary edema, and right ventricular dys-
function [264–267]. In children with acute lung injury, persistently 
elevated pulmonary arterial pressures have been associated with 
worse outcomes [268]; therefore, vasodilators have been utilized in 
the management of these patients. However, intravenous vasodila-

tors that dilate both the systemic and pulmonary vasculature have 
signifi cant problems, including systemic hypotension, right 
ventricular ischemia, increased intrapulmonary shunting (i.e., 
increased V/Q mismatch), and increased hypoxemia [141–145]. 
Consequently, selective pulmonary vasodilation with inhaled NO 
has been utilized, as it improves V/Q matching and oxygena-
tion without untoward systemic effects [269,270]. Unfortunately, 
improvements in oxygenation associated with inhaled NO are tran-
sient, and large randomized trials have failed to demonstrate an 
improvement in mortality with its use [120,271,272]. The routine 
use of inhaled NO in patients with acute lung injury, therefore, 
cannot be justifi ed; however, it may be indicated in individual 
patients, particularly those with an acute hemodynamic compro-
mise and refractory hypoxemia caused by elevated pulmonary 
arterial pressures. Clearly, physicians caring for pediatric patients 
with acute lung injury must include an awareness of the pulmonary 
vascular aberrations associated with the disease in their manage-
ment considerations.

Conclusion

Historically, diseases of the pulmonary vasculature, although not 
uncommon, have been underrecognized. This was caused, in part, 
by the paucity of effective treatments as well as an incomplete 
understanding of the vascular biologic mechanisms. In fact, over 
the past decade, the therapeutic gold standard has been the con-
tinuous infusion of prostacyclin. Although certainly extending and 
improving the lives of many patients, intravenous prostacyclin 
administration has been predominantly limited to patients with 
irreversible disease, given the inconvenience and morbidity associ-
ated with its delivery. Fortunately, an expanded understanding of 
the vascular endothelium, vascular smooth muscle cells, and the 
role of their interactions in the pathophysiology of pulmonary vas-
cular disease have resulted in new effective treatments, with addi-
tional potential therapies evolving rapidly. Oral agents such as 
bosentan and sildenafi l are two examples with great promise. In 
addition, accumulated experience and focused research have 
uncovered a multitude of disease processes that contribute directly 
or indirectly to the development of pulmonary hypertension. Phy-
sicians caring for critically ill children must be aware of these ill-
nesses, the pathophysiology of pulmonary hypertension, and the 
available treatment options in order to translate these advances 
into improved outcomes for patients.
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dosing guidelines, 180

continuous infusion, 180
loading dose, 180

toxicity, 180
Therapeutic bronchoscopy, 43, 45–46
Therapeutics, ALI/ARDS

conventional, 56–59
conventional mechanical ventilation, 56–57

corticosteroids, 59
fluid management, 58–59
high-frequency oscillatory ventilation 

(HFV), 57
inverse ratio ventilation (IRV), 57
lung protective strategies, 57
permissive hypercapnia, 56
prone positioning, 57–58

experimental therapies, 59–61
blocking adhesion molecules, 60
blocking of chemokines/chemokine 

receptors, 60
cytokine neutralization, 59
fluid clearance, 60
genomics, application 60–61
lung edema clearance, 59–60
targeting cytokine production, 59

Thrombocytopenia, 135
Tick paralysis, 224–225
Time-cycled ventilators, 70
Toll-like receptors (TLR), in pneumonia 

defenses, 203–204
Tongue cysts, 143
Trachea, congenital anomalies, 13–14

bronchogenic cysts, 14
bronchomalacia, 13
congenital bronchial atresia (CBA), 13
tracheal bronchus, 13

Tracheal anomalies of upper airway, 145–146
tracheal stenosis, 146
tracheoesophageal fistula, 146
tracheomalacia, 145–146
vascular compression on trachea, 146

Tracheal bronchus, 13
Tracheal intubation, 163–168

difficult intubation, 163–164
Tracheoesophageal fistula, 146
Tracheotomy, 156–157, 164
Transairway pressure (Pta), 6
Transcutaneous oxygen monitoring, 33
Transdiaphragmatic pressure, 222
Transitional pulmonary circulations, regulation, 

229–230
Transrespiratory pressure (Ptr)

components, 6
transairway pressure (Pta), 6
transthoracic pressure (Ptt), 6

Transthoracic pressure (Ptt), 6
Tremblay, L., 84
Tsai, W. S., 174
Tubular myelin, 112–113
Turlapati, K. M., 22

U
Ultrasonography, 33
Under-recruitment, monitoring, 37–38
Upper airway injury, mechanical ventilation, 75–76
Upper inflection point (UIP), 38
Upper respiratory tract, diseases of, 141–157

common causes of, 146
anatomic, 147
external or internal compression, 147
infectious, 147

tracheotomy, 156–157
See also Airway trauma; Congenital upper 

airway anomalies; Infectious disorders; 
Noninfectious disorders

V
Vaccines, for pneumonia, 210
van Kaam, A. H., 85
Variable ventilation, 73
Vascular compression on trachea, 146
Vascular compression, 167–168
Venous return, mechanical ventilation, 77
Venticute®, 115
Ventilation

mechanics of, 6–8
monitoring, 35–36

arterial blood gas as standard, 35
capnography, 35
capnometry, 35
end-tidal carbon dioxide (etCO2) 

monitoring, 35
invasive forms of, 35
transcutaneous CO2 monitoring, 35

ventilation–perfusion relationships, 10–11, 87
Ventilator-associated pneumonia (VAP), 76, 

208–210
approach, 209
definitions, 208
main features, 208
pathogens, 208–209

Ventilator-induced lung injury (VILI), 56–57, 75, 
81–85

high positive end-expiratory pressure 
protecting, 82–83

low tidal volume reducing, 81–82
multiple-organ dysfunction syndrome 

(MODS) and, 84–85
recruitment protecting, 83
stretch and, 84
susceptibility to, 83–84

adults versus infants, 83–84
Ventricular interdependence, mechanical 

ventilation, 78
Verbrugge, S. J., 84
Video-assisted thoracoscopy (VATS), empyema, 210
Viral laryngotracheobronchitis, 147–149
Vital capacity, 4
Vocal cord paralysis, 143–144, 165–166

acquired bilateral, 166
bilateral, 165

Vocal cord paresis, 216
Volatile anesthetics, in status asthmaticus 

management, 182–183
Volume-cycled ventilators, 70
Volume-preset ventilation, 72
Volumes, lung, 4–5
Volume support ventilation, 73
Volutrauma, 81
von Bethmann, A. N., 84
von Neergaard, K., 1, 109

W
Washing machine breathing, 168
Wazeka, A., 175
Weaning

ECLS, 136
in HFOV, 104–105
from mechanical ventilation, 78–79

Wheezing, 30
diagnostic bronchoscopy in, 45
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