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S

upport of oxygenation or ventilation is integral to the
practice of pediatric critical care nursing because the
majority of critically ill infants and children require
interventions to stabilize the pulmonary system. I.2 Although
general principles of care are similar within all age groups,
striking differences do exist among them.
Pulmonary system functioning continues to mature
throughout childhood. Developmental immaturity of the
pulmonary system places the infant and young child at risk
for organ system dysfunction. Respiratory failure is the
number one factor contributing to cardiopulmonary arrest in
the pediatric population?
This chapter discusses principles of oxygenation and
ventilation as they pertain to critically ill or injured children.
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Part '"

Phenomena of Concern

Essential embryology, anatomy, and physiology are reviewed. Pulmonary assessment is presented, followed by a
discussion of pulmonary intensive care monitoring, diagnostic testing, and mechanical support of ventilation. The
chapter concludes with a discussion of nursing care issues
related to infants and children who require alternative
modes of pulmonary support.

ESSENTIAL EMBRYOLOGY
The human lung is designed for the single purpose of gas
exchange across an intact alveolar-pulmonary capillary
membrane. The lungs enrich blood with oxygen and
eliminate carbon dioxide. Pulmonary function is immediately essential to extrauterine life. Embryonic development
is detailed next (Fig. 8-1).

Pulmonary development is divided into five stages,
named to reflect histologic maturation of the lung 4 The
duration of each stage can only be approximated because
fetal growth is somewhat individualized. The lung first
appears as a ventral outpouching of the primitive foregut in
the embryonic period, days 26 to 52 of gestation. The
foregut is eventually divided into a dorsal portion, the
esophagus, and a ventral portion, the trachea and the lung
buds. The primary bronchial buds split into two buds 011 the
left and three buds on the right, thus gi ving shape to the
developing bronchial tree. 5 The left lung bud develops into
two main bronchi and two lobes. The right bud forms three
main bronchi and three lobes. This early developing
bronchial tree is nourished by the main pulmonary artery.
The pselldoglandlliar period follows the embryonic
period from day 52 to week 16 of gestation. During
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Fig. 8-1 Successive stages in the development of bronchi and lungs. A to C, 4 weeks; D and E, 5 weeks;
F,6 weeks; G, 8 weeks. (From Moore KL, Persaud TVN: The developing human, ed 5, Philadelphia, 1993.
WB Saunders. p 230.)
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this period, all major conducting airways including terminal bronchioles are formed. Arterial supply throughout
the bronchial tree becomes more evident. The diaphragm, derived from the fusion of the pleuroperitoneal
folds, is formed during the eighth to tenth week of
gestation. 6
Development of respiratory bronchioles characterizes the
canalicular period, weeks 17 to 24 of gestation. Each
bronchiole ends in two or three thin-walled dilations called
terminal sacs or primitive alveoli 7 The rich pulmonary
vascular bed continues to develop as capillaries proliferate
around the terminal bronchioles.
The saccular period, characterized by intense vascularization of the lung and loss of its glandular appearance,
occurs during the weeks 28 to 36 of gestation. Elastic fibers,
important in true alveolar development, begin to develop.
For the first time, close contact between the air spaces and
the pulmonary capillaries is established. There is concurrent
active development of the lymphatic capillaries. The first
true alveoli are present at 34 weeks; gas exchange is
possible but not optimal.

blood
capillary
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The final period of development is the alveolar period,
week 36 to term. Here, further refinement of the terminal
sacs and formation of the walls of the true alveoli occur
(Fig. 8-2). Columnar cells within the alveolar wall differentiate into type I and type II cells. Type I cells provide the
alveolar surface area necessary for gas exchange. Type II
cells secrete surfactant, a complex lipid substance that forms
a monomolecular film over the walls of alveoli and is
responsible for lowering alveolar surface tension. Surfactant
is necessary for sustained inflation of the lung. Surfactant
production increases during the later stages of pregnancy,
especially during the last 2 weeks of gestation. Infants born
prematurely are at risk for surfactant deficiency, which
results in respiratory distress syndrome (RDS).
An important note is that the pulmonary system continues to mature after birth. Postnatal maturation continues
until at least the eighth year of life and perhaps into early
adolescence. Although alveoli increase in size after birth,
pulmonary maturation is primarily due to an increase in the
number of respiratory bronchioles and primitive alveolialveoli that have the potential for forming additional alveoli
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Fig. 8-2 Diagrammatic sketches of histologic sections, illustrating
progressive stages of lung development. A, Late canalicular period
(about 24 weeks). B, Early terminal sac period (about 26 weeks).
C, Newborn infant (early alveolar period). Note that the alveolarpulmonary capillary membrane is thin and that some of the
capillaries have begun to bulge into the terminal sacs (future
alveoli). (From Moore KL, Persaud TVN: The developing human,
ed 5, Philadelphia. 1993, WB Saunders, p 231)
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TABU

8·1

Phenomena of Concern

Changes in Respiratory System Dimensions With Growth
Newborn to
1 Month

10
7.5
40/57
4
26
4
0.3
0.07
0.2
0.1
0.03
0.05
2.8
50
3.4
0.21

Infant

1·5 Yr

14
9
42/67
5
34
4
20113
0.4
0.12
0.3
0.12
0.07
0.06-0.07
6.5

15.5
10.5
45/81
8.5
50.5
6.5
38/20
0.5
0.2
0.3
0.14
0.07
0.08-0. I0
12.5

0.3

0.46

(Table 8-1). During the postnatal period, tracheal diameter
triples, alveolar dimensions increase fourfold, and alveoli
numbers increase tenfold, resulting in 24 million alveoli
present at birth and 200 to 600 X 106 alveoli present in the
adult. 8
Congenital anomalies or malformations of the lower
respiratory tracl are relatively rare. Congenital diaphragmalic hernia occurs in approximately I in 2000 births,
whereas tracheoesophageal fistula occurs in I in 2500
births.? A congenital diaphragmatic hernia occurs when the
diaphragm fails to completely separate the pleuroperitoneal
cavity into the abdominal and Ihoracic cavities. As Ihe
herniated abdominal viscera continue to grow and develop
within the chest throughout gestation, pulmonary development is compromised. A tracheoesophageal fistula or
communication between the trachea and esophagus results
from incomplete di vision of the foregut into the respiratory
and digestive systems. Pulmonary agenesis or absence of
one lung results from the failure of a lung bud to develop.
Congenilal cysts of the lung form by dilation of the terminal
or larger bronchi. 9 If multiple cysts are present, the lung
may have a honeycomb appearance on x-ray film.

ESSENTIAL ANATOMY AND PHYSIOLOGY
Airways
The airway can be divided inlo three major areas: the
supraglottic airway, the glottis, and the intrathoracic airway.
The supraglottic airway includes the nose, the nasooropharynx, and the epiglottis. The glottis includes the vocal
cords, subglottic area, and cervical trachea. The intratho·
racic airway includes the thoracic trachea, the mainstem

6·8 Yr
19
1l.5
57
10

79

12·14 Yr

25
14.5
64
11
112

8
65/44

81/56

0.15

0.17

0.10-0.20
32
123
24
0.56

0.15-0.25

Adult

28
16.5-18.5
90-150
15-16
200-250
12
138/116
0.7
0.4
0.5-0.6
0.2
0.2
0.3
64-75
175
70
1.8

bronchi, and the lungs. Each of these areas bas unique
features in the infant and young child.
Supraglottic Airway. The nose, lined with ciliated
mucous epithelium, serves as the passageway for air. The
nasal structures are protective in that they heat, humidify,
and filter inspired air. The nasal passages are narrow, and
any factor that further decreases the diameter, for example,
secretions, edema, or bleeding, will increase airways
resistance and compromise ventilation. The newborn is
considered an obligate nose breather for at least the first few
months of life. Some infants do not mOUlh breathe until 5 to
6 months of life. Therefore any obstruction to the infant's
nares causes respiratory distress, for example, choanal
atresia. The area from the nasal cavity to the nasopharynx is
abundantly lined wilh lymphoid tissue, the adenoids or
pharyngeal tonsils, which can also obstruct the upper
airway.
The mouth of the young child is small, and the tongue is
large in relation to the mandible. The palatine tonsils are
localed at the junction of the mouth and oropharynx.
Although the tonsils are thought to prevent upper airway
infection, large tonsils can potentially obstruct the airway. In
addition to the small mOUlh and large tongue, the infant has
a large head, soft neck, and weak shoulder girdle. In total,
these factors predispose infants to airway obstruction by
position alone. To maintain an open airway in an infant with
an altered level of consciousness, the head is placed in a
neutral position, and a small roll is placed under the
shoulders.
Glottis. The infant's epiglottis is omega shaped and
floppy. The epiglottis enters the anterior pharyngeal wall at
a 45-degree angle and projects more posteriorly than in the
older child. These factors make visualization of the glottis

Chapter 8
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Fig. 8-3 Comparative anatomy of adult and infant airways. (From Thomas DO: The ABCs of pediatric
emergencies, RN 49:34-41, 48, 1986.)

difficult in the infant and young child. 1O The epiglottis is
also very susceptible to trauma and infection, which may
cause edema and airway obstruction.
The larynx of the infant is more cephalad than in the
older child. The glottis, the area between the vocal cords, is
located between the second and third vertebrae in infants
and descends to the fourth and fifth cervical vertebrae in
adults. The infant's vocal cords are approximately 50%
cartilage and thus are less distensible than in the older child.
The cricoid ring, the only complete ring of cartilage in the
pediatric airway, is the most narrow portion of the upper
airway in infants and children, whereas the glottis is the
most narrow portion of the adult upper airway (Fig. 8-3). [n
the newborn, the cricoid ring is approximately 6 mm in
diameter, which places infants at particular risk for airway
obstruction in this area.
Thoracic Airway. From the larynx, air passes through
the trachea, which is short in the infant-approximately 4 to
5 cm long from the cricoid to the carina. The trachea is
approximately 7 cm long in the young adolescent. The
bifurcation of the trachea at the carina forms the right and
left mainstem bronchi. Because the right mainstem angles
down more vertically and is somewhat larger that the left,
objects aspirated into the airway commonly lodge in the
right mainstem bronchus.
The lower airways are smaller and less developed than in
the adult. Airway obstruction results in increased airways
resistance. Factors that impact airways resistance include
the length and radius of the airway. Critically important in
infants and children is airway radius. According to Poiseuille's law, resistance to airflow is inversely proportional

Normal
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1 mm

Resistance

( R«_1_)
radius'

x-Sect
Area

116x

!75%

13x

J.44%

Fig. 8-4 Effects of edema on airways resistance in the infant
versus the adult. Nonnal airways are represented on the left and
edematous airways (I-mm circumferential edema) on the right.
Resistance to flow is inversely proponional to the radius of the
lumen to the fourth power for laminar flow and the fifth power for
turbulent flow. The net result is a 75% decrease in cross-sectional
area and a sixteenfold increase in resistance in the infant versus
44% and threefold, respectively, in the adult. (From Cote C, Todres
!D: The pediatric airway. In Ryan IF, Todres JD, Cote C et ai, eds:
A practice of anesthesia for infants and children, New York, 1986,
Grune & Stratton, p 39.)

to the fourth power of the radius for laminar flow (I/r4 ) and
to the fifth power for turbulent flow (I Irs). Thus a reduction
in diameter by half reduces laminar flow to one sixteenth of
its former level. To maintain the same flow requires a
six teen fold increase in pressure, which significantly increases the work of breathing. II As noted in Fig. 8-4, minor
reductions in the already small-diameter pediatric airway
result in a large reduction in the cross-sectional area.
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Phenomena of Concern

The walls of the tracheobronchial tree are composed of
smooth muscle. The airways of the newborn contain
little smooth muscle; however, by 4 to 5 months of life,
enough smooth muscle is present to cause airway narrowing
in response to an irritating stimulus. Smooth muscle
development by I year of age is comparable with that of an
adult.
Developmental changes also take place in the alveoli
and the terminal bronchioles. The terminal bronchioles
continue branching during the first year of life. The number
and size of alveoli continue to increase until at least 8 years
of age. These changes are responsible for the increased
respiratory surface area available for gas exchange in the
older child and adult. At birth, the interstitium of the lung
contains little collagen and elastin. This may explain the
frequency of alveolar rupture in the premature infant.
Collagen and elastin production increases in the postnatal
period. 12
Little collateral ventilation exists in infants and young
children. Pores of Kohn, which allow interalveolar communication, first appear between the first and second years of
life. 13 Canals of Lambert, which allow bronchiole-alveolar
communication, start to form after age 6. 14 With age, both
structures allow ventilation of alveoli distal to an obstructed
airway. Absence of collateral pathways contributes to patchy
atelectasis when airways disease is present in infants and
young children. 12

Thoracic Cavity
The ribs. vertebrae, and sternum provide the bony framework of the thoracic cavity. Within the thoracic cavity lie
three lobes of lung on the right, two lobes of lung on the left,
and the mediastinum, which is off center to the left
containing the heart, great vessels, esophagus, and trachea.
The entire thoracic cavity is lined with parietal pleura,
whereas the lungs are encased by visceral pleura. In health,
the potential space between the pleura is filled with just
enough fluid to allow the two pleura to glide over each other
during ventilation. In illness states, the pleural space may fiJI
with air (pneumothorax), fluid (pleural effusion), blood
(hemothorax), lymph (chylothorax), or pus (empyema).
The contour of the thoracic cavity changes shape over
time. The infant's thorax is round at birth with the anteroposterior diameter equal to the transverse diameter (I : I).
This gradually changes, so that by 6 years of age the thorax
reaches the adult diameter (I: 2). In infancy, the chest wall
is thin. with little musculature, and is highly compliant. The
muscles of respiration include the diaphragm, intercostal,
accessory, and abdominal muscles. The diaphragm is the
most important muscle of respiration because it is responsible for most of the inspiratory effort. The phrenic nerve,
formed by components of the third, fourth, and fifth cervical spinal nerves, supplies the diaphragm with both motor
and sensory innervation. The intercostal and accessory
muscles are poorly developed in infants, so they contribute
little toward respiratory effort. The infant uses abdominal
muscles to assist with ventilation. This combination of
muscle use gives the appearance of seesaw breathing-that
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Fig. 8-5 Expansion and contraction of the thoracic cage during
expiration and inspiration, illustrating especially diaphragmatic
contraction, elevation of rib cage, and function of intercostals.
(From Guyton AC: Textbook of medical physiology, ed 8.
Philadelphia, 1991, WB Saunders.)

is, a paradoxical movement of the chest and abdomen.
Seesaw breathing becomes exaggerated when intrapulmonary compliance decreases.
The infant's chest wall is very compliant, which allows
(I) passage through the birth canal and (2) removal of
intrapulmonary fluid before the first breath. In the presence
of respiratory disease, the diaphragm contracts, and the
chest wall moves inward on inspiration. In the older child or
adolescent, the chest wall is rigid. When the diaphragm
contracts, the rib cage is elevated, and the chest wall moves
outward (Fig. 8-5). The soft, flexible rib cage of the infant
makes retractions a prominent feature in respiratory distress
and prevents the generation of high intrathoracic pressures
needed to reexpand collapsed al veoli.

Pulmonary Circulation
The lungs receive blood from both ventricles. Unoxygenated blood flow from the right ventricle reaches the lungs by
way of the pulmonary arteries. The pulmonary arteries
divide into two systems: the conventional and the supernumerary. Conventional arteries travel with the airways,
dividing as the airways divide. Supernumerary arteries,
which exceed the conventional arteries in number, provide
blood supply directly to the gas-exchanging units. Pulmonary vessels. similar to airways, develop with growth. (See
Chapter 7 for an in-depth discussion of pulmonary vascular
development and resistance.)
The left ventricle provides oxygenated blood to the lungs
by way of three bronchial arteries. The bronchial arteries
perfuse the bronchi, bronchioles, lymph nodes, and visceral
pleura. Pulmonary venous drainage returns to the right and
left atria. The right atrium receives blood via the bronchial
veins, and the left atrium receives blood via the pulmonary
veins. Bronchial arteries do hypertrophy in the presence of
pulmonary infection. Hemoptysis may begin in these
bronchial vessels in disorders such as cystic fibrosis. 4

Chapter 8 Oxygenation and Ventilation

Lymphatic System
The major function of the lymphatic system is to return
interstitial fluid to the systemic circulation. As blood flows
through the pulmonary capillaries, plasma is filtered into the
interstitium, where it collects in lymphatic channels and is
returned to the circulation by the lymphatic system.
Lymphatic drainage can significantly increase in certain
disease states, for example, in patients with pulmonary
edema. Most fluid is returned to the systemic circulation by
the lymphatic system scattered throughout the lung parenchyma, whereas another set of lymphatic vessels returns
lymphatic drainage over the surface of the lung within the
pleura. In conditions in which the major lymphatic drainage
through the thoracic duct is blocked, lymph may back up to
form a chylous effusion.

Pulmonary Metabolism
The lungs have the only capillary bed in which the entire
blood volume passes. Considering this, the pulmonary
capillary circulation is uniquely suited for exercising a
controlling influence on a number of circulating vasoactive
agents. These include activation of angiotensin I to angiotensin II; inactivation of bradykinin, serotonin, prostaglandin E (PGE), and PGF2 ; and partial inactivation of norepinephrine and perhaps histamine. In addition to modulating
bronchial and pulmonary vascular diameter, the systemic
effects of these agents include increased capi Ilary permeability, platelet aggregation, and peripheral vasodilation.

Control of Respiration
The neural and chemical control of respiration involves an
intricate balance of numerous factors that serve to maintain
Pa02' Pac02' and pH at levels that promote cellular
functioning. Nervous system control of breathing includes
the cerebral cortex through the corticospinal tracts to the
respiratory muscles and autonomic control through the
medulla and pons of the brainstem.
Expansion of the thoracic cavity on inspiration occurs by
stimulation of the phrenic nerve, which innervates the diaphragm, and stimulation of the spinal nerves, which innervate the external intercostal muscles. If expiration must be
facilitated, stimulation through the spinal nerves causes contraction of the internal intercostal and abdominal muscles.
Rhythmic discharge of neurons in the medulla oblongata
produces spontaneous respiration. Although specific pacemaker cells that drive respiration have not been identified,
two groups of respiratory neurons in the medulla influence
respiration: the dorsal respiratory group (DRG) and the
ventral respiratory group (VRG). The DRG is the source of
rhythmic drive to the contralateral phrenic motor neurons,
and the VRG innervates ipsilateral accessory muscles and
provides inspiratory and expiratory input to the intercostal
muscles. Rhythmic discharge of the medullary neurons is
modified by centers in the pons and by afferent information
from the vagus nerve stretch receptors in the chest.
The pneumotaxic center is located in the rostral section
of the pons. Stimulation of the expiratory neurons inhibits
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the inspiratory center in the medulla; thus the pneumotaxic
center works with the medulla to generate regular cyclical
respirations. The apneustic center is located in the middle
and caudal pons. Stimulation of this center along with a
vagotomy produces apneustic respiration, a respiratory
pattern characterized by extremely prolonged inspiratory
periods.
Scattered throughout the upper airway, trachea, and lungs
are mechanoreceptors that provide information to the
respiratory center via the vagus nerve. These receptors
include slowly adapting stretch receptors, rapidly adapting
stretch receptors, and C fibers. Slowly adapting receptors
(SARs) are activated by increases in lung volume; when
stimulated, the SARs are responsible for prolonging expiratory time. Rapidly adapting receptors (RARs) are activated by lung inflation and a variety of chemical substances
(histamine and prostaglandin) and cause an increase in
respiratory rate (RR). C fibers are also activated by chemical
substances (histamine, prostaglandin, bradykinin, and serotonin) and cause apnea, followed by rapid, shallow
breathing.
Central chemoreceptors, responsible for the dramatic
increase in minute ventilation (V E) when Paco z levels are
elevated, are located in the medulla. Medullary chemoreceptors monitor H+ ion concentration of cerebrospinal fluid
and brainstem interstitial fluid. Although H+ and HC0 3ions are unable to cross the blood-brain barrier easily, CO 2
readily penetrates and immediately hydrates to form carbonic acid (H ZC0 3 ), which dissipates into H+ and HC03 -.
The concentration of H+ ions in the brain's interstitial
fluid parallels Pacoz and acts as a stimulus to increase
respirations.
The peripheral chemoreceptors include the carotid body
located near the bifurcation of the internal and external
carotid arteries and the aortic bodies located near the arch of
the aorta. The carotid bodies are sensitive to Pa02 and
potentiated by H+ ion and Pacoz concentration; aortic bodies
are sensitive to circulatory changes. Afferent nerve fibers
from the carotid and aortic bodies ascend to the medulla to
increase ventilation as necessary. Chronic sustained hypoxia
decreases the carotid bodies' response to low Pa02'

Oxygen Transport
"Adequate" oxygenation can only be defined when tissue
oxygen supply matches tissue oxygen demand. Essential
factors to be considered include (I) alveolar-pulmonary
capillary oxygen transport, (2) oxygen transport in the
blood, and (3) cellular respiration. Table 8-2 provides a
summary of oxygenation profile parameters.
Alveolar-Pulmonary Capillary Oxygen Transport.
Between the extremely thin alveoli walls is an almost solid
network of interconnecting capillaries. Gas exchange occurs
throughout the alveolar-pulmonary capillary membrane of
all the temJ.inal portions of the lungs. Oxygen and CO 2 move
across the seven-layer alveolar-pulmonary capillary membrane by passive diffusion from an area of high partial
pressure to an area of low partial pressure (Fig. 8-6).
Diffusion is directly proportional to the gradient of partial
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TABLE

8·2

ifr

IF
I.
!ii'.'

Phenomena of Concern

Normal Oxygenation Profile Values

~~~02

~~::=:C~;b~ ::.:4,:

'10 2
°2ER
Sv02

'10 2 = (Ca02 - Cvo 2) x CI x
(Ca0 2 - Cv0 2 )/Ca0 2 x 100

2
2
Sv0 )+ (PV0 x

10

0.003)

~;~r;~~lImin/M2
120-200 mllminIM 2
25 ± 2%
75% (60·80%)

i~a02' Arterial oxygen contenl; Hgb, hemoglobin; Sao]. arterial oxygen saturation; CI, cardiac index; Do?, oxygen delivery; Pao:!. arterial partial pressure

.WfPf- oxygen;

.Cvo2 , venous oxygen content; Svo 2 , venous oxygen saturation; Plio]> venous partial pressure of oxygen; a-~)D02' arteriovenous oxygen

fi!t<iifference; Vo 2 oxygen consumption; 02ER, oxygen extraction ratio.
>
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Fig. 8·6 Cross·section of pulmonary capillary membrane. (From
Guyton AC: Textbook oj medical physiology, ed 8, Philadelphia,
1991, WB Saunders.)

pressure across the alveolar-pulmonary capillary membrane,
the alveolar-pulmonary capillary surface area, and the gas
solubility. Diffusion is inversely proportional to the thick·
ness of the alveolar-pulmonary capillary membrane and the
molecular weight of the gas.
According to Dalton's law of partial pressures, the total
pressure of a mixture of gases is equal to the sum of the
pressures of the individual gases. The total pressure of gas
in the atmosphere, the atmospheric pressure, is 760 mmHg
at sea level. Thus partial pressures of a component gas
depend on the fraction of the total mixture occupied by that
gas. Room air contains 21 % oxygen; thus oxygen exerts a

partial pressure of 21 % of760 mmHg, which is 160 mmHg.
At high altitudes, the percent concentration of oxygen does
not change, but the absolute number of molecules in a given
volume does. For example, at SODO feet, atmospheric
pressure is 632 mmHg; 2l % of 632 mmHg is 133 mmHg.
As gases are inhaled into the upper airway, they are
warmed and humidified. The pressure of water vapor
depends on the temperature of atmospheric gas. At high
temperatures, atmospheric gas has more water in vapor
form, whereas the opposite is true with low temperatures.
Water vapor exerts a pressure of 47 mmHg at 30° C. Water
vapor reduces the partial pressure of inspired oxygen; 760 47 = 713; 21 % of 713 is 149.7 mmHg.
Alveolar ventilation refers to the portion of ventilation that undergoes gas exchange. Inspired gas is mixed in
the alveoli with gas that contains water vapor and CO 2 ,
Alveolar partial pressure of oxygen (PA02 ) is calculated
using the alveolar gas equation: PA02 = PI02 - Pac02/RQ.
The inspired partial pressure of oxygen (PI02) is corrected
for water vapor (47 mmHg) and is PI02 = (Pb - 47) x FI02'
The value of CO 2 is corrected by the respiratory quotient
(RQ), which takes into consideration that more O 2 is
consumed than CO 2 is produced. In room air, at normal
barometric pressure (Pb) and normal Pac02' with an RQ of
0.8, the PA02 is equal to 99.7 mmHg; PA02 = (760 47) x 0.21 = 149.7 mmHg - 40/0.8.
The partial pressures of alveolar gases equal atmospheric
pressure; any increase in one alveolar gas is associated with
a decrease in another. Decreases in pUlmonary uptake of
oxygen are related to either diffusion or ventilationperfusion deficits. For example, diffusion defects occur
secondary to problems affecting the diffusion of gases over
the alveolar-pulmonary capillary membrane (interstitial
edema), whereas ventilation-perfusion deficits occur secondary to problems affecting alveolar ventilation (atelectasis) or alveolar perfusion (cardiovascular collapse).
Considering that the PA02 is close to IOD mmHg and
the normal venous partial pressure of oxygen (Pvo,) is
40 mmHg, the alveolar-capillary diffusion gradient- for
oxygen is about 60 mmHg. The capillary-alveolar diffusion
gradient for CO 2 is significantly less (46 - 40 mmHg = 6
mmHg); but CO 2 is 24 times more soluble than oxygen, and
its molecular weight is greater than oxygen. Differences in
solubility and size make CO2 20 times more diffusible than
oxygen. Pa0 2 better reflects ventilation to perfusion match-
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ing, whereas Paco2 better reflects the adequacy of alveolar
ventilation.
Oxygen Transport in the Blood. Oxygen is carried
in the blood in two forms: in combination with hemoglobin
and dissolved in plasma. Oxygen binds rapidly and reversibly with hemoglobin to form oxyhemoglobin (Hb0 2).
Almost all oxygen is carried as oxyhemoglobin.
The arterial oxygen contelll (Ca0 2) describes the total
amount of oxygen carried by arterial blood. Ca0 2 (mil
dl) = (Hgb x 1.34 x Sa02) + (Pa0 2 x 0.003). For example:
with a hemoglobin (Hgb) concentration of 15 g/dl of blood,
arterial saturation (Sa0 2) of 98%, and a Pa02 of 100 mrnHg,
Ca02 (ml/dl) = (15 x 1.34x98%) + (100 x 0.003); Ca02 =
19.7 + 0.3; Ca02 = 20 mild!. When fully saturated, 1 g
of hemoglobin carries 1.34 ml of oxygen; plasma carries
only 0.003 ml of oxygen per mmHg O2 per deciliter. The
Pa02 gives excellent information regarding lung function,
whereas Pa02 assumes an insignificant role in oxygen
transport. The Ca0 2 clearly demonstrates the highly significant role of hemoglobin in oxygen transport. Alternative
shortened formulas for Ca0 2 calculation eliminate the Pa0 2
portion of the equation. Note that once hemoglobin is fully
saturated at 100%, the only way to dramatically improve
Ca02 is through erythrocyte administration, increasing
hemoglobin concentration.
Oxygen-Hemoglobin Affinity: Oxyhemoglobin
Dissociation Curve (ODC). The oxygen-carrying capacity of blood is directly related to hemoglobin concentration
and the affinity of oxygen for hemoglobin. Although Pa02
contributes little to Ca02, Pa0 2 plays a major role in
determining the affinity of oxygen for hemoglobin as
described by the sigmoid-shaped ODC (Fig. 8-7, A).
The S-shaped curve facilitates alveolar capillary uptake
of oxygen (the association process) and tissue release of
oxygen (the dissociation process). Over the upper flat
portion of the curve (>70 mmHg ~ oc), hemoglobin bond to
oxygen is favored. A large change in oxygen tension results
in a small change in oxygen saturation/content. Hemoglobin
remains fully saturated, providing a consistent oxygen
content/saturation over a wide range of oxygen tensions
commonly found in the alveolar capillary bed. Over the
steep portion of the curve (P02 of 10 to 40 mmHg),
hemoglobin release of oxygen is favored. A small drop in
oxygen tension results in a large drop in oxygen saturation/
content. This ensures delivery of large quantities of oxygen
to the tissue capillary beds.
The affinity of oxygen for hemoglobin may change and
shift the position of the ODC to the right or left. The P02
at which hemoglobin is 50% saturated, the Pso' is used
as a marker for the relative position of the ODe. At a
pH of 7.4 and temperature of 37" C, Pso for hemoglobin A is 27 mmHg. A shift to the left (decreased Pso )
means that oxygen is more tightly bound to hemoglobin;
a shift to the right (increased Pso) means that oxygen is
readily released from hemoglobin (see Fig. 8-7, A). A
shift to the right has little effect on the association
process, but the dissociation process is enhanced. For
example, at the upper flat portion of the curve, slightly
less than 100% saturation occurs; but at the steep portion
of the curve, significantly more oxygen is unloaded to the

241

tissues. The opposite is true of a shift to the left; the
association process is enhanced, whereas the dissociation
process is diminished.
Principal modulators of oxygen-hemoglobin affinity
include temperature, Pe02/pH, and the concentration of red
blood cell 2,3-diphosphoglycerate (DPG) (an enzyme that
accumulates in response to sustained periods of impaired
oxygen delivery).
Hyperthermia results in a decreased oxygen affinity
(right shift), whereas hypothermia results in a increased
oxygen affinity (left shift). Clinically, oxygen becomes more
available to the tissues when there is an increased metabolic
need marked by hyperthermia.
Known as the Bohr effect, increased H+ ion concentration shifts the ODC to the right. Associated with
the hydration of CO 2 to carbonic acid (HC03 ), acidosis
results in decreased oxygen affinity. Clinically, a shift to
the right favors the release of oxygen for aerobic metabolism in the more acidotic CO 2-rich environment of tissue
capillary beds.
The organic phosphate 2,3-DPG decreases oxygen affinity for hemoglobin, resulting in an increased oxygen release
to the tissues. Increased levels of 2,3-DPG are associated
with chronic anemic and hypoxic states, for example, in
patients with cyanotic heart disease and chronic lung
disease; decreased levels are found with inorganic phosphate deficiency and in sepsis. Also, 2,3-DPG concentrations decrease with advanced red blood cell age, for
example, in banked blood.
In infants and children, a cluster of ODCs exist (see Fig.
8-7, B). As mentioned, at a pH of 7.4 and temperature of
37° C, the Pso for hemoglobin A is 27 mmHg. Hemoglobin
A, adult type hemoglobin. consists of two a-chains and two
~-chains, with each containing a heme group with iron. Fetal
hemoglobin, hemoglobin F, consists of two a-chain and two
y-chain units. The transition from fetal to adult hemoglobin
starts to occur just before birth in full-term infants and is
complete by 6 months of age. Term newborns have
approximately 70% hemoglobin A and 30% hemoglobin F.
Compared with hemoglobin A, hemoglobin F has an
increased oxygen affinity. Under similar conditions, Pso at
birth for hemoglobin F is 19.4 mmHg. Pso then shifts to
approximately 30 mmHg by I I months of age. The left shift
of fetal hemoglobin allows higher oxygen saturation at
lower oxygen tensions. This is crucial for adequate oxygenation of the fetus because placental blood normally provides
a P0 2 of 35 to 40 mmHg.
Oxygen delivery (00 2), the amount of oxygen delivered
to the tissues, is equal to Ca0 2 x cardiac index (CI) x a
conversion factor of 10, which changes the Ca02 measurement from deciliters to liters; 002 = Ca02 x Cl x 10. Normal
00 2 is 620 ± 50 ml/min/M 2 Barcoft ls identified three
separate causes of inadequate 002: hypoxia, anemia, or
stagnant flow. Hypoxia occurs secondary to a low arterial
oxygen saturation, for example, hypoxia associated with
ventilation-perfusion mismatch. Anemia occurs secondary
to low hemoglobin concentration, for example, anemia after
hemorrhage. Stagnant flow occurs secondary to low cardiac
output, for example, shock states. The clinical significance
of alterations in the determinates of 00 2 are reviewed in

242

Part III

Phenomena of Concern

100
90
80

C'
CD
E

A

CD

Q.

70

Factors shifting curve to the right
1. i(W), J.pH
2. iPc02
3. iTemperature
4. i2. 3-DPG
a. Hypothyroidism
b. Anemia
c. Chronic hypoxemia
(1) Congenital heart disease
(2) High altitude

60

C
0

"e::J

50

c:

40

10
Ul
CD

Ol

>x
0

30
20
10

10

20

30

40

50

60

70

80

90

100

Pao2, mmHg

90
80

~
c:

0

~::J

Ul
B 10

70
60
50

0'"

.D

I

(1)
(2)
(3)
(4)
(5)
(6)
(7)

40
30
20

Day one
Day five
3 weeks
6-9 weeks
3-4 months
6 months
8--11 months

10

10

20

30

40

50

60

P02 (mm Hg, pH 7.4)
Fig. 8-7 A, S-shaped oxyhemoglobin dissociation curve (ODC) facilitates alveolar capillary uptake of
oxygen (association process) and tissue release of oxygen (dissociation process). B, Age-dependent ODes.
(A redrawn from Kinney MR, Dunbar SB. Brooks-Brunn JA et al. eds: MeN clinical reference for critical
care nursing, ed 4, St Louis, 1998. Mosby; B from Oski FA: The unique fetal red cell and its function.
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8-3 .Clinical Significance of Alterations in the Determinates of 002

002 = Cao l x CI x 10, where Cao l (mIldi) = (Hgb x 1.34 x Sa0 2 ) + (Pau 2 x 0.003)
iii::'

m,State

~iNormal
~::HYPoxia
~.'.
.
,.·Anemla
ro~ Stagnant flow

Hgb(g/dl)

Sa0 2 (%)

Pa0 2 (mmHg)

Ca0 2 (mlldl)

CI (L/min/M 2 )

00 2 (ml/min/M 2 )

12-15
15

95-100

80-100

50

20
17

3.5-5.5

85

~

100
100

100
100

II

4
4

20

~

620 ± 50
680
440
400

15

t~JlJP2' Oxygen delivery; Cao2 , arterial oxygen content; el, cardiac index; Hgb, hemoglobin; Sao 2 , arterial oxygen saturation; Pau."
1J~r,pf oxygen. Bold numbers represent abnormal values.

Food Substrate

arterial partial pressure

-

. Box 8-1

~

Interrelationship Between Sv0 2 and V02

Normal Sii0 2 and Increased V0 2

Compensation effective-increased supply ( 00 2 ) to preserve
venous reserve

Decreased Sii0 2 and Increased V0 2

Compensation ineffective or impossible-patient using
venous reserve

Increased Sii0 2 and Decreased V0 2

Decreased need
Increased supply
Decreased use (sepsis, left shift to ODC, cyanide toxicity)
Left-to-right shunting (CHD, AV malformations, AV fistulas,
loss of autoregulation of blood flow, vasodilated states)

3ADP
3 ATP ...~------=:.:.:.
~

membrane

Do 2 , oxygen delivery;
ODC, oxyhemoglobin dissociation curve; Sv0 2 , venous oxygen saturation;
V0 2 , oxygen consumption.

A V, Arteriovenous; CHD, congenital heart disease;

~
Membrane

CYTOPLASM

Fig. 8·8 Oxidative phosphorylation produces massive quantities
of ATP. (From Guyton AC: Textbook of medical physiology, ed 8,
Philadelphia, 1991, WB Saunders.)

Table 8-3. Deficits occur in isolation or in combination.
Also, parameters compensate for the other; for example,
tachycardia increases after hemorrhage. Clinical management strategies are directed toward correction of the primary
problem and supporting compensatory mechanisms.
Cellular Respiration. Tissue oxygenation is dependent on microcirculation regulated by arteriolar and precapillary sphincter tone and 00 2 , Capillary oxygen moves from
erythrocytes, through plasma, and into tissue by diffusion.
Adjustments in microcirculation can enhance oxygen
extraction and preserve organ metabolism. Precapillary
sphincters, located at the arterial end of each capillary,
maintain capillaries open or closed depending on the
metabolic requirements of the specific tissue bed. A local
increase in H+ ion concentration shifts the ODC to the right
to augment hemoglobin release of oxygen.
All cells are dependent on a continuous supply of
oxygen to support aerobic metabolism necessary for the
synthesis of high-energy compounds (adenosine triphos-

phate [ATP]) essential for cell life and function. Most
cellular oxygen is consumed by the mitochondria to drive
oxidative phosphorylation (Fig. 8-8). In the absence of
oxygen, electron transport activity decreases, and cells start
to produce ATP anaerobically from the conversion of
pyruvate to lactate. Not only is this process less efficient
(20 times less ATP is produced), but also lactic acid lowers
tissue pH and depletes cellular nicotinamide adenine
dinucleotide (oxidized [NAD+]) necessary for aerobic
glycolysis.
Oxygen delivery does not provide information about the
adequacy of tissue oxygenation. For example, in septic
shock 00 2 is high, but blood is shunted across tissuecapillary beds without unloading oxygen. Indirect methods
of assessing the adequacy of tissue oxygenation include
monitoring mixed venous oxygenation, oxygen consumption, and oxygen extraction ratio.
Blood returning from various regions of the body
becomes well mixed in the right ventricle. To avoid regional
contamination, true mixed venous oxygenation is monitored
from the pulmonary artery. Pulmonary artery catheters,
designed specifically for continuous Sv0 2 monitoring, are
available in sizes designed specifically for the pediatric
population. The interrelationship between Sv0 2 values and
V0 2 is noted in Box 8-1.
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Reflecting metabolic requirements, oxygen consumption

CV02 ) is the amount of oxygen used by tissues. '102 is
assessed as the net oxygen difference between the amount of
oxygen entering tissue and the amount of oxygen leaving
tissue. '102 can be approximated by using a modified version
of the Fick equation: '10 2 = (Cao z - Cv0 2) x CI x 10, where
Cv02 = (Hgb x 1.36 x Svo z) + (pvo z x 0.(03); Cvo z norm is
15 mlldl or vol%. The conversion factor of 10 is necessary
to change deciliters to liters. Resting '102 in infants and
young children is almost twice that of an adult. The
significantly higher '102 reflects the metabolic requirements
of continued growth, that is, growth adds a metabolic
burden. Factors that affect '102 are noted in Table 8-4.
Oxygen extraction ratio, OzER, is a ratio of VO z to D0 2
(oxygen consumption to oxygen delivery or availability).
The 02ER represents the proportion of D0 2 that is actually
used by the tissues. 02ER is calculated as follows:
OzER = (Ca0 2 - Cv02)/Caoz x 100. The OzER is normally
25%. This means that only 25% of the oxygen delivered to
the tissues is actually utilized. This apparently low OzER is

protective in that significantly more O 2 can be extracted if
necessary to maintain adequate tissue delivery when '102
increases or D02 decreases. The 02ER increases when the
demand for 02 increases (fever, pain) or the supply of 02
decreases (decreased hemoglobin, Sao z, or cardiac index);
the 02ER decreases when demand for O 2 decreases (hypothermia, adequate sedation, and chemical paralysis) or when
supply, relative to demand, increases. The OzER is not a
valid measure when the Cv02 is contaminated with right-toleft blood shunted across anatomic cardiac defects.
Physiologic oxygen supply dependency describes the
normal biphasic relationship between D02 and '102 (Fig.
8-9). Initially when 00 2 falls, oxygen extraction increases to

__ PathologiC
Normal

A

lJ) TABLE 8-4

Factors That Affect Tissue
Oxygen Consumption (V0z)

1~8Increase V0

-~----2

~~!~OO
§j$O-100
i!j!~O-1 00

Bums
Sepsis
Shivering
Head injury, sedated
Multiple system organ dysfunction
Chest trauma
Work of breathing
Nasal Err intubation
Patient weight
Bronchial hygiene
Position change
Orthopedic injuries
Err suctioning
Chest x-ray film
Bath

1[89

~:'2o-80

~
~_

~5-40

L.

!!Ii36

~~5

!Ji':31

~HO-30

~27
~2j

~Q3
1.: :_....;~·80

Physical examination
Agitation
Electrocardiogram
Fever (increase for each 0c)
Dressing change
Routine postoperative procedures

~-J

~k16

IWIO
1ili,10
~7

I~ Decrease V0

;gso
~.

Head injury, nonsedated

2

~25
1<.'

~!:25-50

~!"

Anesthesia in burned patients
Anesthesia
Sleep, relaxation, pain relief, paralysis,
hypothermia

.@j~;

iFPata from White KM, Winslow EH, Clark AP et al: The physiologic

m!:basis for continuous mixed venous oxygen saturation monitoring, Heart

!!1:l-ung 19:548-551. 1990.
1ii£TJ.
Endotracheal tube.
11:;-

ER

Normal

B
Pathologic

Fig, 8-9 A, Normal and pathologic relationships of oxygen
,:onsumption (Vo,) and oxygen delivery (Do,). The normal critical
002 is shown as the vertical line separating the independent and
dependent portions of the normal V0 2 and 002 relationship. The
pathologic relationship is characterized by greater critical Do,
compared with the normal relationship. In animal models, the
~athologic relationship has a plateau of V02 , and increased critical
002 is clearly identified. However, clinical studies have not shown
a plateau of \:0 2 in .individual patients who have pathologic
dependence ofVo, on 00 2 , B, Normal and pathologic relationships
of oxygen extraction ratio (ER) and Do,. The critical oxygen ER is
the extraction ratio at the critical 002 shown as the vertical line
corresponding to the critical Doz determined by the Oo,tVo,
relationship above. In the normal relationship, oxygen ER continues to in~rease below critical oxygen ER, but not enough to
maintain V02 constant. In the pathologic relationship, oxygen ER
remains relatively constant, and therefore '102 is dependent or' 002 ,
In amma! models, pathologic dependence of V02 on Do, is
characterized by lower critical oxygen ER than normal. (Adapted
from Russell lA, Phang PT: The oxygen delivery/consumption
controversy: approaches to management of the critically ill, Am J
Respir Crit Care Med 149:533-537, 1994.)
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maintain V02 until a critical level of D0 2 is reached. At this
critical level of Do z, referred to as critical oxygen transport,
V02 pro~ressively decreases and becomes linearly dependent on D0 2. Metabolic demands are met on the flat portion
of the curve as long as the 02ER can increase to meet tissue
demands for oxygen.
In contrast, pathologic oxygen supply dependency. describes an abnomUlI relationship between D0 2 and V0 2;
02ER remains low, and V0 2 is linearly dependent on D0 2
over a wide range of values (see Fig. 8-9). This abnormal
VOr D02 relationship is thought to occur in several disease
states, for example, adult respiratory distress syndrome
(ARDS) and sepsis. 16
Under normal circumstances, organ blood flow (oxygen
supply) is distributed to match organ metabolic need
(oxygen demand). Control of oxygen flow to match
metabolism is regulated by the resistance of capillary
vessels. This event, along with alterations in hemoglobin
affinity, enhances peripheral oxygen extraction to sustain
tissue metabolism. When D0 2 decreases or if V02 increases
and systemic blood flow is distributed to match metabolic
need, the 02ER (an average of each individual organ oxygen
extraction) should increase. If systemic blood flow is not
distributed to match metabolic need, hypoxia and a low
02ER result.

Pulmonary Ventilation
Ventilation, the process of inspiration followed by expiration, is accomplished when the diaphragm functions to
move air in and out of the lungs. When the thoracic cavity
changes in size, pressure gradients are created between the
intrapleural space, intraalveolar space, and the atmosphere.
The external pressure exerted on the thorax is atmospheric
at 760 mmHg. Intraalveolar pressure, which is in direct
communication with the atmosphere, is also 760 mmHg.
Intrapleural pressure, the pressure between the visceral
and parietal pleura, is subatmospheric at 757.5 mmHg or at
-2.5 mmHg.
Inspiration is an active process in that energy is required
for the contraction of inspiratory muscles that expand
the thoracic cavity. As the thoracic cavity expands, intrapleural pressure becomes increasingly subatmospheric at
-6 mmHg. Intraalveolar pressure also becomes subatmospheric, and air moves in bulk flow from the atmosphere to
alveoli, where diffusion can occur.
Expiration is a passive process in that the muscles of
respiration relax and the size of the intrathoracic cavity
decreases. When the muscles relax, the elastic properties of
the lung followed by the elastic properties of the chest wall
pull the thoracic cavity back to a resting position. As the size
of the intrathoracic cavity decreases, intraalveolar pressure
becomes supraatmospheric, and air moves in bulk flow from
the alveoli to the atmosphere. Because of normal increased
airways resistance during expiration, passi ve expiration
requires more time than inspiration.
Compliance. Compliance refers to the stretchability,
distensibility, or elasticity of the lungs and thoracic structures. The elastic properties of the lungs and chest wall
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allow the thoracic cavity to return to a resting state after
inspiration. Compliance describes the relationship between
volume (V) and pressure (P) (~V /M) and is an indicator of
elastic recoil and surface tension of the lung. Total
compliance is the product of lung compliance and chest wall
compliance. Clinically, total compliance is approximated by
dividing the plateau pressure minus the positive endexpiratory pressure (PEEP) into measured tidal volume
(V T ): 11 VIM = VT + P p1a , - PEEP. (The plateau pressure is a
pause pressure obtained at end inspiration.) For example, if
the VT /plateau pressure - PEEP were 60 ml + 15 cm H20,
the total lung compliance is approximately 4 ml/cm H 20.
Lung compliance is measured in either a dynamic or
static state. Dynamic compliance is equal to V T divided by
the transpulmonary pressure. The transpulrnonary pressure
(PL) is the difference between the alveolar pressure and the
intrapleural pressure. Because dynamic compliance is measured during breathing, airways resistance and respiratory
rate influence it. Static compliance (Cst) is equal to VT
divided by PL at the cessation of airflow. Because Cst is
measured under zero-flow conditions, it reflects the elastic
properties of the lungs. r 7 Clinically, PL can be approximated
by subtracting intraesophageal pressure (as measured by an
esophageal catheter or balloon placed in the lower third of
the esophagus) from proximal airway pressures (using an
adapter placed on the endotracheal lUbe) at the same point in
a single breath. Similar results can also be achieved by
measuring volume and flow by respiratory inductance
plethysmography. A curve relating 11V to I1PL is constructed; the slope of the curve describes lung compliance
(Fig. 8-10). Shifts to the right indicate decreased lung
compliance.
The pressure/volume characteristics of the lungs are not
linear; at very high and very low lung volumes, changes in
pressure produce little change in volume (the flatter the

Q)

E

g'"

Pressure
Fig. 8-10 Pressure (P)/volume (V) curve relating !1P to t.V is
constructed; slope of curve describes lung compliance. (From
Guyton AC: Textbook of medical physiology, ed 8, Philadelphia.
1991, WB Saunders.)
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curve, the stiffer the lungs). The lower inflection point (PRex)
on the PN curve reflects a sudden increase in compliancespecifically, the point at which small increases in transpulmonary pressure produce large increases in pulmonary
volume. The upper inflection point reflects a sudden
decrease in compliance-specifically, the point at which
small increases in transpulmonary pressure produce small
increases in pulmonary volume. Volume/pressure relationships also differ during inspiration and exhalation; more
pressure is required to increase volume during inspiration
than the reciprocal during exhalation.
Lung compliance changes with age, normally decreasing
with increasing age and changes with disease, for example,
surfactant-deficient ARDS. Thoracic compliance can be
significantly reduced in many clinical states, for example, in
patients with scoliosis, muscular dystrophy, or obesity and
in the postoperative patient with surgical splinting.
Airways Resistance. Total pulmonary resistance is
affected by (I) radius, length, and number of divisions of
bronchi; (2) diameter and length of the endotracheal tube;
(3) gas flow; and (4) character of gas flow. Airways
resistance, or the rigidity of the bronchioles and thoracic
structures, refers to the ease of air movement through
conducting airways. Airways resistance is the pressure
required to move a volume of gas at a given flow rate.
Airways resistance is the product of the peak inspiratory
pressure (PIP) minus the plateau pressure divided by the gas
flow (Raw = PIP - Pplat + V).
The volume of gas that is pulled into the lungs and forced
out of the lungs is inversely related to airways resistance.
Until 5 or 6 years of age, small peripheral airways contribute
up to 50% of total airways resistance compared with only
20% in adults. IS Diseases that affect the small airways, for
example, bronchiolitis and asthma, can cause a significant
increase in airways resistance and work of breathing in the
younger, more vulnerable age group.
During normal spontaneous ventilation, the airways
widen during inspiration and become narrow on exhalation. Autonomic nervous system regulation of bronchiolar
smooth muscle can decrease (sympathetic) or increase
(parasympathetic) airways resistance. Bronchiolar smooth
muscle is also very sensitive to chemicals, such as histamine
and low CO 2 levels. causing bronchoconstriction, whereas
high CO2 levels cause bronchodilation.
Time Constants. The tidal flow of gas into and out of
the lung depends on the compliance of the alveoli and
the resistance of the airways. The relationship between
compliance and resistance determines the actual rate
of alveolar filling and emptying. The relationship between these two properties can be expressed mathematically as the time constant (Fig. 8-11; time constant =
resistance x compliance). The time constant is expressed in
seconds as the product of compliance and resistance. One
time constant is the measure of the time necessary for the
alveolar pressure to reach 63% of the total change in airway
pressure. About 99% of pressure equilibration occurs
within three to five time constants. The longer the time
constant, the longer alveolar filling and emptying will take
(Fig. 8-12).

Increased airways resistance prolongs the time necessary to fill alveoli with air; likewise, a region of low
compliance takes more time to fill with air than an area of
high compliance. Pulmonary disease affecting either airways resistance or lung compliance exhibits nonhomogeneous time constants, that is, areas with both prolonged
and normal time constants. Alveoli with normal time constants fill with air first, followed by alveoli with prolonged
time constants. As respiratory rates increase, alveoli with
normal time constants may overfill and compress alveoli
with prolonged time constants. Overdistended alveoli become less compliant because they have reached their elastic
limit.
An appreciation of time constants is especially important
when managing the infant or child who requires mechanical ventilation because a wide range of ventilator settings
can be employed to manage clinical conditions with dif-

RA-RB
CAoCA
TCA-TCe
EXAMPLE 1

RA>Re
CA-Ce
TCA>TCe

RA"RB

CAXe
TCA>TCe

Fig. 8-11 Effect of changes in resistance and compliance on the
distribution of gas between lung units. In example I, resistances
(R) and compliances (C) and thus time constants (TC) between
lung units A and B are equal, and no redistribution of gas occurs if
inspiration ends before the lung units are filled to maximal
capacity. In example 2, TC of A is lengthened by increasing its
resistance. Both will eventually altain the same volume because the
compliances are the same, but unit A will take longer to fill. If
inspiration ends prematurely, gas will be redistributed from B to A.
In example 3, TC of A is lengthened by increasing its compliance
relative to B while the resistances of both remain equal. The less
compliant unit B will never inflate to as great a volume as A. If
inspiration ends prematurely, gas will be redistributed from B to A.
(From Helfaer MA, Nichols DG, Rogers MC: Developmental
physiology of the respiratory system. In Rogers MC, ed: Textbook
of pediatric intensive care, ed 2, Baltimore, 1992, Williams &
Wilkins, p 112.)
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ferent combinations of resistance and compliance states
(Table 8-5).
Pulmonary Volumes. Pulmonary volumes and capacities are defined and illustrated in Fig. 8-13. Changes in
body position can affect pulmonary volumes and capacities.
In a prone position, values may decrease if abdominal
contents exert pressure on the diaphragm, and to a lesser
extent, increased pulmonary blood volumes may decrease
available space for pulmonary air.
Dead space is the volume of inhaled air that does not
participate in gas exchange. Anatomic dead space includes
the volume of conducting air that fills the nose, mouth,
pharynx, larynx, trachea, bronchi, and the distal bronchial
branching that does not participate in gas exchange (Fig.
8-14). NomlaJ anatomic dead space is approximately 2
ml/kg. Alveolar dead space refers to the volume of gas that
fills alveoli whose perfusion is abnormally reduced or
absent. Factors that contribute to alveolar dead space
include hypotension, compression of the alveolar capillary
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bed, and pulmonary embolus. Physiologic dead space is the
sum of both anatomic and alveolar dead space. Dead space
ventilation (V D) refers to the amount of gas ventilating
physiologic dead space per minute. Physiologic dead space
is usually expressed as a fraction of tidal volume (V rJY T)'
The normal V rJY T ratio is 0.3, that is, 30% of the volume
of each breath does not participate in gas exchange.
Minute ventilation ( VE) is the volume of air that moves
in or out of the lungs per minute. Minute ventilation is the
product of tidal volume and respiratory rate. Alveolar
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Fig.8-12 Exponential rise and fall of lung pressures and volumes
during inspiration and expiration in terms of time constants. (From
Chatburn RL: Principles and practice of neonatal and pediatric
mechanical ventilation, Respir Care 36:578. 199 I.)

Fig.8-13 Pulmonary volumes and capacities. Tidal volume (VT):
volume of air entering and leaving lungs during a single breath in
a resting state, 6 to 8 mVkg. Inspiratory reserve volume (IRV):
amount of air that can be inspired over and above resting tidal
volume. Expiratory resenle volume (ERV): air remaining in lungs
at the end of a normal expiration that can be exhaled by active
contraction of expiratory muscles. Residual volume (RV): amount
of air remaining in lungs after maximal expiration. Vital capacity
(VC): sum of normal VTo IRV. and ERV; infants. 33 to 40 mVkg;
adults. 52 ml/kg. l/lspiratOlY capacity (IC): sum of IRV and VT .
FUllctiollal residual capacity (FRC): sum of ERV and RV; infants.
30 mllkg; adults, 34 mVkg. Total IUlIg capacity (TLC): amount of
air in lungs after a maximal inspiration; infants. 63 mllkg; adults,
86 mVkg. (From Guyton AC: Textbook ofmedical physiolog)~ ed 8,
Philadelphia. 1991, WB Saunders. p 285.)

TABLE 8-5 Effect of Varying Compliance and Resistance States on Time Constant
and Associated Conditions
Compliance

Resistance

Time Constant

Clinical Conditions

Decrease

Normal

Short

Increase
Normal
Normal

Normal
Decrease
Increase

Long
Short
Long

Increase
Decrease

Increase
Increase

Long
Long/short

Pneumonia
Pneumothorax
Atelectasis
Neuromuscular disease
Postbronchodilalor
Airway obstructions
Intubated patient
BPD.COPD
Bronchiolitis

i=~PD. Bronchopulmonary dyspla,ia;

.r.=-"

COPD. chronic obstructive pulmonary disease.
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Fig. 8-14 Dead space ventilation continues down to the respiratory uniL(From Thompson JM, McFarland GK, Hirsh JE et aI, eds:
Mosby's clinicalnursillg, ed 4, St Louis, 1997, Mosby, P 125.)

Fig. 8-15 Lung volumes in infants and adults. Note that tidal
breathing in the infant takes place in the range of closing capacity
(CC) of the lung. Vc. Vital capacity: FRC, functional residual
capacity. (From Smith CA, Nelson, NM: The physiology of the
newborn infant, ed 4, Springfield, III, 1976, Charles C Thomas,

ventilation eVA) is the volume per minute that ventilates all
perfused alveoli and is the difference between minute
ventilation and dead space ventilation eVA = VE - Y D)· CO 2
production is dependent on metabolic rate, whereas CO2
elimination from the lungs is determined by the effectiveness of VA (Y T, RR, Y D). Adequate al veolar ventilation is
present when the Pac02 is maintained less than 40 mmHg
with a normal VE. With hyperventilation, VE is high, driving
down the Pac02 ; whereas with hypoventilation, VE is low,
driving up the Pac02 .
Forced vital capacity (FVC) is the volume of air forcibly
exhaled after inhaling to total lung capacity. The volume of
gas exhaled over time is usually plotted out to include the
volume exhaled in I second (FEY,) and the volume exhaled
in 3 seconds (FEY,). Patients with airway obstruction show
a reduced rate of airflow on exhalation. The smaller the ratio
of FEY I to FYC, the more difficult it is to exhale.
Preexpiratory and postexpiratory FYC measurements are
used to assess the effectiveness of bronchodilating drugs in
patients with obstructive airways disease.
Functional residual capacit)' (FRC) is the amount of air
remaining in the lungs at the end of normal expiration. With
atelectasis, FRC falls as the number of alveoli that
participate in gas exchange decreases. Airway closure
occurs in dependent areas of the lung at low volumes. The
lung volume at which airway closure occurs is called closing
capacity. In adults, closing capacity is usually at residual
volume (amount of air remaining in the lungs after maximal
expiration). In infants, closing capacity is at FRC as a result
of reduced elastic tissue, so closing capacity may be present
during normal tidal breathing (Fig. 8-15). Pulmonary
diseases that affect the relationship between tidal volume,
FRC, and closing capacity contribute significantly to

p 207.)

ventilation-perfusion mismatch and hypoxemia. PEEP,
which increases FRC above closing capacity, helps to limit
alveolar collapse.
Work of Breathing. Work of breathing, defined as
the pressure generated by the respiratory muscles to move
a volume of gas, can be divided into three components:
(I) compliance work-required to expand the elastic forces
of the lung; (2) resistance work-required to overcome the
viscosiry of the lung and thoracic cage; and (3) airways
resistance-work required to overcome resistance to gas
flow (Fig. 8-16). Under normal situations, most of the work
of breathing is expended during inspiration to overcome the
elastic properties of the lung.
Pulmonary disease can increase the work of breathing of
any or all of the three components. Rapid respirations and
increased airways resistance can cause expiratory work to
surpass inspiratory work. Small changes in the work of
breathing can significantly increase the metabolic rate and
oxygen demand, resulting in respiratory muscle fatigue.

Ventilation/Perfusion Ratio
Gas exchange becomes optimal when both ventilation and
pulmonary blood flow are equally matched. Under normal
conditions, the ventilaTion-to-perfusion ratio (V /0.) is not
equal to 1.0. This discrepancy is due to gravitational forces
that create regional differences in intrapleural pressures and
pulmonary vascular pressures.
During spontaneous breathing, a greater proportion of air
and perfusion is directed toward dependent areas of the
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Fig.8·16 Graphic representation of three different types of work
accomplished during inspiration. (From Guyton AC: Textbook of
medical physiology, ed 8, Philadelphia, 1991, WB Saunders.)

lung. In the upright patient at rest between breaths,
intrapleural pressures at the top of the lung are more
negative than at the base of the lung, creating larger alveoli
at the apex and smaller, more compliant alveoli at the base.
During spontaneous inspiration, ventilation is preferentially
distributed to the more compliant alveoli at the base rather
than the apex. Similarly, gravitational forces distribute
perfusion of the lung greatest in the base and lowest in the
apex. However, in total, ventilation is greater than perfusion
at the apex, and perfusion is greater than ventilation at the
base. This results in an overall V/Q of 0.8.
West and colleagues 19 described regional differences in
lung perfusion in upright adults (Fig. 8-17). West's zone I
conditions occur when the mean pulmonary artery pressure
is less than or equal to alveolar pressure (PA > Ppa > Ppv).
Zone I conditions are present in the apices of an upright
adult and are characterized by a lack of pulmonary blood
flow and gas exchange. West's zone II conditions are
characterized by pulmonary artery pressures greater than
alveoli pressure (Ppa > PA > Ppv). Zone II conditions are
present in the midportion of the lung, and blood flow is
determined by a balance of arterial and alveolar pressures
not influenced by venous pressures. West's zone III conditions are characterized by pulmonary artery and venous
pressures that exceed alveolar pressures (Ppa > Ppv > PA).
Zone III conditions are located at the base of the lung, and
blood flow is a function of the two vascular pressures.
Although similar research in the pediatric population does
not exist, it is reasonable to assume that zone II and ill
conditions are similar in younger age groups. Because the
height of the lung is reduced when lying flat, zone I
conditions probably do not exist in the supine position,
especially in the infant population. 20

Fig. 8·17 Zones of perfusion In the lung. (From West lB, Dollery
CT, Naimark A: Distribution of blood flow in isolated lung:
relation to vascular and alveolar pressures, J Appl Physiol 19:713,
1964.)

Ventilation-Perfusion Abnormalities. Intrapulmonary shunting is the major cause of clinical hypoxemia.
Characterized by a low V ratio, a shunt refers to venous
blood that travels from the right to left side of the circulation
without ever coming in contact with ventilated lung. Two
categories of shunts exist: an anatomic shunt and a capillary
shunt. An anatomic shunt refers to normal or abnormal
right-to-Ieft connections, for example, bronchial, pleural,
and thebesian veins (the pulmonary circulation) or right-toleft congenital heart defects. A capillary shunt occurs when
alveolar-capillary blood flow comes in contact with nonventilating alveoli, for example, atelectasis, pneumonia, and
pneumothorax. As expected, mixing oxygenated and unoxygenated blood significantly impacts oxygenation, and
hypoxemia results (Fig. 8-18).
Normally, an almost immediate diffusion of gases occurs
over the alveolar-capillary membrane, so arterial and
alveolar gas concentrations are similar. Venous blood
passing nonfunctional alveoli creates an admixture of
venous and arterial blood, decreasing Pa0 2. Venous admixture represents the ratio of shunted blood (Qs) to total
pulmonary blood flow (Qt). The Qs/Qt ratio is calculated
using the shunt equation: Qs/Qt = (CPC02 - Ca02)/(Cpco2 Cv0 2), where CpC02' Cao 2, and Cv02 are the pulmonary
capillary, arterial, and mixed venous oxygen contents,
respectively. The Cpc02 is computed using the alveolar gas
equation (PAD? = PI02 - PacoiRQ, where PI02 = [760 47] x Flo2, and-RQ = 0.8). The Qs/Qt normally ranges from
3% to 7%; changes greater than 5% are considered
significant. Work of breathing significantly increases when
Qs/Qt is greater than 15%.

/0.
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Fig.8-19 Dead space uni!. (From Swedlow DB: Capnometry and
capnography: the anesthesia disaster early warning system, Semin

Anesthesia V[3]: 194·205, 1986.)

Effect of V/Q scatte~ 0." Pao, and Sao,. Three lung
units with low. mid, and high V{Q ratios and PA02 of 40, 80,
and 120 mmHg. Because of the shape of the ODC, the mean
Pa02 is only 57 mmHg, and the mean saturation is only 89%. (From
Nunn IF: Applied respiratory physiology, ed 2, London, 1977,
Butterworths, p 284.)
Fig. 8-18

When a pulmonary artery catheter is not available to
provide the mixed venous blood specimen necessary for
calculating an intrapulmonary shunt, an alveolar-arterial POz
difference (A-aDoz) or PaozIFl0 2 ratio can be used to
estimate the percent shunt. The alveolar partial pressure of
oxygen (PAOZ) is again calculated using the alveolar gas
equation: PAO z = PJ0 2 - PaCoz/RQ, and the Pa0 2 is obtained
from a standard arterial blood gas (ABO) report. To obtain
an A-aDoz, the Pa0 2 is subtracted from the calculated PAOZ'
Normally, the A-aDoz should be less than 20 mmHg. The
Pa02/FI0 2 ratio calculation is straightforward; the norm is
greater than 286.
The magnitude of the shunt helps to determine what
effect increasing the FI02 might have on the Paoz. If the
shunt is insignificant, changes in the Paoz will occur in
direct proportion to changes in FIO Z' If the shunt is
significant, increases in FI02 will not impact Paoz. PE~P !s
used to increase FRC, which potentially decreases Qs/Qt
and the risk of oxygen toxicity associated with the use of
high F102 . Continuous assessment of the entire oxygenation
profile is required to balance excessive PEEP, which may
contribute to cardiac depression, and inadequate PEEP,
which may contribute to progressive pulmonary hypoxemia.
In addition to the actual amount of shunted blood, the
Cvoz of shunted blood also impacts Ca02' The Ca02 will fall
if the shunted blood (Cv0 2 ) is more hypoxic secondary to
increases in V0 2 or decreases in D0 2.
Characterized by a high V ratio, dead space refers to
alveoli that are ventilated but not perfused (Fig. 8-19). As
discussed, Paco2 is determined by alveolar ventilation in
relation to CO 2 production. Alveolar ventilation is compromised by increased dead space ventilation.

/0.

Physiologic dead space is calculated by the physiologic
dead space/tidal volume ratio: VrJVT = (Pac02 - Pec02) +
Paco2' This is measured by drawing an arterial sample to
obtain a Pacoz and by collecting the patient's expired air in
a Douglas bag or similar device for several minutes to obtain
a P EC02 (partial pressure of carbon dioxide in the mixed
expired air).
Calculating an end-tidal COz-Pacoz gradient, the
A-aDcoz can also approximate dead space ventilation. In
dead space units, mixed venous CO 2 is approximately 46
mmHg; alveolar CO 2 is 40 mmHg in the perfused unit, as is
the pulmonary vein draining that unit. The alveolar CO 2 in
the unperfused lung is zero because no blood has supplied it
with COz. Down-line, the arterial CO 2 is an average of only
the units perfused (40/1 = 40 mmHg), and ETco 2 is an
average of all units ventilated (4012 = 20 mmHg). Thus with
50% dead space ventilation, the A-aDco, will be 20 mmHg.
To compensate for increasing VrJVT: VE must increase.
Increases in V E increase the work of breathing in direct
proportion to increasing VrJVT' Thus assessment of VE
(respiratory rate and tidal volume) and Pac0 2 levels are
helpful tools in assessing dead space. If VE increases, Paco2
levels should decrease if VrJVT is normal; if VE increases
and Paco2 remains the same, VrJVT is probably increased,
or pulmonary blood flow is decreased. The Pac02 is
maintained at normal levels as long as the VA can be
maintained.
Various pulmonary diseases accentuate ventilationperfusion abnormalities resulting in significant alterations in
oxygenation and CO 2 removal. In fact, positive pressure
ventilation alone immediately contributes to V mismatching; preferential ventilation is switched to nondependent
areas, while preferential perfusion continues to dependent
areas. Various physiologic mechanisms attempt to match
ventilation to perfusion. For example, ventilation is altered
by high CO 2 levels, which result in bronchodilation,
whereas low CO2 levels result in bronchoconstriction.
Pulmonary arteriolar smooth muscle is very sensitive to the
partial pressure of oxygen; increased alveolar oxygen results
in vasodilation, and decreased alveolar oxygen results in
vasoconstriction. This mechanism, known as hypoxic put-

/0.
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monary vasoconstriction (HPV), attempts to enhance perfusion of well-ventilated alveoli and limit perfusion to
unventilated alveoli. Many drugs used in the intensive care
unit (lCU) can attenuate HPV. Propranolol and dopamine
enhance HPV, whereas nitric oxide, calcium channel blockers, vasodilators, p-agonists, and anesthetic agents diminish
HPV. Pulmonary arteriolar smooth muscle is also very
sensitive to H+ ion concentration, which is directly related to
CO 2 concentration. An increase in H+ ion concentration
results in vasoconstriction and shunting of blood away from
poorly ventilated alveoli, with high alveolar CO2 levels to
better-ventilated alveoli.

ASSESSMENT OF PULMONARY
FUNCTIONING
History
Patient assessment begins with data collection to describe
the scope of the patient's problem, to identify the progression of illness, and to help delineate the initial management
plan. Especially in patients with chronic respiratory illnesses, parents provide excellent data, particularly regarding
the success of past management strategies.
When obtaining a medical history, interview depth and
content are individualized to the age of the patient, the
relevancy of information as it relates to the present illness,
and the urgency of the current problem. For example, prenatal, natal, and postnatal history is relevant for infants admitted with a respiratory illness within the first year of life.
If a perinatal history were significant, knowledge of whether
the infant ever required assisted ventilation is important.
Extensive questions about medication and environmental
allergies are critical in patients with reactive airways disease. Questions related to fever are important if infection is
suspected. Questions related to dietary intake, exercise tolerance, and schoolwork may give clues related to the chronicity of the illness. As a general rule, infants and young children should not experience more than five uncomplicated
upper respiratory infections per year. In patients with
chronic respiratory illness, activity tolerance, oxygen dependency, home ventilator settings, and successful coping strategies provide meaningful baseline information.
Questions related to the onset of the present illness are
also important. Acute-onset illnesses include asthma, pneumonia, and upper airway obstruction. Aspiration of a foreign
body is suggested when the onset of distress is acute,
especially in the inquisitive toddler. Chronic or recurrent
illnesses suggest infection or an unresolved foreign body but
also allergic or immunologic problems, late-presentation
congenital anomalies, or extrapulmonary problems, such as
heart disease or cancer.

Physical Assessment
Inspection. When first approaching an infant or
young child, note the child's position of comfort. Infants and
children normally assume a wide variety of positions to
enable ventilation and limit the work of breathing. Classic
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(yet rarely seen) positions include that of a drooling
3-year-old with epiglottitis whose survival depends on
maintaining an upright position, usually tripod, with neck
extended. Also classic is the older child with cystic fibrosis
who while exhaling through pursed lips prefers to sit
forward with arms supported on an overbed table. As a
general rule, support the patient's attempts to find and
maintain his or her own position of comfort.
Note the patient's facial expression; even young infants
appear tense, tired, and anxious when gas exchange is
inadequate. Integrate the patient's level of consciousness
into the examination; hypoxia is reflected as anxious,
restless, and irritable behavior, whereas hypercapnia produces drowsy and obtunded behavior. Note the presence of
pallor or cyanosis. Skin color should be consistent with the
individual's race. Cyanosis, a late sign of respiratory
distress, is evident when more than 5 g of reduced
hemoglobin is present per deciliter of blood. Patients who
are chronically cyanotic exhibit clubbing of their distal
phalanges.
Assess the rate, rhythm, and effort of breathing. Breathing is usually quiet and effortless; inspiration should be the
only active phase of respiration. Respiratory rates in infants
and children are highly variable, depending on age, medical
history of lung disease, activity, anxiety level, and temperature. Respiratory rates are determined while the patient is
at rest. Normal breaths per minute range from 30 to 60 in
newborns, 20 to 40 in early childhood, and 15 to 25 during
late childhood, reaching adult levels by age 15. Tachypnea
is often the first sign of respiratory distress. With time,
infants especially will fatigue and decrease their respiratory
rates. The pattern of tachypnea followed by bradypnea with
intermittent periods of apnea is a ominous sign.
Abnormal respiratory patterns are described in terms of
rate, depth, and pattern (Table 8-6). Respiratory patterns
vary considerably during the first year of life; that is,
I minute the infant breathes slowly, but then the next
minute, the infant breathes more rapidly. Apnea lasting
greater than 15 seconds accompanied by duskiness, cyanosis, or respiratory rates greater than 60 breaths per minute is
considered significant in the newborn. 21
Normal inspiratory/expiratory (I:E) ratio is I: 2. Prolonged inspiration occurs with upper airway obstruction,
whereas prolonged expiration occurs with lower airway
obstruction. Inspiratory stridor may also be present with
upper airways disease, whereas expiratory wheezing is
present with lower airways disease. Grunting, forced
expiration against a partially closed glottis accomplishes the
same effect as pursed-lip breathing in older children. Both
occur in an attempt to maintain FRC, thus oxygenation.
When present, consider oxygen administration if not already
in place.
Note the shape of the chest. Chest deformities can limit
vital capacity. Scoliosis is a lateral curvature of the spine at
the extreme, resulting in an S-shaped configuration. Kyphosis is an exaggeration of the normal posterior convexity of
the thoracic spine. In pectus carinatum, the sternum is
displaced in an anterior position; in pectus excavatum, the
sternum is displaced posteriorly.
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Abnormal Respiratory Patterns

;: Type

Description

Potential Etiologic Conditions

!iiApnea

Absent

hBradypnea

Slow for age

l;[Dyspnea

Difficult or labored breathing

Central neurologic depression
Obstructi ve sleep apnea
Hypothermia
Drug-induced respiratory depression
Increased intracranial pressure
Metabolic alkalosis (intestinal
obstruction)
Acute distress (pneumothorax)
Chronic distress (cystic fibrosis)
Internlittent distress (asthma)
Central neurogenic hyperventilation
Diabetic ketoacidosis
Asthma
Pulmonary edema
Pulmonary disease
Nonpulmonary disease
Metabolic acidosis
Increased metabolic need
Anxiety
Severe diarrhea
Salicylate toxicity
Chronic renal insufficiency
Inborn errors in metabolism
Stimulation of the apneustic center
(located in the middle and lower pons)
along with vagotomy
Cerebral dysfunction at level of medulla
Cerebral dysfunction at midbrain level
Bilateral diencephalon dysfunction
Cerebral dysfunction at the level of
the pons

E:

;:"

Deep and rapid for age
Deep (fast or slow)
Intolerant of supine position
Rapid for age
Rapid for age

'i:"

:~

HVApneustic
i2.,

Extremely prolonged inspiratory periods

;jLAtaxic
ii[.Central neurogenic hyperventilation
(;:Cheyne-Stokes

Unpredictable, irregular
Rapid, deep
Cyclic hyperpnea-apnea pattern
Irregular cluster

~

~k;luster

11'

:;'c-:·

Fig, 8·20 Locations of retractions. (From Whaley LF. Wong DL:
Nursing care of infants and children, ed 5, St Louis, 1995, Mosby,
P 1340.)

Note how the chest moves. Early in infancy, diaphragmatic breathing is predominant and thoracic excursion is
minimal; this reverses by 7 years of age. Diaphragmatic
breathing produces a paradoxical breathing pattern: on
inspiration, the lower ribs are pulled in while the abdomen
is pushed out; the opposite is true on expiration. Paradoxic
breathing becomes exaggerated-that is, it takes on a
seesaw appearance-when pulmonary compliance is decreased. If paradoxic breathing is replaced by thoracic
breathing in an infant, diaphragmatic dysfunction is suspected; if thoracic breathing is replaced by abdominal
breathing in a child, parenchymal disease is suspected.
During a patient's deep breath, confirm symmetric chest
excursion. Unequal chest excursion is' associated with
atelectasis, pneumonia, thoracic trauma, or pneumothorax.
When respirations are labored, accessory muscles are
recruited to support ventilation. The sternomastoid, scaleni,
pectorals, internal and external intercostals, and abdominal
muscles may contract visibly. Head bobbing, or extension of
the neck on inspiration, indicates the use of neck accessory
muscles. Nasal flaring on inspiration is often observed with
labored respirations. Suprasternal, substernal, supraclavicular, and intercostal retractions may occur (Fig. 8-20).
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Normal Breath Sounds

,"Breath Sound

I:E Ratio

Pitch

Intensity

Location

#:oBronchial
,;:
lliOBronchovesicular

[ $; E
1= E
I> E

High
Moderate
Low

Loud
Moderate
Soft

Large airways
Midairway and peripheral lung fields
Peripheral lung fields

~Vesicular

f;;/:E, Inspiratory-to-expiratory.
r1i:

Retractions of the upper chest are associated with upper
airways disease, whereas retractions of the lower chest
usually suggest lower airways disease, As the work of
breathing increases, so do oxygen requirements. Metabolic
acidosis follows respiratory acidosis when the work of
breathing exceeds the ability to provide adequate tissue
oxygenation.'
Assess for the presence of a characteristic cough: for
example, gradual or sudden onset, productive or nonproductive, dry or congested, associated with decreased or increased activity, able or unable to sleep, and associated with
a febrile or afebrile state. A barking or croupy cough is
present with laryngotracheobronchitis or epiglottitis. A
progressive cough-that is, from dry to wet-is characteristic of congestive heart failure. Coughs caused by bronchitis or pneumonia are congested. If a cough is productive, the
sputum is described in terms of color, consistency, and odor.
The significance of sputum color is as follows: white or
clear with bronchitis or viral infections; yellow or green
with bacterial infections; pink or frothy with pulmonary
edema; and rust color with tuberculosis.
Palpation and Percussion. The entire chest wall
is palpated for tactile fremitus, that is, palpable vibrations
transmitted from the lung to the chest wall when the
patient speaks or cries. Fremitus should be symmetric. increased transmission is noted over areas of consolidation, for example, pneumonia or atelectasis. Decreased or
absent transmission is noted over areas of decreased
airflow, for example, in asthma, pneumothorax, or pleural
effusion.
Percussion helps to determine whether the underlying
tissue is air filled, fluid filled, or solid. The infant's round
chest normally produces a hyperresonant pitch. A resonant
pitch, indicating healthy lung, is present by age 6. After age
6. hyperresonance may indicate the pathologic presence of
air, for example, with a pneumothorax. A resonant pitch
before 6 years of age or a dull pitch thereafter indicates
consolidation, for example, atelectasis, pneumonia, or
pleural effusion.
Crepitus, or subcutaneous emphysema, occurs when free
air enters subcutaneous tissue. When palpated, crepitus feels
crunchy, creating a crackling sensation over the skin surface.
Subcutaneous air may follow tracheotomy or any disruption
in the larynx or trachea. Crepitus may also occur after a
thoracentesis around the wound site or dissect large surface
areas, as in patients with severe air-leak syndrome. Crepitus
is usually self-limiting and does not require treatment;
resolution occurs by reabsorption after resolution of the

primary problem. On rare occasions, tracheal compression
may require surgical intervention.
Auscultation. Three types of breath sounds can be
auscultated in infants and children: bronchial, bronchovesicular, and vesicular (Table 8-7). Symmetry, comparing
right and left sides, allows patients to serve as their own
control. Progressing systematically from top to bottom,
assess the pitch, intensity, and duration of each breath
sound. Assess for (I) the presence and location of normal
breath sounds, (2) the presence of normal breath sounds
heard over abnormal locations, and (3) the presence of
adventitious breath sounds.
Breath sounds are usually louder in infants and young
children because the thinner chest wall brings the stethoscope closer to the origin of the sounds. Bronchovesicular
sounds are usually auscultated throughout the lung periphery. Although seldom heard in infants, displaced bronchial
breath sounds may indicate consolidation. Because breath
sounds are easily transmitted throughout the small thoracic
cavity, referred breath sounds are prevalent in infants and
young children. Even when a significant pneumothorax is
present, breath sounds can be auscultated over collapsed
areas. Decreased breath sounds do occur in older children
with obstructed bronchi, hyperinflated lungs, pneumothorax, or pleural effusion.
Three types of adventitious breath sounds can be
identified: crackles. wheezes, and pleural rubs 22 Crackles
are discrete, noncontinuous sounds that can be simulated by
rolling a lock of hair between the fingers near an ear.
End-inspiratory crackles (previously termed crepitant rales)
result from the reopening of previously collapsed alveoli,
for example, during pneumonia and congestive heart failure.
Early inspiratory crackles (previously termed rhonchi) may
be heard in the airway of patients with obstructive airways
disease. Loud inspiratory and expiratory crackles may be
heard with bronchiectasis.
Wheezes are musical sounds produced by the rapid
passage of air through narrowed airways. Wheezing occurs
more commonly in infants because of the size of their
airways. Although wheezes are typically expiratory, they
may be heard on both inspiration and expiration. During
normal spontaneous ventilation, intrathoracic airways widen
during inspiration and narrow on exhalation, whereas the
opposite is true of extrathoracic airways. Because maximum
resistance to airflow occurs during expiration in intrathoracic airways and during inspiration in extrathoracic airways, expiratory wheezes usually indicate lower airway
problems, and inspiratory wheezes usually indicate upper
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airway problems. The disappearance of wheezing in a
severe asthmatic may be disconcerting because it may
indicate that the patient is no longer moving air through
narrowed airways.
Pleural rubs result from the friction generated by the
movement of inflamed pleural surfaces over one another.
Pleural rubs are usually painful, loud yet low pitched,
synchronous with respiration, and confined to a small
surface area.
When assessing adventitious sounds, the location and
timing-that is, when in tbe respiratory cycle they are
auscultated-are noted.

Assessment of the Intubated Infant or Child
When caring for an infant or child with an endotracheal tube
(ETI), assessment priorities include patient safety and
comfort. Assess the security of the ETI, and ensure that the
tape securing the ETT is adherent to the skin and ETT.
Compare the ETT exit markings at the lip or naris line with
those noted immediately after intubation or after the ETT
was last repositioned. Assess for the potential of ETIinduced pressure necrosis to the naris or comer of the
mouth. If present, reposition and retape the ETI as soon as
possible.
Once ETT security has been addressed, determine
whether the ETI itself is causing respiratory distress.
Inadequate ETI size will precipitate signs and symptoms of
upper airway obstruction. Determine whether excessive
ETI length may contribute dead space. If the patient is
hypercapnic, consider shortening the ETI to a reasonable
length (approximately 5 mm) after confirming correct ETT
placement on chest x-ray film with the patient's head in
neutral position.
Assess the comfort level of the infant or child. Provide a
level of sedation necessary to ensure airway maintenance.
This is highly individual because patient tolerance may be
high or extremely low. Freedom sleeves or limb restraints
are essential to prevent unintentional extubation. Ensure that
the ETI and tubing are supported to allow head movements
but prevent accidental extubation, especially in the active
infant and child. Drain oxygen delivery tubing of condensation on a regular basis to prevent inadvertent water entry
into the patient's airway and unnecessary weight on the
patient's ETI. All equipment necessary to reintubate the
individual infant or child, as well as an emergency tracheostomy tray, should be readily available in the unit.
Patients with oral and nasal ETTs are assessed in a
similar manner. Awake children with oral ETIs may require
a bite block to prevent biting down on the ETI. Children
with an altered level of consciousness and oral ETT may
require an oral airway. In addition, nasal ETIs can obstruct
eustachian tubes, which empty into the nasopharynx. There
should be a high index of suspicion for middle ear infections
and sinusitis whenever caring for patients with nasal ETTs.
In general, intubated patients should be positioned with
their head of the bed elevated to decrease the incidence of
nosocomial pneumonia. Although similar pediatric data do
not exist, the supine body position is a well-established risk

factor for nosocomial pneumonia in adult patients supported
on mechanical ventilation. 23 Nosocomial pneumonia results
from the microaspiration of colonized oropharyngeal secretions. Factors influencing oropharyngeal colonization include enteral nutrition, antacids, and gastrointestinal reflux.
When caring for an infant or child with a new tracheostomy tube (TI), priorities again include patient safety and
comfort. Tracheostomy hclders are assessed for security,
and the entire neck is assessed for skin breakdown under the
tracheostomy holder. The character of the tracheostomy site
is assessed for infection, and dressings or sponges are
examined for drainage. If the patient is connected to a
ventilator, potential pressure points created by the TI
adapter should be cushioned. Finally, an extra same-size
tracheostomy tube should be positioned in clear view at the
bedside in case of an emergency.
Intubated patients require instruction on how best to
establish and maintain communication with family and
caregivers. The inability to communicate, no matter how
temporary, has been consistently identified as a major source
of ICU-related stress. Costell0 24 reviewed current options to
establish and maintain commnnication in cognitively appropriate pediatric ICU patients. These interventions include
the use of an unaided yes/no response, picture and alphabet
boards for pointing, magic slates or felt-tip pens for writing,
and small typing and communication systems using prerecorded voice for pressing. Whichever system is used, it
seems reasonable to prepare the patient (if possible) for the
loss of voice and offer a range of options that would be
reasonable in the sedated intubated pediatric patient.

Assessment of the Ventilated Infant or Child
Assessment of the infant or child supported on mechanical
ventilation includes (I) assessing patient-ventilator synchrony, (2) validating the ventilator settings and alarm
systems, and (3) assessing for the presence of air leaks
around uncuffed endotracheal or tracheostomy tubes.
Start by assessing the patient's level of comfort. Does the
infant or child appear anxious? Is chest expansion adequate
during a delivered breath? Is the I:E ratio normal? Is the
inspiratory time too short? Does the patient have enough
time to exhale before receiving another breath? Is the patient
able to generate a sufficient number of adequate spontaneous breaths? Is the patient tachypneic?
Next check the ventilator settings to ensure that the
patient is supported on the intended settings. Ensure that
alarm settings are activated and are within a tight range to
call immediate attention to problems.
Assess for the presence of an air leak on end inspiration.
Air leaks are not uncommon in infants or children with
uncuffed ETIs, especially when pulmonary compliance is
low. Air leaks should be quantified. When measured tidal
volumes are significantly compromised, air leaks can be
addressed by ventilator or patient manipulations. Ventilator
manipulations include those that result in increasing the
delivered tidal volume to compensate for the air leak.
Patient manipulations range from simply changing head
position to reintubating the patient with a larger ETI or TI.
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If a cuffed ETT or TT is in place and delivered tidal
volumes are compromised, consider inflating the cuff with
just enough volume to eliminate the air leak. This minimaL
occlusion voLume (MOY) technique is accomplished by
placing a stethoscope over the larynx and slowly inflating
the cuff until sounds cease over the larynx. Once the air leak
is eliminated, cuff pressures are obtained to ensure that the
cuff pressure is less than 20 mmHg. Most tubes will seal at
pressures between 14 and 20 mrnHg. The amount of
pressure and volume to obtain a seal and prevent mucosal
pressure depends on tube size and design, cuff configuration, mode of ventilation, and the individual's airway and
arterial pressure. Mucosal ischemia occurs when lateral wall
pressure exceeds capillary perfusion pressure, resulting in
decreasing mucosal blood flow. 25 Iatrogenic complications
from cuff inflation include tracheal stenosis, necrosis,
tracheoesophageal fistula, and tracheomalacia.
If cuff total occlusion is unnecessary, consider the
minimaL Leak voLume (MLV) technique. Here a stethoscope
is again placed over the larynx. The cuff is inflated then
slowly deflated until a small air leak is heard at end
inspiration. Check to ensure that the air leak is occurring at

less than 20 mrnHg inflating pressure or directly measure the
cuff pressure.
When patients are chemically paralyzed, assessments
include the adequacy of the paralysis. This may be assessed
by one of two methods: "daily honeymoon" or train-of-four
monitoring. With a "daily honeymoon" technique, continuously administered neuromuscular blockade is temporary
discontinued until the patient is observed to move. Initial
movements often include abdominal fasciculations. Trainof-four monitoring is used when spontaneous breathing
would potentially cause the patient harm, for example, when
the patient is receiving maximal ventilatory support and
patient effort/asynchrony would cause barotrauma or desaturalion. In train-of-four monitoring, two electrodes are
placed in line along the distal ulna and then connected to a
nerve stimulator that delivers four electrical stimuli at preset
intervals 26 Ordinarily, stimulation of the ulnar nerve
produces four serial thumb adductions (Fig. 8-2\). With
neuromuscular blockade (induced by nondepolarization
agents), this response fades; that is, each successive twitch
becomes weaker. As blockade increases, the last twitch is
obliterated, then the third, and so on. When train-of-four
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Train-of-four (TOF) monitoring.
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TABLE

Phenomena of Concern

8·8 Assessment of the Ventilated Patient

Primary Survey
~neral

Appearance

Skin color
tube size, cuffed or uncuffed, amount
of dead space
Spontaneous respiratory effort
Respiratory excursion-ventilator and spontaneous breaths
Abdominal distension
Level of responsiveness or comfort
Muscle tone
Respiratory rate
Ventilator + spontaneous = total
Airway~ndotracheal

Presence of subcutaneous air

Breath sounds
Equality
Normal and adventitious
Quality of spontaneous and ventilator breaths

Air leak

Endotracheal tube
Chest tubes
Noninvasive gas monitoring

Spoz' ETco z, tidal volume
Secondary Survey
Ventilator settings and safety check
Blood studies

Chest x-ray films
Hemodynamic and oxygenation profiles

Arterial blood gases
Hemoglobin
stimulation elicits only one twitch, spontaneous respirations
are suppressed. Continuous infusion rates are titrated or
additional boluses of chemical muscle relaxants are administered to maintain a single twitch in the train-of-four
response. Table 8-8 provides a summary of the primary and
secondary assessment parameters for the ventilated infant
or child.

NONINVASIVE PULMONARY INTENSIVE
CARE MONITORING
With the recognition of technical difficulties and associated
risks of invasive pediatric monitoring, an explosion in the
use noninvasive monitoring techniques has occurred. As
alternative monitoring techniques become available in the
pediatric population, it is essential that they be valid and
reliable. Pediatric monitors must not only accommodate the
wide range of sizes but also be sensitive enough to detect
both the rapid and small quantitative physiologic changes
that often hallmark states of pediatric crisis. Low arterial
pressures, cardiac outputs, and oxygen reserves matched
with high oxygen requirements offer little buffer and require
rapid detection.
Effective clinical use of any technology requires an
understanding of what is actually measured, how it is
measured, and the patient care requirements for applying
that technology. This section focuses on these issues as they
relate to noninvasive monitoring of pulmonary function.

Pulse Oximetry
Continuous monitoring of oxygen saturation has made a
significant impact on patient assessment. Unlike measuring
ABGs, pulse oximetry provides continuous arterial hemo-

globin saturation (Spoz) data and almost immediate detection of hypoxemic events.
Because oxygen is primarily transported in blood chemically attached to hemoglobin, Spoz monitoring provides
a more complete picture of the patient's oxygenation
status. Saturation monitoring also provides a more reliable
indicator of hypoxemia during extreme shifts of the
ODC: inadequate oxygenation despite a Pa02 greater than
50 mmHg during a shift of the ODe to the right or adequate
oxygenation despite a Pa02 less than 50 mrnHg during a
shift of the ODC to the left. In the upper part of the ODC,
small changes in Sa02 correspond to very large and
potentially toxic levels of Pa02. Bucher and co-workers z7
reported that when Spo2 was maintained at less than 96%,
the Pa02 was never higher than 100 mmHg. The researchers
proposed that maintaining the patient's Sp02 around 96%
would prevent hyperoxia. Manufacturers claim an error
factor of less than 3% at a Spo2 greater than 70%.
Mechanism of Measurement. Pulse oximeters
measure the absorption of two wavelengths of light passed
through pulsating tissue (Fig. 8-22). Oxyhemoglobin and
reduced hemoglobin absorb varying degrees of light. For a
gi ven site, the light absorption of bone, tissue, venous blood,
and arterial blood remains constant except for the absorption
from the added blood volume associated with arterial
pulsation. The varying absorption is translated into two
waveforms, and the ratio between the amplitude of these
waveforms is used to calculate the Spo2'
Pulse oximeters update Sp02 with each heartbeat. They
provide accurate data to heart rates of 250 beats/min. A high
correlation between heart rates obtained from a cardiac
monitor and Sp02 monitor helps to establish the reliability of
Sp02 data. Qualitative analysi's'of perfusion is also available
by assessment of the perfusion bar, which pulsates with each
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Fig. 8-22 Pulse oximeters measure absorption of two wavelengths of light passed through pulsating tissue. Oxyhemoglobin
and reduced hemoglobin absorb varying degrees of light. For a
given site, light absorption of bone, tissue, venous blood, and
arterial blood remains constant except for absorption from the
added blood volume associated with arterial pulsation. Varying
absorption is translated into two waveforms, and the ratio between
the amplitude of these waveforms is used to calculate Spo,.
(Reprinted by permission of Nellcor Puritan Bennett, Pleasanton,
Calif.)
heartbeat. An audible tone varies in pitch according to
saturation. This feature is very important during procedures
that may affect Sa02; attention can be paid to the procedure
while listening for changes in the tone of the pulse oximeter,
indicating changes in saturation.
Sensors contain three optical components: two light
sources (red and infrared) and one light receiver. To function
properly, the sensor must be positioned so' that the light
source and photodetector oppose one another (see Fig.
8-22). Sensors are available in various shapes and sizes to
facilitate monitoring at different locations and with varying
patient sizes. If the patient is sensitive to adhesive, it can be
removed with adhesive remover. The sensor is then attached
using a gauze dressing. All sensor sites are assessed
frequently for skin abrasion and circulatory impairment.
Pressure necrosis may occur when a sensor is placed too
tightly or for prolonged period.
To enhance performance, the appropriate probe for the
size of infant should be used. In infants with right-to-Ieft
shunting, the right hand is used for preductal Sp02, and the
left hand or either foot is used for postductal SP02'
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Troubleshooting. Interference with Sp02 readings
typically result from problems related to the signal-to-noise
ratio. Too little signal may result from poor perfusion or
improper probe placement; too much noise may result from
excessive motion, ambient light, electrocautery, or a venous
pressure wave.
Sensors incorporate ambient light protection, but strong
light sources-for example, fluorescent, procedural, and
bilirubin lights-may interfere with Sp02 measurement.
Problems with ambient light are easily resolved by covering
the sensors with a blanket. Patient motion may also affect
system performance. Occasionally, a large dicrotic notch
may be sensed as a separate arterial pulse, resulting in twice
the actual heart rate. Any event that significantly reduces
arterial pulsation will affect Sp02 readings. Although
accurate to extremely low mean arterial pressures, pulsations may be lost with severe hypotension, with low cardiac
output states, or in patients receiving venoarterial extracorporeal membrane oxygenation. Oximetry may also fail in
patients with severe anemia or hemodilution, for example,
when the hemoglobin is less than 5 g/d\. High bilirubin
levels do not affect Spoz readings. To help eliminate this
problem, newer pulse oximetry models have incorporated an
algorithm to help identify motion and poor perfusion
artifact 28
Significant venous pulsations can also lead to inaccurate
low Sp02 readings. This occurs when a sensor is wrapped
too tightly; when the sensor is placed on a dependent limb;
or during decreased venous return states, such as increased
intrathoracic pressure or congestive heart failure or during a
Valsalva maneuver. Falsely low readings can also occur if
the finger probe is malpositioned beyond the fingertip.2 9
Because of the different ways saturation is measured,
pulse oximetry data cannot be validated by other saturation
measures. Pulse oximeters are calibrated to read functional
hemoglobin or the percentage of hemoglobin available to
bind with oxygen. Saturation readings obtained with ABG
reports are calculated from Paoz values and thus may be
invalid because of shifts in the DOC. Specific requests for a
measured Sa02 with a co-oximeter in the laboratory will
provide fractional Sa02 readings, for example, carboxyhemoglobin and methemoglobin. All carboxyhemoglobin will
be counted as oxyhemoglobin by the pulse oximeter, so the
Sp02 may be misleadingly normal in carbon monoxide
poisoning. When methemoglobin levels are less than 20%,
the pulse oximeter will add half the actual percent to the
Sp02 reading. When methemoglobin levels are greater than
20%, the pulse oximeter will always read 85%. The impact
of methemoglobin levels on pulse oximeter values is
important when medications that increase these levels are
prescribed (dapsone and nitric oxide). Lastly. when high
concentrations of fetal hemoglobin are present, because of
absorption differences. the laboratory co-oximeter reports
erroneously high carboxyhemoglobin and low oxyhemoglobin fractions.
Clinical Applications. Saturation monitoring is considered a standard in most pediatric ICUs. Spoz readings are
particularly helpful as a continuous monitor of intrapulmonary shunt (Qs/Qt) and during pulmonary care and titration
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Fig.8-23 A, Normal V/Q ratio. B, Dead space units-high V/Q
ratio. C, Shunt units-low V/Q ratio. (From Swedlow DB:
Capnometry and capnography: the anesthesia disaster early warning
system, Sen/in Anesthesia V[3]:194-205. 1986.)
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of oxygen therapy. Continuous monitoring of Spoz levels
during ventilator weaning eliminates the need for repeated
blood gases.

End-Tidal CO 2 Monitoring
Until recently, the only method to quantify the adequacy of
ventilation was through assessment of ABGs. End-tidal COz
monitoring provides a noninvasive, continuous real-time
measurement of end-exhaled CO 2 gases. Normally, if ventilation and perfusion are well matched, the ETcoz closely
approximates the Pac02 (Fig. 8-23, A). As illustrated, mixed
venous CO 2 (blood returning from the systemic circulation)
is approximately 46 mmHg. Carbon dioxide rapidly diffuses
into the alveolar space until the alveolar pulmonarycapillary COz and the alveolar COz become equal at 40
mmHg. Thus down-line at the sampling points, arterial and
ETc02 should be approximately equal at 40 mmHg. In those
with normal lungs, the A-aDc02 gradient (difference between alveolar and arterial COz) is usually less that 2 to
3 mmHg with ETcoz lower than arterial PC02' Changes in
the noninvasive ETcoz will continuously reflect changes in
the invasive Pac0 2 or the A-aDcoz gradient.
Mechanism of Measurement. The most common
device used to measure COz concentration in exhaled gases
is the infrared' analyzer or capnometer. The analyzer makes
use of the fact that gaseous COz absorbs infrared light
within a specific wavelength range, specifically waves about
4.3 Jlm in length. As this narrow band of light is projected
through a gas sample, an attenuation of the light beam
resuits, and the intensity of attenuated light is measured. The

greater the concentration of COz, the greater the absorption
and less infrared detection by the sample detector cell.
The two basic types of sampling techniques are sidestream and mainstream. With the sidestream capnometer,
the gas sample is continuously aspirated from the respiratory circuit through a small-bore tube leading to a sensing
chamber within a monitor. With the mainstream capnometer,
the sensor is incorporated between the ventilator circuit and
an artificial airway.
An advantage to the sidestream monitor is that it can be
used in the intubated or nonintubated patient. In the
nonintubated patient, the aspirating tube is placed at or a few
centimeters into the naris. The patient may not tolerate this
technique, or the results may not be acceptable if mouth
breathing is present. Also, if the monitor entrains room air,
the readings will be falsely low, providing a false sense of
security when alveolar hypoventilation is present. Further
disadvantages to the sidestream capnometer include a total
delay time,30 a falsely low ETc0 2 created by high aspirating
flow rates, and potential for analyzer contamination if water
and mucus is drawn back into the monitor. An airway
adapter with water trap has been designed to address the last
problem.
Mainstream capnometers require intubation and have
two main advantages. First, delay time is less, and second,
water or moisture is less apt to affect sensor function. Also,
the mainstream capnometers have been reported to more
accurately reflect ETc02 data in pediatrics 30 A disadvantage, especially in pedia'trics, is that some sensors are heavy
and require support to avoid tension on the ETT and the size
may add excessive dead space.
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Fig. 8-24 A, Slow-speed capnogram recorded at 12.5 mm/sec.
B, Fast-speed capnogram recorded at 25 mm/sec. (From Curley
MA, Thompson IE: End-tidal CO 2 monitoring in critically ill
infants and children, Pediatr Nurs 16:397, 1990.)

Capnometers used in the pediatric population must be
able to rapidly respond to changes in CO 2, respond to the
small exhaled volumes, and be sensitive to track small
changes in CO 2,
Clinical Applications. Capnography is the recording
and analysis of waveforms produced by changes in the level
of exhaled CO2, Capnograms can be recorded at a slow
(12.5 mm/sec) or fast (25 mm/sec) speed (Fig. 8-24). The
vertical axis represents CO 2 concentration, whereas the
horizontal axis represents time. Slow recordings are suitable
for trending baseline and ETco2 levels. Fast recordings
allow individual waveform analysis. Any factor that alters
CO 2 production, CO 2 transport to the lungs, alveolar
ventilation, V/o. ratio, and CO 2 transport to the sampling
site will affect the ETco2 .
Capnogram Analysis: Slow Speed. Changes in
CO 2 production are usually matched by changes in minute
ventilation, so ETc0 2 levels should remain constant. In those
unable to alter their tidal volumes or respiratory rates
sufficiently, increased production will be manifested by
increased ETc0 2 whereas decreased production will be
manifested by decreased ETco2. Fever, pain, stress, increased muscle activity (seizures and shivering), sodium
bicarbonate infusion, increased carbohydrate intake, malignant hyperthemIia, and hyperthyroidism all increase CO 2
production. Hypothermia and increased fat intake decrease
CO 2 production.
As discussed, alveoli can only eliminate CO 2 that is
presented by the pulmonary capillary membrane, so changes

Oxygenation and Ventilation

259

in lung perfusion will be reflected in the capnogram (see
Fig. 8-23, B). The ETc02 will fall in shock states, when
excessive positive end-expiratory pressure (PEEP) is used,
or in those with a pulmonary embolus. These states are
characterized by a high ventilation/perfusion ( V/0.) ratio or
dead space units (see previous discussion). The A-aDc02
gradient can be followed to detect insidious shock and
evaluate response to treatment.
During a cardiac arrest, the ETco2 acutely disappears,
reappearing only when circulation is restored by effective
cardiac resuscitation. The extent to which advanced life
support measures maintain cardiac output can be rapidly
assessed by ETc02 monitoring (Fig. 8-25, A).
With alveolar hypoventilation, the arterial and ETc0 2
both increase. Hypoventilation may occur in those with
central nervous system depression, with neuromuscular
disease, and in the chemically paralyzed patient with
inadequate ventilator parameters.
When hypoventilation is severe (where air only in the
conducting airways is moved), the ETc02 will decrease. With apnea, the ETco 2 disappears completely
because CO 2 is no longer transported from the lungs to the
gas-sampling point (see Fig. 8-25, B). Capnography is thus
a good apnea alarm because periods of apnea can be
confirmed, timed, and documented. The ETc02 reappears
after ventilation is restored and usually overshoots previous
readings.
Alveolar hyperventilation decreases ETc02 and arterial
CO 2, An important application ofETco2 monitoring is in the
cerebral hypertensive patient in whom CO 2 retention
produces pronounced cerebral vasodilation and further
compromises intracranial pressure.
The pat~ophysiologic effects of shunting, characterized
by a low V/Q ratio, are seen in many pulmonary disease
states (see Fig. 8-23, C). In shunt units, those that are
perfused but not ventilated, mixed venous CO 2 is approximately 46 mmHg. The alveolar CO 2 is 40 mmHg in the
ventilated unit, as is the pulmonary vein draining that unit.
The alveolar CO 2 in the unventilated unit is 46 mmHg
because it is in equilibrium with its pulmonary capillary
membrane. Down-line, the arterial CO2 is an average of aU
the lung units perfused (46 + 40/2 = 43 mmHg), and ETc02
is an average of all units ventilated (4011 = 40 mrnHg). Thus
with a 50% shunt, the A-aDc02 will be only 3 mmHg. An
undramatic A-aDc0 2 gradient but a dramatic decrease in
arterial saturation characterizes shunt units.
ETc0 2 monitoring of unstable, intubated, chemically
paralyzed patients helps to reduce iatrogenic injury.31 ETc02
monitoring helps to determine correct ETT placement
because little or no CO 2 reading can be gained from the
esophagus. ETco 2 monitoring also allows rapid detection of
ETT displacement (see Fig. 8-25, C).
ETco2 monitoring can be an effective, noninvasive way
to monitor alveolar ventilation in patients who are being
weaned from mechanical ventilation. Ventilator rates can be
gradually decreased to the lowest point at which the patient
can comfortably maintain effective alveolar ventilation. If
the ETc02 rises or if the patient appears to be working too
hard, as evidenced by rapid spontaneous respiratory rates,
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Fig.8-25 Slow-speed capnograms. A, Cardiac arrest. Decreased perfusion to the pulmonary vascular bed
will gradually decrease the ETc02 . B, Apneic episodes. ETc0 2 disappears during apneic episodes, then
overshoots previous readings. C, Endotracheal tube (ETI) displacement. ETc02 will fall to zero when ETI
is displaced. D, Weaning ventilator support. Note that ETc0 2 is lower during spontaneous breaths than
during ventilator breaths. (From Curley MA, Thompson JE: End-tidal CO 2 monitoring in critically ill
infants and children, Pediatr Nurs 16:397, 1990.)

ventilator rates can be returned to previously acceptable
settings.
In patients with chronic pulmonary disease, the ETco 2 of
spontaneous breaths may be much lower than the ETc02 of
larger ventilator-initiated breaths (see Fig. 8-25, D). Generally, stability of the ETc02 during spontaneous and ventilator breaths indicates the patient's readiness for weaning
ventilator breaths. Use of this assessment parameter is
especially helpful in weaning patients when there is
uncertainty as to whether they can physiologically resume
the work of breathing. Noninvasive gas monitoring is less
traumatic for the patient in relation to the pain and anxiety
of ABGs.
Capnogram Analysis: Fast Speed. The normal capnogram, recorded at a fast speed, is illustrated in Fig. 8-24,
B. At the beginning of exhalation, the CO 2 concentration is
zero as primarily dead space of the conducing airways
empties of its CO 2-free gas (A-B). As exhalation continues,
there is a steep rise in CO 2 tension when dead space gas
mixes with CO2-rich alveolar gas (B-C). Levels quickly
reach a near-constant horizontal plateau representing CO 2rich alveolar gas that has been in equilibrium with the
pulmonary capillary membrane (C-D). The end point of this
segment, the highest value of CO 2 concentration at the end

of normal exhalation in the upper right comer of the
waveform, is the ETco2 (D). Immediately following ETco2,
the CO2 concentration falls, indicating dilution of CO 2-rich
gas with CO2-free inspired gas (D-E). Finally, only inspired
gas is present at the gas-sampling port, producing the
inspiratory baseline. Capnographic characteristics vary and
can be diagnostic of certain disease states.
First assess the baseline CO2 level. Baseline CO2 should
be zero because it primarily represents previously inspired
dead space, CO 2-free gas. Any increase in baseline indicates
that rebreathing is occurring (Fig. 8-26, A).
Next assess the slope where dead space gas mixes with
CO 2-rich alveolar gas. The slope should be nearly vertical to
the plateau phase. Occasionally, the slope is significant to
the point at which the plateau disappears (see Fig. 8-26, B).
This is caused by lung units emptying at different rates,
prolonged exhalation secondary to small airway obstruction
(asthma) or a partially kinked Err. A good alveolar plateau
ensures that the ETc02 is a reliable estimate of mixed
alveolar gas.
Capnograms can be useful in assessing the effectiveness
of bronchodilator treatments in the asthmatic patient or
racemic epinephrine treatments in the patient with laryngotracheobronchitis. A decrease in the slope, less peaking of
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Fig. 8-26 Fast-speed capnograms. A, Rebreathing. Rebreathing will produce a
gradual increase in the baseline; recorded at slow and fast speeds. B, Plateau
disappearance. Asthma: increased slope, peaking of the ETco 2 , and loss of
plateau. C, Plateau reappearance. Decreased slope, less peaking of the ETco2 ,
and beller plateau after bronchodilator treatment; D, CO2 blip; occurs as trapped
CO 2 gas is released at end elthalation. E, Cleft in the alveolar plateau: indicates the return of spontaneous breathing. F, Staircase effect; pneumothoralt.
(From Curley MA, Thompson JE: End-tidal CO 2 monitoring in critically ill
infants and children, Pediatr Nurs 16:397, 1990.)
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the ETc02> and an increase in plateauing all correlate with a
positive response to treatment in the patient with severe
obstruction (see Fig. 8-26, C).
With atelectasis, a CO 2 blip followed by a sharp terminal
rise in ETc02 appears as trapped air at end exhalation is
released (see Fig. 8-26, D). These blips and peaks can be
smoothed out when adequate PEEP is applied. Capnography
provides rapid feedback on the effects of changing ventilator
settings that control minute ventilation, tidal volume, and
respiratory rates. The necessity for frequent ABGs can be
avoided.
Partial neuromuscular blockade or return of voluntary
function is first seen in capnograms as a cleft in the alveolar
plateau (see Fig. 8-26, E). This is caused by the rush of
COrfree gas as the diaphragm contracts. Capnograms can
provide early information that more chemical-paralyzing
agent is needed.
Descending limb analysis also provides information. A
staircase effect on the descending limb is seen when a
pneumothorax is present (see Fig. 8-26, F). When chest
tubes are in place, a staircase effect may indicate chest tube
obstruction.

ETcoz monitoring provides a continuous real-time monitor, thus closer surveillance of the adequacy of ventilation.
ETc02 does not completely replace ABGs because the
ETc02 measure is not the same as the Pac02 in many clinical
situations. ETcoz monitoring also provides information that
is not derivable from ABGs alone. The A-aDcoz gradient
can render a ETc02 useful rather than being a limitation.
Presence of an appreciable gradient indicates a serious V/Q
disturbance, whereas closure of the gradient indicates
effective treatment or improvement of lung disease. Capnography provides a useful adjunct to the more frequently
used methods ofrespiratory system assessment and provides
early detection of potentially dangerous trends that can be
reversed before crises result.
Pedi-CAP. Pedi-CAP (Nellcor, Hayward, Calif.) is
a disposable pediatric end-tidal CO 2 detector that is
useful when correct ETT position is in question. 32 Specifically, when attached to an ETT, the nontoxic indicator
located within the cap responds to exhaled CO2 by
changing color from purple to yellow. The pediatric size
limits dead space to 3 ml and is recommended for patients
weighing I to 15 kg.
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Single-Breath CO 2 Monitoring
Single-breath CO 2 (SBco2) monitoring integrates ETc0 2 and
VT measurement. SBc0 2 allows the accurate measurement
of airway and alveolar dead space and CO2 production. The
V ofV T ratio is used to assess minute ventilation and wasted
ventilation. CO 2 production is used to evaluate changes in
metabolism and CO2 elimination. SBc02 analysis offers the
precision to differentiate the alveolar dead space from airway dead space; quantification of alveolar dead space may
be directly related to effective pulmonary perfusion 33 •34

INVASIVE PULMONARY INTENSIVE CARE
MONITORING
Critically ill patients require rapid titration of therapy based
on astute and accurate assessments of hemodynamic and
oxygenation data. The instruments that provide data have
evolved significantly in recent years. What has also developed is how we use hemodynamic and oxygenation profile
data to optimize care. For example, the cardiovascular and
respiratory systems are interrelated. Alterations in one
system often elicit a change in the other. Achieving and
maintaining optimal functioning of both systems are fundamental objectives in critical care. This section reviews
invasive monitoring of cardiopulmonary function in critically ill pediatric patients, including the clinical significance
of direct and derived data and the importance of trending the
determinates of 002 and 02 use.

Blood Gas Analysis
Blood gases are analyzed for two major reasons: (I) to
directly assess the patient's oxygenation and ventilation
status and (2) to provide information regarding the patient's
acid-base status. Blood gas analysis can be performed using
arterial, venous, or capillary blood. Arterial blood gas
(ABG) analysis provides primary information about the
adequacy of the lungs to oxygenate blood. Venous blood gas
(VBG) analysis provides indirect information regarding
tissue perfusion and V02 . Capillary blood gas (CBG)
analysis provides limited information that can be trended
over time when arterial and venous blood gases are
unavailable.
Limitations associated with blood gas analysis include
the procedure. Unless vascular access is available, a painful
and perhaps time-consuming procedure is performed. Blood
gases are expensive, require the removal of oxygen-carrying
cells from the patient, and provide only intermittent data.
Blood gases are also not infallible. They can be altered by
the amount of air left in the syringe, the amount of heparin
in the syringe, the amount of time the specimen sits before
analysis, and hyperventilation or breath holding if the
patient cries during the procedure. 35
Arterial Blood Gases. ABGs are obtained through an
existing arterial line or by arterial puncture. The sites most
commonly used for arterial puncture include the radial,
dorsalis pedis, posterior tibial, and femoral arteries. The
femoral artery is the last choice because hemorrhage
and hematomas are difficult to control in this area and

because of the high potential for limb ischemia if artery
damage occurs.
To perform an arterial puncture, a setup typically
consisting of a 23- or 25-gauge butterfly needle attached to
a 1- to 3-ml heparinized syringe is prepared. Preheparinized
syringes are now available and should be used to save
pharmacy expense, by avoiding the waste of discarding
partially used vials of heparin (I : 1000 Vlml concentration);
nursing expense, in the time it takes to prepare a heparinized
syringe; and laboratory expense, in having to repeat an ABG
with an erroneously low pH linked to having too much
heparin in the syringe.
Before attempting arterial puncture, the adequacy of
collateral circulation is assessed. The Allen test is used to
assess the adequacy of ulnar collateral flow when the radial
artery is considered for arterial puncture. Here the hand is
elevated above the heart, and while compressing both ulnar
and radial arteries, the hand is passively opened and closed.
When the hand appears pale, ulnar compression is released
while radial compression is maintained. If the hand flushes
or if the pulse oximeter Sp02 on any of the fingers of the
hand returns to normal, ulnar competency is considered
adequate. A similar evaluation of the foot is accomplished
before dorsalis pedis puncture. The dorsalis pedis is
compressed, and the big toe is blanched by compressing the
toenail. Collateral flow is considered adequate if the toenail
flushes when pressure is released.
Under controlled circumstances, EMLA cream should be
used to ease the patient's discomfort. The pain and anxiety
associated with arterial puncture will alter the infant's or
child's breathing pattern and obscure results. After removing
all air from the syringe and capping it with an occlusive
barrier, ABGs are immed.iately sent to the laboratory on ice.
Excessive air will distort the gas results, and ice will slow
metabolism in the blood sample. Apply firm pressure to the
puncture site for 5 minutes or until bleeding stops. Once
bleeding stops, apply a pressure dressing. Because of patient
discomfort and the potential for vasospasm, hematoma
formation, and neurovascular compromise, arterial cannulation should be performed if frequent sampling is required
to manage the patient's condition.
Venous Blood Gases. To obtain a representation of
systemic perfusion and V02, a true mixed venous blood
sample is obtained from the distal port of a pulmonary artery
catheter. Venous blood gases obtained from more peripheral
sites vary considerably, depending on the V02 of nearby
organ systems. This is especially true during shock or septic
states. When obtaining a mixed venous sample, the mixed
flushlblood discard and blood specimen is drawn slowly
over 2 minutes from the distal port of a pulmonary artery
catheter. This time frame is necessary to prevent "arterialization" of the specimen (i.e., pulling blood over the
alveolar pulmonary-capillary membrane) that would produce erroneously high mixed venous oxygenation data. The
Pvc02 should always be higher than a simultaneous drawn
Paco2; if not, the mixed venous specimen is probably
arterialized. After drawing the mixed venous sample, care is
taken to adequately flush the lumen to prevent clot
formation, especially in the smaller PA catheters.
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Capillary Blood Gases. If peripheral perfusion is
adequate, CBG data will correlate with arterial pH, Pae02'
and HC0 3 . Because adequate peripheral perfusion is necessary for arterial correlation, capillary blood gases are
usually not an option in critical care. To maximize
CBG-ABG correlation, an "arterialized" CBG is obtained.
This is accomplished by collecting a free-flowing blood
specimen from a site that had been wrapped in a warm
(45° C) wet cloth for 5 to 7 minutes. Skin-puncturing
devices designed for blood glucose monitoring can be used
for CBGs. CBGs are usually drawn from the medial or
lateral surface of the heel in infants or from one of the digits
in older infants and children.
Interpretation. Blood gas analyses typically report
the pH, P0 2, Pe02' S02' HC03 , and base excess (BE)/base
deficit (BD). Normal ranges are noted in Table 8-9.
According to Dalton's law of partial pressures, the total
pressure of a group of gases is equal to the sum of the partial
pressures of the individual gases in a mixture. When oxygen
and carbon dioxide dissolve in blood, they exert a pressure.
The P02 and Pe02 reflect the partial pressures of dissolved
oxygen and carbon dioxide in blood. The S02 is the percent
hemoglobin saturation with oxygen; when 100% saturated,
each gram of hemoglobin carries 1.34 ml of oxygen. The
Pa02 and Sa02 reflect the adequacy of oxygenation, whereas
the Paco 2 reflects the adequacy of ventilation.
The Pae02 level can only be influenced by pulmonary
function. Two abnormal conditions are associated with
changes in Pae02: respiratory acidosis and respiratory
alkalosis. A decreased pH and increased Paco2 evidence
respiratory acidosis. Respiratory acidosis is caused by
decreased CO2 elimination, that is, hypoventilation. Respiratory alkalosis is evidenced by an increased pH and
decreased Pae0 2. Respiratory alkalosis is caused by an
increase in CO 2 elimination, that is, hyperventilation.
The pH is inversely proportional to H+ concentration. As
H+ concentration increases in the blood, the pH falls; when
H+ ion concentration decreases in the blood, the pH rises.
Bicarbonate (HC0 3-) is a base that buffers H+ concentration. The BElBD mainly reflects an excess/deficit concentration of bicarbonate that can only be influenced by
nonpulmonary function.
Donlen 36 described a three-step method that is helpful in
interpreting blood gases. First, the pH is evaluated for
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acidosis or alkalosis. Next, analyzing HC03 , BElBD, and
Pco2 levels identifies the origin of the disorder. This step is
followed by an assessment of compensation. See Chapter 9
for interpretation of acid-base imbalances.

Oxygenation Profile Monitoring
Invasive oxygenation profile monitoring is extremely helpful in patients with acute respiratory failure to help manage
Fl0 2 and mechanical ventilation. Patient management is
directed toward resolution of the primary problem while
titrating therapy to achieve an optimal physiologic, oxygenation, and hemodynamic slate and limiting the potential for
iatrogenic injury. Normal parameters may not be optimal in
these patients. The most challenging aspect of care is to
identify and support optimal parameters (which change
almost constantly) for an individual patient. Another important factor is to trend the parameters over time and assess
whether they make clinical sense and correlate with changes
in the physical examination.
Monitoring Oxygen Supply and Demand. The
goal in managing critically ill patients is to ensure adequate
O 2 supply with respect to demand. Each phase of oxygenation is monitored: (I) gas exchange over the pulmonary
capillary membrane, (2) oxygen transport in the blood, and
(3) oxygen consumption. All three parameters are interrelated in that changes affecting one phase affect the others.
Gas exchange over the pulmonary capillary membrane is
assessed by calculating the alveolar-arterial P02 difference
(A-aD02). To obtain an A-aD02, the Pa02 (obtained from an
ABG report) is subtracted from the PA02 (calculated using
the alveolar air equation: PA02 = PI02 - Pae02/RQ). Normally, the A-aD02 should be less than 20 mmHg. .
When mixed venous gases are available, the Qs/Qt ratio,
the ratio of shunted blood (Qs) to total pulmonary blood
flow (Qt), is calculated using the shunt equation: Qs/
Qt = (Cpe02 - Ca02)/(Cpe02 - C\i02), where CPC02' Cao2•
and CV02 are the pulmonary capillary, arterial, and mixed
venous oxygen contents, respectively. The alveolar air
equation is used to provide data for the CPC02' The Qs/Qt
normally ranges from 3% to 7%. Shunt fractions greater
than 50% are not uncommon in patients with severe ARDS.
Oxygen transport in the blood refers to the amount of
arterial O2 available for tissue use. D02 is the amount of 02

Normal Blood Gas Values

Parameter

Arterial

Mixed Venous

Capillary"

pH

7.35-7.45

7.31-7.41

7.35-7.45

~~, saturation

:~~~7~mHg

~~;8~~Hg

t::::: ::~::

Pco,
HCO,
Total CO 2 content
Base excess/deficit

35-45 mmHg
22-26 mEqIL
23-27 mEqlL
+2 to -2

40-50 mmHg
Same as arterial
Same as arterial
Same as arterial

Same
Same
Same
Same

as
as
as
as

arterial
arterial
arterial
arterial
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leaving the heart to be delivered to tissues. Oxygen delivery
is calculated by D02 = Ca02 x CI x 10. Normal D02 is
620 ± 50 mllminIM 2
Oxygen reserve is the amount of oxygen returned to the
venous side of the circulation not used by the tissues.
Oxygen reserve is calculated in a similar manner to D02 but
includes the Cv02. The oxygen reserve = Cv02 x Cl x 10.
The high oxygen reserve, more than 400 mlIminIM 2, serves
as a protective mechanism to prevent tissue hypoxia during
periods of hypermetabolic need.
Oxygen consumption (V0 2 ), the total amount of oxygen
consumed by the body per minute, is calculated as the
difference between the 002 and oxygen reserve; that is,
(Ca02 - CV02) x CI x 10. Normal resting V02 in infants and
young children is twice that of adults; varying with age, the
V02 ranges from 120 to 200 mllminIM 2. The higher V0 2 in
the younger age group (approximately 175 mllminIM 2) is
due to the additional metabolic burden of growth. "Adequate" D02 is considered to be 4 times V02.
The arterial-venous oxygen difference (a-vD02 = Ca02 CV02) reflects tissue O 2 uptake. Normally, only a 3 to 5.5
mlldl difference exists between the Ca02 and the CV02, again
reflecting 25% oxygen use.
The 02ER represents the percent of oxygen delivered
to t!ssues that is actually used. The 02ER indicates adequacy
of 002 with respect to V0 2. The rate of oxygen consumption!
availability is calculated by: a-vDoiCa02 x 10. Normal
02ER is 25 ± 2%.

5v0 2 Monitoring
Pediatric-size oximetry pulmonary artery catheters allow
continuous monitoring of mixed venous oxygen saturation
(S\102)' The technology is very similar to pulse oximetry
except that the sensor sits at the end of a pulmonary artery
catheter and continuously monitors Sv0 2. Mixed venous
oxygen saturation continuously reflect.s the interaction
among all variables impacting 002 and Vo,.
As V02 increases, the body compensate~ by increasing
oxygen supply in an effort to preserve venous reserve.
Sympathetic stimulation increases both cardiac output and
minute ventilation, so Sv0 2 remains unchanged.
If compensation starts to deteriorate or is ineffective or
impossible (e.g., the cardiac output, Sa02, or hemoglobin is
or cannot be further maximized), threefold increases in
tissue extraction can occur to prevent hypoxemia. A
decreased Sv0 2 indicates that the patient is using venous
reserve; alterations of more than 5% lasting for more than 5
minutes are considered significant.
Decreased Sv0 2 can result from increased V0 2 or
decreased D0 2 . Factors that impact V02 are noted in Table
8-4. Factors that decrease D02 include a myriad of problems
affecting cardiac output, hemoglobin concentration, and
saturation. Primary interventions are always focused to
correct the primary problem, followed by interventions
focused to support compensatory mechanisms.
Although SV02 trends are critically important in patient
care management, one of the greatest benefits of continuous
S\102 monitoring is assessment of patient tolerance to care
procedures. Patients with little oxygen reserve have negli-

gible tolerance to basic care activities, such as repositioning
and physical care. In addition, these extremely vulnerable
patients may undergo desaturation with suctioning, no
matter how cautiously the procedure is performed. Trending
the patient's ability to recover from necessary procedures is
helpful in determining how best to administer care, for
example, separating or clustering care.
Increased Sv02 can result from decreased V02 or
improved D0 2. Factors that decrease V02 include sleep, adequate sedation and pain relief, normothermia, chemical paralysis, and anesthesia. Pathologic issues that decrease V0 2
include right-to-left shunting associated with sepsis and cyanide toxicity associated with nitroprusside administration.
Factors that improve D0 2 include interventions that optimize
cardiac output, hemoglobin concentration, and saturation.
Convergent oximetry-that is, decreasing Sa02 and
increasing Sv0 2--equates with cell death, whereas divergent oximetry-that is, increasing Sa02 and decreasing
Sv02--equates with cell life.

PULMONARY DIAGNOSTIC STUDIES
Radiologic Procedures
Serial chest x-ray films are used to monitor the progression
of disease and response to therapy and to confirm various
tube placements preventing iatrogenic injury. Although the
quality of portable films varies, they are often performed
in lCU settings. Fundamental skills in x-ray interpretation
are necessary because critical care nurses are often the
first individuals to assess the chest x-ray film and are
responsible for manipulating various tubes into position.
Access to films is even more prevalent, given the increased
use of computerized systems that directly image films in
the lCU.
Just before obtaining a chest x-ray film, it is important to
ensure the best quality film possible by removing anything
from the patient's chest that would obscure the image. The
head and neck are placed in alignment, and the head is
positioned in a neutral position. Neck flexion or extension
would displace the Err. Radiation precautions for patients
include gonad shielding.
When evaluating a film, one interprets the characteristics
of and relationships between structures of varying density
ranging from air, fat, and water to bone. If the structure is
not dense (air-filled alveoli, pneumothorax, air in the
stomach), the x-ray beam passes through the tissue, resulting in a dark gray or black image on the film. A very dense
structure (bone) will block most of the x-ray beam,
preventing it from reaching the film and resulting in a light
gray or white image. Usually, lung is translucent, whereas
the heart, blood vessels, liver, spleen, and muscle appear
opaque on x-ray.
As illustrated in Fig. 8-27, the trachea has a tubelike
appearance and is visible in the midline of the anterior
mediastinal cavity. The trachea bifurcates into the right and
left mainstem bronchi at approximately the level of the
fourth rib. The bronchi are usually not clearly visible but
have a tubelike appearance if surrounded by consolidated
lung. The heart is visible in the anterior left mediastinal
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Fig.8-27 Chest x-ray film with landmarks. A, Endotracheal tube
I cm above the carina. B, Carina. C, Left subclavian introducer tip.
0, Pulmonary artery catheter tip in the RUL. E, Nasogastric tube
tip off film in region of duodenum. (Courtesy Robert Cleveland.
MD. Radiology Department, Children's Hospital, Boston, Mass.)

cavity and should occupy less than one half of the thoracic
cavity. The clavicle and ribs are evaluated for continuity.
The lung parenchyma is usually not visible throughout the
lung fields except for white lines radiating from the hilum,
which represent the pulmonary vascular tree. Pulmonary
vascular markings are usually visible in the proximal two
thirds of the lung. If the density of the lung changes, for
example, with atelectasis, pneumonia, pulmonary edema, or
hemorrhage, the lung will appear more opaque. When
structures of similar density, for example, the heart and
atelectatic lung, are positioned side by side, they cannot be
differentiated from each other, so the heart border disappears. The heights of the right and left diaphragm are
compared for symmetry. The costophrenic angles should be
well defined and taper into points. The dark gastric bubble
is seen under the left diaphragm.
Major problems such as a pneumothorax, or a displaced
airway, central line, or feeding tube, should be identified so
that immediate interventions can occur. 37 The patient's ETT
should be visualized within the trachea midway between the
carina and clavicles. The radiopaque markings on the ETT
should end 2 to 3 cm above the carina-the point at which
the right and left mainstem bronchi bifurcate. When
assessing ETT position, head position is first assessed to
ensure a neutral position. If the neck were flexed, the ETT
would be displaced downward; if the neck were extended,
the ETT would be displaced upward. When the ETT is "too
high," the tip is positioned at the level of the clavicles.
When the ETT is "too low," the tip is positioned near the
carina or down either mainstem bronchi-most often the
right because it is more vertical than the left. When the ETT
intubates either bronchus, hyperinflation of the affected lung
occurs along with hypoinflation and atelectasis of the
un intubated lung.
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Lung tissue normally fills the chest, so pulmonary
markings should be equal and visible out to the rib margins.
If the pulmonary markings are replaced with a dark edge,
consider a pneumothorax. When significant, the trachea may
deviate away from the collapsed lung. If a dark line
encircles the mediastinum, consider a pneumomediastinum.
The patient's central line should sit high within the right
atrium. The patient's pulmonary artery catheter should sit
within the main pulmonary artery or proximal within the
right or left pulmonary artery. The patient's nasogastric tube
should sit within the stomach. Landmarks include the right
atrium (RA), which is located to the right of the sternum and
extends down to the diaphragm. Above the RA is the
superior vena cava (SVC). The left ventricle (LV) is to
the left of the sternum and rests on the diaphragm. Above
the LV is the left atrium (LA), and above that are the
pulmonary arteries (PAs). The stomach sits under the left
diaphragm.
Other radiologic procedures of the pu.lmonary system
include fluoroscopy, angiography, and V/Q and computed
tomography (CT) scanning. Fluoroscopy images the dynamic process of ventilation and thus is very useful during
pulmonary artery catheter insertion in a small infant and in
assessing diaphragmatic function. Pulmonary angiography
is a radiologic study of the pulmonary vessels used to
delineate pulmonary arteriovenous malformations and pulmonary embolus. V/Q scanning includes two complementary tests involving the inhalation and IV injection of
necular material for the purpo.se of deternlining the match of
ventilation to perfusion. V/Q scanning provides valuable
information in the lung transplant patient. Before sequential
single-lung transplant, a V/0. scan is used to help determine
the better lung to maintain ventilation while the other lung
is being transplanted. CT scan images correlate closely with
macroscopic appearances of the lung, so in the context of
diffuse lung injury, they represent a substantial improvement over chest x-ray films.

Bronchoscopy
Technologic advances have provided the opportunity for
even the smallest of neonates to benefit from bronchoscopy.
Two types of bronchoscopic examinations are available:
rigid and flexible. Rigid bronchoscopy is often performed in
the operating room under general anesthesia, whereas
flexible bronchoscopy is often performed within the ICU
environment. Bronchoscopes have all or some of the
following features: fiberoptics for visualization and ports for
ventilation, suction, retrieval of objects, or collection of
specimens.
Box 8-2 provides a summary of the potential indications
for bronchoscopy. Rigid bronchoscopy offers a large channel, so it is used predominately for the retrieval of a
foreign body and control of bleeding in the presence of
massive hemoptysis. The three most common techniques
employed through flexible bronchoscopy include bronchoalveolar lavage, transbronchial biopsy, and bronchial
brushing.
Nursing care during a bedside bronchoscopic examination is generally supportive; the priority is ensuring a safe
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environment. Anesthesia, if indicated, is provided by an
anesthesiologist. Conscious sedation and coaching the patient through the procedure are nursing responsibilities.
Emergency medications should be prepared before the procedure and access to a vascular line maintained during the
procedure. Potential complications include laryngospasm,
hypoxia, cardiac dysrhythmias secondary to hypoxia or vagal stimulation, bronchial tears, pneumothoraces. pulmonary hemorrhage, epistaxis, subglottic edema, contamination of the lower airway with upper airway flora, and
oversedation.

~

Box 8·2
"

Potential Indications for Bronchoscopy

Rigid Scope

Foreign body removal
Tissue mass removal
Massive hemoptysis
Establishment of an airway in patients with an upper airway
obstruction
Flexible Scope

Evaluation of stridor
Persistent or recurrent atelectasis
Identification of infectious organisms
Hemoptysis
Difficult intubation
Abnormal cry or hoarseness
Vocal cord paralysis
Evaluation of a mass lesion
From Behnke M, Koff PH: Patient assessment. In Koff PB, Eitzman D, Neu J.
eds: Neonatal and pediatric respiratory care. ed 2. 5t Louis, 1993.
Mosby. P 45.
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RESPIRATORY SUPPORT
Oxygen Therapy
The goal of oxygen therapy is to relieve hypoxemia,
decrease the work of breathing, and reduce myocardial
stress. 38 Oxygen, considered a medication, is administered
in the lowest possible concentration to support life while
avoiding toxicity. Pulmonary toxic effects of oxygen are
progressive and include diminished mucociliary clearance,
capillary endothelial damage, interstitial edema, and destruction of type I pneumocytes. Subsequent progression
includes hyperplasia of the type II pneumocytes, interstitial
fibrosis, and then death. 39
Environmental gases are warmed and humidified to
100% relative humidity. Proper humidification of inspired
gas prevents drying of the tracheobronchial tree, which may
cause impaired ciliary acti vity. inflammatory changes, and
retention of thick secretions 38 Providing warmed humidified gas is particularly important in infants who are sensitive
to heat loss and in patients with a bypassed upper airway, as
in those who are intubated.
When the airway is secure and the patient is spontaneously breathing, oxygen can be delivered as needed by
several modalities. These include simple mask, partial or
nonrebreathing mask, face tent, nasal cannula, oxygen hood,
hut tent, and mist tent. Any of these delivery devices can be
regulated to achieve desired oxygen concentrations. Table
8-10 summarizes the advantages and disadvantages of
several commonly used oxygen delivery devices.

Oxygen Delivery Devices
Simple Face Mask. The most common type of
oxygen delivery device is the simple face mask. Available in
a wide variety of sizes, these masks are designed to deliver
oxygen through a cone-shaped face piece with open

Oxygen Delivery Devices
FlO,

Flow Rate (Umin)

Advantages

Disadvantages

0.35-0.55

Child: 3-5
Adolescent: 5-10

Easy to use

To 0.60

Variable-adjust to keep
reservoir partially filled
Variable-adjust to keep
reservoir partially filled

Delivers higher

Patient may overbreathe flow rate
and entrain room air
ca, retention at low flow rates
Patient intolerance
Same as for simple face masks

To 1.0

FIO,

Delivers higher FIO z
Can be used to administer
other gases (Hea,)
Ease of use
Patient tolerance

Variable

25 ml/min to 6 Llmin

To 1.0

10-15

Patient tolerance
Patient access

To 0.5

10-15

Provides cool mist

Same as for simple face masks

FIO Z varies
Gastric inflation at high flow rates
May occlude with nasal secretions
Noise level
Limited to infant~ younger than
I year
Limited and variable FIO,
Cumbersome

from Wilson BG, Desautels DA: Oxygen therapy. In KoffPB. Eirzman D, Neu J. eds: Neonatal and pedilllric respiratory care. ed 2. 51 Louis, 1993,
asby.
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exhalation ports. The FI02 is influenced by the size of the
mask, the patient's ventilatory pattern and tidal volume, and
oxygen flow. As tidal volume increases, FIOZ is decreased as
more environmental air is pulled in (entrained) through the
exhalation ports. Too small of a mask will decrease inspired
FIO z; a mask too large will add excessive dead space. An
FI02 of 0.35 to 0.55 can be achieved when oxygen flow rates
of 3 to 5 Llmin in a child and 5 to 10 L/min in the adolescent
are used. 40
Face masks are not usually tolerated by infants and small
children. This age group does not understand the benefit of
a tight-fitting mask blowing moist air on their face. If the
patient struggles, hypoxemia will worsen as V02 increases
while DO z remains unchanged. There is also an increased
risk of aspiration if the infant or child vomits into the mask.
Partial Rebreathing Mask. A partial rebreathing
mask is similar to a simple face mask with an added
reservoir bag. The purpose of the reservoir bag is to collect
the first third of the patient's exhaled gas, dead space gas
that is high in oxygen and low in carbon dioxide. Allowing
rebreathing of this gas mixed with a fresh oxygen source
will allow an F102 as high as 0.6. 40 Entrainment of room air
is reduced, and rebreathing of carbon dioxide from the mask
is prevented by maintaining an oxygen flow rate into the bag
that is greater than the patient's minute ventilation. This is
determined by adjusting the flow rate high enough to keep
the bag from completely deflating during inspiration;
generally, gas flows at 10 to 12 Llmin are required. 3
Nonrebreathing Mask. A nonrebreathing mask is
similar to the partial rebreathing mask except that one-way
exhalation valves are incorporated into the sides of the mask
to prevent entrainment of room air and a valve is placed at
the reservoir bag to prevent gas flow back into the bag
during exhalation. The patient can only draw gas from the
oxygen-rich reservoir bag and displace gas through the
exhalation valves. To achieve maximum oxygen concentration, the mask must fit snugly. When the mask fits properly
and the reservoir is inflated, this device can provide an FI02
close to 1.0. 40
Most disposable nonrebreathing masks are manufactured
with one exhalation valve removed. This safety mechanism
allows the patient to breathe room air if gas flow into the
mask is interrupted. This type of nonrebreathing mask
(manufactured with only one exhalation valve) is only
slightly more effective in delivering high FI02 than a partial
rebreathing mask.
Face Tent. Sometimes referred to as a shovel or scoop,
a face tent is a soft plastic mask that fits close to the chin but
is completely open around the patient's face. This device is
better tolerated by infants and children because the face is
accessible, allowing the patient to use a pacifier, eat, or talk?
The downside of this device is that even at high flow rates,
an FI02 in excess of 0.4 is difficult to achieve.
Nasal Cannula. A nasal cannula provides a lightweight, less restrictive system for oxygen delivery. The
device consists of either soft plastic prongs that are inserted
into the nares or slits within soft plastic tubing that direct
oxygen toward the posterior naso-oropharynx. It is difficult
to predict and control the FI02 using these devices. The FIO z
depends on the flow rate of oxygen, the patient's spontane-
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ous minute ventilation, peak inspiratory flow, the volume of
environmental air inhaled by the patient, cannula position,
the proportion of nose to mouth breathing, and the size of
the upper airway, which provides an anatomic oxygen
reservoir?8 Changes in any of these parameters result in
changes in the F102.
In infants, low-flow flowmeters are used to allow more
precise titration of gas flow. Titrations in flow rates are made
based on the desired Spoz and blood gas. Oxygen flow
(Llmin) should not exceed the patient's predicted minute
ventilation (VT x RR). Excessive flow rates may cause
gastric distension and vomiting. 41
Nasal cannulas are useful in clinical situations in which
the infant or child requires less precise and low FI02
concentrations for extended periods. Nasal cannulas allow
the patient to use a pacifier, eat, or talk while receiving a
continuous flow of oxygen. To maintain skin integrity,
cannulas can be taped to small pieces of Duoderm Extra
Thin (Convatec, Princeton, N.J.) placed directly on the
maxilla. Potential problems include otitis media, sinusitis,
and a local reaction to the plastic prongs.
Oxyhood and Hut Tents. An oxyhood is a clear
plastic enclosure that fits over the infant's entire head and
neck. A hut tent is a small tent frame with canopy that fits
over the infant's upper body. Capable of delivering an F102
of 1.0, both require a flow rate of 10 to IS Llmin to flush out
exhaled COz. Oxygen may layer within the hood or hut,
producing a higher oxygen concentration at the bottom of
the device. Oxygen concentrations are continuously monitored close to the infant's head with high and low alarm
limits set on the oxygen analyzer. 38
Oxyhoods are well tolerated by infants because free head
movement is allowed, in addition to the use of pacifiers and
other comfort measures. Hut tents allow the infant handmouth self-stimulation. One potential problem is the noise
level produced by incoming gas. Also, the delivery of cold
gas can result in considerable stress to small infants;
therefore heating and humidification must be provided.
. Mist Tent. Mist tents are clear plastic enclosures that
fit over the patient's entire body, providing cool aerosol and
low to moderate concentrations of oxygen. The F102 varies,
depending on total gas flow, tent volume, and the tightness
of seal around the bottom of the tent. Again, higher levels of
oxygen are found lower in the tent. An FI02 of up to 0.5 can
be achieved at flow rates of 10 to 15 Llmin if patients are
left undisturbed. However, leaving a critically ill patient
undisturbed is usually not an option within the ICU
environment. In addition to limited patient access, the mist
may also compromise caregiver observation of the patient.
For comfort, frequent linen changes are necessary. For fire
safety, patients are instructed not to play with any electrical
or friction toys within the tent.
Resuscitation Bag-Valve-Masks. Bag-valve-mask
ventilation provides a method of ventilating a patient with
ineffective or absent respirations. Resuscitation bags and
face masks are available in a wide variety of sizes to
accommodate the wide range in pediatric size. Correctly
sized masks provide an airtight seal around the patient's face
from the bridge of the nose to the cleft of the chin. Round
masks function well in small infants, whereas anatomically
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correct masks reduce the potential for ocular pressure that
precipitates vagal stimulation and tend to provide a better
seal in older children. Masks should have a small undermask
volume to decrease dead space and prevent rebreathing.
Clear masks are preferred because continuous assessment of
the patient's color and early identification of regurgitation
are possible 3
Bag size is selected to accommodate patient lung
volume. Two types of resuscitation bags are available:
self-inflating and anesthesia.
Self-Inflating Bags. Self-inflating bags consist of a
standard l5/22-mm connector for mask or endotracheal tube
connection, a nonrebreathing valve assembly that also
regulates inspiratory and expiratory pressures, a pressure
release valve, and a self-inflating bag with distal ports for
oxygen and a reservoir to entrain room air. The oxygen gas
inlet has a one-way valve that fills the bag with oxygen. At
10 L/min of oxygen flow, the self-inflating bag will deliver
an Fl02 of 0.3 to 0.8; higher concentrations can be achieved
if an oxygen reservoir is attached to the room air port.. The
bag automatically fills independently of gas flow.
During bag inflation, the gas val ve opens, entraining
room air or oxygen from the reservoir. During bag compression, the gas intake valve closes, and the patient valve
is opened. During patient exhalation, the nonrebreathing
valve closes, and exhaled volumes are displaced into the
environment.
To avoid barotrauma, most self-inflating bags are
equipped with a preset (or adjustable) pop-off valve that
allows a maximum peak inspiratory pressure of 30 to 35 cm
H2 0. Although appropriate in the intubated patient, preset
valved bag-valve-masks have limited use in extubated
patients with poor lung compliance who require high
inflating pressures for adequate tidal volume. Also, because
of the bag-valve assembly, self-inflating bags cannot be used
to provide supplemental oxygen to a spontaneously breathing patient. Even if the pediatric patient could generate
sufficient negative pressure to open the val ve, the added
work of breathing is not optimal. Also, some self-inflating
bags are designed to deliver volume only when the bag is
actually compressed.
Anesthesia Bags. Sometimes called flow-inflating or
"Mapleson" bags, anesthesia bags inflate when a gas is
deli vered into the bag. These bags consist of a standard
15122-mm connector for mask or endotracheal tube connec-
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tion, a gas inlet port, pressure gauge port with manometer,
a corrugated reservoir tube, a non-self-inflating reservoir
bag, and a distal adjustable gas escape port or pop-off valve.
Careful adjustment of flow is required to maintain volume in
the reservoir tube and bag while also flushing out exhaled
gases. When the reservoir bag is compressed, the patient
receives tidal volume from the oxygen source and corrugated reservoir tube. Flow rates 2 to 3 times the patient's 'it E
are usually adequate to keep the bag half inflated between
breaths.
Careful adjustment to gas escape is required to provide
adequate tidal volume, peak inflating time and pressure, and
end-expiratory pressure. High inflation pressures, continuous positive airway pressure (CPAP), and ventilatory rates
are matched by high flow rates to adequately inflate the bag.
Improper use may result in pulmonary barotrauma (high
flow, low escape), insufficient washout of exhaled gases
(low flow, low escape), or insufficient tidal volumes (high or
low flow, high escape). To prevent barotrauma, an in-line
manometer should be used to monitor and deliver appropriate levels of peak inspiratory and end-expiratory pressures.
Because of the continuous flow, anesthesia bags can be used
to provide oxygen and CPAP in the spontaneously breathing
patient.

Airway Adjuncts
The goals of airway management include recognition and
treatment of obstruction, prevention of aspiration of gastric
contents, and promotion of adequate gas exchange. 42
Repositioning the patient using a chin lift or jaw thrust may
relieve upper airway obstruction. Although endotracheal
intubation may be required, nasopharyngeal or oropharyngeal airways are simpler devices when assisted ventilation is
unnecessary.
Nasopharyngeal Airways. A nasopharyngeal airway is a soft rubber tube that, when properly positioned,
extends below the base of the tongue. Nasopharyngeal
airways rarely induce vomiting, so they can be used in both
the conscious and obtunded patient. Available in sizes 12 to
36 Fr, the size chosen should fit snugly within the naris
without causing sustained blanching? The 12 Fr size usually
accommodates an infant. Appropriate length is determined
by measuring the distance from the tip of the nose to the
tragus of the ear (Fig. 8-28, A).

B

Fig. 8-28 A, Placement of nasopharyngeal airway. B, Oropharyngeal airway. (Adapted from Cote CJ,
Todres ID: The pediatric airway. In Cote CJ, Ryan JF. Todres ID et ai, eds: A practice of anesthesia ill
illfallts alld childrell, ed 3, Philadelphia, 1999, WB Saunders.)
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Care measures include maintauung skin integrity and
tube patency. Potential complications from nasopharyngeal
airways include epistaxis and ulceration of the tip of the
nose. Laryngospasm may occur if the airway is too long and
impinges on the epiglottis. Nasopharyngeal airways should
not be placed in those at high risk for uncontrolled bleeding
(e.g., anticoagulated patients) and in those with head or
facial trauma at high risk for cribriform plate fracture.
Oropharyngeal Airways. An oropharyngeal airway
is a rigid plastic device that curves over the base of the
tongue, pulling it forward away from the pharyngeal
wall. Because of the potential for induced vomiting and
laryngospasm, oropharyngeal airways are placed only in
unconscious patients. Oropharyngeal airways are used to
(I) relieve airway obstruction caused by the' tongue,
(2) facilitate oropharyngeal suctioning, and (3) facilitate
endotracheal suctioning and ventilation when the patient is
biting down on an oral ETT. The correct size for an
oropharyngeal airway is determined by placing the airway
next to the patient's face with the phalange next to the teeth.
The tip of the airway should reach the angle of the jaw (see
Fig. 8-28, B). The airway is inserted by depressing the
tongue with a blade and inserting the airway to follow the
natural curve of the tongue. Inserting the airway upside
down then rotating it 180 degrees may cause damage to
fragile oral mucosa.
Care measures include maintaining skin integrity of the
lips, tongue, and mouth. A misplaced oropharyngeal airway
will result in airway obstruction by pushing the tongue back
in the oropharynx. Complications of oropharyngeal airways
include trauma to the lips, teeth, tongue, and surrounding
soft tissue. 42
Endotracheal Tubes. ETTs are constructed of soft
plastic (polyvinyl chloride). The proximal end is fitted with
a standard IS-mm male adapter. The tip is beveled to allow
smooth passage through the nares, and a side hole ("Murphy
eye") provides ventilation in the event of distal obstruction.
ETT labeling includes the size of the ETT, a radiopaque line
down the entire length of the ETT, and distance hatch
markings (in centimeters) that provide reference points to
facilitate tube placement. A distal vocal cord marker is
placed at the level of the glottic opening to ensure that the
tip of the ETT is in a midtracheal position. 3
Uncuffed ETTs are typically used in children younger
than 8 years of age because the cricoid cartilage serves as a
physiologic cuff. When air leaks around ETTs become
unmanageable, cuffed ETTs may be used. Soft cuffs,
low-pressure high-volume cuffs, exert low and equal lateral
tracheal wall pressure to minimize the potential for tracheal
injury. The inflating tube is constructed with a distal
one-way valve and a "pilot" balloon that indicates the
presence of air within the cuff.
Approximate ETT size can be calculated using the
following formula: ID = 16 + age in years'" 4 (where ID is
the internal diameter in mm). Usually, a 3- to 3.S-rnm ETT
will accommodate term newborns, whereas a 4-mm ETT
can be used in infants younger than I year of age. A quick
check can be made by comparing the outside diameter of an
ETT with the patient's little finger. Table 8-11 lists
recommended sizes per age of the patient.
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Endotracheal Intubation. Indications for endotracheal intubation include establishment of a secure airway in
patients with a diminished gag or cough reflex and the need
for controlled ventilation. Before endotracheal intubation,
the patient is positioned in a sniffing position, and equipment is prepared (Box 8-3). An adequate cardiac and pulse
oximetry tracing is ensured. A suction source and Yankauer
are made available to clear the oropharynx of thick

8·11 m and .Suction
Catheter Sizes

tABLE

Err Size (mm)
.~ewbom

:.' months

3-3.5 uncuffed
3.5-4 uncuffed
4-4.5 uncuffed
4.5 uncuffed
5 uncuffed
5.5 uncuffed
6 cuffed or uncuffed
6.5 cuffed or uncuffed
7-8 cuffed
7.5-8 cuffed

Suction Catheter Size
6-8 Fr
8 Fr
8-10 Fr
8-10 Fr
10 Fr
10-12 Fr
12 Fr
12-14 Fr
14 Fr
14-16 Fr

-

~

Box 8-3

'.

.

Intubation Equipment Checklist .

Patient
Monitoring equipment
Good cardiac tracing
Strong Spa2 pulse indicator
Good A-line tracing or operational blood pressure cuff
Medications
Sedation
Muscle relaxant

Equipment
Oxygen
Adequately sized mask
Resuscitation bag to provide FI02 of 1.0
Suction
Large-bore Yankauer or tonsil-tip suction
Sterile suction catheters that will fit the selected endotracheal tube (E1'f)
Laryngoscope
Handle. correct size and shape of blade. strong light
source
E1'fs
Calculated size--{)ne size larger and smaller than
calculated
Stylet to fit the selected E1'f
Water-soluble lubricant for nasotracheal intubation
Magill forceps for nasotracheal intubation
Adhesive tape and skin protector
Appropriately sized nasogastric tube with attached catheter
tip syringe
Gloves and goggles-per universal precautions
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8-12

Intubation Medications
Dose (duration)

Comment

0.05-0.1 mg/kg IV (1-2 hr)
1-5 ~glkg IV (0.5-1.5 hr)

May cause respiratory depression
Respiratory depression; large doses given rapidly
may cause bradycardia and chest wall rigidity
Respiratory depression; histamine release
producing bronchospasm and hypotension

0.1-0.2 mglkg IV (2-4 hr)

0.5-2 mg/kg IV (10-15 min)
Intubation: administer with glycopyrrolate

0.3 mg/kg IV

2-3 mg/kg (4-8 min)

2-4 mg/kg IV (5-10 min)
1-2 mg/kg

~r:
cC.

Useful in hypotensive patients because of catecholamine release (increases HR and BP);
potent bronchodilator; increases ICP; spontaneous respirations maintained but may cause
laryngospasm; copious secretions
Minimal cardiovascular effects; decreases
cerebral metabolic rate, cerebral blood
now, intracranial pressure.
Short acting; less sedation on awakening; dosedependent cardiovascular depression; pain on
injection
Potent myocardial depressant; decreases peripheral vascular resistance and may precipitate
CV collapse in the patient with MC dysfunction and hypovolemia; will produce apnea
in doses greater than 4 mg/kg; decreases
cerebral metabolic rate, cerebral blood
now, intracranial pressure

uromuscular Blocking Agents

". polarizing
jlccinylcholine (Anectine)

Infants: 2 mg/kg
Children: 1-2 mg/kg
Adolescents: 1-1.5 mg/kg (3-12 min)
Administer with atropine

Decrease HR: may increase intracranial, intraocular, and intragastric pressure; arrhythmias
common with second dose; may cause
massive elevation in serum potassium in
patients with severe burns, crush injuries,
spinal cord injury, and neuromuscular disease;
known trigger for malignant hyperthermia;
myoglobinuria in healthy children

. R, Hean rate: B?, blood pressure: IC?, intracranial pressure: Cv, cardiovascular; MC, myocardial.

secretions, vomit, or blood. An appropriately sized resuscitation bag and mask are needed to pre/reoxygenate the
patient with an F102 of 1.0. To visualize the vocal cords, the
large floppy epiglottis in infants and children is raised using
a straight Miller laryngoscope blade.
The sedatives, narcotics, anesthetics, and neuromuscular
blocking agents commonly used to facilitate intubation are
noted in Table 8-12. Neuromuscular blocking agents are
divided into two groups: depolarizing and nondepolarizing
agents. Depolarizing agents mimic the action of acetylcholine but produce prolonged depolarization of the neuromuscular junction. Nondepolarization agents bind to acetylcholine receptor sites, preventing depolarization of the
neuromuscular junction. Use of neuromuscular blocking
agents are contraindicated when the ability to establish an
artificial airway is in question or difficulty in maintaining
adequate ventilation is anticipated. 43 Only time will reverse
the effects of a depolarizing agent, whereas pharmacologic

Continued

reversal of nondepolarizing agents can be obtained by
increasing the concentration of acetylcholine at the neuromuscular junction. Administration of an anticholinesterase
inhibitor plus muscarinic antagonist will accomplish this
effect (see Table 8-12).
Unless contraindicated, the depolarizing agent succinylcholine is recommended for intubation because of its
rapid onset (45 to 60 seconds) and short duration (5 to
10 minutes). For intubation, succinylcholine is usually
administered with an anticholinergic agent (atropine) to
prevent excessive vagal effects related to the initial release
of acetylcholine. If succinylcholine is contraindicated, a
rapid-acting nondepolarizing agent, for example, either
atracurium or vecuronium, can be used. To produce a more
rapid effect, a priming dose (one-tenth the intubating dose)
is administered 5 minutes before the intubating dose.
The technique of endotracheal intubation depends on the
indication for intubation and the condition of the patient.
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Intubation Medications--cont'd
Dose (duration)

Comment

~Neuromusc~ar Blocking Agenls--cont'd
~'!!iondepolanzmg

Ii'

I¢isatracurium besylate (Nimbex)

mill

I~Vecuronium bromide (Norcuron)

ml.~

~':Pancuronium bromide (Pavulon)

f

0.1-0.2 mg/kg IV (15-20 min)
0.1-0.2 mg/kg/hr infusion
0.1-0.15 mg/kg/dose rv (children: 35 min;
infants: 70 min)
0.06-0.1 mg/kg/hr infusion
0.1-0.15 mg/kg IV (30-90 min)

J~
tocuronium (Zemuron)

0.6-1.2 mglkg IV (20-30 min; 45-60 min)

!i!¥:'
lilt',
lli'1i'

lil1!

~i~apacuronium (Raplon)

IifiJ.i'

1.5 mg/kg
(10-15 min)

Mild histamine release; hypotension;
neither renal nor hepatic function
necessary for excretion; active
metabolites
Minimal CV effect
Elimination: liver
Vagolytic effect increases HR; may
increase BP
Elimination: liver and kidney (repeated
doses contraindicated in renal
failure)
Minimal cardiovascular effect; rapid onset
of action using-larger dose; possible
alternative to succinylcholine for
rapid-sequence induction; hepatic
clearance
Onset 60-90 sec-alternative to succinylcholine
for rapid-sequence induction

eversal Agents
Anticholinesterase Inhibitors
0.06 mglkg; max 2.5 mg
0.1-0.25 mg/kg; max 10 mg

Reverses the effects of nondepolarizing neuromuscular blockade; always precede with
atropine

0.02-0.03 mg/kg; min 0.1 mg/max 2 mg

Used to prevent bradycardia, salivation,
bronchospasm. and gastrointestinal
hypermotility

0.01 mg/kg
1-2 mg/kg IV qh

There are many accepted techniques for ETT placement.
ETTs may be placed nasally or orally, patients may be fully
awake or receive some combination of sedation and analgesia, and patients may be pharmacologically paralyzed or
breathing spontaneously. Common approaches in the intensive care setting include nasal, rapid sequence, awake oral,
unconscious oral, and fiberoptic bronchoscopy. Whatever
approach is used, the patient's vital signs and oxygen saturation are continuously assessed. The intubation procedure is
immediately interrupted and the patient receives hand ventilation with a bag-valve-mask if desaturation occurs.
Nasotracheal intubation is preferred if intubation is
anticipated for a long period. Nasotracheal ETTs are more
comfortable for the patient, allow continued oral stimulation, are easier to secure, and are less apt to be displaced.
Complications associated with nasotracheal intubation include epistaxis, trauma to adenoids, pressure necrosis to the
naris, obstruction of the eustachian tube, and sinusitis.

Given 2 min before suctioning may prevent
elevations in ICP

If nasotracheal intubation is performed, the ETT is
lubricated, inserted nasally, and gently advanced until the tip
is visualized in the pharynx. The laryngoscope is then used
to visualize the cords, and the Magill forceps are used to
direct the tip of the tube through the vocal cords. Contraindications of nasotracheal intubation include fracture of the
cribriform plate with a cerebrospinal leak, bleeding disorders, and nasal deformities.
Orotracheal intubation can be performed rapidly and
is associated with minimal complications. A curved
Macintosh laryngoscope blade is inserted into the vallecula above the epiglottis, whereas a straight Miller blade
is passed over the epiglottis to rest above the glottic opening. Once the vocal cords are visualized, the ETT is advanced. Stylets are used to stiffen and shape ETTs to facilitate insertion. When used, stylets are positioned proximal to
the side hole and should not protrude through the end of the
ETT because this may cause vocal cord damage.
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Fig. 8-29 A to E, Effect of head position on EIT position. (From Donn SM, Kuhns LR: Mechanism of endotracheal tube movement with change of head position in the neonate. Pediatr Radiol
9:37-40, 1980.)

Rapid-sequence intubation is used to decrease the risk of
aspiration of gastric contents. Patients at high risk for
aspiration include those with a full stomach caused by prior
oral intake or decreased gastric emptying, resulting from
pain, shock, or increased abdominal pressure. The procedure
is accomplished by an IV infusion of a rapid-acting
anesthetic or sedative, for example, some combination of
thiopental sodium (Pentothal), methohexital sodium (Brevital), ketamine, or midazolam with a muscle relaxant, usually
succinylcholine. Cricoid pressure is applied to prevent
passive regurgitation, and the Err is inserted orally. If the
patient's gag and cough reflex is intact, gastric decompression occurs before intubation. This technique should not be
attempted if anatomic abnormalities that potentially may
prevent rapid intubation are present.
Fiberoptic bronchoscopy is used if endotracheal intubation is expected to be difficult. Here, an Err is threaded
over a fiberoptic bronchoscope. Once the scope passes
through the vocal cords, the previously threaded Err is
advanced forward into position. The flexible fiberoptic
scope is also useful in evaluating vocal cord movement
before extubation. 10
Intubating a patient with increased intracranial pressure
(ICP) is specifically challenging. The goal is airway access

while averting cerebral hypertension associated with increased mean arterial pressure and hypercapnia. Intubation
is accomplished by anesthetizing the patient in an effort to
blunt expected cardiovascular responses. After preparing
the equipment, an anesthetic dose of thiopental sodium
(4 mg/kg) is administered, followed by vecuronium (0.10.2 mg/kg). Thiopental decreases cerebral oxygen consumption and thereby lowers cerebral blood flow and ICP.
Vecuronium is a nondepolarizing neuromuscular blocking
agent chosen to avoid histamine release and sympathetic
stimulation. Lidocaine (1.5 mg/kg IV) is also administered
to diminish cardiovascular reflexes activated with intubation. The patient is then hyperventilated to decrease Pacoz
and then intubated.
Also challenging is intubating the patient with a compromised airway secondary to a large mediastinal mass.
These patients are able to stent their airways open through
spontaneous chest movement. If respiratory muscle function
becomes impaired (through sedation, anesthesia, or neuromuscular blockade) a large mediastinal mass can collapse
the airway, leading to sudden and complete airway obstruction despite positive pressure ventilation. The goal is to keep
the patient breathing spontaneously until radiation or
chemotherapy can reduce the size of the mass.
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Fig. 8-30 Chest radiographs demonstrating impact of small movements of ETT. In the first radiograph
(A), right mainstem bronchus is intubated and left lung has collapsed. After withdrawing ETT just I cm
(8), left lung is partially reinflated.

Correct Placement. Once the EIT is placed, the
patient receives hand ventilation, which is done cautiously
with a resuscitation bag while EIT position is evaluated.
Correct EIT positioning is marked by observation of
condensation within the ETT, bilateral chest excursion,
symmetric breath sounds, nomlal ETcoicapnogram, and
adequate oxygenation. Auscultation of breath sounds is
best accomplished at the apex of each axilla; auscultation over the stomach rules out esophageal intubation.
Unilateral chest excursion marks mainstem bronchus intubation, whereas breath sounds will not be heard with
esophageal intubation. End-tidal CO 2 monitoring helps
confirm correct ETT placement; a capnogram is possible
only with endotracheal intubation.
After securing the EIT, a chest radiograph (with the head
in a neutral position) is obtained to confirm proper tube
position in the trachea midway between the carina and
clavicles. Once correct placement is established, continued
assessment of EIT position can be accomplished by noting
the depth of its insertion at regular intervals, that is,
documenting the mark on the tube that appears at the child's
lip or nares and carefully monitoring bilateral breath sounds.
Care is taken whenever moving an intubated infant or child.
Neck flexion shortens the mouth-to-carina distance, thus
displacing the uncuffed ETT tip downward and increasing
the danger of endobronchial intubation (Fig. 8-29). Neck
extension increases this distance, promoting accidental
extubation. Increased respiratory distress, grunting, crying,
or vocalization indicating air movement through the glottis
hallmarks inadvertent extubation.
Securing the fIT. Once EIT position appears satisfactory, the EIT is secured. To prevent inadvertent extuba-

tion, two people perform the procedure of taping or retaping
an EIT. One person is responsible for immobilizing the
head and holding the tube with the specific EIT markings at
the naris or lip line, while the other person is responsible for
the actual taping procedure. Breath sounds are auscultated
before and after taping. EIT position is changed from one
side of the mouth to the other during a tape change to
prevent pressure necrosis.
Numerous methods to secure EITs in the pediatric
population have been described. Benjamin, Thompson, and
O'Rourke44 reported a relatively low 3% incidence of
accidental extubation with the use of white cloth adhesive
tape slit down the middle, resulting in a Y configuration. For
an oral ETT, the skin of the upper lip and EIT are prepped
with tincture of benzoin and then allowed to dry. The EIT
is positioned so that it will be attached to the least mobile
area of the mouth, that is, the upper lip away from the corner
of the mouth. One arm of the Y is attached to the upper lip,
and the other arm of the Y is wrapped around the EIT. A
second piece, mirroring the first but started from the
opposite side of the mouth, can be placed for added security.
For a nasal ETT, the nose, upper lip, and EIT are prepped
with tincture of benzoin and then allowed to dry. The untorn
piece of tape is applied to the nose; one arm of the Y is
applied to the upper lip, and the other arm is wrapped around
the EIT. A second Y can be applied, positioning the untorn
arm on the cheek; one arm of the Y layers is placed over the
first piece on the upper lip, and the other is wrapped over the
first piece on the EIT. While taping a nasal EIT, care is
taken to avoid excessive pressure to the skin at the nasal
septum and outer upper ridge of the naris. Care is also taken
to avoid gaps in the tape when wrapping the EIT. Gaps fill
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with secretions, which eventually loosen the tape. First
applying Duoderrn (Convatec, Princeton, N.J.) to the face
and then attaching the tape to the Duoderm may protect
sensitive skin.
Complications from endotracheal intubation can occur
during laryngoscopy, any time during the intubation period,
or after extubation. Complications occurring during the
intubation procedure include dental and soft tissue trauma,
aspiration of gastric contents, esophageal intubation, right
mainstern intubation, and cardiac dysrhythmias from hypoxia. Obstruction of the EIT from secretions, kinking, or
biting; accidental extubation; and increased resistance to
breathing are the common complications during the intubation period. 42 Later complications include laryngeal and
tracheal edema or damage, acquired subglottic stenosis, and
the inability to extubate.
Extubation. The reported incidence of inadvertent
extubation in pediatric intensive care units (PICUs) ranges
from 3% to 13%.45 Although whether this variability is
related to differences in patients or in patient care practices
is unclear, several risk factors for accidental extubation have
been identified. Infants may be at particular risk because
their tracheas are shorter and head movement alone can
dislocate the EIT. 46 Scott and associates45 found that
spontaneous extubation was more likely to occur in a patient
who is younger, has a large amount of secretions and EIT
slippage, and a higher level of consciousness. In this
particular study, 29% of those patients reintubated after an
accidental extubation had at least one subsequent unplanned
extubation, and 88% of the patients who had spontaneous
extubation did so despite restraints. In another study,47 level
of sedation, lack of two-point or more restraints, and the
performance of a patient procedure at the bedside were
identified as critical factors contributing to accidental
extubation. Various methods are employed to secure the
EIT, but to avoid spontaneous extubation or inadvertent
advancement of the tube, frequent assessment of the patient
and the position and stability of the EIT are required. To
rule out right mainstem bronchus intubation (Fig. 8-30),
auscultation compares bilateral air movement at the third
intercostal space midaxillary line-a point at which referred
breath sounds from the opposite lung are less likely to be
heard. Restraints, which are necessary to prevent the child
from removing the EIT, are not used in isolation. Measures
to reduce anxiety should also be taken, including the use of
anxiolytics or sedatives, decreasing noxious or threatening
stimuli, and encouraging family presence and participation
in care.
Once the indications for intubation have been resolved,
extubation may be considered. Enteral feedings are stopped
for 2 to 4 hours before extubation is attempted. Sedation is
avoided before extubation so that the patient's cough and
gag reflexes are intact and active. The EIT is suctioned, as
well as the oropharynx. Care is taken to remove secretions
above the ETT cuff; the cuff is then deflated on exhalation.
The ETT is removed on exhalation, followed by delivery of
humidified oxygen by mask or hood.
Symptoms of hoarseness and croupy cough may occur
after extubation. Those at high risk include patients younger
than 4 years of age and those with a cuffed EIT. Also

prevalent are patients who have experienced traumatic or
repeated intubations, excessive movement of the EIT, or
airway abnormalities or infection. Postextubation croup
usually resolves with cool mist or humidity, as well as the
use of racemic epinephrine. The action of racemic epinephrine is unclear; however, benefit may be related to its topical
mucosal vasoconstriction effect. Until a wellness trajectory
can be predicted, feedings and deep suctioning are withheld
and familiar sources of comfort are provided to avoid
vigorous crying. If reintubation is necessary, management of
second or subsequent extubation attempts include dexamethasone (Decadron), 0.5 mg/kg up to a maximum of 4
mg, 6 hours before extubation, at the time of extubation, and
6 to 12 hours after extubation. 48
Cricothyrotomy. In an emergency, when other methods of gaining airway access have failed, a cricothyrotomy
can be performed. The cricothyroid membrane is a relatively
avascular membrane that extends from the cricoid to thyroid
cartilage. It is palpated as an anterior and midline transverse
indentation between the two cartilages. The membrane can
be punctured and the underlying trachea entered percutaneously using a large-bore cannula. The 14-gauge cannula is
directed in the midline caudally and posteriorly at a
45-degree angle. A cricothyrotomy can also be accomplished surgically with a short horizontal incision. After
incision, a 3-mm EIT can then be threaded into the tracheal
opening.
Tracheostomy Tube. Similar to EITs, ITs are available in a wide variety of sizes and styles. Variations in TT
specifications are found among manufacturers (Table 8-13).
For example, a standard 3.5-mm EIT is comparable with a
Shiley pediatric 0 and a Portex pediatric I TT. Companies
also provide custom IT lengths on request. As with ETTs,
low-pressure, high-volume cuffed TTs are used when air
leaks become unmanageable. Larger sizes may have an
inner cannula that can be removed for cleaning. No data
support the necessary frequency of cleaning inner cannulas,
thus this should be determined by individual patient need.
Indications for tracheostomy include an acute upper
airway obstruction, prolonged need for mechanical ventilation, and prevention of aspiration. TTs are inserted into an
incision made below the cricoid cartilage through the
second to fourth tracheal rings. Elective tracheostomy is
performed in the operating room. When performed within
the rcu environment, nursing care and responsibility are
similar to those followed for any sterile invasive procedure.
Priorities include continued patient monitoring and safety.
Postoperative tracheostomy holders are left intact for the
first 3 days after surgery and are not changed. For added
security, the outer phalange of the TT is often sutured to the
skin to avoid inadvertent decannulation. Until the stoma is
secure, reinsertion of a TT could be quite difficult. Routine
care includes (I) assessing the TT holders for security,
(2) assessing the character of the skin under the TT and
holders, and (3) stoma care.
Tracheostomy holders should be secure enough to hold
the TT in place but not too tight as to cause pressure necrosis
of the neck. When assessing skin integrity, the entire
circumference of the neck is assessed with particular
attention given to the infant's skin folds. Available in a wide
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Tracheostomy Tube Specifications

Shiley Inner
Diameter (mm)

Portex Inner
Diameter (mm)

Shiley Outer
Diameter (mm)

Portex Outer
Diameter (mm)

3.1
3.4
3.7
3.1
3.4
3.7
4.1

2.5
3.0
3.5
2.5
3.0
3.5

4.5

5.0
5.5

Same
5.2
5.8
Same
5.2
5.8

4.0
4.5

6.0

6.5

5.0
Same

7.0
8.0

7.1
7.7
8.3

4.8

5.5

variety of sizes, soft foam Velcro tracheostomy holders are
used because they are less traumatic to the skin.
Traditional stoma care includes cleansing the skin with
one-half strength HzO z and applying antibacterial watersoluble gel and a dry, sterile split-gauze tracheostomy
dressing. Care is taken to avoid displacing the IT with
multilayered tracheostomy dressings. Once the stoma is
healed, sterile dressings are replaced with sponges to collect
secretions as necessary.
Skin surrounding the stoma and chin is assessed for
pressure ulcers secondary to the IT phalange or IT
connector. The phalange of the TI may need to be shaved
down to eliminate pressure points. Skin around the tracheostomy site and chin can be protected using Duoderrn or
moleskin.
Tracheostomy masks provide humidified gases to the
airway. General principles are similar to those of face
masks, except that tracheostomy masks are secured gently to
avoid decannulation in the active patient. Various styles of
trachea-to-ventilator or resuscitation bag connections are
available. The ideal connector provides little dead space and
the greatest range of motion to the head and neck.
Changing a TI may be necessary after inadvertent
decannulation, when secretions compromise the inside
diameter, or routinely per institutional norm. The surgeon
who originally placed the TT usually performs the first TI
change. Any individual variance is noted for future reference. Subsequent IT changes are accomplished by the
nurse. If the infant or child is going home with the IT,
parents are invited to participate in the procedure. If not for
education, the parents' presence can provide a source of
comfort for their infant or child. The patient is held NPO for
2 to 4 hours. Sedation is considered according to the
individual infant or child. All equipment, including a
correctly sized face mask and one size smaller IT, is
prepared. The new same-size IT is examined, the obturator
is removed and replaced, the balloon is tested (if appropriate), and the TT is lubricated with a water-soluble gel. The
patient's TT is suctioned, followed by vigilant removal of
upper airway secretions. The patient is positioned supine
with a small roll placed behind the shoulders. The patient is

5.0
5.5

4.5

Shiley Length
(mm)

Portex Length
(mm)

30

Same
Same
Same
30
36

32
34
39

40
41
42

44

46

40
44
48
50
52

preoxygenated with an F10z of 1.0. On exhalation, the
existing TI is removed following the natural curve of the
tube, then the new IT is immediately inserted in a similar
manner. Slight tension should be expected. If the TT cannot
be reinserted, the patient is reoxygenated using a face mask
and resuscitation bag while the stoma is gently occluded
with a gloved finger(s). When the patient is adequately
reoxygenated, reinsertion of the same size or one size
smaller IT is reattempted.
Consideration of the patient's need for and ability to
communicate may affect the choice of replacement TI.
Several fenestrated "talking" TIs are currently available
and have been used in small pediatric patients with variable
success.
If none of the specialized TIs are appropriate, the
Passy-Muir Speaking Valve (PMSV; Passy-Muir Inc.,
Irvine, Calif.) may be used. The PMSV is a one-way,
positive closure, Silastic membrane valve that attaches to
the universal adapter (15 mm) of the TT. During inhalation
the valve is opened, allowing air into the lungs. At
exhalation the valve closes, forcing air through the vocal
cords, nose, and mouth. Engleman and Turnage-Carrier49
described the use of PMSV in infants and children younger
than 2 years of age when infant tracheostomy may lead to
later difficulties in language acquisition and articulation. Of
the 29 children in the trial, 24 (83%) tolerated the PMSV on
the first trial, and another 21 % produced vocalizations on a
subsequent trial.
Absolute contraindications for PMSV use include the
lack of air leak around a tracheostomy tube or upper airway
obstruction; relative contraindications include frequent aspiration and thick, unmanageable secretions. 50 .51 Nursing
care centers on patient teaching and assessment. Initial trials
are usually limited to a few minutes and slowly increased
with patient tolerance. Ventilator volumes, pressures, and
FIOz are adjusted to compensate for losses. PEEP may need
to be decreased to compensate for auto-PEEP.
Decannulation of the tracheostomy patient usually occurs
as a planned admission to the ICU. In preparation for
decannulation, the child's IT may be replaced with a
progressively smaller IT. Because of the size of the
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pediatric airway, this maneuver may not be an option in
infants and small children. Removal occurs as per IT
change (see preceding text), but the patient is usually held in
an upright position on the parent's lap. Sterile gauze is
placed over the stoma after IT removal. Supplemental
humidified oxygen may be administered. The patient is
assessed for increased work of breathing, stridor, and
desaturation. Length of ICU observation after decannulation
depends on the patient, family, and system. The stoma will
close in 48 to 72 hours postdecannulation.
Suction Catheters. Numerous types of suction catheters are available in various distal tip configurations.
Common features include measured distance markings in
centimeters, a blunt tip (beveled or straight), and side holes
(one to four). In pediatrics, comparing the actual size of
the distal opening is especially important when comparing
manufacturers. Outside diameters of suction catheters are
similar, whereas the size of distal openings may vary.
Because smaller catheters are used in the pediatric population, smaller distal openings further compromise the
ability to suction thick secretions. The amount of suction
applied is regulated to prevent hypoxia and mucosal
damage. Appropriate negative pressure includes 60 to
80 mmHg in infants under I year of age, 80 to 120 rnmHg
in children I to 8 years of age, and 120 to 150 mmHg
in children over 8 years of age.

Airway Management
Nasopharyngeal and oropharyngeal suctioning is indicated in patients who cannot clear secretions in their upper
airway or to elicit deep breathing and a cough. The
nasopharynx is suctioned first because it is considered
cleaner than the oropharynx. Catheter size should fit
comfortably into the naris using water-soluble lubricant.
Appropriate insertion length is determined by measuring the
distance from the tip of the nose to the tragus of the ear. To
minimize mucosal injury, the catheter is inserted next to the
nasal septum and advanced caudally. After inserting to
appropriate length, suction is applied, and the catheter is
slowly withdrawn in a rotating manner.
EndotrachealSuctioning. Because endotracheal intubation prevents an effective cough and both bypasses and
impairs normal mucociliary clearing mechanisms, endotracheal suctioning is an important intervention for intubated
patients. Endotracheal suctioning is not, however, a benign
procedure. Suctioning has been associated with a host of
negative side effects and complications, including hypoxia,
pulmonary artery hypertension, 52 dysrhythmias, atelectasis,
trauma to the trachea and bronchi, and increased ICP. It
seems reasonable that one of the most commonly performed
procedures in the PICU, which is associated with serious
risks, should be guided by sound clinical research data.
Unfortunately, much of what constitutes "routine suctioning
technique" is guided more by ritual than scientific rationale. 53 .54 Many suctioning practices of concern to pediatric
critical care nurses, including hyperoxygenation, hyperinflation or hyperventilation, depth of suctioning, endotracheal instillation of normal saline, and the frequency of

endotracheal suctioning, have been examined. Devices
intended to minimize suction-induced hypoxemia have also
been considered. Each will be discussed in the following
section.
When suctioning an artificial airway, although ideal,
using a catheter size of no more than one half of the inside
diameter of the tube is impractical in the pediatric population. In reality, the largest suction catheter that can
comfortably fit down the ETT or TT is used (see Table 8-11).
Hyperoxygenation is a maneuver designed to reduce
hypoxemia associated with suctioning. This step is accomplished in children by increasing the Fr0 2 to 1.0 before
(30 seconds), during, and after (at least I minute) the
suctioning procedure. The Fr02 can be delivered via the
ventilator or manually using a resuscitation bag. Because
hyperoxia should be avoided, the amount of supplemental
02 administered during suctioning is determined by the
patient's arterial oxygenation. Oxygen saturation, monitored
continuously by pulse oximeter, can generally be maintained between 92% to 94% by increasing F102 10% to 20%
over baseline requirements, but the actual F102 used is based
on each individual patient's needs. 55
Hyperinflation and hyperventilation are additional techniques used during suctioning to lessen hypoxemia, presumably by reinflating collapsed lung segments. However, no
uniform definition exists for either maneuver. Generally,
hyperinflation entails delivering several breaths before
suctioning (and after each pass of the suction catheter) using
either a manual resuscitation bag or the ventilator circuit.
Each of these breaths is approximately 1.5 times the
patient's usual tidal volume. Alternatively, peak inspiratory
pressure (PIP) is increased approximately to em H 2 0 above
the patient's usual requirements. Using PIP to guide
hyperinflation may be more appropriate in pediatrics because children are usually intubated with uncuffed ETTs and
have a variably sized leak around the tube. In clinical
practice, however, hyperinflation is often accomplished by a
brief period of hand ventilation with the tidal volume or PIP
determined by "feel," chest wall movement, and values
shown on noninvasive monitors during the maneuver (e.g.,
pulse oximetry and end-tidal CO2 ), Similarly, hyperventilation is often not standardized but consists of some increase
in ventilatory frequency over the patient's respiratory rate.
Considerable research has focused on the efficacy of
hyperoxygenation, hyperinflation, or hyperventilation in
reducing suction-induced hypoxemia. Some combination of
the three techniques probably provides the best protection
from arterial oxygen desaturation. 55 However, that combination has yet to be clearly defined, especially in infants and
children. Until consensus is reached, guidelines should be
flexible enough to encourage clinicians to design procedures
tailored to the individual needs of the patient.
In contrast, research data already exist to direct the depth
of E7T suctioning. Deep endotracheal suctioning has been
routinely performed in PICUs. However, evidence associating that practice with bronchial perforation 56•57 and acute
histologic changes in the tracheobronchial tree should
change that technique. Using an animal model, Kleiber,
Krutzfield, and Rose 58 have demonstrated that merely
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CD - low dead space ET tube adapter with irrigation port
® - 7.5mm a.D. manifold adapter with temperature port and
proximal airway line adapter
® - catheter flush port
® - calibrated catheter 5 to 25 cm
® - visible color calibrated rings

® - protective catheter sleeve

o - secretion viewing window

® - closed locking control valve
® - suction fitting with cap
Fig. 8-31 Ballard's Trach Care closed-system suction catheter. (Courtesy Ballard Medical Products,
Draper, Utah.)

inserting a suction catheter into the Err until resistance is
met (i.e., to the carina or mainstem bronchus) causes as
much tissue damage as insertion to resistance with the
subsequent application of suction.S8 Because of the alignment of the right middle lobe with the trachea, this type of
chronic irritation of the bronchial mucosa can lead to
persistent right middle lobe atelectasis (resulting from
airway narrowing because of inflammation or stenosis),
especially in infants. For these reasons, catheter insertion should stop short of the carina. An appropriate depth
for endotracheal suctioning can be ensured by premeasuring and marking the suction catheter or using a numerically calibrated catheter marked in centimeter increments and inserted I cm past the corresponding markings
of the Err. 58
Once the catheter is inserted to the proper depth, suction
is applied, and the catheter is withdrawn. Sterile technique
should be employed. Each pass of the catheter is considered
a suction event that should not exceed 10 to 15 seconds in
duration 59
The endotracheal instillation of normal saline is an
example of a widely practiced nursing routine that is not
supported by research. 6o .61 Normal saline has been used for
the purpose of loosening or thinning tenacious secretions,
but because mucus does not readily mix with saline, the
effect is probably more that of a lavage 62 As such, it may
enhance secretion clearance through cough stimulation 63
but may also cause mucosal irritation with little effect on
mucous clearance. 60 Bostick and Wendelgass M found that
the use of normal saline neither improved postsuctioning
Pa0 2 nor increased the amount of secretions retrieved. Other
studies suggest that providing adequate systemic hydration 65 and warming and humidifying inspired gases 66 are
more appropriate interventions for thinning secretions.

Furthermore, saline instillation may dislodge viable bacteria
from a colonized ETT into the lower airway, contributing to
the development of nosocomial pneumonia. 67 In total,
although the pediatric research is scarce, routine use of
normal saline with Err suctioning should be avoided.
The frequency of endotracheal suctioning is determined
by careful patient assessment. Endotracheal suctioning
should not be performed on a routine basis. Assessment of
the need for endotracheal suctioning includes coarse breath
sounds, increased PIPs during volume-controlled mechanical ventilation or decreased VT during pressure-controlled
ventilation, patient's inability to generate an effective
spontaneous cough, visible secretions in the airway, changes
in monitored flow and pressure graphics, suspected aspiration of gastric or upper airway secretions, clinically apparent
increased work of breathing, deterioration in arterial blood
gases, and radiologic changes consistent with retention of
pulmonary secretions, specifically, pulmonary atelectasis or
consolidation.S9 Evaluating a patient over time and documenting assessments permit early detection of clinical
changes and recognition of individual patient responses that
will guide subsequent interventions. Clinical outcomes to
evaluate after endotracheal suctioning include improvement
of breath sounds, decreased PIP with narrowing PIP-PPlaleau,
decreased airway resistance or increased dynamic compliance, increased VT during pressure-limited ventilation, and
improvement in ABGs or Sp02.S9
Several devices have been designed to ameliorate
suction-induced hypoxemia. Two such devices, oxygen
insufflation catheters and closed tracheal suction systems,
may be especially useful when high levels of Fl02 and PEEP
are required. Oxygen insujffation catheters can increase
Pa0 2 during suctioning by permitting simultaneous delivery
of O 2 during the procedure or alternate delivery of oxygen
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Fig. 8-32 Postural drainage positions. A, Anterior apical segment; sitting. B, Posterior apical segment;
silting. C, Anterior segment; lying flat on back. D, Right posterior segment; lying on left side. E, Left
posterior segment; lying on right side. F, Right middle lobe; lying on left side. (From Thompson JM,
McFarland GK, Hirsh JE et aI, eds: Mosby's clinical nursing, ed 4,1997, pp 201-202.)
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Fig. 8-32, cont'd G, Left lingula; lying on right side. H, Anterior segments; lying on back. I, Right lateral
segment; lying on left side. J, Left lateral segment; lying on right side. K, Posterior segments; lying on
stomach. L, Superior segments; lying on stomach. (From Thompson 1M. McFarland GK, Hirsh JE et ai,
eds: Mosby's clinical nursing, ed 4, 1997, pp 201-202.)
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or suction. Unfortunately, their use is limited in infants and
children because of the smaller Ell size.
One factor contributing to suction-induced hypoxemia is
the necessity of interrupting the patient's regular ventilatory
cycle during the procedure. A closed tracheal suction system
(CTSS), however, permits mechanical ventilation (including
PEEP) to continue during suctioning. 68 One type of CTSS
consists of a suction catheter in a plastic sheath that remains
attached to the ventilator circuit with an adapter, a suction
control device, and an irrigation port for tracheal lavage and
rinsing of the catheter (Fig. 8-31). While stabilizing the
adapter with one hand, the nurse uses the thumb and
forefinger of the other hand to advance the catheter the
desired depth into the Ell through the protective sheath; the
procedure can easily be performed by one caregiver.
Because the CTSS is left in place for 24 hours, suctioning
can be accomplished quickly and immediately, without
taking time to assemble supplies. 69 Hyperoxygenation,
hyperinflation, and hyperventilation are still provided using
the ventilator. 7o CTSS is reported to be as effective as
conventional open suction techniques in maintaining oxygenation 71 and in clearing secretions,72 and it may have
added benefits of preventing nosocomial lower respiratory
tract infections 73 and avoiding aerosolization of contaminated secretions.
Concerns about CTSS include decreased effectiveness of
suctioning, excessive negative pressure, and aUlocontamination. 74 Because of the smaller ETTs used in the pediatric
population, the concern over the accumulation of secretions
within the Ell and its affect on internal Ell diameter,
increased airway resistance, and impaired gas flow is of
special concern. Glass. Grap, and Sessler74 recently reported
that Ells in adult patients were markedly narrowed (mean
internal diameter of 0.64 mm) by the buildup of secretions
after CTSS. 74 The duration of intubation (not Ell size or
amount of secretions) was associated with the degree of
narrowing.
Suction catheters as small as 6 Fr are available. Mosca
and colleagues 75 compared closed with open Ell suctioning in 11 preterm infants. Significant reductions in heart rate
and Sp02 were observed after open suctioning; the magnitude and duration of these negative effects were significantly
reduced with closed suctioning.

Chest Physiotherapy
Chest physiotherapy (CPT) consists of many procedures,
including postural drainage, percussion, vibration, and
coughing. The goals of these interventions are to improve
mucociliary clearance, to increase the volume of sputum
expectorated, and to improve airway function. 76 Kirilloff
and co-workers 77 reviewed the literature with regard to the
efficacy of CPT in acute and chronic illness in adults. They
concluded that CPT appeared beneficial in patients with
large amounts of secretions and those with lobar atelectasis
as well. Patients with chronic illnesses associated with
increased mucous production (e.g., cystic fibrosis) clearly
benefited from CPT. In contrast, CPT did not help patients
in status asthmaticus and caused bronchospasm and hypox-

emia in some acutely ill patients. The component activities
of CPT were not uniformly associated with positive results.
Postural drainage was usually effective, although directed
coughing (teaching the patient cough techniques) may be as
efficacious. No data have shown a beneficial effect of
percussion or vibration. Because these studies were of adult
patients, caution should be used in generalizing the results to
infants and children. The mixed findings suggest, however,
that CPT is not uniformly effective in pediatric disorders,
and further research is certainly needed. 78
Postural drainage uses gravity to move lung secretions
from smaller peripheral lung segments into larger, more
central airways where coughing or suctioning clears the
secretions. A variety of positions are employed to drain
different lung segments (Fig. 8-32). The chest x-ray film
guides the intervention, and the patient is positioned to drain
areas identified as needing improvement. The patient is kept
in a position for 15 minutes or 5 minutes if combined with
percussion and vibration. Patient tolerance often controls the
variety of positions used during postural drainage. Also,
several positions are contraindicated in some patients, for
example, Trendelenburg in the cerebral hypertensive patient
or in the patient with gastric reflux.
In conjunction with postural drainage, chest percussion
and vibration help mobilize secretions from nondependent
lung segments to central airways for removal. Chest
percussion and vibration may improve the effectiveness of
postural drainage. Percussion is performed using a cupped
hand or percussion cup and rhythmically "clapping" the
chest wall. Chest percussion is performed only over the rib
cage and not over a bony prominence, for example. the
clavicle, scapula, vertebrae, and sternum. Vibration is
accomplished by shaking the chest on exhalation using the
hands in tremorlike movements. Mechanical vibrators can
be used in' small infants. Gentle chest vibration is used apart
from chest percussion in patients with thrombocytopenia or
in those at risk for bone injuries or fractures, for example,
patients with osteogenesis imperfecta. Both maneuvers are
useful in conditions in which large amounts of sputum are
produced, for example, cystic fibrosis, bronchiectasis, retained secretions, and lobar atelectasis.
Deep breathing and coughing are useful only in the alert
cooperative patient. Games, such as bubble blowing and
incentive spirometers, also increase the depth of inspiration
in patients who may not take deep breaths on their own.
Deep inspiration prevents atelectasis, promotes lung expansion, improves oxygenation, and provides an opportunity for
patients to actively participate in their own care. 79 Forced
exhalation helps to clear secretions. If patients are unable to
cough spontaneously, naso-oropharyngeal or tracheal suctioning may be necessary to stimulate a cough to help
remove mobilized pulmonary secretions.
Bronchial hygiene is not a benign procedure. The benefits
of selected maneuvers-specifically, percussion and postural drainage-have been challenged 80 Transient, yet
significant, decreases in Pa02 may follow chest physiotherapy. Also, the presence of a focal abscess theoretically
presents a risk to the contralateral lung for contamination
during postural drainage 39 Individualized care is warranted.
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Troubleshooting Triple-Chamber Chest Tube Drainage·Systems

Drainage tubing: Tight connections; no kinks, compressions,
or dependent loops
Fluid-filled depelldellt loop or kink impedes draillage:
Straighten tubing and anchor to the bed linen
Collection chamber: Positioned below the patient's chest;
assess volume and character of drainage
No change ill drainage:
None if drainage is stopped
Check for patency of tubing
Consider milking chest tube if obvious clots are present
Large volume of drainage aCClimulated in a shari time:
Assess for signs and symptoms of hypovolemia-report
drainage
Collection chamber is full:
Change the unit-{mce prepared, switch units without
clamping chest tube
Water-seal chamber: Filled to appropriate level; bubbling
present; fluctuations if to gravity
Warer seal is underfilled (so no effective seal is present):
Fill the water seal to the 2-cm level with sterile water or
saline
Water seal is overfilled (creating more resistance for air
escape from the pleural space):
Using the self-sealing diaphragm, remove enough fluid to
return the water seal to 2 cm
Contilluous bubbling ill the water-seal chamber (air leak
between the patient and system):
Locate the source by systemically and momentarily
clamping the system from the chest wall to unit
Bubbling will stop when a clamp is placed between the
air leak and unit
If the bubbling never stops, the unit may be cracked, so
change the urut

Tighten/reband loose connections
Report if new bubbling occurs
Intermittent bubbling in water-seal chamber:
Expect bubbling when suction first applied
Patient may have a small air leak
No fluctuatiollS or bubblillg in the water-seal chamber of a
patiem with gravity drainage, and the solution has crept
up to a fixed position:
Lung has reexpanded-expect equal breath sounds and
easy respirations
Tubing is obstructed-eheck for dependent loops or
kinks
Large fluctuations ill the water-seal chamber of a patient
wirh graviry drainage:
High intmpJeural negative pressure on inspiration indicative of increased work of breathing
Suction control chamber: Filled to appropriate level; gentle
continuous bubbling; if suction is off, tubing detracted from
suction source and open to air
Suctioll control chamber is underfilled 10 prescribed level:
Fill to prescribed level with sterile water or saline,
then tum on the suction until gentle bubbling
occurs
Suction comrol chamber is overfilled from prescribed level:
Using the self-sealing diaphragm, remove enough fluid
to obtain the prescribed level, then turn on the suction
until gentle bubbling occurs
Bubbling in the suction comrol chamber is too vigorous:
Wall suction is set higher than needed-turn down
No bubbling in rhe suctioll comrol chamber
Reconnect wall suction
Tum up wall suction until gentle bubbling occurs

Data from Erickson RS: Mastering the ins and outs of chest drainage. pan I. Nursing 89 May. 37-43; Pan 2, June. 46-49. 1989.

Chest Tubes
The primary purpose of a chest tube is to reestablish full
expansion of the lung and evacuate air, fluid, or blood from
the pleural space as rapidly and simply as possible. Chest
tubes vary in size from 10 to 36 Fr and 10 to 18 inches long,
and they consist of vinyl, silicone, or latex nonthrombogenic
material. The distal end that sits within the pleura has a
number of drainage holes to prevent occlusion; the proximal
end is connected to the chest drainage system.
Chest tubes are inserted at the bedside under sterile
conditions and while the patient is under local anesthesia.
The inseltion site depends on the problem. A chest tube
inserted for a pneumothorax is placed at the second
intercostal space at the midclavicular line because air will
rise to the apex. Alternative sites, especially in female
patients, include a more lateral position in the third to fifth
intercostal space with the chest tube threaded up into the
apex. A chest tube inserted for any type of fluid collection is
placed at the fifth to seventh intercostal space at the
midaxillary line because gravity will pool fluid to the base

of the lung. Once in place, the chest tube is sutured to the
skin to prevent displacement and taped to prevent lateral
movement. An occlusive dressing consisting of petrolatum
gauge and a dry, sterile, split gauze is applied. Placement is
confirmed on chest x-ray film.
The chest drainage system removes air or fluid from the
pleural space and prevents the backflow of air and fluid into
the pleural space. All connection points are banded to ensure
that the system remains airtight. Chest tube milking or
stripping is not advised because transient high negative
pressures cause patient discomfort, inflict tissue trauma, and
may cause bleeding. Special circumstances may necessitate
chest tube stripping; for example, to keep a chest tube patent
in a patient who is hemorrhaging while blood component
therapy is administered to enhance patient clotting. Clamping chest tubes is also not advised. Once clamped, trapped
air and fluid accumulate in the pleural space, and a tension
pneumothorax may result. If clamping is necessary to
precisely identify the location of an air leak. clamps are left
on only for several breaths per test site location.
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8-14

Drugs. Used for Aerosol Thera~y
Dose

Peak Onset Duration

Comments

," Sympathomimetic
~ide effects common to class include muscle tremor, tachycardia, hypokalemia, dysrhythmia, hypertension, anxiety, headache, and
-1, dizziness)
~Ibuterol (Proventil 5%,
0.25-0.5 ml in 2.5 ml*
0.5-1 hr
Bronchodilation
~rVentolin)
6-8 hr
~2-Selective
fL,'
Continuous
nebulization:
0.3
mg/kg/hr
to
a
maximum
of
15
mg/hr
g,.
~JSoetharine (Bronkosol 1%)
0.2-0.5 ml in 2.5 ml*
15-60 min
Bronchodilation
1-2 hr
Less cardiac effect than isoproterenol
0.5-1 hr
0.1-0.3 ml in 2.5 ml*
Bronchodilation
4-6 hr
Less cardiac effect than isoproterenol
0.25 mg in 2 ml*
5-20 min
Bronchodilation
6-8 hr
~,-Selective
Continuous nebulization: 0.3 mg/kg/hr to a maximum of 15 mg/hr
l;i:~

0.25-0.5 ml in 2.5 ml*

2-4 min
1-2 hr

Reduces mucosal swelling by vasoconstriction

0.05 mg/kg (max 2.5 mg)

Ihr
3-4 hr

Synergistic with ~2-agents; more
effective in large airway
bronchospasm; may cause
mucous plugging, tachycardia,
hypertension

0.25-1 mg

1.5 hr
6 hr

1-2 ml in 2.5 ml* q6h

Enhanced mobilization of
secretions
Foul smelling-may cause nausea
May cause bronchospasmadminister with a bronchodilator

20-125 mg in 4 ml*; twice
daily
80-240 mg in 4 ml*; twice
daily
Nonintubated: 2 g in 33 ml*
over 2 hours, 3 times/day for
3-5 days
Intubated: 6 g in 100 ml* over
16 hours for 3-5 days
300 mg in 6 ml* (daily for
treatment; monthly for
prophylaxis)

Gram-negative bacteria
Cystic fibrosis; use preservativefree solution
Respiratory syncytial virus
Caregiver precautions are essential

Prophylaxis against Pnelllnocystis
carin;;
Caregiver precautions are essential

··.oata from Lough M: Medicated aerosol therapy. In Blummer JL, ed: A practical guide to pediatric intellsive care. 5t Louis. 1990. Mosby, pp 978-980.
~,.Normal saline is used as the diluent.

Closed chest rube drainage systems use gravity or suction
to restore intrapleural negative pressure. Chest tubes are
connected to an underwater seal drainage system so that air
can only escape from and not enter the pleural space, A
Heimlich flutter valve or bottle of saline can be used as
a temporary measure until a chest tube drainage sys-

tern is available. The early bottle systems have been
replaced by disposable triple-chamber chest drainage systems. Basic principles are exactly the same whatever system
is used.
The triple-chamber systems consist of (I) a drainage
collection chamber connected to (2) a water-seal chamber
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connected to (3) a vacuum-control chamber. All three are
positioned side by side in a molded plastic disposable unit.
Step-by-step instructions for setting up these disposable
systems vary and are included in the package inset or printed
on the unit itself. The units can be hung below the level of
the chest on the crib using the attached hanger hooks or are
positioned on the floor using the built-in stand.
The first chamber is graduated so that chest drainage can
be accurately measured. The second chamber (directly
connected to the first) provides the water-seal chamber that
prevents air from reentering the chest. When the system is
placed on gravity drainage, respiratory fluctuations in the
water-seal chamber reflect normal fluctuations in intrapleural pressure and thus indicate an intact system. Bubbling in
this chamber indicates a air leak within the system. When all
connection points are occlusive, the air leak can come only
from the patient. To verify the source of an air leak, the chest
tube and connecting tubes are systemically clamped at
various levels. Once a clamp is located between the air leak
and the water seal, the bubbling will stop. The third chamber
controls the amount of suction applied to the chest tube
when wall suction is connected to the system. Suction is
necessary for rapid pulmonary reexpansion. The fluid level
within the unit determines the amount of suction applied to
the chest tube; usually a negative 15 to 20 cm H 20 is
adequate. Wall suction is adjusted to produce continuous
bubbling within the suction chamber. Turning up the wall
suction only causes more bubbling within the suction
chamber as more air is pulled into the system. Vigorous
bubbling creates more noise that can be distracting to the
patient and hastens fluid evaporation. Safety features vary
but usually include both high negativity and positive
pressure release valves. See Box 8-4 for troubleshooting
triple-chamber chest drainage systems.
Removal of a chest tube is performed when the lung has
reexpanded, the air leak has resolved, and drainage has
ceased. After providing adequate analgesia, stay sutures are
removed, and the chest tube is pulled on exhalation. An
occlusive dressing consisting of petrolatum gauge and a dry,
sterile gauze is then applied.

reservoir and becomes nebulized. A baffle in front of the gas
stream removes larger particles, returning them for renebulization, while smaller particles (I to 5 J.lm in diameter) are
delivered to the patient's airway. Flow rates of 6 to 8 Llmin
are necessary to achieve an adequate particle size to reach
the conducting airways. If possible, the patient is instructed
to take slow, deep breaths through the mouth and hold at end
inspiration 84
Ultrasonic nebulizers generate ultrasonic sound waves
directed at the air-liquid surface, producing a cloud of
fine particles whose diameter varies depending on the
frequency of the sound used. The small-particle aerosol generator (SPAG) unit is a pneumatically operated
nebulizer used for ribavirin therapy. Aerosol therapy for the
intubated patient is accomplished by either hand bagging the
medication or by placing the nebulizer in the ventilator
circuit. 85
Table 8-14 lists some of the more common agents used
for nebulization. Clinical responses to aerosol therapy are
closely assessed because of the varying amount of medication reaching the distal airways. Because of variable delivery, optimal dosages are determined by the clinical responsiveness of the individual patient. An important note is that
aerosol therapy also delivers free water to the patient and a
mode of bacterial transmission to the lower respiratory tract.
Bronchodilators, affecting sympathetic and parasympathetic airway receptors, are by far the most common. Inhaled
sympathetic agents stimulate ~2-receptors producing bronchodilation. In addition, sympathomimetics inhibit mast cell
degranulation, reduce mucous gland secretion, augment
mucociliary clearance, and improve respiratory muscle
contractility. Sympathomimetics vary in their peak onset
and duration of action. Newer agents are ~rselective,
limiting ~ I cardiovascular side effects. Continuous nebulized bronchodilator therapy is popular in the ICU setting 86
Continuous nebulization of albuterol 87 and terbutaline 88 is
safe, provides more rapid clinical improvement, and is cost
effective.

Inhaled Medications

The primary objective of mechanical ventilation is to
improve the balance of ventilation to perfusion, the most
common cause of impairment of oxygenation and CO2
removal. 89 In the presence of disease, ventilation often
exceeds the level of perfusion (high V/Q), or perfusion may
exceed the level of ventilation (low V/Q). Overventilation
results in dead space ventilation (wasted ventilation) and an
increased Paco 2. On the other hand, underventilation results
in a physiologic shunt and a decreased Pao z. When
mechanical ventilation is instituted, perfusion to welJventilated regions may decrease from the effects of positive
pressure, which may necessitate delivery of larger than
physiologic minute volumes to maintain an acceptable
Pac02. Any ventilator maneuver that has the potential to
increase intrathoracic pressure may impair cardiac output
and tissue perfusion and ultimately impair cellular gas
exchange. Fig. 8-33 summarizes the physiologic differences
in thoracic pressure under conditions of spontaneous versus
positive pressure ventilation.

Inhalation is commonly the most optimal method of
delivery of medications into the respiratory tract. Aerosolization of medication is often better-tolerated, safer, and
more effective than systemic administration. Aerosols consist of particulate water suspended in gas. Theoretically, the
smaller the size of the aerosol particle, the more distal the
particles are deposited into the bronchial tree. Airway
resistance and breathing pattern also influence the amount of
medication reaching the airways 8 J In the adult population,
approximately 10% of nebulized medication reaches the
lung periphery in nonintubated patients,82 whereas 1.2% to
4.8% of the nebulized medication reaches the lung periphery
in intubated patients. 83
A small-volume nebulizer (SVN) is commonly used to
aerosolize medications. Particles are generated by passage
of a high-velocity gas stream (usually oxygen) across a tube,
creating a Bernoulli effect; the medication is pulled from the
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Indications for Initiating
Assisted Ventilation
The indications for mechanical ventilation in the pediatric
population are mainly subjective. The younger the patient,
the more subjective the indications become. Standard
spirometry is seldom used in pediatrics as an indication for
mechanical ventilation. Vital capacity requires an alert and
cooperative patient not affected by pain, characteristics
rarely found in critically ill patients under 6 years of age.
Muscle function, chest wall disorders, and parenchymal
disease affect vital capacity. Acute muscle weakness only
slightly affects vital capacity.
Physiologic measurements define respiratory or ventilatory failure. Respiratory failure is described as PaoiFI02
ratio less than 200. Ventilatory failure is described as an
acutely elevated or rising Pac02 greater than 60 mmHg with
respiratory acidosis. Other physiologic parameters include increased work of breathing, which is described as a
respiratory rate twice baseline with the use of accessory
muscles.

Types of Ventilators

+

Flow

0+---1'------->;--

Fig. 8-33 Physiologic differences in thoracic pressures under conditions of spontaneous versus positive pressure ventilation. FRC, Functional residual capacity; I, inspiration; E. expiration; flow, pulmonary blood flow. (From Dupuis YG:
Vemilarors: rheory and clinical applicarion, ed 2, St Louis, 1992,
Mosby.)

Managing the pediatric patient supported on mechanical ventilation presents a particular challenge because
this group of patients require a wide variety of interventions that technology can now offer. To uniquely
separate pediatric mechanical ventilation from that of
neonates and adults is difficult because the practical
applications are similar. What is essential to safe and
effecti ve ventilation of this population is knowledge of
time constants, V
relationships, and ventilator options
and strategies. Having previously discussed time constants
relationships, this section discusses ventilator
and V
options and strategies in terms relevant to the pediatric
patient.

/0.

/0.

Technologic advances continue to provide numerous options to support the patient in acute respiratory failure. Ventilators are described according to which ventilation variable
is controlled in the inspiratory phase of each cycle. 90
Pressure Controlled. Most infant ventilators are
pressure controlled so that peak pressure remains constant,
but tidal volumes change as compliance and resistance vary.
A continuous gas flow provides the patient a source of fresh
gas for spontaneous breathing. Infants weighing less than
IO kg often receive ventilation from pressure-limited
time-cycled ventilators.
Volume Controlled. Most adult ventilators are designed to deliver a preset tidal volume. Flow is the variable
controlled by the ventilator to deliver a consistent volume.
Because flow and volume are functions of each other, these
machines are called volume controllers. Airway pressure
varies with resistance and compliance during a volumecontrolled breath.
Pressure Controlled and Volume Controlled.
The newest generation of ventilators offer several modes in
which pressure or volume can be the control variable. It is
the actual operational mode that is most relevant to clinical
management because it best describes the interaction
between patient and machine.

Modes of Ventilation
Pressure, volume, flow, and time are used as phase variables
that determine the parameters for each ventilatory cycle. 90
The trigger variable describes the variable used to initiate
inspiration. The limit variable describes the variable in
which a preset value cannot be exceeded during inspiration.
The cycle variable describes the variable used to end
inspiration. Baseline variables describe the variables that are
controlled during expiration. Combinations of these four
phase variables describe the various modes of ventilation.
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Indications and Special Considerations for Commonly Used Ventilator Modes

ventilation (CV)

Ii
. i
~"

!MV pressure controlled

"".".

~l_'

Indications

Special Considerations

Chest wall instability
Central nervous system dysfunction
Respiratory muscle paralysis

Dynamic patient needs not accounted for
Respiratory muscle inactivity leads to muscle
atrophy

Infants approximately less than 10 kg where
pressure is desired control variable

VT will vary with patient compliance and

Ii;

~T

!ili"

Iii"

rr!SUvlV volume controlled
l;~ii;'::

~l
I.

Older infants or where volume is the desired
control variable

WL."

IJI~t:
--.'.i,:'

-iF--,

~Iirressure control ventilation (PCV)

i;i
ff.g

~lF.
il~~tssure support ventilation (PSV)
!J1if1'

VT should be closely monitored
PIP should be lower than in volume-limited
modes
Mean airway pressure may be higher than in
volume-limited modes

Failure to wean
Muscle reconditioning
Asynchrony

Backup SIMV rate may be provided
Patients with E'IT less than 4 mm may
prematurely cycle breath
Patients with large ETI leaks may not cycle
off breath appropriately
Patient must be able to trigger pressure
support (PS) breath with ease

Weaning
Muscle conditioning
Asynchrony

Patient triggered
Premature termination prevented with E'IT
less then 4 mm
Patients with large leaks may not cycle off
breath

Conditions with decreased functional residual
capacity

Should provide continuous flow
Patient must be spontaneously breathing

,rJ1Y:
!~'jE

~f{:

~fIow synchronization PSV
.

i~
~;

I'

~jLContinuous

positive airway

mm pressure (CPAP)
1!!;;,
~fEn:
b

.

resistance

VT delivery may be limited in larger patients
Continuous flow available for spontaneous
breaths
The smaller the patient, the more relative VT
lost to the compressible volume of the
ventilator tubing
VT may vary in presence of E'IT leaks and
changes in compliance and resistance
Demand valve spontaneous flow systems
may have poor response to high respiratory rates. Addition of continuous flow
(2-5 L1min) may help

Patients with low compliance or high
resistance states
ARDS
Unilateral lung disease
Large E'IT leaks

;,:
~.
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Endotracheal tube; ARDS. adult respiratory distress syndrome; VI> tidal volume; SIMV, synchronized intermittent mandatory ventilation; PIp, peak

~FPlfatory

pressure.

The major indications and special considerations for commonly used ventilator modes are summarized in Table 8-15.
Controlled Ventilation. Controlled ventilation (CV)
generally refers to a volume-controlled mode whereby all
breaths are determined by the preset machine parameters
and are completely independent of the patient's respiratory
efforts or breathing pattern. This mode is poorly tolerated in
spontaneously breathing patients and offers no benefit over
other modes that allow the patient to initiate a ventilator
breath on demand or to breathe in between mechanical
breaths. This mode of ventilation is used in chemically
paralyzed patients when spontaneous breathing can be
potentially detrimental, for example, in the patient with a
flail chest.

Intermittent Mandatory Ventilation. Intermittent
mandatory ventilation (IMV) allows a patient to breathe
spontaneously from a continuous flow or demand valve
in between preset mandatory breaths that are either pressure controlled or volume controlled. The patient is
thereby able to breathe at his or her own rate and comfort
level. V
matching is mixed because the spontaneous
breaths result in increased ventilation to dependent lung
regions, whereas the mechanical breaths result in increased
ventilation to nondependent lung regions. This mode is
thought to be beneficial for weaning because the patient is
able to maintain the use of his or her respiratory muscles and
provide increasing spontaneous support as the IMV or mandatory rate is gradually decreased. The clinician should be

/0.
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aware that the work of breathing may increase a~ the patient
assumes responsibility for more of the ventilatory load.
Synchronized IMV. The synchronized IMV (SIMV)
mode, as with IMV, offers preset mandatory breaths but
synchronizes these breaths with a patient effort that is
generally detected by a circuit change in pressure or flow.
The theoretical advantages are that the patient will not have
a mechanical breath superimposed on a spontaneous one
and that patient's work will be more synchronous.
Pressure Control Ventilation. Pressure control ventilation (PCV) is a mode that is comparable with pressurecontrolled SIMV, in that a preset pressure is reached with
every breath. However, in PCV a very high initial flow rate
allows an almost immediate rise to the preset PIP. This PIP
is then sustained throughout the preset inspiratory time. One
theoretical advantage of tills mode is that gas distribution is
enhanced during the sustained PIP plateau.
Pressure Support Ventilation. The pressure support
ventilation (PSV) mode of mechanical ventilation augments
only the patient's spontaneous efforts with a preset level of
airway pressure. In PSV, the inspiratory pressure plateau is
reached early in inspiration and is maintained until inspiratory flow decreases to approximately 25% (may be clinician
set) of initial peak flow. At this point, inspiration ends, affording the patient control of inspiration and expiration. PSV
can be used alone or in conjunction with a mandatory mode,
such as SIMV and PCY. Pressures of 5 to 30 cm H 2 0 are
typically set; pressures of 5 to 15 cm H20 are ideal. VT can
be variable as the patient's pulmonary mechanics change.
The pediatric patient unable to tolerate weaning will
demonstrate decreased spontaneous tidal volumes leailing to
atelectasis, increased work of breathing, and an increased
respiratory rate. In such patients, PSV may reverse this
spiral and decrease patient work. Although the benefits of
PSV are untested in pediatrics, the authors have found this
mode to be useful in achieving patient comfort during a
protracted weaning process. Generally, the authors judge
PSV to be beneficial if the patient's respiratory rate drops
and work of breathing decreases.
A few unique problems are encountered when PSV is
used in infants and small children. First, the increased airway resistance posed by smaller ETTs (less than 4 mm) may
precipitate premature termination of PSV; that is, inspiration
ends because of the high resistance created by the airway
and not because of the patient's respiratory effort. This will
reduce the effectiveness of PSV in augmenting VT . Modem
ventilators allow adjustments to the inspiratory flow or rise
time to help prevent this termination. Second, if a significant
ETT or TT air leak is present, the ventilator may be unable
to sense the decrease in flow that normally occurs at end
inspiration. When this happens. the patient loses control
over end inspiration because the ventilator automatically
uses a built-in time limit to end inspiration.
Flow-Synchronized Pressure Support Ventilation.
Microprocessors and the evolution of sensor technology
have made possible patient-synchronized ventilation in
infants and small children. A number of systems are
available that allow the patient's spontaneous breathing
effort to trigger positive pressure breaths.

Ventilator breaths can be triggered by a drop in patient
airway pressure, the detection of a set inspiratory volume,
and even the chest or abdominal movement preceding a
spontaneous breath. However, the measurement of inspiratory flow is one of the most sensitive methods of patient
triggering. Flow triggering requires the use of a flow sensor
to detect a spontaneous breathing effort. This sensor
generates a flow signal that the ventilator uses to detect a
spontaneous breath. A machine-assisted breath is initiated
when the ventilator senses an inspiratory flow rate equal to
the set trigger sensitivity.
The availability to patient-trigger ventilator breaths
provides the option of two patient-triggered modes of
mechanical ventilation-SIMV and assist/control (AlC).
SIMV delivers a fixed number of mandatory breaths that are
synchronized with the patient's spontaneous breathing
efforts and allows unassisted spontaneous breathing between mandatory breaths. With AlC, every patient effort that
meets the trigger sensitivity criteria initiates a machineassisted breath.
Although the term flow synchronization has generally
been applied to the use of flow to trigger ventilator breaths,
the inspiratory flow signal can also be used to cycle (terminate) the inspiratory phase of ventilator breaths. The VIP
Bird with flow synchronization uses the inspiratory flow
signal to both trigger and cycle ventilator breaths. With flow
cycling, the inspiratory phase is terminated when the inspiratory flow rate falls to a preset percentage of the peak
inspiratory flow rate for that breath. Thus ventilator rate and
inspiratory time are primarily a function of the patient's
ventilatory drive and respiratory mechanics. However, manipulating the flow cycling threshold, which is adjustable
from 5% to 25% of peak flow rate, can also influence inspiratory time. The ability to flow trigger and flow cycle provides a high level of patient regulation of ventilation.
The potential benefits of flow-synchronized ventilation
(and patient-synchronized ventilation in general) include enhanced gas exchange (particularly oxygenation), decreased
incidence of barotrauma, decreased incidence of jntraventricular hemorrhage, decreased need for heavy sedation and
paralysis, and a decrease in the duration of mechanical
ventilation.
Continuous Positive Airway Pressure. CPAP is a
spontaneous mode that provides a constant preset distending
pressure. This constant pressure increases FRC and prevents
atelectasis. Increased lung volume increases pulmonary
compliance and thus decreases the work of breathing. Low
levels of CPAP are considered "physiologic" whenever the
upper airway is bypassed with an ETT or TT. When these
low levels-for example, a CPAP of 3 to 5 cm H2 0-are
reached, extubation is usually considered. On CPAP, the
resistance imposed by smaller pediatric ETTs may result in
a higher work of breathing than the patient might experience
extubated. Therefore it is common to extubate from low
rates of 4 or 6 breaths per minute.
Pressure-Controlled Inverse Ratio Ventilation.
This mode of ventilation describes the delivery of volume at
a preset Plr, whereby the time spent in inspiration exceeds
that of expiration. In pressure-controlled inverse ratio
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ventilation (PCIRV), PIPs are reached early in inspiration,
creating a decelerating flow wave pattern and square
pressure wave pattern. VT depends on inspiratory time, PIP,
and the patient's pulmonary mechanics. The square pressure
plateau wave facilitates alveolar recruitment and allows a
more even distribution of gases within the lung in patients
with nonhomogeneous lung disease. 91 Prolonged inspiratory
times allow higher mean airway pressures (MAPs) while
limiting PIPs and PEEPs and maintaining Pa0 2 . Shorter
expiratory times deter alveoli from falling below their
closing capacity.
Patients supported on PCIRV require nursing assessment
of alterations in cardiac output and pulmonary barotrauma
occurring secondary to an inadequate expiratory phase,
hyperinflation, and the development of auto-PEEP. 92 The
altered breathing pattern may also give patients a feeling of
fullness that can be uncomfortable, making them artXious
and restless, increasing their work of breathing and
increasing \;02 . 93 Analgesia, sedation, and chemical paralysis are required for patient comfort and compliance.
Airway Pressure Release Ventilation. In this mode
of ventilation, the patient breathes spontaneously at a
positive baseline (CPAP). Periodically, this baseline is
released to a lower pressure level for I to 2 seconds,
allowing CO2 to be exhaled. Airway pressure release
ventilation (APRV) is an alternative mode to improve
oxygenation with lower mean airway pressures.
Mandatory Minute Ventilation. Mandatory minute ventilation (MMV) is a mode of computer-generated
ventilation that ensures the deli very of a predetermi ned
minute ventilation distributed between spontaneous and
ventilator breaths. If the patient's \; E is calculated to be low,
additional breaths are delivered to the patient. One disadvantage of this mode is that the quality of the patient's
spontaneous breaths is not considered. A rapid, shallow
pattern is not distinguished from a slow, deep pattern
because the \; E is the same. Altered respiratory patterns can
lead to acid-base disturbances and atelectasis 94
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and CO2 retention by adding unnecessary dead space.
Excessive PEEP also impedes venous return to the chest,
which will eventually decrease the patient's cardiac output
and oxygen delivery.
Peak Inspiratory Pressure. PIP is the pressure that is
reached and sustained during inspiration. PIP is directly
adjusted in the pressure-limited modes but varies with
compliance and resistance in the volume-limited modes.
Mean Airway Pressure. Measured in cm H2 0, MAP
is the average airway pressure over a respiratory cycle. 95
Factors that increase MAP during pressure-controlled ventilation include increased inspiratory flow, increased PIP,
increased Ti, increased PEEP, and increased F. MAPs over
12 cm H2 0 are considered significant. This parameter is a
monitored value on most ventilators.
Fraction of Inspired Oxygen. Flo2 is the inspired
oxygen concentration. Fr0 2 levels less than 0.6 are generally
considered safe. 91
Flow Rate. Flow rate is the continuous flow of
ventilator gas adjusted in liters per minute. Pressurecontrolled ventilators require adequate flow rates for the
delivery of PIP, for optimal VT, and for a continuous source
of gas for spontaneous breaths. Flow rates determine the
time it takes to reach PIP during inspiration. When flow
rates are low, PIP is reached at the end of inspiration,
decreasing the plateau phase; if flow rates are high, PIP is
reached early in inspiration, increasing the plateau phase. 91
The inspiratory plateau affects gas distribution; the longer
the plateau, the better the distribution of gas throughout the
lung (Fig. 8-34).
Alarm Systems. For patient safety, ventilator alarms
remain activated within a tight range at all times. Most
ventilators are equipped with an inspiratory line pressure
alarm to detect a sudden loss in pressure (disconnect) and a
sudden increase in pressure (obstruction). Other alarms
include gas supply, FI0 2 , gas humidity and temperature, and
electricity failure. Ventilator alarms that allow a 10- to
IS-second automatic reset are safer for the patient because
the human factor is eliminated.

Ventilation Parameters
Tidal Volume. In a volume-limited mode, VT is set
directly in cubic centimeters (cc). In a pressure-limited
mode, VT is determined by the difference between PIP and
PEEP; this is referred to as delta P (M' = PIP - PEEP).
Frequency. Frequency (F) is the ventilator rate adjustable in breaths per minute.
Inspiratory Time. Inspiratory time (Ti) together with
F determines the I:E ratio. Prolonging Ti generally improves
oxygenation by increasing the time the alveoli remain
distended participating in gas exchange. Faster Ti and longer
expiratory times are used to prevent hyperinflation in
patients with airways disease. Some venti lators offer an
inspiratory hold or pause that prolongs Ti.
Positive End-Expiratory Pressure. PEEP is the pressure that is sustained at the end of expiration. PEEP
improves oxygenation by increasing FRC, preventing alveolar collapse, and enhancing the ratio of ventilation to
perfusion. Excessive levels of PEEP cause hyperinflation

Initiation of Mechanical Ventilation
Before initiating mechanical ventilation, the clinician evaluates the patient's pulmonary mechanics by "feel" during manual hand ventilation using an anesthesia bag
and attached manometer. Initial ventilator settings are
then matched to those identi fied as optimal during hand
ventilation.
An alternative strategy is to begin with the suggested
ventilator settings listed in Table-8-16, which take into
consideration anticipated time constants. Faster rates without stacking of breaths can be used in patients with lung
disease states characterized by short time constants (lungs
quickly fill and empty). Slower rates and longer expiratory
times are used in patients with lung disease characterized by
long time constants (lungs take a long time to fill and
empty). Once the patient is receiving mechanical support,
ventilator settings are fine-tuned within established ABO
parameters and measured pulmonary mechanics.
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Ventilator Strategies
Mechanical ventilation has two goals: to maintain mean
lung volume and to maintain alveolar ventilation. As
mentioned, reduction in V/o. imbalance must also be a
consideration, and although ventilator manipulations may
optimize ventilation, the V/0. relationship is best viewed as
a dynamic phenomenon. The clinician's challenge is to
achieve acceptable minute ventilation with respect to
perfusion in the presence of an adequate mean lung volume.
Factors to assess on initiation of mechanical ventilation are

included in Box 8-5. Some newer ventilators have automated modes to initiate or wean the ventilator.
The Hamilton Galileo ventilator (Hamilton Medical Inc.,
Reno, Nev.) uses a complex algorithm to assess the patient's
respiratory mechanics. The ventilator then chooses the
amount of pressure support to achieve a clinician and
ventilator set goal. This mode is a rules-based strategy
called adaptive support ventilation (ASY). The Servo 300
(Siemens, Danvers, Mass.) has automode, which automatically switches the patient from a control mode to a
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TABLE 8-16 Suggested Initial Ventilator
Settings for Various Time Constants
Long Time
Constant

Normal Time
Constant

Short Time
Constant

8-10 mVkg
8-IS
>1:4

6-10 ml/kg
10-20
1:2
3-S

6-8 mVkg

O-S

IS-30
1:[

>S

r,iV,., Tidal volume; F, frequency; I:E, inspiratory/eKpiratory; PEEP,
'~sitive end-expiratory pressure.
,;:-.,

..

~

Box 8-5

.

Factors to Assess on Initiation
of Mechanical Ventilation

1. Baseline breath sounds (quality, adequate expiratory

time)
2. Decreased work of breathing (decreased respiratory rate,

severity of retractions, nasal flaring, grunting, etc.)
3. Chest excursion and symmetry
4. Chest x-ray film (ETI position, improved lung volume,
pathologic condition)
S. Pulmonary mechanics (decreased airways resistance,
increased compliance, and FRC [time constants,
auto-PEEP])
6. Arterial blood gases (improved oxygenation, decreased
Paco 2 , and improved pH)
7. Need for noninvasive monitoring
8. Need for muscle relaxants, sedation (chemical restraint)
9. Need for pulmonary hygiene
10. Need for aerosolized or systemic bronchodilator therapy

spontaneous mode when the ventilator senses a patient's
spontaneous breath. These modes continue to grow in
popularity, but little pediatric data exists.

Making the Right Maneuver
Paco2' Paco2 is inversely related to minute ventilation (VE) (V E = V T X F). A portion of V T is composed of
dead space volume (V D) and therefore will not participate in
gas exchange. V D is related to body surface area and
normally accounts for 30% of VT' In patients supported on
mechanical ventilation, V D may be as high as 50% to 60%
from the effects of positive pressure on the airways.
Accordingly, changes in ventilator parameters can alter V D'
Any tubing or adapters distal to the patient ventilator will
add mechanical dead space because this volume acts as an
extension of the patient's airway. Mechanical V 0 should be
kept to a minimum.
Pao 2 • The most basic control of Pao2 is FI02 . The
relationship between FIOz and Pao z is not as straightforward
as that between Pacoz and VE' This is due to the effects of
water vapor pressure in the lung and oxygen diffusibility
relative to the (diseased) alveolar-pulmonary capillary
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membrane. The degree and pattern of ventilation and V/o.
ratio also affect Paoz. The MAP is a very useful index of the
overall effect of changes in ventilation variables and is
directly related to Paoz. Any maneuver that alters MAP has
the potential to change Paoz. The five factors that affect
the MAP include (I) PIP, (2) PEEP, (3) inspiratory time,
(4) inspiratory flow, and (5) increased respiratory rate with
same inspiratory time. Optimal MAP is found when gas
exchange is efficient and beyond which alveolar overdistension occurs. 96
Chest X-ray Film. In general, there should be radiologic evidence of improved lung volume. The ninth anterior
rib above the dome of the diaphragm evidences adequate
lung volume, although aeration is relative to surrounding
structures. Assuming the film is taken during inspiration, the
diaphragm should be neither elevated nor flattened. Hypoaeration is managed by increasing PEEP or Ti.
Auto-PEEP. In situations in which the F is high or the
patient has long time constants, the clinician should check
for the presence of auto-PEEP or intrinsic PEEP. Auto-PEEP
refers to the spontaneous development of PEEP at the
alveolar level as a result of insufficient expiratory time. 97
Auto-PEEP can be detected in a noncontinuous flow
ventilator system and is checked by occluding the expiratory
limb of the ventilator at end expiration. If auto-PEEP is
present, the baseline pressure (PEEP) will rise as expiratory
flow continues from the patient. The level of auto-PEEP is
clinically important because its presence may contribute to
enhanced oxygenation or CO 2 retention. Although the
presence of I to 3 cm H 2 0 of auto-PEEP may not be
clinically deleterious, this number should be monitored in
appropriate patients because it is a dynamic number (unlike
set PEEP) and can change rapidly.
Blood Gas Monitoring. Whenever possible, ABGs
should be obtained in the newliventilated patient to assess
for improved gas exchange. If arterial access is not
immediately possible, a venous blood gas may be helpful in
assessing acid-base status. Pulse oximeters continuously
and noninvasively assess oxygenation. ETc02 monitoring is
useful; however, the presence of large ETT leaks can result
in inaccurate low readings, and some monitors will not read
accurately at high (>30) respiratory rates.
Bronchial Hygiene. Adequate suctioning is essential
in the pediatric patient. Smaller ETT diameters predispose
these patients to airway obstruction. The relative small size
of the conducting airways places the child at increased risk
for significant compromise from the effects of infection,
edema, and secretions. Partial or complete obstruction of the
bronchioles and bronchi can result in air trapping and
atelectasis. What may seem like an insignificant amount of
secretions may have a significant impact on airways
resistance.
Sedation. Ensuring an adequate level of comfort for
the patient receiving mechanical ventilation is fundamental
to humane care. Artificial airways and imposed breaths are
poorly tolerated by an alert child. Because of developmental
immaturity, one cannot depend on patient cooperation. In
fact, if a toddler, for example, cooperates with a stranger
when the parents are not present, one would question the
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child's level of consciousness. In addition to parents,
analgesics and sedatives are often used to help the patient
tolerate both the ICU environment and the treatments
involved. Chemical restraints should be used in combination
with physical restraints. In assessing agitation, it is important to determine what comes first-hypoxia or agitation. A
distressed intubated patient may be trying to indicate
inadequate ventilator settings, an obstructed ETI, a pneumothorax, pain, or the need for a more quiet environment.
The use of neuromuscular blocking agents may be indicated
in the sedated patient in acute respiratory failure when
ventilator support is escalating and the child is asynchronous with or fighting the ventilator. These agents are not
used indiscriminately because they remove critically important assessment signs, such as activity and comfort levels.
Positioning. The supine position and the length of
time an intubated patient is kept supine are potential risk
factors for aspiration of gastric contents 23 •98 Unless contraindicated, all intubated patients should be positioned in a
semirecumbent position.

Special Considerations in Ventilating
Pediatric Patients
Endotracheal Tube Leaks. Because of the use of
uncuffed ETIs in young children, leaks are often present
and can compromise ventilation if they are excessive. An
ETT leak detected above an inspiratory pressure of 20 cm
H2 0 is generally desirable because this may help reduce the
occurrence of airway trauma and postextubation swelling,
yet this may in tum limit the ability to deliver an adequate
VT in patients who require higher PIP. Very large ETI leaks
may cause autotriggering of mechanical breaths on some
ventilators where loss of PEEP may be sensed as the
patient's inspiratory effort. It is therefore important to assess
ETT leaks periodically by hand ventilating the patient with
a manometer in-line to note at what pressure the leak begins.
A volume-monitoring device can further quantify leaks.
Many of the newest ventilators have the capability to
measure volume at the patient airway, which can accurately
quantify an ETI leak. Leaks are notoriously variable and
can vary with ETT position, head position, and fluid
balance. If a leak is thought to be compromising ventilation,
reintubation may be necessary with a larger tube.
EIT Resistance. Reducing the diameter of a tube by
one half results in a sixteenfold decrease in flow through
that tube. The small ETI diameters used in children cause
a substantial increase in flow resistance and therefore a
significant increase in the work of breathing. For this
reason, children are usually not extubated from ventilator
rates less than 4 to 6 breaths/min. The work imposed by
the pediatric ETI is often compared with "breathing
through a straw." Attentiveness to this phenomenon is
especially important in the child with a history of
significant respiratory failure.
Compressible Volume. The compressible volume of
a ventilator circuit refers to the amount of the tidal volume
that is lost with each breath to displacement and compression of the volume of the ventilator tubing. This portion of

the breath never enters the patient's lungs. Ventilator tubing
has a measurable compliance or distensibility that can be
used to distinguish the actual delivered tidal volume from
the lost compressible volume. This is the compressible
volume factor. The loss of compressible volume is particularly important in volume-limited ventilation when small
tidal volumes are used. For example, in a situation in which
tubing has a compressible volume factor of 3 ml/cm H2 0
and peak inspiratory pressure is 40, the set tidal volume
would be reduced by 120 ml (3 x 40). The loss of volume is
quite relevant in pediatric mechanical ventilation because of
the small volumes used. For instance, if a tidal volume of
200 ml were set in the previous situation, the delivered
volume would be approximately 80 m!'
Ventilator Limitations. Infants and small children
may have difficulty using the assist-control mode of
ventilation because they need to inhale a greater proportion
of their VT before creating enough negative pressure to
trigger the ventilator's sensing mechanism. Once triggered,
the response time may be too slow to support the faster
pediatric respiratory rate. An inadequate response time can
lead to an increased work of breathing. A similar problem
occurs during spontaneous ventilation; usually gas flow is
delivered to the circuit when a demand valve is activated by
negative airway pressure. This demand valve may be too
difficult for the pediatric patient, so a continuous-flow
reservoir is typically added to the circuit in patients
weighing less than 15 kg. Providing a low level of added
continuous flow may alleviate the problem, allowing the
child to spontaneously breathe without triggering the
demand valve system.
Volume Monitoring. Monitoring of VT should be
considered in the patient for whom one of the aforementioned variables might compromise the delivery of a
consistent tidal volume. This may involve intermittent
checks to note changes after setting changes or continuous
monitoring in patients with large or variable ETI leaks. VT
monitoring is now easily accomplished with equipment
specifically designed for the pediatric population, including
Bournes Neonatal Volume Monitor-NVM (Bear Medical
System, Riverside, Calif.), Bicore (Bear Medical System,
Riverside, CaliL), Ventrak (Novametric Medical Systems,
Wallingford, Conn.), and Partner IIi (Bird Medical Corp,
Palm Springs, Calif.). Ventilator settings can be adjusted to
deliver a specific VT (mUkg). A constant VT will stabilize
the FRC and allow immediate corrective action for acute
changes. Computers, used in conjunction with volume
monitors, allow calculation of respiratory mechanics, for
example, compliance, resistance, time constants, work of
breathing, flow/volume loops, and pressure/volume curve.
Scalar tracings of flow, pressure, and volume of each breath
allow bedside graphic interpretation (see Fig. 8-34).

Complications of Mechanical Ventilation
Rapid deterioration in the pediatric patient is often attributable to one of the factors listed in Box 8-6. The incidence of
pneumothorax in pediatrics has been reported to be between
4.5% and 8% and in some studies has been correlated with
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6.

Box 8-6

.

Common Respiratory causes of Rapid
Clinical Deterioration
.

Err position change
Large or positional Err leak
Excessive secretions
Bronchospasm
Development of auto-PEEP
Pneumothorax

It:I

TABLE

8-17

Complications

. ofMechanical Ventilation
Pneumothorax
Pneumomediastinum
Pneumopericardium
Pneumoperitoneum
Subcutaneous emphysema
Pneumonia
Septicemia
Dislodgment
Occlusion
Accidental extubation
Erosion
Stenosis
Air trapping (auto-PEEP)
Decreased venous return
Decreased cardiac output
Increased pulmonary vascular resistance
Decreased urine output
Increased antidiuretic hormone
Decreased hepatic blood flow
Increased intracranial pressure

iff-.

.

ff1decbamcal

i1fi·-:
~,.

Ventilator malfunction
Disconnection

mortality.44 Certainly, this complication must be recognized
promptly and treated. In patients with reactive airways
disease, sudden development of bronchospasm may occur in
the absence of a precipitating event and result in significant
compromise. As previously mentioned, auto-PEEP is a
dynamic phenomenon that can have adverse effects and
should be periodically checked if the clinical picture is
suggestive of its presence. Acute ETf obstruction is
common in pediatrics, and if it is suspected, the patient
should be reintubated if an attempt to clear the tube is
unsuccessful. The instrumented pediatric airway is difficult
to maintain because of patient size and lack of cooperation.
Slight changes in Elf position can result in right mainstem
intubation or accidental extubation. Finally, an increasing
ETT leak can occur from resolving airway edema or diuresis
resulting in decreased VE or failure to hold PEEP.
General complications of mechanical ventilation are
listed in Table 8-17. The major side effects of CPAP and
PEEP include hemodynamic complications and pulmonary
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barotrauma. Increased intrathoracic pressure leads to decreased systemic venous return resulting in decreased
cardiac output. These hemodynamic effects can be easily
monitored with a pulmonary artery catheter. Esophageal
pressure monitoring can also approximate optimal levels of
CPAP and PEEP. Esophageal pressure should increase
slightly with each increase of CPAP and PEEP until optimal
levels are reached. After that, esophageal pressures will
increase exponentially with only slight increases in CPAP
and PEEP. In addition to producing pulmonary barotrauma,
overdistension increases V D and results in a rising Pac02 .
When faced with progressively worsening ABGs, one
strategy is to cautiously decrease inflating pressures when
the possibility of overinflation is present.

Guidelines for the Weaning Process
Weaning from mechanical ventilation accounts for approximately 40% of the time that critically ill children with
respiratory failure are supported on mechanical venti lation. 99 Weaning patients from mechanical ventilation involves assessing the patient's readiness to wean, optimizing
factors that can facilitate weaning, selecting the appropriate
weaning method, and continually assessing the patient's
progress. 100 Studies have shown that on average, objective
measures based on frequent testing of the patient's ability to
tolerate decreases in ventilator support result in earlier
initiation of weaning. 101 For example, using a preweaning
CPAP trial may help determine if a patient is ready for
extubation, avoiding the weaning process altogether.
The picture of weaning readiness is a collective assessment of improving lung function; sepsis in control; decreasing heart rate, weight and central venous pressure (CVP);
improving cardiovascular performance; good tissue perfusion; less noisy breathing; nutritional balance; and normal
serum albumin and total calcium. 99 Patient response to
weaning includes increasing respiratory rates, decreasing
Pac02> and increasing arterial pH. 99
In the adolescent, adult criteria can be used as guidelines:
a vital capacity of 15 to 20 ml/kg, negative inspiratory force
(NIF) of -20 cm H2 0, tidal volume of 6 to 10 ml/kg, and a
maximum voluntary ventilation (MVV) of greater than
twice the minute ventilation. 102 For pediatric patients, the
best indication for weaning is respiratory rate. Pediatric
patients respond to respiratory compromise by decreasing
tidal volume and increasing respiratory rate. During weaning, regardless of the strategy, the respiratory rate should be
below 2 times the baseline.
The modes most commonly used to wean patients
include CPAP, SIMV, and PSv. Mechanical support is
gradually decreased one parameter at a time until a minimal
amount of support is reached. Usually, the longer a patient
has been supported on mechanical ventilation, the longer the
weaning process. Because of respiratory muscle atrophy, a
period of muscle reconditioning is required before extubation. This is accomplished by progressi vely exercising the
respiratory muscles to rebnild endurance. Chronically ventilated patients are not weaned at night because adequate rest
is critically important to success.
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Starting with the most potentially toxic parameter,
settings can be gradually weaned or the patient can be
switched to PSv. Generally, Ti is returned to normal; the
F102 is decreased by 2% to 10% to maintain a Sp02 greater
than 90%; PIPs are decreased by 2 to 5 cm H20 to the low
20s to maintain VT in the 5 to 7 mUkg range; PEEP is
decreased to 3 to 5 cm H20, provided that oxygenation is
adequate on low F102; and rate is decreased by 1 to 2 breaths
slowly over hours to days (depending on tolerance) to
maintain a Pac02 within normal limits for the patient and to
allow spontaneous breaths without excessive work of
breathing.
When ventilatory rates are weaned to a low rate of
6 breaths per minute in an infant or 4 breaths/min in a child,
or successful trial of 3 to 5 cm H20 of CPAP has been
accomplished, extubation is considered if criteria
are reached-that is, good gases on an FI0 2 less than
0.5, adequate cough and gag, and thin or moderate
consistency in the character of secretions. Note that infants
are extubated from higher rates because of the increased
airways resistance created by the smaller ETT.
The major benefit of PSV is that it reestablishes the
patient's control over breathing, improves patient-ventilator
synchrony, decreases diaphragmatic muscle fatigue, and
reduces the work of breathing. PSV eliminates the shallow
ineffective spontaneous VT associated with progressive
tachypnea and atelectasis that may occur during more
traditional weaning methods.
Curley and Fackler99 identified three patterns of progress
when weaning pediatric patients with acute respiratory
failure from mechanical ventilation-specifically, the sprint,
consistent, and inconsistent patterns: the sprint subset,
weaned in I day; the consistent subset, weaned every day;
and the inconsistent subset, did not wean every day. Patients
at risk for inconsistent weaning are those admitted with a
sepsis/shock ARDS trigger; those discharged with more
functional disability; and those who experienced more days
of mechanical ventilation and had a higher oxygenation
index during weaning.
Although no pediatric protocols currently exist, Kollef
and colleagues 103 showed that protocol-directed weaning
from mechanical ventilation, performed by nurses and
respiratory therapists, was safe and resulted in shorter
duration of mechanical ventilation when compared with a
traditional practice of physician-directed weaning. Protocoldirected weaning resulted in the earlier initiation of weaning
and more rapid progression of weaning to extubation. Key
features include developing a unit-based protocol, strict
entry and exit criteria, nurse and therapist education, and
on-site clinical support.
After extubation, the patient may benefit from a 20%
increase in F102 or nasal/facial CPAP or noninvasive
positive pressure ventilation (bilevel positive airway pressure [BIPAP]) if lung volume is a problem. Nasal/facial
CPAP or BIPAP may help prevent alveolar collapse and is
weaned as tolerated-usually, if the patient struggles more
when it is on, it is time to take it off. The patient is observed
for long-term endurance failure.

~

Box 8-7

Indications for NPPV Support

I. Acute respimtory failure (early intervention to prevent

2.
3.
4.
5.
6.
7.
8.

deterioration as an alternati ve to endotracheal intubation
in patients who can control their airway)
Following endotracheal extubation as a bridge to complete
separation from ventilatory support
Obstructive sleep apnea
Hypoventilation syndromes
Progressive neuromuscular disease
Chronic respiratory failure in which tracheostomy may
not be an option (e.g., cystic fibrosis)
Thoracic cage abnormalities
High-level paraplegic trauma

NPPI/. Noninvasive positive pressure ventilation.

Nasal/Facial Continuous Positive Airway Pressure. Relatively low levels of CPAP can be administered
to spontaneously breathing extubated patients using specialty nasal prongs or masks. The success of this strategy is
variable but may be used as either a continuous or
intermittent bridge to extubation in the chronically ventilated patient. The success of nasal CPAP in infants depends
on the degree of mouth breathing and crying present. The
success of facial CPAP in the child depends on patient
tolerance and a mask that adequately fits the patient. Side
effects include gastric distension; a nasogastric tube can be
used to continuously vent the stomach.

Noninvasive Positive Pressure Ventilation
Commonly referred to as BIPAP, noninvasive positive
pressure ventilation (NPPV) provides ventilatory support by
nasal mask, pillows, or facial mask. Box 8-7 outlines
the still-evolving multifaceted indications for NPPV in the
pediatric population. I04 Generally, NPPV can be used
(I) early in patients with acute respiratory failure to help
stabilize deterioration, (2) as a bridge to unassisted breathing in difficult-to-wean patients, (3) as a treatment option in
patients who require only intermittent ventilatory support, or
(4) as a temporizing agent in patients with end-stage disease
in whom the trajectory of illness is unclear. NPPV candidates should have a patent natural airway and an adequate
respiratory drive. Patients can continue to eat and speak and
are free of the discomfort and complications associated with
an artificial airway.
The NPPV system may be totally patient triggered, or a
ventilator rate may be set. The mode is pressure controlled
with continuous flow that compensates for the leak that
occurs around the mask. Two levels of positive pressure are
set: one for inspiration (lPAP) and one for expiration
(EPAP). This mode allows the ventilator to cycle between
baseline pressure (EPAP) and pressure support (IPAP).
NPPV augments VT in response to a spontaneously breathing patient's inspiratory effort. The degree of support is
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determined by a clinician-selected inspiratory pressure and
expiratory or baseline pressure.
The American Respiratory Care Foundation's consensus
statement on NPPV recognizes two levels of support. Type I
support is defined as providing life-sustaining support that if
terminated could be life threatening. 105 Type II support is
beneficial, but interruption is not life threatening. Patient
placement (ICU/non-ICU) is determined on an individual
case-by-case basis. NPPV can be safely provided out of an
ICU environment when system supports are available, when
the patient's trajectory of illness is clear, when the patient can easily call for help when necessary, and when
the patient is able to maintain spontaneous ventilation
without NPPV.
Complications of NPPV are the same as positive pressure
ventilation (e.g., barotrauma or decreased cardiac output)
but also include facial skin breakdown and the inability to
determine the exact concentration of oxygen delivered.
Nursing care for patients receiving NPPV includes selecting
the appropriate face mask and headgear and then helping the
patient breathe comfortably with NPPV support. The mask
should fit snugly along the lateral boarder of the nose and
rest on the upper lip but not extend more than two thirds up
the bridge of the nose. Inserting pressure-relieving material
(e.g., hydrogels [Spenco Medical Corp., Waco, TX]) between the face mask and bridge of the nose and alternating
different facial appliances may help decrease the severity of
pressure ulcers in this high-risk area.
The patient should be monitored for air leaks around the
mask. Headgear is adjusted to ensure that pressure targets
are achieved, and a chin strap may be needed during sleep
to minimize mouth leaks. The patient should also be
monitored for gastric distension. With NPPV, air may be
swallowed or forced down the esophagus. To manage this,
IPAPs can be decreased (if tolerated), or an NGT can be
used to decompress the stomach. Spo2 monitoring is used to
adjust oxygen concentration.

Negative Pressure Ventilators
Iron lungs, cuirasses, and raincoats create negative abdominal pressure, allowing the diaphragm to distend and draw
air into the lungs (Fig. 8-35). A negative pressure ventilator
(NPV) is pressure controlled; tidal volumes are dependent
on the patient's transthoracic pressure and thoracic compliance. Increased transthoracic pressures augment FRC, limit
intrapulmonary shunting, and improve systemic oxygenation. Tidal volumes can be measured at the patient airway
using a spirometer.
NPVs are generally used for nontracheotomized patients
who cannot tolerate noninvasive positive pressure ventilation. NPVs may be used continuously, intermittently, or at
night to pemlit the patient to rest. Patients with hypercapnic
respiratory failure secondary to alveolar hypoventilation
syndromes or neuromuscular or chest wall mechanical
problems may benefit from NPVs. NPVs may also benefit
the postoperative cardiovascular surgery patient who requires assisted ventilation but would benefit from lower

Fig. 8-35
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Raincoat negative pressure ventilator.

pulmonary artery pressures and enhanced pulmonary and
central venous return.
Blaufuss and Wallace 106 delineated the nursing care
issues involved in caring for patients supported on NPVs.
These patients are at risk for airway obstruction and
pulmonary aspiration. Nasojejunal tubes are recommended
for enteral feedings. Hypothermia secondary to convective
cooling as air is pulled through the collar may become an
issue. Maintaining skin integrity and vascular access requires proactive interventions. Patients commonly experience claustrophobia, helplessness, and sleep deprivation, so
diversional therapy is also very important.

ALTERNATIVE THERAPIES
High-Frequency Ventilation
High-frequency ventilation (HFV) has become increasingly
popular in supporting infants and children with acute
respiratory failure (ARF) who cannot receive ventilation by
traditional means. Conventional mechanical ventilation
(CMV) is not without risk; the delivery of normal VT to a
patient with sick, noncompliant lungs necessitates high
inflating pressures. However, decreased compliance is not a
global phenomenon, and regions of high compliance become overdistended. 107 These extreme swings in airway
pressure, from PIP to PEEP, contribute to the incidence of
pulmonary barotrauma and associated air leak syndrome, for
example, pneumothorax, pneumomediastinum, pneumopericardium, pneumoperitoneum, and pulmonary interstitial
edema (PIE).
With HFV, small VT (equal to or less than Vo ) delivered
at high frequencies maintains constant lung volumes at
airway pressures just above alveolar closing pressure. The
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Direct alveolar
ventila lion

Fig. 8-36 Modes of gas transport during high-frequency ventilation. HFO. High-frequency oscillation. (From Villar J et al:
Non-conventional techniques of ventilatory support, Crit Care
Clin 6:579, 1990.)

lungs stay inflated while both volume and pressure peaks
and valleys associated with continuous forced opening and
passive closing of alveoli are avoided. One potential, but
unsupported, benefit of HFV is the reduction of iatrogenic
ventilator injury while maintaining adequate gas exchange
using similar MAPs but lower PIPs associated with CMY.
Definition. HFV is a broad term used to describe
numerous techniques of ventilation that deliver VT less than
the patient's dead space at supraphysiologic rates. In adults,
HFV is operationally defined as 60 or more breaths/min or
I hertz (Hz). This definition has obvious limitations in sick
infants and children, who normally have respiratory rates
within this range. A better definition for the pediatric
population is the use of ventilatory rates greater than 150
breaths/min at VT that approaches anatomic VD'
Mechanism of Gas Transport in HFV. CMV attempts to simulate spontaneous ventilation by delivering
gas in bulk volume that approximates VT at physiologic respiratory rates. Gas transport in the larger airways
occurs primarily by bulk convection of 3 times V D'
whereas diffusion is important in the terminal airways and
alveoli.
Traditional physiology, based on bulk flow, cannot
explain the mechanism of gas exchange in HFY. In 1915,
Henderson and others noted that when smoke was blown
down a tube, it formed a thin spike; the quicker the puff, the
thinner and sharper the spike. Correlating their observation
to panting dogs, they believed that gas exchange, sufficient
to support life, was possible when VT was less than VD'
lOg
Chang and Harl
identified five mechanisms of gas
transport thought to be important in HFV: (I) convection,
(2) pendelluft flow, (3) Taylor dispersion, (4) asymmetric
velocity, and (5) molecular diffusion (Fig. 8-36).
Convection refers to the bulk flow of inspired gas to the
level of the alveoli. Unlike CMV, HFV delivers VT equal to
at least one half to three quarters of anatomic VD' Direct

alveolar ventilation becomes less pronounced as VT approaches VD' 109 Pendelluft flow refers to interregional gas
mixing or the movement of gas between neighboring lung
units dependent on time constants. Pendelluft flow is
enhanced during HFV and facilitates interregional gas
mixing of adjacent lung units. Taylor dispersion describes
the distribution of gas moving in a column: axial dispersion
and radial diffusion. Gas flowing through a straight tube
forms a parabolic (bullet-tipped) velocity profile, with the
highest velocity occurring at the center. This effect disperses
gas across the front of the moving column of gas (axial
dispersion) and facilitates molecular diffusion around its
periphery (radial diffusion). Asymmetric velociry is the
mixing of inspiratory and expiratory gases in the airway.
Inspiratory gas (02) moves toward the alveoli in the center
of the airway, and expiratory gas (C0 2) moves away from
the alveolus along the periphery. Molecular diffusion, the
process of gas transport across the alveolar pulmonarycapillary membrane, is the primary mechanism of gas
transfer between the alveolus and blood. The literal shaking
of the chest during HFV probably enhances molecular
diffusion.
Although gas transport during HFV is thought to be a
function of all five mechanisms, observations made in the
laboratory setting using rigid uniform cylinders cannDt be
applied to humans with a complex tracheobronchial tree.
The exact mechanisms of gas exchange in HFV are
controversial but probably vary in different areas of the
lung, in different disease states, and with different techniques employed.
Classification. The early days of HFV were characterized by device confusion, that is, a technology in
search of a disease. 110 Since that time, a variety of HFV
techniques have been used in clinical trials. Four techniques are in clinical use today: high-frequency positivepressure ventilation (HFPPV), high-frequency jet ventilation (HFlV), high-frequency flow interruption (HFFI), and
high-frequency oscillation ventilation (HFOV). Table 8-18
provides an overview of these techniques. When analyzing
research related to HFV, the method of HFV, as well as the
ventilation strategy, is important.
HFPPV, considered by many to be an extension of
CMV, employs a standard ventilator modified with lowcompliance tubing so that adequate VT can be delivered
using short Ti. 109 Flow is intermittently delivered to the
patient through a pneumatic valve located at the airway.
Effecti ve ventilation can occur within an open or closed
system. When closed, the system allows an accurate
determination of VT because environmental air entrainment
does not occur. Tidal volume is delivered via a standard ETT
with the inspiratory phase the only active phase of the
respiratory cycle. Expiration is achieved by passive lung
recoil. Ventilation frequency, V T , F102 , and Ti can be
controlled. Starting frequencies are usually in the range of
60 to 120 breaths/min (I to 2 Hz), VT of 3 to 4 mllkg, and
Ti of 20% to 33%."1 Heijman and co-workers 112 cautioned
that high frequencies may limit VT and compromise actual alveolar ventilation despite an increase in minute
ventilation.
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Overview of High-Frequency Ventilation Techniques
HFPPV

HFJV

HFFI

HFOV

High-pressure gas source
Continuous or valved
fresh gas flow
>V o
Passive
Variable

High-pressure gas source
Jet catheter with continuous fresh gas bias flow
xV o
Passive
Triangular

High-pressure gas source
Valved flow interrupter

xV o
Passive
Triangular

Piston pump
Continuous fresh
gas flow
<Vo
Active
Sine wave

None
60-120
(1-2 Hz)
Siemens

Yes
60-600
(1-10 Hz)
Bunnell
Universal

None
300- 1200
(5-20 Hz)
Emerson
Infant Star

None
60-3600
(1-60 Hz)
Hummingbird
Sensormedics

iWi,Pata from Coghill CH, Haywood IL, Chatburn RL et al: Neonatal and pediatric high-frequency ventilation: principles and practice, Respir Care
1Ij[36:596-609, 1991: Martin LD, Rafferty IF, Walker LK et al: Principles of respiratory support and mechanical ventilation. In Rogers Me. ed: Textbook
i1i'P/pediatric intensive care, Baltimore, 1992. Williams & Wilkins. pp 134-203.
~!:~FPPV. High-frequency positive-pressure ventilation; HFJV. high-frequency jet ventilation; HFFI, high-frequency flow interruption: HFOV.
~ll~gh-frequency oscillation ventilation.
l;:;i;~~

HFJV delivers small bursts of gas from a high-pressure
source into the patient's trachea through an injector port
of an Err designed specifically for jet ventilation (Fig.
8-37, A). The burst of gas, representing inspiration, is the
only active phase of the ventilatory cycle; expiration
depends on passive lung recoil. Tidal volumes are generated
by the jet volume plus varying volumes entrained by a
Venturi effect from a parallel continuous low-pressure flow
circuit. Entrainment occurs when the jet burst entering the
airway under high pressure creates an area of low pressure behind the entry point. Gas from the upper airway is pulled into the low-pressure area, giving additional VT to each jet pulse. The volume delivered depends on ventilator settings and pulmonary mechanics,
such as airway resistance. The presence of a large backpressure may impede gas entrainment and jet flow. Frequencies range from 4 to IO Hz. Concerns with this mode
of HFV include providing adequate humidification and
the need to reintubate a critically ill patient with the
special ETT.
HFFI, considered a hybrid of HFJV, provides small
bursts of gas at high frequencies into the ventilator circuit
rather than the patient's trachea. Ventilation occurs through
the interruption of high-pressure gas flow by either a shutter
system or rotating ball device (see Fig. 8-37, B). Compared
with HFJV, humidification is better, a special ETT is
unnecessary, and gas entrainment does not occur. 113 Frequencies can be adjusted to 20 Hz.
HFOV uses a piston acting across a low-bias flow circuit
to deliver small volumes of gas through a standard Err (see
Fig. 8-37, C). Gas is pushed in, and as the direction of the
piston reverses, similar volumes are extracted from the lung.
The primary difference between HFOV and other modes of
HVF is that exhalation is active, not entirely dependent on
passive lung recoil. Active exhalation not only enhances
CO 2 removal but also reduces the incidence of stacking of
breaths causing inadvertent increases in lung volume. I 14

Because of the active exhalation phase, very fast rates from
60 to 3600/min or I to 60 Hz can be used.
Equal power is applied to both inspiratory and expiratory
phases. As long as the inspiratory and expiratory time
constants of the lungs are equivalent, equal volumes of gas
are delivered and extracted. Time constants are rarely equal,
and at 50% Ti at high frequency, air trapping can occur,
resulting in an increase in lung volume. As long as Ti is less
than 40% of the respiratory cycle, mean alveolar pressure
will not exceed mean proximal airway pressure. I 15
Oscillatory ventilation holds lung volume constant,
which not only eliminates potential mechanical damage
from the opening and closing of the delicate small airways
and alveoli but also eliminates the need for high peak
pressure breaths needed to reopen closed alveoli. Lung
volume is held relatively constant to enhance alveolar
recruitment.
Clinical Issues. Coghill and colleagues 109 noted that
regardless of the technique used, the most consistent
observation in HFV is that CO2 elimination is usually easily
accomplished. CO2 elimination is related to both VT and
frequency; but unlike CMV, VT appears to be more
important in HFV.
Delivered VT increases with Err size and decreases with
frequency. I 13 In HFPPV and HFN, Pacoz increases when
the frequency passes a threshold level as a result of
decreased delivered VT . Insufficient expiratory time «66%)
will cause an increased lung volume and impedance to lung
inflation at higher frequencies. During HFOV, increasing the
frequency will decrease the Pacoz until a plateau is reached.
HFOV eliminates COz faster than expiratory-passive forms
of HFV. In HFJV, the position of the jet cannula tip in the
airway is also an important factor; the closer the tip is to the
carina, the better the COz elimination.
As in CMV, MAP and its correlate-lung volumelargely determine oxygenation. Compared with CMV, some
proponents of HFV believe that oxygenation can be
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Fig. 8-37 A, Schema of high-frequency jet ventilation system.
B, Schema of high-frequency flow interruption system. C, Schema
of high-frequency oscillatory ventilation system. (From Chatbum
RL: High-frequency ventilation. In Blummer JL, ed: A practical
guide to pediatric intensive care, ed 3, St Louis, 1990, Mosby,
pp 957-958.)

accomplished using lower MAPs. However, MAPs measured at the proximal airway are probably different than
alveoli pressure. I 16 Comparisons of oxygenation between
CMV and HFV at similar proximal airway pressures have
not necessarily ensured equivalence of mean alveolar
pressure and lung volumes. I I I PIPs are lower with HFV
because of smaller delivered VT'
During CMV, there is a gradual increase in alveolar
pressure during inspiration. At end inspiration, alveolar
pressure may become supraatmospheric and restrain pulmonary capillary blood flow. Increased intrathoracic pressure

associated with positive pressure ventilation also decreases
venous return, stroke volume, and cardiac output. Attempts
to limit these adverse circulatory effects prompted enthusiasm for HFV. However, studies comparing cardiac output
and other hemodynamic variables during HFV and CMV at
equal mean alveolar pressures in animals have failed to
reveal significant differences. III
The effects of HFV on the pulmonary circulation and
V/Q matching have not been adequately defined. Humorally
mediated attenuation of the hypoxemic pulmonary vasomotor response during HFV may contribute to pulmonary
venous admixture and arterial desaturation. 111
In the setting of intracranial hypertension, the negative
impact of high intrathoracic pressure on cerebral circulation
is well documented. Decreased respiratory variation in
intrathoracic and central vascular pressures during HFV
should diminish phasic swings in ICP. Total and regional
blood flow does not appear to be different during HFV
and CMV.
The early use of HFJV was complicated by necrotizing
tracheobronchitis (NTB) characterized by epithelial erosion,
loss of ciliated cells, squamous cell metaplasia, and infiltration of the mucosa by neutrophils. lo7 Symptoms of NTB
include acute airway obstruction and aspiration of necrotic
debris from the airway. Possible pathogenesis of NTB
includes inadequate humidification of delivered gas and
extremely high-velocity jet flows. 1I3 Although data conflict
regarding the effect of HFV on mucociliary transport,
without adequate humidification, mucous clearance becomes a problem.
Studies investigating the effects of HFV on lung water
and edema formation have produced contradictory findings.
Pulmonary compliance and surfactant activity have been
studied and suggest that mechanical pressure-volume relationships and surfactant activity of the lung are not
negatively influenced during HFV. III
Eucapnic apnea has been observed with HFV. This
apneic state associated with HFV is mediated by chest wall
receptors and vagal afferent fibers and appears to be
independent of chemical respiratory drive and lung volume
changes.
Clinical Applications_ Compared with the neonatal
population, the use of HFV in infants and young children
has received less attention. Although the benefits of HFV in
pediatrics are unproved, pediatric applications include
major pulmonary air leaks, interstitial pneumonia, ARDS,
and congenital diaphragmatic hernia. II 0 Research is needed
to determine when, if, and what type of HFV can improve
patient outcome. Using HFOV and an aggressive volume
recruitment strategy, Arnold and co-workers 117 demonstrated an improvement in oxygenation and a lower
frequency of barotrauma compared with conventional
ventilation.
The most persuasive indication for HFV is pulmonary
air leak. Bronchopleural fistulas, major airway disruptions,
and pneumothoraces respond favorably to HFV. 1I8 Healing of disrupted airways occurs more rapidly in the presence of lower tidal swings in airway pressure associated
with HFV. III
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HFPPV and HFJV have been used in short-term support
of ventilation during airway procedures such as bronchoscopy and laryngoscopy. Airway visualization is enhanced
and ventilatory motion is decreased with these techniques
of HFV.
Nursing Care of a Patient Supported on HFOV.
Nursing care of the patient supported on HFOV centers
around vigilance in monitoring and in preventing complications. 1l9 Although monitoring is critical, constant vibration of the child's body and noise from the ventilator limit
traditional assessment methods. Auscultation of heart,
breath, and bowel sounds is difficult if not impossible. The
only time auscultation is possible is during a suctioning
procedure when the patient is being hand ventilated. Most
patients on HFOV are chemically paralyzed and sedated.
Because it is difficult to detect fine movements that hallmark
the need for additional chemical paralyzing agent, continuous infusions guided by peripheral nerve stimulation provide a more reasonable approach to the use of chemical
paralysis in this population. Electroencephalograms (EEGs)
cannot be used to assess for the presence of seizure activity.
Possible autonomic symptoms of seizure activity include
cyclic increases in heart rate and blood pressure, dilated
pupils, and, possibly, worsening blood gases.
Impaired Gas Exchange: Hypoxemia and Hypercapnia. The goal of HFOV is to reduce or eliminate
hypoxemia and hypercapnia using similar MAPs but lower
PIPs than used with CMV while minimizing the risk of
barotrauma and oxygen toxicity. Frequent ABGs are necessary with the initiation of therapy but should be delayed
because changes in ventilator settings may take up to an
hour to be reflected in the patient's ABGs. Baseline ABGs
are individualized; lower Pa02 «50 mrnHg) and higher
Pac0 2 (>70 mmHg) may be tolerated as long as the pH
remains greater than 7.25. Acidosis is managed with
trometharnine (THAM), a non-C02 -generating buffer. Spoz
monitoring provides an ongoing trend in oxygenation.
Oxygenation profiles provide data regarding the adequacy
of 002 compared with Voz.
Improved Oxygenation: Optimize Lung Volume.
To ensure adequate alveolar recruitment, the MAP is
initially set 5 to 8 cm H20 higher than that required on
CMy' IZO The MAP is increased in 1- to 2-cm HzO
increments until the Sp02 is greater than 90% with a baseline
FI02 of 0.6 or until overinflation is evidenced on chest x-ray
film. Appropriate MAPs will increase alveolar recruitment
and lung volume and thus oxygenation, whereas excessive
MAPs will cause overdistension, air trapping, and V10
mismatch and impair oxygenation.
Ventilation strategy for the manipulation of MAP varies
among disease categories. I10 The goal in a patient with
diffuse alveolar disease (DAD) characterized by a noncompliant, surfactant-deficient lung is high volwne. Alveolar
recruitment to maintain optimal lung volume is a priority;
thus high MAPs are used while the FIOz is maintained less
than 0.6. The goal in air leak syndrome (ALS) is low
voillme, to promote lung healing and recovery. Attempts are
made to decrease or maintain MAPs until air leak is resolved
tolerating higher F102'
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Patient supported on high-frequency oscillation ventilation in prone position.

Fig. 8-38

Other factors to be considered include improving Do z,
limiting Voz, and altering pulmonary mechanics; for example, sedation, muscle relaxants, repositioning, suctioning,
and managing bronchospasm. If chest wall vibration suddenly decreases, decreasing lung compliance, pneumothorax, additional atelectasis, ETT obstruction or malposition,
and hyperinflation with V10 mismatch are considered.
Prone position may improve V/O matching (Fig. 8-38).
"Best" positioning is reevaluated daily as patient tolerance
permits.
Improve CO2 Elimination: Frequency and Tidal
Volume. As discussed, alterations in VT will have a much
greater effect on CO 2 elimination than changes in frequency.
Adjusting the oscillatory amplitude, which is the power
control, controls CO 2 elimination. Power is responsible for
the volume of air exchanges with each oscillatory cycle. The
power is adjusted until adequate chest wiggle, that is, LlP,
VT' is achieved. Given the attenuation of airway pressure
from the proximal airway to the distal airways, predicting
exactly how much pressure is transmitted to the lungs is
very difficult. Presumably, the larger the ETT, the greater the
pressure transmission.
Starting frequencies employed with HFOV (which approximate the resonant frequency of lung) are 15 Hz in
neonates and 5 to 10 Hz in older children. If maximum 6.P
is unable to improve ventilation in older children, a
secondary strategy includes decreasing frequency and increasing power to increase VT and expiratory time. If an
elevated Paco z persists, a 10% increase in VT can be
obtained by increasing the Ti toward 50% of the cycle. This
maneuver is used with caution because higher frequencies
and Ti close to 50% may result in increased lung volume and
stacking of breaths. Follow-up chest x-ray films are used to
assess for overinflation.
Weaning. The patient's lung compliance often improves rapidly and requires aggressive weaning of the
airway pressure to avoid overdistension and development of
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pneumothoraces. Signs of improvement are often subtle,
that is, increase in the percent piston displacement using the
same power, improved tolerance to hand ventilation and
procedures, improving Sp02 with an H0 2 less than 0.6, and
resolving air leaks. Frequency is not weaned even in the
event of an improved patient condition. Airway pressure is
decreased by 1- to 2-cm increments every 12 to 24 hours,
followed by close observation. In the event of decreasing
Sp02 and lower Pa02, a chest x-ray film is justified to assess
for atelectasis from the decrease in MAP. Increasing the
MAPs back to the original settings or perhaps I to 2 cm
higher helps reexpand collapsed alveoli.
No guidelines help determine the best time to return to
CMY. CMV may be reinitiated when MAPs are weaned to
15 to 20 cm H20 with an FI02 of less than 0.6, air leaks are
resolved, chest x-ray film has improved, and the patient is
able to tolerate suctioning without prolonged periods of
desaturation. 121 Some patients have been extubated directly
from HFOV without returning to CMY.
Potential for Injury. Pulmonary toilet for the patient
on HFOV is challenging for several reasons; in addition to
the lack of indicators (breath sounds cannot be auscultated,
and high peak pressure ventilatory alarms do not exist),
patient tolerance is extremely low as demonstrated by
prolonged periods of recovery after suctioning. Although the
patient receiving HFV does not seem to require more
frequent suctioning than the patient receiving CMV, the
effectiveness of HFV is extremely sensitive to a buildup of
secretions in the ETI. 114
Frequency of suctioning depends on the disease, fluid
balance, recent chest x-ray film findings, ABGs, and Sa02.
Initially, patients with alveolar disease may require suctioning once daily and then progress to every 12 hours as
tolerated; patients with ALS may need suctioning as little as
every 24 to 36 hours.
Because most patients are intolerant of suctioning, the
procedure may include premedication with lidocaine and
preoxygenation with the ventilator by increasing the FI02 to
1.0 and MAPs 2 to 4 cm H20 15 to 20 minutes before
suctioning. Because it is impossible to mimic the ventilatory
pattern or rate of HFOV, the oscillator is turned off, and the
MAP is maintained during the suctioning procedure. A
minimal number of suction passes are made using an in-line
suctioning device. Vibrations are used if the patient's
platelet count is greater than 50,000 and the patient is
hemodynamically stable.
Because oxygenation is critically dependent on lung
volume, rerecruitment procedures may be necessary after
the suctioning procedure. After the patient reaches presuctioning Spo2' the FI02 and MAPs are returned to baseline as
tolerated.
Patients supported on HVOF are at high risk for
aLterations in skin integrity secondary to immobility.
Eggcrates are used, whereas air mattresses are avoided
because they may affect the resonant frequency of the chest.
The ventilator is moved from one side of the bed to the other
every 12 to 24 hours so that the patient's head can be fully
repositioned. Lastly, these patients also experience an
increased number of radiologic procedures and require strict
maintenance of shielding techniques.

Optimal Sensory Perception. The loud cadence of
HFOV, along with other ICU monitoring devices, often
results in an altered sleep and rest pattern. Earshields,
earpl ugs, and music are used in a therapeutic manner to
hallmark "safe times."
Altered Coping: Child and Family. Stress precautions are taken to help control the environment for these
liable infants and children. In addition to the stress related to
having their child require an extraordinary level of care,
parents require support in understanding the apparently
unnatural breathing pattern. Data regarding the memories
of children supported by this ventilatory strategy are
nonexistent.

Extracorporeal Membrane Oxygenation
Despite significant advances in ventilator therapy, some
patients with ARF will fail to respond and die unless
alternative therapy is available. l22 Extracorporeal membrane oxygenation (ECMO) is prolonged cardiopulmonary
bypass performed at the bedside. It is an alternative
intervention for patients in profound respiratory or cardiopulmonary failure who are refractory to maximal conventional therapies. ECMO supports the cardiopulmonary
system so that toxic high positive airway pressures and
levels of oxygen can be avoided while permitting resolution
of a reversibLe pathologic condition.
ECMO is considered "standard rescue therapy" in
supporting critically ill neonates in ARE Based on its
success in the neonatal population, some centers have
extended the use of ECMO to a carefully selected group of
pediatric patients. 123 However, some very important differences exist between these two patient populations: pulmonary vascular reactivity significantly decreases after 2 weeks
of age; diseases that cause pediatric ARF are not as
homogeneous as those that cause neonatal ARF; and most
causes of pediatric ARF involve pulmonary parenchymal
dysfunction. In the pediatric population, ECMO is not
considered "rescue" therapy but a supportive intervention
that may prevent iatrogenic injury related to oxygen and
ventilator support. 124
Current Application. There are no precise indications for ECMO in the pediatric population. ECMO
may be helpful in a pediatric patient with reversible
disease that can be resolved within the feasible time
limit for maintaining ECMO. A typical pediatric ECMO
course for pulmonary support is usually much longer than
a pediatric ECMO course for cardiac support-2 to 4
weeks compared with 4 to 5 days. ECMO may be
considered when the disease trajectory is directed toward
the patient's demise, the patient is refractory to maximal
conventional therapy, and there is still potential for good
neurologic outcome. Maximal conventional therapy, ill
defined and controversial among centers, includes optimal ventilator, pharmacologic, or surgical therapy. In
describing maximal conventional ventilation, the "process
of care" becomes important. Some centers derive excellent results from alternative ventilator management techniques-some with high-frequency ventilation, and others
with ECMO. The success of anyone therapy at a
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Box 8-9

~ . Contraindications ofECMO Support

.

Multisystem organ failure
Severe neurologic damage
Irreversible lung damage
Greater than 7-10 days on high ventilator pressures and

Evidence of a significant intrapulmonary right-to-left
shunting; >30% during maximal conventional therapy
Static compliance <0.5 ml/cm H,o/kg
Pa02 <50 mmHg; Paco 2 >50 mrnHg with MAPs >18 cm
H2 0, barotrauma, hypotension/arrest
Alveolar-arterial O2 gradient (A-aD0 2 ) >580 with PIPs >40
cm H2 0 will predict 8I % mortality in children
Oxygenation index (01) >0.4 predicts 77% mortality in
children
Present twice more than 30 minutes apart despite maximal
conventional therapy

FI02

Prolonged period since injury occurred
Slow escalation of therapy
Bronchoalveolar lavage and biopsy: increased
macrophages
Prolonged shock (base deficit -5; oliguria; decreased MAP
for> 12 hours)
Current or prior cardiac arrest with unknown neurologic
status
Condition incompatible with normal healthy childhood
(institutional care, incurable disease, metastatic cancer)

ECMO, Extracorporeal membrane oxygenation; MAPs, mean airway pressures.

particular institution may not be able to be replicated in
another.
Pediatric ECMO has been used successfully to support
patients with reversible single-organ failure, that is, ARF
before iatrogenic lung injury or multisystem organ failure
(MSOF) develops or to support patients after cardiovascular
surgery for congenital heart disease (see Chapter 7). Criteria
for patients with pulmonary dysfunction are difficult to
establish because the specificity of various measures is not
exact; most criteria are unit dependent (Box 8-8). One
common theme is that the patient will die of reversible ARF
unless ECMO is offered.
Compared with indications, contraindications of ECMO
support are easier to identify. Factors include those that
preclude a quality outcome or a successful ECMO run
(Box 8-9). Identifying reversible pulmonary disease is
difficult. In children, diseases that cause respiratory failure
leading to interstitial inflammation may result in pulmonary
fibrosis and necrosis. Lung biopsy or documentation of fixed
pulmonary vascular resistance may be necessary to rule out
irreversible lung damage. The extent of pulmonary fibrosis
is related to the severity and duration of the interstitial
inflammation, as well as to the duration of high positive
airway pressures from mechanical ventilation. Typically, a
patient's primary problem will shift from respiratory failure
to ventilatory failure when fibrosis becomes significant.
ECMO Circuit. There are two options when providing
ECMO support: venoarterial (VA) and venovenous (VV). In
VA ECMO, blood is drained from the venous circulation via
a cannula placed in the right atrium, and oxygenated blood
is returned to the arterial circulation through a cannula
placed in the aortic arch. In VV ECMO, blood is drained in
a similar manner, but oxygenated blood is returned to the
venous circulation through a cannula commonly placed in
one of the common femoral veins. A double-lumen cannula
(DLC) (Kendall Healthcare Products, Mansfield, Mass.)
placed in the right internal jugular vein has been used
successfully to provide VV support. 125 Use of the DLC is
currently limited by the 14 Fr cannula size, which can only
accommodate neonates of up to 4 kg. Larger and smaller
cannula sizes are under development.
Although VA ECMO is currently more widely used, VV

ECMO, Extracorporeal membrane oxygenation; MAp, mean airway pressure.
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Box 8-10

.

Comparisons of VA andVVECMO·

VA ECMO
Provides cardiac and pulmonary support
Decompresses the pulmonary vascular bed
Carotid artery is used
Potential lethality of emboli
Coronary artery blood flow is derived from the left ventricle
«Pao2 )
WECMO
Provides only pulmonary support-does not supporr cardiac
function
Normal pulmonary circulation is maintained
Can sti II assess pulmonary artery pressures-<:annot use
thermodilution cardiac output
Provides higher Sv0 2 saturations to the pulmonary vascular
bed, so it may help decrease PYR and heal the lung
May require a 20% increase in flow to compensate for
"pump recirculation"
Requires standard ventilator management
Selective perfusion is not a problem-myocardial circulation
maintained
Normal pulsatile pulse contour is maintained
Carotid artery is spared
May develop problems with the femoral vein related to
chronic venous insufficiency or edema
Longer cannulation time-two sites
Less concern over emboli-returning blood to the venous
system
ECMO, Extracorporeal membrane oxygenation; PVR, pulmonary vascular

resistance; VA, venoarterial;

vv,

venovenous.

ECMO is gaining popularity. Box 8-10 contrasts the major
differences between VA and VV ECMO support. Contraindications to VV ECMO include the patient in cardiac failure
and the patient with inadequate venous access. An advantage of VV ECMO is that it may limit the physiologic
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consequences of microemboli. Most children receIving
long-term VAECMO support die of MSOF, probably related
to microemboli from the ECMO circuit.
Regardless of whether VA or VV ECMO is used, the
ECMO circuit remains the same (Fig. 8-39). Blood is
drained by gravity from the venous cannula in the right
atrium down to a 30- to 50-ml polyethylene bladder that is
servoregulating the hemopump. This venous reservoir is in
direct contact with a microswitch that can sense a decrease
in bladder size, indicating a diminished venous blood
supply. Insufficient drainage into the bladder causes the
bladder to collapse, which automatically shuts off the pump.
Known as "bladder chalter," this may be a result of
hypovolemia; excessive flow; or a kinked, malpositioned, or
inadequately sized drainage cannula. Failure of the pump to
shut off in response to a loss of venous blood supply could
result in air emboli or right atrial suction.
From the bladder, blood is drawn into a hemopump,
where either a centrifuge or roller pump propels the blood
forward. Pump flow regulates the volume of blood sent
through the oxygenator; as a result, the pump flow also
regulates the patient's Pa02 . The flow is usually maintained
at 70 to 120 ml/kg/min. The blood is pumped into the
membrane oxygenator for oxygenation and CO2 removal.
The membrane oxygenator is a flat silicone envelope tightly
wound into a coil that divides the membrane into two
compartments; ventilating gas flows down on one side, and
blood is pumped up on the other. Oxygen, measured in liters
per minute, is administered via a sweep gas. Because the
membrane is 6 to 7 times more permeable to carbon dioxide
than oxygen, carbogen (5% carbon dioxide and 95%
oxygen) is usually added to prevent or correct hypocapnia.
Premembrane and postmembrane pressures are monitored
for the early detection of circuit malfunction. Premembrane
pressures are kept below 300 mmHg to avoid red cell and
platelet destruction; postmembrane pressures should be
between 200 and 300 mmHg. A rise in postmembrane
pressures indicates occlusion or kinking of the return
cannula.
Arterialized, the blood leaves the oxygenator and flows
into the heat exchanger, which in the pediatric patient may

be housed within the oxygenator. Blood flows through
seven stainless steel rods that are surrounded by a water
bath warmed to 39° C. This temperature allows ambient
cooling as the blood returns to the patient through the
return cannula placed in the right common carotid artery
(aorta) in VA ECMO or through the selected venovenous
cannula in VV ECMO.
The "bridge" links the drainage and return lines.
This connection allows the patient to be excluded from
the ECMO circuit without fear of blood stasis and
associated clot formation. Clamped during ECMO support,
the bridge is opened during elective or emergent isolation
from ECMO.
Cannulation. ECMO cannulation is a surgical procedure performed in the PICU. The patient is chemically
paralyzed to avoid respiratory movement, which may
precipitate an air embolus during venous cannulation.
Fentanyl (20 Ilg/kg) is used for anesthesia, keeping the heart
rate and blood pressure within a tight 10- to 20-point
range. 126 The surgical team, including scrub nurse, controls
the sterile environment, which includes the surgical space,
instrument tables, suction, and electrocautery; all personnel
within 6 feet ofthe operative field wear caps and masks. The
bed is raised to facilitate venous drainage, and the patient is
positioned with a roll under the shoulders and the head
turned to the left for neck cannulation. Routine prepping and
draping are performed.
The critical care nurse maintains access to the patient,
including the airway and preferably a large-gauge central IV
line to administer emergency medications, platelets, and
heparin. Access to the arterial line is desirable but is not
always possible. Concentrated platelets (amounts varies
with circuit size) is administered as the sternocleidomastoid
incision is opened. The carotid sheath is exposed, and the
vessels are isolated. The largest possible venous cannula (16
to 28 Fr) is selected and inserted into the right internal
jugular vein. The large cannula size and multiple side ports
usually allow venous drainage equivalent to the normal
resting cardiac output of most patients. The arterial cannula
(12 to 22 Fr) has one large distal opening and is inserted into
the right common carotid artery. Heparin, 30 Ulkg, is

Fig. 8-39 ECMO circuit: from the right atrium, blood
drains by gravity to a blood reservoir, is pumped to the
membrane oxygenator, heated, and then returned to the
patient.
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administered intravenously as the cannulas are inserted. In
VV ECMO, a separate surgical team cannulates the femoral
vein. An alternate cannulation site in the cardiac surgical
patient includes a transthoracic approach. Another unit of
concentrated platelets is administered as the incision(s)
is(are) closed.
When cannulation is complete, the patient is connected to
the ECMO circuit, the clamps are released, and the ECMO
flow is started at 100 ml/min. ECMO flow is gradually
increased over 5 to 10 minutes to a rate of 80 to 120
mUkg/min while the adequacy of venous return and Spo2 are
assessed.
As VA ECMO flow increases, inotropic support can be
gradually weaned. By increasing the nonpulsatile flow in VA
ECMO, it is possible to assume approximately 80% of the
patient's cardiac output, which is evidenced by a narrowing
of the arterial pulse pressure (Fig. 8-40). Hypertension and
bradycardia may result from a too rapid increase in VA
ECMO flow or too slow an inotropic wean. Time may
resolve these effects, but antihypertensive medications, for
example, hydralazine 0.1 to 0.4 mg/kg IV, may be
necessary.
In VV ECMO, no change should occur in the patient's
pulse pressure. Inotropic agents usually cannot be immediately weaned, and continuous mixed venous saturation
monitoring (Sv0 2) of the drainage line is used to assess for
pump recirculation. The goal is less than an 80% Sv0 2 in the
drainage line. Pump recirculation is suspected when the
Sv02 of the drainage line is equal to or greater than SP02'
After the incisions are dressed, the patient is repositioned. The patient's head is placed in a midline position.
Nursing Care of a Patient Supported on ECMO.
Care of the patient requires the ability to rapidly assess a
complex critically ill patient and intervene appropriately
using clinical practice guidelines. Throughout the ECMO
course, the nurse works in collaboration with other members
of the team and side by side with the ECMO specialist.
The bedside nurse is responsible for the overall care of
the patient. The ECMO specialist performs all circuit
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manipulations, adjusts the level of anticoagulation, and
regulates pump flow within the parameters set by the
physician. 127 Although the ECMO specialist administers
medications through the circuit, the nurse is responsible for
preparing the correct drug dose, properly diluted and
correctly labeled, before giving it to the ECMO specialist
for administration.
Impaired Gas Exchange. The patient remains intubated and ventilated while supported on VA ECMO, but
minimal ventilator settings are used to avoid further
barotrauma. These settings are individualized but usually
include PIPs of less than 35 cm H 20, PEEP of 8 to 12 cm
H 20, and Fl0 2 of 0.21 to 0.40. The ventilator rate may be set
at 5 to 10 breaths/min with a tidal volume of less than or
equal to 8 ml/kg. Patients are not routinely chemically
paralyzed, so normocapnia will continue to stimulate
respiratory efforts and help to maintain respiratory muscle
tone and coordination.
The underlying disease, the patient's immediate condition, and progress dictate individualized pulmonary toilet
and airway care. Suctioning may be needed as often as every
3 hours or may be therapeutically delayed to once every
12 hours. Manual deep inflation breaths help to maintain
alveolar volume. Lung compliance and aeration are assessed
with every pulmonary intervention. Aggressive bronchial
hygiene is often limited because of systemic heparinization,
but with adequate platelet counts, it may be safely accomplished. Bronchoscopy and bronchoalveolar lavage can be
helpful if persistent areas of atelectasis and consolidation
are present. Bronchodilators-for example, albuterol and
terbutaline-may be helpful in the bronchospastic patient.
Arterial and mixed venous blood gases are closely
monitored. With an ECMO flow rate of 100 ml/kg/min,
arterial blood saturation should be greater than 95%. The
mixed venous blood gases should have a normal pH, a Pv02
greater than 37 mrnHg, and Svo2 of 70%. In VA ECMO,
adequate Pa0 2 levels are accomplished through manipulating the ECMO flow rate. The higher the rate, the more blood
that interfaces with the membrane oxygenator, resulting in a
higher Pa02. Adjustments for Pac02 levels are made through
the addition and manipulations of carbogen. With the
inclusion or increase of carbogen, there is also an infusion
of additional oxygen, so the oxygen sweep gas may need to
be decreased. In summary, to increase the Pa02' the blood
flow is increased; to decrease the Pac02, the gas flow is
increased.
Care of the patient supported on VV ECMO is similar to
the care of the patient supported on VA ECMO. With normal
pulmonary blood flow, the lungs contribute significantly to
gas exchange. Ventilator settings are maintained at settings
that avoid iatrogenic injury. Pulmonary toilet is aggressive;
arterial and venous blood gases dictate changes in ventilator
management. There are fewer manipulations of the ECMO
flows and sweep gases than on VA ECMO.
Daily chest x-ray films reflect the disease process and
document patient progress. Complete opacification, or
"white out," is common for the ECMO patient. This
phenomenon is thought to be related to the sudden
withdrawal of distending airway pressure on conversion to
ECMO and to the blood-circuit surface interaction that
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initially causes the release of vasoactive substances. 128 Both
changes are associated with generalized capillary leak and
interstitial pulmonary fluid shifts. This condition may
further compromise the pulmonary status during the first 24
to 48 hours of ECMO support.
Iatrogenic complications of maximal mechanical ventilation before ECMO-that is, pneumothoraces-are not
uncommon. If a pneumOlhorax were to develop while the
patient was supported on VA ECMO, signs and symptoms
would include an increase in Pa02 and a decrease in
peripheral perfusion, followed by a decrease in venous
drainage and progressive hemodynamic deterioration. The
presence or absence of air leaks is documented. Persistent
pulmonary air leaks may be managed by decreasing the
mean airway pressure to just under the pressure associated
with an air leak. Chest tube patency is maintained with
water-seal drainage or suction set at 20 cm H2 0. Stripping
of chest tubes is controversial, especially in the heparinized
patient. All chest tube drainage is documented and may
require colloid replacement.
Alterations in Cardiac Output. The ECMO circuit
contains approximately twice the blood volume of the
patient. VA ECMO flow overrides the patient's inherent
cardiac output, which significantly narrows the pulse
pressure. Once the pulse pressure is lost, the mean arterial
pressure guides nursing interventions, inotropic support, and
fluid administration. Norn1al mean arterial pressure is age
dependent, but a value greater than 60 mmHg is considered
baseline. Even though resuscitative events before ECMO
often leave the patient in a positive fluid balance, equilibration between the patient's own circulation and the ECMO
circuit often requires additional colloid.
Hypotension may result from hypovolemia, an insufficient flow rate, and sepsis-related vasodilation, or oversedation. Associated clinical signs include pallor; prolonged
capillary refill; cool, mottled extremities; and decreased
urinary output.
Persistent hypovolemia, evidenced by a decreased mean
arterial pressure, frequent "bladder chatter," and Svo2 less
than 70%, requires volume administration. Packed red cells
(PRCs), fresh frozen plasma (FFP), or 5% albumin 10 to 20
mllkg may be given to maintain the mean arterial pressure
and hematologic parameters. After volume expansion, the
use of vasopressors, such as dopamine, may be considered.
Hypervolemia, inadequate sedation, or excessive environmental stimuli may be primary or secondary causes of
hypertension. Diuretics, antihypertensives, or sedatives are
used; stress precautions are enforced; and the underlying
cause for hypertension is investigated and managed.
Hypervolemia may result from pre-ECMO resuscitative
efforts, fluid retention caused by prerenal oliguric states, or
third spacing from capillary leakage resulting from sepsis. A
diuretic regimen, sometimes accompanied by the use of
25% albumin, may be employed.
Idiopathic hypertension is common in the pediatric
ECMO patient. The nonpulsatile flow, characteristic of VA
ECMO, downloads baroreceptors. The kidneys may also
interpret the nonpulsatile flow as a low-flow or hypotensive
state, stimulating renin release and activation of the

renin-angiotensin and aldosterone system. The net result is
vasoconstriction and sodium and water retention. With
normal pulmonary vascular resistance, overriding the patient's inherent cardiac output with VA ECMO may be
impossible. Hypertension may result from the two cardiac
outputs existing within a single circulatory system. Because
oxygenation is determined by the ECMO flow rate, lowering
the flow to treat hypertension will compromise oxygenation.
Hypertension exacerbates bleeding, so it is aggressively
managed in the ECMO patient. Antihypertensive drugs,
such as hydralazine, may be used for blood pressure control.
In addition, nitroprusside, nitroglycerin, phentolamine, and
diazoxide have been used in refractory situations. Shortacting I)-blockers, which depress the patient's native cardiac
output, are used cautiously because if an unexpected
interruption of ECMO support occurs, cardiac output would
be significantly reduced.
VV ECMO provides no cardiac override. The native
cardiac output remains fully pulsatile; thus a normal arterial
pulse pressure is maintained. Cardiac output is augmented
as with any critically ill patient.
Environmental stimuli, anxiety, and pain contribute to
patient stress. Controlling the environment and clustering
nursing care to allow periods of uninterrupted sleep become
a nursing priority. Effective nursing intervention requires
coordinating respiratory therapists, physicians, and other
staff in providing their care in a sequence that maximizes a
calm, quiet atmosphere. In addition, minimizing the numbers of bedside personnel and providing adequate sedation
aid in reducing anxiety.
Alteration in Fluid and Electrolyte Balance. The
goal of fluid management is to promote diuresis while
maintaining adequate tissue perfusion, nutrition, and hematologic values. 126 This goal requires astute assessment of
hypotension, tachycardia, decreased urine output, poor
capillary refill, and "bladder chatter." Administration of
fluids and drugs is easily accomplished via the ECMO
circuit. A multiple-port manifold is used to deliver maintenance intravenous (IV) fluid, parenteral nutrition and
10% intralipids, and numerous medications through a
bladder port. The heparin drip is infused through a separate
port that allows minuscule changes in dosage to be recognized immediately, independent of the rates of the other
solutions.
The patient's total hourly IV rate is usually restricted to
three-quarters maintenance to avoid fluid overload, which
can compromise ventilation and weaning from ECMO. As
with normal ventilation, there is an insensible water loss
over the ECMO membrane. The daily volume of this loss is
dependent on the size of the membrane and gas flow.
Prerenal oliguric states may be related to hypotensive
insults before ECMO support, the dehydrating regimen
while on ECMO, or the primarily nonpulsatile VA ECMO
blood flow. Blood urea nitrogen (BUN) values frequently
increase during ECMO support. Aggressive diuretic therapy
with furosemide is administered to return patients to their
dry weight. Low-dose dopamine (2.5 Jlglkg/min) is often
used to augment renal perfusion.
For patients who are resistant to diuretics, ultrafiltration
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can be incorporated within the ECMO circuit and used for
fluid removal. Heparinization and access are nonissues in
ECMO. Priming the hemofilter requires approximately 50
ml of blood; therefore additional colloid is kept available to
compensate for this diversion. Blood is diverted from the
oxygenator, ultrafiltrated, and then returned to the bladder.
The volume of ultrafiltrate removed is determined by the
patient's condition, dry weight, and estimated volume of
fluid excess. The use of the hemofilter has little impact on
serum electrolytes. However, rapid removal of excess fluid
may result in dehydration with attendant elevations in BUN.
The clinical signs of dehydration-that is, sunken eyes, dry
mucous membranes, dry skin with poor turgor, and a
depressed anterior fontanelle in the infant-are monitored.
Accurate documentation of fluid balance is maintained, and
the use of an ongoing cumulative balance sheet over the
entire ECMO course is helpful in evaluating the total fluid
status of the patient. Acute renal failure, as evidenced by
anuria, progressive hyperkalemia, and increased BUN and
creatinine, is managed with hemodialysis placed similarly
within the ECMO circuit.
Alteration in Hemostasis. Activated clotting times
(ACTs) are closely monitored to guide the degree of
heparinization necessary to avoid clot formation within the
circuit and prevent untoward systemic bleeding. When the
initial postcannulation ACT is 300 seconds, a heparin drip
is started at 10 U/kg/hr. ACTs are performed hourly at the
bedside, and the heparin drip is titrated to maintain the
ACT between 180 and 220 seconds. Several factors, such
as low flow rates, bleeding, renal function, or platelet
administration, may alter this range. A low flow rate caused
by bladder chatter may require higher ACTs; the slower
the flow, the greater the chance of clot formation within
the circuit. Diuresis and platelet administration both require
an increase in heparin dosage. The kidneys excrete heparin,
so a lower ACT can be expected after a large diuresis;
the opposite is true in renal failure. Platelets contain
heparinase, an enzyme that metabolizes heparin; therefore
the heparin dose is increased when platelets are administered. Before platelet administration, a baseline ACT is
performed, and if it is less than 200 seconds, a heparin
bolus equal to one half of the hourly infusion dose is
administered. When half of the platelets have been infused,
a repeat ACT is performed and treated. In addition to a
bolus dose, the heparin drip rate may need to be increased
by 10 to 20 U/hr at this time. Another ACT is checked
at the end of the platelet transfusion and is treated if
necessary.
Because the membrane and the pump both contribute to
platelet destruction, daily platelet transfusions may be
necessary to maintain a platelet count greater than 100,000.
If fluid volume is an issue, the platelets may be concentrated
or "spun," which in itself destroys some platelets. Thus a
greater increase is seen in the posttransfusion platelet count
if the platelets are administered in their unconcentrated
form. Platelets can be given directly to the patient via a
peripheral or central IV line or infused through the circuit
postmembrane. Infusion into the circuit premembrane results in platelet aggregation within the membrane, which
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diminishes platelet effectiveness and increases the possibility of clot formation in the membrane.
Prothrombin time is kept below 17 seconds. An elevation
of 3 seconds over control will require FFP of 10 to 20 ml/kg.
Partial thromboplastin times (PTTs) are not followed because they will always be greater than 100 as a result of
heparinization. Large volumes of chest tube drainage may
require replacement of FFP at the rate of 0.5 ml per milliliter
of drainage.
Fibrinogen levels are maintained at 200%. One to three
units of cryoprecipitate are given to correct low fibrinogen
levels but cannot be infused through the circuit because the
factors are destroyed by the heat exchanger.
As with any systemically heparinized patient, precautions are necessary to avoid bleeding. Insertion of all
vascular lines, nasogastric tube, bladder catheter, or other
indwelling tubes should be accomplished before the initiation of ECMO. No intramuscular medications should be
given, nor should finger or heel sticks be performed. Should
manipulation or replacement of an indwelling catheter be
necessary during ECMO, a platelet transfusion before the
event helps avoid or minimize bleeding. All large catheters
should remain in place for the duration of ECMO support to
avoid hemorrhage on removal. The topical administration of
a microfibrillar collagen hemostat (Avitene) and absorbable
gelatin (Gelfoam) may control cannula site oozing witb a
pressure dressing. Uncontrollable bleeding may require
surgical exploration of the wound, and all site bleeding
should be measured and counted as output.
Unlike the neonatal population, spontaneous intracranial
bleeding is rare in the pediatric population. In the United
States, a 20% incidence of extracranial bleeding in seen in
neonates; the incidence more than doubles to 50% in the
pediatric population. Assessment of fluids, vasopressors,
antihypertensives, diuretics, and blood product replacement
requires constant vigilance. Persistent hypovolemia, especially increasing red blood cell requirements, is a warning
sign of occult bleeding. Subtle clinical signs include
increased pallor, agitation, increased respiratory rate, and
decreased capillary refill. All bodily secretions are checked
for the presence of blood. Pulmonary hemorrhage is obvious
by bright red blood endotracheal secretions or massive chest
tube drainage. Mucous membrane bleeding, most often
involving the oronasopharynx, may require packing. Gastric
bleeding becomes evident through nasogastric tube drainage
or melena. Abdominal girths are monitored; abdominal
x-ray and ultrasound studies may confirm any abdominal
bleeding.
Maintaining an adequate platelet count and a lower ACT
can minimize most bleeding. Unfortunately, the progression
of almost any bleeding process during ECMO is almost
inevitable.
A continuous infusion of arninocaproic acid (Amicar;
Lederle Parenterals, Carolina, Puerto Rico) has been helpful
in controlling bleeding in high-risk patients. 129 Amicar
stabilizes clot formation through inhibition of thrombolysis.
Amicar inhibits both plasminogen activator substances and,
to a lesser degree, antiplasmin activity. It also slows the
production of plasmin, which lyses fibrin and fibrinogen.
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After cannulation, Amicar, 100 mg/kg, is administered
diluted in equal volumes of 5% dextrose in water or normal saline through a peripheral IV over 5 to 10 minutes. A constant infusion of 30 mglkg/hr is then infused via
the ECMO circuit. Therapeutic dosage is achieved when
a daily plasminogen activator time is greater than 120 seconds. ACTs remain in the 180- to 200-second range. Amicar
is discontinued if bleeding is not a problem after 72 hours.
Potential Alterations in Nutrition. Transpyloric
enteral or parenteral nutrition provides the child with the
necessary 80 to 100 kcal/kg for healing to occur. If the
patient is fluid restricted, then ultrafiltration can be used to
permit earlier initiation of full nutrition. Pettignano and
colleagues 130 reported that full enteral nutrition in patients
supported on either VV or VA ECMO was well tolerated,
provided adequate nutrition, was cost effective, and was
without complications. Otherwise, the ECMO circuit is
limited to 10% intralipids at I g/kg/day because the fat may
interfere with membrane function. Any additional or more
concentrated intralipid solution is delivered through a
peripheral or central IV. Usually patients initially are given
ranitidine (Zantac) to inhibit gastric acid secretion. Gastric
pH is monitored routinely. The nutritional status may be
evaluated by following serum albumin and total protein
levels, by stringently monitoring fluid balances, and by
clinical observation.
Alteration in Comfort. With rare exceptions, the
pediatric ECMO patient is a previously healthy child who
perceives and reacts to pain and is subject to fear and
anxiety. The pediatric patient supported on ECMO for ARF
lives prone for at least 3 weeks in an overstimulating
environment with little opportunity for long periods of
undisturbed rest. Constant infusions and bolus doses of
morphine sulfate are used to alleviate discomfort. 13I Fentanyl is avoided because of membrane binding and patient
tolerance. The ECMO circuit continuously binds close to
1000 IJ.g of fentanyl, and tolerance, achieved at different
times, increases approximately 10% per day.132
The ECMO patient is at risk for cannula displacement
with excessive head or shoulder movement. The head is
supported in an optimal position, but sedation must be
sufficient for patient safety. Benzodiazepines such as
lorazepam (Ativan) or midazolam (Versed) are used for
sedation and amnesia. The goal is to provide the patient with
a comfortable ECMO course while still allowing neurologic
evaluation and periodic social interaction. Depending on the
level of sedation achieved, the patient may require premedication with a narcotic or sedati ve for suctioning, dressing
changes, or other noxious procedures.
Maintaining skin integrity can be a particularly challenging when caring for the pediatric ECMO patient. Hypervigilance is essential. A low air-loss bed and gel pillow placed
under the occiput are often used. It is not impossible to
slightly tum the patient on a routine basis to minimize
pressure points, visualize the back, and provide skin care.
Other nursing comfort measures include, but are not limited
to, passive range of motion and repositioning of the
extremities, hand rolls, and skin and mouth care.
With organization of nursing and medical procedures, the

patient should have periods to simply rest undisturbed.
During these times, listening to favorite music or television
programs may be relaxing. Radios and tape decks may be
used; headphones may be carefully placed on the older
child. The presence of the child's family often provides the
most comfort.
Preventing Iatrogenic Injury
Sepsis. Although the potential for sepsis increases with
ECMO support, it is very difficult to detect. The usual first
sign of sepsis is fever, but temperature instability is blunted
by the heat exchanger. A consistently low platelet count,
often an indicator of sepsis, is unreliable because of the
degree of platelet consumption by the circuit. A persistent
elevation in white blood cells, with or without a significant
shift in the differential, or positive cultures may be the only
dependable sign. Blood, urine, and tracheal aspiration
cultures are obtained every other day. Prophylactic antibiotics (ampicillin, oxacillin, cefotaxime) are administered
throughout the ECMO course. Gentamicin levels are closely
monitored. Because of slow gentamicin excretion, higher
trough levels result, necessitating the extension of dose
intervals to every 18 hours.
Accidental Decannulation. In a properly sedated,
carefully monitored ECMO patient, accidental decannulation is rare. The patient becomes most vulnerable during any
examination or exploration of the insertion site, being
moved for procedures or linen change, or during patient
transport.. Accidental decannulation can result in death by
exsanguination. Emergency action includes applying very
finn pressure to the cannulation site and clamping the
remaining cannula. There may be no chance for recannulation without entering the thoracic cavity.
Cardiac Arrest. In the event of a cardiac arrest,
cardiac compressions are unnecessary in patients supported
on VA ECMO because pump flow can be increased to
provide optimal cardiac output for organ perfusion. Compressions with ventilations are still necessary in the patient
supported on VV ECMO.
Mechanical Failure. Occasionally a portion of the
ECMO circuit will malfunction, requiring the patient to be
immediately isolated from the system. There is a specific
sequence of clamping the ECMO circuit when corning off
ECMO: (I) clamp the venous cannula, (2) unciamp the
bridge, and then (3) clamp the arterial cannula. Clamping in
this sequence allows the venous drainage to stop before the
arterial return is clamped, increases the patient's blood
volume, and helps prevent hypotension. The patient's
ventilator settings are increased, and colloid and drugs,
including chemical paralyzing agents, are administered as
needed. The gas source is removed from the membrane to
prevent air emboli; system repairs are performed by the
ECMO specialist, and therapy is resumed as soon as
possible.
Normally, the rapid, high-volume blood flow through the
circuit inhibits clot formation. However, treating hemorrhage in the pediatric ECMO patient requires lower heparin
doses, which may result in an increase in clot formation. The
bridge is one portion of the system that has the potential for
blood stagnation. Periodic opening of the bridge provides a
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flush of blood that remixes pooled blood and reduces the
potential for clot formation. Small clots that form on the
membrane may decrease its overall efficiency but may not
be life threatening. Occasionally, a clot will form and
enlarge in a ponion of the circuit that will require
replacement of that section of the circuit or, in some cases,
changing the entire ECMO circuit.
The multiple access ports and connectors increase the
potential for air emboli. Air on the venous side is allowed to
drift down to the bladder, where it may be aspirated from a
bladder port. Air on the arterial side is a life-threatening
emergency. Here, air can be forced across the bridge into the
venous side of the circuit and then aspirated out.
The maximum efficiency of the membrane is often
limited to approximately 2 weeks but may be further
restricted in the presence of low flow rates or ACT
ranges. The premembrane pressure should be less than
300 mmHg to avoid red blood cell and platelet destruction. A rise in this pressure, especially when accompanied
with a change in ABGs, indicates a failing membrane.
Because CO2 transfer is dependent on gas flow and the
surface area of the membrane, a rising Paco 2 can be a
sensitive indicator of loss of functioning membrane. If the
sum of both premembrane and postmembrane pressures is
greater than 700 mmHg, a very real danger of membrane
rupture exists.
The area where the ECMO tubing is compressed by the
pump's rollers is called the "raceway." The raceway is
advanced several times during the ECMO course to avoid
constant pressure on the same portion of tubing. Areas of
wear could eventually rupture, causing rapid blood loss. All
caretakers must use eye protection, as delineated by
universal precautions, at ECMO bedspaces.
In the event of a pump failure, a hand crank may be used
to propel blood manually. A fully charged backup generator
should be located at the bedside at all times.
A failure or improper setting of the thermostat of the
heater can result in the exchanger's water bath either cooling
to room temperature or overheating to unacceptable limits.
A cooled water bath will result in a hypothermic, mottled,
bradycardiac, and hypotensive child. The patient will
become feverish, tachycardiac, and hypertensive if the
heater temperature becomes excessive.
Alteration in Parental Role. In rapid succession,
parents are faced with a PICU admission, information of a
grave illness and possible death, and requests for permission
to use life-supporting technologies that have no guarantees
for outcome and a long list of potential complications.
Often, the child must be transported to an ECMO center,
separating the parents from home, family, and support
systems.
Meeting the parents either before cannulation or soon
after to explain what they will see and hear in the ECMO
bedspace is necessary. The high-technology environment is
taken to the extreme with ECMO. Seeing the child
connected to so many machines with his or blood circulating
outside the body is frightening. Parent-oriented ECMO
literature may be helpful in reinforcing explanations.
Time is allotted for the patient's team to talk with the
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parents and answer their questions. Honest, pertinent
information is the base on which the parents will make
future decisions regarding changes in life support. Given the
potential complications of pediatric ECMO, predictors are
unreliable. Hope is always supported by acknowledging the
positive or neutral aspects of the child's condition, accepting
the parents' future plans that include the child, and
displaying guarded optimism. Only when the decision is
made to temlinate all support is hope tempered with reality.
Although nursing plays an enormous role in parental
support, talking with another parent whose child was
supported on ECMO may be invaluable. Several regional
ECMO parent support groups are available with parents
of ECMO survivors providing telephone contact with new
ECMO parents. The parent support groups provide a
supportive forum for the intimate exchange of feelings
and ideas.
Coming off ECMO. It may take as little as 5 days or
as long as 6 weeks for indicators of improved pulmonary
function to occur. These include a clearing chest x-ray film,
increasing lung compliance, and normalizing blood gases.
On VA ECMO, the child's Pa02 represents a mixture of
pump blood and the blood that traverses his or her native
cardiopulmonary circuit. With flows held constant, any
decrease in Pa02 represents an increase in patient contribution. Early in the course of ECMO, the patient contributes
little, so pump flows are maintained at high levels. As the
patient's pulmonary status improves, ECMO support can be
titrated in one of two ways.
Weaning. In concert with improved lung function,
pump flows are gradually decreased and ventilator settings
are increased. Vital signs, pulse oximetry, and ABGs are
monitored. The pump flow is weaned down to 20% to 30%
of the original rate, and, if tolerated, the patient is clamped
off ECMO. With this method, the patient is continuously
challenged over many hours or days.
Cycling. Cycling is a time-limited method of trailing
off ECMO. The patient is chemically paralyzed and sedated,
all ventilator settings are increased, and the flows are
gradually turned down until total flow is decreased to
30 ml/kg/min. If these steps are tolerated, the patient is
clamped off ECMO. Following vital signs, pulse oximetry,
and ABGs, the ventilator support is gradually decreased. If
the patient can realize a Pa02 greater than 60 mmHg and a
Pac02 less than 45 mmHg on reasonable ventilator settings,
the decision is usually made to decannulate. If these
parameters cannot be met, the patient is cycled again at a
later time, with modified ventilator settings to promote
alveolar recruitment, after aggressive pulmonary care to
mobilize secretions, or with inotropic support. The goal is to
minimize O 2 toxicity and barotrauma but to wean ECMO
support as soon as possible. With this method, the patient is
challenged only once or twice a day for a short time, and the
low flow rates that are associated with thromboemboli can
be avoided. After cycling, flows are gradually increased, and
the patient is observed for rebound hypertension.
In either case, once the patient is excluded from the
ECMO circuit, the bridge between the arterial and venous
tubing is opened, and ECMO circulation continues. When
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weaning or cycling is completed, the patient is placed back
on ECMO while the decision to continue or stop ECMO
support is made. This is unnecessary when weaning or
cycling from VV ECMO. In VV ECMO, the ventilator
settings are increa~ed as in VA ECMO, but the oxygen
source to the membrane is capped. The ECMO blood flow
continues to circulate through the patient, as well as the
system.
Nursing responsibilities during cycling include reassuring the patient and parents that all the additional activity is
controlled and assessing the patient's tolerance to weaning.
Accurate documentation of vital signs, pulse oximetry,
ventilator settings, and laboratory results is also necessary. If
it is likely that the patient will be isolated from the ECMO
circuit, all infusions are transferred to a peripheral or central
IV. The heparin infusion remains in the circuit, but the dose
is reduced by 50% until the patient is again supported on
ECMO and an ACT is rechecked.
Decannulation. Decannulation is a surgical procedure performed in the PICU. The patient is anesthetized and
paralyzed, all infusions are transferred to a peripheral or
central IV, and the heparin drip is discontinued. The patient
is prepped and draped, with the nurse maintaining access to
a patent IV for any necessary drug administration. Two units
of platelets are given postdecannulation. If cannulation and
the ECMO course have done minimal damage to the vessels,
the surgeon may attempt reconstruction. Otherwise, both are
ligated. Advances in cannulas and technique allow vessel
repair. 133 If the carotid artery is ligated, collateral flow to the

right cerebral hemisphere is maintained by the external
carotid and vertebral arteries. Complications and long-term
problems related specifically to iigation or repair of the
carotid artery are unknown.
Postdecannulation, patient movement is limited until all
clotting factors have returned to baseline. Narcotics are
slowly weaned; the patient is assessed for iatrogenic physical withdrawal. A smooth transition can be accomplished by
switching the patient over to longer-acting narcotics, for
example, methadone in equal analgesic doses.

SUMMARY
Caring for an infant or child who requires support of
oxygenation or ventilation is inherent to the practice of
pediatric critical care nursing. Even so, there is not a
significant amount of nursing research to help guide it. This
chapter presents selected principles of oxygenation and
ventilation as they pertain to critically ill or injured infants
and children. As discussed, pulmonary system functioning is
essential for life and because of developmental immalUrity,
the pediatric patient is at high risk for system dysfunction.
The next decade brings hope for primary prevention to
avoid pediatric critical illness involving the pulmonary
system. The next decade also brings new therapies, for
example, intratracheal pulmonary ventilation and liquid
perfluorocarbon ventilation. 134,135 As new therapies become
available, what constitutes conventional and unconventional
support of the pulmonary system will be redefined.
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