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Foreword

A successful transition from fetal to neonatal life is dependent upon the profound
cardiorespiratory adaptations occurring at this time. Unfortunately, these events
frequently require medical intervention, especially in preterm infants. The conse-
quences of the resultant pathophysiologic changes and therapeutic interventions in
such neonates may have long lasting effects on the developing respiratory system
and even the neurodevelopmental outcome of this high-risk population.

Recognition of the importance of neonatal respiratory management was an early
milestone in the history of neonatology. The role of surfactant deficiency in the
etiology of neonatal respiratory distress syndrome was sealed over 50 years ago,
and this paved the way for the introduction of assisted ventilation for this population
in the 1960s. I was privileged to be introduced to neonatal pediatrics in the early
1970s at a time when the advent of continuous positive airway pressure demon-
strated how physiologic insight can be translated into effective therapy. The decade
of the 1970s offered so many other innovations in neonatal respiratory care. These
included noninvasive blood gas monitoring, xanthine therapy for apnea, and our
first real understanding of the pathogenesis and management of meconium aspira-
tion syndrome, group B streptococcal pneumonia, and persistent fetal circulation or
primary pulmonary hypertension of the newborn, three frequently interrelated con-
ditions. The decade ended in remarkable fashion with the introduction of exogenous
surfactant therapy and recognition that the novel new technique of high-frequency
ventilation allows effective gas exchange in sick neonates.

The last 30 years have enabled us to build drastically on the foundation of this
earlier period in neonatal respiratory management. The improved survival of
extremely low birth weight infants has been nothing short of spectacular. For pre-
term infants, the focus is now clearly to reduce the unacceptably high incidence of
bronchopulmonary dysplasia. However, many key questions in neonatal respiratory
care still need to be addressed. What constitutes optimal ventilatory strategy and
optimal targets for gas exchange as reflected in levels of PaO, and PaCO,? What is
the risk/benefit ratio of current and future pharmacologic adjuncts to ventilatory
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viii Foreword

support, such as inhaled nitric oxide, xanthine, or antioxidant therapy, to name a
few? How can we safely support ventilation and provide pharmacotherapy in the
most noninvasive manner?

For preterm or term infants with malformations of the respiratory system,
advances in pre- and postnatal imaging and surgical techniques hold promise for
improved outcome. Great strides are being made simultaneously in our understand-
ing of the molecular basis for normal and abnormal lung development. Furthermore,
it is being increasingly recognized that genotypic characteristics may greatly influ-
ence the consequences of subsequent environmental exposures on lung develop-
ment. These scientific advances need to be translated into improving adverse
neonatal outcomes, such as the unacceptably high rate of wheezing disorders and
asthma in the survivors of neonatal intensive care. As care providers to neonates, it
is our responsibility to encourage clinical trials and other patient-based investiga-
tion that will allow us to optimize the outcome of neonatal respiratory care.

The third edition of the Manual of Neonatal Respiratory Care is comprehensive
and provides an important educational tool to address many of these challenges.
It is, again, thoroughly edited by the accomplished trans-Atlantic team of Steven
Donn and Sunil Sinha. Once again, they have assembled physician/scientist leaders
in the field of Developmental Pulmonology who provide a true international
perspective to neonatal respiratory care. Both prior and new contributors provide a
concise overview that spans neonatal physiology, pathogenesis of disease, and
unique approaches to management of both simple and complex neonatal respiratory
disorders. The result is a comprehensive text that provides a strongly international
insight into neonatal respiratory care in a user-friendly, practical format.

Cleveland, OH, USA Richard J. Martin, MBBS, FRACP



Preface

It is indeed a privilege for us to edit the third edition of the Manual of Neonatal
Respiratory Care, and we were honored when Springer Science+Business Media
approached us to do this.

In the years that have passed since the second edition, much has transpired, some
technological and some philosophical. Microprocessor-based technology continues
to refine the equipment at our disposal and to offer us almost limitless ways to man-
age neonatal respiratory failure. At the same time, there has been a resurgence in the
philosophy of minimal intervention, giving rise to the new popularity of continuous
positive airway pressure and noninvasive ventilation. We have entered the age of
evidence-based medicine, emphasizing the importance of the randomized, con-
trolled trial. We have seen enormous growth in information technology and world-
wide access to it. Therapeutic options also continue to expand, but greater care must
be taken as survival of even more premature babies accentuates their toxicities and
complications.

We have maintained the same outline format for the third edition, appreciating
the positive feedback we have received from many that this is conducive to bedside
use. We have not only updated previous chapters, we have added newer ones to
reflect changes in practice, equipment, and science. Some of these include an
expanded focus on oxygen toxicity, control of oxygen delivery, use of nasal cannula
therapy, noninvasive ventilation, newer ventilators, management of hemodynamics,
home ventilation, interpreting medical literature, medico-legal issues, and an expan-
sive contemporary bibliography on neonatal respiratory care.

Our list of contributors represents a world-class group of scientists, clinicians, and
experts in their respective fields. We are indebted to them for taking the time and
effort to provide their insights and knowledge. The Manual of Neonatal Respiratory
Care would also not have been possible without the efforts of many “behind the
scenes” individuals, including our development editor, Mike Griffin, and our acquisi-
tions editor, Shelley Reinhardt, both of Springer; Vicky Hall in Middlesbrough; and
Susan Peterson in Ann Arbor, who coordinated the efforts of more than 50 contributors,
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and somehow managed to get all 85 chapters formatted the same way (an incredible
feat!). Lastly, we acknowledge our wives, Paula Donn, and Lalita Dean, for their
patience and sacrifices while we put the Manual together.

Change will continue to occur at a rapid pace. What we hope this edition accom-
plishes is the establishment of fundamentals that will enable the clinician to develop
the ability to assimilate change in a physiologically sound way while providing the
best possible care to his or her patients.

Ann Arbor, MI, USA Steven M. Donn
Middlesbrough, UK Sunil K. Sinha
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Chapter 1
Development of the Respiratory System

Vinod K. Bhutani

1. Introduction

A. The neonatal respiratory system is a complex organ whose life-sustaining
function on the initiation and maintenance of an ongoing dynamic interaction
among multiple tissue types of diverse embryonic origins.

B. It has two functional areas: the conducting system and the gas exchange
system.

1.

Nasal passages, pharynx, larynx, trachea, bronchi, and bronchioles are
generally supported by cartilage until the terminal bronchioles and pre-
vent airway collapse during expiration.

The surrounding tissues include airway smooth muscle that regulates
airway resistance, whereas the fibroelastic supportive tissue offers elastic-
ity during both respiratory cycles.

The structural mucosal layers are lined by motile ciliary cells, mucus-
producing goblet cells, and basal cells that provide for regeneration and
healing.

The submucosal layers contain sero-mucous glands and Clara cells.

The gas exchange system comprises respiratory noncartilaginous bronchi-
oles that lead to alveolar ducts, sacs, and alveoli. These are areas lined by
squamous type I pneumocytes (that produce prenatal lung fluid in utero)
and the cuboidal type II pneumocytes that manufacture and secrete surfac-
tant. The gas exchange areas interface through the blood/air barrier with
pulmonary vasculature.

Our understanding of the genetic, molecular, and cellular developmental
processes that continue during lifetime are perturbed by maturation, disease,
environmental factors, and recovery.
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C. The complex process of mammalian lung development includes lung airway
branching morphogenesis and alveolarization, together with angiogenesis
and vasculogenesis.

1.

Severe defects of any of these developmental events will lead to neonatal
respiratory failure and death in infants. However, the impact of milder
structural or functional defects, occurring as a result of aberrant lung
development, have been neglected in the past because of a relative lack of
early respiratory signs, plus the technical difficulties of making an ana-
tomic or physiologic diagnosis in vivo.

Accumulated data obtained as a result of significant advancements in
human genomic studies and rodent genetic manipulation indicate that
early abnormal lung development may indeed be a significant susceptibil-
ity factor in certain respiratory diseases that become clinically detectable
during childhood or even during later life, such as chronic obstructive pul-
monary disease (COPD), cystic fibrosis (CF), and asthma.

D. The lung arises from the floor of the primitive foregut as the laryngotracheal
groove at about the 26th day of fetal life (approximately 4—6 weeks gestation
in humans).

1.

The proximal portion of this primitive structure gives rise to the larynx and
trachea, which becomes separated from the esophagus, while progenitor
cells located at the distal part of the primitive trachea give rise to the left
and right main stem bronchi.

Branching morphogenesis of the left and right bronchi forms specific
lobar, segmental, and lobular branches. This process extends through
the canalicular stage of lung development up to approximately 20 weeks’
gestation in humans.

The first 16 of these 23 airway generations are stereo-specific in humans,
the remainder being fractal in geometry, but with a distinct proximal—distal
pattern of diameter and epithelial differentiation that are genetically “hard
wired.”

Alveolarization begins at approximately 20 weeks in humans and contin-
ues at least up to 7 years of age, giving rise to an eventual alveolar gas
diffusion surface 70 m? in area by 1 pum in thickness.

This enormous surface is closely apposed to an alveolar capillary network
capable of accommodating a blood flow between 5 L/min at rest and 25 L/
min at maximal oxygen consumption in the young and fit adult.

The entire developmental process of the lung is orchestrated by finely inte-
grated and mutually regulated networks of transcriptional factors, growth
factors, matrix components, and physical forces.

Factors that adversely impact the developing lung include human prema-
turity, oxygen exposure, early corticosteroid exposure, incorrect amounts
of growth factor (platelet-derived growth factor, fibroblast growth factor
[FGF], vascular endothelial growth factor, transforming growth factor
[TGF]-p family, and Wnt) signaling, abnormal regulation, or injury of the
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Thoracic Loss of prenatal
Fetal akinesia compression lung fluid
Decreased fetal Decreased intrauterine
breathing movements functional residual capacity

Pulmonary Hypoplasia

Acute respiratory failure Transient respiratory insufficiency

Immediate sequelae Delayed sequelae
Respiratory insufficiency Pulmonary cysts
Pulmonary hypertension with | | Severe bronchopulmonary

persistent fetal circulation dysplasia
Pulmonary air leaks 0, dependence
Pulmonary hemorrhage

Fig. 1.1 Probable mechanisms and sequelae of pulmonary development during prolonged amni-
otic leak (modified from Bhutani VK, Abbasi S, Weiner S. Neonatal pulmonary manifestations due
to prolonged amniotic leak. Am J Perinatol. 1986;3:225, © Thieme Medical Publishers, with
permission)

pulmonary capillary vasculature. Individually and cumulatively, these all
result in hypoplasia of the alveolar epithelial surface, with a resulting defi-
ciency in gas transport, particularly during exercise. For example, survi-
vors of human prematurity with bronchopulmonary dysplasia (BPD)
desaturate on maximal exercise during childhood, and some are now enter-
ing young adulthood with increasingly severe gas diffusion problems.

8. In addition, physical forces play an important role in regulating lung
formation.

a. In utero, the lung is a hydraulic, fluid-filled system.

b. Secretion of fluid into the airway lumen is osmotically driven by active
chloride secretion through chloride channels. This gives rise to a con-
tinuous forward flow of lung liquid that drains into the amniotic fluid.

c. The larynx acts as a hydraulic pinchcock valve and maintains and
intraluminal hydraulic pressure of approximately 1.5 cm water in the
airways.

d. Excess fluid drainage during fetal life results in hypoplasia of the lung
(Fig. 1.1).

e. Conversely, obstruction of the trachea in embryonic lung in culture can
result in a doubling of the rate of airway branching.

f. Moreover, physiologic fluctuations in intraluminal pressure caused by
coordinated peristaltic contractions of airway smooth muscle have
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Table 1.1 Magnitude of lung development: from fetal age to adulthood

Fold increase after

30 weeks Term Adult term PCA
Surface area (m?) 0.3 4.0 100 23
Lung volume (mL) 25 200 5,000 23
Lung weight (g) 25 50 800 16
Alveoli (number) Few 50 m 300 m 6
Alveolar diameter (pm) 32 150 300 10
Airway branching (number) 24 24 24 0

been shown to play an important role in embryonic lung branching
morphogenesis.

g. Fetal breathing movements cause cyclic fluctuation of intratracheal
pressure during fetal life.

h. Following cord clamping and the resulting rush of catecholamines at
birth, the lung lumen dries out and rapidly switches to air breathing.

i. Clearance of lung intraluminal liquid is mediated by cessation of chlo-
ride secretion into the lumen and activation of active sodium transport
out of the lumen. Null mutation of sodium transporter channel genes
(a-epithelial sodium channel, a-EnaC) is lethal neonatally because it
abrogates this net osmotically driven fluid uptake.

j- “Erection” of alveolar septa is relatively poorly understood.
Nevertheless, correct organization of the elastin matrix niche is impor-
tant, as is remodeling of the alveolar capillary network. This suggests
that vascular hydraulic perfusion pressure may play a key role in the
emergence of septal structures into the alveolar space.

k. This concept is further supported by a requirement for vascular
endothelial growth factor secretion by the alveolar epithelium to main-
tain vascular integrity and remodeling, and hence correct epithelial
branching as well as alveolar morphogenesis.

E. Prenatal development of the respiratory system is not complete until suffi-
cient gas exchange surface has formed to support the newborn at birth.

F. Pulmonary vasculature must also achieve sufficient capacity to transport car-
bon dioxide and oxygen through the lungs.

G. Gas exchange surface must be structurally stable, functional, and elastic to
require minimal effort for ventilation and to be responsive to the metabolic
needs of the infant.

H. Structural maturation of the airways, chest wall, and respiratory muscles and
neural maturation of respiratory control are integral to the optimal function of
the gas exchange “unit.”

I. Respiratory system development continues after birth and well into child-
hood (Table 1.1).

J. Fundamental processes that impact on respiratory function.
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Table 1.2 Stages of prenatal and postnatal structural lung development

Length: terminal

Postconceptional bronchiole to pleura
Phase age (mm) Lung development
Embryonic 0-7 weeks <0.1 Budding from the foregut
Pseudoglandular  8-16 weeks 0.1 Airway division commences and
terminal bronchioles formed
Canalicular 17-27 weeks 0.2 mm e Three generations of respiratory
bronchioles
¢ Primitive saccules formation
with type I and II epithelial cells
¢ Capillarization
Saccular 28-35 weeks 0.6 Transitional saccules formed
¢ True alveoli appear
Alveolar >36 weeks 11 Terminal saccules formed
¢ True alveoli appear
Postnatal 2 months 175 Five generations of alveolar ducts
¢ Alveoli form with septation
Early Childhood 6-7 years 400 Airways remodeled

¢ Alveolar sac budding occurs

Ll e

II. Lung development

Ventilation and distribution of gas volumes
Gas exchange and transport
Pulmonary circulation
Mechanical forces that initiate breathing and those that impede airflow
5. Organization and control of breathing

A. Background. The lung’s developmental design is based upon the functional
goal of allowing air and blood to interface over a vast surface area and an
extremely thin yet intricately organized tissue barrier. The developmental
maturation is such that growth (a quantitative phenomenon) progresses sep-
arately from maturation (a qualitative phenomenon). A tension skeleton
comprises connective tissue fibers and determines the mechanical properties
of the lungs: axial, peripheral, and alveolar septal.

1. Axial connective tissue fibers have a centrifugal distribution from the

hilum to the branching airways.

2. Peripheral fibers have a centripetal distribution from the pleura to within

the lungs.

3. Alveolar septal fibers connect the axial and peripheral fibers.

B. Functional anatomy (Table 1.2).

1. Fetal lung development takes place in seven phases.
2. Demarcations are not exact but arbitrary with transition and progression
occurring between each.
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Table 1.3 Factors that influence fetal lung maturation
Physical Hormonal Local
Fetal respiration Glucocorticoids cAMP
Fetal lung fluid Prolactin Methylxanthines
Thoracic volume (FRC) Insulin
Sex hormones
Table 1.4 Chemical features of fetal fluids
Osmolality Protein Sodium  Potassium Chloride Bicarbonate
(mOsm/L) (g/dL) pH (mEg/L) (mEgq/L) (mEg/L) (mEq/L)
Fetal lung fluid 300 0.03 6.27 140 6.3 144 2.8
Fetal plasma 290 4.1 7.34 140 4.8 107 24
Amniotic fluid 270 0.1-0.7 7.07 110 7.1 94 18
3. Little is known about the effects of antenatal steroids on the transition

and maturation of fetal lung development.

C. Factors that impact fetal lung growth.

1.
2.

3.

Physical, hormonal, and local factors play a significant role (Table 1.3).
The physical factors play a crucial role in the structural development and
influence size and capacity of the lungs.

Hormonal influences may be either stimulatory or inhibitory.

D. Fetal lung fluid and variations in lung development. Production, effluence,
and physiology are dependent on physiologic control of fetal lung fluid.

1.

Production—secretion commences in mid-gestation, during the canali-
cular phase, and composition distinctly differs from fetal plasma and
amniotic fluid (Table 1.4).

Distending pressure—daily production rates of 250-300 mL/24 h result
in distending pressure of 3-5 cm H,O within the respiratory system. This
hydrostatic pressure seems to be crucial for fetal lung development and the
progressive bifurcations of the airways and development of terminal
saccules.

Fetal breathing—during fetal breathing movements, tracheal egress of
lung fluid (up to 15 mL/h) during expiration (compared to minimal loss
during fetal apnea) ensures that lung volume remains at about 30 mL/kg
(equivalent to the functional residual capacity, FRC). Excessive egress
has been associated with pulmonary hypoplasia (Fig. 1.1), whereas tra-
cheal ligation has been associated with pulmonary hyperplasia.

III. Upper airway development

A. Airways are heterogeneous, conduct airflow, and do not participate in gas
exchange.
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Table 1.5 Classification, branching, and lumen size of adult human airways

Diameter Cross-sectional
Branch order Name Number (mm) area (cm?)
0 Trachea 1 18 2.54
1 Main bronchi 2 12.2 2.33
2 Lobar bronchi 4 8.3 2.13
3 Segmental bronchi 8 5.6 2.00
4 Subsegmental bronchi 16 4.5 2.48
5-10 Small bronchi 32-1,025 35-1.3 3.11-134
11-14 Bronchioles 2,048-8,192 1.99 - 0.74 19.6-69.4
15 Terminal bronchiole 32,768 0.66 113
16-18 Respiratory bronchioles ~ 65,536-262,144 0.54-0.47 180-534
19-23 Alveolar ducts 524,288-8,388,608  0.43 944-11,800
24 Alveoli 300,000,000 0.2

1. Starting as the upper airways (nose, mouth, pharynx, and larynx), they
lead to the trachea. From here, the cartilaginous airways taper to the
small bronchi and then to the membranous airways and the last branch-
ing, the terminal bronchioles (Table 1.5).

2. The lower airways and the gas exchange area commence with the respi-
ratory bronchioles.

3. The upper airways are not rigid, but are distensible, extensible, and com-
pressible. The branching is not symmetrical and dichotomous but irregu-
lar. The lumenis notcircular and subject torapid changes in cross-sectional
area and diameter because of a variety of extramural, mural, and intra-
mural factors.

. Anatomy includes the nose, oral cavity, palate, pharynx, larynx, hyoid bone,

and extrathoracic trachea.

Function is to conduct, humidify, warm (or cool) to body temperature, filter
air into the lungs. Also help to separate functions of respiration and feeding
as well as share in the process of vocalization.

. Patency control—stable pressure balance between collapsing forces (inher-

ent viscoelastic properties of the structures and that of the constricting
tone) and the dilator forces of supporting musculature help to maintain
upper airway patency. Negative pressure in the airways, neck flexion, and
changes in the head and neck posture narrow the airways. Both intrinsic
and extrinsic muscles of the upper airway can generate dilator forces, such
as flaring of the ala nasi.

IV. Lower airway development

A. Anatomy

1. Conducting airways of the intrathoracic trachea.
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Table 1.6 Clinical conditions associated with narrowing of the airways

Airway inflammation ¢ Mucosal edema

e Excessive secretions
* Inspissation of secretions
¢ Tracheitis

Bronchoconstriction * Reactive airways

e Exposure to cold, dry air
e Exposure to bronchoconstricting agents

Bronchomalacia ¢ Prolonged mechanical ventilation

* Congenital
¢ Secondary to vascular abnormality

Trauma * Foreign body

¢ Mucosal damage from ventilation, suction catheters
¢ Subglottic stenosis

Congenital ¢ Choanal stenosis

* High arched palate

Chemical e Aspiration of gastric contents

* Hyper-/hypo-osmolar fluid in the airways

2. Respiratory gas exchange portions of terminal and respiratory bronchioles

and alveolar ducts.

B. Function of airway smooth muscle

1.

2.

Tone is evident early in fetal life and plays significant role in controlling
airway lumen.

In the presence of respiratory barotrauma, there appears to be a propen-
sity for airway reactivity, perhaps a component of the smooth muscle
hyperplasia seen in BPD.

Patency control. Excitatory and inhibitory innervations lead to broncho-
constriction or dilatation, respectively.

Narrow airways. Narrowing of the airways leads to increased resistance
to airflow, an increased resistive load during breathing, and thereby an
increased work of breathing and wasted caloric expenditure. Clinical fac-
tors associated with airway narrowing are listed in Table 1.6.

V. Thoracic and respiratory muscle development

A. Anatomy

1.

»

Three groups of skeletal muscles are involved in respiratory function.

a. Diaphragm
b. Intercostal and accessory muscles
c. Abdominal muscles

These comprise the respiratory pump that helps conduct the air in and out
of the lungs.

During quiet breathing, the primary muscle for ventilation is the diaphragm.
The diaphragm is defined by its attachments to the skeleton.
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a. That part attached to the lumbar vertebral regions is the crural
diaphragm.

b. That part attached to the lower six ribs is the costal diaphragm.

c. Both converge and form a single tendon of insertion.

Innervation of the diaphragm is by alpha motor neurons of the third
through fifth cervical segments, the phrenic nerve.

Attached to the circumference of the lower thoracic cage, its contraction
pulls the muscle downward, displaces the abdomen outward, and lifts up
the thoracic cage.

In the presence of a compliant thoracic cage, relative to the lungs, the
thoracic cage is pulled inward (sternal retraction).

. The concomitant pressure changes during inspiration are reduction of

intrapleural pressure and an increase in the intra-abdominal pressure.

B. Respiratory contractile function

1.

2.

Strength, endurance, and the inherent ability to resist fatigue may assess
the performance of the respiratory muscles.

Strength is determined by the intrinsic properties of the muscle (such as
its morphologic characteristics and types of fibers).

Clinically, strength may be measured by the pressures generated at the
mouth or across the diaphragm at specific lung volumes during a static
inspiratory or expiratory maneuver.

Endurance capacity of a respiratory muscle depends upon the properties
of the system as well as the energy availability of the muscles.
Clinically, endurance is defined as the capacity to maintain either maximal
or submaximal levels of ventilation under isocapneic conditions. It may be
standardized either as maximal ventilation for duration of time, or ventila-
tion maintained against a known resistive load, or sustained ventilation at a
specific lung volume (elastic load). It is also determined with respect to a
specific ventilatory target and the time to exhaustion (fatigue).

Respiratory muscles fatigue when energy consumption exceeds energy

supply.

. Fatigue is likely to occur when work of breathing is increased, strength

reduced, or inefficiency results so that energy consumption is affected.
Hypoxemia, anemia, decreased blood flow to muscles, and depletion of
energy reserves alter energy availability.

Clinical manifestations of respiratory muscle fatigue are progressive
hypercapnia or apnea.

C. Postnatal maturation

1.

Lung size, surface area, and volume grow in an exponential manner for
about 2 months after term gestation.
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Table 1.7 Postnatal maturation of the lung
Respiratory rate

Number of alveoli Surface area (m?) (per minute)
Birth 24,000,000 2.8 45 (35-55)
5-6 months 112,000,000 8.4 27 (22-31)
~1 year 129,000,000 12.2 19 (17-23)
~3 year 257,000,000 222 19 (16-25)
~5 year 280,000,000 32.0 18 (14-23)
Adult 300,000,000 75 15 (12-18)

2. Control of breathing (feedback control through chemoreceptors and stretch
receptors), and the neural maturation of the respiratory centers also appear
to coincide with maturation at about two months postnatal age.

3. Beyond this age, lung volumes continue to increase during infancy, slow-
ing during childhood but still continuing to grow structurally into early
adolescence (Table 1.7).

4. Tt is this biologic phenomenon that provides a scope of recovery for
infants with BPD.

5. In health, the increasing lung volume and cross-sectional area of the air-
ways is associated with a reduction in the normal respiratory rate.

Descriptive embryology of the lung

The following paragraphs briefly describe the anatomical changes which occur
during lung development. Changes in gene expression can be found at http://
www.ana.ed.ac.uk/database/lungbase/lunghome.html.

A. The anatomical development of the lung can be regarded as a continuous
process from the advent of the laryngotracheal groove until adulthood,
although obvious radical physiological changes occur at birth. The descrip-
tion below is based on human respiratory development, though other mam-
mals follow a very similar developmental program, especially during the
early phases.

B. The respiratory system begins as a ventral outgrowth (laryngotracheal
groove) from the wall of the foregut, close to the fourth and sixth pharyn-
geal pouches. The groove deepens and grows downward to form a pouch-
like evagination, fully open to the foregut. Two longitudinal folds of tissue
(tracheo-esophogeal folds) on either side of the groove grow together and
fuse, forming a new tube (laryngotracheal tube) distinct from the foregut.

C. Communication with the foregut is maintained via a longitudinally oriented
slit-like opening (laryngeal orifice).

D. Proliferation of the underlying mesenchyme forms swellings around the
laryngeal orifice (epiglottal swelling and arytenoid swellings) from which
the epiglottis, glottis, laryngeal cartilages, and musculature will develop.


http://www.ana.ed.ac.uk/database/lungbase/lunghome.html
http://www.ana.ed.ac.uk/database/lungbase/lunghome.html
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E. At the same time, the laryngeotracheal tube elongates downward and pen-
etrates the underlying splanchnopleuric mesoderm. A distinct swelling
develops at the distal end and is termed the lung bud (respiratory
diverticulum).

F. Approximately 28 days after fertilization, the lung bud branches to form
the left and right primary bronchial buds, which will ultimately develop
into the left and right lungs. Branching is in part directed by the interaction
of the epithelium with the underlying splanchnic mesoderm.

G. By the fifth week, elongation, branching, and budding of the two bronchial
buds gives rise to three bronchial stems on the right and two on the left—
these are the foundation for the lobular organization of the mature lung.

H. Dichotomous branching continues for approximately ten weeks, establish-
ing the conducting portion of the airways. Up to 24 orders of branches are
generated, the final level being the prospective terminal bronchioles. New
branches are being formed within a rapidly proliferating, homogeneous
mesenchyme.

I. Differentiation of the mesenchyme and epithelia begins in the more proxi-
mal regions of the airways and progresses distally, beginning during week
10 when mesenchymal cells condense around the larynx and trachea. These
form smooth muscle and supporting cartilages. The pulmonary arteries and
veins develop in parallel with the conducting portion of the lungs and fol-
low the same branching pattern.

J. Initially, the airway lumina are very narrow, with a thick pseudostratified
epithelial lining. From week 13 onward, the lumina enlarge and the epithe-
lium thins to a more columnar structure. The pluripotent epithelial cells
differentiate to ciliated cells and goblet cells, initially in the proximal
regions of the developing lung and progressing distally.

K. From weeks 16-24, the primordia of the respiratory portions of the lungs
are formed. The terminal bronchioles divide to form two respiratory bron-
chioles, which in turn branch to form three to six primitive alveolar ducts,
ending in terminal sacs.

L. At the same time, extensive angiogenesis within the peripheral mesen-
chyme leads to vascularization of the developing respiratory structures. The
cuboidal intermediate cells of the lower airways differentiate to form cili-
ated cells and clara cells. Peripheral mesenchymal cells differentiate to
form the visceral pleura; the remaining mesenchymal cells gain the charac-
teristics of stromal fibroblasts.

M. By week 26, the terminal sacs have started to dilate, and will eventually
differentiate into alveolar complexes. The stroma thins, bringing the grow-
ing capillary network into close association with the immature alveoli. The
cuboidal cells of the terminal sac epithelium differentiate into alveolar
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type II cells, which secrete low levels of surfactant. Where cells with type
II phenotype juxtapose a capillary, they differentiate into type I cells, which
flatten and can provide a functional though inefficient blood/air barrier if
the infant is born prematurely.

. During subsequent weeks, there is a rapid expansion of the respiratory

portion of the lung. Terminal saccules dilate and branch to form further
generations of terminal saccules, vascularized septa form within growing
terminal sacs, and type I cells continue to flatten and spread, increasing the
surface area available for gas exchange. The parenchyma of the lung con-
tinues to thin, and fibroblasts lay down the collagen and elastin fiber com-
ponents of the stroma.

The composition of pulmonary surfactant is developmentally regulated.
By week 30, there is a significant rise in the amount of surfactant secreted
from the type II cells.

By week 36, the stroma of the lung has thinned to the extent that capillaries
may protrude into the prospective alveolar airspaces.

The final stages of maturation of the respiratory system occur after
36 weeks’ gestation and continue into adulthood. At around 36 weeks, the
first mature alveoli appear, characterized by thin-walled interalveolar septa
with a single layered capillary network. The diameter of the capillaries is
sufficiently large that they may span the alveolar walls and interact with
the airspaces on both sides.

New alveoli are generated by a process of septal subdivision of existing
immature alveoli. There is a growth spurt soon after birth, though new
alveoli continue to form at a high rate for up to 3 years.

. As the alveoli mature and the walls thin, there is a decrease in the relative

proportion of stroma to total lung volume, which contributes significantly
to growth for 1-2 years after birth. By 3 years, the overall morphology of
the lung has been established and subsequent expansion occurs through a
proportional growth of all lung components until adulthood.

Developmental stages (Human)

A.

Embryonic phase (3—7 weeks). Initial budding and branching of the lung
buds from the primitive foregut. Ends with the development of the pre-
sumptive bronchopulmonary segments.

Pseudoglandular phase (7-16 weeks). Further branching of the duct sys-
tem (up to 21 further orders) generates the presumptive conducting portion
of the respiratory system up to the level of the terminal bronchioles. At this
time, the future airways are narrow with few lumina and a pseudostratified
squamous epithelium. They are embedded within a rapidly proliferating
mesenchyme. The structure has a glandular appearance.

Canalicular phase (16-24 weeks). The onset of this phase is marked by
extensive angiogenesis within the mesenchyme that surrounds the more
distal reaches of the embryonic respiratory system to form a dense capil-
lary network. The diameter of the airways increases with a consequent
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decrease in epithelial thickness to a more cuboidal structure. The terminal
bronchioles branch to form several orders of respiratory bronchioles.
Differentiation of the mesenchyme progresses down the developing respi-
ratory tree, giving rise to chondrocytes, fibroblasts, and myoblasts.

D. Terminal sac phase (24-36 weeks). Branching and growth of the terminal
sacs or primitive alveolar ducts. Continued thinning of the stroma brings
the capillaries into apposition with the prospective alveoli. Functional type
II pneumocytes differentiate via several intermediate stages from pluripo-
tent epithelial cells in the prospective alveoli. Type I pneumocytes differ-
entiate from cells with a type II-like phenotype. These cells then flatten,
increasing the epithelial surface area by dilation of the saccules, giving rise
to immature alveoli. By 26 weeks, a rudimentary though functional blood/
gas barrier has formed. Maturation of the alveoli continues by further
enlargement of the terminal sacs, deposition of elastin foci and develop-
ment of vascularized septae around these foci. The stroma continues to
thin until the capillaries protrude into the alveolar spaces.

E. Alveolar phase (36 weeks—term/adult). Maturation of the lung indicated
by the appearance of fully mature alveoli begins at 36 weeks, though new
alveoli will continue to form for approximately three years. A decrease in
the relative proportion of parenchyma to total lung volume still contributes
significantly to growth for 1-2 years after birth; thereafter, all components
grow proportionately until adulthood.



Chapter 2
Developmental Lung Anomalies

Mohammad A. Attar and Subrata Sarkar

I. Introduction

A.

B.

Most pulmonary malformations arise during the embryonic and the
pseudoglandular stages of lung development.

The spectrum of developmental malformations related to lung bud forma-
tion, branching morphogenesis, and separation of the trachea from the
esophagus includes laryngeal, tracheal, and esophageal atresia; tracheoe-
sophageal fistula; pulmonary aplasia; and bronchogenic cysts.

Development abnormalities related to the pseudoglandular stage of lung
development and failure of the pleuroperitoneal cavity to close properly
include intralobar pulmonary sequestration, cystic adenomatoid malforma-
tion, tracheomalacia and bronchomalacia, and congenital diaphragmatic
hernia (CDH).

The spectrum of abnormalities arising at the canalicular and the saccular
stage of lung development are related to growth and maturation of the respi-
ratory parenchyma and its vasculature and include acinar dysplasia, alveolar
capillary dysplasia, and pulmonary hypoplasia.

Acute lung injury in the neonatal period may alter subsequent alveolar and
airway growth and development.

M.A. Attar, MD (<)

Department of Pediatrics, University of Michigan Health System, F5790 Mott Hospital,
1500 E. Medical Center Drive, Ann Arbor, MI 48109, USA

e-mail: mattar@med.umich.edu

S. Sarkar, MD

Division of Neonatal-Perinatal Medicine, Department of Pediatrics,
C.S. Mott Children’s Hospital, University of Michigan Health System,
1500 E. Medical Center Drive, Ann Arbor, MI 48109, USA

S.M. Donn and S.K. Sinha (eds.), Manual of Neonatal Respiratory Care, 17
DOI 10.1007/978-1-4614-2155-9_2, © Springer Science+Business Media, LLC 2012



18

M.A. Attar and S. Sarkar

II. Categorizations of lung anomalies

A. Lung anomalies can be localized to the lung or be part of multiple organ
involvement.

B. Lung anomalies may be associated with other congenital anomalies that
could be part of a syndrome.

C. Congenital anomalies in the lung can be categorized as malformations in:

1.
2.
3.

The tracheobronchial tree.

Distal lung parenchyma.

Abnormalities in the pulmonary arterial and venous trees and the
lymphatics.

III. Malformations of the tracheobronchial tree

A. Tracheoesophageal fistula

1.
2.

Occurs in one in 3,000—4,500 live births.

May result from failure of the process of separation of the primitive
foregut into the respiratory and alimentary tracts at 3—6 weeks of
gestation.

Usually found in combination with various forms of esophageal atresia.
The most common combination is esophageal atresia with a distal tra-
cheoesophageal fistula (TEF) (about 85% of the cases).

Infants often present with respiratory distress secondary to airway
obstruction from excess secretions or aspiration of gastric contents into
the lung through the fistula.

Excessive salivation and vomiting soon after feedings are often the first
clue to diagnosis.

Esophageal atresia itself is diagnosed by the inability to pass a catheter
into the stomach. The diagnosis is confirmed by radiographic studies
showing a distended blind upper esophageal pouch filled with air and the
catheter coiled in the pouch.

. TEF without esophageal atresia (H-type fistula) is extremely rare and

usually presents after the neonatal period.

B. Laryngotracheoesophageal cleft

1.

2.

3.

There is a long connection between the airway and the esophagus caused
by the failure of dorsal fusion of the cricoid, normally completed by the
eighth week of gestation. Several subtypes have been described.
Affected infants have chronic aspiration, gag during feeding, and develop
pneumonia.

The diagnosis is made by bronchoscopy.

C. Congenital high airway obstruction syndrome (CHAOS)

1.

May be caused by laryngeal atresia, subglottic stenosis, a laryngeal web,
or a completely occluding laryngeal cyst.
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3.

Prenatal diagnosis of upper airway obstruction could be inferred from
secondary changes, such as enlarged echogenic lung, flattened or inverted
diaphragm, fetal ascites, or hydrops.

Antenatal MRI may be helpful in localizing the level of obstruction.

D. Tracheal agenesis

1.

Rare, but fatal, anomaly caused by displacement of the tracheoesopha-
geal septum.

The length of the agenetic segment is variable.

Usually present with TEF and most are associated with other
anomalies.

At birth, this anomaly is suspected when attempts at intubation are
unsuccessful.

E. Tracheal stenosis

1.

3.
4.

A malformation where the trachea is narrow, either because of intrinsic
abnormality in cartilage formation or by external compression from
abnormal vessel formation or vascular rings.

The major cause for intrinsic tracheal stenosis is an abnormality in car-
tilaginous ring formation, either from posterior fusion of the normal
C-shaped rings or from the formation of a complete cartilaginous sleeve
as reported in children with craniosynostosis syndromes, including
Crouzon, Apert, and Pfeiffer syndromes.

Clinical manifestations: Biphasic stridor or expiratory wheezing.
Diagnosis is by bronchoscopy.

F. Tracheomalacia and bronchomalacia

1.

There is absence or softening in the cartilaginous rings that cause the
trachea to collapse on expiration. There is a reduction in the cartilage:soft
tissue ratio.

The anomaly may be segmental or diffuse.

Infants with laryngomalacia present with variable inspiratory stridor that
worsens with crying, feeding, and upper respiratory infections.

The tracheomalacia may be associated with other congenital anomalies
like vascular rings and TEF.

G. Congenital bronchogenic cysts

1.

2.

Caused by abnormal budding and branching of the tracheobronchial
tree.

Tend to lie in the posterior mediastinum, near the carina, but may be
found in the anterior space.

Cysts are filled with a clear, serous fluid unless they become infected.
The walls of these cysts generally contain smooth muscle and cartilage.
It may be considered if a space-occupying lesion is detected on a chest
radiograph obtained for investigation of respiratory distress.
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H. Congenital lobar emphysema

1.

2.

Can be divided into lobar overinflation, or regional or segmental, pulmo-
nary overinflation.

Congenital lobar emphysema (CLE) may result from malformation in
the bronchial cartilage with absent or incomplete rings, a cyst in the bron-
chus, a mucus or meconium plug in the bronchus, or from extrinsic bron-
chial obstruction caused by dilated vessels, or intrathoracic masses, such
as bronchogenic cysts, extralobar sequestration, enlarged lymph nodes,
and neoplasms.

CLE usually affects the upper and middle lobes on the right, and the
upper lobe on the left.

These lesions cause air trapping, compression of the remaining ipsilat-
eral lung or lobes, and respiratory distress.

Age at the time of diagnosis is closely related to the severity of the respi-
ratory distress and the amount of functioning lung.

Diagnosis is by radiography, which reveals the lobar distribution of the
hyperaeration with compression of adjacent pulmonary parenchyma.

IV. Malformations of the distal lung parenchyma

A. Pulmonary agenesis and aplasia (see also Chap. 66)

1.

2.

A form of arrested lung development that results in the absence of the
distal lung parenchyma.

Pulmonary agenesis is the complete absence of one or both lungs, includ-
ing bronchi, bronchioles, vasculature, and respiratory parenchyma.

. Pulmonary aplasia occurs when only rudimentary bronchi are present; each

ends in a blind pouch, with no pulmonary vessels or respiratory
parenchyma.

This defect arises early in lung development when the respiratory pri-
mordium bifurcates into the right and left primitive lung buds.
Unilateral pulmonary agenesis is more common than bilateral.

Some infants may have severe respiratory distress that does not respond
to mechanical ventilation.

Radiography shows homogeneous density in place of the lung, the ribs
appear crowded on the involved side, and there is mediastinal shift. A
CT scan of the chest confirms the absence of lung tissue.

B. Pulmonary hypoplasia

1.

Develops as a result of other anomalies in the developing fetus. Many of
these anomalies physically restrict growth or expansion of the peripheral
lung.

It occurs in infants with renal agenesis or dysplasia, urinary outlet
obstruction, loss or reduction of the amniotic fluid from premature rup-
ture of membranes, diaphragmatic hernia, large pleural effusions, con-
genital anomalies of the neuromuscular system, and chromosomal
anomalies, including trisomy 13, 18, and 21.
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C. Congenital diaphragmatic hernia (Chap. 65)

1.
2.

10.

CDH occurs in one per 2,000-3,000 births.

Fifty percent are associated with other malformations, especially neu-
ral tube defects, cardiac defects, and malrotation of the gut.

In CDH, the pleuroperitoneal canal fails to close. This allows the devel-
oping abdominal viscera to bulge into the pleural cavity and stunts the
growth of the lung.

The most common site is the left hemithorax, with the defect in the
diaphragm being posterior (foramen of Bochdalek) in 70% of infants.
The left side of the diaphragm is involved more frequently than the right.
The severity of the resulting pulmonary hypoplasia varies, probably
depending upon the timing of the onset of compression, with early,
severe compression of the lungs associated with more hypoplasia.
There is a decrease in the alveolar number and size and a decrease in
the pulmonary vasculature.

Infants with a large CDH present at birth with cyanosis, respiratory
distress, a scaphoid abdomen, decreased breath sounds on the side of
hernia, and displacement of heart sounds to the opposite side.

The diagnosis is often made by antenatal ultrasonography, which is
often precipitated by the occurrence of polyhydramnios.

Often there is severe pulmonary hypertension, likely because of the
increased proportion of muscular arteries in the periphery of the lung,
which results in increased pulmonary vascular resistance.

D. Congenital bronchiolar cysts

1.

2.
3.

Unlike bronchogenic cysts, bronchiolar cysts are in communication
with the more proximal parts of the bronchial tree and with distal alveolar
ducts and alveoli.

These cysts are usually multiple and are restricted to a single lobe.
They may be filled with air, fluid, or both.

E. Congenital cystic adenomatoid malformation

1.

2.

Congenital cystic adenomatoid malformation (CCAM) is a pulmonary
maldevelopment with cystic replacement of small airways and
distal lung parenchyma. It is also called congenital pulmonary airway
malformation (CPAM).

There are five types of CCAM, classified on the basis of the gross
appearance and histologic features, but a simpler classification based
on anatomic and ultrasonographic findings includes two major types:
macrocystic and microcystic.

a. In the macrocystic type, the cysts are more than 5 mm in diameter,
visible on fetal ultrasonography, and the prognosis is better.

b. In the microcystic type, the cysts are smaller, and the mass has a
solid appearance.



22

5.

6.

7.

M.A. Attar and S. Sarkar

Prognosis is worse if the cystic mass is large and associated with
mediastinal shift, polyhydramnios, pulmonary hypoplasia, or hydrops
fetalis.

After birth, because they are connected to the airways, cysts fill with air,
produce further compression of the adjacent lung, and result in respira-
tory distress.

Spontaneous regression of CCAM with normal lungs at birth can occur.

. Bronchopulmonary sequestration

1.

Develops as a mass of nonfunctioning lung tissue, not connected to the
tracheobronchial tree and receives its blood supply from one or more
anomalous systemic arteries arising from the aorta.

There are two forms of bronchopulmonary sequestration depending on
whether it is within (intralobar) or outside (extralobar) the visceral pleu-
ral lining.

Most infants with bronchopulmonary sequestration are asymptomatic in
the neonatal period.

If the sequestration is sufficiently large, there may be persistent cyanosis
and respiratory distress.

. Some cases may present with large unilateral hydrothorax, possibly sec-

ondary to lymphatic obstruction or congestive heart failure secondary to
large left-to-right shunting through the sequestration.

The classic appearance on chest radiography consists of a triangular or
oval-shaped basal lung mass on one side of the chest, usually the left.
Diagnosis is confirmed with chest CT and magnetic resonance angiography.

. Alveolar capillary dysplasia

I.
2.

There is misalignment of the pulmonary veins.

Characterized by inadequate vascularization of the alveolar parenchyma
resulting in reduced number of capillaries in the alveolar wall.

This malformation causes persistent pulmonary hypertension in the new-
born and is uniformly fatal.

. Congenital pulmonary lymphangiectasia (CPL)
1.

Extremely rare condition consists of markedly distended or dilated pul-
monary lymphatics, which are found in the bronchovascular connective
tissue, along the interlobular septae, and in the pleura. It may be primary,
secondary, or generalized.

This condition has been associated with Noonan, Ulrich-Turner, and
Down syndromes.

. Primary lymphangiectasia is a fatal developmental defect in which the

pulmonary lymphatics fail to communicate with the systemic lymphatics.
Affected infants present with respiratory distress and pleural effusions
and die shortly after birth.



2 Developmental Lung Anomalies 23

4. Secondary lymphangiectasia is associated with cardiovascular mal-
formations.

5. Generalized lymphangiectasia is characterized by proliferation of the
lymphatic spaces and occurs in the lung as part of a systemic abnormality,
in which multiple lymphangiomas are also found in the bones, viscera,
and soft tissues.

6. Patients with pulmonary lymphangiectasia present with nonimmune
hydrops fetalis and pleural effusions. Pleural effusions are typically chy-
lous. Pleural effusions in the neonatal period may be serous with minimal
triglycerides, particularly before enteral feeding is established.

I. Other conditions that manifest as interstitial lung disease

1. Disorders of surfactant protein (SP) B and C (deficiencies and dysfunc-
tion) that are associated with lamellar body anomalies related to ABCA3
gene deficiency, thyroid transcription factor 1 (TTF1) deficiency, or alve-
olar epithelia cell granulocyte-macrophage colony-stimulating factor
(GM-CSF) receptor deficiency.

2. Lung injury related to cystic fibrosis and alpha-1 antitrypsin deficiency
may also present as pulmonary dysfunction and emphysema.

3. Diagnostic evaluation for these conditions is usually attempted because
of persistent severe respiratory failure in the neonatal period that does not
respond to conventional therapy or extracorporeal membrane oxygen-
ation support.
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Chapter 3
Spontaneous Breathing

Emidio M. Sivieri and Vinod K. Bhutani

I. Introduction

A.

B.

Air, like liquid, moves from a region of higher pressure to one with lower
pressure.

During breathing and just prior to inspiration, no gas flows because the gas
pressure within the alveoli is equal to atmospheric pressure.

For inspiration to occur, alveolar pressure must be less than atmospheric
pressure.

For expiration to occur, alveolar pressure must be higher than atmospheric
pressure.

Thus, for inspiration to occur, the gradient in pressures can be achieved either, by

9 <

lowering the alveolar pressure (“negative,” “natural,” spontaneous breathing) or,
raising the atmospheric pressure (“positive,” “pressure,” mechanical breathing).
The clinical and physiologic implications of forces that influence inspira-

tion and expiration are discussed in this section.

II. Signals of respiration

A.

B.

Each respiratory cycle can be described by the measurement of three sig-
nals: driving pressure (P), volume (V), and time (Fig. 3.1).

The rate of change in volume over time defines flow (V).

The fundamental act of spontaneous breathing results from the generation of P,
the inspiratory driving force needed to overcome the elastic, flow-resistive, and
inertial properties of the entire respiratory system in order to initiate airflow.
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Fig. 3.1 Graphic representation of a respiratory cycle demonstrating pressure, flow, and volume
waveforms. Volume is obtained by integration (area under the curve) of the flow signal (Modified
from Bhutani VK, Sivieri EM, Abbasi S. Evaluation of pulmonary function in the neonate. In:
Polin RA, Fox WW [Eds.]: Fetal and Neonatal Physiology, second edition, Philadelphia, W.B.
Saunders, 1998, p. 1144, with permission)

. This relationship has been best described by Rohrer using an equation of

motion in which the driving pressure (P) is equal to the sum of elastic
(P,), resistive (P,), and inertial pressure (P,) components, thus:

P=P,+P +P,

. In this relationship, the elastic pressure is assumed to be proportional to

volume change by an elastic constant (E) representing the elastance (or
elastic resistance) of the system.

. The resistive component of pressure is assumed proportional to airflow

by a resistive constant (R) representing inelastic airway and tissue
resistances.

. In addition, the inertial component of pressure is assumed to be propor-

tional to gas and tissue acceleration (V) by an inertial constant (/).
Therefore,

P=EV+RV+IV

. This is a linear, first-order model in which the respiratory system is

treated as a simple mechanical system (Fig. 3.2), where applied pressure
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Driving — Elastic
pressure <& ajrflow (V,V) = volume
(P) (V)

Fig. 3.2 Linear, first-order model of the respiratory system, where applied pressure causes gas to
flow through a tube

P causes gas to flow through a tube (the respiratory airways) which is
connected to a closed elastic chamber (alveoli) of volume V. In this ideal
model E, R, and I are assumed to be constants in a linear relationship
between driving pressure and volume.

6. Under conditions of normal breathing frequencies (relatively low air-
flow and tissue acceleration) the inertance term is traditionally consid-
ered negligible, therefore:

P=EV+RV

7. In respiratory terminology, elastance is usually replaced by compliance
(C), which is a term used to represent the expandability or distensibility
of the system. Since compliance is simply the reciprocal of elastance,
the equation of motion can be rewritten as:

p=Y gy
c

8. This simplified form of the Rohrer equation is the basis for most evalu-
ations of pulmonary mechanics, where measurements of P, V, and 1%
are used to compute the various components of respiratory system com-
pliance, resistance, and work of breathing.

D. One can further study the nonlinear nature of the respiratory system using
more advanced nonlinear models and by analyzing two-dimensional graphic
plots of P-V, V-V ,and P-V relationships.

E. Because the inherent nature of the respiratory signals is to be variable (espe-
cially in premature infants), it is imperative that the signals are measured in as
steady state as feasible and over a protracted period of time (usually 2-3 min).

III. Driving pressure

A. During spontaneous breathing, the driving pressure required to overcome
elastic, airflow-resistive, and inertial properties of the respiratory system is
the result of intrapleural pressure (P ,) changes generated by the respiratory
muscles (Fig. 3.3).

B. During a respiratory cycle, both the intrapleural and alveolar pressures change.

1. Just before the commencement of an inspiratory cycle, the intrapleural
pressure is subatmospheric (=3 to —6 cm H,O) because of the elastic
recoil effect of the lung.



30 E.M. Sivieri and V.K. Bhutani

Mouth . 17\

pressure

Airway
pressure

Intrapleural

pressure Esophageal

pressure

Alveolar
pressure

Fig. 3.3 Schematic representation of components of respiratory pressures used in pulmonary
function studies. Esophageal pressure approximates intrapleural pressure (Modified from Bhutani
VK, Sivieri EM, Abbasi S: Evaluation of pulmonary function in the neonate. In Polin RA, Fox
WW [Eds.]: Fetal and Neonatal Physiology, second edition, Philadelphia, W.B. Saunders, 1998,
p- 1153, with permission)

2. At this time, the alveolar pressure is atmospheric (zero) because there is
no airflow and thus no pressure drop along the conducting airways.

3. During a spontaneous inspiration, forces generated by the respiratory
muscles cause the intrapleural pressure to further decrease producing a
concomitant fall in alveolar pressure so as to initiate a driving pressure
gradient which forces airflow into the lung.

4. During a passive expiration, the respiratory muscles are relaxed and the
intrapleural pressure becomes less negative.

5. Elastic recoil forces in the now expanded lung and thorax cause alveolar
pressure to become positive and thus the net driving pressure forces air
to flow out of the lungs.

6. With forced expiration, the intrapleural pressure rises above atmospheric
pressure.

7. The magnitude of the change in the alveolar pressure depends on the
airflow rate and the airway resistance but usually varies between 1 and
2 cm H,O below and above atmospheric pressure during inspiration and
expiration, respectively.

8. This range of alveolar pressure change can be markedly increased with
air trapping or airway obstruction.
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reverses direction. The pressure difference between these two points represents the net elastic
pressure at end-inspiration. The elastic component of intrapleural pressure at other points can be
approximated by a straight line connecting points of zero flow

C. Following are some physiologic observations of changes in intrapleural
pressure during spontaneous breathing:

1. Under some conditions, respiratory airflow is zero or very close to zero:

a. During tidal breathing, airflow is zero at end-inspiration and end-
expiration, where it reverses direction (Fig. 3.4).

b. During slow static inflation, airflow can be approximated as zero.

c. Inboth cases, the resistive component of driving pressure as described
above is zero or RV =0 and P, is equal to elastic pressure only:

2. The elastic component of intrapleural pressure can be estimated on
the pressure tracing by connecting with straight lines the points of
zero flow at end-expiration and end-inspiration. The vertical seg-
ment between this estimated elastic pressure line and the measured
intrapleural pressure (solid line) represents the resistive pressure
component (Fig. 3.5).
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Fig. 3.5 The elastic component of intrapleural pressure can be estimated on the pressure tracing
by connecting points of zero flow at end-expiration and end-inspiration with a straight line. The
vertical distance between this estimate and the measured intrapleural pressure is the resistive pres-
sure component (solid line)

IV. Factors that impact mechanics of airflow

3. Resistive pressure is usually maximum at points of peak airflow, which
usually occurs during mid inspiration and mid expiration.

4. Transpulmonary pressure (P,,) is the differential between intrapleural
pressure and alveolar pressure. This is the portion of the total respiratory
driving pressure which is attributed to inflation and deflation of the lung
specifically.

D. With mechanical ventilation, of course, the driving pressure is provided by
the ventilator. In contrast to spontaneous breathing, where a negative
change in intrapleural pressure is the driving pressure for inspiration, the
mechanical ventilator applies a positive pressure to an endotracheal tube.
Nonetheless, in both cases there is a positive pressure gradient from the
mouth to the alveoli. In both cases, the transpulmonary pressure gradient
is in the same direction.

Factors that influence the respiratory muscles and respiratory mechanics have
an effect on how air flows in and out of the lungs. These are characterized by

physical, physiologic, and pathophysiologic considerations.
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Fig. 3.6 Schematic comparison of normal and abnormal airflow. Infant with bronchopulmonary
dysplasia (BPD) has higher transmural pressure generated during tidal breathing and thoracic
airways are likely to be compressed during expiration, resulting in a flow limitation (Modified
from Bhutani VK, Sivieri EM: Physiological principles for bedside assessment of pulmonary
graphics. In Donn SM [Ed.]: Neonatal and Pediatric Pulmonary Graphics: Principles and Clinical
Applications. Armonk, NY, Futura Publishing Co., 1998, p. 63, with permission)

A. Physical factors

1. The pattern of airflow is affected by the physical properties of the gas
molecules, the laminar or turbulent nature of airflow, and the dimensions
of the airways, as well as the other effects described by the Poiseuille
equation (Chap. 7).

2. The elastic properties of the airway, the transmural pressure on the air-
way wall, and structural features of the airway wall also determine the
mechanics of airflow.

3. In preterm newborns, the airways are narrower in diameter and result in
a higher resistance to airflow. The increased airway compliance increases
the propensity for airway collapse or distension. If a higher transmural
pressure is generated during tidal breathing (as in infants with bron-
chopulmonary dysplasia, or, during positive pressure ventilation), the
intrathoracic airways are likely to be compressed during expiration
(Fig. 3.6).

4. During forced expiration, the more compliant airways are also likely to
be compressed in the presence of a high intrathoracic pressure.

5. Increased distensibility of airways, as when exposed to excessive end-
distending pressure, can result in increased and wasted dead space
ventilation.
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Turbulence of gas flow, generally not an issue in a healthy individual,
can lead to a need for a higher driving pressure in the sick preterm infant
with structural airway deformations as encountered in those with BPD.

B. Physiologic

1.

2.

The tone of the tracheobronchial smooth muscle provides a mechanism
to stabilize the airways and prevent collapse.

An increased tone as a result of smooth muscle hyperplasia or a hyper-
responsive smooth muscle should lead to a bronchospastic basis of air-
flow limitation.

. The bronchomalactic airway may be destabilized in the presence of tra-

cheal smooth muscle relaxants.
The effect of some of the other physiologic factors, such as the alveolar
duct sphincter tone, is not yet fully understood.

C. Pathophysiologic states

1.

2.

3.

Plugging of the airway lumen, mucosal edema, cohesion, and compres-
sion of the airway wall lead to alterations in tracheobronchial airflow.
Weakening of the airway walls secondary to the structural airway
barotrauma and the consequent changes of tracheobronchomalacia also
result in abnormal airflow patterns.

BPD-related airflow effects have also been previously described.

V. Lung volumes
Ventilation is a cyclic process of inspiration and expiration. Total or minute
ventilation (MV) is the volume of air expired each minute. The volume of air
moved in or out during each cycle of ventilation is the tidal volume (V) and is
a sum of the air in the conducting zone (V, or dead space) and the respiratory
zone (V,, or alveolar space). Thus,

MV = (VA +V, )>< Frequency

The process of spontaneous breathing generally occurs at about mid total lung
capacity (TLC) such that about two-thirds of the total capacity is available as
reserve.

A. Ventilatory volume:

L.
2.

Tidal volume (V.): volume of air inspired with each breath.

Minute ventilation: product of frequency (F, the number of tidal vol-
umes taken per minute) and V..

Dead space (V)): volume in which there is no gas exchange.

a. Dead space refers to the volume within the respiratory system that
does not participate in gas exchange and is often the most frequent
and unrecognized cause for hypercapnia.

b. Itis composed of several components.
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Anatomic dead space is the volume of gas contained in the
conducting airway.

Alveolar dead space refers to the volume of gas in areas of
“wasted ventilation,” that is, in alveoli that are ventilated poorly
or are under-perfused.

The total volume of gas that is not involved in gas exchange is
called the physiologic dead space. It is the sum of the anatomic
and alveolar dead space.

. In anormal person, the physiologic dead space should be equal to the

anatomic dead space. For this reason, some investigators refer to
physiologic dead space as pathological dead space.

(&)

2

. Several factors can modify the dead space volume.

Anatomic dead space increases as a function of airway size and
the airway compliance. Because of the interdependence of the
alveoli and airways, anatomic dead space increases as a function
of lung volume. Similarly, dead space increases as a function of
body height, bronchodilator drugs, and diseases, such as BPD,
tracheomegaly, and oversized artificial airways.

Anatomic dead space is decreased by reduction of the size of the
airways, as occurs with bronchoconstriction, tracheomalacia, or
a tracheostomy.

4. Alveolar Volume (V,): volume in which gas exchange occurs:

Vi=V:-V,

5. Alveolar ventilation (V,): product of frequency and V,.

B. Lung reserve volumes
Reserve volumes represent the maximal volume of gas that can be moved
above or below a normal tidal volume (Fig. 3.7). These values reflect the
balance between lung and chest wall elasticity, respiratory strength, and
thoracic mobility.

1. Inspiratory reserve volume (IRV) is the maximum volume of gas that

2.

can be inspired from the peak of tidal volume.

Expiratory reserve volume (ERV) is the maximum volume of gas that
can be expired after a normal tidal expiration. Therefore, the reserve
volumes are associated with the ability to increase or decrease tidal vol-
ume. Normal lungs do not collapse at the end of the maximum
expiration.

3. The volume of gas that remains is called the residual volume (RV).
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Fig. 3.7 Graphic representation of lung volumes and capacities (Modified from Bhutani VK,
Sivieri EM: Physiological principles for bedside assessment of pulmonary graphics. In Donn SM
[Ed.]: Neonatal and Pediatric Pulmonary Graphics: Principles and Clinical Applications. Armonk,
NY, Futura Publishing Co., 1998, p. 67, with permission)

Table 3.1 Lung volumes in term newborns

Ventilatory volumes Static lung volumes

Normal values for term newborns Normal values for term newborns
V. 5-8 mL/kg RV 10-15 mL/kg

F 40-60 b/min FRC 25-30 mL/kg

v, 2-2.5 mL/kg TGV 30-40 mL/kg
MV 200-480 mL/min/kg TLC 50-90 mL/kg

A 60-320 mL/min/kg VC 35-80 mL/kg

C. Lung capacities
The capacity of the lungs can be represented in four different ways: total
lung capacity, vital capacity, inspiratory capacity, and functional residual
capacity (FRC) (Fig. 3.7).

1. TLC is the amount of gas in the respiratory system after a maximal
inspiration. It is the sum of all four lung volumes. The normal values as
well as the values of static lung volumes for term newborns are shown in
Table 3.1.

2. Vital capacity (VC) is the maximal volume of gas that can be expelled
from the lungs after a maximal inspiration. As such, the vital capacity is
the sum of IRV +TV +ERV. Inspiratory capacity (IC) is the maximal volume
of gas that can be inspired from the resting end-expiration level; there-
fore, it is the sum of TV +IRV.
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3. FRC is the volume of gas in the lung when the respiratory system is at
rest; that is, the volume in the lung at the end of a normal expiration that
is in continuity with the airways. The size of the FRC is determined by
the balance of two opposing forces:

a. Inward elastic recoil of the lung tending to collapse the lung.

b. Outward elastic recoil of the chest wall tending to expand the lung.
Functional residual capacity is the volume of gas above which a nor-
mal tidal volume oscillates. A normal FRC avails optimum lung
mechanics and alveolar surface area for efficient ventilation and gas
exchange.

4. Residual volume (RV): volume of air remaining in the respiratory sys-
tem at the end of the maximum possible expiration.

Expiratory reserve volume (ERV)=FRC—-RV.

D. It is important to note that thoracic gas volume (TGV) is the total amount
of gas in the lung (or thorax) at end-expiration. This value differs from FRC
and the difference would indicate the magnitude of air trapping.



Chapter 4
Pulmonary Gas Exchange

Vinod K. Bhutani

1. Introduction

A.
B.

Pulmonary circulation plays a critical gas exchange function of the lung.
Processes governing pulmonary vascular development, especially with
regard to the origin, differentiation, and maturation of the various cell
types within the pulmonary vascular wall. Include factors which control
development and also provide insight into the genetic diversity of pulmo-
nary vascular wall cells.

These findings begin to provide explanations for the tremendous func-
tional heterogeneity of the pulmonary vascular cells under both normal
and pathophysiologic conditions. In the future, we will need to focus more
attention on understanding from where and when endothelial and smooth
muscle cells arise in the course of pulmonary arterial, bronchial, and pul-
monary venous development.

. We will need to identify the environmental signals and signaling mole-

cules that contribute to the terminal differentiation of specific vascular
cells at the local level, and which confer unique properties to these cells.
We will need to use model systems that allow us to accurately mark and
follow cell fates within the complex environment that obviously contrib-
utes to the ultimate phenotype of the pulmonary vascular cell of interest,
as well as model systems where cell migration, cell—cell interaction, and
proper environmental cues remain intact.

We will need to take into account the fact that angioblasts may arise from
many distant sites, and at certain stages of lung development could even
come from the bone marrow-derived pool of circulating stem cells.
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IL.

III.

IV.
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Because it is clear that oxygen tension plays such a critical role in direct-
ing the development of many organs, we need to take into account the
oxygen tension at which experiments are performed.

Further, we need to address the role that the nervous system may play in
directing vascular development within the lung.

In doing all of the above, we will come to a better understanding of the
unique origins of the macro- and microcirculations of the lung, and may
also provide new insight into the unique expansion and function of the
selective cell types that play critical roles in many pulmonary diseases.

Transition at birth

A.

Independent pulmonary gas exchange to replace the maternal placental
gas exchange mechanism needs to be established within the first few min-
utes after birth.

In order to effect this transition, several physiologic changes occur.

Adjustments in circulation
Pulmonary mechanics
Gas exchange

Acid-base status
Respiratory control

Nk » D=

Upon transition, gas exchange takes place through an air-liquid interface
of alveolar epithelium with alveolar gas in one compartment and blood in
the other (vascular) compartment. An understanding of gas laws, alveolar
ventilation, and pulmonary vasculature are important in facilitating opti-
mal pulmonary gas exchange.

Brief outline of cardiopulmonary adaptations

A.

Prior to birth, the fetus is totally dependent on the placenta (Fig. 4.1) and
has made cardiopulmonary adjustments for optimal delivery of oxygen,
whereas, the maternal physiology has been adapted to maintain fetal
normocapnia.

The salient features and sequence of events that occur during fetal to neo-
natal transition are listed in Table 4.1.

Application of gas laws for pulmonary gas exchange

A.

B.

There are fundamental laws of physics that pertain to the behavior of
gases and thereby impact gas exchange.

An understanding of these laws is also specifically pertinent to the clini-
cian in his/her ability not only to measure and interpret blood gas values,
but also to evaluate the impact on gas exchange during clinical conditions
of hypothermia, high altitude, and use of gas mixtures of varying viscosi-
ties and densities.

A brief description of the pertinent and clinically relevant gas laws is
listed in Table 4.2.
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Fig. 4.1 Schematic representation of fetal circulation (From Bhutani VK: Extrauterine adapta-
tions in the newborn. Sem Perinatol. 1997; 1:1-12, with permission)

D.

One of the most fundamental and widely used relationships to describe
pulmonary gas exchange is summarized as:

v,
PaCO, =863| —= |.

A

where, in a steady state and with negligible inspired carbon dioxide, the
alveolar pressure of carbon dioxide (PaCQO,) is proportional to the ratio of
the rates of carbon dioxide elimination ( V¢, ) and alveolar ventilation
(V,). This equation helps to summarize several of the gas laws. The appli-
cations of the laws are thus:

1. PaCO,: when measured in dry gas as a percentage, Dalton’s law needs
to be applied to convert the value to partial pressure. The partial pres-
sure of carbon dioxide, rather than its percentage composition, is the
significant variable because Henry’s law of solubility states that the
gas is physically dissolved in liquid and in equilibrium with the gas
phase at the same partial pressure.

2. 863: this peculiar number is derived from the need to standardize mea-
surements from body temperature (310°K) to standard pressure and
temperature (760mmHg,-273°K). Based onthe product310 x (760/273),
we obtain the value 863 (in mmHg) providing the constant for the
relationship in the above equation.

3. Vio, 1V, : These values are measured at ambient temperature and pres-
sure, saturated with water vapor (ATPS). Carbon dioxide output needs
to be converted to standard temperature, pressure, dry (STPD) using
Boyle’s and Charles’s laws while alveolar ventilation has to be corrected
to body temperature, pressure and saturated with water vapor (BTPS).
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Table 4.2 Laws that describe gas behavior

Law

Description

Boyle’s law

Charles’s law
Dalton’s law

Amagat’s law

Henry’s law

Graham’s law

At constant temperature (7), a given volume (V) of gas varies inversely
to the pressure (P) to which it is subjected

Gas expands as it is warmed and shrinks as it is cooled

The total pressure exerted by a mixture of gases is equal to the sum of
the partial pressure of each gas

The total volume of a mixture of gases is equal to the sum of the partial
volume of each gas at the same temperature and pressure

At constant temperature, any gas physically dissolves in a liquid in
proportion to its partial pressure, although the solubility coefficient
decreases with increasing temperature and differs from one gas to
another

The rate of diffusion of a gas is inversely proportional to the square root
of its density

Fick’s law The transfer of solute by diffusion is directly proportional to the
cross-sectional area available for diffusion and to the difference in
concentration per unit distance perpendicular to that cross-section

Ideal gas equation Summation of above laws:

PV=nRT, where R is a numerical constant

Van der Waals’s Refinement of the ideal gas equation based upon the attractive forces

equation between molecules and upon the volume occupied by the molecules

Barometric pressure The decrease in barometric pressure is not linear with increasing

and altitude

altitude, weather, temperature, density of atmosphere, acceleration
of gravity, etc., influence it

V. Development of pulmonary vasculature

A. The main pulmonary artery develops from the embryonic left sixth arch.

1.

2.

The sixth arches appear at about 32 days after conception (5 mm
embryo stage) and give branches to the developing lung bud.
Branches from the aorta that supply the lung bud and the right arch
disappear subsequently.

By 50 days (18 mm embryo stage), the adult pattern of vascularization
has commenced.

B. Before the main pulmonary veins are developed, the vessels drain into the

sys
1.

temic circulation of the foregut and trachea.

These connections are lost as the main pulmonary vein develops.

2. A primitive pulmonary vein appears as a bud from the left side of the

atrial chamber at about 35 days.

. Starting as a blind capillary, it bifurcates several times to connect with

the developing lung bud.
Subsequently, the first two branches are resorbed to form the left atrium
at about the seventh week.

C. The branches of the pulmonary arterial system maintain a position next to

the
lar

bronchial structures as both develop during the glandular and canalicu-
stages of lung development.
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Fig. 4.2 Physiologic processes that facilitate onset of postnatal pulmonary gas exchange. (a) Effect
of ventilation on reducing pulmonary vascular resistance (PVR). (b) Effects of acidosis correction
on reducing PVR. (¢) First breaths and establishment of optimal functional residual capacity.
(d) Effect of driving pressure to maintain optimal tidal volume and work of breathing (Modified from
Bhutani VK: Differential diagnosis of neonatal respiratory disorders. In Spitzer AR [Ed.]: Intensive
Care of the Fetus and Neonate. St. Louis, Mosby-Year Book, 1996, p. 500, with permission)

D. By 16 weeks, there is a complete set of vessels that lead to the respiratory
bronchioles, terminal bronchioles, and the terminal sacs.

VL. Onset of pulmonary gas exchange

A. The physiologic processes that facilitate the onset of postnatal pulmonary
gas exchange (described in the series of events depicted in Fig. 4.2).
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G.

H.

1. The effect of ventilation on reducing pulmonary vascular resistance (A).

2. The effect of acidosis correction to enhance pulmonary blood flow (B).

3. The effect of driving pressure and successful establishment of respira-
tion during first breaths to achieve an optimal functional residual
capacity (C).

4. The effect of driving pressure to maintain optimal tidal volume and
achieve the least work of breathing (D).

. These events highlight the other series of biochemical and physiologic

events that concurrently occur to successfully establish and maintain the
matching of ventilation to perfusion.

. Maladaptations delay transition to adequate pulmonary gas exchange.

(Maladaptation may result from central/peripheral nervous system abnor-
malities as well as cardiopulmonary problems).

. Though it has been well established that a newborn is more likely to have

events that lead to hypoxemia or maintain adequate oxygenation with an
inability to compensate hemodynamically, it has also been realized that a
newborn is more tolerant of hypoxemia than an adult. Reasons for occur-
rences of hypoxemic events:

1. Reduced FRC relative to the oxygen consumption
2. Presence of intrapulmonary shunts that lead to V/Q mismatching
3. A high alveolar—arterial oxygen gradient

Hypercapnia that results from an inability to maintain adequate alveolar
ventilation in the face of mechanical loads also results in lower alveolar oxy-
gen tension.
From a hemodynamic perspective, impaired oxygen delivery may occur
because of:

1. Low P, values because of high oxygen affinity of the fetal hemoglobin
2. Increased blood viscosity

3. Lower myocardial response to a volume or pressure load

4. Inadequate regional redistribution of the cardiac output

The relationship between arterial oxygen and carbon dioxide values and how
these relate to hypoxemia and respiratory failure are shown in Fig. 4.3.

The effect of oxygen inhalation on the composition of alveolar and blood
gas tensions is shown in Table 4.3.

Optimal pulmonary gas exchange

A.

B.

Failure to establish optimal pulmonary gas exchange leads to either oxy-
genation or ventilation failure.

Factors that impact on adequacy of neonatal gas exchange (especially a
preterm newborn) are listed in Table 4.4.

Respiratory failure can initially lead to increased respiratory effort in an
attempt at compensation, followed by an inability to ventilate, or apnea.
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to hypoxemia and respiratory failure (Modified from
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Table 4.3 Effect of oxygen inhalation (100%)
tensions

on composition of alveolar and blood gas

Inspired Alveolar End pulmonary Arterial End-systemic
dry gas gas capillary blood blood capillary blood
Air 0, Air O, Air O, Air O, Air o,
P, , torr 1,591 760 104 673 104 673 100 640 40 53.5
P, . torr 0.3 0 40 40 40 40 40 40 46 46
P, . torr 0.0 0 47 47 47 47 47 47 47 47
P, . torr 600.6 0 569 0 569 0 573 0 573 0
o 1OIT 760 760 760 760 760 760 760 727 706 146.5°
0,Sat (%) 98 100 98 100 75 85.5

“What happens to the total gas tension when a baby breathes 100% oxygen: the total venous gas

tension is now at 146.5 torr

Table 4.4 Factors that impact on adequacy of neonatal gas exchange

Factors for gas exchange

Impact of prematurity

Neural control of respiration
Mechanical loads: elastic and resistive
Stability of end-expiratory lung volume

Ventilation—perfusion matching

Hemoglobin dissociation curve properties
Match cardiac output to oxygen consumption
Ability to maintain alveolar ventilation

Immaturity

High chest wall to lung compliance ratio

Compliant airways with pre-end-expiratory
closure of airways

Reactive pulmonary vasculature

Fetal hemoglobin characteristics

High neonatal oxygen consumption

Propensity for respiratory muscle fatigue
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VIIIL

D.

The concurrent changes in arterial oxygen and carbon dioxide gas
tensions during both health and disease are shown in Fig. 4.3.

Physiologic principles to improve pulmonary gas exchange

A.

The physiologic principles that may be utilized to improve oxygenation,
enhance carbon dioxide elimination, and establish ventilation at optimal
FRC (and thereby with the least baro- and volutrauma) are listed in
Fig. 4.2a-d.

. The clinically relevant interventional strategies are crucial to achieve opti-

mal gas exchange.

It is also valuable to be reminded that in a healthy newborn gas tensions
are maintained in a narrow range by exquisitely sensitive feedback mech-
anisms of chemoreceptors and stretch receptors.

Moreover, during fetal development the maternal physiology is signifi-
cantly altered to maintain fetal normocapnia and neutral acid—base status.
Thus, as clinicians assume control of the newborn’s ventilation with sup-
portive technologies, the road map for optimal pulmonary gas exchange
needs to be “quality controlled” from physiologic perspectives and with
the least amount of baro- and volutrauma.



Chapter 5
Oxygen Therapy

Win Tin

I. Introduction

A. “The clinician must bear in mind that oxygen is a drug and must be used in

C.

accordance with well recognized pharmacologic principles; i.e., since it has
certain toxic effects and is not completely harmless (as widely believed in
clinical circles) it should be given only in the lowest dosage or concentra-
tion required by the particular patient.” [Julius Comroe, 1945].

. Oxygen is the most commonly used therapy in neonatal intensive care units,

and ocular oxygen toxicity in newborns (cicatricial retinopathy of prematu-
rity, ROP) was first described more than 50 years ago.

The ultimate aim of oxygen therapy is to achieve adequate tissue oxygen-
ation, but without creating oxygen toxicity and oxidative stress.

II. Physiological considerations

A. Tissue oxygenation depends upon:

. Fractional-inspired oxygen (FiO,).

. Gas exchange mechanism within the lungs.

. Cardiac output.

. Oxygen carrying capacity of the blood. Approximately 97% of oxygen
transported to the tissue is carried by hemoglobin and 3% is dissolved in
plasma.

5. Local tissue edema or ischemia.

O S

. Fetal oxygen transport and postnatal changes:

1. Fetal hemoglobin (HbF) has higher oxygen affinity and lower P, (oxygen
tension at which 50% of hemoglobin is saturated at standard pH and
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temperature). This favors oxygen uptake from a placenta to a fetus as
adequate transfer of oxygen is achieved at relatively low PaO,.

. High oxygen affinity of HbF, however, has a disadvantage in oxygen

delivery to the fetal tissue, but this is offset by the fact that the fetal
oxygen—hemoglobin saturation curve is much steeper; therefore, adequate
dissociation of oxygen from hemoglobin can occur with a relatively
small decrease in oxygen tension at the tissue level.

. The newborn infant needs more oxygen than the fetus (oxygen con-

sumption of most animal species increases by 100—150% in the first few
days of life); therefore, the P, which is adequate for tissue oxygenation
in a fetus is not enough in a newborn.

. Changes in both oxygen affinity and oxygen carrying capacity occur

postnatally, and in an infant born at term, P,  reaches adult levels by
about 4-6 months of age.

. Indices of oxygenation:

1.

Alveolar—arterial oxygen pressure difference (A—aDO,). The difference
in partial pressure of oxygen between alveolar and arterial levels corre-
lates well with ventilation/perfusion (V/Q) mismatch. In a newborn who
is breathing room air, this value can be as high as 40-50 torr, and may
remain high (2040 torr) for days. The increase in A-aDO, is generally
caused by:

a. Block of oxygen diffusion at the alveolar-capillary level

b. V/Q mismatch in the lungs (from either increase in physiologic dead
space or intrapulmonary shunting)

c. Fixed right-to-left shunt (intracardiac shunting)

. Oxygenation index (OI). This is most frequently used clinical and

research metric because of its ease of calculation, and is felt to be a more
sensitive indicator for severity of pulmonary illness as mean airway pres-
sure (Paw) is taken into its calculation

OI = Paw x FiO, / Pa0, x 100.

. Arterial-to-alveolar oxygen tension ratio (a/A ratio).
. There is no significant difference in the performance of these indices in

predicting death and adverse respiratory outcome.

. Pa0, and Oxygen saturation (Sa0,)
1.

Several clinical studies have shown that fractional O, saturation above
92% can be associated with PaO, values of 80 mmHg (10.7 kPa) or even
higher (Fig. 5.1).

. Although PaO, and SaO, are directly related to each other, this correlation

is influenced by several physiologic changes (quantity and quality of Hb,
temperature, acid-base status, PaCO,, and concentration of 2-3 DPG).
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Fig. 5.1 Oxygen therapy and toxicity. The relation between fractional O, saturation measured
with a pulse oximeter and arterial partial pressure (reproduced with permission from BMJ Books).
The dashed line marks the TcO, above which there was an increased risk of ROP in the study
reported by Flynn in 1992. The bars in (b) show the range within which 95% of all measures of
partial pressure varied when oximeter read 90, 92, 94, 96, and 98% in the study reported by
Brockway and Hay in 1998
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III. Monitoring oxygen therapy (Chap. 17)

A.

Continuous, noninvasive monitoring

1. Pulse oxygen saturation (Pulse oximetry, SpO,): This is the most user
friendly method and therefore most widely used technique for monitoring
oxygen therapy, but it has limitations, mainly the failure to detect
hyperoxia.

2. Transcutaneous PO, (TcPO,): This is the preferred method by some cli-
nicians, particularly for monitoring in the early life of newborn infants.
The accuracy depends on skin thickness and perfusion status and sensor
temperature. There is a risk of local skin burn in very premature infants.

. Continuous, invasive monitoring (via umbilical arterial catheter)

1. Arterial oxygen tension (PaO,)
2. Blood gas analysis

Intermittent monitoring

1. PaQ, (via umbilical or peripheral arterial catheters)

2. Mixed central venous oxygen tension (PvO,). This value, if taken from a
catheter placed in the inferior vena cava, reflects the oxygen tension of
the blood that has equilibrated with the tissues, and therefore can be a
useful indicator of tissue oxygen delivery.

IV. Clinical evidence for monitoring oxygen therapy

A.

There is no clear evidence to date to suggest what the optimal SaO, or PaO,
values are in premature infants (who receive supplemental oxygen therapy)
in order to avoid potential oxygen toxicity while providing adequate oxygen
delivery to tissues.

. Pulse oximetry is more widely used (and is often used solely) as continuous,

noninvasive monitoring for oxygen therapy, yet there remains a wide varia-
tion in SaO, monitoring policies among neonatologists and NICUs.

. Several observational studies in the past have suggested that accepting lower

arterial oxygen saturation (measured by pulse oximetry) in preterm infants
during the neonatal period was associated with lower rates of severe ROP
and other neonatal complications, including bronchopulmonary dysplasia.

. The STOP-ROP trial showed that keeping SaO, above 95% in very prema-

ture infants (mean gestational age 25.4 weeks) when they were found to
have developed prethreshold ROP (mean postmenstrual age 35 weeks)
slightly reduced the risk of the disease progressing to severe ROP needing
retinal surgery, but the benefit was only seen in those without “plus dis-
ease.” However, this study also suggested that aiming to keep higher oxy-
gen saturation was associated with significantly increased adverse pulmonary
outcomes, without any benefit in growth or the eventual retinal outcome as
assessed three months after the expected date of delivery.

The BOOST trial also showed that aiming to keep high oxygen saturation in
chronically oxygen-dependent babies, born before 30 weeks’ gestation was
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not associated with the improvement in growth and development at 1 year,
but was associated with increase in duration of oxygen therapy and the
utilization of health care resources.

V. Emerging evidence from the “oxygen saturation targeting trials”

A. Five masked randomized controlled trials (with a planned prospective meta-
analysis) have been conducted recently to compare the clinical outcomes
(primary outcome being death and severe disability) of targeting “low” oxy-
gen saturation range of 85-89% vs. “high” range of 91-95% in preterm
infants of less than 28 weeks’ gestation.

B. Evidence available from some of these trials showed that targeting oxygen
saturation range of 91-95%, compared to 85-89% reduces the risk of mor-
tality but increases the risk of severe ROP.

C. Final conclusions will be available when the information on the primary out-
come of death and severe disability is available and the prospective meta-
analysis is completed. However, clinicians should be aware that the current
oxygen trials may not end the questions and controversies on “oxygen”—a
powerful and the most commonly used “drug” in neonatal medicine.
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Chapter 6
Oxygen Toxicity

Ola Didrik Saugstad

I. Oxygen toxicity in the newborn period

A. Historical aspects

1.

Oxygen was discovered independently by Scheele and Priestly in 1772
and 1774, respectively. However, already in 1604 the Polish alchemist
Michael Sendivogius had described oxygen as vital air.

. Lavoisier coined the term oxygen in 1775. Only 5 years later oxygen was

used to treat newborns. In 1928, Flagg published in the Journal of the
American Medical Association (JAMA) a method to resuscitate new-
borns with oxygen and CO,.

. Already Priestly understood that oxygen might be toxic and during the

nineteenth century more and more information was collected showing its
toxic effects.

. In the 1950s, oxygen was associated with the development of retrolental

fibroplasia today called retinopathy of prematurity (ROP), and at the end
of the 1960s oxygen toxicity was associated with the development of
bronchopulmonary dysplasia (BPD).

. Some years later, it was hypothesized oxygen might be toxic during

resuscitation and in 2010 international guidelines were changed recom-
mending starting resuscitation of term or late preterm infants with air
instead of oxygen. Still the optimal FiO, for extremely low birth weight
(ELBW) infants is not defined.

B. Evolutionary aspects

1.

Life developed in an oxygen free and reducing atmosphere.
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. The so-called Last Universal Common Ancestor was probably resistant

to oxygen toxicity, and it is hypothesized that this was due to the fact that
primitive organisms were forced through a “radiation bottleneck” mak-
ing life resistant both to radiation injury and oxygen toxicity.

This prepared eukaryocytes for a life in a high oxygen atmosphere.

. Basic mechanisms

1.

In 1891, the Scottish chemist Sir James Dewar discovered that oxygen
is magnetic. This is caused by spin of unpaired electrons in the outer
electron orbit, and this makes it difficult for oxygen to form new chemi-
cal bonds.

. In order to complete electron pairing oxygen can only receive single

electrons with antiparallel spin. Accepting electrons stabilizes the oxy-
gen molecule.

. During oxidative phosphorylation in the mitochondria, single electrons

escape and join with 1-2% of the total oxygen consumed by the cells to form
superoxide radicals. By adding another 1, 2, or 3 electrons hydrogen per-
oxide, hydroxyl radicals, and finally water are formed.

. Oxygen free radicals or reactive oxygen species (ROS) have the capabil-

ity to oxidize unsaturated free fatty acids, proteins, and DNA. They are
also important as signaling substances and therefore regulating physio-
logic processes such as circulatory aspects as well as growth and devel-
opment. Therefore, it is important for the organism to control the redox
status and oxidative stress tightly; even short deviations in oxidative stress
indicators may trigger long-term effects.

. Defense mechanisms

1.

The body has a number of antioxidants both intracellular and extracellu-
lar. In fetal life, the intracellular antioxyenzymes superoxide dismutases,
catalases, and glutathione peroxidases are low and increase toward term.

. Extracellular defense is not so low in the premature and after birth, for

instance vitamin C is high. Another important antioxidant in this period
of life is bilirubin and also uric acid.

. The premature baby has less capacity to bind free iron, and thus these

babies are more susceptible to damage through the Fenton reaction pro-
ducing hydroxyl radicals.

. DNA is protected against oxygen toxicity by a series of glycosylases.

Base cutting repair is the most important cellular mechanism for repair-
ing oxidative DNA injury. This repair is initiated by DNA glycosylases,
which recognize and repair DNA base injuries. A number of glycosy-
lases have been described as Neill 3, hMUTY, hOggl, and others.

. Control mechanisms

1.

HIF-1a is an important transcription factor which is activated in
hypoxia and closed down by normoxia and hyperoxia. HIF-1au tran-
scribes a series of genes, such as vascular endothelial growth factor
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(VEGF) and erythropoietin, which increases oxygen utilization and
reduces oxygen consumption/demand.

. A number of other transcription factors are involved in hyperoxia.

a. NF-erythroid 2-related factor (Nrf2 ) is activated by hyperoxia and
activates antioxidant response element (ARE) and regulates detoxifying
and antioxidant enzymes and increases expression of antioxidant
enzymes. It is cytoprotective in type II cells of the lung and ameliorates
O, induced lung injury in mice.

b. AP-1 controls genes regulating apoptosis, inflammation, and oxida-
tive stress.

c. NF-xB activates genes regulating apoptosis, inflammation, and oxida-
tive stress. It is activated by endotoxins and oxidative stress via toll-
like receptors in the cell membrane.

d. p53 regulates expression of target genes related to cell cycle arrest, cell
death, and DNA repair.

e. ccat/enhancer binding protein (CEBP) regulates cell proliferation and
tissue development and is increased in the lung of rats exposed to
hyperoxia.

f. STATSs are polypeptides participating in signaling pathways and may
be protective to hyperoxia by induction of heme-oxygenase which is
a cytoprotective enzyme highly inducible following exposure to
hyperoxia.

II. Potential risks of hyperoxia and oxygen toxicity

A. Brain

1.

The neonatal brain is susceptible to hyperoxia because of a high content
of unsaturated free fatty acids which are easily exposed to peroxidation,
the presence of free iron, low antioxidant enzymes, and vulnerable oligo-
dendrocytes. These brains are often also exposed to hyperoxia as well as
inflammation which increase oxidative stress.

. Pre- and immature oligodendrocytes are especially vulnerable to hyper-

oxia and oxidative stress.

. This vulnerability is probably time dependent. The vulnerability of the

brain to hyperoxia seems in rodents to be confined to a short window
postpartum especially the first week of life. Whether such a vulnerable
window exists in humans is not clear.

. Microglia which peak in white matter in the 3rd trimester, when acti-

vated generate free radicals and secrete cytokines.

B. Retina

1.

2.

The transition from intra-to extrauterine life increases oxygen tension
and decreases VEGF not only in the retina, but also in other tissues.

In the retina of the immature baby angiogenesis is halted, however after
a few weeks, typically after 32 weeks’ postconceptional age the retina
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becomes hypoxic due to its increase in size without angiogenesis and
consequently VEGF increases. This may lead to an uncontrolled vessel
growth and development into the second stage of ROP.

. In order for VEGEF to be active, insulin like growth factor must reach

a threshold level. Thus, the genesis of ROP is complex both dependent
on hyperoxia and on a number of other nonhyperoxic factors related
to growth.

. Several studies, including one meta-analysis, strongly indicate that severe

ROP can be significantly reduced by keeping the arterial oxygen satura-
tion low and avoid fluctuations.

C. Lungs

1.

2.

Oxidative stress generally induces apoptosis in a relatively short period
of time (hours).

Hyperoxia predominantly induces nonapoptotic cell death over a longer
period of time (days).

. Hyperoxia-induced lung injury is initially characterized by necrosis and

swelling of capillary endothelial cells. Later, the epithelial cells are
affected.

. Hyperoxia-induced lung injury is also characterized by inflammation,

destruction of the alveolar-capillary barrier, impaired gas exchange, and
pulmonary edema.

. Hyperoxia and ROS lead to increased release of chemo attractants and

other proinflammatory cytokines promoting leukocyte recruitment to the
lung. These activated leukocytes produce ROS, thus a vicious circle is
established.

. Hyperoxia activates caspases 3 and 9 as well as proinflammatory cytok-

ines as IL-1, IL-6, 11-8, TGFf, TNFa, and VEGE.

. Hyperoxia reduces protein synthesis. This seems to be mediated via

mTOR pathways. Hyperoxia inhibits translation of mRNA.

. A recent meta-analysis indicates that BPD can be reduced 20-25% by

keeping arterial oxygen saturation low.

III. Clinical implications

B. Oxygenation in the delivery room

1.

Term and late preterm infants. Recent international guidelines recom-
mend starting resuscitation with air instead of supplemental oxygen. This
is based on animal studies and ten clinical studies, including more than
2,000 babies resuscitated with either 21% or 100% oxygen. It seems that
the use of 100% oxygen increases time to first breath approximately 30
seconds, reduces Apgar score, and heart rate at 90 s of life. More importantly
is that resuscitation with air reduces relative risk of neonatal mortality
approximately 30%. It is therefore recommended to start ventilation with
air, and if possible have a blender so oxygen could be given in case the
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baby does not respond adequately. A proper ventilation strategy to open
the lungs is essential before oxygen is supplemented.

. In babies with nonhealthy lungs (for instance after meconium aspiration)

oxygen supplementation may be needed, and no clinical data exist regard-
ing optimal FiO, for such babies. In the rare event of the need of chest
compressions (<1/1,000 term or late preterm babies), it is not known
which FiO, should be used.

. If a pulse oximeter is available arterial oxygen saturations should

aim at the 10th-50th percentile of the normal saturation limits recently
published.

. ELBW infants. Fewer data are available regarding how to oxygenate

these babies in the delivery room. There are, however, data from smaller
studies indicating that one should avoid starting with FiO, 90-100%.
Until more data are collected one advice, which is not evidence based, is
to start ventilation with 21% or 30% oxygen and adjust FiO, to reach an
arterial oxygen saturation between 10th and 50th percentile of the nor-
mal values recently published.

B. Oxygenation beyond the delivery room

1.

2.

Term babies should be weaned as quickly as possible, and this is often
not difficult since their lungs are mature.

The optimal SpO, target of ELBW infants is not known. It is clear that
especially severe ROP is reduced by keeping the saturation low and
avoiding fluctuations. On the other hand, recent data indicate that a low
saturation target between 85-89% increases mortality compared with a
high target of 91-95%.

IV. Prevention of hyperoxia and hyperoxic injury

1.

2.

The best prevention of hyperoxic injury of the newborn is to avoid hyper-
oxia and inflammation, especially the combination of these.
Beta-carotene and vitamin A in one study was lower in preterm babies
developing BPD. Postnatal vitamin A supplementation in the US multi-
center trial reduced BPD (RR 0.89, 95% confidence interval 0.80-0.99,
number needed to treat=14-15).

. Antioxidant enzymes, such as superoxide dismutase, as well as antioxi-

dants such as vitamin E, have so far not been convincingly successful in
preventing hyperoxic injury in newborn infants.

. Early routine use of inhaled nitric oxide (iNO) in preterm infants with

respiratory disease does not improve survival without BPD.

. A number of different antioxidants such as allopurinol and erythtropoietin

have been tested with some protective effects. Nutrients, such as omega-3
fatty acids, especially docosahexaenoic acid, may have antioxidant
properties in the newborn.

. In the future, new and more powerful antioxidants may be developed

giving clinical effects when administrated both pre- and postnatally.
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Chapter 7
Pulmonary Mechanics

Emidio M. Sivieri and Vinod K. Bhutani

1. Introduction

Postnatal alterations in pulmonary mechanics, energetics, and functional residual
capacity (FRC) describe the structural maturation of the preterm respiratory sys-
tem. Surfactant deficiency among infants with very low gestational age is suc-
cessfully ameliorated with prenatal steroids and/or surfactant replacement, but
continues to be confounded by postnatal structural immaturity of airways, chest
wall, and lung parenchyma. These, mechanical properties are encompassed by:

A. The structural and physiologic characteristics of the neonatal respiratory

B.

C.

system are unique and may act as impediments for normal respiration.
These mechanical characteristics are the elastic and resistive properties of
the respiratory system and the forces that cause airflow.

The energy for ventilating the lungs is supplied by the active contraction of
the respiratory muscles and these are required to overcome the elastic recoil
of the lungs and the frictional resistance to airflow in the conducting
airways.

II. Elastic properties

A. The elastic properties of the lung parenchyma are dependent on the elastic-

ity of pulmonary tissues, gas exchange spaces, smooth muscle, connective
tissue, and the vascular tissue. Equally important as tissue elasticity is the
recoil effect from surface tension forces at the alveolar liquid—air interface.
The elastic properties of the airway depend on the smooth muscle, tissue
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properties, and fibrocartilaginous structure, whereas the elastic properties
of the thorax depend on the rib cage, intercostal muscle, the diaphragm, and
tissues of the chest wall. These forces are interdependent, maintain a
complex balance, and are influenced by the respiratory cycle and position of
the body.

. Elasticity is the property of matter such that if a system is disturbed by

stretching or expanding it, the system will tend to return to its original posi-
tion when all external forces are removed. Like a spring, the tissues of the
lungs and thorax stretch during inspiration, and when the force of contrac-
tion (respiratory muscular effort) is removed, the tissues return to their rest-
ing position. The resting position or lung volume is established by a balance
of elastic forces. At rest, the elastic recoil forces of the lung tissues exactly
equal those of the chest wall and diaphragm. This occurs at the end of every
normal expiration, when the respiratory muscles are relaxed, and the vol-
ume remaining in the lungs is the FRC.

. The visceral pleura of the lung is separated from the parietal pleura of the chest

wall by a thin film of fluid creating a potential space between the two struc-
tures. In a normal newborn at the end of expiration, the mean pressure in this
space (i.e., the intrapleural pressure) is 3—-6 cm H,0O below atmospheric pres-
sure. This pressure results from the equal and opposite retractile forces of the
lungs and chest wall and varies during the respiratory cycle, becoming more
negative during active inspiration and more positive during expiration. During
normal breathing, the pressure within the lungs is dependent upon the airway
and tissue frictional resistive properties in response to airflow. Because there is
no net movement of air at end-expiration and at end-inspiration, pressure
throughout the lung at these times is in equilibrium with atmospheric air.

D. Lung compliance

1. If pressure is sequentially decreased (made more subatmospheric)
around the outside of an excised lung, the lung volume increases.

2. When the pressure is removed from around the lung, it returns to its
resting volume.

3. This elastic behavior of the lungs is characterized by the pressure—
volume curve (Fig. 21.12). Note that the pressure—volume curve during
inspiration is different from that during expiration.

4. This difference is typical of nonideal elastic systems and is called the
hysteresis of the system.

5. The ratio of change in lung volume to change in distending pressure
defines the compliance of the lungs:

. h inl 1
Lung compliance = Change in lung volume

Change in transpulmonary pressure

where transpulmonary pressure (P_,) is the net driving pressure to
expand the lungs only and is defined as the difference between alveolar
pressure and intrapleural pressure. Intrapleural pressure cannot easily
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10.

be measured directly, but it can be approximated by measuring the
intraesophageal pressure.

. By definition, lung compliance is a static characteristic obtained while

the respiratory system is in a passive state and there is no airflow.

a. This can be achieved in infants by numerous, well-proven, static
techniques.

b. Using special dynamic techniques, lung compliance can also be
measured during uninterrupted spontaneous breathing or mechanical
ventilation.

c. Compliance obtained in this manner is termed dynamic compliance.

. Although the pressure—volume relationship of the lung is not linear

over the entire lung volume range, the compliance (of slope AV /AP)
may be close to linear over the normal range of tidal volumes beginning
at FRC (Fig. 7.1f). Thus, for a given change in pressure, tidal volume
will increase in proportion to lung compliance, or AV =C /AP

a. As lung compliance is decreased, the lungs are stiffer and more
difficult to expand.

b. When lung compliance is increased, the lung becomes easier to dis-
tend, and is thus more compliant.

. Lung compliance and pressure—volume relationships are determined by

the interdependence of elastic tissue elements and alveolar surface ten-
sion. Tissue elasticity is dependent upon elastin and collagen content of
the lung.

. A typical value for lung compliance in a young healthy newborn is

1.5-2.0 mL/cm H,O/kg.

a. This value is dependent upon the size of the lung (mass of elastic
tissue).

b. As may be expected, the compliance of the lung increases with
development as the tissue mass of the lung increases.

c. When comparing values between different subjects, lung compli-
ance should be normalized for lung volume by dividing by the FRC.
This ratio is called the specific lung compliance.

The surface-active substance (surfactant) lining the alveoli of the lung
has a significant physiologic function.

a. Surfactant lowers surface tension inside the alveoli, thereby contribut-
ing to lung stability by reducing the pressure necessary to expand the
alveoli.

b. Alveolar type II cells contain osmophilic lamellar bodies that are
associated with the transformation of surfactant.

c. Impaired surface activity, as occurs in those premature infants with
respiratory distress syndrome (RDS), typically results in lungs that
are stiff (low compliance) and prone to collapse (atelectasis).
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Fig. 7.1 Pressure—volume curves demonstrating elastic behavior of the lungs. (a) Normal
spontaneous breath. (b) High expiratory airflow resistance. (¢) Mechanical breath with pressure
overdistension. (d). Mechanical breath with volume overdistension and large functional residual
capacity. (e) Low compliance with clockwise shift of axis. (f) Tidal pressure—volume loops based
on the functional residual capacity. (Modified from Bhutani VK, Sivieri EM. Physiological
principles for bedside assessment of pulmonary graphics. In: Donn SM, editor. Neonatal and
pediatric pulmonary graphics: principles and clinical applications. Armonk, NY: Futura; 1998.
p. 70, with permission)
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11. In bronchopulmonary dysplasia, the areas of fibrosis and scarring lead
to a reduction in the lung compliance. In these conditions, the baby
has to generate a higher driving pressure to achieve a similar tidal vol-
ume or else hypoventilation will occur.

E. Total respiratory system compliance

1. If the driving pressure is measured across the entire respiratory system
(the transthoracic pressure), then for a given volume change we obtain
the compliance of the combined lung and chest wall together:

Change in lung volume

Total compliance = - - ,
Change in transthoracic pressure

where, in a passive respiratory system, transthoracic pressure is the dif-
ferential between alveolar and atmospheric pressure.

2. In a newborn connected to a mechanical ventilator, the transthoracic
pressure can be measured simply as the airway pressure applied at the
mouth or endotracheal tube.

F. Chest wall compliance

1. Like the lung, the chest wall is elastic.
2. If air is introduced into the pleural cavity, the lungs will collapse inward
and the chest wall will expand outward.

Chest wall compliance = Volume change

. . . 9
Change in intrathoracic pressure

where the intrathoracic pressure is the pressure differential across the chest
wall to the atmosphere. Because it is difficult to measure chest wall pres-
sure directly, chest wall compliance may be measured indirectly, where:

Elastance of the respiratory system = Elastance of lungs
+Elastance of chest wall.
Thus,

1 1 1
= + .
Total lung compliance  Lung compliance Chest wall compliance

3. As previously discussed, there is a balance of elastic recoil forces at rest
(end of expiration) such that the lungs maintain a stable FRC (Fig. 7.2).

a. In the newborn, the chest wall compliance is higher than that of the
adult.

b. The chest wall becomes more compliant at earlier stages of
gestation.
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Balance of elastic recoil at rest to maintain stable functional residual capacity. Left.

Normal newborn; chest wall compliance is higher than that of the adult. Right. Preterm newborn
with RDS. Chest wall is even more compliant and aggravated by disease state, FRC is lower.
(Modified from Bhutani VK, Sivieri EM. Physiological principles for bedside assessment of
pulmonary graphics. In: Donn SM, editor. Neonatal and pediatric pulmonary graphics: principles
and clinical applications. Armonk, NY: Futura; 1998. p. 72, with permission)

c. Even if the lungs have a normal elastic recoil and compliance, the FRC
will be lowered because the chest wall would be unable to balance the
elastic forces.

d. The preterm newborn is therefore destined to have a lower FRC, and this
state is aggravated if the FRC is lowered further because of disease
states.

III. Resistive properties

A.

B.

Nonelastic properties of the respiratory system characterize its resistance to
motion.

Since motion between two surfaces in contact usually involves friction or
loss of energy, resistance to breathing occurs in any moving part of the
respiratory system.

These resistances would include frictional resistance to airflow, tissue resis-
tance, and inertial forces.

1. Lung resistance results predominantly (80%) from airway frictional
resistance to airflow.
2. Tissue resistance (19%) and inertia (1%) also influence lung resistance.

Airflow through the airways requires a driving pressure generated by
changes in alveolar pressure.
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Fig. 7.3 The relative elastic and resistive components of transpulmonary pressure recorded from
a typical single spontaneous breath. Pulmonary resistance is determined from simultaneous mea-
sures of the resistive component of pressure and the flow signal

E. When alveolar pressure is less than atmospheric pressure (during spontaneous
inspiration), air flows into the lung; when alveolar pressure is greater than
atmospheric pressure, air flows out of the lung.

F. By definition, resistance to airflow is equal to the resistive component of
driving pressure (P,) divided by the resulting airflow (V ), thus:

. P
Resistance =—X-.
1%

G. When determining pulmonary resistance (tissue and airway), the resistive
component of the measured transpulmonary pressure is used as the driving
pressure (Fig. 7.3).

H. To obtain airway resistance alone, the differential between alveolar pressure
and atmospheric pressure is used as the driving pressure.
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I. Under normal tidal breathing conditions, there is a linear relationship
between airflow and driving pressure.

1.

The slope of the flow vs. pressure curve changes as the airways narrow,
indicating that the patient with airway obstruction has a greater resis-
tance to airflow.

The resistance to airflow is greatly dependent on the size of the airway
lumen.

According to Poiseuille’s law, the pressure (AP) required to achieve a
given flow (V) for a gas having viscosity 71 and flowing through a rigid
and smooth cylindrical tube of length L and radius r is given as:

ap =YL

nrt

Therefore, resistance to airflow is defined as:
AP 8nL

vV ot

Thus, the resistance to airflow increases by a power of four with any
decrease in airway diameter.

. Because the newborn airway lumen is approximately half that of the

adult, the neonatal airway resistance is about 16-fold that of the adult.
Normal airway resistance in a term newborn is approximately 20—40 cm
H,O/L/s (adults 1-2 cm H,O/L/s).

. Nearly 80% of the total resistance to airflow occurs in large airways up to

about the fourth to fifth generation of bronchial branching.

1.

2.

The patient usually has large airway disease when resistance to airflow
is increased.

Since the smaller airways contribute a small proportion of total airway
resistance, they have been designated as the “silent zone” of the lung in
which airway obstruction can occur without being readily detected.

IV. Inertial properties

Inertial forces are generally considered negligible for normal tidal breathing
and when considering a linear model of respiration. However, with use of high
airflow mechanical ventilation, high frequency ventilation, and in severe air-
way disease, inertial forces need to be considered.

V. Work of breathing

A. True work of breathing may be expressed as the energy required by the respira-

tory muscles in moving a given tidal volume of air into and out of the lungs.
For obvious reasons, this type of work is difficult to determine accurately,
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whereas, the actual mechanical work done by or on the lungs is much easier
to measure. The mechanical work expended in compressing or expanding a
given volume is obtained from the integral product of the applied pressure
and the resulting volume change or:

Work = deV.

B. This value is simply the area under the applied pressure vs. volume curve for
any gas. Therefore, by integrating the transpulmonary pressure curve over
volume, the pulmonary work of breathing is easily calculated (Fig. 7.4). This
mechanical work can be partitioned into elastic and resistive components:

1. Elastic work is that portion needed to overcome elastic resistance to
inflate the lungs. Under normal conditions, this work is stored as poten-
tial energy and is used in restoring the system to its resting volume.

2. Resistive work is that portion needed to overcome airway and tissue
frictional resistances. The hysteresis of the pressure—volume relation-
ship represents the resistive work of breathing and can be further parti-
tioned into inspiratory and expiratory components.

C. Normally, the elastic energy stored during inspiration is sufficient to pro-
vide the work needed to overcome expiratory frictional resistance.
1. In babies with obstructive airway disease, the expiratory component of
resistive work of breathing is increased (Fig. 7.1b).
2. The units of work of breathing correspond to the units of pressure times
volume (cm H,O-L), or equivalently, force times distance (kg-m), and
is usually expressed as the work per breath or respiratory cycle.



70 E.M. Sivieri and V.K. Bhutani

VI. Some reference values

A. Calculated values of both elastic and resistive properties determined in adult
and term newborns are listed in Table 7.1. These are compared to values
obtained in infants with RDS and BPD.

B. Table 7.2 lists values of neonatal pulmonary function parameters during the
first month from several investigators collected over several decades of
work in this area.

Table 7.1 Calculated respiratory parameters

Units Adult Newborn Newborn RDS Newborn BPD
Pulmonary compliance mL/cm H,O/kg 2.5-3 2-2.5 <0.6 <1.0
Chest wall compliance  mL/cm H,0O <1 >4 - -
Pulmonary resistance cm H,O/L/s 1-2 20-40 >40 >150
Resistive work g cm/kg <10 20-30 30-40 >40

Table 7.2 Mean normal values of neonatal pulmonary function during the first month

R
Study GA Age FRC Cpyy ML/ (em H,O/
Author year (weeks) (days) V. (mL/kg) (mL/kg) cm H O) L/s)
Berglund/ 1956  Term 7 27
Karlberg
Cook et al. 1957 Term 1-6 5.3 5.2 29
Swyer et al. 1960  Term 1-11 6.7 4.9 26
Polgar 1961  Term 1-17 52.6 5.7 18.8
Strang/ 1962 Term 1-6 49.5
McGrath

Nelson et al. 1963  Preterm 1-16 38.7

Term 2-4 27
Feather/Russell 1974  Term 1-3 3.7 42
Ronchettietal. 1975 34 4-28 29.5
Taeusch et al. 1976  Term 4-6 7.2 3.7
Adler/Wohl 1978  Term 2-5 3.5
Mortola et al. 1984  Term 14 6.2 3.8
Taussig et al. 1982  Term 1-9 31.4
Migdal et al. 1987 34 1-28 2.4

Term 1-29 32
Anday et al. 1987  28-30 2-3 5.9 2.0 50 exp

5-7 6.6 23 70 exp

Gerhardt et al. 1987  31-36 3-30 16.7 2.2 87 exp

Term 6-16 17.1 3.6 58 exp
Abbasi/Bhutani 1990  28-34 2-3 6.3 2.4 54
Sivieri et al. 1995  27-40 2-30 23.4

26-37 2-30 21.5 RDS

23-32 1-22 18.9 BPD

GA gestational age, V tidal volume, FRC functional residual capacity, C, dynamic lung compli-
ance, R pulmonary resistance, exp expiratory, RDS infants with respiratory distress syndrome,

BPD infants who developed bronchopulmonary dysplasia
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Table 7.3 Pulmonary mechanics and energetics at age <3 days for infants with RDS who received
surfactant replacement immediately after birth

Infants grouped by GA <26 weeks 27-28 weeks 29-30 weeks >31 weeks

at birth (n=38) (n=50) (n=48) (n=63)

Tidal volume (mL/kg) 6.1+1.7 57+1.5 5.1x1.2 5.2+0.8

Pulmonary compliance 0.27+0.18 0.35+£0.22 0.40+0.23 0.77+0.75
(mL/cm H,0/kg)

Pulmonary resistance 194+161 139+117 101 +64 87+76
(cm H,0/L/s)

Flow resistive work 38+29 28+17 21+14 15+1.2
(g-cm/kg)

Table 7.4 Predicted probability of BPD based on pulmonary mechanics and gestational age based
on a predictive model for the study infants with RDS categorized by birth weight

Pulmonary Pulmonary Percent
Birth Gestational ~ compliance resistance Likelihood predicted
weight (g) age (weeks) (mL/cm H,O/kg) (cm H,O/L/s) ratio for BPD  probability (%)
500-750 26+0.4 0.3+£0.03 102+16 537+171 93+3
751-1,000 28+0.3 0.5+0.05 176+24 76+35 73+5
1,001-1,250 29+0.3 1.0£0.2 9611 55+1.8 42+7
1,251-1,500 31+0.3 1.5+0.2 69+8 0.8+0.3 15+5
1,501-2,000 32+0.3 1.8+0.3 69+11 0.3%0.1 8+3

Predicted probability and likelihood ratio (LR) of BPD evaluated on the previously reported predictive
model based on GA and pulmonary mechanics: LR=exp {33.6-1.13GA-0.93C /kg—0.001R }

Table 7.5 Pulmonary mechanics and energetics at term PMA of surviving infants with RDS who
received surfactant replacement immediately after birth

Surviving infants grouped <26 weeks 27-28 weeks 29-30 weeks =31 weeks
by GA at birth (n=25) (n=35) (n=38) (n=59)
Term PMA (mean values) (weeks) 38.7 38.8 39.9 38.0

Tidal volume (mL) 13.3+4.1 143+42 15.2+x4.4 14.4+4.7
Pulmonary compliance (mL/cm H,0) 2.6+0.9 2.4+0.8 26+1.3 2.1+0.6
Pulmonary resistance (cm H,0/L/s) 61+41 59+31 57+31 40+20
Flow-resistive work (g-cm/kg) 29+19 29+20 30+19 25+18

C. Pulmonary mechanics and energetics at age <3 days for infants with RDS
who received surfactant replacement immediately after birth (Table 7.3).

D. Predicted probability of BPD based on pulmonary mechanics and gesta-
tional age based on a predictive model for the study infants with RDS cat-
egorized by birth weight (Table 7.4).

E. Pulmonary mechanics and energetics at term PMA of surviving infants
with RDS who received surfactant replacement immediately after birth
(Table 7.5).
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Chapter 8
Basic Principles of Mechanical Ventilation

Waldemar A. Carlo, Namasivayam Ambalavanan,
and Robert L. Chatburn

I. The ventilatory needs of a patient depend largely on the mechanical properties
of the respiratory system and the type of abnormality in gas exchange.
II. Pulmonary mechanics

A. The mechanical properties of the lungs is a determinant of the interaction
between the ventilator and the infant.

B. A pressure gradient between the airway opening and alveoli drives the
flow of gas.

C. The pressure gradient necessary for adequate ventilation is largely deter-
mined by the compliance and resistance (see below).

III. Compliance

A. Compliance describes the elasticity or distensibility of the lungs or respi-
ratory system (lungs plus the chest wall).
B. Itis calculated as follows:

AVolume

Compliance = .
APressure
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Fig. 8.1 A neonatal acid-base map. CRA compensated respiratory acidosis, CMA compensated
metabolic acidosis, RMA mixed respiratory and metabolic acidosis (From Chatburn RL, Carlo
WA: Assessment of neonatal gas exchange. In Carlo WA, Chatburn RL [eds]: Neonatal Respiratory
Care, 2nd ed. Chicago, Year Book Medical Publishers, 1988, p 58, with permission)

C. Compliance in infants with normal lungs ranges from 3 to 5 mL/cm
H,O/kg.

D. Compliance in infants with respiratory distress syndrome (RDS) is lower
and often ranges from 0.1 to 1 mL/cm H,O/kg.

IV. Resistance

A. Resistance describes the ability of the gas conducting parts of the lungs or
respiratory system (lungs plus chest wall) to resist airflow.
B. Itis calculated as follows:

APressure
AFlow

Resistance =

C. Resistance in infants with normal lungs ranges from 25 to 50 cm H,O/L/s.
Resistance is not markedly altered in infants with RDS or other acute
pulmonary disorders, but can be increased to 100 cm H,O/L/s or more by
small endotracheal tubes.

V. Time constant

A. The time constant is a measure of the time (expressed in seconds) neces-
sary for the alveolar pressure (or volume) to reach 63% of a change in
airway pressure (or volume) (Fig. 8.1).

B. Itis calculated as follows:

Time constant = Compliance X Resistance.

For example, if an infant has lung compliance of 2 mL/cm H,0 (0.002 L/
cm HZO) and a resistance of 40 cm HZO/L/s, time constant is calculated as
follows:

Time constant=0.002 L/cm H,0x40 cm H,0/L/s=0.080 s.
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Fig. 8.2 Effect of incomplete inspiration on gas exchange (From Carlo WA, Greenough A,
Chatburn RL: Advances in mechanical ventilation. In Boynton BR, Carlo WA, Jobe AH [eds]:
New Therapies for Neonatal Respiratory Failure: A Physiologic Approach. Cambridge, UK,
Cambridge University Press, 1994, p 137, with permission)

(Note that in the calculation of the time constant, compliance is not
corrected for unit of weight).

C. A duration of inspiration or expiration equivalent to 3—5 time constants is
required for a relatively complete inspiration or expiration, respectively.
Thus, in the infant described above, inspiratory and expiratory duration
should be around 240-400 ms each (or 0.24-0.4 s).

D. The time constant will be shorter if compliance is decreased (e.g., in
patients with RDS) or if resistance is decreased. The time constant will be
longer if compliance is high (e.g., big infants with normal lungs) or if
resistance is high (e.g., infants with chronic lung disease).

E. Patients with a short time constant ventilate well with short inspiratory
and expiratory times and high ventilatory frequency, whereas patients
with a long time constant require longer inspiratory and expiratory times
and slower rates.

F. If inspiratory time is too short (i.e., a duration shorter than approximately
3-5 time constants), there will be a decrease in tidal volume delivery and
mean airway pressure (Fig. 8.2).

G. If expiratory time is too short (i.e., a duration shorter than approximately
3-5 time constants), there will be gas trapping and inadvertent positive
end expiratory pressure (PEEP) (Fig. 8.3).

H. While the respiratory system is often modeled as being composed of a
single compliance and a single resistance, it is known that the mechanical
properties vary with changes in the lung volume, even within a breath.
Furthermore, the mechanical characteristics of the respiratory system
change somewhat between inspiration and expiration. In addition, lung
disease can be heterogeneous, and thus, different areas of the lungs can
have varying mechanical characteristics.
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Fig. 8.3 Effect of incomplete expiration on gas exchange (From Carlo WA, Greenough A,
Chatburn RL: Advances in mechanical ventilation. In Boynton BR, Carlo WA, Jobe AH [eds]:
New Therapies for Neonatal Respiratory Failure: A Physiologic Approach. Cambridge, UK,
Cambridge University Press, 1994, p 137, with permission)
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Equation of motion

A. The pressure necessary to drive the respiratory system is the sum of the

elastic, resistive, and inertial components and can be calculated as follows:
P=lvirv+ v,
C

where P is pressure, C is compliance, V is volume, R is resistance, V is
flow, V is the rate of change in flow, and / is inertance.

. Because the inertial component is small at physiologic flows, the last

component ([ V) can be neglected.

. The equation of motion can be used to derive estimates of compliance and

resistance. For example, between points of V =0 (points of no flow) the
pressure gradient results from compliance.

Gas exchange

A. Hypercapnia and/or hypoxemia occur during respiratory failure.
B. Although impairment in CO, elimination and oxygen uptake and delivery

may coexist, some conditions may affect gas exchange differentially.

Gas exchange during transition to extrauterine life

A. Hemodynamic changes during transition to extrauterine life

1. Systemic vascular resistance increases
2. Pulmonary vascular resistance decreases
3. Pulmonary blood flow increases
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B. Normal blood gas values in the perinatal period

At birth At 10 min of age
PaO, (torr) 15-20 46-57
PaO, (kPa) 2.0-2.67 6.0-7.6
PaCO, (torr) 49-76 40-47
PaCO, (kPa) 6.53-10.0 5.33-6.0

IX. Determinants of pulmonary gas exchange

A. Composition and volume of alveolar gas

B.

Composition and volume of mixed venous blood

C. Mechanisms of gas exchange

X. Composition of inspired and alveolar gases

A. Partial pressure of oxygen in dry air

Partial pressure of O, = Fractional content x Total gas pressure.
If barometric pressure=760 mm Hg, then
PO, =0.21x(760 mmHg) = PO, = 160 mmHg.

Partial pressure of oxygen in humidified air
Partial pressure O, = Fractional content X
(Total gas pressure — Water vapor pressure),
PiO, = 0.21x(760-47 mmHg) = PiO, =149 mmHg.
Partial pressure of oxygen in humidified alveolar gas

Partial pressure of alveolar O,=PiO,-PACO, (FiO,+[1-FiO,l/R)
where PACO, is alveolar PCO, and R is the respiratory quotient. Because
CO, diffuses very well through the alveoli, PACO,~PaCO,.

If barometric pressure=760 mmHg and water vapor pressure is
47 mmHg, and FiO2 =100, then P102= 713.

If FiO, is 1.00, (FiO,+[1-FiO,l/R)=1.0, then PAO,=713-40=
673 mmHg

If FiO, is 0.21, then PAO,=149-40 (0.21+1-0.21/0.8)=100 mmHg

XI. Composition of mixed venous blood

A. Mixed venous PO, (PVO,) depends on arterial O, content, cardiac output,

B.

and metabolic rate.

Oxygen content of blood per 100 mL

Dissolved O,=0.003 mL O, per torr of PaO,

Hemoglobin  bound O,=Sa0,x1.34/gm hemoglobinxhemoglobin
concentration
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PVO, = 40 Pa0, = 40

Vi/Q=0
. _—
PYCO, = 45 PaCO,=45
Q=1
b .
Vy=04
PVO, = 40 PaO, =515 . .
_ _ =
PYCO, = 45 — PaCO, = 44.5 'A/Q=04
Q=1
c .
Vy=0.8 AB
PVO, = 40 Pa0, = 1008 | .
- —_— =
PVCO, =45 Paco, = 40.0 VA/4=08
Q=1
d V, =33
PVO, = 40 Pa0, = 132.2 . .
— _
PYCO, = 45 — PaCO, = 27.9 A/Q=33
Q=1

Fig. 8.4 Effects of various ventilation-perfusion ratios on blood gas tensions. (a) Direct venoarte-
rial shunting (VA/Q=0). (b) Alveolus withalow VA/Qratio. (¢) Normal alveolus. (d) Underperfused
alveolus with high VA/Q ratio (From Krauss AN: Ventilation-perfusion relationships in neonates.
In Thibeault DW, Gregory GA [eds]: Neonatal Pulmonary Care, 2nd ed. Norwalk, CT, Appleton-
Century-Crofts, 1986, p 127, with permission)

For example, 1 kg infant (blood volume~ 100 mL) with PaO,=100 torr
(Sa0,=100%, or 1.0), and hemoglobin=17 mg/dL

O, content=hemoglobin bound O, +dissolved O,
O, content=1.00x1.34x17+0.003x 100

O, content=22.78+0.3 mL O,

O, content=23.08 mL. O,

C. CO, content of blood
CO, is carried in three forms: (1) dissolved in plasma and red cells; (2) as
bicarbonate; and (3) bound to hemoglobin.

XII. Hypoxemia
The pathophysiologic mechanisms responsible for hypoxemia are in order of
relative importance in newborns: ventilation—perfusion mismatch, shunt,
hypoventilation, and diffusion limitation (Figs. 8.4-8.6):
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Fig. 8.5 O,-CO, diagram showing the arterial, ideal, alveolar, and expired points. The curved line
indicates the PO, and the PCO, of all lung units having different ventilation-perfusion ratios (From
West JB: Gas exchange. In West JB [ed]: Pulmonary Pathophysiology: The Essentials, Baltimore,
Williams & Wilkins, 1977, p 27, with permission)
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a. Normal b. CO, retention c. CO, normal
and hypoxemia but hypoxemia

Fig. 8.6 PO, and PCO, in different stages of ventilation-perfusion inequality. Initially, there must
be both a fall in oxygen and a rise in carbon dioxide tensions. However, when the ventilation to the
alveoli is increased, the PCO, exchange increases (From West JB: Gas exchange. In West JB [ed]:
Pulmonary Pathophysiology: The Essentials. Baltimore, Williams & Wilkins. 1977, p 30, with
permission)

A. Ventilation—perfusion (V/Q) mismatch. V/Q mismatch is an important
cause of hypoxemia in newborns. Supplemental oxygen can largely over-
come the hypoxemia resulting from V/Q mismatch.

B. Shunt
Shunt is a common cause of hypoxemia in newborns. A shunt may be
physiologic, intracardiac (e.g., PPHN, congenital cyanotic heart disease),
or pulmonary (e.g., atelectasis). It can be thought of as a V/Q=0 and
supplemental oxygen cannot reverse the hypoxemia.
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Fig. 8.7 Determinants of oxygenation during pressure-limited, time-cycled ventilation. Shaded
circles represent ventilator-controlled variables. Solid lines represent the simple mathematical
relationships that determine mean airway pressure and oxygenation, whereas the dashed lines
represent relationships that cannot be quantified (From Carlo WA, Greenough A, Chatburn RL:
Advances in mechanical ventilation. In Boynton BR, Carlo WA, Jobe AH [eds]: New Therapies for
Neonatal Respiratory Failure: A Physiologic Approach. Cambridge, UK, Cambridge University
Press, 1994, p 134, with permission)

C. Hypoventilation

Hypoventilation results from a decrease in tidal volume or respiratory
rate. During hypoventilation, the rate of oxygen uptake from the alveoli
exceeds its replenishment. Thus, alveolar PO, falls and PaO, decreases. It
can be thought of as low V/Q and supplemental oxygen can overcome the
hypoxemia easily. Causes of hypoventilation include: depression of respi-
ratory drive, weakness of the respiratory muscles, restrictive lung disease,
and airway obstruction.

. Diffusion limitation

Diffusion limitation is an uncommon cause of hypoxemia, even in the
presence of lung disease. Diffusion limitation occurs when mixed venous
blood does not equilibrate with alveolar gas. Supplemental oxygen can
overcome hypoxemia secondary to diffusion limitation.

XIII. Oxygenation during assisted ventilation

A. Oxygenation may be largely dependent upon lung volume, which in turn

depends upon mean airway pressure (Fig. 8.7).

B. During pressure-targeted ventilation, any of the following will increase mean

airway pressure: increasing inspiratory flow, increasing peak inspiratory
pressure (PIP), increasing the inspiratory:expiratory (I:E) ratio, or PEEP.
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C.

Mean airway pressure maybe calculated as follows:

Mean airway pressure = K (PIP — PEEP ){ 4 } + PEEP,
I +T;
where K is a constant that depends upon the shape of the early inspiratory
part of the airway pressure curve (K ranges from approximately 0.8-0.9
during pressure-limited ventilation); 7, is inspiratory time; 7T} is expira-
tory time.

For the same change in mean airway pressure, increases in PIP and
PEEP increase oxygenation more. A very high mean airway pressure
transmitted to the intrathoracic structures may impair cardiac output and
thus decrease oxygen transport despite an adequate PaO,.

XIV. Hypercapnia

XV.

XVL

A.

B.

C.

The pathophysiologic mechanisms responsible for hypercapnia are V/Q
mismatch, shunt, hypoventilation, and increased physiologic dead space.
The physiologic dead space results in part from areas of inefficient gas
exchange because of low perfusion (wasted ventilation).

Physiologic dead space includes ventilation to conducting airways and
alveolar spaces not perfused (i.e., anatomical dead space).

CO, elimination during assisted ventilation

A.

CO, diffuses easily into the alveoli and its elimination depends largely on
the total amount of gas that comes into contact with the alveoli (alveolar
ventilation). Minute alveolar ventilation is calculated from the product of
the frequency (per minute) and the alveolar tidal volume (tidal volume
minus dead space).

Minute alveolar ventilation = Frequency X

(Tidal volume minus dead space).

On volume-targeted ventilators, the delivered volume is preset. On a
pressure-targeted ventilator, the tidal volume depends upon the pressure
gradient between the airway opening and the alveoli; this is PIP minus
the positive end expiratory pressure (PEEP, also referred to as baseline
pressure), or amplitude (AP).

Depending upon the time constant of the respiratory system (and the ven-
tilator), a very short inspiratory time (7,) may reduce the tidal volume,
and a very short expiratory time (7,,) may cause gas trapping and inadver-
tent PEEP, and consequently may also reduce tidal volume (see above).

. Figure 8.8 illustrates the relationships among ventilator controls, pulmo-

nary mechanics, and minute ventilation. Ventilator controls are shown in
shaded circles.

Blood gas analysis
A careful interpretation is essential for appropriates respiratory care (Table 8.1,
Figs. 8.9 and 8.10, Chap. 19).
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Fig. 8.8 Relationships among ventilator-controlled variables (shaded circles) and pulmonary
mechanics (unshaded circles) that determine minute ventilation during time-cycled, Pressure-
limited ventilation. Relationships between circles joined by solid lines are mathematically derived.
The dashed lines represent relationships that cannot be precisely calculated without considering
other variables such as pulmonary mechanics. Alveolar ventilation can be calculated from the
product of tidal volume and frequency when dead space is subtracted from the former (From Carlo
WA, Greenough A, Chatburn RL: Advances in mechanical ventilation. In Boynton BR, Carlo WA,
Jobe AH [eds]: New Therapies for Neonatal Respiratory Failure: A Physiologic Approach.
Cambridge, UK, Cambridge University Press, 1994, p 133, with permission)

Table 8.1 Blood gas classifications
Classification pH PaCO, HCO,~ BE

Respiratory disorder

Uncompensated acidosis l 1 N N
Partly compensated acidosis l 1 1 1
Compensated acidosis N 1 1 1
Uncompensated alkalosis 1 1 N N
Partly compensated alkalosis i ! l l
Compensated alkalosis N ! l l
Metabolic disorder

Uncompensated acidosis l N l l
Partly compensated acidosis l ! l l
Uncompensated alkalosis il N i i
Partly compensated alkalosis i T 1 1
Compensated alkalosis N 1 1 1

Arrows elevated or depressed values, N normal, BE base excess

From Carlo WA, Chatburn RL: Assessment of Neonatal Gas Exchange. In Carlo WA, Chatburn RL
[eds.]: Neonatal Respiratory Care, 2nd Edition. Chicago, Year Book Medical Publishers, 1988, p.
51, with permission



8 Basic Principles of Mechanical Ventilation 83
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Fig. 8.9 A flow chart illustrating the algorithm through which a set of arterial blood gas values
may be interpreted (From Chatburn RL, Carlo WA: Assessment of neonatal gas exchange. In Carlo
WA, Chatburn RL [eds]: Neonatal Respiratory Care, 2nd ed. Chicago, Year Book Medical
Publishers, 1988, p 56, with permission)

A. Respiratory acidosis (low pH, high PaCO,, normal HCO,")

1. From V/Q mismatch, shunt and/or hypoventilation
2. Secondary renal compensation

a. Reduction in bicarbonate excretion
b. Increased hydrogen ion excretion



84 W.A. Carlo et al.

100 7.0
/ 7
Mixed 18 24
1 respiratory
9 2 and B
5 metabolic
80 — 8 acidosis /gapiratory
- 7.1
Partly compensated % acidosis
Q
70 -}  Metabolic acidosis g =
= Partly compensated
60 7.2
Respiratory acidosis
Y]
H* 50 7 Q\ 73 PH
c ted &
(ML) opersated Compensaed -
40 — acidosis A S respiratory acidosis L 74
(@)
_| Respiratory 7.5
30 Talkalosis with 2 S
metabolic kel - 7.6
acidosis g Metabolic alkalosis
20 . © with - 7.7
Mixed o . . .
respiratory 3 respiratory acidosis 7.8
- & and metabolic | & - 8.0
10 %;)Og alkalosis 2
¢ - 8.5
0 10 20 30 40 50 60 70 80 90
PCO, (torr)

Fig. 8.10 A Neonatal acid-base map. CRA compensated respiratory acidosis, CMA compensated
metabolic acidosis, RMA mixed respiratory and metabolic acidosis (From Chatburn RL, Carlo
WA, Assessment of neonatal gas exchange. In Carlo WA, Chatburn RL [eds]: Neonatal Respiratory
Care, 2nd ed. Chicago, Year Book Medical Publishers, 1988, p 58, with permission)

B. Respiratory alkalosis (high pH, low PaCO,, normal HCO,")
1. From hyperventilation
2. Secondary renal compensation

a. Increased bicarbonate excretion
b. Retention of chloride
c. Reduced excretion of acid salts and ammonia

C. Metabolic acidosis (low pH, normal PaCOZ, low HCO;)

1. From increased acid production or impaired acid elimination
2. Secondary pulmonary compensation: hyperventilation with decreased
PaCO,

D. Metabolic alkalosis (high pH, normal PaCO,, high HCO,")

1. From excessive NaHCO3 administration, diuretic therapy, and loss of
gastric secretions
2. Secondary pulmonary compensation: hypoventilation
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Chapter 9

Classification of Mechanical Ventilation Devices

Waldemar A. Carlo, Namasivayam Ambalavanan, and Robert L. Chatburn

I. Ventilators can be classified by the variables that are controlled (e.g., pressure or

volume), as well as those that start (or trigger), sustain (or limit), and end (cycle)
inspiration and those that maintain the expiratory support (or baseline pressure).
II. Control variables. A ventilator can be classified as a pressure, volume, or flow
controller (Fig. 9.1). Ventilators control more than one variable at different times.

A. Pressure controller

This type of ventilator controls either: (1) airway pressure, making it rise
above the body surface pressure (i.e., positive pressure ventilator); or (2)
body surface pressure, making it fall below the airway pressure (i.e., nega-
tive pressure ventilator).

. Volume controller

This type of ventilator controls and measures the tidal volume generated by
the ventilator despite changes in loads. In the past, the usefulness of this
type of ventilator has been limited in newborns because the control variable
was regulated near the ventilator and not near the patient, resulting in a tidal
volume lower than the set one. Microprocessor and sensor technology has
corrected this.

. Flow controller

This type of ventilator controls the tidal volume but does not measure it
directly. A ventilator is a flow controller if the gas delivery is limited by flow.
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Conditional variable
- pressure
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| -« inspiratory flow

« minute ventilation

« time
« etc.
Control variable
\/ ¥ \
Pressure Volume Flow
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Fig.9.1 Application of the equation of motion to the respiratory system. A common waveform for
each control variable is shown. Pressure, volume, flow, and time are also used as a phase variables
that determine the characteristics of each ventilatory cycle (e.g., trigger sensitivity, inspiratory
time, baseline pressure). This emphasizes that each breath may have a different set of control and
phase variables, depending on the mode of ventilation desired (From Chatburn RL. Classification
of mechanical ventilator. In: Branson RD, Huess DR, Chatburn RL, editors. Respiratory care
equipment. Philadelphia: JB Lippincott; 1995. p. 280, with permission)

D. Time controller
This type of ventilator controls the timing of the ventilatory cycle but not the
pressure or volume. Most high-frequency ventilators are time controllers.

III. Phase variables
The ventilatory cycle has four phases: (1) the change from expiration to inspira-
tion (trigger); (2) inspiratory limit; (3) the change from inspiration to expiration
(cycle); and (4) expiration (baseline pressure) (Fig. 9.2).
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Observation and previous knowledge

Inspiration is Inspiration is Inspiration is Inspiration is
Pressure Triggered Volume Triggered Flow Triggered Time Triggered
yes yes yes yes
Does inspiratory no Does inspiratory no Does inspiratory no Inspiration starts
>  start because a preset —> start because a preset —> start because a preset _) because a preset time
pressure is detected? volume is detected? flow is detected? interval has been elapsed.
Inspiration is Inspiration is Inspiration is
Pressure Limited Volume Limited Flow Limited
T yes T yes T yes
Does peak pressure o Does peak volume no Does peak flow no No variables
> reach preset value ——> reach presetvalue —> reach presetvalue —>> are limited
before inspiration ends? before inspiration ends? before inspiration ends? during inspiration.
Inspiration is Inspiration is Inspiration is Inspiration is
Pressure Cycled Volume Cycled Flow Cycled Time Cycled

T yes T yes T yes T yes

Does inspiratory flow Does inspiratory flow Does inspiratory flow Inspiration ends
> end because a preset —» end because a preset —3» end because a preset —3» because a preset time
pressure is attained? volume is attained? flow is attained? interval has elapsed.

Fig. 9.2 Criteria for determining the phase variables during a ventilator-supported breath (From
Chatburn RL. Classification of mechanical ventilators. In: Branson RD, Huess DR, Chatburn RL,
editors. Respiratory care equipment. Philadelphia: JB Lippincott; 1995. p. 280, with permission)

A. Trigger

1. One or more variables in the equation of motion (i.e., pressure, volume,
flow, and time) is/are measured by the ventilator and used to trigger
(or start) inspiration.

2. Inspiration begins when one of these variables reaches a preset value.

3. The most common trigger variables are time (i.e., after a predefined time,
the ventilator is triggered to start inspiration as in intermittent mandatory
ventilation) and pressure (i.e., when an inspiratory effort is detected as a
change in the end expiratory pressure, the ventilator is triggered to start
inspiration as in patient-triggered ventilation). Flow-triggering involves
less patient effort and is more commonly used in infant ventilators.

B. Limit

1. Pressure, volume, and flow increase during inspiration.

2. A limit variable restricts the inspiratory increase to a preset value but
does not limit the duration.

3. Many neonatal ventilators are pressure-limited.

C. Cycle

1. The cycle variable is used to end inspiration.
2. Many neonatal ventilators, including high-frequency ventilators, are
time-cycled.
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Table 9.1 Ventilatory modes

Mandatory Spontaneous
Mode Control Trigger* Limit Cycle Control Trigger Limit Cycle
Control Flow® Time Volume Volume NA® NA NA NA
Flow Time
A/C or CMV Flow Pressure Volume Volume NA NA NA NA
Volume Flow Time
Time
1A% Pressure  Time Volume Volume ¢ - - -
(continuous  Flow Flow Time
flow)
SIMV Pressure Pressure Pressure Volume — - - -
(continuous  Flow Volume Volume Time
flow) Flow Flow
Time Time
SIMV (demand Pressure Pressure Pressure Volume Pressure Pressure Pressure Pressure
flow) Flow Volume Volume Time Flow
Flow Flow
Time Time
PS - - - - Pressure Pressure Pressure Flow
PS+SIMV Pressure Pressure Pressure Time Pressure Pressure Pressure Flow
Flow Volume  Volume Flow
Flow Flow
Time Time
CAPor CPAP - - - - Pressure — Pressure —
(continuous
flow)
CAPor CPAP - - - - Pressure Pressure Pressure —
(demand Flow
flow)
PC Pressure Time Pressure  Time NA NA NA -

From Carlo WA, Greenough A, Chatburn RL. Advances in conventional mechanical ventilation.
New therapies for neonatal respiratory failure: a physiologic approach, Cambridge: Cambridge
University Press; 1994. p. 144, with permission

A/C assist/control, CMV conventional mandatory ventilation, /MV intermittent mandatory ventila-
tion, PS pressure support, SIMV synchronized mandatory ventilation, CAP constant airway pres-
sure, CPAP continuous positive airway pressure, PC pressure control

*Whether or not a breath is patient-triggered depends on the sensitivity setting and the magnitude
of the patient’s inspiratory effort

®For the purposes of this table, flow control is equivalent to volume control. Baseline PEEP is
assumed to be available for all modes

°NA, not applicable

4Ventilator does not respond

3. Changes in airway flow may also be used to terminate the inspiratory
phase and cycle into expiration.

D. Baseline (PEEP). The baseline variable maintains expiratory pressure and
expiratory lung volume.

IV. Ventilatory modes. This classification of mechanical ventilation devices can be
applied to the various ventilatory modes (Table 9.1).
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Chapter 10
Ventilator Parameters

Waldemar A. Carlo, Namasivayam Ambalavanan, and Robert L. Chatburn

I. Peak inspiratory pressure (PIP)
A. Physiologic effects

1. PIP, in part, determines the pressure gradient between the onset and end
of inspiration and thus affects the tidal volume and minute ventilation.

2. During volume ventilation, an increase in tidal volume corresponds to
an increase in PIP during pressure ventilation. If tidal volume is not
measured, initial PIP can be selected based on observation of the chest
wall movement and magnitude of the breath sounds.

B. Gas exchange effects

1. Anincrease in PIP will increase tidal volume, increase CO, elimination,
and decrease PaCO,.

2. Anincrease in PIP will increase mean airway pressure and thus improve
oxygenation.

C. Side effects

1. An elevated PIP may increase the risk of barotrauma, volutrauma, and
bronchopulmonary dysplasia.
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There is increasing evidence that lung injury is primarily caused by large
tidal volume delivery and lung overdistention.

. It is important to adjust PIP based on lung compliance, and ventilate

with relatively small tidal volumes (e.g., 4—6 mL/kg).

II. Positive end expiratory pressure (PEEP) (see Chap. 28)

A. Physiologic effects

1.

2.

PEEP in part determines lung volume during the expiratory phase,
improves ventilation/perfusion mismatch, and prevents alveolar collapse.
PEEP contributes to the pressure gradient between the onset and end of
inspiration, and thus, affects the tidal volume and minute ventilation.

. Atleast, a minimum “physiologic” PEEP of 2-3 cm H,O should be used

in newborns.

B. Gas exchange effects

1.

An increase in PEEP increases expiratory lung volume (functional
residual capacity) during the expiratory phase, and thus, improves ven-
tilation/perfusion matching and oxygenation in patients whose disease
state reduces expiratory lung volume.

An increase in PEEP will increase mean airway pressure and thus
improve oxygenation in patients with this type of disease.

An increase in PEEP will also reduce the pressure gradient during inspira-
tion and thus reduce tidal volume, reduce CO, elimination, and increase
PaCO,.

C. Side effects

1.

3.

An elevated PEEP may overdistend the lungs and lead to decreased lung
compliance, decreased tidal volume, less CO, elimination, and an
increase in PaCO,,.

. While use of low-to-moderate PEEP may improve lung volume, a very

high PEEP may cause overdistention and impaired CO, elimination sec-
ondary to decreased compliance and gas trapping.
A very high PEEP may decrease cardiac output and oxygen transport.

III. Frequency (or rate)

A. Physiologic effects. The ventilator frequency (or rate) in part determines
minute ventilation and thus CO, elimination. Ventilation at high rates (>60/
min) may facilitate synchronization of the ventilator with spontaneous
breaths (“capturing the infant”). Spontaneous breathing rates are inversely
related to gestational age and the time constant of the respiratory system.
Thus, infants with smaller and less compliant lungs tend to breathe faster.

B. Gas exchange effects. When very high frequencies are used, the problem of
insufficient inspiratory time or insufficient expiratory time may occur (see
below).
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C. Side effects. Use of very high ventilator frequencies may lead to insuffi-
cient inspiratory time and decreased tidal volume or insufficient expiratory
time and gas trapping.

IV. Inspiratory time (7)), expiratory time (7}), and inspiratory to expiratory ratio
(I:E ratio)

A. Physiologic effects

1.

2.

o

The effects of the 7, and T, are strongly influenced by the relationship of
those times to the inspiratory and expiratory time constants.

A T, as long as 3-5 times constants allows relatively complete
1nspiration.

. T, 01 0.2-0.5 s is usually adequate for newborns with respiratory distress

syndrome.

. Use of a longer T, generally does not improve ventilation or gas

exchange.

A very prolonged 7, may lead to patient-ventilator asynchrony.

A very short 7, will lead to decreased tidal volume.

Infants with a long time constant (e.g., chronic lung disease) may benefit
from a longer 7, (up to approximately 0.6-0.8 s).

B. Gas exchange effects

1.

2.

Changes in T,, T,, and LE ratio generally have modest effects on gas
exchange.

A sufficient 7 is necessary for adequate tidal volume delivery and CO,
elimination.

. Use of relatively long 7, or high L:E ratio improves oxygenation

slightly.

C. Side effects. Very short T, or T can lead to insufficient times and increase
gas trapping, respectively, both of which can decrease tidal volume.

V. Inspired oxygen concentration (FiO,)

A. Physiologic effects

1.
2.

Changes in FiO, alter alveolar oxygen pressure, and thus, oxygenation.
Because both FiO, and mean airway pressure determine oxygenation,
the most effective and less adverse approach should be used to optimize
oxygenation.

. When FiO, is above 0.6-0.7, increases in mean airway pressure are gen-

erally warranted.
When FiO, is below 0.3-0.4, decreases in mean airway pressure are gen-
erally preferred.

B. Gas exchange effects. FiO, directly determines alveolar PO, and thus PaO,.
C. Side effects. A very high FiO, can damage the lung tissue, but the absolute
level of FiO, that is toxic has not been determined.
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Table 10.1 Desired blood gas goal and corresponding ventilator parameter changes

Desired goal PIP PEEP Frequency I.E ratio Flow
Decrease PaCO, T l T - =T
Increase PaCO, l T N - T
Decrease PaO, l l - N T
Increase PaO, T T - T T

Yes

Yes O

A Ni

Fig. 10.1 Flow chart illustrating simplified version of algorithm used in this study. Symbols: 1,
calls for decisions; O, type and direction of ventilator setting changes. Abbreviations: CO,, arterial
carbon dioxide tension (mm Hg); O,, arterial oxygen tension (mm Hg); FiO,, fraction of inspired
oxygen; PIP, peak inspiratory pressure (cm H,O); PEEP, positive end-expiratory pressure (cm
H,0); CPAP, continuous positive airway pressure (cm H,0); I:E, ratio of inspiratory to expiratory
time; f, ventilator frequency (breaths per minute); T, inspiratory time (s); T, expiratory time (s);
HI, variable in decision symbol is above normal range; LOW, variable in decision symbol is below
normal range; “~HI, variable in decision symbol is at high side of normal; ~LOW, variable in deci-
sion symbol is at low side of normal; 1, increase; 1, decrease; >, greater than; <, less than
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Table 10.2 Abbreviations and symbols used in the flowchart in figure

CO, Arterial carbon dioxide tension (mmHg)

o, Arterial oxygen tension (mmHg)

FiO, Fraction of inspired oxygen

PIP Peak inspiratory pressure (cm H,0)

Paw Mean airway pressure (cm H,0)

PEEP Positive end-expiratory pressure (cm H,0)

CPAP Continuous positive airway pressure without mechanical ventilation (cm H,0)
LLE Ratio of inspiratory to expiratory time

f Ventilator frequency (breaths/min). Unless otherwise specified, a change in

frequency should be accompanied by a change in I:E to maintain the same
T, so that tidal volume remains constant

T, Inspiratory time (s)

T, Expiratory time (s)

HI The variable in the decision symbol is above normal range
LOW The variable in the decision symbol is below normal range
~HI The variable in the decision symbol is at the high end of normal
~LOW The variable in the decision symbol is at the low end of normal
T Increase

d Decrease

> Greater than

< Less than

Torr Unit of pressure; 1 Torr—1 mmHg

From Carlo WA, Chatburn RL. Assisted ventilation of the newborn. In: Carlo WA, Chatburn RL,
editors. Neonatal respiratory care. 2nd ed. Chicago: Year Book Medical Publishers; 1988. p. 339,
with permission

VI. Flow

A. Flow is the time rate of volume delivery.

B. Changes in flow rate have not been well studied in infants, but they prob-
ably impact arterial blood gases minimally as long as a sufficient flow is
used (which is generally the case with most ventilators). Suboptimal flow
may result in rheotrauma (damage to the airway and lungs brought about
by inappropriate flow).

1. Inadequate flow may contribute to air hunger, asynchrony, and increased
work of breathing.

2. Excessive flow may contribute to turbulence, inefficient gas exchange,
hyperinflation, and inadvertent PEEP.

VIIL. In summary, depending on the desired change in blood gases, the following
ventilator parameter changes can be performed (Table 10.1).

VIII. Suggested management algorithm for RDS (Fig. 10.1, Table 10.2,
Chap. 61).
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Chapter 11
Respiratory Gas Conditioning
and Humidification

Andreas Schulze

I. Introduction

A. Inadequate humidification and warming of respiratory gas may lead to
adverse effects within minutes to hours in infants with an artificial airway
through various mechanisms.

1.

2.
3.

Impaired mucociliary clearance with subsequent retention of inspissated
secretions, inhaled particles, and microorganisms. Associated risks are
airway clogging, atelectasis, and air leak syndromes.

Inflammatory and necrotic injury to the bronchial epithelium.

Heat loss.

B. Humidifier malfunction may also impose risks.

1.

et

Flushing of contaminated condensate into the airways with subsequent
pneumonia.

Thermal injury to airways.

Overhydration.

Airway occlusion [“artificial noses,” also called heat and moisture
exchangers (HMEs)].

II. Physiology: structure and function of the airway lining

A. Three layers cover the luminal surface of most of the upper respiratory tract
and the entire tracheobronchial tree as far as the respiratory bronchioles.
These layers constitute the mucociliary clearance function.
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1. A basal cellular layer of mainly ciliated epithelial cells. A variety of other
cell types in this layer may each be concerned with a specific function.
Serous cells, brush cells, and Clara cells produce and reabsorb aqueous
fluid; goblet cells and submucosal mucous glands secrete mucus globules.

2. An aqueous (sol) layer.

3. A viscoelastic gel (mucus) layer at the luminal surface of the airway.
Neighboring cilia beat in a coordinated fashion so that waves of aligned
cilia move through the airway-lining fluid, propelling the mucus and
entrapped particles in a cephalad direction. Dry inspired gas may dehy-
drate the mucus, decrease the depth of the aqueous layer, and change the
viscosity gradient across the layers, all of which impair the function of
the mucociliary elevator.

B. The respiratory tract functions as a counter current HME.

1. The inspired air gains heat and water vapor from the upper airway lining,
which is partly recovered when the expired gas loses heat, and water
condenses on the airway surface. This recovery occurs because the upper
airway temperature remains lower than core body temperature during
expiration under physiologic circumstances. Breathing is associated with
a net loss of heat and water when the expired air temperature is higher
than the ambient temperature. The greater the difference in temperature
between the inspired and expired gases, the greater the losses. They must
be replenished by the airway epithelium, which in turn is supplied by the
bronchial circulation. It is unclear under which circumstances the capac-
ity of the airway lining to humidify cold and dry gas becomes over-
charged. This capacity is likely different in health than in disease.

2. The level at which the inspired air reaches core body temperature and full
saturation with water vapor is called the isothermic saturation boundary. It
is located at the level of the main bronchi during normal quiet breathing.
Its position will move distally when frigid dry gas is inhaled, when minute
ventilation is high, or when the upper airway is by-passed (e.g., use of a
tracheostomy tube). Overall, however, under normal physiologic circum-
stances, only a small segment of the airway surface is exposed to a tem-
perature below core body temperature and to less than full saturation.

3. Damage to the airway epithelial cells and their luminal coverage deprives
the system of its function as an HME. Loss of this function may in turn
induce structural damage in a vicious cycle that leads to penetration of
the injury into the periphery of the bronchial tree.

III. Basic physics of humidity and heat
A. Air can accommodate water in two different ways.

1. Nebulized water (aerosol) is a dispersion of droplets of water in air.
They are visible because they scatter light (clouds) and may carry infec-
tious agents. Deposition occurs along the tracheobronchial tree by
impaction and sedimentation. The smaller the particles, the better they
penetrate into more peripheral areas of the lung.
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Fig. 11.1 Relationship between absolute humidity, relative humidity, and temperature of gases.
The relative humidity depends on the absolute water content and the temperature of the gas.
At 37.0°C and 100% relative humidity, the respiratory gas has 44 mg/L absolute water content. If
the gas is saturated (100% relative humidity) at 30.0°C, its water content will be only 30 mg/L.
When the gas is then warmed to 37.0°C, its relative humidity will fall to below 70%

2. Vaporized water is a molecular (i.e., gaseous) distribution of water in air.
It is invisible and unable to carry infectious agents. The gaseous partial
pressure of water vapor is 47 mmHg when air is fully saturated (100% rela-
tive humidity) at 37°C. This corresponds to 44 mg of water per liter of gas
(absolute humidity). The term absolute humidity (AH) is defined as the
amount of water vapor (mg) per gas volume (mL) at a given temperature.

3. Relative humidity (RH) is the actual amount of water (mg) in a given gas
volume relative to the amount of water content (mg) in this same gas
volume at the same temperature at full saturation.

4. There is a fixed relationship between AH, RH, and temperature (Fig. 11.1).

B. Air can accommodate heat in two distinct variants. The total heat content
determines the capacity of inspired gas to cool or overheat the airway.

1. The air temperature represents sensible heat. Increasing the air tempera-
ture alone without adding water vapor adds very little to the total energy
content of the gas. Therefore, if the respiratory gas leaves the humidifier
chamber fully saturated at 37°C and is subsequently dry-heated to 40°C
within the inspiratory limb of the ventilator circuit, it does not entail the
risk of overheating or thermal injury to the airway.

2. The water vapor mass reflects the latent heat content. Changes in humidity
represent major changes in total energy content compared to changes in
air temperature alone. Therefore, vaporization consumes much energy,



102

A. Schulze

and thus vaporization of water from the airway lining fluid for humidifica-
tion of dry inspiratory gas has a strong capacity to cool the airway, even if
warm gas enters the airway. Conversely, rainout (condensation of water
vapor) generates energy. If it occurs inside the inspiratory limb of the
ventilator circuit, the tubing may feel “nice and warm” even though
the gas loses the required energy (and water vapor) content.

IV. Inspired gas conditioning devices and procedures

Medical-grade compressed gases from cylinders or central supply systems have
virtually negligible water content. It is rational to deliver the inspiratory gas at
or close to core body temperature and close to full saturation with water vapor
to infants with an artificial airway (nasal or pharyngeal prongs or cannula,
endotracheal tube, or tracheostomy tube).

A. Heated humidifiers.

1. The respiratory gas is warmed inside the humidification chamber to a set

target temperature, and water vapor is added from the heated water
reservoir.

. Heated-wire inspiratory circuit tubing is then used to maintain or slightly

raise the gas temperature so as to prevent rainout before the gas reaches
the infant. Heated humidifiers are safe and effective respiratory gas
conditioning devices for short-term and long-term application in infants.
However, their technology is complex, and device malfunction is not
always immediately obvious. Consideration should be given to basic
principles of operation common to all types of heated humidifiers.

a. The target respiratory gas condition is a temperature close to core
temperature with nearly full water vapor saturation. To achieve this
target, the gas must be loaded with nearly 44 mg of water/L.

b. Knowing the circuit flow rate of the ventilator, the minimum water
consumption rate of the humidifier chamber to meet this target can
easily be estimated and can be used to check the function of the
humidifier (Fig. 11.2).

c. Rainout in the inspiratory limb of the ventilator does not prove that
there is proper humidification. Major circuit condensation usually
indicates a moisture loss that leads to underhumidification of the
respiratory gas. This may occur if the maximum heating capacity of
the heated circuit wire cannot meet requirements under specific con-
ditions such as drafts around the tubing (air-conditioned rooms), low
room temperatures, or a large outer surface area of small diameter
tubing (particularly if corrugated).

d. Rainout should also be avoided for other reasons: condensate is eas-
ily contaminated, may be flushed down the endotracheal tube with
risks of airway obstruction and nosocomial pneumonia, and may dis-
turb the function of the ventilator (particularly autocycling in patient-
triggered ventilators). Binding the inspiratory and expiratory limbs
of the tubing closely may obviate the problem.
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Fig. 11.2 Position of three temperature probes of a heated-wire humidification system for infants.
The user sets the target temperature to be reached at the endotracheal tube adaptor. This temperature
is commonly set at or slightly above 37.0°C. The temperature inside the humidifier chamber must
be high enough to vaporize an amount of water near the absolute water content of gas saturated at
37°C (44 mg/ L). The water consumption rate of a humidifier chamber required to reach a target
respiratory gas humidity can be calculated from the circuit flow rate. Observation of this water
consumption rate can be employed as a simple test of the efficiency of a humidifier

3. The temperature probe close to the patient connection serves to monitor
the respiratory gas temperature. It is commonly part of a servo-control
aimed at maintaining the set gas temperature at the wye adapter by
controlling the heated-wire power output.

a. If the temperature probe is in the presence of a heated field (incuba-
tor or radiant warmer), it may register a temperature higher than the
actual respiratory gas temperature as a result of radiation or convec-
tion from the warmer environment. This may cause the servo-control
to decrease the heating output of the ventilator circuit and may lead
to loss of gas temperature and rainout.

b. Insulating the temperature probe by a light reflective patch or other
material can improve the performance of the system.

c. Another way to alleviate this problem is to place the temperature
probe just outside the heated field and use an unheated extension
adapter tubing to carry the gas through the heated field to the infant.
The extension tube does not need to incorporate heated wires because
its temperature is maintained by the heated field.

d. If cooler incubator temperatures are employed, as for older preterm
infants, rainout will occur in the unheated segment, particularly at low
circuit gas flow rates. A circuit should then be used that is equipped
with a heated wire along the entire length of its inspiratory limb.
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Another suitable type of circuit is one with two temperature probes,
one outside the heated field and another one close to the wye adapter.
These circuits can perform well over a range of incubator tempera-
tures above and below the target respiratory gas temperature, because
the heated-wire servo-control can be programmed to select the lower
of the two recorded temperatures to drive the power output.

B. Artificial noses.

1.

Working principle: HMEs recover part of the heat and moisture contained
in the expired air. A sponge material of low thermal conductivity inside
the clear plastic housing of these devices absorbs heat and condenses
water vapor during expiration for subsequent release during inspiration.

. Different brands may vary widely in performance characteristics. Device

performance has improved, and further advances can be expected to
facilitate neonatal applications.

a.

b.

Some HMEs are additionally coated with bacteriostatic substances
and equipped with bacterial or viral filters.

Hygroscopic condenser humidifiers (HCH) use hygroscopic
compounds, such as CaCl,, MgCl,, and LiCl to increase the water
retention capacity.

Application.

a.

a.

These devices are appropriate for short-term conventional and high-
frequency mechanical ventilation in infants, such as during transport
or surgical procedures.

The safety and effectiveness of HME/HCH for long-term mechanical
ventilation is controversial in adults and has not been established in
infants.

HMESs/HCHs must not be used in conjunction with heated humidifi-
ers, nebulizers, or metered dose inhalers. This may cause a hazard-
ous increase in device resistance and/or leaching of the hygroscopic
coating.

. Advantages of HMEs/HCHs.

Simplification of the ventilator circuit

Passive operation without requirement of external energy and water
sources

No ventilator circuit condensate

. Low risk of circuit contamination
e.

Low expense

. Potential risks and drawbacks of HMEs/HCHs.

Depending upon the actual water load, these devices add a variable
resistance and dead space to the circuit.
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b.

C.

A risk of airway occlusion from clogging with secretions or from a
dislodgement of internal components has been reported for infants,
even during short-term application.

An expiratory air leak will impair the barrier effect of any HMEs/
HCH against moisture loss.

6. Measures of effectiveness of HMEs/HCHs.

a.

Performance is not reliably reflected by indirect clinical measures,
such as the occurrence of nosocomial pneumonia, number of endo-
tracheal tube occlusions, or frequency of suctioning.

Visual evaluation of the amount of moisture in the adapter segment
between the endotracheal tube and the HME/HCH was found to closely
correlate with objective measurements of the delivered humidity.

C. Aerosol application for respiratory gas conditioning. Water or normal saline
nebulization offer no significant benefits for inspiratory gas conditioning
compared to the use of heated humidifiers. It may entail a risk of
overhumidification.

1. With appropriate use of heated humidifiers, the isothermic saturation
boundary is close to the tip of the endotracheal tube. Downstream of
this, aerosol particles cannot be eliminated through evaporation and
exhalation. They will therefore become a water burden to the mucosa.

a.

b.

The surplus water needs to be absorbed by the airway epithelium in
order to maintain an appropriate periciliary fluid depth.

An increase in depth of the airway lining fluid’s aqueous layer may
make it impossible for the cilia to reach the mucous layer and thus
impair mucus transport.

Furthermore, if the aerosol deposition rate exceeds absorption capac-
ity, this may lead to increased airway resistance and possibly narrow-
ing or occlusion of small airways.

Severe systemic overhydration subsequent to ultrasound aerosol
therapy has been described in the term newborn and in adults.

2. If an aerosol stream meets the airway proximal to the isothermic satura-
tion boundary, the particulate water can theoretically contribute to the gas
conditioning process by evaporation before and after deposition. The
droplets, however, contain sensible heat only, and the mucosa needs to
supply most of the latent heat for vaporization. This will cool the airway.

D. Irrigation of the airway.

1. Ttis a common clinical practice to instill small amounts (0.1-0.5 mL/kg)
of water, normal saline solution, or diluted sodium bicarbonate periodi-
cally into the endotracheal tube prior to suctioning procedures in the
belief that this provides moisture and loosens tenacious secretions.

2. The safety and efficacy of this practice has not been established.
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V. Inspiratory gas conditioning and the nosocomial infection risk

A. There is no evidence that appropriate warming and humidifying of respira-
tory gases increase the risk of nosocomial pneumonia in infants with an
artificial airway.

B. The incidence of nosocomial pneumonia in adults was not increased when
ventilator circuits were changed less frequently than every 24 h or even
between patients only.

C. The optimal rate of ventilator circuit changes for infants is unknown. Changing
a ventilator circuit may disrupt ventilation in a potentially dangerous way,
and medical personnel may become a vector for cross-contamination between
patients. Weekly circuit changes or no circuit changes at all except between
patients appears to be a rational (though unproven) approach.
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Chapter 12
Clinical Examination

Avroy A. Fanaroff and Jonathan M. Fanaroff

I. Normal physical findings
A. Respiratory rate 40—60/min.

1. Irregular with pauses <5 s in REM sleep

2. Regular in non-REM sleep, rate 5—10 breaths/min slower than in REM
sleep or when awake

Comfortable (no dyspnea)

No chest retractions (subcostal or intercostal)

No flaring of nostrils

No grunting

Sansw

B. Pulse rate 120-160 beats/min (but may go as low as 80 during sleep).

1. Sinus arrhythmia rare in the newborn.
2. Pulses easy to feel.

a. Femoral pulses may be decreased in the first 48 h.

b. Femoral pulses may be impalpable, reduced or delayed with coarc-
tation of the aorta. In any infant with suspected heart disease, blood
pressure should be measured in all four limbs. A difference of
>15 mmHg between the upper (higher) and lower extremities is
significant.

c. Bounding pulses are characteristic of a patent ductus arteriosus.
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Interpreting the heart rate is best done in conjunction with the respira-
tory rate and oxygen saturation.

a. Episodes of desaturation are mostly transient or from movement
artifact, but if more severe and prolonged will be accompanied by
bradycardia.

b. An increase in heart rate may be observed with movement/crying,
respiratory distress, anemia, hypovolemia, fever, infection pain,
fluid overload, arrhythmia.

c. Slowing of the heart is seen with hypoxia, hypothermia, seizures,
heart block, and rarely increased intracranial pressure.

d. Monitor artifacts may also produce bradycardia. The clinical diag-
nosis of neonatal sepsis is preceded by abnormal heart rate charac-
teristics of transient decelerations and reduced variability.

C. First and second heart sounds are often single; S, splits by 48 h in 75% of
infants.

D. Murmurs common in first few days (1-2% of normal infants).

E. Blood pressure (see below).

II. Clinical examination of cardiorespiratory system

A. The four classic components should be followed.

1.
2.
3.
4.

Observation.

Palpation.

Percussion.

Auscultation. Murmurs are common in healthy newborns. Their source
may be pulmonary branch stenosis, patent ductus arteriosus, tricuspid
regurgitation, or other congenital cardiac lesions.

B. In the newborn, careful visual as well as auditory observation is important.
C. Cardinal signs of respiratory distress.

L.

A

Intercostal, subcostal, and substernal retractions (use of accessory
muscles)

Nasal flaring (decreases airway resistance)

Expiratory grunting (increases positive end expiratory pressure)
Tachypnea>60/min

Cyanosis

a. Peripheral cyanosis (extremities) is common in normal infants.

b. Central cyanosis (lips and tongue) signifies >5 g/dL of desaturated
hemoglobin and is significant (pulse oximeter <90%).

c. The commonest causes of cyanosis are heart disease, pulmonary
disease and methemoglobinemia. The underlying cause of cyano-
sis must be determined. If cyanosis is relieved by oxygen adminis-
tration, the most likely cause is pulmonary disease.
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III. Observation

A. Respiratory rate

1.
2.

Rates >60 breaths/min are abnormal.

Very fast rates may have a better prognosis as they occur in more mature
babies with a good respiratory pump able to sustain the tachypnea.
Slow irregular rates <30 breaths/min with or without gasping are omi-
nous as are apneic periods in term infants.

Remember that tachypnea is a very nonspecific finding and can be
caused by:

Pulmonary disease

Cardiac disease

Sepsis

Anemia

Metabolic academia of any cause
Fever

CNS pathology

. Stress (e.g., after feeding or crying)

S e e o R

IV. Dyspnea

A. Distortion of the chest by the powerful attempts of the muscles of respira-
tion to expand noncompliant lungs is one of the most significant findings
in parenchymal lung disease.

With anemia, acidemia, cyanotic heart disease, or fever, there is often
tachycardia without dyspnea (“comfortable tachypnea”).

Preterm babies (<1.5 kg) in non-REM sleep when muscle tone is low
show mild intercostal and subcostal retractions.

Other features of dyspnea include:

B.

C.

D.

1.

[O8]

Flaring of the alae nasi. By enlarging the nostrils, there is a reduction
in nasal resistance enhancing air flow.

“See-saw” respiration; abdominal expansion (from diaphragmatic
contraction) at the same time as sternal retractions.

Intercostal and subcostal retractions.

Retractions (suprasternal, intercostals, and subcostal) result from the
compliant rib cage being drawn in on inspiration by the diaphragm as
the infant attempts to generate high intrathoracic pressures to ventilate
poorly compliant lungs.

V. Interaction with positive pressure ventilation

A. In the early stages of severe lung disease, especially respiratory distress
syndrome (RDS), the baby may breathe out of phase with the ventilator.

This compromises oxygenation and increases the risk of air leaks.
Synchronization of the ventilator to the baby’s own respiratory effort has
been shown to decrease time on the ventilator and assists weaning.
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B. In both situations, it is important to be aware of the ventilator rate as well as
the baby’s spontaneous ventilation rate (total respiratory rate).

C. If the baby’s condition has deteriorated rapidly, is the chest moving at all
with the ventilator? If it is not, it may suggest a blocked or dislodged endo-
tracheal tube. Always consider a pneumothorax in an infant whose condi-
tion has deteriorated rapidly.

Apnea and gasping
When counting the respiratory rate note if there are any pauses lasting more
than 20 s, or if there are any gasping respirations (both very abnormal), as
opposed to normal sighs (deep inspirations against the normal background
respiratory pattern).

General appearance
A. Does the baby look ill or well? Multiple factors to assess are as follows:

Color (pallor, cyanosis, plethora)
Level of activity and overall tone
Cry

Eye opening

Posture

Edema

Perfusion

Dysmorphic features

PN R LD =

B. Edema—Ileaky capillaries in ill babies lead to subcutaneous edema as well
as pulmonary edema
C. Perfusion

Pallor (capillary refill time >3 s)
Nonspecific illness

Anemia

Hypotension

Shock (septic or other)

Visible veins in skin (especially in preterm)

A

a. Hypercapnia
b. Nonspecific severe illness with shock (e.g., extensive hemorrhage)

D. Cyanosis

1. Assessed from lips, mucous membranes (acrocyanosis is peripheral
cyanosis of hands and feet; it is common and rarely significant).
May be difficult to see in nonwhite races (even in mucosa).

2. Cyanosis results from >5.0 g/dL desaturated hemoglobin.

a. Seen in normally oxygenated polycythemic babies
b. Difficult to detect in very anemic babies
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3.

In an oxygen enriched environment, oxygen may be absorbed through
the skin making the baby look pink although central cyanosis may
be present.

E. Saturation (see Chaps. 17 and 18):

1.

(O8]

Because clinical signs of hypoxemia are unreliable, if in doubt initially
check oxygen saturation (SpO,) by oximetry (quick and easy) and if
necessary confirm hypoxemia by arterial blood gas analysis.

An arterial oxygen tension of 60-90 torr results in a saturation of
94-98% and changes of 1-2% usually reflect a PaO, change of
6—12 torr. Below 40 torr, the saturation falls below 90%.

Saturations above 95% are normal in term babies.

Note that SpO, does not correct for abnormal hemoglobin as in meth-
emoglobinemia—baby is blue but saturation is high.

VIII. Clubbing (rarely seen in newborns)
IX. Venous pressure

A.

B.

C.

Observe venous pulsation in the neck for evidence of congestive heart
failure.

Prominent pulsation in the neck may be observed with vein of Galen
arteriovenous malformation.

Auscultation of the head will reveal a bruit.

X. Other systems
A. Abdomen

B.

1.

2.

Distention

a. Large amount of gas in stomach after positive pressure ventilation,
especially with mask and bag

b. Enlarged liver from heart failure, hepatitis, or metabolic disorder;
normal liver is 1-2 cm below the costal margin

c. Liver may be pushed down by hyperinflated chest or tension
pneumothorax

d. Enlarged spleen, kidneys, or other abdominal mass

e. Retention of urine secondary to drugs, CNS disease

Scaphoid abdomen strongly suggests congenital diaphragmatic hernia

Central nervous system

1.

Seizures.

2. Tense fontanel when the newborn is not crying suggests increased

(O8]

intracranial pressure.
Abnormal tone.
Abnormal level of consciousness (e.g., irritability, lethargy, coma).
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XI. Auditory observations

A. Listen to the baby. If he/she is crying vigorously, he/she is unlikely to be

B.

seriously ill.
Three important auditory clues:

1. Grunting—a pathognomonic feature of neonatal lung disease—expiration
against a partially closed glottis traps alveolar air and maintains FRC.
2. Stridor, usually inspiratory.

Upper airway problems (e.g., laryngomalacia is the commonest)
Glottic and subglottic injury or postintubation edema

Local trauma following over-vigorous laryngeal instrumentation
Congenital subglottic stenosis

Vascular rings, hemangiomas, hamartomas (rare)

o a0 oPp

3. “Rattle”—the bubbling of gas through secretions in the oropharynx.
Often an ominous sign in a baby with severe CNS injury as well as
lung disease.

4. Excessive drooling with choking and cyanosis suggests esophageal
atresia (diagnose by placing an orogastric tube and obtaining chest
radiograph; if present, tube will end in esophageal pouch; a stomach
bubble indicates a fistula).

XII. Palpation

A. Not usually of great help. The following may be noted:

1. Mediastinal shift (trachea, apical beat) with air leak, diaphragmatic
hernia, collapse (consolidation).

2. Tense abdomen (tension pneumothorax or pneumoperitoneum).

Subcutaneous emphysema following air leaks.

4. Pulses.

(98]

a. Should be checked in all four limbs if there is any suspicion of
cardiac disease and documented by blood pressure measurements.

b. Bounding pulses are a feature of an increased cardiac output often
with a left-to-right shunt. In the preterm infant, this may be the first
sign of a PDA.

5. Cardiac precordial activity.
6. Thrills are very rare in the neonatal period; if present, always significant.

XIII. Percussion

A.

B.
C.

Increased resonance may be seen with a pneumothorax and occasionally
with severe pulmonary interstitial emphysema (PIE).

Decreased resonance accompanies pleural effusions.

Decreased resonance with marked collapse/consolidation.

1. Pneumonia
2. Endotracheal tube in one bronchus
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XIV.

XV.

XVL

D. Decreased resonance with congenital diaphragmatic hernia.
Auscultation

A. Always use the small neonatal stethoscope. It can be difficult to apply to
the chest of a preterm newborn in a way that excludes extraneous noise,
and trial and error will identify whether the bell or diaphragm is best in a
given situation. Use whichever gives the best acoustic seal.

B. Another problem is that babies, particularly preterm ones, wiggle when
the stethoscope is placed on the chest making cardiac examination diffi-
cult. The trick is to hold the prewarmed stethoscope in the same place and
after 10—15 s the baby habituates to the stimulus and lies still.

C. Breath sounds are widely conducted through the upper torso of the new-
born, and the smaller the baby, the greater the conduction. Even with the
neonatal stethoscope head it is difficult to be certain about where air is
going. Two common (and very serious) auscultation mistakes are the
following:

1. Failing to realize during mechanical ventilation that air is going in and
out of the stomach rather than the lungs.

2. Failing to realize that only one lung is being ventilated (particularly if
there is some mediastinal shift).

Air entry

A. The breath sounds in newborns with normal lungs can be heard in both
inspiration and expiration, being slightly louder and longer in inspiration.
In other words, part of the expiratory phase, which is physiologically lon-
ger, is silent.

B. A general reduction in air entry is heard with:

1. Any severe lung disease (e.g., RDS)
2. Occluded endotracheal tube

C. Unilateral decrease in air entry—any unilateral lung disease, which will
usually require a chest radiograph for further evaluation.

1. Pneumonia

2. Air leak

3. Pleural Effusion

4. Misplaced endotracheal tube/spontaneous extubation

Other sounds

A. There should be no rales or crepitations (discontinuous sounds) and no
rhonchi (continuous sounds). The other common sound heard on auscultat-
ing the chest of a preterm baby is condensed water bubbling in the ventila-
tor circuit or endotracheal tube. Clearly, it is impossible to do a successful
clinical examination under these circumstances. The tubing should be tran-
siently disconnected from the ventilator circuit and emptied.
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. Crepitations occur in the following:

Pneumonia

Aspiration

Heart failure (PDA and other)

Massive pulmonary hemorrhage
Bronchopulmonary dysplasia (BPD)
Meconium aspiration (stickier and louder)

A S

. Rhonchi occur with:

1. Retained secretions during mechanical ventilation
2. Meconium aspiration
3. BPD

. None of these findings is specific. They indicate a lung disease that

requires further evaluation, initially by radiography.

. Bowel sounds in the chest are a specific finding of congenital diaphrag-

matic hernia.

Cardiac auscultation

A. Heart sounds—the ready availability of echocardiography has blunted

the need for sophisticated auscultatory diagnostic skills for the newborn.
The following, however, should always be noted:

1. S, and S, are usually single in the first 24-48 h, with splitting of S,
being present in 75% of babies by 48 h.

2. A gallop rhythm (S, and S,) is always abnormal, usually indicating
heart failure.

. Innocent murmurs are very common in the first 2448 h, with the following

characteristics:

1. Grade 1-2/6 mid-systolic at the left sternal edge

2. No ejection clicks

3. Occur in babies with normal pulses (especially femoral; document by
blood pressure measurements)

4. Occur in babies with an otherwise normal clinical examination

. Significant murmurs are more likely to be heard >48 h of age; their

features include:

Pansystolic + diastolic + thrills

Grade 3/6 or more and harsh

Best heard at upper left sternal edge (e.g., PDA)
Abnormal S, (not splitting) + gallop rhythm

Early or mid-systolic click

Decreased femoral pulses with murmur heard at back
Other signs of illness (heart failure, shock, and cyanosis)

Nk Wb =
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D.

Any baby with these features needs urgent evaluation (radiography,
electrocardiography, and echocardiography). The absence of murmurs
or auscultatory abnormality in the first 48—72 h does not exclude serious
or even fatal heart disease.

XVIII. Transillumination (Chap. 22)

A.

A bright light source applied to the chest wall can be a very useful and
effective way of detecting a collection of intrapleural air, typically a
pneumothorax, but large cysts, severe PIE, or marked lobar emphysema
may also transilluminate. To be effective, the light source has to be very
bright (ideally a fiberoptic source), the room around the baby needs to
be very dark, and some experience is required to differentiate the normal
0.5-0.1 cm halo of light around the probe from increased transillumina-
tion from a small collection of air. In cases where the whole hemithorax
lights up, the diagnosis is easy.

. The technique is more useful in smaller babies in whom the light is

transmitted into the pleural cavity much more easily than with term
babies with a thick layer of subcutaneous fat.

XIX. Blood pressure

A.

B.

The readily available automatic blood pressure recording devices now
mean that this is a routine part of the assessment of all newborns.
Attention to the following details is important:

1. Baby quiet and not recently crying.

2. Cuff covers 75% of the distance between the axilla and the elbow.
3. Bladder virtually encircles the arm.

4. A similar cuff size if appropriate for the upper arm and the calf.

In ill preterm babies, the oscillometric device may overestimate the true
blood pressure, and if there is any doubt about systolic pressure accu-
racy, direct measurement from an indwelling arterial catheter may be
indicated.

In summary, in the newborn the circulation is assessed by:

1. Blood pressure measurement. Normative values are available for
term infants, but there is less reliable data for extremely low birth
weight infants (Fig. 12.1). BP may correlate poorly with systemic
blood flow and circulating volume. Cerebral blood flow is critical.

2. Heart rate. Tachycardia from hypovolemia is common, and bradycar-
dia is a late sign of shock.

3. Temperature gap (between abdomen and toes) >2°C may suggest
shock. Also caused by a cold environment and infection without
shock.
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Fig. 12.1 Linear regression of mean (a) and diastolic (b) blood pressure on birth weight in 329
infants admitted to the NICU on day 1 of life is plotted. C.L., Confidence limits (From Zubrow AB,
Hulman S, Kushner H, et al: Determination of blood pressure in infants admitted to neonatal inten-
sive care units. A prospective multicenter study. J Perinatol 1995; 15:470—479. Copyright, the
Nature Publishing Group, reprinted with permission)
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4. Capillary refill time >3 s is abnormal.

5. Acid-base status (increased lactate with circulating insufficiency).
6. Echocardiographic evaluation of cardiac function.

7. Urine output (after the first 24 h).
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Chapter 13
Neonatal Resuscitation

Janet M. Rennie

L

IL.

III.

Anticipating resuscitation. “Time is of the utmost importance. Delay is damaging
to the infant. Act promptly, accurately and gently” (Virginia Apgar). Some form
of resuscitation is required in about 5-10% of all deliveries; about 2 per 1,000
require intubation. A person with sole responsibility for the baby and who is
trained in the skills of basic resuscitation should be present at all deliveries, but
an individual with advanced resuscitation skills should be present at the follow-
ing types of deliveries (the list is not exhaustive). A person with more experi-
ence should be called if there has been prolonged fetal bradycardia, or the
delivery is of a preterm baby of marginal viability.

Preterm delivery
Multiple deliveries
Vaginal breech delivery
Instrumental delivery
Fetal compromise

monwy

Normal postnatal transition. Most babies establish independent breathing and
circulation quickly after birth, crying lustily and becoming pink within a few
minutes. During this period of time, the baby normally:

Clears lung liquid from the trachea and alveoli

Establishes a functional residual volume with the aid of surfactant
Reduces pulmonary vascular resistance

Increases pulmonary blood flow, and reverses intra- and extra-cardiac
shunts (foramen ovale and ductus arteriosus)

oaw»>

Equipment needed for resuscitation

A. A warm, well-lit area in which resuscitation can take place.
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A heater.
Towels, gloves, hat for baby. Food grade plastic wrap for very preterm babies.
Immediate access to a telephone or intercom.

. An assured oxygen supply and blender, with a suitable pressure valve to

limit the pressure.

A supply of medical gases.

A suction device with a range of catheter sizes.

Laryngoscopes with back-up bulbs and batteries, assorted blades.
Endotracheal tubes varying from 2.5 mm to 4.5 mm with stylets.

A mask resuscitation system with masks of various sizes.

All systems capable of providing respiratory support should have protective
“pop-off devices.” However, in case high pressures are needed on an indi-
vidual basis, the resuscitator should be able to override such a device or
revert to an alternative system.

Equipment for placing a peripheral and/or umbilical venous catheter.
Scissors.

Stethoscope.

A timing device.

Fluids and resuscitative drugs (naloxone, epinephrine, dextrose, saline).

Assessing the infant after birth

A.
B.

C.

D.

Start the clock.

Receive the baby, remove any wet wraps, and dry the baby with a warm
towel unless very preterm, in which case place into plastic bag.

Place the infant on the resuscitation surface, cover with a warm towel, and
make an assessment of breathing, heart rate, and color.

Babies fall into one of three categories at this point:

1. Pink, breathing spontaneously and regular, heart rate >100; active tone
2. Cyanotic, breathing irregularly, with a heart rate >100; some tone
3. Pale, floppy, not breathing, heart rate <100

. The Apgar score (Table 13.1). The Apgar score can be helpful in categorizing

infants at this stage. A score of less than 3 means that advanced resuscitation is
required immediately and is an indication to call for help.

Initiating resuscitation

A.

B.

Babies who are pink, breathing and have a good heart rate should be returned
to their mothers as soon as possible, without any further intervention.

If the baby falls into one of the other two categories above where respiration
is not established, resuscitation should be started.

Babies who are blue but with a good heart rate usually respond to simple
resuscitation.

. Babies who are white, floppy, and not breathing will most likely need full

resuscitation with intubation and chest compression following the “A, B, C,
D’ approach outlined below.

Optimally, two people should be dedicated to the resuscitation of a baby in this
situation. Call for help immediately if you are single-handed in this situation.
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Table 13.1 The Apgar score

Score 0 1 2
A Appearance Pale or blue Body pink but extremities Pink
blue
P Pulse rate Absent <100 >100
G Grimace Nil Some Cry
A Activity (muscle tone) Limp Some flexion Well flexed
R Respiratory effort Absent Hypoventilation Good

VII. The “A, B, C, D” of resuscitation (Fig. 13.1)

A. Airway

1.
2.
3.

e

Make sure the airway is clear.

Position the baby supine with the jaw drawn forward.

Gently suction the mouth, then the nose if secretions are present. Many
babies will resuscitate themselves once the airway is clear.

Do not insert the suction catheter too far into the oropharynx or it may
induce a vagal response with bradycardia and apnea.

Do not suction for more than 5 s at a time.

Suctioning is particularly important for depressed babies born through
meconium, but is not required for those who remain vigorous.

B. Breathing

1.

2.

If resuscitation does not commence rapidly, try gentle stimulation—
rubbing the soles of the feet, drying the body with the towel.

If respirations do not commence within 20 s or remain irregular the
baby will require artificial lung inflation.

. Choose a face mask that fits over the baby’s mouth and nose but does

not overhang the chin or cover the eyes. Masks with cushioned rims are
preferable because it is easier to make a tight seal.

. Hold the mask over the face making a tight seal.
. Begin to inflate the lungs with the T piece (easier and better, can give

sustained inflation) or self-inflating bag.

. Never, ever, connect a baby directly to the “wall” oxygen supply, which

is at a dangerously high pressure. Hospital gas supplies must be passed
through a pressure reducing system before being delivered to babies via
a T piece or bag and mask. Babies have died from air leak caused by
high pressure gas delivered this way.

. Ventilate at 3040 breaths per minute, giving the first few breaths a

sustained (1-2 s) inflation time (“rescue breaths”).

a. The first few breaths need to overcome surface tension.

b. The pressure given should be enough to move the chest wall (about
20 cm H, 0, although the first few breaths may need to be 30—40 cm
H,0).

2
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Birth
1

30 sec

50!sec

Term gestation?
Breathing or crying?
Good tone?

Warm, open airway,
dry, stimulate

HR below 100,
gasping, or apnea?

PPV, consider
SPO, monitoring

HR below 100?

Ensure adequate
ventilation
consider ET
intubation !

HR below 60?
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* Assure open airway
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breathing
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Post-resuscitation
care

Chest compressions
Coordinate with PPV

HR below 60?

IV Epinephrine

Fig. 13.1 The ILCOR algorithm
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c. Watch to see that the chest moves and listen to the heart rate, which
should rapidly rise.

d. If the heart rate remains low, or falls in spite of adequate ventilation,
the baby will need intubation and external chest compression.

e. In an emergency, oral intubation is generally preferred. Take care
to use the correct tube size and to insert it to the appropriate depth
(Chap. 14).

f. Use capnography to confirm ETT placement.

C. Circulation

1.

2.
3.

Chest compressions should be administered if the heart rate is less
than 60 bpm for more than 30 s despite adequate assisted ventilation.
A baby who needs chest compressions should be intubated.

The recommended method for external chest compression in babies is
to encircle the chest with both hands at the level of the lower third of
the sternum, and to compress the sternum with the thumbs.

Aim to compress the chest by about a third of the antero-posterior
diameter, at a rate of about 100 per minute.

Chest compressions should be sufficiently deep to generate a palpable
pulse.

Coordinate chest compression with ventilation; inflate the lungs after
every third compression (a ratio of 3:1).

. Drugs. Used rarely, if there no response after intubation and effective ven-

tilation and chest compressions. If the baby remains white, not breathing,
and with a heart rate of 60 or less, drugs can sometimes achieve a “jump
start” of the system. The ideal route is via the umbilicus. Intraosseous
access can be used if IV access cannot be quickly achieved.

1.

2.
3.

4.

Epinephrine 0.1-0.3 mL/kg 1:10,000 by IV (preferred route) or ET
tube (use higher dose).

Dextrose 2 mL/kg, 10% solution.

Naloxone is of use if the mother was given opiate analgesia less than
6 h before delivery. Use 100 mcg/kg. The dose may need to be repeated.
Do not give if history or suspicion of maternal drug abuse, as it may
initiate immediate neonatal withdrawal syndrome.

Calcium—there is no evidence that calcium is useful in resuscitation.

VIII. Monitoring the response to resuscitation

A. Resuscitation does not end with the baby achieving a good heart rate and
spontaneous breathing.

Observations should continue and a decision made as to whether it is safe
for the baby to remain with the mother or whether he/she should be admitted
to the nursery for observation.

B.

. Any baby who has required resuscitation should have early glucose screen-

ing until stable.
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IX. Reasons for failure to respond to resuscitation

XI.

XII.

A.

A=—TZQmmIN®

There is a leak in the system delivering oxygen or air to the baby, or the
source may not be connected

The endotracheal tube is in the esophagus

Hemorrhagic shock—consider blood transfusion

Sepsis, including pneumonia

Pneumothorax

Pleural effusion

Pulmonary hypoplasia—may respond to high ventilatory pressures
Laryngeal abnormality; choanal atresia; Pierre Robin sequence
Congenital diaphragmatic hernia

Congenital heart disease

Spinal cord injury

Ceasing resuscitation (see also Chaps. 81 and 82)

A.

B.

C.

This decision should only be made by a senior physician.

If there has been no spontaneous cardiac output after more than 10 min of
adequate resuscitation, further attempts should be stopped.

If the baby has a cardiac output but is not making respiratory effort, arti-
ficial ventilation should continue while further information is sought.

Documentation. Good records are vital (see Chap. 83)

A.

B.
C.

m M

AT Q

Condition at birth, color/tone/respiration

Time to first gasp, time to regular respiration, and cry

Heart rate at the start and at intervals: time when heart rate rose above
100 bpm

Apgar scores at 5-min intervals to supplement the above (but not to replace
these observations)

Time commencing bag and mask ventilation, and duration

Time at tracheal intubation, duration of intubation, length of ETT at the
lips or nares

Umbilical cord pH; specify whether arterial or venous (include other
blood gas parameters, if available)

Drugs given, dose, route, and time

Names and designations of personnel; times of their arrival

Reasons for any delay

Information given to the parents

Controversies in resuscitation

A.

Concern has been expressed regarding the possibility that resuscitation with
100% oxygen could cause damage from free radical release and cerebral
vasoconstriction (Chap. 6). Trials have been conducted comparing resus-
citation with room air and 100% oxygen. Meta-analysis of these studies
showed significantly reduced mortality in the infants who were initially
resuscitated in air. ILCOR recommendations now state term infants
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should be initially resuscitated with air, with oxygen considered for
infants who fail to respond to effective ventilation and the use of oxygen
guided by pulse oximetry.

B. Resuscitation of extremely preterm babies can be contentious (Chap. 81).
This is a job for an experienced neonatologist, who should meet the par-
ents beforehand if at all possible. Occasionally, it is considered appropri-
ate to offer comfort care only to a baby of very low gestation who is not
vigorous at birth. The reported success rate of full CPR in the delivery
room when applied to this group varies, with some units claiming good
results and others reporting a gloomy prognosis.

C. Cooling. Therapeutic hypothermia is now standard care in term and late-
preterm asphyxiated babies who meet the criteria of a low Apgar score and
early encephalopathy. Passive cooling can be started in the delivery suite,
while awaiting confirmation of eligibility, although care should be taken
not to over-cool. Therapeutic hypothermia is defined as a temperature of
33.5°C, and most hospitals continue cooling for 72 h in eligible babies.

D. Babies who are born through meconium-stained fluid, but who are vigor-
ous, do not require aggressive suctioning of the oropharynx or tracheal
intubation. Babies who are depressed at birth should have their airways
cleared of meconium before commencing active resuscitation (Chap. 63).

E. Sodium bicarbonate. Once a standard resuscitative drug, its use has also
become very controversial and has been eliminated from the Neonatal
Resuscitation Program in the USA. If used, do so with extreme caution.
Ventilation must be established and effective, use only a 4.2% concentra-
tion, give slowly, and assure that it is not being injected directly into the
liver. Remember, it is a sodium salt, and hypernatremia may ensue.
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Chapter 14
Laryngoscopy and Endotracheal Intubation

Karen Wiseman and Steven M. Donn

1. Indications for intubation

. Need for prolonged positive pressure ventilation for respiratory failure.
Inability to provide effective bag and mask ventilation.

Need for administration of surfactant.

. Apnea, either central, or obstructive.

Airway maintenance.

SESHoN IS

1. Anatomic anomalies of the airway, such as choanal atresia, micrognathia,
laryngomalacia, laryngeal web, or vocal cord paralysis

2. Compressive lesions on the airway, such as cystic hygroma or hemangioma

3. Airway protection in cases of congenital neuromuscular disorders or
other neurologic injury

F. Congenital diaphragmatic hernia. Avoidance of mask ventilation and delivery
of air into the gastrointestinal tract is critical, and immediate intubation
should be performed.
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II. Endotracheal tube diameter

A. Size of tube (internal diameter, mm):

Upto 1,000 g 2.5
1,001-2,000 g 3.0
2,001-3,000 g 3.5
>3,000 g 3.54.0

B. Tube length in centimeters measured at lip for orotracheal intubation:

Up to 1,000 g 7
1,001-2,000 g 8
2,001-3,000 g 9
>3,000 g 10

C. Tube length in centimeters for nasal intubation:

750 g 7
1,000 g 75
1,500 g 8.5
2,000 g 9.5
3,000 g 10.5
4,000 g 12

III. Use of premedication

A. Anesthesia or analgesia should be provided except in emergency situations.

B. Can help attenuate the adverse physiologic effects of intubation. When
practical, premedication prior to intubation in the newborn offers the
following potential advantages:

1. Increased hemodynamic stability
2. Faster intubation
3. Less hypoxemia
4. Less rise in intracranial pressure

C. Premedication regimens (see Chaps. 52 and 54).

1. Pain relief (e.g., morphine)

2. Sedation (e.g., midazolam)

3. Paralytic agent (e.g., succinylcholine, atracurium, rocuronium). Muscle
relaxants should only be used with experienced neonatologists present.
Do not paralyze the baby unless you are confident the airway can be
maintained and adequate manual ventilation provided.

4. Adjunctive or reversal agents

a. Atropine: can be given prior to anesthesia to reduce secretions and
prevent bradycardia and hypotension. Intravenous bolus will produce
an effect in 30 s that will last for up to 12 h.

b. Neostigmine: reverses the effects of nondepolarizing muscle relaxants.
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Fig. 14.1 Demonstration of technique of laryngoscopy and visualization of the airway (a) Correct
positioning of patient and laryngoscope. (b) View of airway seen through properly placed laryngo-
scope blade

IV. Laryngoscopy and oral intubation (Fig. 14.1)

A.

B.

Place all the equipment you need close by and prepare a means of securing
the tracheal tube once it is in place.

Position the baby on a firm flat surface. Place a small roll or blanket under the
baby’s shoulders so as to lift the shoulders (not the head) about 1.5 in. (3 cm)
off the surface. Extend the baby’s neck slightly beyond the neutral position.
Open the baby’s mouth with the index finger of your right hand. Holding the
laryngoscope in your left hand, insert the blade carefully into the right
side of the baby’s mouth while looking along the blade.

. Move the laryngoscope into the center by pushing the tongue over to the left

side of the mouth.

Position yourself so you can see comfortably along the laryngoscope blade.
If the blade is pushed in too far, all you will see is the esophagus; you must
then withdraw the blade slightly to allow the larynx to drop into view from
above. Alternatively, if the blade is not in far enough, you may see little
except the tongue and the roof of the mouth: you must advance the blade
gently until you can see the epiglottis.

Once you have found the epiglottis, place the tip of the blade at the base
where it meets the tongue (the vallecula). Lift the laryngoscope gently
upward. This will open the mouth further and gently compress the tongue
and will bring the larynx into view from behind the epiglottis. Slight external
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Fig. 14.2 Demonstration of technique of manual intubation

downward pressure on the cricoid should bring the larynx into the center of
the field of view. Do not lever the end of the laryngoscope blade forward by
pressing backward on the baby’s upper jaw, as this may damage the alveolar
ridge and developing teeth.

G. Bring the endotracheal tube (ETT) in from the right hand corner of the mouth
and keep the curve of the tube horizontal so as not to obscure the view of the
larynx. Visualize the vocal cords through the groove in the laryngoscope
blade. If necessary, wait for the cords to relax. Insert the tube 1-2 cm through
the cords. Several commercially available tubes have markings to indicate,
where the ETT should align with the vocal cords.

H. Tape the tube in place immediately while it is still optimally positioned.
Most tubes are marked in centimeters from the tip; make a note of the length
at the upper lip.

I. Inflate the lung using a controlled inflation device. Watch the chest to check
that it is moving appropriately and listen at the mouth to check that there is
no significant leak around the ETT.

J. Placement of a gastric tube (e.g., nasogastric or orogastric tube) is recom-
mended to decompress the stomach.

V. Oral intubation without a laryngoscope (Fig. 14.2). Oral intubation using a finger
rather than a laryngoscope is possible. Skilled practitioners can place a tube in
a baby with normal anatomy in 3-5 s.
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A.

H.

Insert the index finger of the nondominant hand into the baby’s mouth, with
the palmar surface sliding along the tongue. Use the little finger if the baby
is small.

. Slide the finger along the tongue until it meets the epiglottis. This feels like

a small band running across the root of the tongue.

. Slide the finger a little further until its tip lies behind and superior to the

larynx and the nail touches the posterior pharyngeal wall.

. Using your dominant hand, slide the tube into the mouth between your finger

and the tongue until the tip lies in the midline at the root of the distal
phalanx of your finger.

At this point, place the thumb of your nondominant hand on the baby’s neck
just below the cricoid cartilage in order to grasp the larynx between the
thumb on the outside and the fingertip on the inside.

While the thumb and finger steady the larynx, the dominant hand advances
the tube a short distance, about 1-2 cm.

. A slight give can sometimes be felt as the tube passes into the larynx but no

force is needed for insertion.

When the tube is in the trachea, the laryngeal cartilages can be felt to encir-
cle it. If it has passed into the esophagus, it can be felt between the finger
and the larynx.

Nasotracheal intubation. Nasal intubation is not normally used for emergency
intubation but many neonatologists prefer this route. Nasal intubation is most
commonly an elective procedure in an orally intubated baby.

A.
B.
C.

Get the baby well oxygenated in preparation for the procedure.

Use of premedication (see Section “Use of Pre-medication”, above).
Position the baby supine with the shoulders supported on a small towel roll
(see above) with the neck slightly extended beyond the neutral position.
Take a small feeding tube, narrow enough to fit inside the intended ETT,
remove the flared end and lubricate the other end. Lift up the tip of the nose
and pass the tube into one nostril, directing it toward the back of the mouth
until it has passed through the nose into the nasopharynx. Remember that the
nasal passages follow the line of the palate and not the line of the nasal bone.
Choose an appropriately sized tube, cut it to an appropriate length (see chart
above) and attach the appropriate connector.

Lubricate the end of the tracheal tube, thread it over the feeding tube, and
insert it through the nostril and into the nasopharynx.

. Remove the feeding tube.
. Loosen the attachments of the oral tube and have an assistant prepare to

remove it when requested.

Visualize the larynx with the oral tube in place using a laryngoscope.
Identify the nasal tube within the nasopharynx.

Ask an assistant to remove the oral tube. Grasp the nasal tube with a small
pair of Magill or crocodile forceps and position the end of the tube into the
laryngeal opening.
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K. It may not be possible to advance the tip of the nasal tube directly into the
larynx because the nasal tube, approaching from the nasopharynx rather
than the oropharynx, is likely to be at an angle to the line of the trachea.
Gently flexing the neck while advancing the tube into the nose may suffice
to correct this. Alternatively, take hold of the tube connector at the nose and
gently twist it clockwise 120° while maintaining some forward pressure and
the tube will slip gently through the vocal cords.

L. Fix the tube in place and continue ventilation.

VII. Confirming tube position
A. Clinically.

1. Equality of breath sounds.

2. Absence of phonation.

3. Good chest excursions, symmetrical.

4. Appropriate physiologic responses (HR, RR, Sa0,).

B. Radiologic.

1. Should always be obtained for initial intubation.
2. Obtain with head and neck in neutral position.
3. Optimal position is midway between glottis and carina.

C. Capnography may also be helpful.

1. Disposable end-tidal CO, detectors are now available to confirm that
the tube is in the trachea.

2. The color changes from purple to yellow in the presence of exhaled CO,.

3. False negative results may occur with reduced pulmonary blood flow
(e.g., after cardiopulmonary resuscitation, cardiac anomalies) or with
severe airway obstruction.

VIII. Replacing the endotracheal tube

A. Despite meticulous postextubation care, use of methylxanthines, and a
trial of CPAP, about 20-25% of babies require re-intubation. The immedi-
ate goal is to re-intubate and provide assisted ventilation in order to stabi-
lize their cardio-pulmonary status.

B. The following factors, singularly or in combination should alert the care-
giver that a trial of extubation is failing.

1. Clinical manifestation of respiratory muscle fatigue, such as progres-
sive respiratory distress (increased work of breathing), or apnea.

2. Cardiovascular collapse.

3. Increasing base deficit and developing respiratory or metabolic
acidosis.

4. Increasing FiO, requirement to achieve reasonable PaO, or SpO.,.
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C. Suggested protocol for re-intubation.

Stabilization with pre-oxygenation and bag and mask ventilation.
Select optimal size (and length) of the ETT.

Use of premedication (see Section “Use of Pre-medication”).

Insert ETT by previously described techniques.

Before fixation determine for correct placement by assessing air entry,
chest wall movement, and improvement in oxygenation saturation and
heart rate. If in doubt, obtain a chest radiograph.

Nk » D=

D. Changing an indwelling tube.

1. Prepare new ETT and adjunctive equipment (e.g., tape, stylet, adhesives).

2. Remove tape and adhesive from existing ETT, but stabilize tube posi-
tion manually while doing so.

3. Visualize the glottis by direct laryngoscopy.

4. Hold new tube in the right hand.

5. Ask assistant to remove old ETT and quickly insert new ETT to desired
depth.

6. Secure new ETT when successful placement is confirmed clinically.

7. A radiograph is necessary only if there is a question of suitable placement.
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Chapter 15
Vascular Access

Steven M. Donn

I. Umbilical artery catheterization (UAC)

A. Indications

1.

2.

Monitoring arterial blood gases

a. Fi0,>0.4
b. Unreliable capillary samples
c. Continuous monitoring

Need for invasive blood pressure monitoring

B. Procedure

1.
2.
3.

4.

5.
6.

Elective procedure

Use sterile technique

Catheterize vessel after cutdown technique using 3.5 F (<1,500 g) or 5 F
catheter

Preferred position of tip

a. High (T,-T,)
b. Low (L-L,)

Confirm position radiographically
Secure with tape bridge and (optional) sutures

C. Complications

1.
2.

Blood loss
Infection
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. Thrombo-embolic events

Digit necrosis

NEC

Renal artery thrombosis

Spinal cord injury (rare, but reported)

&0 o

Vasospasm

Vessel perforation

Air embolus

Hypertension (renal artery thrombosis)

D. Removal

1.
2.
3.

When FiO,<0.4 and decreasing
When noninvasive blood pressure monitoring is adequate
At first signs of complications

E. Comments

1.

et

Confirm position. A malpositioned umbilical artery catheterization (UAC)
can have life-threatening consequences.

Remember that samples obtained from the UAC are postductal.

Never infuse pressor agents through a UAC.

When removing, withdraw last 5 cm very slowly, no faster than 1 cm/
min. Watch for pulsations to stop.

. Controversy still exists regarding infusion of TPN and certain medica-

tions through a UAC.

. Inadequate line clearing prior to sampling may result in spurious labora-

tory results.

II. Umbilical vein catheterization

A. Indications

1.
2.

3.

Emergent need for vascular access (i.e., resuscitation)
Need for central venous line

a. Pressure monitoring
b. TPN or hypertonic glucose administration
c. Frequent blood sampling in unstable patient without other access

Exchange transfusion

B. Procedure

1.
2.
3.

Sterile technique should be used.

Direct cutdown approach.

Use umbilical catheter (5.0 F; 8.0 F for exchange transfusion in term
infant); do not use feeding tube except as last resort.
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4.

5.
6.

Preferred positions.

a. Low: Insert 4-6 cm to achieve blood return if using for resuscitation
or exchange transfusion.

b. High: Tip should be above diaphragm and below right atrium in the
vena cava for indwelling use.

Confirm position radiographically.
Secure with tape and (optional) sutures.

Complications

1.
2.
3.

No v oa

Blood loss

Infection

Vessel perforation. Commercially available exchange transfusion kits
contain catheters with side holes to decrease resistance. These should
not be left in situ, as they may injure the intima.

Thrombo-embolic events

Air embolus

Liver necrosis (see below)

NEC (may be more related to procedures such as exchange transfusion
than to catheter itself)

Removal

Sl ol

When no longer needed or when other central venous access is achieved
At first signs of complications

When procedure is completed

May be pulled directly

Comments

1.

Avoid infusion or injection of hypertonic solutions (e.g., sodium bicar-
bonate) unless catheter tip is above diaphragm. This may cause hepatic
necrosis.

CVP monitoring may provide useful trend data regarding intravascular
fluid status and hemodynamics.

Recent trend in increased long-term use in ELBW infants.

Inadequate line clearing prior to sampling may result in spurious labora-
tory results.

III. Peripheral artery catheterization

A.

B.

Indications generally same as for UAC when umbilical access is unavail-
able or cannot be achieved
Procedure

1.

Preferred sites.

a. Radial artery
b. Posterior tibial artery
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Assess for adequate collateral circulation (i.e., Allen’s test).

Prepare site thoroughly using antiseptic solution.

Cannulate vessel percutaneously. Transillumination may be helpful in
locating vessel.

Secure catheter with tape.

Check for blood return, pulse waveform, and adequacy of distal
circulation.

. Complications

Infection

Blood loss
Thrombo-embolic events
Vasospasm, ischemic injury

. Removal

1.
2.

At first signs of complications
When no longer indicated

. Comments

1.
2.

Transillumination may be very helpful in locating vessel.
Keep patency by infusing continuously, but slowly. Use low tonicity
fluid (e.g., 0.45% sodium chloride). Many centers prefer use of low-
dose heparin (0.5-1.0 U/mL) to decrease risk of clotting.

. Brachial artery should not be cannulated (inadequate collateral circula-

tion) and femoral artery should be used only as a last resort.

. Cerebral infarction has been reported following superficial temporal

artery cannulation and thus this vessel is also not used. However, it is not
clear whether this was causally related or just an association.

IV. Peripheral intravenous catheters

2.

A. Indications

1.

To provide partial or total fluids and/or nutrition when gastrointestinal
nutrition is not possible.
Used when central access is unnecessary or unattainable.

B. Procedure

1.

Visualize, palpate, and/or use transillumination to select vessel for
cannulation. Suggested order of preference for vessels to cannulate:

Dorsal venous plexus of back of hand

Median antebrachial, accessory, or cephalic veins of forearm
Dorsal venous plexus of foot

Basilic or cubital veins of antecubital fossa

Small saphenous or great saphenous veins of ankle

Supratrochlear, superficial temporal, or posterior auricular veins of scalp

mo a0 o
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7.
8.
9.

Apply tourniquet if placing in extremity.

Clean area with antiseptic.

Attach syringe to cannula and fill with saline, then detach syringe.
Hold needle parallel to vessel, in the direction of blood flow.

Introduce needle into skin a few millimeters distal to the point of entry
into the vessel. Introduce needle into the vessel until blood flashback
appears in the cannula.

Remove stylet and advance needle into vessel.

Remove tourniquet.

Infuse a small amount of saline to assure patency then attach IV tubing.

C. Special considerations

1.

2.

Placement should not be near area of skin loss or infection, or across

joints, if possible, because of problems with joint immobilization.

Care should be taken to assure that vessel is actually a vein and not an
artery.

a. Note color of blood obtained from vessel and if pulsations are present.

b. Look for blanching of skin over vessel when fluid is infused suggesting
arterial spasm.

c. When attempting scalp vein cannulation, shave area of head where
IV is to be placed. Avoid sites beyond hairline.

D. Complications

A

Phlebitis

Infection

Hematoma

Embolization of formed clot with vigorous flushing

Air embolus

Infiltration of subcutaneous tissue with I'V fluid. Infiltration may cause:

a. Superficial blistering

b. Sloughing of deep layers of skin that may require skin grafting

c. Subcutaneous tissue calcification from infiltration of calcium-
containing I'V solutions
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Chapter 16
Tracheostomy

Steven M. Donn

I. Description. Creation of an artificial airway through the trachea for the pur-
poses of establishing either airway patency below an obstruction or an airway
for prolonged ventilatory support.

II. Indications
A. Emergent

1. Upper airway malformations
2. Upper airway obstructions

B. Elective
1. Prolonged ventilatory support

a. Broncho pulmonary dysplasia
b. Neurologic or neuromuscular dysfunction

2. Subglottic stenosis following endotracheal intubation
3. Neurologic or neuromuscular impairment
III. Preparation

A. Rare need for emergent tracheostomy because of obstructive lesion which
precludes performing endotracheal intubation first.
B. Baby should be intubated.

C. Should generally be performed in operating room because of availability of:

1. General anesthesia
2. Optimal lighting
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3. Available suction
4. Proper exposure
5. All necessary personnel and equipment

IV. Technique

VL

A.

TommgoQw

0)

Baby placed supine with head and neck maximally extended. Use towel roll
or sandbag.

. Cricoid cartilage is identified by palpation of tracheal rings.

. Short (1.0 cm) transverse skin incision made over second tracheal ring.

. Incision dilated with hemostat.

. Incision deepened by needle point cautery.

. Maintain meticulous hemostasis.

. Strap muscles separated by fine hemostat.

. Trachea exposed by dividing isthmus of thyroid gland by cautery, if

necessary.

. Longitudinal incision made in trachea (by cautery) through second and third

tracheal rings. Do not excise tracheal cartilage, which would lead to loss of
tracheal support and stricture formation.

. Place silk ties on each side to facilitate placement of tracheostomy tube and

postoperative replacement.

. Withdraw endotracheal tube until it is visualized just proximal to incision.
. Insert tracheostomy tube. Choose a size that requires minimal pressure to

insert; avoid metal tubes. Remove endotracheal tube.

. Assess proper fit by manual ventilation through tracheostomy tube. If leak

is large, replace with bigger tube.

. Secure tube with tapes around neck. These should be padded and can be

tightened during neck flexion.

. Trachea may be irrigated with 2.0 mL saline and suctioned.
P.

Auscultate chest; obtain radiograph.

Postoperative care

A.

B.
C.

D.

Minimize movement of head and neck for 3-5 days to establish stoma.
Sedation and analgesia strongly recommended. Occasionally, skeletal mus-
cle relaxants are required.

Frequent suctioning and humidification required until stoma established.
Caretakers must know how to replace tube if it becomes dislodged or
occluded.

Removal should be accomplished in intensive care unit setting.

Ex utero intrapartum treatment (EXIT) procedure

A.

Performed in selected centers to manage various forms of fetal airway
obstruction

1. Neck masses
2. Congenital high airway obstruction syndrome (CHAOS)
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3. Intrathoracic masses
4. Unilateral pulmonary agenesis and diaphragmatic hernia

B. Procedure

1.

(O8]

P AW

11.
12.

Requires multidiscipline team

Obstetrics

Neonatology

Pediatric surgery

. Pediatric anesthesiology
Radiology

Nursing

mo e o

Tocolytic (e.g., indomethacin) given to mother
Maternal rapid sequence intubation after anesthesia
Maintain uterine relaxation and maternal blood pressure

a. Inhalational agents
b. Terbutaline or intravenous nitroglycerine

Fetal anesthesia with pancuronium and fentanyl
Maternal laparotomy

Ultrasound to map placental borders

Hysterotomy

Exposure of fetal head

Attempt intubation

Clamp and cut cord, deliver infant

EXIT to ECMO has also been successfully reported
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Monitoring the Ventilated Patient



Chapter 17
Continuous Monitoring Techniques

Christian F. Poets

I. Pulse oximetry (SpO2)
A. Principle of operation

1. The ratio of the absorbances of red and infrared light sent through a tissue
correlates with the proportion of oxygenated to deoxygenated hemoglo-
bin in the tissue.

2. First-generation oximeters determined the arterial component within
this absorbance only by identifying the peaks and troughs in the absor-
bance over time, thereby obtaining a “pulse-added” absorbance that is
independent of the absorbance characteristics of the nonpulsating parts
of the tissue.

3. Current instruments use additional techniques. For example, they scan
through all red-to-infrared ratios found in the tissue, determine the inten-
sity of these, and choose the right-most peak of these intensities, which
will correspond to the absorbance by the arterial blood in the tissue.
Some also use frequency analysis, time domain analysis, and adaptive
filtering to establish a noise reference in the detected physiologic signal,
thereby improving the ability to separate signal from noise.

4. All instruments have built-in algorithms to associate their measured light
absorbances with empirically determined arterial oxygen saturation
(Sa0,) values.

B. Factors influencing measurements

1. Probe placement. The light receiving diode must be placed exactly oppo-
site the emitting diode; both must be shielded against ambient light and
not be applied with too much pressure. Light by-passing the tissue can
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cause both falsely high and falsely low values. The sensor site must be
checked every 6-8 h. Highly flexible sensors (usually disposable)
provide better skin contact and thus a better signal-to-noise ratio.

. Peripheral perfusion. Most oximeters require a pulse pressure above

20 mmHg or a systolic blood pressure above 30 mmHg to operate reliably;
performance at low perfusion is substantially better with current (next-
generation) instruments.

. Response times depend on the averaging time used. Longer averaging

times may reduce alarm rates but will increase response time and will
hide the true severity of short-lived hypoxemic episodes.

. Movement artifact. This is the most frequent cause of false alarms. It has

been reduced with next-generation instruments, but potentially at the
expense of an unreliable detection of true alarms. It may be identified
from the analysis of the pulse waveform signal or via a signal quality
indicator displayed by some instruments.

. Other hemoglobins and pigments. Methemoglobin (MetHb) will cause

pulse oximetry (SpO,) readings to tend toward 85%, independent of
Sa0,. Carboxyhemoglobin (COHb) will cause overestimation of SaO,
by 1% for each percent COHD in the blood. Fetal hemoglobin (HbF) and
bilirubin do not affect pulse oximeters, but may lead to an underestima-
tion of SaO, by co-oximeters. In patients with dark skin, SpO, values
may be falsely high, particularly during hypoxemia.

. Algorithms. These may vary between brands and even between different

software versions from the same manufacturer. Also, some instruments
subtract a priori the typical levels of COHb, MetHb, etc. in healthy
nonsmoking adults from their measurements and will thus display SpO,
values that are 2-3% lower than those displayed by other instruments.

. Detection of hypoxemia and hyperoxemia

1.

In the absence of movement, pulse oximeters have a high sensitivity for
the detection of hypoxemia.

Because of the shape of the O,-hemoglobin dissociation curve, they are
less well suited for detecting hyperoxemia (e.g., a PaO, >80 Torr). The
upper alarm setting at which hyperoxemia can be reliably avoided with
different instruments ranges from 88 to 95%, although it is at the upper
end of this range with most next-generation instruments.

II. Transcutaneous partial pressure of oxygen (TcPO,) monitoring

A. Principle of operation

Electrodes consist of a platinum cathode and a silver reference anode,
encased in an electrolyte solution and separated from the skin by an O,-
permeable membrane. Electrodes are heated to improve oxygen diffusion
and to arterialize the capillary blood. Oxygen is reduced at the cathode,
generating an electric current proportional to the O,-concentration in the
capillary bed underneath the sensor. Sensors require a 10—15 min. warm-up
period after application and have to be recalibrated every 4-8 h.
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B. Factors influencing measurements

1. Sensor temperature. Good agreement with PaO, only at 44°C, but then
frequent (every 2—4 h) repositioning necessary. At lower sensor tem-
peratures, increasing PaO_~TcPO,-difference with increasing PaO,.

2. Probe placement. TcPO, will under-read PaO, if sensor is placed on bony
surface, if pressure is applied on sensor, or if too much contact gel is
used. With patent ductus arteriosus and right-to-left shunting, TcPO, will
be higher on upper than on lower half of thorax.

3. Peripheral perfusion. TcPO, depends on skin perfusion. If the latter is
reduced (e.g., hypotension, anemia, severe acidosis, hypothermia, or
marked skin edema), TcPO, will be falsely low. If under-reading of PaO,
occurs, check the patient for these conditions.

4. Skin thickness. Close agreement with PaO, occurs only in neonates;
beyond 8 weeks of age, TcPO, will only be 80% of PaO,.

5. Response times. In vivo response time to a sudden fall in PaO, is
16-20 s.

C. Detection of hypoxemia and hyperoxemia: sensitivity to these conditions (at
44°C sensor temperature) is approximately 85%.

II. Transcutaneous partial pressure of carbon dioxide (TcPCO,) monitoring
A. Principle of operation

1. The TcPCO, sensor consists of a pH-sensing glass electrode and a silver—
silver chloride reference electrode, covered by a hydrophobic CO,-
permeable membrane from which they are separated by a sodium
bicarbonate—¢lectrolyte solution. As CO, diffuses across the membrane,
there is a pH change of the electrolyte solution (CO,+H,0+HCO,"+H"),
which is sensed by the glass electrode.

2. All instruments have built-in correction factors since their uncorrected
measurements will be 50% higher than arterial PCO,. They must also be
calibrated at regular intervals and require a 10—15 min. equilibration time
following resiting.

B. Factors influencing measurements

1. Sensor temperature. Optimal sensor temperature is 42°C, but if sensors
are used in combination with a TcPCO, sensor, a sensor temperature of
44°C can be used without jeopardizing the precision of the TcPCO,
measurement.

2. Sensor placement and skin thickness. TcPCO, measurements are rela-
tively independent of sensor site or skin thickness, but TcPCO, may be
falsely high if pressure is applied onto the sensor.

3. Peripheral perfusion. TcPCO, may be falsely high in severe shock.
Precision may already be affected if PaCO, is >45 torr and/or arterial pH
is <7.30, but there is no systematic over- or underestimation of PaCO,
under these conditions.
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4. Response times. A 90% response time to a sudden change in PaCO, is
between 30 and 50 s.

C. Detection of hypocarbia and hypercarbia: sensitivity to both hypocarbia and
hypercarbia is 80-90%.

IV. End-tidal carbon dioxide (ETCO,) monitoring (capnometry)

A. Principle of operation: an infrared beam is directed through a gas sample
and the amount of light absorbed by the CO, molecules in the sample is
measured; this is proportional to the CO, concentration in the sample.

B. Factors influencing measurements

1. Gas sampling technique.

a.

With mainstream capnometers, the CO, analyzer is built into an
adapter, which is placed in the breathing circuit. Advantage: fast
response time (10 ms), therefore reliable even at high respiratory
rates. Disadvantage: 1-10 mL extra deadspace; risk of tube kinking.
Sidestream capnometers aspirate the expired air via a sample flow.
Advantages: no extra deadspace; can be used in nonintubated patients.
Disadvantages: risk of dilution of expired gas by entrainment of ambient
air at the sampling tube-patient interface, longer response time, falsely
low values at high respiratory rates (>60/min).

2. Influence of V/Q mismatch. ETCO, will only approximate PaCO, if:

a.

b.

C.

CO, equilibrium is achieved between end-capillary blood and alveolar
gas.

ETCO, approximates the average alveolar CO, during a respiratory
cycle.

Ventilation/perfusion relationships are uniform within the lung.

3. These conditions are rarely achieved in patients with respiratory disorders.

4. The reliability of an ETCO, measurement can be assessed from the
expiratory signal: this must have a steep rise, a clear end-expiratory
plateau, and no detectable CO, during inspiration.

V. Chest wall movements

A. Impedance plethysmography. Changes in the ratio of air-to-fluid in the thorax,
occurring during the respiratory cycle, create changes in transthoracic
impedance. This cannot be used to quantify respiration and may be heavily
influenced by cardiac and movement artifacts.

B. Inductance plethysmography. Changes in the volume of the thoracic and
abdominal compartment create changes in inductance, which is registered
via abdominal and thoracic bands. The sum of these changes is proportional
to tidal volume, and several methods have been developed to calibrate the
systems so that tidal volume can be quantified. This, however, only works
as long as the patient does not shift position.
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C. Strain gauges (usually mercury in silicon rubber) sense respiratory efforts
by measuring changes in electrical resistance in response to stretching.
These measurements, however, are not reproducible enough to quantify
tidal volume.

D. Pressure capsules detect movements of an infant’s diaphragm by means of
an air-filled capsule that is taped to the abdomen and connected to a pressure
transducer via a narrow air-filled tube. The outward movement of the abdo-
men during inspiration compresses the capsule to produce a positive pres-
sure pulse that is interpreted as a breath. The technique is predominantly
used in apnea monitors and triggering devices for infant ventilators and is
not suitable for quantifying tidal volume.

VL. Electrocardiography (ECG)
The ECG records electrical depolarization of the myocardium. During con-
tinuous monitoring, only heart rate can be determined with sufficient preci-
sion; any analysis of P and T waves, axis, rhythm, or QT-times requires a
printout and/or a 12-lead ECG.
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Chapter 18
Pulse Oximetry

Win Tin and Samir Gupta

1. Introduction

A.

B.

C.

Noninvasive monitoring of oxygenation has become a standard procedure in
neonatology.

Pulse oximetry (SpO,) is based on using the pulsatile variations in optical
density of tissues in the red and infrared wavelengths to compute arterial
oxygen saturation without the need for calibration.

The method was invented in 1972 by Takuo Aoyagi, and its clinical usage was
first reported in 1975 by Susumu Nakajima, a surgeon, and his associates.

II. Advantages of SpO,

moNwp

™

G.

. Saturation is a basic physiologic determinant of tissue oxygen delivery.
. Noninvasive, and provides immediate and continuous readouts.

. No warm-up or equilibration time is needed.

. Can detect rapid or transient changes in oxygen saturation.

Skin burns from oximeter probe are very rare compared to transcutaneous
monitoring.

Minimal effect of motion, light, perfusion, and temperature with the advent
of “Signal Extraction Technology.”

Substantially lower maintenance.

III. Disadvantages

A.

Failure to detect hyperoxia at functional saturation of more than 94% and
thus slow weaning of oxygen as high PaO, is not recognized.
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B. Not reliable in cases of severe hypotension or marked edema.
C. May provoke unnecessary evaluation of transient clinically insignificant
desaturation episodes.

IV. Terminology in SpO,
A. Functional and fractional saturation

1. Functional saturation. Any forms of hemoglobin in the sample which do not
bind oxygen in a reversible way are not included in calculating functional
hemoglobin saturation. Pulse oximeter can measure functional saturation
from only two forms of hemoglobin, oxyhemoglobin (HbO,) and deoxyhe-
moglobin (Hb), which is calculated by:

HbO,

——2 _x100.
HbO, +Hb

Functional saturation =

2. Fractional saturation. The fractional saturation is defined as ratio of the
amount of hemoglobin saturated with oxygen to all other forms of hemoglo-
bin, including dyshemoglobinemia (CoHb and Met Hb). The co-oximeters
used in blood gas laboratories measure fractional saturation as they use
many wavelengths of light and are thus able to measure all types of hemo-
globin present in blood.

HbO,

x100.
HbO, +Hb + CoHb + MetH

Fractional saturation =

3. Pulse oximeters can measure only functional saturation. Some instruments
display fractional saturation measurements which are derived by subtract-
ing 2% from the functional saturation. It is important to be aware of what
the instrument is reading.

B. Bias and precision
Normal level of dyshemoglobin is <2%. The mean of the difference (error)
between oxygen saturation and oxyhemoglobin (SpO, and HbO,) measured
by a co-oximeter is called “Bias” and the standard deviation of this is called
“Precision.”

V. Practical considerations

A. Oxyhemoglobin dissociation curve and SpO, (see Chap. 5).
B. Presence of abnormal hemoglobins (dyshemoglobin).

1. Carboxyhemoglobin—SpO, is overestimated in the presence of COHb
(e.g., neonatal jaundice).

2. Methemoglobin—SpO, decreases in proportion to the percentage of MetHb
present.
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VL

C.

F

G.

Reduced perfusion states.

1. Hypothermia: does not cause problem if the temperature is >30°C
2. Hypovolemia: loss of signal (but the presence of signal does not indicate
adequate perfusion)

. Anemia: does not cause problem as long as Hb is >5 g/dL.
. Effect of dyes.

1. Bilirubin: has no influence except if there is acute hemolysis (COHDb).
2. Meconium staining of skin can cause falsely low SpO, readings.

Venous pulsations (e.g., tricuspid regurgitation) may cause falsely low SpO,
readings.

Abnormal absorption spectrum of hemoglobin (e.g., Hb Ko6ln) may affect
the reliability of SpO, but is extremely rare.

Technical considerations

A.

Calibration and accuracy

1. Quality of signal: before interpreting an SpO, reading, the quality of signal
received by probe should be confirmed by a good plethysmographic wave-
form and/or heart rate similar to that on ECG monitor.

2. Differing software among brands. There are small differences between the
measurements obtained with different brands of pulse oximeters.

3. Inaccuracy increases when saturation is <75-80%: The bias and precision
between SpO, and HbO, measured by co-oximetry:

a. 0.5% and 2.5%, respectively, when SpO, is >90%
b. 1.9% and 2.7%, respectively, when SpO, is 80-90%
¢. 5.8% and 4.8%, respectively, when SpO, is <80%

4. Use of longer signal averaging time reduces the detection of brief periodic
desaturation events and those of greater severity. It can also interpret a clus-
ter of shorter events as a single, prolonged episode, and thus, potentially
overestimate the frequency of long events.

. Delay of response

1. Response time is faster if probe is centrally placed, 50-60% earlier detec-
tion by sensors placed centrally (ear, cheek, tongue) than by sensors placed
peripherally (finger, toe).

2. Depends on averaging time. The shortest averaging time would minimize
the delay, although this usually increases sensitivity to motion.

3. Response time is shorter if the sensor is first applied on the baby and then
connected to the pulse oximeter.

Motion artifact—The performance of pulse oximeters is affected by motion. To
overcome this several brands of pulse oximeters are now equipped with new
algorithms that cancel noise signal that is common to both wave lengths.
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D. Interference from other light sources

1. Fluctuating light sources: shielding the probe with cloth or opaque mate-
rial can overcome the problem of light interference.

2. Incorrectly placed probe (optical shunt or penumbra effect). Part of the
light is transmitted without any tissue absorption. This is particularly so if
too large a probe is used.

E. Electrical or magnetic interference

1. When using SpO, in MRI suite, care should be taken to use specially
designed equipment in order to avoid interference with SpO, or even burns
(ferrous metals).

2. Electrocautery can also cause failure of pulse oximetry.

VII. Rules for the optimal use of pulse oximetry

A. Verify probe integrity before use.

B. Avoid mixing probes and monitors of different brands.

C. Check the quality of the signal received by the probe (good waveform or
true heart rate).

. Maintain probe positioning under direct visual control.

. Consider physiologic limitations of SpO, and interpret it accordingly

. In case of doubt, check the patient.

Remember that high SpO, may indicate significant hyperoxemia.

. Application of sensor:

TQmmO

1. Right hand during resuscitation.
2. Left/right foot during routine postnatal check.
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Chapter 19
Interpretation of Blood Gases

David J. Durand

I. Physiology of gas exchange

A. Oxygenation. The movement of O, from the alveolus into the blood is
dependent upon the matching of ventilation and perfusion. Ventilation/
perfusion matching is abnormal if:

1. Pulmonary blood flows past unventilated alveoli, causing an intrapul-
monary right-to-left shunt. In newborns, this is typically caused by
atelectasis. The treatment for atelectasis is positive pressure, which
opens previously unventilated alveoli and decreases intrapulmonary
shunting.

2. Blood flows right-to-left through the foramen ovale or patent ductus
arteriosus, causing an extrapulmonary right-to-left shunt. This sort of
extrapulmonary shunt is typically caused by elevated pulmonary vascu-
lar resistance (pulmonary hypertension), and can be treated by decreas-
ing pulmonary vascular resistance (e.g., with inhaled nitric oxide).

B. Ventilation. Ventilation is the removal of CO, from the blood.

1. During spontaneous breathing or conventional mechanical ventilation,
the movement of CO, from the blood into the alveolus is dependent
upon the amount of gas that flows past the alveoli, or alveolar ventila-
tion. Alveolar ventilation is the product of alveolar volume and respira-
tory rate. Thus, any change in ventilatory strategy, which results in an
increase in alveolar volume and/or respiratory frequency, will increase
ventilation and decrease PaCO,.

2. During high frequency ventilation, gas exchange between the alveolus
and the upper airway is predominantly a consequence of mixing, rather
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than bulk flow. Because of this, CO, removal during high-frequency
ventilation is proportional to (frequency) x (volume of the high
frequency “breaths”)>.

C. Acid-base status

1.

The pH of arterial blood is determined primarily by:

a. PaCO,

b. Lactic acid, produced by anaerobic metabolism

c. Buffering capacity, particularly the amount of bicarbonate in the
blood

. Respiratory acidosis occurs when an increase in PaCO, causes a

decrease in pH. Respiratory alkalosis occurs when a decrease in PaCO,
causes an increase in pH.

. Metabolic acidosis occurs when there is either an excess of lactic acid,

or a deficiency in the buffering capacity of the blood, causing a decrease
in pH. Itis reflected in an increased base deficit, also termed a decreased
base excess.

. If PaCO, remains persistently elevated, the pH will gradually return to

normal as a result of a gradual increase in bicarbonate in the blood,
termed a compensatory metabolic alkalosis. Conversely, a patient with
a persistently low PaCO, will gradually develop a compensatory
metabolic acidosis.

. In patients with intact respiratory drive, a persistent metabolic acidosis

will result in hyperventilation, termed a compensatory respiratory
alkalosis.

. Most extremely low birth weight infants have immature renal tubular

function in the first week of life and spill bicarbonate in the urine, lead-
ing to a metabolic acidosis. Administration of extra base in the intrave-
nous fluids will prevent and/or correct this metabolic acidosis.

. If an infant has severe hypoxemia and/or decreased tissue perfusion,

anaerobic metabolism causes the accumulation of lactic acid, and results
in a metabolic acidosis. This should be treated by improving the under-
lying problem, rather than by administering additional base (bicarbon-
ate). Lactic acid can be directly measured by most blood gas machines,
and is a useful tool for tracking the development and resolution of
impaired perfusion (e.g., in patients with septic or cardiogenic shock).

II. Oxygen content of blood

A. Oxygen is carried in the blood in two ways.

1.

Bound to hemoglobin. The amount of O, that is carried in the blood
bound to hemoglobin is dependent upon both the hemoglobin concen-
tration and the hemoglobin saturation (SaO,). In the normal infant with
a hemoglobin level of 15 g/100 mL and SaO, of 100%, approximately
20 mL O, is bound to the hemoglobin in 100 mL of blood.
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Fig.19.1 The oxyhemoglobin dissociation curve (From Klaus MH, Fanaroff AA. Care of the high
risk neonate. Philadelphia: WB Saunders CO.; 1986. p. 173. Used by permission)

2. Dissolved in plasma. In the normal infant (or adult), the amount of
oxygen dissolved in plasma is trivial compared to the amount of oxygen
that is bound to hemoglobin (Hb). Approximately 0.3 mL of O, is
dissolved in 100 mL plasma per 100 Torr O, partial pressure.

B. Significantly increasing PaO, beyond that which is needed to fully satu-
rate Hb will slightly increase the amount of O, dissolved in plasma, but
will not increase the amount of O, bound to Hb.

C. The PaO, that is required to fully saturate Hb is dependent upon the
oxygen—hemoglobin dissociation curve (Fig. 19.1). This curve is depen-
dent upon many factors, including the relative amount of fetal Hb in the
blood (fetal Hb is fully saturated at a lower PaO, than is adult Hb). For this
reason, arterial saturation (Sa0,) is a better indicator of the amount of
oxygen in the blood than is PaO,.

III. Oxygen delivery and mixed venous oxygen saturation

A. The amount of oxygen delivered to the tissues depends on the amount of
oxygen in the blood (Ca0,) and cardiac output (CO). Oxygen delivery is
the product of oxygen content and blood flow.

1. Assume an average infant has a Ca0O, of 20 mL O,/100 mL blood and
a cardiac output of 120 mL/kg/min.

2. Therefore, the amount of oxygen available for delivery to the body can
be calculated as the product of CaO, and CO.

3. (20 mL O,/100 mL blood) x (120 mL/kg/min)=24 mL O,/kg/min
available for delivery to tissues.
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Under stable conditions, oxygen consumption for the average infant is
approximately 6 mL/kg/min.

If an infant is delivering oxygen to the systemic circulation at a rate of
24 mL/kg/min and is utilizing oxygen at a rate of 6 mL/kg/min, then 25%
of the oxygen in the blood is utilized by tissues; 75% of the oxygen
(18 mL/kg/min) is not utilized by the tissues, so blood returning to the
right atrium from the systemic circulation is 75% saturated. This is the
normal mixed venous saturation (SvO,) in a healthy infant.

1. SvO, is the saturation of blood as it enters the pulmonary artery. It is
referred to as “mixed” venous blood because it represents the average
of the blood returning to the right atrium from the superior vena cava
and from the inferior vena cava. SvO, can be measured directly with
a pulmonary artery catheter, or can be approximated by a sample of
blood from the right atrium.

2. SvO, is an important measurement in patients with questionable car-
diac output. A low SvO, (<75%) means that an unusually large frac-
tion of the available oxygen has been extracted by the tissues. This
usually indicates inadequate delivery of oxygen to the tissues.

3. Causes of low SvO, include inadequate oxygenation of the blood,
anemia, or low cardiac output. The presence of low SvO, in a patient
with normal SaO, and normal Hb is diagnostic of cardiac output inad-
equate to meet tissue oxygen demands.

4. SvO, is typically used to monitor the adequacy of tissue perfusion in
patients receiving ECMO (Chap. 56) and can be useful in any patient,
where adequacy of cardiac output is uncertain.

IV. Arterial, capillary, and venous blood

A. As blood flows through the systemic capillary bed, O, is extracted and CO,

and lactic acid are added to it. Thus, venous blood has a lower PO,, a lower
pH, and a higher PCO, than arterial blood. Unfortunately, the size of the PO,,
PCO,, and pH gradients between arterial and venous blood are dependent
upon multiple factors, including Hb, cardiac output, and metabolic demand.
Essentially, the only useful information from a venous blood sample (other
than mixed venous sample) is that the PaCO, is lower than the PvCO,.

. Capillary blood gases are typically “arterialized” samples, where the cap-

illary bed has been warmed to increase blood flow. The assumption is that
increased blood flow leads to decreased exchange of O,, CO,, and lactic
acid between the tissue bed and the capillaries. However, this is not a con-
sistent effect, and the correlation between capillary and arterial values is
poor. In addition, capillary sampling is painful and usually causes infants
to cry and change their respiratory pattern, raising the question of how
reflective of baseline state a capillary sample truly is. In general, capillary
blood gases should be used only to provide a rough approximation of arte-
rial CO,, with the understanding that they may overestimate PaCO, by
5—10 Torr (or more).
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V. Noninvasive estimation of blood gases (Chaps. 17 and 18)

A.
B.

Pulse oximeters are the clinical “gold standard” for measuring oxygenation.
Transcutaneous monitors provide an estimate of PaO, and PaCO,. They can
be cumbersome to use, and both the adhesives used to attach the probes to
the skin and the elevated temperature can cause mild skin injury to extremely
preterm infants. However, they are a useful tool for continuously monitoring
critically ill infants, or infants with labile PaCO,. In general, transcutaneous
CO, monitors are as accurate as capillary blood gas samples.

. End-tidal CO, monitors can provide useful information about PaCO, in

some infants. The concentration of CO, at the end of exhalation is close to
PaCO, in patients with healthy lungs and low respiratory rates. This makes
end tidal CO, monitoring a useful tool for term postoperative babies, or
other big babies with only minimal lung disease. For patients who are
small, tachypneic, or have severe lung disease, end-tidal monitoring can
provide a useful measure of trends in PaCO,, although not an accurate
measure of absolute PaCO, values.

VI. Errors in blood gas measurements

A.

An air bubble in a blood gas sample will cause the blood to equilibrate
with room air.

1. PaCO, will be artificially lowered.
2. PaO, will move closer to the partial pressure of O, in room air (approx-
imately 140 Torr or 18.7 kPa, depending on altitude and humidity).

. Dilution of a blood gas sample with IV fluid of any sort will cause both

CO, and O, to diffuse from the blood into the diluting fluid.

1. PaO, will be artificially lowered.

2. PaCO, will be artificially lowered.

3. Because of the buffering capability of the blood, pH will not change as
much as will PaCO,. The combination of relatively normal pH and
decreased PaCO, will appear to be a respiratory alkalosis with meta-
bolic acidosis.

If a blood gas sample is left for a long period at room temperature, the
blood cells will continue to metabolize oxygen and produce CO,.

Most blood gas machines calculate SaO, from PaO,, assuming that all of
the Hb is adult Hb. In an infant with a significant amount of fetal Hb, this
calculated value will be much lower than the actual measured SaO,.

. Capillary blood gas values are frequently assumed to approximate arterial

blood gas values. However, there is marked variation in the correlation of
capillary and arterial values. Capillary blood gases should always be inter-
preted with caution.

Blood gases obtained by arterial puncture or capillary stick are painful and
disturb the infant, frequently causing agitation, desaturation, or hyperven-
tilation. They should be interpreted with caution.
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Clinical interpretation of blood gases. Blood gas values, by themselves, con-
vey relatively little information; they must be interpreted in a clinical context.
When interpreting blood gas results, a number of other factors must be
assessed simultaneously.

A. How hard is the infant working to breathe?

1. A normal blood gas in an infant who is clearly struggling to breathe is
not necessarily reassuring.

2. An elevated PaCO, in an infant with BPD, who is comfortable, is not
necessarily concerning.

B. Does arecent change in blood gas values represent a change in the patient,
or is it an artifact?

C. If a blood gas result is used to make decisions about ventilator strategy,
how much of the total respiratory work is being done by the patient, and
how much is being done by the ventilator?

D. Where is the patient in the course of the disease? A PaCO, of 65 Torr
(8.7 kPa) may be very concerning in an infant in the first few hours of life,
but perfectly acceptable in an infant with BPD.

E. When deciding whether to obtain a blood gas sample, ask yourself whether
you will learn anything from it that you cannot learn from a clinical exam-
ination of the patient. Clinical or ventilator-derived information includes:

1. Respiratory rate

2. Minute volume (ventilation)

3. Lung compliance

4. Hemodynamic status (heart rate, blood pressure, perfusion)

Target ranges for blood gases. A wide range of blood gas values is seen in
newborn infants, depending upon their gestational age, postnatal age, and dis-
ease state. In most infants with a respiratory disease, the goal is not to make
blood gases entirely normal, but to keep them within an acceptable “target
range.” There are little controlled data to guide the choice of these “target
ranges;” instead they have gradually evolved, and are continuing to evolve.

A. pH. In most newborns, the goal is to keep the arterial pH between 7.25 and
7.4. However, in some patients it is appropriate to allow an arterial pH as
low as 7.2, or even lower. An alkalotic pH (>7.4) should almost always be
avoided.

B. PaCO,. In the healthy term newborn, the normal PaCO, is approximately
35-40 Torr.

1. However, infants with any significant lung disease will exhibit alveolar
hypoventilation and develop an elevated PaCO, and respiratory
acidosis.

2. Over the last two decades, there has been a gradual shift toward tolerat-
ing higher PaCO, levels (“permissive hypercapnia”).
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3. Partially because of the data suggesting a link between hypocarbia and
decreased cerebral blood flow and resultant possible brain injury,
PaCO, levels much below 40 Torr should be avoided.

4. With time, respiratory acidosis will be matched by a compensatory meta-
bolic alkalosis, and the arterial pH will move toward the normal range.

5. Because of the complex interaction of disease severity, ventilatory sup-
port, and duration of hypercapnea, many clinicians find it easier to
define a “target pH” rather than a “target PaCO,.”

C. Pa0O,. Pa0, is not nearly as important a physiologic parameter as Sa0O,,
and because of the variable amount of fetal Hb in an infant’s blood, it is
also widely variable. Many neonatologists think of oxygenation only in
terms of Sa0,, not in terms of PaO,.

D. Sa0,. In the healthy term infant SaO, is close to 100%. However, the oxy-
gen content of blood is adequate for tissue oxygen delivery at much lower
levels of SaO,. In patients with cyanotic heart disease SaO, of 70-75% is
sufficient to ensure adequate tissue oxygenation. Because of the associa-
tion between high SaO, with an increased risk of both retinopathy of pre-
maturity and BPD, most premature infants should be managed with SaO,
<95%. The ideal target range for SaO, remains uncertain, and is the sub-
ject of ongoing clinical trials.

E. Base deficit.

1. In the healthy term infant, the base deficit is usually around
3-5 mEq/L.

2. However, base deficit is a calculated value, and can vary significantly.

3. In most patients with a base deficit between 5 and 10 mEq/L, assuming
good tissue perfusion on clinical examination, no acute intervention is
needed. A base deficit in this range in a very preterm infant may sug-
gest renal bicarbonate wasting, and may prompt an increase in the
amount of base administered in the maintenance fluids.

4. A base deficit of more than 10 mEq/L should prompt a careful examina-
tion of the infant for signs of under-perfusion. In the patient with a
significant base deficit and clinical under-perfusion, correcting the
cause of the under-perfusion should be the primary goal. In most cases,
correcting the underlying cause of metabolic acidosis is far more effec-
tive than is administering extra base.
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Chapter 20
Neonatal Pulmonary Graphics

Joanne Nicks

I. Indications
A. Optimizing mechanical ventilation parameters

Peak inspiratory pressure (PIP)

Positive end expiratory pressure (PEEP)
Inspiratory and expiratory tidal volume (V_ or V)
Inspiratory time (7))

Expiratory time (7))

Flow rate

Synchronization

Nk W=

B. Evaluation of infant’s spontaneous effort

1. Spontaneous V,_

2. Minute ventilation (MV)
3. Respiratory pattern

4. Readiness for extubation

C. Therapeutic response to pharmacologic agents

Surfactant
Bronchodilators
Diuretics

4. Steroids

w =

D. Evaluation of respiratory waveforms, loops, and mechanics
1. Waveforms

a. Pressure

J. Nicks, RRT, AAS (<)
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2.

3.

J. Nicks

b. Flow
c. Volume

Loops

a. Pressure—volume loop
b. Flow—volume loop

Mechanics

a. Dynamic compliance (Cy) or static compliance (Cg;)
b. Resistance (inspiratory and expiratory)
c. Time constants

Disease evaluation

w =

4.

Restrictive
Obstructive
Severity
Recovery

II. Graphical user interfaces

A.

B.

Graphical user interfaces (GUI) provide continuous, real-time feedback of
the interaction between the patient and the ventilator.

They are also an excellent teaching tool.

Graphics Monitors have been available for the last two decades. Initially
they could be added to ventilators as an option, but now the latest generation
of ventilators have touch screen interfaces with color displays that are
integral to the ventilator.

It is important to know where and how data are collected for the graphics.
One very important consideration is location of the flow sensor.

1.

If the flow sensor is proximal (close to the patient’s airway), the wave-
forms, loops, and data are more reflective of what is actually occurring
in the lung.

. If the flow sensors are distal (within the machine), the waveforms, loops,

and data include circuit compliance and resistance and may not accurately
reflect the pulmonary system. Even if the ventilator employs circuit com-
pliance compensation, the waveforms/loops may still be displayed inac-
curately because of volume expansion and compression within the circuit.

Flow sensors

1.

Heated wire anemometer. Measures the amount of current required to keep
a heated wire at a constant temperature as gas flows past the wire and heat
is convected. This current can be converted to volume measurement.

. Differential pressure pneumotachometer. As gas flows through the sensor

across an element, a differential pressure is created between the upstream
and downstream sensing ports. The change in pressure across the ele-
ment is proportional to flow.
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Volume-limited

Pressure-limited
PIP__, KPIP
Paw
(cm H,50)

7

PEEP

Fig. 20.1 Pressure waveform for both volume- and pressure-limited breaths

F. Neonatal-capable ventilators with integral GUI

1. Avea (CareFusion, Yorba Linda, CA)

2. Draeger Babylog VNS500, Evita XL, Evita Infinity V500 (Draeger
Medical, Inc, Telford, PA)

3. Puritan Bennett 840 (Covidien-Puritan Bennett, Mansfield, MA)

4. Servo-i (Maquet Critical Care, Wayne, NJ)

5. Hamilton C-2 and S-1 (Hamilton Medical, Reno, NV)

6. SLE 4000 and 5000 (SLE, Ltd., Surrey, UK)

7. Newport e360T and Newport WAVE (if Compass added) (newport

Medical Instruments, Newport Beach, CA)

G. Neonatal-pediatric ventilators that are still in use, but not currently being
manufactured

1. VIP BIRD/GOLD with Bird Graphic Monitor (CareFusion Health Care,
Yorba Linda, CA)

2. Bear Cub 750 with Ventilator Graphics Monitor (CareFusion Healthcare,
Yorba Linda, CA)

3. Draeger Babylog 8000+ (Draeger, Telford, PA)

III. Graphic waveforms
A. Pressure
1. Pressure waveform (Fig. 20.1)

a. The upsweep of the waveform represents inspiration and the down-
sweep represents expiration.

b. PIP is the maximum pressure point on the curve (A).

PEEP is the baseline pressure level (B).

d. The area under the curve represents the mean airway pressure
(shaded).

e. The shape of the curve represents the breath type, e.g., volume (tri-
angular) or pressure (square).

f. The presence of a plateau at peak pressure is caused by an inflation
hold or prolonged inspiratory time. This may improve distribution of

e
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PRESSURE A/C MAIN
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Fig. 20.2 Pressure and flow waveforms showing a prolonged inspiratory time. Note the pressure
plateau on the pressure waveform caused by a prolonged time before expiratory flow occurs

Volume-limited Pressure-limited

= A A
WV

= PEFR—
E

Flow
(mL/sec)

Fig. 20.3 Flow waveforms for both volume- and pressure-limited breath types. Inspiratory flow is
above the baseline; expiratory flow is below. Peak inspiratory (PIFR) and peak expiratory (PEFR)

flow rates are shown

ventilation but is not usually desirable in infants because it may disrupt
synchrony and results in a higher mean airway pressure (Fig. 20.2).

B. Flow waveform (Fig. 20.3)

1. Horizontal line is the zero (no) flow point. Upsweep of the flow waveform
above this line is inspiratory flow, and downsweep is expiratory flow.

2. Greatest deflection above reference equals peak inspiratory flow.

3. Greatest deflection below reference equals peak expiratory flow.
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Fig. 20.4 This flow waveform illustrates flow cycling. Note that on the monitor display, the actual
inspiratory time is shorter than the set inspiratory time. The breaths are being cycled by flow rather
than inspiratory time

10.

. Shape of the flow waveform is typically square or constant flow wave-

form seen in volume ventilation, or a decelerating flow seen in pressure
ventilation.

. Inspiratory time is measured from the initial flow delivery until expira-

tory flow begins.

. Inflation time of the lung is measured from initial inspiratory flow

delivery to the point when flow returns to zero. When ventilating new-
borns, clinicians should evaluate this time interval to set an appropriate
inspiratory time.

. At the point on the waveform when flow is zero, no additional volume

can be delivered to the infant. If the inspiratory time is set too long, the
time at zero flow may be prolonged.

. Flow cycling allows a mechanical breath to be triggered (cycled) into

expiration by a specific algorithm (usually 5-25% of peak inspiratory
flow). The ability of a patient to control inspiratory time and cycle a
breath to expiration may lead to improved synchronization. This feature
is available on the newer generation ventilators and on any ventilator
having pressure support (Fig. 20.4).

. Expiratory time is the point where expiratory flow begins until the next

inspiration begins.

When expiratory flow returns to zero, lung deflation is complete. This
is represented on a waveform from the point where expiration begins to
where expiratory flow returns to zero (Fig. 20.5).
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Fig. 20.5 Flow waveform demonstrating complete exhalation. Note that expiratory flow com-
pletely returns to baseline

2 FIow (L/min)

74— 4—74—74—74—
3 4 5

Fig. 20.6 Flow waveform demonstrating incomplete exhalation. Note that expiratory flow does
not completely return to baseline before the next breath

FIow (L/mln

407%

Fig. 20.7 Higher resistance is seen in this flow waveform. Air trapping is not present, but with this
slow return of flow on expiration, air trapping could occur with a small increase in respiratory rate

11. If flow has not reached zero before the next breath is delivered, gas trap-
ping may occur (Fig. 20.6).

12. Gas trapping is more likely to occur in airways with increased resis-
tance showing slow emptying time (Fig. 20.7).

C. Volume waveform (Fig. 20.8)

1. Inspiration is represented as the waveform sweeps upward and expira-
tion as the waveform sweeps downward.

2. The dashed line represents delivered inspiratory tidal volume.

3. An endotracheal tube leak is observed when the expiratory portion of
the waveform fails to return to the zero baseline (Fig. 20.9).

4. The relationship between mechanical volumes vs. spontaneous volumes
in SIMV ventilation may be helpful in determining readiness to wean
(Fig. 20.10).
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Fig. 20.8 On the volume waveform, inspiration is represented by the upsweep of the waveform
and expiration by the downsweep. No leak is present in this waveform, as expiratory volume
returns to baseline

Fig. 20.9 Leak is shown on this volume waveform because the expiratory volume does not return
to zero baseline

Mechanical breath
Spontaneous breath

5 i |/
" r\ . /:\r\v \l/\./\. ANANSN

VAVAVAVAN

Fig. 20.10 The relationship between mechanical V. and spontaneous V. in SIMV may be helpful
in determining readiness to wean. (From Nicks JJ: Graphics Monitoring in the Neonatal Intensive
Care Unit. Palm Springs, CA, Bird Products, 1995, with permission)

—10 L

5. Asynchronous ventilation may be observed with the volume waveform.
Dysynchrony may result in ineffective delivery of mechanical breaths.
Synchronized ventilation (such as SIMV) results in much more consis-
tent delivery of volumes and breaths will be more effective (Fig. 20.11).
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Fig. 20.11 Waveforms may be helpful in assessing patient-ventilator interaction (synchrony). If
the infant fights the ventilator (a), inconsistent volume delivery may be present. When the infant
demonstrates synchrony (b) volumes are much more consistent

a Pressure-limited b Volume-limited

vy Pressure v vy  Pressure v
PEEP PIP PEEP PIP

Fig. 20.12 Pressure—volume loops for both pressure-limited (a) and volume-limited (b) breath
types. Note the inspiratory (Insp) and expiratory (Exp) limbs, origin (PEEP), peak inspiratory pres-
sure (PIP), tidal volume (V), and compliance line (Crs) drawn by connecting the origin with the
point of PIP

IV. Graphic loops
A. Pressure—Volume (P-V) loop (Fig. 20.12)

1. A pressure—volume loop displays the relationship of pressure to volume
(compliance).

2. Pressure is displayed along the horizontal axis and volume is displayed
on the vertical axis.

3. Inspiration is represented by the upsweep from the baseline (PEEP) ter-
minating at PIP and V. Expiration is the downsweep from PIP and V.,
back to baseline.

4. A line drawn from each endpoint represents compliancee (AV/AP).
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Fig. 20.13 On these pressure
volume loops, note the
change in compliance that
occurred with surfactant
delivery. PV loop A was
obtained presurfactant and
shows a much lower volume
and PV loop B was
postsurfactant with an
increased volume. Both
breaths were delivered with
the same pressure

Paw (cmH20) - Vt (mL)

5. On a P-V loop, poor compliance is represented by a lower volume in
Pressure control ventilation or an increase in pressure in volume control
ventilation. Recovery from RDS or response to surfactant therapy dem-
onstrates improvement in compliance (Fig. 20.13).

6. Graphic monitoring is useful in identifying appropriateness of pressure
delivery. A “beaking” of the P-V loop often indicates overdistension.
This occurs when pressure continues to rise with minimal change in vol-
ume (Fig. 20.14). Note that the compliance of the last 20% of the P-V
loop is lower than the C, of the entire loop. This relationship is often
expressed as a mechanics calculation (C20/C ratio). A ratio of less than
one usually indicates overdistension. When this is seen, it is appropriate
to evaluate the PIP or V.. and attempt to reduce either of these.

7. P-Vloops can help evaluate whether flow delivery from the ventilator is
adequate to meet the needs of the patient. Inadequate flow is represented
by cusping of the inspiratory portion of the curve. Severe flow limitation
may appear as a “figure-eight” on the P-V loop (Fig. 20.15).

B. Flow—volume (V —V ) loop (Fig. 20.16)

1. A V-V loop displays the relationship between volume and flow. Volume
is plotted on the horizontal axis and flow is plotted on the vertical axis.

2. Inthis example of a V —V loop (may vary with monitor type), the breath
starts at the zero axis and moves downward and to the left on inspiration,
terminating at the delivered inspiratory volume and upward, to the right,
back to zero on expiration. Note the constant flow delivered with a vol-
ume breath type yields a square inspiratory pattern (a) vs. decelerating
inspiratory flow (b) with a pressure breath type.

3. The V-V loop is useful in evaluating airway dynamics. During con-
ditions of high airway resistance, peak flow is lower for a given volume.
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a V7 45 mL b Vr 45 mL

Few /—7 25 Paw 25

-10 | -10
cm H,0 cm H,0

15 15
¢ V170 mL d V170 mL

e . .
/ overdistention
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Fig. 20.14 In pressure—volume monitoring, a pressure change should result in a linear change
from the low volume shown in a, as seen in b and d. On the loop in ¢, however, the last third of the
curve is flattened, indicating that pressure continues to be delivered with only a minimal increase
in volume. This is a sign of overdistention. (From Nicks JJ: Graphics Monitoring in the Neonatal
Intensive Care Unit. Palm Springs, CA, Bird Products, 1995, with permission)

Paw (cmH20) - Vit (m

Fig. 20.15 Flow—volume loop displaying inadequate flow, with cusping of the inspiratory portion
of the loop. This figure-eight loop indicates flow starvation
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a PEFR Flow b PEFR Flow
Exp Exp
Vol Vol
/ | /

VT VT
| PIFR |
ns ns

P P PIFR

Fig. 20.16 Flow—volume loops. (a) Inspiratory flow limitation is demonstrated by flattening of
the loop. The peak inspiratory flow rate (PIFR) is lower for a given volume. (b) Decreasing the
resistance (such as by using a bronchodilator) results in improved (PIFR) and a more normal
appearance of the inspiratory flow—volume loop

PRESSURE A/C

36

bpm
Rate

- . 2 = 2
Compliance Compensation not active for Neo.

Fig. 20.17 Flow—volume and pressure volume loops displaying high airway resistance on expira-
tion. Notice the low expiratory peak flow on the flow—volume loop, in comparison to the inspira-
tory flow. Also note the bowing out on the expiratory side of the pressure—volume loop, which also
illustrates high expiratory resistance

Typically, expiratory resistance is higher with airway collapse or
bronchospasm.

4. Conditions in the newborn that often result in increased expiratory resis-
tance from airway obstruction include meconium aspiration syndrome
(MAS) and bronchopulmonary dysplasia (BPD) (Fig. 20.17).
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a V-150 mL/s b V-150 mL/s

" l/\\
20 : : 1 I 1 1

150 150

Fig. 20.18 Another example of evaluating a treatment using pulmonary graphics: (a) flow—
volume loop before administration of a bronchodilator; (b) the same loop following treatment.
Note the marked improvement in inspiratory and expiratory flow rates in this patient. (From Nicks
JJ: Graphics Monitoring in the Neonatal Intensive Care Unit. Palm Springs, CA, Bird Products,
1995, with permission)

Vt (mL) - Flow (L/min)

Fig. 20.19 Flow-volume loop on an infant in need of suctioning

5. The V-V loop is useful for evaluating the effectiveness of bronchodi-
lators in treating airway reactivity. In Fig. 20.18, increased expiratory
flow is seen in the loop on the right compared to the loop on the left.

6. The presence of secretions or water in the ventilator tubing or flow sen-
sor can be seen on the loop displays. Since suctioning should only be
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performed as indicated, loops are a useful way to evaluate need for suc-
tioning or draining water from circuit (Fig. 20.19).

V. Dynamics measurements/calculations

A.

B.

Tidal volume is measured on inspiration and expiration. Normal delivered
V., is 4-8 mL/kg.

Minute ventilation is the product of V, and respiratory rate. The normal
range is 240-360 mL/kg/min.

Pressure may be measured as peak inspiratory pressure (PIP) or static pres-
sure. Static pressure is obtained by doing an inflation hold maneuver, which
measures pressure obtained by closing the exhalation valve and stopping
flow delivery during a mechanical breath.

Compliance is the relationship between a change in volume and a change in
pressure.

1. Dynamic compliance (C,) is the measurement of compliance based on
peak pressure.

V.

Ti

Cy=—-1
PIP — PEEP

2. Static compliance is the measurement based on static pressure

V.

Ti

Cyp=——T1—
' P, —PEEP

3. C20/C, is the ratio of compliance of the last 20% of the P-V curve to the
compliance of the entire curve. With overdistension, this ratio will be
less than 1.0.

Resistance is the relationship of pressure to flow. The pressure may be
dynamic or static, and flow measurements are taken from various
measurements.

1. Peak flow is the maximum flow on either inspiration or expiration.

2. Average flow is based on multiple point linear regression.

3. Mid-volume flow is based on the flow measured at a point of mid-volume
delivery.

PIP - PEEP

R, (cm H,O/L/s) =
low

Suggested Reading

Cannon ML, Cornell J, Trip-Hamel D, et al. Tidal volumes for ventilated infants should be deter-
mined with a pneumotachometer placed at the endotracheal tube. Am J Respir Crit Care Med.
2000;62:2109-12.



180 J. Nicks

Cunningham MD, Wood BR. Monitoring of pulmonary function. In: Goldsmith JP, Karotkin
EH, editors. Assisted ventilation of the neonate. 3rd ed. Philadelphia: W.B. Saunders Co.; 1996.
p. 273-89.

Donn SM, editor. Neonatal and pediatric pulmonary graphics: principles and clinical applications.
Armonk, NY: Futura Publishing Co.; 1998.

Nicks JJ. Graphics monitoring in the neonatal intensive care unit: maximizing the effectiveness of
mechanical ventilation. Palm Springs, CA: Bird Products Corp; 1995.

Sinha SK, Nicks JJ, Donn SM. Graphic analysis of pulmonary mechanics in neonates receiving
assisted ventilation. Arch Dis Child. 1996;75:F213-8.

Wilson BG, Cheifetz IM, Meliones JN. Mechanical ventilation in infants and children with the use
of airway graphics. Palm Springs, CA: Bird Products Corp; 1995.



Chapter 21
Radiography

Ramon Sanchez and Peter J. Strouse

I. Introduction

A. Conventional chest radiography is the primary imaging modality used for
the evaluation of the neonatal chest.

B. Computed tomography (CT), magnetic resonance imaging (MRI), ultra-
sound, and fluoroscopy are less commonly used but are valuable in selected
cases.

II. Conventional radiography
A. Introduction

1. With conventional radiography, electrical energy is received and converted
into X-rays. These X-rays create an image after penetrating an object.

2. Chest radiographs are usually done portably at the bedside.

3. Most incubators incorporate X-ray tray devices to minimize manipula-
tion of patients.

4. Conventional film screen radiography has largely been replaced by
digital radiology systems. This new technology allows almost immedi-
ate availability of images, different visualization options, electronic
archiving, transmission in networks and have the potential to decrease
the radiation dose.

5. The anteroposterior (AP) view is the primary projection used. Lateral
and cross table views can be obtained in selected cases.

B. Common indications

1. Respiratory distress
2. Abnormal blood gases
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III.

Iv.

R. Sanchez and P.J. Strouse

Sepsis and/or pneumonia

Cardiac anomalies

Suspected congenital anomalies
Postsurgical evaluation
Assessment of catheters and tubes

AR

=~

Computed tomography

A. Introduction. A thin X-ray beam is projected through the body. The radia-
tion is measured by X-ray detectors. The X-ray beam and the detectors
rotate around the patient while the examination table and patient moves
through the scanner. Sophisticated computer software reconstructs the
images for display on a monitor.

B. Common indications.

Developmental lung anomalies

Cardiovascular anomalies

Vascular rings and slings and tracheal anomalies
Acute or chronic lung parenchyma disease
Postsurgical evaluation

NS

C. Advantages.

1. Good tissue characterization within the thorax

2. Newer generation multidetector scanners with short acquisition times
have decreased the need of sedation or anesthesia

3. Multiplanar and 3D capabilities

D. Disadvantages.

1. Higher dose of ionizing radiation than conventional radiography
2. Requires transport to the scanner

3. May require sedation or anesthesia

4. May require intravenous iodinated contrast administration

Magnetic resonance imaging

A. Introduction. MRI makes use of the magnetic properties of protons.
Protons of different tissues to resonate at different frequency when sub-
jected to an electromagnetic field. MRI does not use ionizing radiation.

B. Common indications.

1. Pre- and postsurgical evaluation of cardiovascular anomalies incom-
pletely evaluated on echocardiogram

2. Suspected vascular rings

3. Mediastinal masses

C. Advantages.

1. No ionizing radiation
2. Multiplanar capabilities
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3. Exquisite tissue characterization
4. Dynamic evaluation (multiple phases of contrast, cardiac motion,
functional assessment)

D. Disadvantages.

1. The role of MRI is limited in the evaluation of lung parenchyma
disease

Need for transport, sedation, and/or anesthesia and, in many circum-
stances, intravenous gadolinium-based contrast

Vital signs may be difficult to monitor during long acquisition time
Expensive

Not available in all institutions

Magnet incompatibility with monitor equipment

Requires continuous monitoring of patient temperature secondary to
environment and length of scan

N

Nk w

V. Ultrasound

A. Introduction. Ultrasound waves propagate similarly to sound waves
through a medium. Transmitted ultrasound waves reflect off interfaces
with tissue back to the transducer to be detected. Different tissues have
different acoustic properties. With diagnostic ultrasound, a body part is
exposed to sound waves to produce images of the inside of the body.
Ultrasound does not use ionizing radiation.

B. Common indications.

Pleural or pericardial effusions

Intrathoracic and mediastinal masses

Assessment of blood flow

Evaluation of diaphragmatic motion

Guidance for vascular access and other minor procedures

NS

C. Advantages.

1. No ionizing radiation

2. Can be performed at the bedside

3. Dynamic evaluation of structures

4. Does not require sedation or contrast administration

D. Disadvantages.

1. Operator dependent.

2. Limited value for lung parenchyma disease. There is no transmission
of sound waves through normal lung parenchyma.

3. Superimposed structures such as air, dressing, hardware, and osseous
structures can limit the field of view and cause imaging artifacts.

4. Incomplete coverage; limited by scan planes and points of access.
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VI. Fluoroscopy

VIL

A. Introduction. Fluoroscopy uses a continuous (or preferably a pulsed)

X-ray beam to produce a set of images. A television-like system is used
to transfer the images from the source of the image to a monitor screen.

. Common indications.

1. An esophagogram for tracheal, esophageal, or vascular anomalies
2. Pre- and postsurgical evaluation of tracheoesophageal anomalies
3. Evaluation of diaphragmatic motion

4. Evaluation of swallowing

. Advantages.

1. Dynamic evaluation
2. Multiplanar capabilities
3. High contrast resolution

. Disadvantages.

1. Ionizing radiation

2. Cannot be performed at the bedside and requires transport
3. Requires immobilization

4. May require administration of contrast material

Common clinical scenarios

A. Lung disease in the preterm infant

1. Respiratory distress syndrome (RDS)

a. Typical radiographic pattern is a diffuse, bilateral, and symmetric
granular pattern with air bronchograms and low volumes. This pat-
tern results from a combination of collapsed alveoli and dilated ter-
minal bronchioles (Fig. 21.1).

b. Atelectasis may cause complete whiteout of the lung.

. Assisted ventilation may produce aerated lungs.

d. Nonhomogeneous distribution of surfactant may cause an asymmet-
ric appearance of the typical radiolographic pattern.

e. A left-to-right shunt from a patent ductus arteriosus (PDA) may
cause worsening of the radiological pattern despite adequate treat-
ment (Fig. 21.2).

o

B. Bronchopulmonary dysplasia (BPD)

1. A form of chronic lung disease (CLD).

2. The most common radiographic appearance is the presence of diffuse,
coarse, bilateral interstitial markings with lung hyperinflation with
little change over the time (Fig. 21.3).

3. If pulmonary hypertension is present, cardiomegaly can occur.
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Fig. 21.1 Respiratory distress syndrome. (a) Chest radiograph shows hypoventilated lungs with
symmetrical, bilateral granular opacities and air bronchograms (white arrows). (b) Exam preformed
24 h later after endotracheal intubation and surfactant treatment. Lung aeration has improved.
Diffuse bilateral granular pattern persists

Fig. 21.2 Respiratory distress syndrome. (a) 4-day-old neonate. Diffuse and bilateral granular
pattern consistent with respiratory distress syndrome are noted. (b) On day of life eight, there
was significant worsening of his respiratory status. Diffuse, bilateral air space opacities and cardio-
megaly are noted. The patient had a large PDA causing significant left-to-right shunt

4. Early stages simulate and overlap RDS. End stage disease causes cystic
lung changes, with linear opacities representing fibrosis, atelectasis,
and lung hyperinflation.

5. Limited thin slice chest CT can be used to evaluate the disease. Septal
thickening, parenchymal bands, scars, atelectasis, and cystic changes
are common findings (Fig. 21.4).

VIII. Lung disease in the term infant

A. Transient tachypnea of the newborn (TTN; TTNB).
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Fig. 21.3 Bronchopulmonary dysplasia. Hyperventilated lungs with diffuse, bilateral interstitial
coarse opacities and small cystic changes are the typical radiographic findings

Fig. 21.4 Bronchopulmonary dysplasia. Axial CT image shows diffuse septal thickening and
multiple right lung thin wall cysts (arrows)

1. Typical radiographic findings include mildly overinflated lungs with
prominent interstitial markings, pleural thickening, and small pleural
effusions. The latter are more common on the right side (Fig. 21.5).

2. Findings are usually symmetric and the heart may be mildly enlarged.

3. Radiolographic findings usually resolve in 12-24 h.
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Fig. 21.5 Transient tachypnea of the newborn. Radiograph shows diffuse and bilateral prominent
interstitial markings, and a small right pleural effusion (arrow). Note hyperinflation of the lungs

B. Meconium aspiration syndrome.

1. The syndrome consists of aspirated meconium, respiratory distress,
and a characteristic chest radiograph.

2. Aspiration of meconium causes coarse patchy nodular opacities repre-
senting atelectasis and lung consolidation (Fig. 21.6).

3. Lung hyperinflation and air leaks, pleural effusion, and cardiomegaly
can also be present. Meconium aspiration is a common cause of sec-
ondary persistent pulmonary hypertension (PPHN).

C. Persistent pulmonary hypertension (PPHN). Idiopathic persistent pulmo-
nary hypertension causes hyperlucent lungs with decreased pulmonary
vascularity (Fig. 21.7).

IX. Other forms of neonatal respiratory distress
A. Neonatal pneumonia

1. Radiolographic patterns of neonatal pneumonia are nonspecific.
Differentiating pneumonia from TTN, RDS, pulmonary edema, and
pulmonary hemorrhage can be difficult, if not impossible.

2. Common radiographic manifestations are bilateral coarse or scattered
air space opacities. Lungs are usually normally aerated and pleural
effusions may occur (Fig. 21.8).

3. Isolated air opacities with air bronchograms are uncommon in this age

group.
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Fig. 21.6 Meconium aspiration. Diffuse, bilateral patchy opacities representing atelectasis and
consolidation are seen on this chest radiograph. Note that the patient is intubated and that the heart
is mildly enlarged

Fig. 21.7 Persistent pulmonary hypertension (PPHN). Radiograph shows hyperlucent lungs and
decreased pulmonary vascularity in a 1-day-old neonate
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Fig. 21.8 Neonatal pneumonia. Neonate with group B streptococcal pneumonia. Diffuse and
bilateral mixed interstitial and alveolar opacities. Thickening of the minor fissure is also noted

4.

Ultrasound can be used to differentiate focal lung consolidation from
other lung parenchymal opacities (Fig. 21.9). Ultrasound also visual-
izes pleural fluid (see below).

. CT may be used in specific circumstances to rule out uncommon com-

plications such as lung abscesses and bronchopleural fistula formation
(Fig. 21.10).

B. Atelectasis

1.

Atelectasis may be segmental, lobar, or total. Segmental atelectasis is
seen as areas of lung opacification with volume loss and mediastinal
shift proportional to degree of lung collapse. This is most common
with endotracheal tube malposition and after extubation and typically
resolves rapidly. Rapid resolution differentiates atelectasis from other
causes of lung opacification (Fig. 21.11).

. Poor radiographic technique (expiratory images) may simulate atelec-

tatic lungs.

. A normal thymus may simulate lung atelectasis. Ultrasound has been

used to differentiate atelectasis from normal thymus simulating a col-
lapsed lobe (Fig. 21.12).

C. Pleural effusion

1

. Large pleural effusions are seen as increased opacification of the con-

tralateral hemithorax with adjacent lung collapse and possible medi-
astinal shift (Fig. 21.13a).
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Fig. 21.9 Pneumonia. Ultrasound findings. Ultrasound image shows a hypoechoic area (arrows)
representing an area of lung consolidation with increased vascular flow. No anomalous vessel to
suggest sequestration

Fig. 21.10 Pneumonia. CT. Axial CT image performed after intravenous contrast administration.
Note a right upper lobe air space opacification with nonenhancing areas (asterisks) and an air fluid
level representing necrotizing pneumonia
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Fig. 21.11 Atelectasis. Right upper lobe atelectasis (arrow). Note the trachea is slightly deviated
to the right

Fig. 21.12 Normal thymus simulating atelectasis. (a) Chest radiograph shows a right upper lobe
opacity (arrows) mimicking lung collapse. (b) Transverse ultrasound image at the level of the
upper mediastinum shows that the area of lung opacity on radiograph corresponds to normal thymus
(arrows). ST sternum

2. Smaller effusions may be subtle on supine films. Increased lung den-
sity, blurring of the diaphragm and heart contour, and thickening of the
fissures are typical findings.

3. Lateral decubitus views may be used to better delineate the presence of
a pleural effusion, and may confirm motility of effusions, but do not
allow characterization of pleural effusions (Fig. 21.13b, c).
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Fig. 21.13 Neonate with pulmonary lymphangiectasis with chylous effusions. (a) Supine radio-
graph of the chest shows diffuse and bilateral lung haziness with a moderate left pleural effusion
(arrows). Right side down (b) and left side down (c) lateral decubitus views better delineate the
presence of effusions. Note that the nasogastric tube tip is in the mid esophagus. The patient has
been intubated in the interval between the supine to the lateral decubitus views

4. Ultrasound can be used to detect, quantify, and characterize pleural
effusions. Echogenic pleural fluid and septations are seen in complex
pleural effusions (Fig. 21.14).

D. Airleaks
1. Pneumothorax

a. Imaging appearance depends on the size, location, and projection.

b. On supine chest radiographs, pneumothoraces are typically seen as
radiolucent spaces without vascular margins (Fig. 21.15; see also
Figs. 21.16 and 21.17).

c. Small pneumothoraces can be subtle on supine views, since air accu-
mulates anteriorly, causing increased sharpness of the mediastinal
edge and a hyperlucent lung (Fig. 21.16). Decubitus views can be
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Fig. 21.14 Pleural effusion. Ultrasound image shows a large pleural effusion with multiple septations
(arrows) representing fibrin bands in a patient with empyema

Fig. 21.15 Pneumothorax. (a) Supine view of the chest in a patient with left pneumothorax
(arrows). The left hemithorax appears hyperlucent from predominantly left anterior pneumotho-
rax. (b) Right side down lateral decubitus view in the same patient better delineates the presence
of a pneumothorax
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Fig. 21.16 Pneumothorax. Right pneumothorax. Supine chest radiograph shows a sharp right
mediastinal borders and diaphragm (arrows). The pneumothorax is predominantly medial and
anterior in location

Fig. 21.17 Pneumomediastinum. Air in the mediastinum displaces the thymus superiorly (white
arrows). Associated right pneumothorax (black arrows)
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Fig. 21.18 Skin fold mimicking pneumothorax. Vertically oriented linear density (arrows) pro-
jecting over the right hemithorax. Note the extension of the density below the diaphragm and the
presence of pulmonary vessels lateral to its edge

useful in some circumstances and are preferred to cross table lateral
views, which do not differentiate side and are limited by overlying
structures (Fig. 21.15b).

. Medial pneumothorax (Fig. 21.16) can be difficult to differentiate

from a pneumomediastinum (Fig. 21.17).

. Normal skin folds may mimic pneumothoraces. Skin folds usually

extend beyond the lung edge (Fig. 21.18).
Tension pneumothoraces are seen as hyperlucent lungs with lung
collapse and mediastinal shift (see also Fig. 21.20).

2. Pneumomediastinum

a.

b.

Mediastinal air collections are usually asymptomatic and rarely
require intervention.

Anteriorly located pneumomediastinum usually outlines or delin-
eates the thymus (“angel” or “bat wing” sign) (Fig. 21.18).

. Posteriorly located pneumomediastinum may dissect into the sub-

cutaneous tissues of the neck.

3. Pulmonary interstitial emphysema (PIE)

a.

b.

PIE projects as linear and cystic lucencies radiating from the hilum
toward the periphery of the lung (Fig. 21.19).

May be localized, unilateral, or bilateral. May cause significant
mass effect and mediastinal shift.
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Fig. 21.19 Pulmonary interstitial emphysema (PIE). Multiple linear and cystic lucencies are iden-
tified in the left lung. Note the hyperexpansion of the left lung with flattening of the diaphragm and
mediastinal shift to the right

4. Pneumopericardium. Pneumopericardiumis recognized by the presence
of a curvilinear lucency completely surrounding the heart which con-
forms to the pericardial sac (Fig. 21.20).

E. Congenital cardiovascular anomalies
1. Chest radiography.

a. A cardiothoracic index (ratio of the transverse diameter of the heart
to the maximum internal diameter of the thorax)>60% suggests
cardiomegaly (Fig. 21.22a). Lateral views also help to assess heart
size. From radiography, determination of which heart chamber is
enlarged and the shape of the heart is usually not very useful.
Expiratory films may simulate cardiomegaly.

b. A normal thymus may mimic cardiomegaly (Fig. 21.21).

c. The aortic arch may be hidden by the thymus, but the descending
aorta is usually visible (see also Fig. 21.21). Assessment of aortic
arch may be suggested by the position of the trachea.

d. Left-to-right shunts >2:1 usually cause increased pulmonary vascu-
larity (Fig. 21.22), while right-to-left shunts cause oligemia and
decreased pulmonary flow. These radiographic changes are not usu-
ally apparent in the first week of life.

e. Skeletal abnormalities and cardiac position should also be assessed.



Fig. 21.20 Pneumopericardium. The heart is surrounded by air (white arrows). Note the presence
of a left-tension pneumothorax (P) which causes left lung collapse, inversion of the left diaphragm,
and mediastinal shift to the right

Fig. 21.21 Thymus simulating cardiomegaly. The heart and mediastinum appear widened secondary
to the presence of a prominent thymus. Note the undulating appearance of the lateral aspect of the
thymus due to the impressions caused by the ribs (white arrows). Descending aorta (arrowheads)
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Fig. 21.22 Increased vascular flow. (a) Neonate with ventricular septal defect. Chest radiograph
shows cardiomagaly and increased vascular flow. Note that the tip of the nasogastric tube is mal-
positioned in the distal esophagus. (b) Chest radiograph in a neonate with total anomalous pulmo-
nary venous return and interstitial edema. The heart is not significantly enlarged. Bilateral
pulmonary vessels are ill defined representing venous congestion. Prominent and bilateral intersti-
tial markings are seen suggesting edema. Associated small right pleural effusion is noted

2. Esophagogram. An esophagogram may be performed when there is
a suspicion of a vascular anomaly causing airway compression
(Fig. 21.23).

3. CT and MRIL

a. Echocardiography remains the primary imaging modality for car-
diovascular anomalies in the neonate.

b. Magnetic resonance imaging (MRI) and computed tomography
(CT) are excellent minimally invasive imaging modalities which
allow pre and postoperative evaluation of vascular anomalies, as
well as complex cardiovascular anomalies. CT and MRI are specifi-
cally useful in determining caliber and patency of small vessels or
surgical shunts (Fig. 21.24). MRI also allows dynamic evaluation of
cardiac function.

F. Developmental lung anomalies
1. Congenital pulmonary airway malformation (CPAM)

a. Previously referred to as congenital cyst adenomatoid malformation
(CCAM).

b. CPAM represents the most common lung malformation and is often
diagnosed on prenatal ultrasound.

c. Imaging appearance is variable and depends on the size and compo-
sition of the lesion. Lesions may be solid and/or cystic in composition
(Fig. 21.25a). Most CPAMs are solitary with no lobar predilection
and multiple lobes may be affected by one lesion.



Fig. 21.23 Double aortic arch. AP (a) and lateral (b) views from an esophagogram show extrinsic
compressions (arrows) posterior and to both sides of the esophagus caused by a double aortic arch

Fig. 21.24 Neonate with hypoplastic left heart syndrome status post Norwood procedure. Coronal
MR angiogram reconstruction shows patency of modified Blalock—Taussig shunt (arrow) extend-
ing from the neoaorta to the right pulmonary artery
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Fig. 21.25 CPAM. (a) Chest radiograph shows right lower lobe multi-cystic lesion (arrows). (b)
Axial CT image through the lung bases shows multiple well-defined air-filled cysts lesions (arrows)
involving middle and lower lobes

d. CT is mainly used to evaluate size and location and is usually

e.

performed with intravenous contrast administration to evaluate the
vascular anatomy (Fig. 21.25b).
Pre- or postnatal MRI also evaluates anatomy and extension.

2. Pulmonary sequestration

a.

Pulmonary sequestration represents an area of dysplastic, nonfunc-
tional lung with a systemic arterial supply that typically arises from
the aorta. The most common location is the left lower lobe followed
by the right lower lobe. Most neonatal sequestrations are extralobar
and have their own pleura and systemic venous return. Intralobar
sequestrations have pulmonary venous drainage and are invested
within the pleura of the affected side.

. On conventional radiography, sequestrations are seen as dense and

persistent focal masses (Fig. 21.26a).

. It is also often diagnosed on prenatal ultrasound. Fetal MRI also

allows evaluation of anatomy and extension.

. Presurgical evaluation with CT, MRI and ultrasound is performed to

evaluate the extent and to identify the systemic vascular supply, which
arises from below the diaphragm in 20% of cases (Fig. 21.26b).

. Pulmonary sequestration may occur in conjunction with CPAM

(“hybrid lesions”), cardiac, diaphragmatic, skeletal, and other lung
anomalies.

3. Congenital lobar overinflation

a.
b.

Formerly referred to as congenital lobar emphysema (CLE).
Initially, after birth, the overdistended lobe is filled with fluid and is
opaque.
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Fig. 21.26 Pulmonary sequestration. (a) Chest radiograph shows a well-defined left lung opacity
(arrows) and significant mediastinal shift to the right. (b) Coronal CT image shows a large left
lower lobe solid mass and a feeding vessel (arrow) arising from the aorta

Fig. 21.27 Congenital lobar overinflation. (a) Chest radiograph shows a left upper lobe lucency
(arrows) with mediastinal shift to the contralateral side and compressive right lung atelectasis. (b)
Axial CT image in the same patient. Marked hyperinflation of the left upper lobe (arrows) with
significant mediastinal shift and right lung atelectasis. Note that the vascularity (arrowhead) in the
affected lobe is attenuated

c. Subsequently, the typical appearance is that of an overdistended
lung, which, depending on the size, may cause adjacent atelectasis
and mediastinal shift to the contralateral side (Fig. 21.27a).

d. CT may be performed for presurgical evaluation to better evaluate
the anatomy (Fig. 21.27b).

G. Congenital diaphragmatic hernia (CDH)

1. Congenital diaphragmatic hernias are usually diagnosed on prenatal
ultrasound.
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Fig. 21.28 Left-sided
congenital diaphragmatic
hernia. Coronal T2 weighted
fetal MRI image shows
herniation of part of the left
hepatic lobe (L), stomach (S),
and small and large bowel
(SB) into the chest. Note the
presence of a hypoplastic

left lung (arrow)

2. Fetal MRI now plays an important role in the presurgical and initial
neonatal management. MRI characterizes the herniated structures,
quantifies the degree of lung hypoplasia, and evaluates for the presence
of associated anomalies (Fig. 21.28).

3. On initial radiographs, herniated abdominal contents are seen as an
opaque mass, more common on the left side, with ipsilateral lung hyp-
oplasia and a contralateral mediastinal shift. During the following hours,
air fills the herniated loops of bowel giving the typical appearance of
multiple lucencies in the chest (Fig. 21.29).

4. After surgical correction, “ex vacuo” pneumothorax is a frequent
finding.
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Fig. 21.29 Left-sided
congenital diaphragmatic
hernia. Radiograph of the
chest and abdomen shows
lack of abdominal gas and
multiple gas filled loops of
bowel occupying the left
hemithorax. The mediastinum
is shifted to the right. Note
the nasogastric tube tip in the
distal esophagus and selective
intubation of the right
bronchus

H. Esophageal atresia, tracheoesophageal fistula, tracheal stenosis

203

1. A coiled gastric tube in the proximal esophagus suggests esophageal

atresia in the adequate clinical setting. The presence of abdominal
gas suggests the presence of an associated distal tracheoesophageal
fistula (Fig. 21.30).

. Cardiac, renal, vertebral, anal, and osseous anomalies are common
associated findings.

. Contrast studies can be performed in equivocal cases, when pharyngeal
perforation is in the differential diagnosis and for postsurgical evalua-
tion (Fig. 21.31).

. Rapid acquisition time, multiplanar, and volumetric capabilities make
CT an excellent noninvasive diagnostic tool when airway anomalies
such as tracheal stenosis (Fig. 21.32), abnormal tracheal-bronchial tree
development, or extrinsic compression are suspected.
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Fig. 21.30 Esophageal
atresia and distal
tracheoesophageal fistula.
Radiograph of the chest and
upper abdomen shows a
coiled nasogastric tube
(arrow) in the upper
esophagus. The presence of
abdominal gas determines
the presence of a distal
tracheoesophageal fistula

Fig. 21.31
Tracheoesophageal fistula
status post repair.
Postsurgical leak.
Esophagram performed after
surgical correction shows an
area of narrowing (white
arrow) at the level of the
surgical anastomosis and leak
of contrast (black arrow) into
the right pleural space. Note
the presence of three right
chest tubes

R. Sanchez and P.J. Strouse
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Fig. 21.32 Tracheal stenosis and accessory tracheal bronchus. Reconstructed coronal CT image
shows a long segment area of tracheal narrowing (arrow) and an accessory right bronchus (arrow-
head) arising from the trachea

I. Assessment of tubes and catheters (Fig. 21.33)
1. Endotracheal tube (ETT)

a.
b.

Endotracheal tube tip should be located in the mid to distal trachea.
The position of the patient’s head and neck may alter the ETT posi-
tion: the tube tip moves caudally (toward the carina), with neck flex-
ion and cephalic (toward the glottis) with neck extension and lateral
rotation.

. Unintentional right main bronchus intubation is a common radiolo-

graphic finding.

2. Vascular catheters, gastric drainage tubes, and surgical drains

a.

b.

Placement of vascular catheters, gastric drainage and chest tubes,
may require additional imaging to assess correct position.
Umbilical venous catheter (UVC) tip is ideally located above the
diaphragm and below the right atrium.

. Umbilical arterial catheters (UAC). A high line tip is usually located

at T7-T10 vertebral level. A low line tip is ideally located at L.3-L4
vertebral body interspace.

. Ultrasound can be used to guide peripherally inserted central

catheter (PICC) placement.
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Fig. 21.33 Catheters and tubes. Neonate with RDS. Note the tip of the endotracheal tube (ETT),
umbilical venous catheter (UVC), umbilical arterial catheter (UAC), and gastric drainage tube

(NGT)

3. Extracorporeal membrane oxygenation (ECMO) cannulas and liquid
ventilation

a.
b.

ECMO Cannulas may be venoarterial (V-A) or venovenous (V-V).
For V-A ECMO, the tip of the venous cannula should project within
the right atrium, while the tip of the arterial cannula should be within
the aortic arch at the expected location of the origin of the innomi-
nate artery (Fig. 21.34).

. After bypass, a whiteout of the lungs is a common radiological

finding.

. A rapidly increasing pleural effusion is suggestive of anticoagula-

tion-induced hemothorax.

. Conventional radiographs are used to evaluate the distribution of

perflubron when liquid ventilation is used (Fig. 21.35).
Chest wall deformities causing respiratory distress

1. Neuromuscular disease, skeletal dysplasia, and congenital
osseous anomalies may be responsible for restrictive lung disease
(Figs. 21.36 and 21.37a). Lung hypoplasia, atelectasis, and
aspiration contribute to the development of respiratory distress.

2. CT and MRI can be performed to evaluate extent of the defor-
mity and to evaluate lung volume (Fig. 21.37b).



Fig. 21.34 ECMO cannulas. Chest radiograph in a neonate with left congenital diaphragmatic
hernia on ECMO. The venous cannula tip (white arrow) is located at the expected location of the
right atrium. The arterial cannula tip (black arrow) is located at the innominate artery/aorta junction.
Note the tip of the NG tube (arrowhead) in the herniated stomach

Fig. 21.35 Liquid ventilation. Chest radiograph performed in newborn with left congenital dia-
phragmatic hernia (CDH) on ECMO and liquid ventilation. Note the presence of ECMO cannulas, NG
tube tip in stomach located in the left hemithorax, ascending vascular catheter (UAC), and perflubron
within trachea-bronchial tree and the lungs. The left lung is hypoplastic secondary to left side CDH
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Fig. 21.36 Chest wall deformity. Chest radiograph of a patient with Jeune syndrome. Small chest
with short, horizontally oriented ribs and irregular anterior ends. Note the NG tube tip in the stomach,
an UAC with tip at the level of T6 vertebral body and an ETT tip at the level of the cervicothoracic
junction

Fig. 21.37 Chest wall deformity. Supine chest radiograph (a) and axial CT image (b) in a neonate
with large left mesenchymal hamartoma involving multiple ribs and causing significant mediastinal
shift. CT delineates degree of osseous involvement and soft tissue components (arrows)
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Chapter 22
Transillumination

Steven M. Donn

I. Description

Use of a high-intensity light to help define normal from abnormal structure or
function. Using transillumination, the density and composition of tissue are
assessed by its diffusion of light.

II. Clinical applications

. Diagnosis of air leaks

Distinguishing cystic from solid masses

Locating veins or arteries for blood sampling or catheter insertion

. Initial diagnosis of central nervous system abnormalities which involve for-
mation of fluid collections

SN

III. Technique
A. Prepare light source.

1. Check power supply or batteries

2. Connect fiber-optic cable if necessary

3. Practice good infection control by disinfecting light probe with antiseptic
solution

B. Darken room as much as possible. Allow some time for dark adaptation.
C. Apply light probe to infant’s skin surface in the area to be examined;
contralateral side can be used as control.
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D. Normally, extent of visible light corona around probe tip is 2-3 cm; the
presence of air (or fluid) in light path substantially increases the degree
of lucency. A significant collection of air enables the entire hemithorax to
‘églowl”
E. Pneumomediastinum.
1. Suggested if cardiac pulsations are clearly evident in lucent area
2. Best seen if light probe is placed next to costal margin
3. High predictive value (94%) if >20 mL air
F. Pneumothorax.
1. Generally, expand uniformly in anterior direction
2. Best demonstrated if light probe is placed on anterior chest wall
3. Can be diagnosed with >95% accuracy under favorable conditions
G. Pneumopericardium.
1. Place light probe in third or fourth intercostal space in left mid-clavicular
line
2. Angle light probe toward xiphoid process
3. When probe is moved over thorax, corona appears brightest over the
pericardial sac, and silhouette of heartbeat may be seen
H. All three collections may be aspirated under transillumination guidance.
IV. Special considerations
A. Care must be taken to avoid burning the patient with the high-intensity light.
This is accomplished by using a red filter inserted in front of the light source
and limiting contact of the light probe with the skin.
B. Cross-contamination of patients is avoided by covering light with
cellophane.
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Chapter 23
Echocardiography

Jonathan Wyllie

I. Background

A. Until the advent of echocardiography, cardiac function in the ventilated
baby was monitored by clinical assessment and invasive monitoring,
which is limited by the size of the patient.

B. Tissue perfusion is the most relevant parameter in assessing cardiovascu-
lar function. This depends upon peripheral vascular resistance and cardiac
output. Previously, heart rate and blood pressure have been utilized as
indicators of these parameters, but these have significant limitations.

C. Echocardiography now offers a number of different modalities which can
be used to assess cardiac function in the ventilated infant and provide
more information upon which to base clinical decisions.

II. Influences on newborn cardiovascular adaptation

Preterm delivery
Surfactant deficiency
Ventilation
Hypoxemia

Acidosis

monw>

III. Effects of prematurity and respiratory disease on cardiovascular adaptation

Delayed fall in pulmonary vascular resistance
Myocardial dysfunction

Ductal patency

Ventilation and diminished venous return
Hypovolemia

monw>
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Left ventricle

M-mode cursor — |

7. Wyllie

Left
atrium

Mitral leaflets

Fig. 23.1 Long-axis parasternal view. Positioning of M-mode cursor for left ventricular measure-
ments is shown. RVOT right ventricular outflow tract

IV. Ideal cardiac assessment

Right and left ventricular outputs
Cardiac function

Pulmonary resistance

Tissue perfusion

Systemic vascular resistance

monwx

. Echocardiographic assessment

A. Echocardiographic principles

1. Cross-sectional echocardiography is used to assess anatomy, allow
accurate positioning of an M-mode, continuous wave Doppler, or
pulsed wave Doppler beam, and to give a subjective impression of

function. Views used include:

. Long-axis parasternal (Fig. 23.1)

. Apical four chamber (Fig. 23.4)
. Subcostal

- 0 0 O

Short-axis parasternal mitral (Fig. 23.2)
. Short-axis parasternal pulmonary (Fig. 23.3)

. Suprasternal view of aortic arch or ductal arch

g. Subcostal short axis (Fig. 23.5); useful if lungs are overdistended

B. M-mode obtains detailed echocardiographic information along a thin
beam. It is simplest to first position using a cross-sectional image
(Fig. 23.1) and then switch to M-mode. It is used to obtain views of the
left ventricle at the level of the mitral leaflets in assessment of left ven-
tricular function and measurement of left ventricular dimensions
(Fig. 23.6). It is also used in measurement of the left atrium and aorta

(Fig. 23.7a, b).
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Right ventricle Mitral leaflets

Left ventricle

e

Fig. 23.2 Short-axis parasternal mitral view. Positioning of M-mode cursor for left ventricular
measurements is shown

M-mode cursor

Pulmonary valve

Right
ventricle

Aortic valve

Aorta

Fig. 23.3 Short-axis parasternal pulmonary view. MPA main pulmonary artery; RPA right pulmo-
nary artery; LPA left pulmonary artery

C. Pulsed wave Doppler uses Doppler shift of sound waves from moving red
blood cells to assess flow velocity. It can sample the velocity at a point
specified on a cross-sectional image (range gated), but is often only useful
for relatively low velocities. It is useful for velocity measurement in the
pulmonary artery, ductus arteriosus (Fig. 23.8), foramen ovale, superior
vena cava, aortic arch, celiac axis, and superior vena cava.



Left
atrium

Right
atrium

Moderator band

Fig. 23.4 Four-chamber apical view. Offset of tricuspid and mitral valves is seen. SVC superior
vena cava; RV right ventricle; LV left ventricle

Duct
LPA \/

Main
pulmonary
artery

Aortic valve

Fig. 23.5 Subcostal short-axis pulmonary view. RPA right pulmonary artery; LPA left pulmonary
artery

S e ——

RV IVSD

Left ventricular

cavity LVIDD

Mitral
leaflets

Posterior wall

Fig. 23.6 M-mode view of left ventricle showing measurements. RV right ventricle; IVSS intra-
ventricular septum systole; LVIDS left ventricular internal diameter systole; /VSD intraventricular
septum diastole; LVIDD left ventricular internal diameter diastole



Left ventricle Left

atrium

M-mode cursor —

Ao W
—\/'_\/\/_\

LA
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Fig. 23.7 Long-axis parasternal view with M-mode cursor across aorta (Ao) and left atrium (LA)
(a) M-mode of aorta and left atrium showing measurements of each (b) M-mode of arota (Ao) and
left atrium (LA) showing measurements of each

Pulsed wave
doppler cursor

Right
ventricle

Aortic valve

Aorta

Fig.23.8 Short-axis parasternal pulmonary view showing the position of the pulsed-wave Doppler
cursor for sampling ductal flow velocity
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Continuous wave Doppler also uses Doppler shift of sound waves from
moving red blood cells to assess flow velocity, but is not range gated and
samples velocities along the cursor line (Fig. 23.8). It can be used in line
with cross-sectional views or using a stand-alone “pencil” probe. Both
continuous and pulsed wave Doppler beams must be within 15° of the
direction of flow to be accurate. Continuous wave Doppler is useful for
measuring faster flow velocities.

Color Doppler simplifies accurate diagnosis and delineation of ductal pat-
ency. It also enables identification of tricuspid regurgitation and patency
of the foramen ovale, as well as the direction of flow. Flow velocity mea-
surement is possible when used in conjunction with continuous or pulsed
wave Doppler. It is used to measure ductal dimension.

Indications for echocardiographic assessment

TomMEOOwe

Suspected congenital heart disease

Suspected persistent pulmonary hypertension

Suspected patent ductus arteriosus (60% patency <28 weeks’ gestation)
Hypotension or shock

Asphyxia

Suspected cardiac dysfunction

Use of high PEEP

High-frequency oscillatory ventilation

Cardiac function

A.

C.

Depressed ventricular function may occur in neonatal disease processes,
such as hypoxia, sepsis, hemolytic disease, hyaline membrane disease
(RDS), persistent pulmonary hypertension, and transient tachypnea.

Half of premature babies who develop hypotension have cardiac dysfunc-
tion in the first 24 h of life. A dysfunctional heart may be tachycardic,
bradycardic, or have a normal rate.

In hypotensive newborns, cardiac function may be depressed, normal, or
even hyperdynamic.

Left ventricular assessment

A.
B.

Cross-sectional and M-mode assessment.

Cross-sectional echocardiography permits accurate positioning of the
M-mode beam just at the mitral leaflet tips in the long axis (parasternal,
Fig. 23.1) or centered in the short-axis parasternal views (Fig. 23.2) of the
left ventricle. Measurements must be taken from standard and reproduc-
ible positions; otherwise, increased variability will obscure the results.
On the M-mode picture (Fig. 23.6), the interventricular septal (IVS), left
ventricular internal diameter (LVID), and posterior wall dimensions are
measured at end-systole (S) and end-diastole (D). From these measure-
ments, several parameters of ventricular function can be calculated.

The apical four-chamber view (Fig. 23.4) allows subjective assessment of
both left and right ventricular function. This can be appreciated without
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taking the measurements above. It is useful in understanding clinical
situations and taking a logical approach. However, it is much less helpful
in monitoring the response to treatment.

1. Fractional shortening characterizes left ventricular contractility,
although it is also affected by preload and afterload.
LVIDD - LVIDS

Fractional shortening (%) = ————— x 100%.
LVIDD

Normal ranges

25-45% Adults
25-41% Term babies
23-40% Preterm babies

Errors in fractional shortening estimation may occur in early preterm
life from distortion of the left ventricle and abnormal septal motion.
Fractional shortening cannot be measured if there is paradoxical septal
motion.

2. Circumferential fiber shortening: Mean velocity of circumferential
fiber shortening (VCF) has been suggested as a simple alternative mea-
surement of left ventricular contractility. It is less sensitive to minor
dimensional discrepancies and involves no assumptions about ventric-
ular shape, offering a reproducible measurement of neonatal ventricu-
lar contractility.

To calculate VCF, LVIDD and LVIDS are measured as above, but
ejection time is measured from the time of mitral valve closure to the
onset of mitral valve opening.

LVIDD - LVIDS

VCF = x Ejection time.
LVIDD

The units are circumferences per second.
3. Stroke volume

a. Stroke volume (SV) measurement assumes an ellipsoidal ventricle.
This is a reasonable assumption in adults but less so in neonates.
Using measurements of LVID in diastole (LVIDD) and systole
(LVIDS), the stroke volume can be calculated:

SV=LVIDD?*-LVIDS?

b. Similarly, a proportion of ventricular contents or ejection fraction
(EF) can be calculated:

_ Stroke volume  (LVIDD®-LVIDS’)
End diastolic volume LVIDD? '
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Doppler stroke volume

\ [ Stroke
'|| (I \ distance/VTi

\Ti or stroke distance
Aortic
diameter

Fig. 23.9 (a) Aortic Doppler trace showing the measurement of the integral of the velocity time
curve (VTi) or stroke distance. (b) Calculating stroke volume using the aortic diameter calculated

from the diameter

4. Volume load assessment

a.

M-mode assessment of the left ventricle and atrial size provides
information about changes in ventricular preload. The ratio of these
chambers to the aorta is used to assess the effect of shunts upon the
heart, especially the ductus arteriosus.

. Normal left atrial:aortic ratio is 0.84 to 1.39 in preterm infants and

0.95 to 1.38 in term infants.
Left atrial:aortic ratio >1.5 suggests volume loading.

. Left ventricular internal diastolic diameter:aortic ratio >2:1 suggests

ventricular volume loading.
It is important to realize that apparant volume loading may also
result from poor contractility in a normovolemic neonate.

IX. Doppler assessment of systolic function

A. Stroke volume: Calculated from the product of the integral of the Doppler
velocity—time curve (VTI, also known as stroke distance) (Fig. 23.9a, b) and
the cross-sectional area of the aorta derived from the M-mode diameter:

Aortic diameterj :

SVZVTpr[ 5

B. Cardiac output

1. Left venticular output: Multiplying SV by the heart rate (HR) produces
the left ventricular output (LVO)

Aortic diameter

2
LVO = VTI xp[ > j x HR.

Note: Minute distance (MD=VTIxHR) is directly related to cardiac
output but removes the aortic diameter from the calculation, which is
the major source of error. This can be used to assess changes in therapy
in an individual.
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Normal ranges

Preterm 221+56 mL/kg/min
Term 236+47 mL/kg/min
Range 158-325 mL/kg/min

2. Right ventricular output: In a similar way, right ventricular output
(RVO) can be measured. Pulmonary artery diameter is measured in the
short-axis pulmonary view (Fig. 23.3). RVO is less affected by ductal
shunting; however, the pulmonary artery diameter varies more than the
aorta during the cardiac cycle introducing more error into this mea-
surement. The pulmonary VTI is obtained from the pulmonary Doppler
velocity—time curve taken in the short-axis view (Fig. 23.3).

. 2
RVO = VI x ( pulmonary dlameter) YHR.

2

A useful screening measurement, which can give an indication of
RVO in the first 48 h, is the maximum pulmonary velocity taken as
above:

<0.35 mps=RVO likely to be less than 150 mL/kg/min

3. Superior vena caval (SVC) flow measurements: SVC flow has been
used as representative of systemic flow unaffected by ductal shunting.
SVC diameter is measured in a parasternal view; however, it is known
that the SVC becomes crescent shaped during the cardiac cycle making
accuracy of measurement an issue. SVC VTI is measured from the
subcostal view.

. SVC diameter \’
SVC (cardiac output) = VTI x p (ﬂj x HR.

2

A measurement of less than 40 mL/kg/min in the first 24 h of life has
been associated with intraventricular hemorrhage and death or disabil-
ity at 3 years of age.

X. Right ventricular assessment

A.
B.

The normal shape of the right ventricle is more complex than the left.

It consists of inflow, outflow, and apical segments and is wrapped around
the left ventricle. This makes quantitative evaluation by M-mode difficult
at any age and not useful in the newborn. However, qualitative informa-
tion about right ventricular systolic function can be obtained by the expe-
rienced operator from cross-sectional views.

Paradoxical movement of the intraventricular septum is seen in right ven-
tricular dysfunction. Such movement prevents any assessment of left ven-
tricular fractional shortening.
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XI. Doppler assessment of systolic function

One of the most important determinants of right ventricular systolic function
in newborns is pulmonary arterial pressure. This can be estimated in several
ways.

XII.

A.

Tricuspid regurgitation: If present, the most accurate assessment of right
ventricular (and therefore pulmonary) pressure is obtained by measuring
the velocity of the regurgitant jet (V). Then, assuming right atrial pressure
is low, pulmonary pressure=4 V2,

. Pre-ejection period-to-right ventricular ejection time is related to pulmo-

nary pressure and requires ECG monitoring while echoing the subject. It
is useful for assessment of babies with chronic lung disease but difficult to
interpret acutely.

Time to peak velocity (TPV)-to-right ventricular ejection time is inversely
related to pulmonary pressure but does not require ECG monitoring to
measure. A ratio of >0.3 indicates normal pulmonary pressures and <0.2
pulmonary hypertension. Between these two, it is likely that the pulmo-
nary pressure is mildly elevated.

Ductal flow: If the ductus arteriosus is patent, the direction of flow (as
well as the pattern) gives an indication of pulmonary pressure (i.e., right-
to-left indicates pulmonary>systemic) (Fig. 23.10a-d). However, the
velocity of flow cannot accurately predict pulmonary pressure.

Foramen ovale: Right-to-left flow is suggestive of high right-sided pres-
sures or dysfunction. It is seen best in the subcostal view.

Diastolic function: Few studies of diastolic function have been carried out
in children or infants. Right ventricular filling is modified by positive
pressure ventilation and especially by high positive end-expiratory pres-
sure and oscillatory ventilation.

Assessment of the patent ductus arteriosus (Chap. 73)

A.

The ductus arteriosus is best seen in the parasternal short-axis view
(Fig. 23.3), although the suprasternal and subcostal approaches may be
needed in babies with overdistended lungs. Color Doppler simplifies iden-
tification and allows subjective assessment of flow and velocity. Doppler
interrogation of the ductus arteriosus (Fig. 23.8) demonstrates the pattern
of flow and the velocity profile. Velocity depends upon both the size of the
vessel and the pressure difference between aorta and pulmonary artery.
The classical flow pattern associated with a large shunt is high in systole
and low in diastole. The size can be estimated in cross-sectional view in
relation to the branch pulmonary arteries or aorta.

Ductal diameter can be assessed by measuring the narrowest waist of the
ductal color flow when the picture is frozen. Ensure maximal color
Doppler scale, optimize the color gain, and measure. In some units, this is
used to predict which ducts are likely to be significant and require treat-
ment. Diameter >1.5 mm in the first 30 h has an 83% sensitivity and a
90% specificity for needing treatment.
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Fig. 23.10 Ductal flow patterns associated with differing systemic and pulmonary pressures
(a) Aortic>pulmonary pressure. (b) Pulmonary =aortic pressure in early systole. (c¢) Bidirectional
flow with pulmonary >aortic pressure in early systole. (d) Pulmonary > aortic pressure

. Measurement of the left atrium:aortic ratio (see above) gives some

indication of flow, but may not be accurate if the left atrium decompresses
through the foramen ovale. A ratio >1.5 after the first day has a sensitivity
of 88% and a specificity of 95%.

. A 60% increase in LVO predicts development of a significant PDA.
. Echocardiographic evidence of a significant ductus arteriosus precedes

clinical evidence. On day 3 of life, it can predict significance with a 100%
sensitivity and an 85% specificity.

Assessment of descending aortic or celiac axis diastolic flow beyond duc-
tal insertion.

1. Normal: Continuous antegrade flow
2. Abnormal: Absent or reversed diastolic flow

XII. Accuracy and reproducibility

A. M-mode measurements have been made using both leading and trailing

edges. In measurements of the left ventricle, both leading and trailing edges
are used. Intraobserver variability for these measurements ranges from
5% for distances to 10% for calculated volumes. Interobserver variability
is greater, ranging from 7 to 25% for volume measurements.
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B. Measurement of the aorta and left atrium by M-mode is more reproducible
in newborns if it is made from trailing-to-leading echo edge (i.e., the inter-
nal aortic diameter). Accuracy is vital, as a 1-mm error in the measure-
ment of a 10-mm aorta produces a 17% error in cardiac output.

C. The main sources of error in Doppler measurement are from the site of
sampling and the angle of incidence of the Doppler wave. If the angle is
less than 15°, the error will be <3%. A further source of error in calculat-
ing cardiac output is coronary artery flow, which may cause a 10-15%
underestimate in flow.
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Chapter 24
Bronchoscopy

Neil N. Finer

I. Equipment

A. Flexible 2.2- or 2.7-mm bronchoscope
B. Appropriate light source (preferably Xenon)
C. Optional video camera and recorder

1. Bronchoscope passes through 2.5- or 3.0-mm ETT.

2. Optional equipment includes video camera and recorder as well as a
microphone (allows determination of the phase of respiration).

3. 2.2-mm scope does not have suction channel.

D. Consider use of video laryngoscope to evaluate upper airway

1. Useful for infants >1 kg
2. Provides large clear image
3. Easier to use for inexperienced operators

II. Patient preparation

A. Suction airway thoroughly.
B. Medications:

1. Atropine (0.01 mg/kg) can be used to decrease secretions and block
vagal-mediated bradycardia.

2. Morphine (0.05-0.1 mg/kg) or meperidine (0.5-1.5 mg/kg) may be
given for analgesia at least 10—15 min prior to procedure.

3. For nonintubated patients, apply topical xylocaine to one naris.

4. For intubated infants, utilize a bronchoscopic adapter on the ETT con-
nector to maintain FiO,, airway pressure, and support during procedure.

N.N. Finer, MD (PX)

Pediatrics, Division of Neonatology, San Diego Medical Center, University of California,
402 Dickinson Street MPF 1-140, Hillcrest, San Diego, CA 92103, USA
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Inject Xylocaine (4—7 mg/kg) at the tip of ETT, using a feeding catheter,
3 min prior to procedure. Suction again just prior to procedure.

C. Follow principles of conscious sedation; monitor continuously.

w =

4.

Pulse oximetry

Blood pressure, if available
Heart rate

Respiratory rate

III. Indications: emergent (can be done in under 2 min by experienced operator)

A. Acute/subacute suspected airway obstruction or misplacement

1.
2.
3.

4.

Mucus

Blood

Dislodged ETT, tube in main stem bronchus, usually right sided,
esophageal

Check ETT position after intubation if infant is unstable

B. Evaluation of airway obstruction in recently extubated baby
C. To perform fiber-optic nasotracheal intubation in conditions with associ-
ated airway anomalies:

1.
2.
3.

Pierre-Robin
Goldenhar, Treacher Collins
Other

D. Procedure

1.

bt

10.

Premedicate—Use only topical xylocaine and smallest dose of narcotic
for fiber-optic intubation; try initially awake following atropine.
Provide oxygen using a single nasal cannula or use laryngeal mask.
Monitor as above.

Have equipment available to secure airway—oral airway, nasopharyn-
geal tube or endotracheal tube, and/or nasal trumpet to be used to main-
tain airway patency, and selection of appropriate masks.

. Slide proper-size nasotracheal tube with proximal connector removed

over bronchoscope and lodge at the proximal end of scope.

Visualize larynx via nares.

Pass bronchoscope through vocal cords to carina during inspiration.
Have an assistant hold bronchoscope as straight as possible without
pulling back.

. Slide ETT over scope until in trachea, check position as bronchoscope

is withdrawn, remove bronchoscope, and tape tube in place.
After taping, recheck ETT position to be approximately 1 cm above
carina in 3-kg infant.
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IV. Indications: intubated patient

. Confirm ETT placement, rule out plug, tracheal narrowing, tracheomalacia
Persistent or recurrent atelectasis or wheezing in an intubated patient
Evaluation of known or suspected tracheo-esophageal fistula

. Assist placement of ETT for unilateral lung ventilation or placement of
Fogarty catheter for unilateral ventilation for pulmonary interstitial
emphysema.

oNwy

V. Indications: nonintubated patient

A. Evaluation of stridor, noisy breathing
B. Evaluation for evidence of reflux—inflammation around upper airway

VI. Practical clinical hints

A. Take time out to properly identify patient and ensure that consent form is
signed.

B. Examine patient and review procedure with staff. It is essential in patients
with a concern for a dysmorphic airway than one evaluates whether there
is a cleft palate—best done by digitally palpating the palate.

C. Always preoxygenate patient and provide continuous oxygen during pro-
cedure using a single nasal cannula.

D. Use either oximeter-audible tone or heart rate monitor-audible tone to be
aware of patient status during procedure.

E. Video camera recording can decrease procedure time.

F. Consult with pediatric otolaryngologist when findings in doubt, and always
for suspect vocal cord lesions or other laryngeal abnormalities.

VII. Common neonatal diagnoses amenable to bronchoscopy (Table 24.1)

Table 24.1 Common neonatal diagnoses amenable to bronchoscopy

Upper airway lesions Lower airway lesions

Unilateral and bilateral choanal atresia Tracheomalacia

Laryngomalacia

Laryngeal dyskinesia

Subglottic narrowing, secondary to edema, Bronchomalacia

web, stenosis

Vocal cord paralysis, unilateral or bilateral Tracheal or bronchial granulations, mucus
plugs, blood clots (especially in ECMO
patients)

Laryngeal hemangioma, cystic hygroma Obstructed, malpositioned, or dislodged ETT

or tracheotomy tube
Laryngeal edema and/or inflammation
Gastroesophageal reflux Tracheo-esophageal fistula
Laryngotracheoesophageal cleft Tracheal stenosis or Web abnormal tracheal
anatomy, tracheal bronchus
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Chapter 25
Nasal Cannula Therapy

Andrea L. Lampland and Mark C. Mammel

I. Humidified high-flow nasal cannula (HFNC) to deliver noninvasive, positive-

pressure respiratory support

A. Continuous positive airway pressure (CPAP) provides noninvasive posi-

tive-pressure respiratory support in spontaneously breathing infants with a
goal of preventing alveolar collapse and allowing sufficient gas exchange.

1. Avoidance of intubation and use of nasal CPAP is an effective strategy
for treating respiratory distress syndrome.

2. Early use of nasal CPAP has been associated with decreased incidence
of bronchopulmonary dysplasia in premature infants.

. Multiple devices are available. Continuous positive airway pressure (CPAP)
provides noninvasive positive-pressure respiratory support in spontaneously
breathing infants with a goal of preventing alveolar collapse and allowing suf-
ficient gas exchange. Multiple devices are available through which CPAP can
be delivered.

. Nasal cannulas are a common means of providing supplemental oxygen to
neonates. However, recent investigations have shown potential for deliver-
ing positive distending pressure via nasal cannulas with utilization of higher
gas flow rates and larger diameter cannulas.

1. Pressure=flow x resistance
2. The term “HFNC?” relates to the use of >1 L/min of gas flow, most com-
monly 2—-8 L/min.
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a. Humidified HFNC systems are commercially available.

b. Typically, these prepackaged systems have an internal pressure-limiting
mechanism as a safety measure to prevent excessive pressure deliv-
ery to the patient; however, the exact pressure limits vary and are
different among systems.

Closure of the infant’s mouth allows more optimal delivery of positive-
distending pressure.

D. Proposed mechanisms of action of humidified HFNC:

1.

2.

4,

Flushing of dead space in the nasopharyngeal cavity leading to improved
respiratory efficiency

Adequate gas flow reduces inspiratory resistance in the nasopharynx and
reduces work of breathing

Heated and humidified air improves pulmonary mechanics and prevents
airway water loss and cooling

Delivery of positive-distending pressure

II. Potential risks and benefits of humidified HFNC

A. Benefits

1.
2.

6.

Avoidance of nasal septal trauma by using small nasal cannula interface
Avoidance of nasal mucosa irritation and decrease in thickened secre-
tions by heating and humidification of air

. Studies suggest no significant changes in work of breathing compared to

nasal CPAP

Easy to administer and well-tolerated by patients

Allows the care provider easy access to and interaction with the patient
with minimal impediments related to the device

Lower cost than nasal CPAP

B. Limitations and risks

1.

Inability to consistently predict the actual level of positive-distending
pressure delivered to the patient:

a. Improved delivery of continuous positive-distending pressure if
infant has mouth closed to minimize leak

b. Significant intrapatient and interpatient variability of the amount of
positive-distending pressure delivered at same gas flow rates because
of variable leaks around the nares and mouth as well as differences in
patient physiology

c. Necessitates the calculation of effective FiO, delivery to accurately
predict oxygen delivery to the patient

d. Nasal cannula oxygen is a blend of the supplemental oxygen deliv-
ered by the nasal cannula and of room air inhaled through the mouth
and nose
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2. HENC devices direct gas flow straight to the patient:

a. Commercially available HFNC systems typically have pressure-

limiting controls; however, each system has a different pressure level
limit. Some systems do not specifically quantify the upper pressure
limit—the pressure above which the pressure-limiting valve opens
and deflects direct pressure from the gas flow away from the patient

. Handmade high-flow systems (those not commercially produced)

do not have pressure-limiting controls and therefore, the only
pressure-limiting “valves” are at the patient, most commonly at
the nose and mouth

. Subcutaneous scalp emphysema, pneumo-orbitis, and pneumoceph-

alus have been reported with use of humidified HFNCs

3. Historical data with concern for increased rates of infection, in particular,

Gram-negative bacteremia

4. Limited data set with predominance of observational and retrospective

studies:

a. Very few randomized trials
b. Very few studies have directly compared nasal CPAP (standard of

care) and varying levels of HFNC within the same population

. Difficult to compare and generalize current data to all neonatal popu-

lations secondary to variables related to the type of HFNC that was
used (commercially available versus homemade systems), the pres-
ence or absence of a pressure-limiting valve, and the diameter of the
nasal cannula

. No studies to date with adequate power to assess long-term major

clinical and neurodevelopmental outcomes

III. Potential clinical applications

A. Humidified HFNC to provide positive-distending pressure after extubation

1.

Limited data with very few randomized controlled trials: Data vary with
regard to study design, use of different devices and equipment, and
unknown severity of patient respiratory status.

Randomized controlled trials:

a. Campbell et al. (2006) compared rates of reintubation in preterm

infants with birth weight <1,250 g who were extubated to nasal CPAP
versus humidified HFNC.

(1) Extubation failure rates within 7 days were 60% with HFNC and
15% with nasal CPAP

(2) Increased oxygen use and more apnea and bradycardia in the
babies extubated to humidified HFNC

b. Woodhead et al. (2006) compared rates of extubation failure in infants

exposed to HFNC versus Vapotherm 2000i®-heated, humidified
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HFNC in the first 24 h after extubation. Extubation failure rates were
47% in the HFNC group versus 0% in the Vapotherm group.

. Miller and Dowd (2010) compared rates of extubation failure in

infants 26-29 weeks of age extubated to either Fisher and Paykel® or
Vapotherm HFNC. There were no differences in extubation failure
rates.

3. Retrospective studies:

a. Shoemaker et al. (2007) compared a retrospective cohort of infants

<30 weeks’ gestation who received nasal CPAP or humidified HFNC
within 96 h of birth. Extubation failure was higher in the nasal CPAP

group.

. Holleman-Duray et al. (2007) compared a retrospective cohort of

infants 25-29 weeks’ gestation before and after the introduction of an
early extubation protocol to Vapotherm; there were no differences in
extubation failure rates or oxygen use.

B. Humidified HFNC to prevent apnea of prematurity and increased work of
breathing

1. Sreenan et al. (2001) compared stable premature infants in a crossover
study of nasal CPAP and humidified HFNC.

a. There were no significant differences between the modes with respect

to apnea, bradycardia, and desaturation events.

b. Infant oxygen requirements were no different between the two modes.

. Saslow et al. (2006) evaluated the effects of nasal CPAP and Vapotherm
HFNC on respiratory parameters and work of breathing indices in a
crossover study of stable preterm infants requiring nasal CPAP or HFNC
and weighing <2.0 kg at birth. There were no significant differences in
work of breathing between the two groups.
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Chapter 26
Continuous Positive Airway Pressure

Colin J. Morley

I. Definitions

IL.

A.

B.

Continuous positive airway pressure (CPAP) is positive pressure applied to the
airways of a spontaneously breathing baby throughout the respiratory cycle.
Positive end-expiratory pressure (PEEP) is pressure applied to the airways
through an endotracheal tube during positive-pressure mechanical ventila-
tion during the expiratory phase of ventilation (see Chap. 28).

. CPAP and PEEP are used to treat babies with acute respiratory difficulty,

mainly premature infants with RDS. In particular, they are used to facilitate
the formation of a functional residual capacity (FRC) at birth, then main-
tain lung volume, and improve oxygenation. CPAP is also used to treat
premature infants with apnea or airway obstruction.

CPAP and PEEP are needed to support the airways and avoid alveolar collapse
to below FRC for the following reasons

A.

The full-term newborn baby normally maintains a small positive end-
expiratory pressure in the airways in the first few hours and possibly days
after birth by slight adduction of the larynx.

. The newborn infant with lung disease and a low lung volume has two

mechanisms to maintain FRC. First, he/she can breathe fast and shorten the
expiratory time to stop the lung from emptying completely. Second, he/she
can “grunt” during expiration. During these breaths, the baby inspires
rapidly as much as possible, and then closes the larynx to maintain any
lung volume that has been achieved. Simultaneously, he/she contracts the
abdominal muscles to increase intrathoracic pressure, help clear lung fluid,
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and prevent the alveoli and airways from collapsing. He/she then opens the
larynx slightly and rapidly exhales through a narrowed larynx to maintain
pressure in the airway and create the grunting expiration. This can be so
forceful that it raises the CPAP pressure if this is being used. If the baby
tires, cannot maintain adequate laryngeal tone, or the larynx is bypassed by
an endotracheal tube, he/she may rapidly lose FRC and become hypoxic.

. Fluid is secreted by the alveolar epithelium before birth and there is as

much fluid in the lungs before birth as there is gas after birth. During labor,
adrenergic hormones inhibit secretion and promote some fluid absorption.
In term infants, the lung fluid leaves the air spaces soon after birth. Inflation
of the lungs moves the liquid from the lung lumen into distensible perivas-
cular spaces and away from the sites of gas exchange. The postnatal clear-
ance of lung liquid is slower after premature birth and after cesarean
delivery. The premature lung may even continue to secrete fluid into the
alveoli adding to the problems of maintaining alveolar patency. Elevated
left atrial pressure and low plasma protein concentration also slow the rate
at which lung liquid is removed from potential air spaces. This means that
the very premature infant has considerable difficulty producing and main-
taining FRC. This problem can be helped by CPAP or PEEP.

. The newborn lung has an FRC that is close to airway closing volume.

Premature babies may have to work hard with each breath to maintain lung
volume. This can be helped by CPAP or PEEP.

. Term infants generate large, negative pressures (up to —80 cm H,0) with

the first few breaths to open the lung. Very premature infants are not able
to exert as much negative pressure because they are not strong enough to
expand their stiff, surfactant-deficient, fluid-filled lungs, and their chest
wall retracts with each inspiration.

. The upper airway in the term infant is supported by a fat, laden, superficial

fascia and also actively held open by the pharyngeal muscles. In the prema-
ture infant, the pharynx is not as well-stabilized and is more likely to col-
lapse. Pharyngeal closure or narrowing can occur with relatively small
changes in airway pressure. If the infant has large, negative pharyngeal
pressure during inspiration, this may collapse the extrathoracic airway.
Infants with periodic breathing easily develop obstruction of the pharynx,
which is reversible by CPAP.

. The premature infant has an immature lung structure with a relatively

undeveloped internal architecture to maintain lung volume so that it is not
held open by internal support. The immature lung also has thicker and
fewer alveolar septa. This reduces gas exchange.

. The newborn’s chest wall is very compliant, probably five times more than

the normal lung tissue. The chest wall of the premature baby is so soft and
flexible that it is incapable of holding the lung open during excessive
inspiratory efforts, and contraction of the diaphragm and the negative pres-
sure generated distort the chest wall and reduce tidal volume.

. The round shape of the premature infant’s chest wall with horizontal ribs

also reduces the potential for lung expansion. The diaphragm of the preterm
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III.

N.

infant is relatively flat and potentially less effective. During REM sleep,
there is loss of intercostal muscle activity. This destabilizes the chest wall
so that rib cage and abdominal respiratory movements are out of phase.
This results in a further loss of end-expiratory lung volume. Atelectasis and
airway closure develop easily, especially considering the relative paucity
of collateral ventilation channels in the newborn.

Premature babies often have a patent ductus arteriosus (PDA) (Chap. 73).
If they have a high pulmonary artery pressure, blood is shunted away from
the lungs through the ductus arteriosus. As the pulmonary artery pressure
falls, the ductus arteriosus shunts extra blood from the aorta to the pulmo-
nary arteries and lungs on top of the blood flow from the right ventricle.
This may increase fluid in the lungs making them less compliant and may
predispose to pulmonary edema.

Surfactant in normal lungs has two important functions.

1. It lowers the surface tension and facilitates lung expansion at birth.

2. It “solidifies” on the alveolar surface, increasing the surface pressure,
and helps hold the lung open during expiration.

3. Very immature lungs lack adequate surfactant, so they tend to have a
low lung volume or even airway collapse during expiration.

4. This results in a further loss of surfactant from the alveolar surface by
“squeeze out” as the surface area falls.

The epithelium of repeatedly collapsing lung is easily damaged and plasma
proteins exude onto the surface. These compound the problem of inade-
quate surfactant by inhibiting its function. These proteins form the hyaline
membranes seen on the surface of the alveoli in the pathology of RDS.

A decrease in lung volume is associated with inadequate oxygenation, a
persistently elevated alveolar-arterial oxygen gradient, and ventilation/per-
fusion mismatch. Oxygenation is related to the surface area of the lung. If
this is reduced, oxygenation is compromised. Carbon dioxide diffuses
more easily and elimination is primarily related to minute volume. This can
be compromised by low lung volume and atelectasis.

Reduced arterial oxygen availability impairs the respiratory pump, including
the diaphragm.

How CPAP improves respiratory function

A.

CPAP reduces the chance of upper airway occlusion and decreases upper
airway resistance by mechanically splinting it open. It increases the pharyn-
geal cross-sectional area, reducing upper airway resistance, and decreases
genioglossus activity.

. CPAP alters the shape of the diaphragm, making it flatter, and increases

diaphragmatic activity.

CPAP improves lung compliance and decreases airway resistance in the
infant with unstable lung mechanics when the lung is stiff and FRC low.
The distending pressure enables a greater tidal volume for a given negative
pressure with subsequent reduction in the work of breathing.
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For a baby with stiff lungs, CPAP increases the mean airway pressure. The
associated increase in FRC improves lung surface area, ventilation/perfu-
sion mismatch, and reduces oxygen requirements.

. CPAP increases the radius of curvature of the alveolus, thus decreasing the

amount of pressure necessary to overcome surface tension, in accordance
with LaPlace’s law.

F. CPAP conserves surfactant on the alveolar surface.
G.

Successful extubation may be more likely to succeed if the baby is treated
with nasal CPAP immediately after extubation.

Indications for treating a baby with CPAP

A.

For very preterm babies, CPAP should be started as soon as resuscitation is
started to facilitate the early formation of an FRC and thereby improve
oxygenation.

. Increased work of breathing:

1. Increased respiratory rate, usually more than 60/min, is an indication
that the baby is trying to maintain lung volume by shortening the expi-
ratory time.

2. Retractions of the lower ribs and sternum, where the diaphragm is
inserted, are an indication of strong diaphragmatic contractions pulling
on a compliant chest wall.

3. Grunting expiration results from the baby trying to maintain positive
pressure in the lungs during expiration by adducting the larynx during
active expiration.

. The need for increased inspired oxygen: This is a good sign of low lung

volume.
A chest radiograph showing inadequately expanded or infiltrated lung
fields, atelectasis, or pulmonary edema.

E. Recurrent apnea of prematurity.
F.
G. Tracheomalacia or abnormalities of the airways predisposing to airway

Recent extubation from ventilation in a preterm baby.

collapse.

How to administer CPAP

A.

The following devices have been used:
1. Face mask:

a. This can provide positive pressure throughout the respiratory cycle
and has the benefit of no loss of pressure through the mouth. It can
be very useful for giving CPAP immediately after birth.

b. A face mask has several problems when used long term.

(1) Ttis difficult to get a good seal without excessive pressure on the
baby’s face.
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(2) The mask has to be removed, and the pressure is lost, when the
mouth and nose are cleared by suction.

(3) It is difficult to have a nasogastric or orogastric tube because of
the difficulty with then forming a seal when the tube is in place.

2. Head box with a neck seal:

a. This was one of the original methods, devised by Gregory.

b. It was a special head box that sealed around the neck and preset pop-
off valves to control the pressure.

c. It had many problems.

(1) Tt was difficult to get a good neck seal.

(2) There was very limited access to the baby’s face.

(3) Any attention to the baby’s face caused a loss of pressure.
(4) There was a high flow of gas cooling the baby’s head.

(5) It was very noisy.

3. Negative-pressure box:

a. Various types were designed. None are in use now.

b. A cuirass encircled the chest and abdomen with a tight fit at the top
and bottom. It maintained a negative pressure outside the chest to
help resist forces causing lung collapse.

c. Although effective, it had many practical problems.

(1) Tt was difficult to get a good seal.

(2) There was poor access to the baby’s body.

(3) Any attention to the baby’s body caused a loss of pressure.
(4) There was a high flow of gas cooling the baby.

B. The following devices are commonly used for delivering CPAP because
they are easier to use, associated with fewer complications, and are more
effective.

1. Short binasal prongs:

a. This is the most satisfactory (or least unsatisfactory) method of
delivering CPAP.
b. Nasal CPAP is delivered through binasal prongs.

(1) Short prongs are inserted into the nostrils and attached to a
device for delivering CPAP.

(2) Binasal prongs are more effective at delivering CPAP than a
long, single prong.

(3) A binasal device with a “fluidic flip” when the baby exhales
through the device is said to reduce the work of breathing, but there
are few clinical data to substantiate superiority over other devices
and there is no evidence that babies on binasal CPAP exhale
through the device unless their mouth and nose are held closed.
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A single nasal prong:

a. A single prong can be short, inserted into the nostril about 1.5 cm or
inserted deep into the pharynx.

b. This can be an ETT cut down to about 5 cm long and fixed about
1 cm into the nostril.

c. It has higher resistance than binasal prongs.

. Long nasopharyngeal prongs:

a. Long nasal prongs have a higher resistance than short prongs and
some of applied pressure is lost.
b. They are more likely to become blocked by secretions.

Nasal mask:

a. This can be effective but is difficult to attach to the baby and get a
good seal without undue pressure.

b. Several different models are available.

c. They can cause damage to the nasal bridge.

Endotracheal tube:

a. An ETT should not be used solely for the purpose of delivering
CPAP because the resistance increases the baby’s work of
breathing.

b. Endotracheal CPAP may be used for a short while, just before extu-
bation, to investigate how well the baby can breathe when extubation
is considered.

VI. What CPAP pressures can be used?

A. Aseach baby’s respiratory problems are unique, the level of CPAP required
needs to be individualized and should be altered to suit the baby’s problems
as they change. Using one pressure for all babies with different problems is
common but not appropriate.

1.

2.

Immediately after birth, a pressure of at least 5¢cm H,O is required and
up to 8cm H,O may be more effective.

If an infant has stiff lungs or low lung volume, increasing CPAP
improves oxygenation. Some babies with very stiff lungs may need a
higher pressure. However, if the pressure is too high in a baby with
compliant lungs, overdistension may occur and oxygenation may be
compromised. The maximum pressure is not known but is probably at
least 10 cm H,O for a baby with stiff lungs.

. Increasing CPAP may increase PaCO, if the pressure is too high and

lungs are compliant. There may be a trade-off between improving the
oxygenation and increasing the PaCO,. Also, if a baby with highly com-
pliant lungs is treated with CPAP and the PaCO, levels are high, reduc-
ing the pressure may improve the PaCO,.
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B.

Ways to determine the appropriate level of CPAP:

1. Look at the chest radiograph. Do the lungs look consolidated, atelectatic,
edematous, or are they well- or overexpanded? Higher or lower pres-
sures may be required depending on the problem seen.

2. Observe the baby’s chest. If the baby is retracting, tachypneic, or
grunting, a higher pressure is likely to be needed.

3. If oxygenation is the main problem, it will probably improve if the
pressure is increased.

4. 1If carbon dioxide retention is the main problem, this may be secondary to
overinflation from too high a pressure. Consider reducing the pres-
sure, but look at a chest radiograph first.

5. Start CPAP at 4-5 cm H,O and gradually increase up to 10 cm H,O as
required to improve oxygenation and stabilize the chest wall while
maintaining appropriate gas exchange [pH > 7.25 and PaCO, < 60 torr
(8 kPa)].

VII. Use of CPAP postextubation

VIIL

IX.

A.

Several studies have shown that very premature babies breathe and oxy-
genate better and are less likely to need reintubation, particularly if they
were ventilated for RDS and if they are treated with a nasal CPAP pres-
sure of at least 5 cm H,O immediately after extubation. This may be
because the larynx has been stretched, edematous, and not functioning
properly during the few hours after extubation.

. Alternatively, CPAP helps to maintain airway patency and alveolar dis-

tention and lower the work of breathing.

Prophylactic CPAP for very preterm babies from birth

A.

B.

C.

Historical, cohort, and randomized controlled trials have shown that many
very preterm babies can be successfully started on nasal CPAP from birth
and do not need to be intubated, ventilated, and treated with surfactant.
The proportion that succeeds depends upon the gestational age of the
infant, the CPAP failure criteria defined, and the experience of the staff.
The outcomes for the babies started on CPAP are similar to babies elec-
tively intubated at birth.

When CPAP should not be used?

A.

B.

If a baby is persistently or frequently apneic and bradycardic, he should
be intubated and ventilated.

If the baby has respiratory failure—inability to maintain a normal PaCO,:
Intubation and ventilation are required if the PaCO, is high and rising;
PaCO, > 60 torr (8 kPa) and pH < 7.25.

. Upper airway abnormalities (cleft palate, choanal atresia, tracheo-

esophageal fistula).
Severe cardiovascular instability.
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X. Hazards/complications of CPAP

A.

B.

Obstruction of the nose or nasal tubes with secretions, so the baby can
only breathe through the mouth and does not receive the CPAP pressure.
CPAP applied to a compliant lung may cause overdistension of the lung
and reduce the tidal volume. It may also lead to:

Nk e =

10.

Air leaks

CO, retention

Hypoxia

Increased work of breathing

Impedance of pulmonary blood flow with subsequent increased pul-
monary vascular resistance and decreased cardiac output

Gastric distension (not a big problem as long as the baby has an oro-
gastric tube, left open to atmosphere, and any residual gas is aspi-
rated regularly); concern about gastric distension from gas is not a
reason to withhold enteral feeding

. Nasal irritation, damage to the septum, mucosal damage, and possi-

bly sepsis

Skin irritation and necrosis or infection of the face from the fixation
devices

Failure of the disconnect alarms because of the increased resistance
in the tube or obstruction in the tubes continuing to measure a high
pressure

The CPAP device falling out of the nose

XI. Weaning babies from CPAP

A.
B.

There is no good evidence to inform how long CPAP should be used.
The pressure required and the length of time it is used have to be deter-
mined by observing the baby and clinical experience.

1.

A baby, who is not having apneic or bradycardic episodes, requires a
low inspired oxygen concentration and is on a CPAP pressure of 5 cm
H,O or less can be tried without CPAP. It is a matter of trial and error
to see how he/she manages.

Conversely, a baby who requires a high level of inspired oxygen and is
clinically unstable will probably benefit from continuing with CPAP.

Some babies appear to be able to breathe well without CPAP but then tire
after a few hours, their FiO, increases, and apnea and bradycardia occur.
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Chapter 27
Non-invasive Ventilation

Brigitte Lemyre and Haresh Kirpalani

1. Definition

A. This chapter covers methods of assisted ventilation without an endotracheal
tube in the trachea, and using interfaces either just at the nares alone or seal-
ing the entire nose with a mask. These can deliver positive pressure through-
out the respiratory cycle with additional intermittent increases in the airway
pressure. This additional intermittent airway pressure can be either syn-
chronized to the patient’s own breaths or non-synchronized, depending on
the delivery system used.

B. The terminology used for non-invasive ventilation can be confusing. When
non-invasive ventilation is provided via a conventional ventilator, it usually
delivers short (0.3-0.5 s) but high (20-25 ¢cm H,O) peak pressure, similar to
a ventilator breath.

C. The following abbreviations denote commonly used synonyms:

1. Nasal ventilation (NV)
2. Nasal intermittent mandatory ventilation (NIMV)
3. Nasal intermittent positive pressure ventilation (NIPPV)

D. The term NIPPV is used here.
E. The mode can be synchronized or not. When synchronized, it is prefaced
with an “s,” as synchronized NIPPV (sNIPPV).
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F. Other devices (Infant Flow, SiPAP) are designed to provide positive pressure

throughout the respiratory cycle by alternating between a higher pres-
sure and a lower pressure. In these systems, the duration of the higher
pressure is longer (0.5-1.0 s) and the peak pressures are lower (12—-15 cm
H,0) than those with modalities described above, which are provided via a
ventilator. Patients can breathe at both levels of pressure.

1. Bi-level is used here to refer to non-invasive ventilation delivered via
such a device.

2. Bi-level positive airway pressure (BiPAP).

3. These biphasic devices are usually operated in a synchronized mode
(although they have not yet been approved for use in the USA with the
synchronizing device).

. In experimental animals, nasal high frequency decreases alveolar damage,

showing improved histological appearance compared to intubated ventilated
animals. Nasal high-frequency oscillation (HFO) at the nares was first reported
in the 1980s and more recently in small series. All reports show efficacy in
CO, removal but have not yet been adequately tested in randomized trials,
although one is in progress now (NCT01277874). One small pilot study
showed short-term efficacy with nasal percussive high frequency. Therefore,
HFO modes have potential, but are not discussed further for lack of data.

II. Likely physiological mechanism underlying putative benefits of NIPPV

A. Both continuous positive airway pressure (CPAP) and NIPPV or bi-level may

exert benefit by reducing the fatigue resulting from the floppy chest wall of
preterm infants. All three also splint the upper airway and reduce obstruction.
In summary, they expand the lung, increase functional residual capacity,
prevent alveolar collapse, and improve ventilation—perfusion mismatch.

. SNIPPV results in a higher tidal volume over nCPAP breaths and non-

synchronized NIPPV. Increases in tidal volume possibly result from stimu-
lation of the upper airway.

. All forms of nasal ventilation also provide additional positive pressure

breaths. These provide slightly higher mean airway pressure and higher
tidal volumes. Whether synchronized or not, they reduce thoraco-abdominal
asynchrony and improve chest wall stabilization, resulting in a decreased
work of breathing. These effects have been shown particularly with syn-
chronized nasal ventilation.

III. Current state of evidence

A. NIPPV was first tested in an RCT in 1970; however, its use was limited by

poor interfaces leading to unacceptable rates of complications, including
facial edema and gastrointestinal dilatation.

B. Modern usage with new silastic interfaces has resulted in a much easier

application, with a far less adverse event rate.
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C. The present randomized data, as summarized in the Cochrane review, date
from 2002 and need revision. However, although those data suggest benefit
in prevention of extubation failure, there are insufficient data to support use
in apnea of prematurity or prevention of BPD.

D. In considering the new trials to date, they also do not unequivocally answer
several outstanding questions:

1. Is synchronization superior for post-extubation, primary mode, or treat-
ment of apnea of prematurity?

2. Are bi-level devices comparable to NIPPV delivered via a ventilator for
important short-term outcomes (failure of extubation, prevention of
intubation)?

3. Are clinically important outcome variables (mortality and broncho-
pulmonary dysplasia (BPD)) improved with the use of NIPPV or bi-level
devices?

E. In addition, one large retrospective study appears to show clinically impor-
tant reductions in BPD and neurodevelopmental impairment at age 18
months from the use of SNIPPV; however, these findings were puzzlingly
only present in one subgroup of infants (BW 500-750 g). The methodological
limitations of this study prevent firm conclusions.

F. A large, multicenter, international, randomized controlled trial is currently
nearing completion, and yield more data (ClinicalTrials.gov Number:
NCT00433212). In this trial, infants <1,000 g were randomized to nasal
ventilation (via a ventilator or bi-level) or nCPAP, either as a primary mode
or post-extubation. The outcome is death or moderate/severe BPD at 36
weeks’ corrected gestational age.

IV. How can non-invasive ventilation be delivered?

A. Nasal interface: Airflow may be delivered by nasal prongs, which can be
short (tip in the nose) or long (tip in the nasopharynx), single or bi-nasal,
or can be delivered via a nasal mask. If using prongs, short prongs are
advocated. Effectiveness—and safety—critically depends upon methods
of fixation. Nursing care and minimization of loose fittings with infant
head movements are critical (see Squires AJ and Hyndman M). It is
imperative to avoid movement of the tubing, which can be minimized by
anchoring it to the cheek. It is also key to make sure that there is appropri-
ate fit to the nares.

B. Asdiscussed above, non-invasive ventilation can be delivered in a synchro-
nized or non-synchronized fashion. The advantage of synchronization is
theoretical, as no trial has compared the modes yet. Also, using standard-
ized scoring assessments, it has been shown to lead to more discomfort to
the baby. Non-synchronized nasal ventilation can be delivered using any
ventilator, making it a potentially simple tool.

C. Synchronized nasal ventilation can be delivered by some ventilators with
specific triggering devices. The devices are pneumatic capsules that are
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used to detect abdominal movement at the start of inspiration. These,
however, have significant trigger delays and are known to be unreliable.
Many early studies reported data using this type of device. The availability
of sNIPPV has decreased in North America. Newer devices, available in
some European countries, are able to trigger using airway-derived flow
signals, but are not available in North America as of now.

V. Indications for use

A. Post-extubation: Five randomized controlled trials have compared nasal

ventilation to CPAP after extubation in premature infants. Three used syn-
chronized devices (Infant Star®). A meta-analysis of these trials demon-
strated a reduction in extubation failure (NNT=3). One small trial used a
non-synchronized device and could not demonstrate a reduction in extuba-
tion failure. One last unpublished trial used a bi-level device (SiPAP) to
provide nasal ventilation and found no benefit in reducing extubation
failures.

. Apnea of prematurity: Three studies compared CPAP with nasal ventilation

(non-synchronized) for the treatment of apnea of prematurity. Trials were
short term (hours) and results were conflicting. It is not clear whether
NIPPV reduces the frequency of apnea more effectively than nCPAP.
However, in post-extubation studies, the reason for reintubation in the
nCPAP group was mostly apnea of prematurity, which was reduced in the
NIPPV group.

. Primary mode of ventilation for respiratory distress syndrome: Four ran-

domized controlled trials, with 448 patients, recently examined this ques-
tion. All used non-synchronized nasal ventilation delivered via a ventilator.
The primary outcome was failure of non-invasive respiratory support with
need for intubation (4 h to 1 week). Two trials found no difference between
treatment approaches while the other two found less treatment failure with
NIPPV.

VI. Settings

A. The settings depend on the device used and the clinical indication.

1. In post-extubation trials, settings similar to those on the ventilator just
prior to extubation were used. These included rates of 20-30/min, PEEP
5-6 cm H O, and peak inspiratory pressures of 16-18 cm H,O.

2. Settings for infants with RDS included PIP up to 22 ¢cm H,O and rates
up to 50/min. Inspiratory times varied between 0.3 and 0.5 s.

3. For apnea of prematurity, settings are generally lower, as lungs are
healthier. PIP 10-14 ¢cm H,0O, PEEP of 4-6 cm H, 0O, and rates of 20/min.

B. Bi-level devices cannot achieve such levels of PIP and also require longer

inspiratory times. Usually, a 7, of 0.5-1.0 s is required and PIP is set at
3-4 cm H,0 above PEEP. Rate can start at 10-40/min.
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VII. Putative Benefits

A. Avoidance of reintubation, when used immediately after extubation: This
was found consistently in devices providing synchronized nasal ventilation.

B. Reduction in post-extubation apnea has not been so convincingly shown.

C. Prevention of intubation in RDS.

D. Possible reduction in BPD (post-extubation and primary-mode trials).

VIII. Potential complications

A. Abdominal distention from flow delivered preferentially to the stomach
(mainly seen in earlier studies).

B. Gastric perforation: There was an association between the use of NIPPV
and gastric perforation in a case—control study. NIPPV was being used as
a primary mode of ventilation for RDS and delivered via a face mask in
older interfaces. None of the subsequent randomized controlled trials with
newer interfaces has reported this complication.

C. Pneumothorax or other air leaks (none have been reported in randomized
trials to date).

D. Nasal erosion and injuries may result from the prongs or nasal mask, but
this is equally true for nCPAP. Again, nursing care and minimization of
movement of the interface are crucial.
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Chapter 28
Positive End-Expiratory Pressure

Sarvin Ghavam and Haresh Kirpalani

1. Definition

A. Positive end-expiratory pressure (PEEP) is the pressure applied to the

airways and lungs during mechanical ventilation to prevent airway and
alveolar collapse at the end of expiration.

. PEEP is used for infants with respiratory distress syndrome (RDS) or those

infants requiring mechanical ventilation in order to help maintain lung vol-
ume and alveolar oxygenation.

II. Available evidence

In infants, thus far, evidence exists largely at the level of physiologic measures,
rather than rigorous trials with moderate- or long-term, clinically relevant end
points.

A. Avery showed that preventing alveolar collapse at low lung volumes with

B.

PEEP conserved surfactant function.

Bonta used individualized levels of PEEP as measured by transmitted
esophageal pressures to obtain optimal lung opening, and this enabled him
to maximize PaO,.

In adult ICUs, large trials optimized PEEP using simple incremental grids in
acute respiratory distress syndrome (ARDS). For ARDS in adults, individual
meta-analysis shows that higher PEEP strategies (versus lower conventional
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PEEP strategy) reduced hospital mortality and duration of oxygen support
in patients.

A recent Cochrane Review of neonatal studies of PEEP showed insufficient
randomized evidence to suggest benefits of “high” vs. “low” levels of PEEP
or how to set an appropriate PEEP in neonates.

Physiology underlying appropriate use of PEEP

A.

In the first few hours of life, a newborn infant attempts to maintain an open
lung by maintaining an end-expiratory lung volume throughout the entire
lung and the smaller airways.

. Newborn infants initiate PEEP using two mechanisms: First, they increase

their rate of ventilation, therefore decreasing the length of time of expira-
tion and alveolar collapse. Secondly, they use the “grunt” at end inspiration:
which closes the glottis and prevents loss of functional residual capacity
(FRC) before the next breath is initiated. Placing an ETT effectively removes
both of these mechanisms.

By raising intra-alveolar pressure, PEEP resists the tendency to develop
pulmonary edema, whereby either innate alveolar lung fluid or transudates
from high pulmonary blood flow or proinflammatory processes flood the
alveolus.

Probably related to this efflux of alveolar fluid and transudates in a sick
lung, appropriate PEEP levels in animal studies prevent a proinflammatory
state in the lungs.

Because the FRC in premature lungs is close to the airway closing volume,
PEEP helps neonates maintain appropriate lung volume.

The chest wall of a premature infant is highly compliant, which has two
consequences.

1. It is difficult to stent open the lung, especially during rapid eye move-
ment (REM) sleep.

2. The floppy chest wall raises the work of breathing because of chest wall
distortion and “paradoxical” movements of rib cage and abdomen, which
add fatigue to an already overworked diaphragm. The diaphragm has a
lower efficiency in its attachment to the rib cage than in adults, and the
neonatal diaphragm has fewer endurance fibers.

Because the pressure from PEEP is transmitted through the thorax, pres-
sures should be adequate to open closed alveoli, without impeding cardiac
function and venous blood return. Fortunately, when the lung is sickest, it is
less compliant and thus transmits pressures less to the great veins, being
able thus to tolerate higher pressures to be set at the airway.

. There is a gradient of “opening” between the superior and inferior parts of

a healthy lung, and this is exacerbated during lung injury. It is minimized
with appropriate PEEP.
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IV. How PEEP helps

VL

A.

B.
C.
D.

PEEP helps maintain open airways and improves lung volume by maintaining
FRC at the end of expiration. This helps decrease ventilation—perfusion
mismatch and therefore aids in oxygenation.

Improves mean airway pressure in neonates with RDS and stiff lungs.
Overcomes the resistance of the endotracheal tube.

PEEP, therefore, reduces the impact of the compliant chest wall.

Indications for PEEP

A.

D.

Always set even a minimal PEEP in any intubated or mechanically venti-
lated patient. Zero PEEP can cause lung collapse and is deleterious to a
neonate’s respiratory status.

. Increased work of breathing despite intubation and adequate mechanical

ventilation (assessed by blood gases), which maybe manifest as continued
tachypnea and retractions.

Decreased lung volume or lung collapse as evidenced by chest radiography
findings, which can include “white out-of-the-lung fields,” “haziness,” seg-
mental atelectasis, or inappropriate rib expansion/diaphragmatic placement.
Need for increased oxygen.

How to determine PEEP?

A.
B.

C.

There are no clear neonatal data on how to set PEEP in premature infants.
Setting the best PEEP entails close clinical monitoring of respiratory, gas-
eous, and cardiovascular parameters outlined below under VII.

Ideally, optimal PEEP would be set by first building a static PV curve and
assessing the lower inflection point (LIP), and then setting PEEP 1 cm H,O
above this. Some argue for using the upper inflection point and coming
down from that pressure slightly. In either case, both procedures are techni-
cally and clinically difficult to perform in clinical practice, even in robust
adults. It is also uncertain how many infants with lung disease show a defin-
able inflection point indicating an LIP, with a high interobserver agreement.
Finally, but not least, it is clinically difficult to safely construct such a static
curve, because at low lung volumes hypoxemia will result and the infant
usually needs a skeletal muscle relaxant. To cap it all, it is also unclear
whether the dynamic loops available to us now can show this point.

. Therefore, many now monitor the improvement of dynamic compliance

values as PEEP is adjusted, as obtained from the automated ventilator func-
tions. Anecdotally, this improves as PEEP is increased (recruitment) until
there is a flattening of the PV line with consequent fall in compliance (over-
recruitment). Alternatively, on machines that measure dynamic compliance,
PEEP can be adjusted until the highest compliance is found.

Accepted ranges of PEEP include 4-12 cm H,O, depending upon the size of
infant, severity of lung disease (as indicated by pulmonary compliance,
lung volume, oxygen status, and respiratory status of the neonate), and
finally blood pressure and peripheral perfusion.
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Infants with stiffer lungs (worse RDS) may require higher distending
pressures, but there may be detrimental effects from too high a pressure.
Most clinicians begin with PEEP of 4-6 cm H, O in premature neonates
and titrate to 7-8 cm H,O as needed, based on clinical and radiographic
evidence. This is to optimize chest wall expansion and oxygenation.

How to evaluate PEEP?

A.

Monitor clinical status, including respiratory rate, retractions (especially
diaphragmatic), and work of breathing. Also monitor the degree to which
the chest wall is inflated.

. Monitor radiographic evidence of lung inflation - looking for under-inflation

(needs higher PEEP to recruit) or over-inflation (air-trapping- needs lowering
of PEEP). This, in practice, is the most convenient way to assess adequacy of
PEEP as it also allows assessment of the cardiac silhouette for any possible
compromise of cardiac output (See E).

Monitor oxygenation status; if increasing oxygen requirements occur,
consider increasing PEEP.

Monitor PaCO,, as hypercapnia (PaCO, > 60 torr) may be a sign of over-
distention of the lungs. Consider decreasing PEEP in the presence of air
trapping and hypercapnia.

Also assess hemodynamic instability with decreasing mean arterial blood
pressure as a possible sign of overdistention (high mean airway pressure)
and decrease preload to the cardiovascular system. A decrease in PEEP
may be warranted. This is also difficult to assess, but current assessments
rely on the usually accepted clinical criteria: heart rate with rising tachy-
cardia indicating rate adjustment of cardiac output; temperature of periph-
eries, or central-peripheral discrepancy. Central venous pressure monitoring
might also be helpful, especially as a trend value.

As described above, an ancillary aid is the dynamic compliance value on
most ventilators. Beware of inconsistent performance of this parameter,
however, depending on what machine is used.

How is PEEP applied and what to watch?

A.

The ventilator sets PEEP by simply closing an exhalation valve at the
required PEEP preset on the ventilator. This is placed on the expiratory
limb of the ventilator circuit. Older machines had resistance being spring
loaded. Nowadays, the valve is more likely to be electronically set and has
relatively short delay times. Springing the valve opposes full emptying of
the lung and prevents the lung from full deflation.

. Ventilators measure PEEP in two phases; the start value of the measure-

ment corresponds to the set PEEP on the ventilator and the end value is
intrinsic PEEP.

Intrinsic PEEP is the actual end-expiratory pressure in the lung. Ideally,
this should be at the same level as the set PEEP. However, there is an
interaction between the set ventilator parameters and the degree of recoil
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of the lung, which decreases as the compliance worsens. This is exemplified
on conventional ventilation, where irrespective of the setting, if the
inspiratory time (dictating the I:E ratio) is too long or if the respiratory
rate is too fast, the lung cannot empty. This is also referred to as inadver-
tent PEEP. This can be seen in graphic displays as an end-expiratory gas
trapping. Too short an expiratory time does not allow for full expiration
and “stacking” of ventilator breaths (See “Time Constant,” Chap. 8).

D. This may become an issue based on the lung compliance and expansion
(as seen on chest radiographs) or with babies at risk for air trapping (i.e.,
meconium aspiration).

IX. Potential hazards
A. Too low PEEP

1. Atelectasis (both segmental and general) based on the amount of PEEP
being delivered.

2. Increased oxygen requirement.

3. Tachypnea.

4. Increased work of breathing.

B. Too high PEEP

1. Overdistention of the lungs, with flattening of the diaphragms.

2. Hemodynamic instability, potentially decreased mean arterial blood
pressure secondary to decreased venous return.

3. Pneumothorax or air leak syndrome, secondary to poor compliance
and high distending pressure in conjunction with surfactant deficiency,
common in the premature neonate.

X. Extubation criteria

A. Most clinicians decrease PEEP with weaning ventilator settings, and con-
sider extubation at PEEP of 5-6 cm H,O, although a broader range may
be acceptable.

B. AsPEEP impacts oxygenation in premature infants, this is a crucial aspect
of the weaning process.
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Chapter 29
Intermittent Mandatory Ventilation

Steven M. Donn and Sunil K. Sinha

I. Description

A. Definition

1.

Intermittent mandatory ventilation (IMV) provides a fixed rate of mechani-
cal ventilation, determined by the clinician, and allows spontaneous
breathing between mechanical breaths.

This mode may be utilized in the acute care phase (high rates) or the
weaning phase (low rates).

B. Characteristics

1.

2.

Mandatory breaths occur at fixed intervals determined by the preset
breath rate (BR). Total cycle time is the BR (bpm) divided by 60 s/min.
With pressure targeting, the mandatory tidal volume (V) is determined
by the preset pressure limit (PL), flow, and inspiratory time (7)), as well
as the patient’s compliance (C,) and airway resistance (R,,).

V, may not be stable breath to breath, particularly if the patient is breath-
ing asynchronously with the ventilator.

The patient may breath spontaneously between mandatory breaths from
a flow of gas, with a preset oxygen fraction (FiO,), provided from the
ventilator (continuous and/or demand flow). Spontaneous breaths are
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supported only by the provided level of positive end-expiratory pressure
(PEEP, also known as baseline pressure).
The spontaneous BR, V,, peak flow, and 7| are determined by the patient.

6. PEEP may be increased to a preset level to enhance the patient’s oxygenation.
. Indications
1. Hypoxemic respiratory failure—PaO, <50 torr (6.7 kPa) while receiving

FiO, 20.5

Hypercapnic respiratory failure—PaCO, >60 torr (8 kPa)

Unstable cardiovascular status (bradycardia, hypotension)

Impaired respiratory drive (apnea, neurologic impairment)

Excessive work of breathing (impaired pulmonary function, airway
obstruction)

. Management of potential complications

1.

Overdistension/barotrauma/volutrauma

a. If possible, avoid inspiratory pressure (IP) settings above 35 cm H,O.
Wean pressure aggressively.

b. The risk of lung injury, as well as intraventricular hemorrhage, in pre-
term infants increases when the patient is breathing asynchronously
with the ventilator. Consider use of sedation and/or paralytics if syn-
chronized ventilation is not available.

Cardiovascular compromise

a. The risk increases at mean airway pressures >15 cm H,O. Avoid
excessive ventilator settings whenever possible.

b. Additional medical management of hypotension and/or hypovolemia
may be required.

Airway complications, including upper airway trauma, endotracheal
tube malposition, and tube obstruction from plugging or kinking.

a. Endotracheal tubes and ventilator circuits should be firmly secured to
avoid excessive movement.

b. Lavage and suction should be performed when the physical assess-
ment indicates the need to do so and is most safely accomplished by
two people.

Oxygen toxicity

a. Utilize optimum mean airway pressure and PEEP to improve
oxygenation.
b. Wean oxygen as quickly as possible.

Ventilator-acquired infection

a. Infection control policies and procedures should be strictly followed.
b. Prophylactic use of antibiotics is a common practice, although of
unproven efficacy and potential toxicity.
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E. Advantages

1. The clinician-selected rate delivers mechanical breaths at fixed intervals,
even if the baby is completely apneic.

2. Useful mode when skeletal muscle relaxants or heavy sedation is
required.

3. Easier to avoid inversion of inspiratory:expiratory ratio and gas trapping.

F. Disadvantages

1. May result in significant dyssynchrony between baby and ventilator result-
ing in wide variability in delivered tidal volumes depending upon whether
the baby is breathing wizh the ventilator (large tidal breath), against the
ventilator (small tidal volume), or somewhere in between.

2. Consequences of dyssynchrony are:

. Inefficient gas exchange

. Gas trapping

. Air leak

d. Association with intraventricular hemorrhage

o o

II. Controls, monitors, and alarms
A. Controls
1. Breath rate

a. BR adjusts the number of mandatory (i.e., ventilator-controlled
breaths) delivered each minute.

b. Conventional ventilators typically have a range of zero (CPAP) to 150
breaths per minute (BPM).

c. Initial BR is generally between 30 and 60 BPM; however, rates
>60 BPM may be necessary.

2. Inspiratory pressure

a. IP adjusts the peak inspiratory pressure applied to the airway during
the inspiratory phase. It is the primary determinant of the delivered V.,
(i.e., the depth of inspiration).

b. Typically, the adjustable range is 3—80 cm H,O.

c. The IP is usually started at the lowest level (e.g., 15-20 cm H,0)
necessary to produce adequate breath sounds and chest excursions
and adjusted upward in 1-2 cm H,O increments.

d. If the ventilator system in use has a V_ monitor, IP may be set to
achieve a desired V. based on weight. General rules are 4-6 mL/kg
for very low birth weight (VLBW), 5-7 mL/kg for low birth weight
(LBW), and 5-8 mL/kg for term infants.

3. Inspiratory time (7))

a. T, adjusts the length of time pressure and is applied to the airway
during inspiration (i.e., the length of the inspiratory phase).
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b. The adjustable range is typically 0.1-3.0 s.
c. Initial 7, generally ranges from 0.3-0.5 s. A shorter 7, may be required
if BR >60 BPM.

4. Flow rate

a. This control generally has a dual purpose. First, it adjusts the magni-
tude of flow directed to the airway during the inspiratory phase of each
breath. It also determines the flow available for spontaneous breathing
between mandatory breaths. Some ventilators automatically adjust the
flow available for spontaneous breathing to a value lower than the pre-
set inspiratory flow to reduce expiratory resistance.

b. The range of flow varies among ventilators. The low end is usually
2-3 liters per minute (LPM) with the high end 20-30 LPM, and in
some cases up to 40 LPM.

c. To avoid excessive expiratory resistance, the flow rate should be set to
the lowest value that generates the desired IP and produces satisfac-
tory pressure and/or flow waveforms and loops. They are typically
5-8 LPM in preterm infants and up to 10—12 LPM for term infants.

III. Positive end-expiratory pressure (Chap. 28)

A.

PEEP enhances lung volume (FRC) by preventing the collapse of alveoli at
end expiration. Increases in PEEP increase mean airway pressure, which
correlates with improvement in oxygenation.

The range of PEEP available on most ventilators is 1.0 to 20-25 cm H,O.
PEEP should be started at moderate levels (4-8 cm H,O) and increased in
1 cm H,O increments until the desired effect is achieved. In newborns,
PEEP levels higher than 10 cm H,O are only utilized occasionally.

Monitors and alarms.

1. The peak inspiratory pressure (PIP) monitor reflects the highest pressure
recorded during the inspiratory phase of mandatory breaths. It reflects the
IP control setting and, therefore, it usually does not vary breath-to-breath.
Some ventilators also have an airway pressure gauge which reflects the
dynamic increase and decrease in pressure between the IP and PEEP
(AP or amplitude).

a. The high-pressure alarm, usually set 5-10 cm H,O above the IP set-
ting, audibly and visually alarms for an increase in airway pressure.

b. The low-pressure alarm is generally set 5-10 cm H,O below the IP. It
audibly alarms for a patient circuit leak or disconnection.

c. The low PEEP alarm is set 2-3 cm H,O below the PEEP setting. It
also alarms for a patient circuit leak or disconnect.

2. The mean airway pressure monitor reflects the average pressure applied
over time (i.e., a moving average). This monitor responds to changes in
the IP, BR, T}, flow, and PEEP settings.
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In IMYV, the BR and 7, monitors reflect the control settings for these
parameters. The expiratory time (7,) and I:E ratio monitors reflect calcu-
lated values based on the T, and BR settings. I:E ratio and 7, are valuable
in assessing the risks of gas trapping and inadvertent or auto-PEEP.

The apnea alarm reflects decreases in respiratory rate. Often, it is factory
preset at 20 s but may be adjustable from 10 s to 2 min on some ventilators.
Neonatal ventilators do not always include an oxygen analyzer. However,
a stand-alone monitor may be added externally. Most monitors include
high and low FiO, alarms which are usually set 0.05 above and below
the preset level.

Most present generation ventilators include V, and minute volume mon-
itors, either built-in or as external options. Inspiratory/expiratory V. is
the volume (mL) inspired or expired per breath. When both are pro-
vided, the degree of airway leak can be assessed. Minute volume is the
volume exhaled during a one-minute time frame.

a. The V_monitor is a valuable tool for titrating the IP setting to achieve
an optimal V. (See above).

b. The low-minute-volume alarm can alert a significant drop in V, BR,
or a leak/disconnection in the patient circuit. It may be set 20-25%
below the prevailing minute volume.

An early sign of failure to wean from mechanical ventilation may be
tachypnea. Some ventilator monitoring systems may include a high
breath rate alarm or a high-minute-volume alarm to alert the clinician to
this situation.

. Most ventilators include alarms for loss of air and/or oxygen gas pres-

sure, loss of electrical power, and ventilator inoperative conditions.
These alarm conditions should be addressed immediately as patient
compromise may be highly likely.

IV. Patient management

A. Ventilation

1.

2.

The primary controls which adjust the level of ventilation are the ampli-
tude (AP=IP-PEEP) and BR.

IP should be adjusted to achieve adequate lung inflation and discourage
atelectasis. Assessment of bilateral breath sounds, chest excursion,
exhaled V, and chest radiography can guide subsequent adjustments.
Once adequate lung inflation has been achieved, BR should be adjusted
to maintain PaCO, and pH within target ranges. Minute ventilation can
be very useful to assess this trend.

B. Oxygenation

1.
2.

The primary parameters that affect oxygenation are FiO, and mean P, ,.
FiO, should be maintained below 0.6, if possible, to avoid an increased
risk of oxygen toxicity.
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3. Excessive PEEP levels should be avoided to reduce the risk of cardio-
vascular compromise. However, do not be reluctant to use whatever
PEEP is necessary, as long as the patient is adequately monitored.

4. Mean airway pressure correlates with oxygenation. Increases in T, may
improve oxygenation, without changes in FiO, or PEEP, but care should
be taken to avoid using an inadequate expiratory time.

C. Weaning (Chap. 68)

1. As the patient’s compliance increases, delivered V. increases. To avoid
overinflation, the IP should be decreased in 1-2 cm H,O decrements for
minor adjustments, and 3-5 cm H,O decrements for moderate adjust-
ments, to a minimum of 10-15 cm H,O.

2. BR should be decreased in 3—5 BPM decrements for slight adjustments
in PaCO,, and 5-10 BPM decrements for moderate adjustments, to a
minimum of 5-10 BPM.

3. PEEP should be weaned in 1-2 ¢cm H,O decrements to a minimum of
3-4 cm H,0.

4. FiO, should be weaned aggressively to <0.4.

5. Once ventilator parameters have been weaned to minimum values, read-
iness for extubation may be assessed. Evaluation of respiratory param-
eters, chest radiography, airway clearance, and hemodynamics can aid
the decision process.
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Chapter 30
Synchronized Intermittent Mandatory
Ventilation

Steven M. Donn and Sunil K. Sinha

I. Description

A. Ventilatory mode in which mechanical breaths are synchronized to the
onset of a spontaneous patient breath (if trigger threshold is met) or deliv-
ered at a fixed rate if patient effort is inadequate or absent. Spontaneous
patient breaths between mechanically assisted breaths are supported by
baseline pressure (PEEP) only.

B. A form of patient-triggered ventilation (PTV).

II. Cycling mechanisms

A. Time
B. Flow
C. Volume (but only if cuffed endotracheal tubes are used, see Chap. 32)

III. Trigger mechanisms
A. Airway flow change

1. Differential pressure transducer
2. Heated wire anemometer

B. Airway pressure change
C. Abdominal impedance
D. Diaphragmatic activity
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IV. Synchronized intermittent mandatory ventilation breath

VL

A.

In synchronized intermittent mandatory ventilation (SIMV), the breathing
time is divided into “breath periods” or “assist windows” based on the
selected ventilator rate.

. The first time a patient attempts to initiate a breath during an assist window

(which begins immediately after a mechanically delivered breath), the ven-
tilator delivers an assisted breath, provided that patient effort exceeds the
trigger threshold.

. Further attempts to breathe during the same assist window result only in

spontaneous breaths, supported only by the baseline pressure.

. Mechanical breaths are only delivered if there is insufficient patient effort

or apnea during the preceding assist window.

. Patient-controlled variables.

1. Spontaneous respiratory rate
2. Inspiratory time (if flow cycled)

. Clinician-controlled variables.

Peak inspiratory pressure (if pressure targeted)
Tidal volume delivery (if volume targeted)
Inspiratory time (if time cycled)

Flow

SIMV rate

A

. Flow cycling.

1. Inspiration is terminated at a percentage of peak flow rather than time.
2. Synchronizes expiratory as well as inspiratory phase, and thus total
patient/ventilator synchrony can be achieved for assisted breaths.

Spontaneous breath

A.
B.

C.

Supported by baseline pressure (PEEP) only

Work of breathing is higher than for assist/control or with pressure support
ventilation

Observation of spontaneous tidal volume is a useful indicator of suitability
to wean

Patient management

A.

Indications

1. Works best as a weaning mode, although many clinicians prefer it to
assist/control as a primary management mode.

2. Flow triggering especially useful in extremely low-birth-weight infants.

3. Provides partial ventilatory support, as patient can breathe between
mechanical breaths.

4. Synchrony can decrease the need for sedatives/paralytics.
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B. Initiation

1.
2.
3.

4.

Use minimal assist sensitivity.

Set SIMV rate at reasonable level to maintain adequate minute ventilation.
For flow cycling, termination at 5—10% of peak flow generally works best
but must check to see that patient is receiving adequate tidal volume.
Other parameters set as for IMV.

C. Weaning

L.

2.

Primary weaning parameters include SIMV rate, peak inspiratory pres-
sure (for time or flow cycling), and tidal volume (for volume targeting).
If PaCO, is too low, it is most likely the result of overventilation. Lower
the rate, pressure, or volume depending on lung mechanics.

. As patient status improves, spontaneous tidal volumes increase, enabling

lowering of SIMV rate.

. Can extubate directly from SIMV or add or switch to pressure support

ventilation (PSV).

. Can also wean by increasing assist sensitivity, thus increasing patient

work and therefore tolerance.

VII. Problems

A. Autocycling and false triggering.

1.

2.

Leaks anywhere in the system (around ETT, in circuit, etc.) can cause
flow- and pressure-triggered devices to misread this as patient effort
resulting in delivery of a mechanical breath.

Abdominal impedance device may trigger from artifactual motion.

B. Failure to trigger.

1.
2.
3.

Assist sensitivity set too high
Patient unable to reach trigger threshold
Patient fatigue

C. Inadequate inspiratory time (flow cycling) results in inadequate tidal
volume delivery. Patient may compensate by breathing rapidly.
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Chapter 31
Assist/Control Ventilation

Steven M. Donn and Sunil K. Sinha

I. Description

A. Ventilatory mode in which mechanical breaths are either patient (assist) or
ventilator (control) initiated
B. Another form of patient-triggered ventilation (PTV)

II. Cycling mechanisms

A. Time
B. Flow
C. Volume (but only if cuffed endotracheal tubes are used)

III. Trigger mechanisms
A. Airway flow

1. Heated wire anemometer
2. Differential pressure transducer

Airway pressure
Thoracic impedance
Abdominal impedance
Diaphragmatic activity
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Assist breath
A. If patient effort exceeds trigger threshold, mechanical breath is initiated.

1. Trigger delay (response time) is the time from signal detection to rise in
proximal airway pressure.

2. Long trigger delay increases work of breathing as patient may complete
own inspiratory cycle before receiving ventilatory assistance from the
mechanical breath.

B. Patient-controlled variables.

1. Respiratory rate
2. Inspiratory time (if flow cycled)

C. Clinician-controlled variables.

Peak inspiratory pressure (if pressure targeted)
Tidal volume delivery (if volume targeted)
Inspiratory time (if time cycled)

Flow

Control rate

Al el

D. Flow cycling.

1. Inspiration is terminated at a percentage of peak flow rather than time.

2. Fully synchronizes patient and ventilator.

3. Prevents inversion of inspiratory:expiratory ratio and minimizes gas
trapping.

4. May result in insufficient inspiratory time and tidal volume delivery.

Control breath

A. Essentially, a backup IMV in case of insufficient patient effort or apnea.

B. Provides a minimal minute ventilation if baby is unable to trigger the venti-
lator or fails to breathe.

C. If the rate set too high, patient may “ride” the ventilator and not breathe
spontaneously.

D. If patient is consistently breathing above the control rate, lowering it has no
effect on the mechanical ventilatory rate.

Patient management
A. Indications

Works well for virtually all patients

Flow triggering especially useful in extremely low-birth-weight infants
Provides full ventilatory support

Synchrony can decrease the need for sedatives/paralytics

Rl e
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B. Initiation

1.

Use minimal assist sensitivity.

2. Set control rate at reasonable level until patient demonstrates reliable

4.

respiratory drive, usually 20-40 breaths/min.
. For flow cycling, termination at 5-10% of peak flow generally works
best, but check to see that patient is receiving adequate tidal volume.
Other parameters set as for IMV.

C. Weaning

1.

Since reduction in ventilator rate has no impact on minute ventilation
if patient breathes above the control rate, primary weaning parameter
is peak inspiratory pressure.

. If PaCQ, is too low, it is most likely the result of overventilation (too
high a peak inspiratory pressure), as infant is unlikely to spontaneously
hyperventilate. Lower the pressure.

. As soon as patient demonstrates reliable respiratory drive, lower the

control rate (20-30 bpm).

Can extubate directly from assist—control or switch to SIMV or SIMV/PS.

. Can also wean by increasing assist sensitivity, thus increasing patient

work and therefore tolerance.

VII. Problems

A. Autocycling and false triggering.

1

2.

3

. Leaks anywhere in the system (around ETT, in circuit, etc.) can cause
flow- and pressure-triggered devices to misread this as patient effort
resulting in delivery of a mechanical breath. Setting the assist sensitivity
at a level above the measured leak can avoid this.

Thoracic impedance triggering may result in mechanical breaths sec-
ondary to cardiac impulses rather than respiratory motion.

. Abdominal impedance device may trigger from artifactual motion.

B. Failure to trigger.

1
2
3
4

. Assist sensitivity too high

. Patient unable to reach trigger threshold
. Patient fatigue

. Sedative drugs

C. Inadequate inspiratory time (flow cycling) may result in inadequate tidal
volume delivery. Patient may compensate by breathing rapidly.

D. Metabolic acidosis: Baby may attempt to achieve respiratory compensa-
tion (alkalosis) by breathing rapidly.
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Chapter 32
Volume-Targeted Ventilation
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I. Description

A. Form of mechanical ventilation, where tidal volume is the primary target
variable and pressure is permitted to fluctuate to deliver this volume.

B. Although tidal volume may be monitored at the ventilator, measurement at
the proximal airway is more accurate and safer for the neonatal patient.

C. Because uncuffed endotracheal tubes are used in newborns, there may be a
variable loss of delivered gas volume from leaks. It is, thus, more appropri-
ate to describe this form of ventilation as volume-controlled, volume-lim-
ited, or volume-targeted, rather than volume-cycled ventilation.

II. Modes which can be utilized with volume-targeted ventilation

A. Intermittent mandatory ventilation (IMV)
B. Synchronized intermittent mandatory ventilation (SIMV)

1. Alone
2. With pressure support (PSV)

Assist/control (A/C)
Pressure-regulated volume control (PRVC)
Volume-assured pressure support (VAPS)

m OO
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F. Mandatory minute ventilation (MMYV)

G.

Volume guarantee (VG)

III. Characteristics of volume-controlled breaths

A.

E.
F.

Continuous inspiratory flow produces the characteristic “square wave” on
the flow waveform.

1. This results in ramping of pressure, with peak pressure and volume
delivery occurring at the end of inspiration.

2. This differs from pressure-targeted breaths, which utilize an accelerat-
ing, decelerating flow waveform, producing a breath in which peak
pressure and peak volume delivery occurs early in inspiration. Thus,
there is a fundamental difference.

3. Theoretically, pressure-targeted breaths are advantageous in treating
homogeneous lung disease in which there is a need for a high opening
pressure, such as early in RDS.

4. Volume-targeted breaths are advantageous in treating heterogeneous
lung disease, where slower inflation of the lung should lead to better
distribution of gas flow.

. May be patient triggered or machine initiated

1. Pressure or flow trigger
2. May be at proximal airway or within ventilator

Flow limited (fixed flow rate)

1. Determines inspiratory time.

2. Square flow waveform; some ventilators allow choice of decelerating
flow.

3. Some newer ventilators offer variable flow, but data regarding use in
newborns are unavailable.

. Dependent variable is pressure

1. Low compliance results in higher pressure delivery.
2. As compliance improves, pressure is auto-weaned.
3. May be influenced by inspiratory flow setting.

Tidal volume is assured.
Maximum alveolar distension depends on end alveolar pressure.

IV. Advantages of volume-controlled ventilation

A.
B.

C.

Consistent tidal volume delivery even in the face of changing compliance
Volume-limited breaths; avoidance of volutrauma
Combination with other modes to facilitate weaning

1. PSV
2. VAPS
3. MMV
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V. Clinical limitations

VL

VIL

A. Minimal tidal volume delivery

1.

2.

Must know that the smallest tidal volume machine is capable of
delivering
Should not exceed patient’s physiologic tidal volume

a. <1,000 g: 4-7 mL/kg
b. >1,000 g: 5-8 mL/kg

Ventilator circuit should be of reasonable rigidity (compliance) so as
not to cause excessive compressible volume loss in circuit if pulmo-
nary compliance is low.

Smaller patients with smaller ETT (2.5-3.0 mm) may have difficulty
triggering (especially if pressure triggered).

Flow limitation may result in inadequate inspiratory time in smaller
patients.

Leaks

a. May cause loss in baseline pressure
b. May result in autocycling

Clinical indications

A.

B.
C.
D.

Respiratory failure: Virtually, all forms of neonatal respiratory failure
have been shown to be amenable to volume-targeted ventilation.
Ventilator-dependent cardiac disease with normal lungs.

Weaning infants recovering from respiratory illness.

Bronchopulmonary dysplasia.

Initiating volume ventilation

A. Select desired mode.

1.
2.

A/C or SIMV recommended for acute illness
SIMV and/or PSV recommended for weaning

B. Select desired delivered volume to provide V..

1.
2.

3.

<1,000 g: 4-7 mL/kg.
>1,000 g: 5-8 mL/kg.

Confirm that patient is receiving appropriate tidal volume.

a. Volume monitoring
b. Pulmonary graphics

(1) Tidal volume waveform
(2) Pressure—volume loop

C. Set flow rate to achieve desired inspiratory time. This can be modified by
adding an inspiratory hold to avoid using a flow rate that is inadequate to
generate sufficient hysteresis on the pressure—volume loop.
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Set mechanical ventilatory rate.
Set trigger sensitivity if using patient-triggered mode.

1. Generally, use minimal setting unless autocycling.
2. Assure that patient is able to trigger ventilator.

Some clinicians prefer to set a pressure limit; do not set this too close to
peak pressure, or desired tidal volume may not be delivered.

Some ventilators have a leak compensation system. While beneficial in
maintaining stable baseline in the presence of a leak, it may increase the
work of breathing and possibly expiratory resistance.

Assessment of patient

Adequacy of breath sounds
Adequacy of chest excursions
Patient—ventilator synchrony
Patient comfort

Blood gases

6. Pulmonary mechanics

M

VIII. Weaning infants from volume-controlled ventilation

A.

B.

As pulmonary compliance improves, inspiratory pressure is automati-
cally decreased to maintain desired volume delivery.

Adjustments in delivered volume should be made to maintain desired
tidal volume delivery.

Adjustment in flow rate may need to be made to maintain same inspira-
tory time or I:E ratio.

. If using A/C:

1. Decrease control rate (allow patient to assume greater percentage of
work of breathing).
2. May also increase assist sensitivity (trigger).

If using SIMV:

1. Decrease SIMV rate, but remember that patient receives no support
for spontaneous breaths other than positive end-expiratory pressure.

2. Consider adding pressure support (Chap. 34) or even switching to it
completely if the baby has consistently reliable respiratory drive.

Newer modes (VAPS, MMV) may prove even more beneficial for wean-
ing but have limited clinical experience in the newborn at present.
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Chapter 33
Pressure Control Ventilation

Steven M. Donn

I. Description

A. Pressure control (PC) was developed in the 1980s for the treatment of
ARDS. It is now included in many neonatal ventilators.

B. Mechanical breaths are delivered at a preset peak inspiratory pressure, with
a fixed or variable inspiratory time and variable inspiratory flow, which dis-
tinguishes PC from traditional time-cycled, pressure-limited ventilation.

C. It may be applied as IMV, SIMV (with or without pressure support), or A/C.

II. Features

Constant peak inspiratory pressure.

Variable tidal volume depending on patient lung mechanics.
Square or plateau pressure waveform.

Decelerating flow waveform.

Variable pressure rise time.

monwy

1. Rise time refers to the slope of the inspiratory pressure waveform.

2. Itis a qualitative number, and it differs from one ventilator to another.

3. If slope is excessive, pressure overshoot may occur. This may be
observed as a notch on the inspiratory limb of the pressure—volume
loop or a notch at the top of the pressure waveform.

4. If slope is inadequate, there may be inadequate hysteresis on the
pressure—volume loop.

F. High flow rapidly pressurizes ventilator circuit resulting in rapid gas deliv-
ery and alveolar filling.
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III. Clinical applications
A. Patients at risk for barotrauma but in need of high peak pressure:

1. RDS
2. BPD
3. MAS

B. Patients with airway obstruction or high airway resistance
IV. Clinician-set parameters

Peak inspiratory pressure

PEEP

Inspiratory time (or cycle termination, if flow cycled)
Mode

Rate

FiO,

Trigger sensitivity

Rise time

Alarm limits

—~ T QmmoQw»

V. Advantages

Variable flow capability to meet patient demand

Reduced inspiratory muscle workload

Lower peak inspiratory pressures

Adjustable inspiratory time

Rapid filling of the alveoli

Improved gas distribution, V/Q matching, and oxygenation

Tmo QW

VI. Disadvantages

A. Delivered tidal volume is variable and depends upon the patient’s lung
mechanics, including changes in airway resistance and lung compliance.

B. May have adverse effects on tidal volume delivery.

C. Pressure overshoot.

D. Limited data on use in newborns.

VII. Comparison to other pressure-targeted modalities (Table 33.1)

Table 33.1 Comparison of pressure-targeted modalities

Parameter Pressure limited Pressure control Pressure support
Limit Pressure Pressure Pressure

Flow Continuous, fixed Variable Variable

Cycle Time or flow Time or flow Flow (time limited)

Breath type Mechanical Mechanical Spontaneous
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Chapter 34
Pressure Support Ventilation

Sunil K. Sinha and Steven M. Donn

I. Description

A. Ventilatory mode in which spontaneous breaths are partially or fully sup-
ported by an inspiratory pressure assist above baseline pressure to decrease
the imposed work of breathing created by the narrow lumen endotracheal
tube, ventilator circuit, and demand valve, if one is used.

B. A form of patient-triggered ventilation (PTV); may be used alone in patients
with reliable respiratory drive or in conjunction with SIMV.

II. Cycling mechanisms

A. Time: Inspiratory time limit, chosen by clinician, which cannot be exceeded.

B. Flow: Termination of inspiratory cycle based on a percentage of peak flow.
This varies according to both delivered tidal volume and specific algorithm
of the ventilator in use. For most neonatal ventilators, this occurs at 5-10%
of peak inspiratory flow.

III. Trigger mechanisms

A. Airway pressure change (minimum 1.0 cm H,0)
B. Airway flow change (minimum 0.1 LPM)
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IV. Pressure support breath

A.

B.

A spontaneous inspiratory effort which exceeds the trigger threshold initi-
ates delivery of a mechanically generated pressure support breath.

There is a rapid delivery of flow to the patient, which peaks and then
decelerates.

The airway pressure rises to the pressure support level, set by the clinician
as a value above baseline (PEEP).

When flow cycling criterion is met (decline to the termination level), the
breath ends and flow ceases. If this has not occurred by the end of the set
inspiratory time limit, the inspiratory phase of the mechanical breath will
be stopped.

The amount of flow delivered to the patient during inspiration is variable,
depends to a certain extent on respiratory mechanics, and is proportional to
patient effort.

Patient-controlled variables:

1. Respiratory rate
2. Inspiratory time
3. Peak inspiratory flow

Clinician-controlled variables:

Pressure support level

Inspiratory time limit

Baseline flow

Baseline pressure (PEEP)

SIMV rate, flow (except with pressure control), inspiratory time, and
tidal volume or pressure limit (if SIMV is used)

Nk » D=

V. Patient management

A.

B.

Indications

1. Designed primarily as a weaning mode to enable full or partial unloading
of respiratory musculature during mechanical ventilation.

2. Pressure support is fully synchronized with spontaneous breathing and
can decrease the need for sedatives/paralytics.

Initiation

1. Use minimal assist sensitivity.

2. The pressure support level can be adjusted to provide either full support
(PS, ), delivering a full tidal volume breath, or at a lower level to pro-
vide partial support. Remember that the pressure support level is the
pressure applied above baseline (i.e., a patient receiving 4 cm H,O PEEP
and 16 cm H,O pressure support actually gets 20 cm H,O peak inspira-
tory pressure).

3. Set the inspiratory time limit for the pressure support breath.
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4. Set parameters for the SIMV breaths if they are to be used.

a. These can be used analogously to control breaths during assist/con-
trol ventilation, providing a “safety net” of background ventilation in
the event of inadequate effort (triggering) or apnea.

b. If the SIMV rate is set too high, and the majority of minute ventila-
tion is provided by SIMV, the patient may have no impetus to breathe,
thus defeating the purpose of pressure support.

C. Weaning
1. Weaning may be accomplished in a variety of ways.

a. Decrease the SIMV rate to as low a level as possible, thus increas-
ing spontaneous effort.

b. Decrease the pressure support level, thus increasing the percentage
of the work of breathing assumed by the patient.

c. Consider the use of pressure support alone in patients with a reli-
able respiratory drive who have no difficulty triggering.

2. Consider extubation when the pressure support level has been reduced
to the point, where it delivers about 3—4 mL/kg tidal volume if the
patient appears comfortable and is not tachypneic at this level.

Problems

A. Failure to trigger (may occur with small endotracheal tubes and inade-
quate patient effort).

B. Pressure overshoot.

C. Premature termination.

D. A common error is using a high SIMV rate with PSV. This interrupts the
synchrony of PSV and subjects the patient to possibly unnecessary man-
datory breaths. If a high SIMV rate is needed, the baby may not be ready
for PSV and might do better in assist/control.

Clinical applications

A. Weaning mode
B. Bronchopulmonary dysplasia (BPD)

1. Infants with BPD exhibit reactive airways with elevated inspiratory
resistance.

2. Pulmonary mechanics in most modes display a flattened inspiratory
flow—volume loop.

3. Variable inspiratory flow during pressure support ventilation enables
patient to overcome increased inspiratory resistance and lowers venti-
latory work.
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VIII. Advantages of pressure support ventilation

A.
B.

C.

Complete patient—ventilator synchrony
Decreased work of breathing compared to other modes

1. Same tidal volume delivered at lower work of breathing
2. Larger tidal volume delivered at same work of breathing

Adults treated with pressure support ventilation have described increased
comfort and endurance compared to other weaning modes

IX. Additional applications and variations

A. Volume-assured pressure support (Chap. 39)

1.
2.

Used primarily in adults, but now available for infant use.

Combines features of volume-controlled ventilation and pressure sup-
port ventilation.

Clinician determines minimum tidal volume.

As long as spontaneous patient effort results in delivery of desired tidal
volume, breath “behaves” like a pressure support breath.

If breath delivers a tidal volume below the desired minimum, it is tran-
sitioned to a volume-controlled breath by prolonging inspiration at the
minimal set flow and slightly ramping up the pressure, assuring delivery
of desired tidal volume.

B. Mandatory minute ventilation

This mode combines pressure support ventilation with SIMV.

Clinician chooses a minute ventilation rate which the patient is to receive
by selecting a desired tidal volume and frequency.

As long as spontaneous breathing results in minute ventilation which
exceeds the minimum, all breaths are pressure-support breaths.

If minute ventilation falls below the set minimum, the ventilator will
provide sufficient SIMV breaths to allow the patient to “catch up” to the
desired level of minute ventilation. This is based on a moving average.
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Chapter 35
Proportional Assist Ventilation

Andreas Schulze

I. Introduction

A. Patient-triggered ventilation (PTV) attempts to synchronize the upstroke

in ventilator pressure with the onset of spontaneous inspiration. Other
parameters of the mechanical cycle, such as the peak inspiratory pressure
(PIP), pressure rise time, and duration of lung inflation, are preset by the
clinician. They are imposed on the infant without adapting to the course of
spontaneous inspiratory activity.

. In addition to the features of conventional PTV, flow cycling, used in pres-
sure-targeted and pressure support ventilation (PSV), terminates inflation
toward the end of spontaneous inspiration. This allows variability in infla-
tion time and prevents inflation from extending into spontaneous expira-
tion, reducing asynchrony between spontaneous inspiratory activity and
cycling of the ventilator.

. Proportional assist ventilation (PAV) does not couple a more or less preset
cycling profile of the ventilator to a single time point event, such as the
onset and the end of inspiration. In the PAV modalities, the ventilator is
continuously sensitive to the instantaneous respiratory effort, adjusting the
assist pressure in a proportionate and ongoing fashion. This may achieve
near-perfect synchrony between the ventilator and spontaneous breathing,
with relief from disease-related increased mechanical work of breathing.

II. The concept of PAV

A. PAV servo-controls the applied ventilator pressure, based on continuous
input from the patient. This input signal alone controls the instantaneous
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ventilator pressure, which is adjusted continuously according to the input
signal waveform contour, virtually without a time lag.

. The input signal is derived from the infant’s spontaneous respiratory activity.

It ultimately reflects the output of the respiratory center. Therefore, it can
theoretically be obtained anywhere along the pathway from the respiratory
center to the end organ (i.e., recorded as phrenic nerve activity, diaphrag-
matic EMG activity), but also as tidal volume and airflow signals from
probes inside the airway or from plethysmography.

. The pressure output of the ventilator, being proportional to the input signal

in a PAV mode, enhances the effect of the respiratory center activity on
ventilation. This implies the following.

1. The PAV mode increases the amount of ventilation per unit of spontane-
ous respiratory activity—that is, proportional to the instantaneous
magnitude of the effort. In contrast, PTV adds a given amount of tidal
volume to the spontaneous breath whenever a breath is detected,
regardless of the magnitude of the inspiratory effort and its time course.

2. The ventilator becomes fully “enslaved,” allowing the infant to control timing,
depth, and the entire tidal volume and airflow contours of the breath.

3. The clinician sets the “gain” of this enhancement.

a. The gain is the ratio of applied ventilator pressure per “unit of respi-
ratory center output” (i.e., pressure per input-signal unit).

b. The higher the gain, the less mechanical work of breathing needs to
be performed by the patient for a given amount of ventilation.

4. The PAV modality relies on a largely intact functioning of the biologic
control of breathing. The mode does not by itself initiate breaths. It can-
not reverse a waning respiratory drive.

a. During episodes of cessation of spontaneous breathing or hypoventi-
lation, backup conventional mechanical ventilation needs to be
started automatically.

b. When the infant resumes spontaneous breathing, the ventilator must
automatically withdraw backup ventilation.

III. Ventilator settings for PAV based on airflow and tidal volume signals of spon-

taneous breathing (respiratory mechanical unloading modes)

A. The positive end-expiratory pressure (PEEP) level affects the functional

residual capacity, as with any other assist modality.

B. The gain of the volume-proportional assist (elastic unloading gain, Fig. 35.1)

results in the following.

1. Sets the ratio of delivered ventilator pressure per tidal volume in units of
cm H,O/mL. (The control of the volume-proportional assist is located
on the ventilator front panel with a continuous scale).
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Fig. 35.1 Schematic representation of spontaneous breathing during volume-proportional assist
(elastic unloading) at two different settings (gain 1 and gain 2). Vertical lines demonstrate that the
gain (ratio of change in ventilator pressure per unit of change in tidal volume) is maintained constant
over time while the tidal breathing pattern varies. Gain 2 represents a lower level of the assist

2. Ventilator pressure rises in proportion to the inspired tidal volume and
thus specifically opposes the increase in lung elastic recoil pressure that
develops during each inspiration.

3. Volume-proportional assist exerts an elastic unloading effect that spe-
cifically reduces elastic work of breathing.

C. The gain of the flow-proportional assist (resistance unloading gain)
(Fig. 35.2) results in the following.

1. Sets the ratio of delivered ventilator pressure per tidal airflow in units of
cm H,O/L/s. (The control of the flow-proportional assist is located on
the ventilator front panel with a continuous scale).

2. Ventilator pressure increases in proportion to the inspiratory airflow
signal and thus specifically opposes airflow-resistive forces.

3. Flow-proportional assist exerts a resistive unloading effect which
reduces resistive work of breathing. If this feature is activated during
both inspiration and expiration (full-cycle resistive unloading), it will
also facilitate exhalation, shorten the expiratory time constant, and help
to avoid inadvertent PEEP in infants with high airway resistance.

D. Safety limits on ventilator pressure.
E. Backup conventional ventilation for episodes of hypoventilation or apnea.
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Fig. 35.2 Schematic representation of spontaneous breathing during flow-proportional assist
(full-cycle resistive unloading) at two different settings (gain 1 and gain 2). Vertical lines indicate
that ventilator pressure changes occur virtually without a time lag to the airflow signal. The gain
(ratio of change in ventilator pressure per unit of airflow) is maintained constant over time while
the tidal breathing pattern varies. Gain setting 2 represents a lower level of the assist

IV. Patient management

A. Indications

1.

Preserved spontaneous breathing activity, but impending respiratory
failure from an imbalance between the ability of the respiratory pump
and the mechanical workload of breathing.

. Elastic unloading (volume-proportional assist), primarily for conditions

of reduced lung compliance (restrictive disease types).

Resistive unloading (flow-proportional assist), primarily for conditions
of increased airway resistance (obstructive disease types), including
resistance imposed by the endotracheal tube (ETT).

Combined elastic and resistive unloading for conditions with combined
derangements of lung mechanics. Separate and independent gain set-
tings for the elastic and resistive unloading components allow customi-
zation of the ventilatory waveform contour to the relative severity of
lung compliance and airway resistance problems.

Proportional assist ventilation has not been studied in preterm infants with
acute severe pulmonary parenchymal disease before the application of
exogenous surfactant, nor air leak syndromes, meconium aspiration syn-
drome, or other types of severe respiratory disease in the term newborn.
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B. Initiation of PAV in infants

1. Set the controls before enabling the modality.

a.

Set elastic unloading gain and resistive unloading gain to zero and
choose the PEEP level as for intermittent mandatory ventilation IMV).

b. Set the upper airway pressure safety limit.

Choose settings for backup conventional ventilation to provide
appropriate full ventilatory support while avoiding hyperventilation.
PAV can be set up as “pure” PAV, which essentially is modulated CPAP
with backup control. It can also be applied in tandem with low-rate IMV
or SIMV to mechanically unload spontaneous breathing between the
mandatory inflations. In addition, optional settings allow provision of a
minimum guaranteed tidal volume during PAV-supported breathing.

2. Start while observing the patient.

a.

Gradually increase the elastic unloading gain from zero to an appro-
priate level. Ventilator pressure remains constant at zero gain (CPAP);
it is modulated to track the tidal volume signal with elastic unloading
gain settings above zero.

A suitable elastic unloading gain can be identified by clinical criteria.
It reduces chest wall distortion and establishes physiologic tidal vol-
umes of about 3—5 mL/kg. Smaller infants need higher gains of elas-
tic unloading (in absolute terms—i.e., in cm H,O/mL) because tidal
volume and compliance relate to body weight. As a general rule,
infants <1,000 g usually need about 1 cm H,O/mL or more of elastic
unloading gain while larger infants need less.

If the gain is turned up above an appropriate level (stronger than cur-
rent elastic recoil of the lung), ventilator pressure will rise to the set
upper pressure limit with each inspiration. The ventilator pressure sub-
sequently is always automatically returned to the PEEP level. Levels of
unloading that are too high, thereby, convert the mode into the cycling
pattern of PTV—that is, cycling between set PEEP and PIP levels with
each onset of spontaneous inspiration. This occurrence identifies an
excessive gain and helps to find the range of appropriate gain levels.

. Increase the gain of resistive unloading to compensate at least for the

resistance imposed by the ETT. This is about 20-30 cm H,O/L/s of
resistive unloading for a 2.5 mm (internal diameter) ETT. Higher
gains may be required when pulmonary resistance is elevated.
Preterm infants on PAV typically adopt a fast and shallow breathing
pattern.

C. Weaning

1. Reduce gain levels gradually with improvement in pulmonary mechanics.
2. Try to be specific in lowering resistive vs. elastic support levels, depend-
ing on how pulmonary pathophysiology develops. Compared to other
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assist modalities, reduction in ventilator pressure “cost” with proportional
assist is likely related to the quality of matching of the unloading settings
to the specific type and the degree of lung mechanics derangement.

. Improvement in pulmonary mechanics can be recognized during PAV
when a previously suitable gain turns into overassist with repetitive
cycling of airway pressure to the set upper pressure limit. This indicates
the possibility of further weaning the assist by reducing the gain.

4. With gains weaned to near-zero levels, the patient has to shoulder the

entire work of breathing near the CPAP level and is probably ready to
be extubated.

D. Problems
1. ETT leaks

a. An ETT leak flow mimics inspiratory airflow to a flow sensor

mounted at the wye adapter. This may cause the ventilator pressure
to increase out of proportion to the inspiratory airflow and/or volume
that is truly entering the lung.

. Current devices use software algorithms to estimate and adjust for

leak flows. This allows PAV to function in infants in the presence of
variable leak up to about 20-30% of tidal volume.

. Major leaks have effects similar to those of inappropriately high gain

settings and preclude the use of PAV that is based on direct airflow
measurements.

2. Sensor malfunction

a. When the flow signal serves as driving input to the closed-loop PAV

system, any flow sensor malfunction inevitably leads to a derangement
of the applied ventilator pressure pattern.

. Distortions of the driving signal and the ventilator pressure wave-

forms that result from such sensor artifacts can be recognized on the
ventilator’s monitor display.
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Chapter 36
High-Frequency Ventilation: General Concepts

J. Bert Bunnell

I. High-frequency ventilation (HFV) and lung protective ventilation
A. What is lung protective ventilation?

1. Open (inflate) the lungs.
2. Keep the lungs open (do not allow alveolar collapse between breaths).
3. Ventilate as gently as possible.

B. How mechanical ventilation causes lung injury.

1. Barotrauma: using too much pressure
2. Volutrauma: using tidal volumes that are too large
3. Atelectrauma:

a. Allowing alveoli to collapse, remain collapsed, or open and collapse
with every breath.

b. Caused by using too little PEEP (positive end-expiratory pressure) or
Paw (mean airway pressure), which are nearly equivalent in their
physiologic effects.

4. Rheotrauma: airway injury caused by shear forces of high gas flow rates
5. Biotrauma: biochemical and biophysical injury caused by release of inflam-
matory mediators and cells triggered by all forms of mechanical ventilation

II. How HFV inherently provides lung protective ventilation.
A. Barotrauma:

1. HFV pressure waveforms quickly attenuate as they advance toward the
alveoli, although there is less damping in noncompliant lungs.
2. Very little pressure amplitude is applied at terminal airways and alveoli.
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Volutrauma: HFV tidal volumes are 1/5 to 1/10 those of Conventional
Mechanical Ventilation (CMV) tidal volumes.

Atelectrauma: one type of lung injury that is not inherently lessened by
HFV.

1. One has to manage PEEP and Paw to achieve optimal lung volume.

2. Itis safer to use higher PEEP and Paw with HFV compared to CMV. (It
is large tidal volumes and pressure amplitudes that cause lung injury
when PEEP and Paw is raised.)

3. Raising PEEP and Paw too high can interfere with cardiac output and
blood flow through the lungs.

4. Optimizing PEEP and Paw improves blood flow through the lungs as
well as maximizing the potential for gas exchange.

. Rheotrauma: no evidence that this type of lung injury has arisen in numer-

ous randomized controlled trials with both HFJV and HFOV.

1. HFJV uses very low overall gas flow rates, but highly accelerated and
inadequately humidified inspirations were suspected of causing tracheal
injury in the past.

2. HFOV uses much higher overall gas flow rates, but typical inspiratory
flow rates are considered to be laminar, which creates a protective
boundary layer at airway walls.

3. Active exhalations during HFOV are considered to be turbulent as gas
accelerates at every bifurcation when gas from two airways is sucked
into one more proximal airway.

4. Parameters and mechanisms for this type of lung injury have yet to be
adequately explored.

Biotrauma:

1. Studies have demonstrated less biotrauma with more gentle forms of
assisted breathing, such as CPAP, and HFV is as close to CPAP as one
can get with mechanical ventilation.

2. Parameters and mechanisms for this type of lung injury also are yet to
be adequately explored.

If HFV is so inherently lung protective, why are not all patients treated with
HFV?

III. HFYV, a “disruptive” technology

A.

B.

Disruptive technologies are not “normal’’; they change the way people nor-
mally do things, and people are resistant to change.
HFV is not normal.

1. HFV does not try to mimic normal ventilation.

2. HFV rates are at least 5-10 times normal breathing rates, although com-
parable rates and examples of enhanced pulmonary gas exchange in
nature occur in running and panting animals.
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HFV tidal volumes are typically smaller than anatomic dead space
volume.

Intrapulmonary distribution of fresh gas during HFV is not affected by
lung compliance.

C. People must understand how HFV works physiologically before they can
get comfortable with the devices that provide HFV.

D. Education is the key to embracing the disruptive technology of HFV and
optimizing its use.

IV. How does HFV work?

A. Resonant frequency phenomena

1.

Forced oscillations experiments revealed that lungs have a natural or
“resonant” frequency of 4-8 Hz (1 Hz=60 cycles per minute) in adult
humans.

At resonance:

a. Gas momentum supplies the energy to overcome lung compliance,
and lung recoil supplies the energy to send gas back out of the
lungs.

b. Timing and energies are perfectly matched to conserve energy.

Outside force is required only to overcome airway resistance.

d. Therefore, less pressure is required to move gas in and out of the
lungs at resonant frequency.

e

B. Optimal frequency

1.

2.
3.

Optimal frequency produces best ventilation with lowest AP (pressure
amplitude) and V, with no gas trapping.

Primary determinant of optimal frequency =patient size.

Venegas and Fredberg recommend finding and using the “corner fre-
quency” (Fig. 36.1).

a. Plot peak pressure or pressure amplitude measured at the carina ver-
sus frequency for lungs being ventilated with constant tidal volume.

b. Peak pressure falls rapidly with increasing frequency until it reaches
a “corner,” where pressure either flattens or begins to rise.

c. At this frequency, the lowest pressure is required for ventilation with-
out gas trapping.

d. Their theoretical analysis indicates that the smallest baby with the stiff-
est lungs and high airway resistance has an optimal frequency of
10-12 Hz or 600-720 bpm.

e. As compliance improves (increases), optimal frequency decreases.
(Thus, anyone larger than the smallest baby would require a fre-
quency <10-12 Hz).

f. As airway resistance improves (decreases), optimal frequency
increases because it is easier for inspired gas to egress quickly.
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Fig. 36.1 Optimal frequency enables adequate ventilation with the lowest airway pressure, and it
is determined by lung size, compliance, and airway resistance. Pressure necessary to achieve ade-
quate ventilation decreases with increasing frequency for normal lungs and lungs with decreased
compliance, but gas trapping may result at higher frequencies. Increased airway resistance changes
the shape of the curve, lowering the optimal frequency. Lungs with poor airway resistance and
hyperinflated by trapped gas, as happens in infants with BPD, have a sharply lower optimal fre-
quency. Note how infants with RDS may be well ventilated at a frequency ~10 Hz, but if their
condition deteriorates into PIE or BPD, they may be better ventilated at lower frequencies (these
concepts were developed from the theories and numerical analyses of Jose Venegas and Jeff
Fredberg. See: Venegas JG, Fredberg JJ. Understanding the pressure cost of high frequency venti-
lation: why does high-frequency ventilation work? Crit Care Med. 1994;22:549-7)

g. Since mechanical ventilation of infants triggers inflammation, airway
resistance usually worsens the longer an infant is ventilated, and it is
wise to use lower frequencies for “sicker” babies.

h. Lower frequencies are also indicated when lung volume is optimized,
which is essential for adequate oxygenation.

i. Therefore, frequencies <10—12 Hz are usually optimal.

j- Since HFJV relies on passive exhalation, frequencies a few hertz
lower may be required to avoid gas trapping. (The same consider-
ation applies when high pressure amplitudes are used with HFOV).

C. Flow-streaming, dead space reduction, and direct alveolar ventilation

1. High velocity HFV inspiratory gas spirals into the lungs down the cen-
tral core of airways, or along one wall of some airways, as it passes
bifurcations in short, abrupt bursts.

a. The higher the velocity, the sharper the point on the bullet-shaped
(parabolic) velocity profile of the in-rushing gas (Fig. 36.2).
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Fig. 36.2 When fluid (liquid or gas) flows into a tube, the velocity profile of the flow is determined
by energy and time. (Copyright 2011 Bunnell Inc., Salt Lake City, UT). (a) When energy is low,
overall flow is relatively slow and laminar with molecules in the center of the tube moving faster
than those at the wall, creating a parabolic velocity profile. (b) As the fluid moves faster with more
energy, the flow begins to spiral with greater velocity in the center of the tube. (c) The degree to
which flow in the center of the tube outpaces that at its wall is determined by the combination of
energy and time or distance. A short, energetic flow pulse (e.g., an HFJV inspiration) will produce
a spiral with an exaggerated parabolic velocity profile. (d) With either sufficient (i.e., excessive)
energy or time, the tip of the moving fluid transitions into turbulence. (e) Once turbulence is estab-
lished, molecular motion is chaotic and the velocity profile of the fluid is flat across the diameter
of the tube

b. If inspiration lasts too long, this high velocity flow will transition into
turbulent flow with a flat velocity profile.

c. Physiologic or effective dead space volume is reduced, since
only portions of the anatomic dead space are used, and gas expired
from the last breath is not pushed back into alveoli ahead of the next
fresh gas inspiration.

d. Fresh gas penetrates some alveoli directly even when V, <V,

D,anatomic”

2. In HFOV, gas is sucked from many airways into one (the trachea), caus-
ing acceleration and a turbulent, flar expiratory wave front (velocity
profile).

3. The net effect of several HFOV cycles: fresh gas advances down the core
of airways while exhaled gas moves out along airway walls (Fig. 36.3).

4. In HFJV, gas flows out passively with lung recoil, seeking the path of
least resistance in the annular or “unused” spaces around the highly
accelerated inspired gas as illustrated in Fig. 36.2c.
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Start with a bolus of tracer gas in
a straight tube.

After one HFOV inspiration, the
bolus is warped in proportion to the
viscous forces applied, and laminar
flow is evident.

HFOV expiratory phase promotes
turbulence by sucking gas from 2 distal
airways into 1 more proximal airway at
every bifurcation. Turbulence produces a
flat velocity profile, which pushes the bolus
backwards without warping.

Net effect after one HFOV cycle: fresh
gas moves down the center of the
airways towards the alveoli while gas at
the wall moves backwards.

Fig. 36.3 Viscous shear and airway velocity profiles associated with HFOV (modified with per-
mission from Haselton FR, Scherer PW. Bronchial bifurcations and respiratory mass transport.
Science 1980;208:69. Reprinted with permission from AAAS). (a) Tracer bolus before oscillation.
(b) Bolus after one laminar flow inspiratory “push”. (c¢) Bolus at the beginning of a turbulent expi-
ratory “pull”. (d) Change in tracer bas bolus after one complete HFOV cycle

D. Increased bulk flow (convection) and enhanced diffusion.

1. The abundant fresh gas of high-frequency inspirations washes expired

gas from upper airways.

2. Increased wash out of expired gases increases O, and decreases CO, par-
tial pressures at the intra-airway/alveolar gas exchange boundary, thereby

increasing diffusion.

V. HFV in the NICU

A. There are two basic techniques, HFIV (Jet) and HFOV (Oscillator), plus

hybrid devices.
1. HFJV

a. Inspired gas is injected down the endotracheal tube through a jet

nozzle (typical frequency range: 240—-660 bpm or 4-11 Hz).

b. Thejetnozzleisbuiltinto aspecial 15-mm ET tube adapter (“LifePort®”

ETT adapter, Bunnell Inc.) with two side ports for:
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2.

(1) Gas injection
(2) Distal airway pressure monitoring

c. Spontaneous breathing, concomitant IMV, and HFJV exhalations
occur via the main ETT lumen.

HFOV

a. HFOV provides sinusoidal, push—pull, piston-type ventilation from
<180-900 bpm (3-15 Hz).

b. Some devices allow I:E or % I-time to be adjusted from 1:1 to approx-
imately 1:2.3.

Hybrids (high-frequency positive pressure ventilators, “flow-interrupters,”
and combined HFV/IMV devices that provide jet, oscillatory, or positive-
pressure ventilation over similar frequency ranges) are also used around
the world.

B. HFYV device similarities

1.

2.

Small tidal volumes, pressure attenuation, and the need to manage PEEP
and Paw for optimal lung volume

Device design: each starts with CMV basics (gas flowing by the patient’s
ETT with a valve downstream that may be closed for tidal volume deliv-
ery or restricted to provide PEEP), then adds the means to rapidly move
gas in and out of the lungs.

a. Some devices either work in tandem with or are built into a conventional
ventilator. (These approaches are used with HFJV and various hybrids).

b. An oscillating diaphragm or piston is the easiest way to move gas in
and out rapidly, and this produces oscillatory ventilation.

c. Interrupting a source of gas flow can also produce high-frequency inspi-
rations fairly easily, and passive expiration can occur via elastic recoil of
the Iungs. (This approach is used with HFJV and various hybrids).

d. A jetnozzle is used to inject fresh gas directly into an ETT during HEJV.

C. How HFYV devices differ from each other and CMV

1.

Gas delivery and inspiration

a. HFV produces a train of fresh gas boluses that penetrate through the
dead space of the airways without pushing the resident dead space gas
ahead of the fresh gas as happens when we breathe normally or are
ventilated conventionally.

b. Locating the HFV gas delivery source as close to the patient as pos-
sible minimizes compressible dead space volume and enhances
inspiratory penetration.

c. HFJV: sudden, brief inspirations are injected directly into the ETT
tube from a jet nozzle that can be embedded in a special ETT adapter
(“LifePort”), enabling effective ventilation with tidal volumes in the
range of 0.5-1.0 mL/kg body mass.
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(1) Overall gas flow during HFJV is most conservative, requiring ~ 1 L/
min for infants vs. up to 20 L/min with HFOV and hybrids.

(2) Although the inspired gas boluses embody enough energy for the
creation of turbulence, there may be insufficient time for it to
develop because inspiration is so brief. [Typical inspiratory time
(T))=0.02 s, or 20 ms.]

(3) Thus, “transitional” flow (transitional between laminar and turbu-
lent flow) may be created, which is characterized by an exagger-
ated laminar-type velocity profile, where gas in the center of the
airways swirls into the lungs much faster than gas near the airway
walls, dramatically reducing physiologic or effective pulmonary
dead space volume.

d. HFOV.

(1) Inspirations are slower than HFJV at frequencies below 15 Hz,
producing laminar to transitional flow, where gas in the center of
the airways travels toward the alveoli faster than gas near the
airway walls.

(2) Active expirations are faster than the passive expirations of HFJV,
producing turbulent flow with blunt velocity profiles as gas from
every set of two distal airway branches is sucked into its one
adjoining more proximal airway.

(3) Net effect of HFOV is similar to that of HFJV where effective
tidal volumes may be <anatomic dead space volume.

2. Exhalation and gas trapping

a. Exhalation is passive with HFJV and nonoscillatory hybrids, relying

on the elastic recoil of the lungs.

b. Exhalation is active with HFOV; gas is not only pushed into the lungs

on inspiration, but also sucked back out on expiration.

. Gas trapping is a primary concern with HFV, and it becomes apparent

when PaCO, rises and cannot be reduced by increasing airway pres-
sure amplitude.

(1) HFJV expiratory waveform is a classic exponential decay to
PEEP as patients exhale passively.

(a) If HFJV rate is too high, inadvertent PEEP or “auto-PEEP”
may occur, which indicates gas trapping.

(b) Reducing HFJV rate, which increases T, when T, is held con-
stant, alleviates this type of gas trapping.

(2) HFOV (e.g., SensorMedics 3100A) expiratory waveform is sinu-
soidal, lasting twice as long as inspiration when % inspiration
time=33 (LE=1:2).

(a) Minimum pressure is below what would be PEEP if exhala-
tion were to occur passively.
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(b) The greater the HFOV pressure amplitude, the lower the mini-
mum pressure excursion.

(c) If HFOV pressure amplitude is sufficiently large, this mini-
mum pressure waveform excursion may collapse compliant
airways, causing “choke points” and gas trapping.

(d) Raising Paw, which increases intra-airway pressure, may allevi-
ate gas trapping with HFOV.

d. Net effects of passive vs. active expiration are:

(1) HFJV is usually operated at lower frequencies than HFOV.
(2) HFOV is usually operated at higher Paw compared to HFJV to
maintain the same level of oxygenation.

3. Effective HFV frequency varies with different HFV devices.

a. Using a frequency too far below or above the corner frequency of the
lung may result in unnecessarily large pressure amplitudes in the
proximal airways.

b. HFJV and nonoscillatory hybrid rates are generally lower than HFOV
frequencies in order to accommodate passive exhalation.

(1) HFJV is similar to CMV: the faster you go, the more CO, you
eliminate, as long as the rate is not so high as to cause gas
trapping.

(2) With T typically set as short as possible, rate determines I:E and
exhalation time (7).

(a) For example, I:E changes from 1:4 at 600 bpm (10 Hz) to 1:9
at 300 bpm (5 Hz) when T is 0.02 s.

(b) High rates work fine when lungs are small and stiff with short
time constants (e.g., RDS in preterm lungs).

(c) Rates as low as 240 bpm (4 Hz) where :E=1:12 work best
with lung disease characterized by long exhalation time constants
such as pulmonary interstitial emphysema (PIE), bronchopul-
monary dysplasia (BPD), and meconium aspiration syndrome
(MAS).

(d) See“Pressure Waveforms and Intrapulmonary Gas Distribution”
below for further discussion of pulmonary time constants.

c. HFOV: can be used at higher frequencies (e.g., 15 Hz) because whatever
is pushed into the lungs is also sucked back out, although higher
frequencies may not be optimal (see “Corner Frequency” above).

(1) Tidal volume decreases with increasing HFOV frequency with a
set I:E, because of the concomitant decrease in the time allotted
for inspiration (see “Inspiratory Times and I:E” below).
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Since ventilation (CO, elimination) is proportional to the square
of tidal volume (V;) during HFV, ventilation paradoxically
decreases with increasing HFOV frequency.

Raising HFOV frequency may therefore require an increase in
pressure amplitude to maintain appropriate ventilation.

Pressure amplitude oscillates around the mean pressure, and if the
negative excursion of pressure amplitude during expiration goes
too low, airways may collapse and cause gas trapping.

d. Lowering HFOV frequency increases delivered tidal volume, which
may improve gas exchange, enable reduction in pressure amplitude,
and alleviate gas trapping, as long as frequency does not go too far
below the corner frequency.

4. Inspiratory times and I:E

a. HFJV: Rate and T, settings determine I:E.

e))
2

HFJV rate and 7, are typically adjustable from 240 to 660 bpm
and 0.020-0.034 s, respectively.

L.E is therefore adjustable from 1:2 to 1:12 depending on rate and
T, settings.

b. HFOV: % T, is used, or L:E is set directly at 1:1 to 1:2.3.

)]
2

3)

“

% T, is the percent of the breath cycle allotted to inspiration.

T, and frequency are inversely related, so when % T, is fixed at
33% establishing I:E=1:2, and frequency is changed, T, and T,
change proportionally in the opposite direction.

1:2 is almost universally used for reasons that may be mostly
historical—a reaction to early problems when inadequate Paw
led to gas trapping.

HFOV at I:E=1:2 lengthens exhalation time, reducing the nega-
tive excursion of the pressure waveform that can cause airway
collapse.

5. Pressure waveforms and intrapulmonary gas distribution

a. HFV provides ventilation that favors lung disorders with short time
constants, such as RDS, where lung compliance is low (“stiff lungs”).

(1
2

Gas can flow in and out of such lungs very quickly in either
direction.

The diffuse, homogeneous nature of RDS is compatible with both
HFOV’s sinusoidal and HFJV’s more “spiked” and complex air-
way pressure waveform.

b. Intrapulmonary distribution of HFV is determined primarily by air-
way resistance because of the high velocity of its inspiratory flow.
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(1) HFIJV inspiratory airway pressure rises sharply from PEEP and
ends abruptly (spikes) at the end of inspiration, which is usually
0.020 s.

HFOV inspiratory airway pressure rises from its Paw and returns
to its Paw within the inspiratory portion of the breath cycle (it is
rounded), which is longer than that of HFJV at all HFOV rates
<15 Hz.

The faster the inspiration, the less gas will penetrate inflamed and
restricted peripheral airways like those found in PIE.

2

3

(a)

(b)
©

(d)

©)

The concept of pulmonary time constants, which are a mea-
sure of how quickly the lungs can inflate or deflate, helps
explain this phenomenon.

Time constants are calculated by multiplying airway resis-
tance and lung compliance.

When lung compliance is low (as with RDS in the preterm
baby), the time constant is short, and thus it is possible to
ventilate preterm babies at high rates with a short 7, and small
tidal volume.

When airway resistance is high, as is the case with asthma in
adults and PIE in infants, the time constant is long, meaning
it takes more time for inspirations to reach the alveoli and for
expiration to be completed.

This concept may explain why HFJV works well for PIE: it
automatically reduces ventilation of the long time constant-
injured areas of the lungs in favor of the short time constant-
healthier areas of the lungs. (Less gas reaches damaged
bronchioles and alveoli downstream from narrowed airways,
while more gas is delivered through more patent airways to
healthier areas of the lungs with better perfusion).

¢. HFJV waveforms embody greater frequency content (i.e., energy con-
tent at several multiples or harmonics of the primary frequency), which
makes it helpful in treating nonhomogeneous lung disorders.

(1) HFJV intrapulmonary distribution is ideal for MAS, BPD, and
RDS compromised by PIE.

(2) Operating HFJV at lower rates [e.g., 240 bpm (4 Hz)] enables I:E
with longer exhalation times (I:E=1:12), enabling trapped inter-
stitial gas more time to diffuse from the lungs.

6. Spontaneous breathing

a. Gas flow used during HFJV is extremely low (~1 L/min in infants), so
gas for spontaneous breathing is supplied by tandem CMV. (Hybrids
supply gas for spontaneous breathing in a similar manner).

b. Information concerning spontaneous breathing by infants during
HFOV is lacking.
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VI. Alveolar recruitment and maintenance of lung volume during HFV

A. The most important and challenging goal of lung protective ventilation
with HFV: full alveolar recruitment, as indicated by chest radiography and
ability to reduce F,O, to <0.30.

B. Focus on Paw first.

1.

HFJV: maintain current Paw when starting HFJV unless it is very high
(>15 cm H,0) or switching from HFOV to HFJV.

a. If starting from CMV, raise PEEP by ~2 cm H,O to maintain Paw.
b. If starting from HFOV, either maintain Paw or reduce it by 1-2 cm
H.O.
2

2. HFOV: raise Paw by 2-5 cm H,0O when starting from either CMV or HFJV.

C. Optimize Paw.

L.

Paw during HFOV will typically be at least 2 cm H,O higher than that
required by CMV or HFJV to maintain the same oxygenation.

Use chest radiographs in conjunction with pulse oximetry to assess
either atelectasis and need for more Paw, or hyperinflation and indica-
tion for less Paw.

Increased Paw may impede pulmonary blood flow and cardiac output;
thus, one must maintain a balance between adequate lung volume and
right ventricle afterload.

For HFJV, one can use CMV at 5 bpm to determine if PEEP is adequate
once SpO, is stable, and F O, is adjusted so that SpO, is close to 90%.

a. Make certain that CMV PIP is set high enough to cause adequate
chest rise.

b. Switch from 5 bpm CMV to CPAP or as close to O bpm as possible
without causing apnea alarms on the CMV (i.e., use minimal CMV
rate, PIP, and 7).

c. If SpO, remains stable, PEEP is adequate and CMV breaths are not
needed. (Continue with CMV in CPAP mode or at minimal rate, PIP,
and 7).

d. If SpO, falls, increase PEEP by 1-2 cm H,O and reinstitute CMV at
5 bpm for a few minutes until SpO, returns to baseline (~90%).

e. Repeat switch to CPAP or minimal CMV with higher PEEP until
HFJV can continue with CPAP or minimized CMV with SpO, stabi-
lized near 90% with reduced FO,.

f. If FO,>0.30, determine if further alveolar recruitment is indicated.

. For HFOV, use pulse oximetry and chest radiography to assess lung

inflation to find and maintain optimal Paw.

Lung inflation is typically assessed using the top margin of the dome of
the right hemidiaphragm and its location in relation to ribs on chest
radiograph. Optimal lung inflation is achieved when this margin



36 High-Frequency Ventilation: General Concepts 313

is between the bottom of the eighth or ninth rib and no more than
midway between the ninth and tenth ribs.

7. Recommendations for achieving optimal lung inflation during HFOV
using this technique:

a.

b.

Below the 11th rib, decrease frequency first in 2 Hz decrements until
10 Hz is reached, then decrease Paw by 20%.

Between the 10th and 11th rib, decrease frequency first in 2 Hz dec-
rements until 10 Hz is reached, then decrease Paw by 10%.
Between 8 and 9.5 ribs, no change.

d. Above the eighth rib, increase Paw by 10%.

c.

Above the seventh rib, increase Paw by 20%.

8. Assuming acceptable lung inflation during HFOV:

a.

b.

d.

F,0,>0.40, increase Paw in 1 cm H,O increments until F,O, can no
longer be decreased.

F,0, 0.30-0.40, may increase Paw or make no change, depending
on lung inflation.

F,0,<0.30, decrease Paw in 1 cm H,O decrements until F O, needs
to be increased.

If F,O, requires an increase of 0.2, evaluate lung inflation.

VII. Who HFV helps and why

A. HFV is “very gentle.”

1. It has proven effective in preventing lung injury in preterm infants.

a.

b.

C.

HFV should begin as soon as exogenous surfactant and nasal CPAP/
CMV appear to be inadequate, although early use is controversial
because of a higher incidence of cerebral injury (IVH, PVL) in some
observations and studies.

Strategies of implementation are key to avoiding such injuries.

(1) Most important: avoid hyperventilation by careful monitor-
ing of PaCO, (transcutaneous continuous monitoring is
recommended).

(2) Full lung recruitment and maintenance of appropriate lung volume
is also key.

HFV may enhance delivery of exogenous surfactant.

2. HFJV has proven effective in treating lung injury and air leaks such as
PIE.

a.
b.

Implementation at the first sign of air leaks is key.
Strategy is straightforward:

(1) Do not try to minimize Paw; it should be managed to maintain
adequate lung volume.
(2) Minimize the use of CMV and manual ventilation.
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(3) If interstitial gas is evident, use lower rates and I:E with pro-
longed T, to enable diffusion of gas from affected areas.

Although HFOV studies have focused on preventing rather than treat-
ing lung injury, inherent lung protective ventilation features of HFOV
support its use in preference to CMV.

B. Combining unique characteristics of HFV offers a broad range of thera-
peutic capabilities.

1.

2.

Every HFV device offers effective use of high-frequency and small V,,
within the limits of its design.

Clinicians must learn individual device controls that enable separate
management of ventilation and oxygenation, when it is appropriate to
increase or decrease Paw, and how to effectively use concomitant CMV
breaths, if available, for alveolar recruitment.

C. HFV devices can ventilate patients that are impossible to ventilate any
other way.

1.

2.

Severe congenital diaphragmatic hernia patients, where small HFV V_
and high Paw can preserve what little lung is available for ventilation.
Upper airway leaks and fistulas where HFJV “shoots” inspired gas
right past disruptions, enabling downstream ventilation and airway
injuries to heal.

Cardiac surgery patients.

a. HFJV can facilitate cardiac output at relatively low Paw.

b. Surgical repair can be accomplished while on HFJV, providing
improved access to the heart and major vessels.

c. Chest may be closed postsurgery without adverse effects on cardiac
output.

Obstructive lung disorders, such as airway stenosis and aspiration
pneumonia, where HFV may facilitate removal of excess secretions
and improve ventilation/perfusion matching.

. Patients with conditions where HFV may facilitate delivery or improve

the benefits of using specialty gases such as nitric oxide or helium (e.g.,
PPHN or status asthmaticus).
BPD and pulmonary hyperinflation/gas trapping.

a. Success follows proper strategy and patience (average time to extuba-
tion was 7 days in a retrospective study of 10 patients treated with
HFIV)

b. Strategy

(1) No CMYV breaths.

(2) Moderate PEEP (~8 cm H,O) to maintain airway patency.

(3) Lower rates and I:E with prolonged T, to enable diffusion of gas
from affected areas (e.g., 240 bpm with LE=1:12).
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VIII. How to maximize the benefits and minimize the risks of HFV.

A.

B.

Learn when to start HFV without hesitation when indicated by pathophys-
iology, experience, and worsening patient condition.

Match ventilator strategy to pathophysiology and the availability of an
appropriate device.

. Using appropriate ventilator strategies for specific lung disorders is

more important than which ventilator you use, but learn the limitations
of the devices you have available.

2. HFJV limitations.

a. Passive exhalation

(1) Adjust rate for patient size (larger patients require lower
rates).

(2) Pay attention to lung time constants: more compliant lungs
require lower rates.

b. Be ready to suction right after initiation of HFJV.

(1) HFJV facilitates mucociliary clearance; be ready to take advan-
tage of it.

(2) Only suction when indicated; otherwise, you will unnecessar-
ily collapse alveoli.

3. HFOV Ilimitations.

a. Active exhalation

(1) Must increase Paw to avoid gas trapping.
(2) Select HFOV patients who will benefit from higher Paw (e.g.,
RDS).

b. May not work well with nonhomogeneous lung disorders.
c. Watch out for mucus impaction.

4. Hybrids, combined HFV and CMYV, including HFJV.

a. Compressible volume of conventional-style circuits limits ventila-
tor power and effectiveness.
b. Concomitant CMV must be managed appropriately.

(1) Increase CMV rate to actively recruit collapsed alveoli (~5 bpm).

(2) Decrease CMV (to CPAP if possible) when atelectasis
resolves.

(3) Cease CMV (i.e., use CPAP) when air leaks are present.

C. Find and use optimal PEEP/Paw, paying particular attention to whether you

need to recruit more lung volume or you need to stabilize the volume
already available.

Recruit collapsed alveoli by temporarily increasing concomitant CMV rate
with HFJV or Paw with HFOV.
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1. If recruitment is successful as indicated by improved oxygenation, CMV
rate should be reduced and PEEP must be optimized with HFJV.

2. Paw should be optimized with HFOV to support open alveoli without
compromising cardiac output.

E. Keep PaCO, in proper range by careful monitoring. (Transcutaneous CO,
monitoring is strongly recommended).
F. Adjust HFV settings rationally as patient’s condition changes.

1. In general, do not drop PEEP or Paw when F O, is still >0.30.
2. Do not stop prematurely.

a. If you get an unacceptable blood gas, reassess and adjust strategy.

b. If you get a normal or better blood gas, wean appropriately.

c. Weaning to conventional ventilation may not be needed; you can
extubate directly to nasal CPAP.

IX. Conclusions

A. HFV is not for every patient, but it can provide incredible benefits if the
appropriate device is used on the appropriate patient in the appropriate way
at the appropriate time.

B. Let common sense and solid knowledge of pulmonary pathophysiology
and respiratory therapy be your guides.
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Chapter 37
High-Frequency Jet Ventilation

Martin Keszler

I. Indications

A.

Late rescue treatment: High-frequency jet ventilation (HFJV) has been used
extensively for the treatment of refractory respiratory failure unresponsive to
conventional mechanical ventilation (CMV). Air leak syndrome has been the
most commonly treated underlying disorder, but infants with pulmonary
hypoplasia secondary to diaphragmatic hernia, respiratory distress syndrome
(RDS), meconium aspiration syndrome, and pneumonia are also treated rou-
tinely using HFJV with considerable success in the rescue mode.

. Early rescue treatment: HFJV has documented efficacy and is used exten-

sively in the treatment of moderate to severe RDS, pulmonary interstitial
emphysema (PIE), large leaks through a bronchopleural fistula (intractable
pneumothorax) or tracheoesophageal fistula, abdominal distention with poor
chest wall compliance, congenital diaphragmatic hernia, and in patients with
meconium aspiration syndrome with or without pulmonary hypertension.
Prophylactic use: Despite evidence of effectiveness of HFJV in lowering
the incidence of bronchopulmonary dysplasia (BPD) in one large multi-
center study, first-line treatment of infants with RDS at high risk for devel-
oping BPD is not widely practiced.

II. Benefits of HFJV

A.

mONw

Lower pressure amplitude (APressure=peak inspiratory pressure [PIP] —
positive end-expiratory pressure, PEEP), compared to conventional ventilation

Very effective CO, elimination

Flexibility to use both low and high mean airway pressure (Paw) as indicated

More rapid resolution of air leaks

Decrease in airflow through points of airway disruption
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Ability to use high PEEP safely

Effective recruitment and maintenance of lung volume with background sigh
Improved hemodynamics because of less interference with venous return
Mobilization of secretions and aspirated material

Decreased risk of BPD

III. Possible complications of HFIV

A. Mucosal damage to the trachea and large bronchi was reported in some early
studies when inadequate humidification was used. This is no longer a problem.

B. Increased incidence of periventricular leukomalacia and intraventricular
hemorrhage (IVH) reported in one study, likely related to inadvertent hyper-
ventilation or rapid change in PaCO,. Similar findings were seen in some
oscillatory ventilation studies and with conventional hyperventilation. Risk
of inadvertent hyperventilation can be minimized by using transcutaneous
PCO, monitoring, especially when initiating HFJV.

C. Air trapping is possible if an inappropriately high ventilator rate is used.
This is a phenomenon that can occur with all ventilators.

IV. Clinical use

A. Patient selection

1.
2.
3.

Risks and benefits should be carefully considered before initiating HFJV.
Early, rather than late, initiation is preferable in most situations.

Patient selection should be based on clinical experience and published
evidence of efficacy.

B. Basic control of gas exchange

1.

2.

Oxygenation is determined by FiO, and Paw (increased Paw =improved
oxygenation).

Paw is determined by PIP, PEEP, and inspiratory time with PEEP being
by far the most important. Because of the extremely short T, the Paw is
only slightly above PEEP.

Ventilation (CO, elimination) is primarily controlled by pressure ampli-
tude (AP=PIP-PEEP), which determines the delivered tidal volume
(V). In HFJV, CO, elimination is proportional to VTZ; therefore, even
small changes in V_ can result in large swings in PaCO,. PIP should be
increased by 1-2 cm H,O to lower PaCO, and lowered by 1-2 cm H,O
to increase PaCO,.

When lung volume is optimized, compliance may improve dramatically
and this can lead to a rapid drop in PaCO,. Close observation of the chest
wall movement and aggressive lowering of PIP may be needed to avoid
dangerously low PaCO,. Transcutaneous CO, monitoring is recom-
mended to minimize this risk.

Rate has a relatively minor effect on ventilation. Usual range is 300-500
breaths/min, depending on size of baby and time constants. A rate that is
too fast may increase PaCO, because of gas trapping.
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10.

11.

. Unlike with HFOV, a change in ventilator rate does not change the V,,

unless the rate change eliminates or causes gas trapping.

. T, should almost always remain at the lowest possible value of 0.02 s.
. Background IMV rate of 2-5 breaths/min may be superimposed on the

HFJV pulses to recruit/maintain lung volume (periodic sigh). The PIP
should be slightly lower than the HFJV PIP or so as not to interrupt the
jet ventilator. T of the sigh breaths should be about 0.5 s. Background
IMV should be omitted in the presence of overexpansion or air leak.

. Note that sighs recruit lung volume but adequate Paw (PEEP) is needed

to maintain it. Higher PEEP is needed with HFJV than with CMV,
because of the very short T,

Weaning from HFJV is accomplished primarily by weaning PIP, leav-
ing rate unchanged, except as dictated by changes in time constants (see
below).

Recognize that decreasing AP by lowering PIP also lowers Paw and
thus affects oxygenation. This problem can be avoided by increasing
PEEP to compensate.

C. Important principles of clinical application

L.

The standard 15 mm endotracheal tube (ETT) adapter needs to be
replaced with the Bunnell Life Port® adapter prior to initiating HFJV.
The jet and pressure monitoring lines should be initially capped, then
connected to the jet circuit with the ventilator in STANDBY mode.

. The tip of the ETT should not be too close to the carina—optimally at

least 1 cm above—to avoid inadvertently directing the jet stream pref-
erentially down one or the other main bronchus.

. The ETT should be cut to the shortest practical length to avoid bending

and kinking, the patient circuit should be supported so as to keep the
tube straight.

. The baby’s head must be kept in the midline and slightly extended with

a shoulder roll, to keep the ETT as straight as possible with the bevel in
the midline and to optimize penetration of the jet stream down the air-
ways. Allowing the head to be turned to the side results in the jet stream
hitting the wall of the trachea, because the ETT enters the trachea at an
angle. This may result in mucosal damage and is certain to reduce the
efficiency of gas exchange.

D. Matching ventilator strategy to disease pathophysiology

1.

2.

Choosing appropriate ventilator strategy is critical—a wrong strategy
may lead to lack of response and/or complications.

Ventilator settings should be selected according to each patient’s spe-
cific needs.

The underlying disease, postnatal age, and patient size must all be con-
sidered in choosing an appropriate strategy and settings.
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E. Low pressure strategy

1.

10.

11.

12.
13.

This approach may be appropriate when air leak is a major problem
(e.g., PIE, pneumothorax), and the imperative is to reduce peak and
mean airway pressures in an effort to resolve the air leak.

. PIP should be set 10-15% below current levels on CMV.
. PEEP should be 5-6 cm H,O, depending on severity of air leak and

coexisting lung disease (may need to be higher if severe atelectasis
coexists with PIE).

. Remember that oxygenation is related to Paw and that it may deteriorate

with the drop in PIP and short 7. Marginal PaO, may have to be accepted
and higher FiO, is often needed.

. Permissive hypercapnia is usually appropriate.
. Use of the low pressure strategy should be limited to infants with severe

diffuse PIE and lung overexpansion; less severe or more localized PIE is
best treated with an intermediate pressure strategy to avoid atelectasis.

. T, should be kept at 0.02 s.
. Background IMV should be omitted in most cases of air leak, especially

if the lungs are overexpanded and severe PIE is present.

Optimal HFJV rate depends on an estimation of the patient’s time constants
(usual range 360420 breaths/min) to allow adequate expiratory time.

If marginal oxygenation prevents further decrease in PIP but PaCO, is
low, decrease the pressure amplitude by increasing PEEP to avoid
hypocapnia and to maintain oxygenation.

If diffuse atelectasis develops and oxygenation is inadequate, an increase
in Paw, usually by increasing PEEP is indicated, provided ventilation is
adequate. The background IMV may be (re)started at this time.

If ventilation is also inadequate, PIP should be increased as well.

As air leak resolves and atelectasis becomes the dominant problem
transition to the optimal volume strategy. (See below)

F. Optimal volume strategy

1.

This strategy is appropriate in most situations, especially in RDS.

2. The goal is to optimize lung volume, thereby improving V/Q matching

and to avoid the recruitment/derecruitment cycle typical of conven-
tional large V, ventilation.

When switching from CMYV, Paw should be increased by 10-15% by
increasing PEEP.

. The following rule of thumb can be used for initial PEEP settings:

a. Set PEEP at 6-7 cm H,O if FiO, is <0.30
b. Set PEEP at 7-8 cm H,0 if FiO, is 0.30-0.50
c. Set PEEP at 9-12 cm H,0 if FiO, is >0.50

. PIP should initially remain the same as on CMV. If starting HFJV with-

out prior CMV, choose a pressure that results in adequate chest wall
movement.
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6.

7.

10.

11.

12.

13.

14.

15.

Background sigh rate is set at 5/min with 7, of 0.3-0.5 s and PIP set
1-2 cm H,0 below the jet PIP.

Rate of 420-500 breath/min with 7, of 0.02 s is appropriate early in the
course of RDS, because time constants are short. Later, as compliance
improves, rate should be lowered to no more than 420 bpm to avoid gas

trapping.

. Optimization of lung volume is reflected by marked improvement in

oxygenation. If the initial settings do not allow weaning of FiO, to
<0.35, PEEP should be increased further.

. When adequate lung volume recruitment has been achieved, as evi-

denced by improved oxygenation, turn the background IMV rate down
to 2/min and observe for possible deterioration of oxygenation. If
oxygenation remains good, the PEEP is adequate. If oxygenation is
deteriorating, return to a rate of 5/min to rerecruit lung volume and
increase PEEP by 1-2 cm H,O. Repeat the process, if necessary. When
oxygenation remains stable with background rate of 2/min, leave the
settings there.

Background IMV may be omitted once stable lung volume is reached.
However, note that the randomized clinical trials were done using back-
ground sighs.

The background sigh breath rate or pressure should not be increased as
a primary means of increasing Paw. This is more safely accomplished
by raising PEEP. Remember that the large V.. of conventional ventila-
tion is the very thing you are trying to avoid.

Once lung volume is optimized, compliance may improve rapidly. This
will be reflected in improved chest wall movement and CO, elimina-
tion. PIP must be lowered promptly to avoid hypocapnia. Follow PaCO,
closely and use transcutaneous CO, monitoring if available.

The decreased PIP will lower Paw as well, which is appropriate, because
the recruited lungs are now more compliant and require less distending
pressure to maintain recruitment (LaPlace’s law).

If the FiO, is <0.30-0.35, the Paw (PEEP) may need to be lowered fur-
ther to avoid overexpansion.

Periodic chest radiographs are helpful in verifying adequate lung expan-
sion or detecting overexpansion. The goal is 8'2 to 9 rib expansion.

G. Treatment of meconium aspiration syndrome (MAS) and persistent pulmo-
nary hypertension of the newborn (PPHN).

1.

MAS is a heterogeneous disorder and evolves rapidly over time. The
effectiveness of HFJV in this syndrome is variable, ranging from poor
to dramatic.

Very early on, when large airways are obstructed with particulate meco-
nium, HFJV may be ineffective as the jet stream is broken up by the
obstructing debris. This can usually be corrected by effective suctioning
of the airway.



324

M. Keszler

. On the other hand, HFJV provides a sort of internal vibration that helps

to mobilize secretions/aspirated material. The expiratory flow along the
periphery of the large airways brings the secretions proximally. Be ready
to suction when initiating HFJV, as large amounts of meconium may be
refluxed.

. When the surfactant inactivation or inflammatory effect predominates,

HFJV is usually quite effective and the high volume strategy is appropri-
ate. However, beware of overexpansion and gas trapping. Remember:
larger infants with airway obstruction have long time constants and need
slower rates. Typical range is 240-360 breaths/min (4-6 Hz).

. If there is evidence of overexpansion, the correct intervention is to lower

the rate and allow more expiratory time, thus eliminating dynamic PEEP,
rather than lowering the set PEEP. Adequate PEEP is needed to maintain
airway patency and lung volume.

. Although HFJV is an effective and relatively gentle means of hyperven-

tilation, it is no longer recommended to treat PPHN with respiratory
alkalosis. Avoid extremes of PaCO, and pH, which are easily achieved
with HFJV, but are associated with an increased risk of intracranial hem-
orrhage and periventricular leukomalacia.

H. Miscellaneous conditions responsive to HFJV

1. When diaphragmatic excursion is impaired by increased intra-abdominal

pressure, the small V of HFJV with sufficiently high PEEP to apply
counter-pressure on the diaphragm and maintain lung volume is advan-
tageous. Babies with acute abdominal distention from necrotizing
enterocolitis or similar conditions and those postrepair of gastroschisis,
diaphragmatic hernia, or omphalocele often respond dramatically with
improved gas exchange and hemodynamics. Inadvertent hypocapnia
may occur unless great care is taken to monitor chest wall movement and
blood gases closely.

. Infants with airway disruption, such as intractable pneumothorax with

constant large flow through chest tubes, tracheoesophageal fistula, or tra-
cheal tear, respond with improved gas exchange and decreased flow
through the point of airway disruption. This is because the jet stream
moves down the center of the airway with virtually no lateral pressure on
the airway wall. The gas that does escape is probably expiratory gas.
A strategy intermediate between the optimal and low-pressure strategy is
probably best in these situations. Each patient must be individually
assessed regarding appropriate strategy.

. Infants with lung hypoplasia appear to benefit from the gentler ventila-

tion and smaller V. possible with HFJV. Because of the decreased num-
ber of alveoli in hypoplastic lungs, each lung unit must accept a larger
than normal V. with conventional ventilation, thus leading to volutrauma.
Permissive hypercapnia is usually tolerated, but occasionally infants
with PPHN need to have their PaCO, lowered into the high 30s before
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PPHN will respond to iNO. An intermediate approach between the opti-
mal volume and low pressure strategy works best. Beware of overexpan-
sion of the lungs, which will exacerbate pulmonary hypertension.

4. Limited clinical experience and small studies suggest that HFJV may be
useful in extremely immature preterm infants with evolving or estab-
lished BPD. These infants have distended, “floppy” airways and are very
prone to gas trapping, as the airways collapse during expiration. HFJV
may benefit these infants by splinting these airways open with fairly high
PEEP (7-9 cm H,0), and allowing more efficient gas exchange and more
even aeration of the lungs, in part because HFJV breaths are less affected
by variation in regional impedance.

I. Weaning from HFJV

1. Weaning is accomplished by lowering FiO, first and PEEP second, once
the FiO, is <0.30.

2. PIP is lowered in response to low/normal PaCO, or excessive chest wall
movement. Remember to compensate for decreasing PIP by increasing
the PEEP, if necessary, to maintain Paw.

3. Ventilator rate is not decreased as a means of weaning. However, if ini-
tially higher than 420/min, it may need to be lowered to accommodate
lengthening time constants because of increasing compliance and/or
increasing airway resistance as RDS evolves into early BPD.

4. Infants can be weaned from HFJV directly to CPAP. This is usually pos-
sible, once PIP is <10-12 ¢cm H,O and PEEP <6 cm H,O.

5. Alternately, once the pressure is <16-20 cm H,O and PEEP <7 cm H, O,
the infant can be switched to conventional ventilation. Usually, a 10%
higher AP is needed after the change to maintain ventilation. PEEP may
be lowered by 1 cm H,O to maintain constant Paw.
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Chapter 38
High-Frequency Oscillatory Ventilation

Reese H. Clark

I. Introduction

A. Definition—High-frequency oscillatory ventilation (HFOV) is a rapid rate,
low tidal volume form of mechanical ventilation. HFOV uses a constant
distending pressure (mean airway pressure) with pressure oscillations
around the mean pressure. The ventilatory rates range from 300 to 900
cycles per minute. Tidal volumes are often less than the dead space so
HFOV relies on alternative mechanisms of gas exchange to promote carbon
dioxide removal from the lung.

B. Reasons for the development of HFOV:

1. To improve gas exchange in patients with severe respiratory failure
2. To reduce ventilator-induced lung injury

a. Prevention of volutrauma. HFOV dramatically reduces the tidal volume
needed to maintain ventilation (normocapnia). During HFOV, the lung
can be held close to mean lung volume. There is minimal change in lung
volume with each delivered breath. Visually, this translates to chest wall
vibration that is barely perceptible. By contrast, during conventional
mechanical ventilation (CMV), the lung is cycled from low to high vol-
ume with each breath, such that chest rise and fall is easily visible.

b. Reduced exposure to inspired oxygen. HFOV improves the unifor-
mity of lung inflation, reduces intrapulmonary shunt, and improves
oxygenation. The need for supplemental oxygen is reduced and expo-
sure to oxygen-free radicals is decreased.

c. Prevention of atelectrauma (open-lung approach). In healthy infants
and children, lung volumes, both end-inspiratory and end-expiratory,
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change rapidly. At the end of a normal exhalation, the chest wall
interacts with the lung to define functional residual capacity (lung vol-
ume at the end of expiration of a normal tidal volume breath). In neo-
nates with retained lung fluid, lung disease, or lung injury, functional
residual capacity is decreased, and portions of the lung, generally the
dependent areas, are collapsed. Alveolar units are prone to collapse in
patients with lung disease in which there is inadequate or dysfunctional
surfactant. The breath-to-breath cycle of recruitment and subsequent
“derecruitment” of these units causes lung injury. This mechanism of
injury explains the observation that recruitment of lung volume and
normalization of functional residual capacity protects the lung against
ventilator-induced lung injury and also reduces the need for high levels
of inspired oxygen. A goal of respiratory support is to open these areas
and to normalize end-expiratory lung volume (i.e., functional residual
capacity). HFOV does this by reducing changes in lung volume and
promoting lung recruitment. Strategies that promote lung recruitment
and reduce tidal volume act synergistically to reduce lung injury.

. To decrease pulmonary morbidity in patients who require assisted

ventilation

. To provide a method of assisted ventilation that allows severe pulmo-

nary air leaks to heal

II. Differences between HFOV and CMV

A.

Parameter CMV HFOV
1. Rate (breaths per minute) 0-150 180-1,500
2. Tidal volume (mL/kg) 4-20 0.1-5
3. Alveolar pressure (cm H,0) 5-50 0.1-20
4. End-expiratory lung volume Low High

B. Advantages of HFOV

1.

Improves ventilation at lower pressure and volume swings in the lung.

2. Safer way of using “super” PEEP (positive end-expiratory pressure). The

3.
4.

lung can be inflated to higher mean volumes without having to use high
peak airway pressures to maintain ventilation (carbon dioxide removal).
Produces more uniform lung inflation.

Reduces air leak.

C. Disadvantages of HFOV

1.

As with CMYV, there is potential for gas trapping and the development
of inadvertent PEEP. The time for exhalation during HFOV is very
short. Gas delivered to the lung during the inspiratory cycle may
become trapped in the lung. This “trapped” gas can cause overinflation
of the lung and lung injury (stretch injury or air leak). The propensity
for gas trapping is dependent on the high-frequency device being used.
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Devices that facilitate exhalation are less likely to cause gas trapping
than devices that depend on the passive recoil of the chest and lung.

2. Defining optimal mean lung volume is difficult, yet crucial, to the safe
use of HFOV.

a. Increasing lung volume results in decreasing venous return, which
can be severe enough to compromise cardiac output. Lung overinfla-
tion can also cause acute lung injury, especially if cardiac output is
compromised.

b. Under-inflation of the lung is equally dangerous. Collapsed lungs are
difficult to recruit, and recruitment of collapsed lungs can be associ-
ated with significant lung injury. Atelectasis is associated with
increased pulmonary vascular resistance, increased intra- and extra-
pulmonary shunts and life threatening hypoxemia.

III. Types of HFOV

A. Diaphragm HFOV with variable fractional inspiratory time. The SensorMedics

C.

3100A oscillatory ventilator (Chap. 48) is the only HFOV device approved
for use in newborns in the USA. It is an electronically controlled diaphragm
that produces pressure oscillation in the patient circuit. Adjusting the power,
frequency or fractional inspiratory time to the diaphragm driver controls the
airway pressure amplitude. The mean airway pressure is set independently
from the pressure oscillations. Adjusting the bias flow or the outlet resistance
in the patient circuit controls mean airway pressure.

. Piston HFOV with a fixed fractional inspiratory time. These types of HFOV

devices have used a 1:1 inspiratory-to-expiratory (I:E) ratio. In healthy
adult rabbits, the use of a 1:1 I:E ratio has been shown to be associated with
gas trapping and inadvertent PEEP. Newer devices allow for 1:2 and 1:1 L:E
ratios. The Hummingbird is the best example of this type of HFOV.
Hybrid devices employ a Venturi to generate negative pressure during the
expiratory cycle.

IV. Calculations of minute ventilation (i.e., how much carbon dioxide is removed
from the lung)

A.
B.

For conventional ventilation and normal breathing: Ratex V_
For HFOV: Rate®-Vx V (1572

1. This equation predicts that factors effecting tidal volume delivery have
a larger impact on ventilation during HFOV than they do for CMV.
Changes in endotracheal tube size, lung compliance, airway resistance,
and chest wall rigidity all impact delivery of “tidal volume.”

2. It is also important to remember that the impedance of the respiratory
system increases with frequency. During HFOV, as frequency is
increased, tidal volume delivery and minute ventilation may decrease.

3. Some devices, such as the SensorMedics 3100A, have lower V_ output
at higher frequencies. This can be compensated by increasing the power
setting.
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C. Theory for improved ventilation during HFOV

1.

Enhanced molecular diffusion.

2. Enhanced convection (Pendelluft effect)—regional differences in time

S.

constants for inflation and deflation cause gas to recirculate among lung
units and improve gas exchange.

. Taylor dispersion—augmented diffusion occurs because of turbulent air

currents that result from interaction between axial velocity and the radial
concentration gradient in the airways; and molecular diffusion.
Asymmetric velocity profiles—convective gas transport is enhanced by
asymmetry between inspiratory and expiratory velocity profiles that
occur at branch points in the airways.

Reduced dependence on bulk convection.

D. Oxygenation

1.
. Directly related to amount of inspired oxygen (FiO,).
. Both over- and underinflation of the lung can lead to decreased venous

Directly related to the degree of lung inflation (lung surface area).

return, increased pulmonary vascular resistance, and compromised car-
diac output.

E. Physiologically targeted strategies of HFOV

1.

Poor lung inflation. HFOV has its most dramatic effects in infants whose
primary pathophysiology is decreased lung inflation. When used with
continuous distending pressure (CDP) directed at recruiting lung vol-
ume, and followed by careful weaning of the CDP once lung inflation is
improved and FiO, is decreased, HFOV reduces lung injury and
improves oxygenation. This approach exploits the concept of pressure—
volume hysteresis, assuming the lung is not too injured and still has
some recruitable volume. By using a CDP that is higher than the lung
opening pressure (and usually greater than that which is generally
accepted during CV), HFOV recruits collapsed lung units. Once open,
these lung units can be maintained open at a mean airway pressure lower
than that used for lung recruitment.

. Pulmonary hypertension. HFOV can be effective in patients with pul-

monary hypertension, if the process leading to pulmonary hypertension
is poor lung inflation and regional hypoxia and hypercarbia. Improving
lung inflation improves ventilation—perfusion matching and gas
exchange, thereby relaxing the pulmonary vascular bed and decreasing
pulmonary arterial pressure. HFOV is not as effective in patients with
airway obstruction or in patients with poor cardiac output, especially
from myocardial dysfunction. Airway obstruction attenuates the pres-
sure signal as it is propagated across the airways to the alveoli. This
attenuation decreases the alveolar ventilation and reduces ventilator effi-
ciency. In patients with poor cardiac output, the constant high end expiratory
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pressure decreases venous return and adds to further impair cardiac
output.

3. Reported indications for HFOV. Numerous clinical reports of uncon-
trolled trials of the use of HFOV as a rescue technique have been pub-
lished. The absolute indications and contraindications remain to be
established by carefully controlled clinical trials. The following list rep-
resents reported indications for rescue HFOV:

a. Persistent air leak (e.g., bronchopleural fistula, pulmonary interstitial
emphysema)
b. Persistent neonatal respiratory failure associated with:

(1) Respiratory distress syndrome (RDS)

(2) Pneumonia

(3) Adult respiratory distress syndrome (ARDS)
(4) Meconium aspiration syndrome (MAS)

(5) Lung hypoplasia syndromes

(6) Congenital diaphragmatic hernia (CDH)

(7) Hydrops fetalis

(8) Potter’s variant

c. Tracheoesophageal fistula in patients who are unable to undergo sur-
gical correction quickly (e.g., premature infants)

d. Primary pulmonary hypertension, which is responsive to reversal of
atelectasis

4. Reported contraindications

a. Airway disease associated with gas trapping. Most authors agree that
HFOQOV is not effective in patients with airway obstruction. The use of
HFOV in patients with airway disease can accentuate problems with
gas trapping.

b. Uncorrected shock. Appropriate use of HFOV increases mean lung
volume. As lung volume increases, right atrial volume will decrease.
These changes impede venous return. Reduced venous return may
amplify problems with hypotension unless preload is increased through
aggressive treatment of shock and its causes. These problems are
identical to the problems seen with increasing levels of positive end-
expiratory pressure during conventional forms of mechanical ventilation.

F. Specific reports and summary of results of clinical trials

1. Respiratory distress syndrome (RDS)
The largest prospective study involving HFOV was reported by the HIFI
Study Group. Of 673 preterm infants weighing between 750 and 2,000 g,
346 were assigned to receive CV and 327 to receive HFOV. No infant
received surfactant. The incidence of bronchopulmonary dysplasia
(BPD) was nearly identical in the two groups. HFOV did not reduce
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mortality or the level of ventilatory support during the first 28 days.
HFOV was associated with an increased incidence of pneumoperito-
neum of pulmonary origin, grades 3 and 4 intracranial hemorrhage, and
periventricular leukomalacia. These results suggested that fixed ratio
HFOQOV, as used in this trial, did not offer any advantage over CMV, and
it might be associated with undesirable side effects.

. In a much smaller study (n=98), also in non-surfactant-treated infants,

Clark et al. showed that HFOV could be used to reduce the incidence of
chronic lung disease in premature infants with RDS without increasing
the incidence of intraventricular hemorrhage (IVH). The HFOV strat-
egy used in this study was designed to recruit lung volume. The aver-
age CDP used during HFOV was 2-3 cm H,O higher than the mean
Paw used during CMV.

. In a multicenter trial (n=176), the HIFO study group showed that rescue

HFOV could be used to reduce the incidence of air leak syndromes in
infants with established severe lung disease. There was a slight increase
in incidence of grades 3 and 4 IVH in those infants treated with HFOV.

. Gerstmann et al. did the first study in which all infants received surfac-

tant. The purpose of this study was to compare the hospital course and
clinical outcome of preterm infants with RDS treated with surfactant
and managed with HFOV or CMV as their primary mode of ventilatory
support. A total of 125 infants <35 weeks’ gestation with a/A <0.5 were
studied. HFOV was used in a strategy to promote lung recruitment and
maintain lung volume. Patients randomized to HFOV demonstrated the
following significant findings compared with CM V-treated patients: less
vasopressor support, less surfactant redosing, improved oxygenation,
sustained during the first 7 days, less prolonged supplemental oxygen or
ventilator support; reduced treatment failures, more survivors without
BPD at 30 days; less need for continuous supplemental oxygen at dis-
charge, lower frequency of necrotizing enterocolitis, fewer abnormal
hearing tests, and decreased hospital costs. In pulmonary follow-up at
6 years of age, infants randomized to HFOV had normal lung volume
measurements, whereas those randomized to CMV had larger than nor-
mal residual volume and decreased vital capacity.

. Using the Infant Star HFOV and a volume recruitment strategy, Thome

et al. were unable to reproduce the results reported by Gerstmann
(HFOV) or Keszler (HFJV).

. The two largest clinical studies show conflicting results.

a. Courtney et al. studied 500 infants. Those randomly assigned to
HFOV were successfully extubated earlier than infants assigned to
synchronized intermittent mandatory ventilation (SIMV). Of infants
assigned to HFOV, 56% were alive without need for supplemental
oxygen at 36 weeks of postmenstrual age, compared to 47% of those
receiving SIMV. There was no difference between the groups in the
risk of IVH, cystic PVL, or other complications.
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b. Johnson et al. studied 400 infants who were assigned to HFOV and
397 who were assigned to CMV. The composite primary outcome
(death or CLD diagnosed at 36 weeks of postmenstrual age) occurred
in 66% of the infants assigned to receive HFOV and 68% of those in
the CMV group. There were also no significant differences between
the groups in a range of other secondary outcome measures, includ-
ing serious brain injury and air leak.

7. Meta-analysis by Cools et al. assessed the effectiveness of elective

HFOV versus conventional ventilation in premature patients with RDS.
They performed a systematic review and meta-analysis of individual
patients’ data from 3,229 participants in ten randomized controlled tri-
als, with the primary outcomes of death or BPD at 36 weeks’ postmen-
strual age, death or severe adverse neurological event, or any of these
outcomes. For infants ventilated with HFOV, the relative risk of death or
bronchopulmonary dysplasia at 36 weeks’ postmenstrual age was 0.95
(95% CI1 0.88-1.03), of death or severe adverse neurological event 1.00
(0.88-1.13), or any of these outcomes 0.98 (0.91-1.05). No subgroup of
infants (e.g., gestational age, birth weight for gestation, initial lung dis-
ease severity, or exposure to antenatal corticosteroids) benefited more or
less from HFOV. Ventilator type or ventilation strategy did not change
the overall treatment effect.

G. Current status

1.

Animal studies show that HFOV reduces lung injury, promotes more uni-
form lung inflation, improves gas exchange, and prolongs the effectiveness
of exogenous surfactant in experimental models of acute lung injury.
Clinical studies show that the results are strategy-specific. When used
with a strategy designed to optimize and maintain lung inflation, HFOV
can be used safely to reduce the occurrence of BPD. However, technol-
ogy is ever changing and the debate over the best surfactant and the
gentlest mode of ventilation continues.

H. Air leak syndromes

1.

Pulmonary interstitial emphysema (PIE).

a. Clark et al. showed that HFOV improved gas exchange in premature
infants with severe respiratory failure and PIE. Compared to previ-
ously reported data involving CMV, HFOV also appeared to improve
survival. Similar results have been reported with HFJV.

b. Current status: PIE remains a serious complication of assisted venti-
lation. The introduction of surfactant has reduced the incidence of
PIE, but has not eliminated the disease process. HFOV improves gas
exchange and appears to improve the outcome of patients with PIE.
However, affected infants are at high risk for long-term pulmonary
and neurological morbidity.
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2. Pneumothorax

a.

Blum-Hoffman et al. showed that HFOV was effective in improving
oxygenation and ventilation in patients with air leak syndromes.
Carter et al. reported similar results.

Current status: Both HFJV and HFOV appear to improve gas
exchange and allow for more rapid resolution of pneumothoraces.

3. Extracorporeal membrane oxygenation (ECMO) candidates

a.

Paranka et al. demonstrated that 50% of the ECMO-eligible patients
could be rescued with HFOV alone. The outcome of patients rescued
with HFOV was as good as for those who went on ECMO. Patients
with CDH (30%) and MAS (50%) were not as likely to respond to
HFOQOV as were patients with pneumonia (85%) and/or RDS (90%).
Vaucher et al., using a different type of HFOV and a different clinical
strategy, did not demonstrate results as encouraging. Patients who met
criteria and were treated with ECMO had less BPD than infants who
were “rescued” with alternate therapies. Walsh-Sukys presented similar
findings. Both these studies show that prolonged use of HFOV or CMV
to avoid ECMO may increase the risk for development of BPD.
Kinsella et al. reported that treatment with HFOV and inhaled nitric
oxide was more effective than either therapy alone in the manage-
ment of babies with lung disease and PPHN. This finding was par-
ticularly true for infants with RDS or MAS.

Current status: Results achieved with HFOV are likely to be device-
and strategy-specific. The relative roles surfactant, inhaled nitric oxide,
liquid ventilation, HFOV, and ECMO play in the management of term
infants with severe respiratory failure have not yet been determined.

I. Reported complications of HFOV

1. Adverse cardiopulmonary interactions. It is essential to maintain the
balance between adequate lung volume and cardiac preload. During
HFOV, lung volume is nearly constant. Failure to maintain adequate
preload and/or optimal lung volume can result in progressive hypoten-
sion and hypoxemia.

2. Mucostasis.

a.

The HFOV I:E setting effects mucus clearance from the lung. Mucus
can build up in the airways during HFOV. When weaned from HFOV
and returned to CMV, some patients will rapidly mobilize these
secretions. Airways can become occluded and frequent suctioning
may be required during the 24- to 48-h period following HFOV.
Airway trauma associated with suctioning should be avoided by
passing the suction catheter only one centimeter below the endotra-
cheal tube. While mucostasis is an uncommon complication of
HFOV, it can be life threatening.
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b. Premature patients with RDS who were treated with HFOV may
actually require less suctioning.

c. Management of airway secretions must be individualized. Try to
avoid suctioning unless clinically indicated (increasing PaCO,, visi-
ble airway secretions, or decreasing oxygen saturation).

3. Gas trapping—see above.

4. IVH and PVL. Recent meta-analysis suggest that the association between
HFOV and poor neurologic outcome is more related to how HFOV is
used than whether it is used. HFOV can cause rapid reduction in PaCO,,
which can cause sudden changes in cerebral blood flow. To use HFOV
safely, acute changes in ventilation, especially overventilation (i.e.,
hypocapnia and alkalosis), must be avoided.

J. General and disease-specific recommendations
1. Atelectasis with diffuse radioopacification of the lung (RDS or pneumonia)

a. The CDP required to optimize lung inflation is higher than that which
is usually achieved on CMV. Mean airway pressure can be increased
in 1-2 cm H,O increments until PaO, improves or the chest radio-
graph shows normal inflation. Evidence of overinflation or signs of
cardiac compromise should be avoided. Radiographic signs of over-
inflation include “extra clear” lung fields, a small heart, flattened
diaphragms, and more than nine posterior ribs of lung inflation.
Signs of cardiac compromise include increased heart rate, decreased
blood pressure, poor peripheral perfusion, and metabolic acidosis.

b. Mean airway pressures used in the management of uncomplicated
RDS in premature infants are generally lower than those used to treat
term newborns. The severity of the lung disease, the age at start of
HFOQOV, the use of surfactant, and the presence of infection will all
influence the amount of pressure that is required. CDPs commonly
reported are:

(1) For infants<1 kg, 5-18 cm H,O
(2) For infants 1-2 kg, 6-20 cm H,O
(3) For infants>2 kg 10-25 cm H,0

c. Frequency is generally held constant at 8—15 Hz. Most clinical data
report the use of 10 Hz. In infants who are <1 kg, extreme caution
must be taken to avoid hyperventilation and alkalosis. If PaCO, is
low and the pressure amplitude is less than 20 cm H,O, the frequency
may need to be increased in order to decrease minute ventilation and
allow the PaCO, to rise to a normal range. Also, if small changes in
power settings result in large changes in PaCO,, ventilation control
will be improved by increasing the frequency to 15 Hz.
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. Meconium aspiration syndrome

Some of these patients present with diffuse lung injury with limited
pulmonary hypertension and minimal airway obstruction. These
patients respond as described above.

By contrast, some newborns with MAS have severe airway obstruc-
tion and PPHN. These infants are not as responsive to HFOV.

. During the initiation of HFOV in patients with MAS, a chest radio-

graph should be obtained to assess lung inflation and to rule out evi-
dence of gas trapping. Lowering the frequency and increasing CDP
may reduce gas trapping from narrowed airways.

Patients who have poor lung inflation, minimal improvement in gas
exchange during HFOV, and clinical evidence of pulmonary hyper-
tension, are more likely to respond to a combination of HFOV and
inhaled nitric oxide than to either therapy alone.

. Lung hypoplasia syndromes

Similar to patients with MAS, the patients most likely to respond to
HFOV are those in whom the primary pathophysiologic process is
poor lung inflation.

Patients whose lung volumes have been optimized on HFOV, as
evidenced by clear lung fields but who still have severe pulmonary
hypertension, are less likely to respond to HFOV alone.

Patients with both poor lung inflation and pulmonary hypertension
may be best treated with a combination of HFOV and inhaled nitric
oxide.

. Air leak syndrome

Patients who have severe persistent air leak (such as PIE or recurrent
pneumothoraces) require a different approach. The goal of assisted
ventilatory support must be to allow the air leak to resolve. If the air
leak is unilateral, placing the involved lung in the dependent position
will increase the resistance to gas flow to this lung and promote
atelectasis. Both lung collapse and decreased ventilation of the
dependent lung will promote air leak resolution.

In addition to dependent positioning, using a strategy of HFOV that
emphasizes decreasing mean airway pressure over decreasing FiO,
will help allow air leak resolution.

. Idiopathic PPHN with normal lung inflation. These patients are easy to

ventilate on low levels of conventional support. HFOV is not as effec-
tive in these patients and can be associated with the development of
life-threatening hypoxemia, if the balance between preload and lung
volume is not carefully addressed.
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Chapter 39
VIP Bird Gold Ventilator

Michael A. Becker and Steven M. Donn

I. Introduction
The Bird VIP Gold ventilator (CareFusion, San Diego, CA) provides both
neonatal and pediatric ventilation. The ventilator breaths are synchronized in
all modes. Continuous tidal volume, graphic monitoring of waveforms and
mechanics are also available.

II. Monitoring

A. Internal

1. AC power

2. External DC power

3. Patient effort

4. Demand flow (pressure limited modality only)
5. Peak inspiratory pressure (PIP)

6. Mean airway pressure (Paw)

7. Positive end expiratory pressure (PEEP)

8. Rate (total breath rate)
9. Inspiratory time
10. L:E ratio
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11. Tidal volume (I=inspiratory or E =expiratory)
12. Expiratory minute volume
13. Airway pressure monometer (aneroid gauge)

B. Bird graphic monitor
1. Waveforms (2 of the 3 displayed at the same time)

a. Flow
b. Volume
c. Pressure

2. Mechanics

a. Pressure—volume loop
b. Flow—volume loop

[O8]

. Trends (24-h trend monitoring)
4. Pulmonary mechanics calculations

a. Compliance and C,/C ratio
b. Resistance

III. Alarms
A. Alarms/limits

. Blender input gas alarm

. High breath rate alarm

. High pressure alarm

. High/prolonged pressure alarm

. High tidal volume

. Low inlet gas pressure alarm

. Low minute volume alarm

. Low PEEP/CPAP pressure alarm
. Low peak pressure alarm

10. Pressure support/VAPS time limit

e BN B Y R O R S

Nel

IV. Nomenclature
A. Pressure vs. volume ventilation
1. Pressure ventilation

a. The pressure is controlled.

b. The volume delivery varies with changes in compliance.

c. There are three pressure modalities: time-cycled, pressure-limited
(TCPL), pressure control (PC), and pressure support (PS).

2. Volume ventilation

a. The volume delivery is controlled.
b. The pressure varies with changes in compliance.
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Flow \.

Trigger < >
Set T|

Fig. 39.1 Termination sensitivity® or expiratory trigger. Inspiration is initiated by a change of flow
at the airway. When the lungs have inflated, flow decreases at the proximal airway, which results
in the breath being terminated. The point of termination is clinician-adjustable, and represents a
percentage of peak inspiratory flow. Thus, a 5% termination sensitivity setting means that the
breath will be terminated when airway flow has decreased to 5% of peak flow (i.e., there has been
a 95% decay of the curve). T, =inspiratory time

B. Assist/control vs. SIMV/PS
1. Assist/control (A/C)

a. A set number of control breaths are delivered in the event of apnea or
failure to trigger.

b. If the patient triggers the ventilator with a spontaneous effort, an
assist breath is delivered.

2. SIMV/PS

a. A set number of control breaths are delivered.

b. If the patient’s spontaneous effort triggers the ventilator above the set
control rate, the additional breaths will be supported by a pressure-
limited breath called pressure support (PS).

C. Flow-cycling (Fig. 39.1)

1. Use of “termination sensitivity” (or expiratory trigger) enables the baby
to end mechanical inspiration nearly synchronously with his/her own
spontaneous breathing.
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Inspiration ends at a percentage (almost always 5%) of the peak inspira-
tory flow rate rather than the set inspiratory time, and if properly set, this
occurs before the set T,.

. Flow-cycling prevents inversion of the I:E ratio during rapid breathing

and greatly reduces gas trapping which could occur in A/C at a fixed T,
because T}, is shortened the faster the baby breathes.

. Inrare instances, the baby may “choose” a T that is too short to provide

an adequate V_. Switch to time-cycling.

V. Modalities of ventilation

A.

Time-cycled, pressure-limited (TC/PL)

I.
2.

3.

2.

2.

Continuous flow.

Mechanical breaths are pressure-limited and may either be time-cycled or
synchronized to the patients own respiratory effort by flow-cycling,
changes that are detected by a proximal flow sensor (pneumotachograph).
The pressure is controlled and the volume varies with lung compliance.

. Pressure control (PC)

. A pressure limited breath is delivered at a variable flow rate.
. It accelerates to peak flow and then decelerates.
. The endotracheal tube resistance and the patient compliance determine

the flow rate, which can also be modulated with “Rise Time” (see
below).

. Pressure support (PS)
1.

A pressure-limited breath that is patient-triggered. The patient has
primary control of the inspiratory time and flow.

The inspiratory flow may be modified with Rise Time, an adjustment
that affects the flow and pressure waveforms. The setting of 1 is the
steepest rise. The breath will be given quickly. The setting of 7 will give
the breath more slowly and may be very helpful in the management of
infants with high resistance disease or small endotracheal tubes.

. Volume-controlled (targeted) ventilation

1.

A preset volume is delivered with each breath.

a. The volume is constant and pressure varies depending upon the
patient’s lung compliance.

b. The breaths are triggered by a flow change at the flow sensor, indicat-
ing the patient is making a respiratory effort.

c. The minimum tidal volume leaving the ventilator is 10 mL.

Because cuffed endotracheal tubes are not used in newborns, there is
usually some leakage of delivered volume. It is more appropriate to
refer to this as volume-controlled or volume-limited ventilation, and not
volume-cycled ventilation.
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Flow At 3 L/min (the transition point)
the tidal volume is measured

If the tidal volume is greater
than or equal to the desired
volume, the breath moves into
the expiratory phase

If the tidal volume is less than

the desired tidal volume. The

breath becomes a volume
targeted breath

The flow continues (sometimes
referred to as a “back porch”)
and

Pressure the pressure increases
/ until the minimal volume is
delivered OR the maximum

inspiratory time ends the
breath

Fig. 39.2 Suggested algorithm for setting up volume assured pressure support (VAPS)

E. Volume-assured pressure support (VAPS) (Fig. 39.2)

1. VAPS begins as a variable flow (decelerating waveform), pressure lim-
ited breath (a pressure support type breath).

2. A minimal volume target is set.

3. Ataselected transition point, generally set at 3 LPM (the lowest setting,
it gives the pressure support breath the maximum time to deliver the
minimal tidal volume), the tidal volume is measured.

4. If the volume target is met, the breath will flow-cycle and move into the
expiratory phase.

5. If the volume is not met, the breath converts from a pressure support
breath to a volume-targeted breath. The flow continues, the inspiratory
time extends and the pressure increases slightly until the minimal target
volume is achieved or the maximum inspiratory time limit ends the
breath. This mode will deliver either patient-triggered breaths or a con-
trol rate if the patient has no effort.
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F. Continuous positive airway pressure (CPAP)

1. Continuous gas flow through the circuit with expiratory resistance to
provide the desired pressure.

2. May be oxygen-enriched.

3. No additional volume or pressure boost is provided.

VI. Management
A. Ventilator management

1. Ventilation (PaCO,). Carbon dioxide removal is related to the minute
ventilation (MV). MV = tidal volume (V,.) x respiratory rate. Measured
inspiratory tidal volumes should be 4-8 mL/kg to avoid overinflation.
Normal MV =240-360 mL/kg/min

a. Pressure-targeted

(1) V. is adjusted by the change in pressure or AP (PIP-PEEP).
(2) Compliance and resistance will affect the delivered tidal volume.

b. Volume-targeted

(1) The inspiratory tidal volume delivered to the patient is deter-
mined by the set tidal volume minus the volume that is com-
pressed in the ventilator circuit (and any leak).

(2) The compressed volume varies with the pressure that is gener-
ated within the circuit and patient compliance.

(3) Always monitor the measured inspiratory and expiratory vol-
umes to determine the leak volume.

2. Oxygenation (Pa0,). Correlated directly to Paw (mean airway pressure)
and FiO,

a. Increases in PIP, inspiratory time, PEEP, and rate all contribute to
higher Paw and an increase oxygenation.
b. FiO,.

VII. Weaning and extubation (Chap. 68)

A. Weaning the ventilator. Our weaning strategies encourage the patient to
breath above the set respiratory rate. This is done by decreasing the rate to
the point where the patient breaths spontaneously.

1. Pressure modes
a. Weaning in A/C

(1) Itis possible to wean in either A/C or SIMV/PS.
(2) As compliance improves the patient requires less pressure to
deliver the appropriate desired inspiratory tidal volume.
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b. Weaning in SIMV/PS

(1) Set the mandatory (SIMV) breath as AP=(PIP-PEEP) to deliver
inspiratory tidal volume of 4-8 mL/kg.

(2) The pressure support (PS) level should be set at the same (PS_ )
or slightly lower pressure, delivering approximately an inspira-
tory tidal volume of 4-8 mL/kg.

(3) Decrease the rate of the control breaths until all the breaths are
PS breaths (a low SIMV rate of 6-10/min may be used as a
safeguard).

(4) Extubate from a rate of zero and a minimal PS level
(PS_. =3-4mL/kg V).

2. Volume modes
a. Weaning in A/C

(1) Weaning in volume A/C is difficult.

(2) Decrease the rate until the patient begins spontaneous
respirations.

(3) Atrates of <20-40, change to SIMV/PS to continue weaning.

b. Weaning in SIMV/PS

(1) Set the volume parameter to deliver a measured inspiratory tidal
volume of 5-6 mL/kg.

(2) The pressure support (PS) should be set at the same (PS_ ) or
slightly lower pressure that is being generated by the volume
breath, delivering an inspiratory tidal volume of approximately
4-6 mL/kg.

(3) Decrease the rate of the control breaths until all the breaths are
PS breaths (a low SIMV rate of 6-10/min may be used as a
safeguard).

(4) Extubate from a rate of zero and a minimal PS level
(PS_. =3-4mL/kg V).

3. VAPS
a. Weaning in A/C

(1) VAPS A/C is generally not considered a weaning mode.

(2) As compliance improves, the PIP may be decreased. Review
waveforms for the occurrence of transitional breaths (a switch to
volume-targeted breaths).

b. Weaning in SIMV/PS

(1) Decrease the rate of the control breaths until all the breaths are
PS breaths.
(2) Extubate from a rate of zero and a minimal PS level.



348 M.A. Becker and S.M. Donn

B. Extubation. When to extubate has always been a subjective decision. We
have attempted to make it more objective with the initiation of a minute
ventilation trial.

1. Record the total minute ventilation (MV) measured by the proximal

flow sensor. Do not change the respiratory support.

2. Change the ventilator mode to SIMV (CPAP), rate of zero and no
pressure support. Use the TCPL mode because in this mode the patient
can breathe spontaneously from the continuous flow provided by the
ventilator.

. After 10 min, record the spontaneously generated MV.

4. If spontaneous MV is >250% of the mechanically delivered MV, extubate

the baby.

[O8]
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Chapter 40
AVEA Ventilator

Michael A. Becker and Steven M. Donn

I. Introduction

The AVEA ventilator (CareFusion, San Diego CA), a single platform device,
is designed to meet the needs for ventilator support in the neonatal, pediatric,
and adult patient populations. Each population has unique options of available
modes and modalities of ventilation. This review focuses only upon the neo-
natal applications.

II. Description
Both volume- and pressure-targeted ventilation are available for the neonatal
population. A proximal flow sensor is used to provide flow-triggered synchro-
nization of all ventilator breaths as well as proximal volume measurements.

III. Additional features

A. Attificial airway compensation (AAC).

1. When activated the ventilator automatically calculates the drop in pres-
sure through the endotracheal tube and adds that amount of pressure to
the system.

2. It takes into consideration flow, gas composition, tube diameter and
length, as well as the pharyngeal curve.

B. Leak compensation: the flow control valve (FCV) and the exhalation valve
work together to compensate for baseline leaks.
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Circuit compliance compensation: not active for neonatal patients.
Heliox delivery: by connecting an 80/20 mixture mixture of heliox via the
smart connector technology, the ventilator is not only able to deliver an accu-
rate heliox concentration but also measure accurate tidal volume delivery.

. An adjustable FiO, concentration when either the increase oxygen or suc-

tion button is activated. In the infant mode, the default is an increase in
FiO, of 20% (from the set FiO,). It may be adjusted from 0-79%.
Internal battery and compressor: automatically activated backup for the
loss of electricity or air gas source.

Monitoring

A.
B.

Internal
Graphic monitoring

1. Waveforms.

a. Flow
b. Volume
c. Pressure

2. Mechanics.

a. Pressure—volume loop
b. Flow—volume loop

3. Trends: 24-h trending of over 50 monitored respiratory parameters.
4. Pulmonary mechanics calculations: at present, only dynamic compli-
ance can be calculated for neonatal patients.

Alarms/limits

—~TQmmoOw»

High rate (bpm)

Low V. (mL)

High V. (mL)

Low V_ (L)

High V_ (L)

Low Ppeak (cm H,0)
High P (cm H,0)
Low PEEP (cm H,0)
Apnea interval (seconds)

Nomenclature

A.

Pressure versus volume ventilation
1. Pressure-targeted ventilation

a. The pressure is controlled.
b. Volume varies with changes in pulmonary compliance and airway
resistance.
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2. Volume-targeted ventilation

a. The volume delivered from the ventilator is controlled.
b. The pressure varies with changes in pulmonary compliance and air-
way resistance.

B. Modes
1. Assist/control (A/C)

a. A preset number of control breaths are delivered.
b. If the patient triggers the ventilator with a spontaneous effort another
breath of the same type is delivered.

2. SIMV/PS

a. Generally considered to be a weaning mode of ventilation.

b. A preset number of control breaths are delivered.

c. If the patient’s spontaneous effort triggers the ventilator above
the set control rate, the additional breaths with be supported by a
pressure-limited breath called pressure support (PS).

C. Flow-cycling

1. Use of flow cycling (the expiratory trigger) enables the baby to end
mechanical inspiration nearly synchronously with spontaneous
breathing.

2. Inspiration ends at a percentage (adjustable from 5-45%) of the peak
inspiratory flow rate rather than the set inspiratory time. If properly set,
flow-cycling should end inspiration before the set inspiratory time (T)).

3. Flow-cycling helps to prevent inversion of the I:E ratio during rapid
breathing and greatly reduces the risk of gas trapping.

4. Flow-cycling enables complete synchronization between the baby and
ventilator.

a. The baby initiates the mechanical breaths (inspiratory trigger).
b. The baby terminates the mechanical breaths (expiratory trigger).

5. Inrare instances, the baby may “choose” a T, that is too short to provide
an adequate V.. In this case, it may be appropriate to use time-cycling.

VII. Modalities of ventilation
A. Pressure modalities

1. There are three pressure modalities available for the neonatal
population.

a. Time-cycled pressure-limited (TCPL)
b. Pressure control (PC)

c. Pressure support (PS)

d. CPAP
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2. Time-cycled, pressure-limited (TCPL)

a. Flow is continuous.

b. Mechanical breaths are pressure limited and synchronized to the
patients’ own respiratory effort by flow changes, detected by a prox-
imal flow sensor (hot wire anemometer).

c. The pressure is controlled and the volume varies with lung
compliance.

3. Pressure control (PC)

a. A pressure-limited breath is delivered at a variable flow rate.

b. The flow wave form shows rapid acceleration followed by rapid
deceleration.

c. The endotracheal tube resistance and the patient compliance deter-
mine the inspiratory flow rate, which may also be modulated by the
“Rise Time” setting (see below).

4. Pressure support (PS)

a. A pressure-limited breath that is patient-triggered. The patient has
primary control of the inspiratory time (which may be limited) and
flow.

b. The inspiratory flow can be modified by adjusting the Rise Time
parameter. The Rise Time settings are qualitative, ranging from
1 to 9. The setting of 1 is the steepest acceleration of flow; the
breath will be delivered quickly. The Rise Time setting of 9 will
deliver the breath with a slower acceleration of flow. The proper
Rise Time may help to avoid pressure overshoot or inadequate
hysteresis.

5. Continuous positive airway pressure (CPAP) is also available and is
achieved by continuous gas flow through the circuit with expiratory
resistance to provide the desired pressure.

a. May be oxygen-enriched.
b. No additional volume or pressure boost is provided.

. Volume modality (volume control; volume-targeted)

1. A preset volume is delivered with each breath. May be very useful in
attempting to control ventilation in the treatment of patients with
changing compliance.

2. The volume is controlled at the ventilator. In the monitoring area, this
value is referred to as volume delivered.

3. The volume leaving the machine is constant and the pressure will vary
dependent upon the patient’s lung compliance and airway resistance.
However, there will be a significant compression (loss) of volume within



40 AVEA Ventilator 353

the ventilator circuit when lung compliance is poor. This is referred to
as compressible volume loss.

4. The set volume, flow rate, and inspiratory pause parameters determine
the inspiratory time.

VIII. Management

A. Ventilator management: With the newer generation ventilators, combine
three assessments to enable determination of the best strategy: physical
patient assessment, monitoring of measured values, and graphic assess-
ment to enable individual strategies based upon pathophysiology and the
interaction of the baby and the ventilator.

1. Ventilation (PaCO,). Carbon dioxide removal is related to the minute
ventilation (MV). MYV =V, xrespiratory rate . Measured inspiratory
tidal volumes should be 4-7 mL/kg to avoid overinflation. The normal
MV =240-360 mL/kg/min. This calculation is based on expiratory
tidal volume (V) and will be affected by endotracheal tube leaks.

a. Pressure modalities

(1) The V_ is adjusted by setting the inspiratory pressure (IP) in
TCPL/PC and Pressure control ventilation. This pressure is
above the level of PEEP; the difference between peak pressure
and PEEP is also referred to as A P or amplitude.

(2) Compliance and resistance will affect the delivered tidal volume.

b. Volume-targeted

(1) The inspiratory tidal volume (V) delivered to the patient is
determined by the set tidal volume minus the volume that is
compressed in the ventilator circuit.

(2) The compressible volume loss varies with the pressure that is
generated within the circuit, which in turn is a reflection of
compliance.

(3) Always monitor both the inspiratory and expiratory tidal vol-
umes (or percentage leak) to determine the volume of leak. This
is important because of the use uncuffed endotracheal tubes in
neonates.

2. Oxygenation (PaO,) correlates directly with mean airway pressure
(Paw) and FiO,.

a. Increases in peak inspiratory pressure (PIP), inspiratory time, posi-
tive end expiratory pressure (PEEP) and rate all contribute to
increases in Paw. Increased Paw increases oxygenation by increas-
ing pulmonary surface area.

b. FiO, increases will also increase oxygenation unless there is a diffu-
sion barrier or ventilation—perfusion mismatch.
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IX. Weaning and extubation (see also Chap. 68)

A. Weaning the ventilator: Typical weaning strategies encourage the patient
to breath above the set (control or mandatory) respiratory rate. This is
done by decreasing the rate to the point where the patient breaths sponta-
neously and triggers most, if not all, of the breaths.

1. Pressure
a. Weaning in assist control (A/C)

(1) Adjust in IP to maintain the measured inspiratory tidal volumes
between 4-7 mL/kg.

(2) As the patient’s compliance improves, the required IP will
decrease.

b. Weaning in SIMV/PS

(1) Adjust IP of the mandatory TCPL or PC breaths to keep the
measured inspiratory tidal volumes between 4—7 mL/kg.

(2) The IP of the PS breath can be adjusted to deliver either a full
tidal volume breath (called PS_ ) or at a lower level to provide
a partially supported breath. At the lowest level, PS__, the deliv-
ered V., matches the imposed work of breathing created by the
endotracheal tube and ventilator circuit.

(3) If the SIMYV rate is set too high, it may interfere with spontane-
ous breathing and offset the advantages of PS.

2. Volume
a. Weaning in A/C

(1) Weaning directly to extubation is difficult to accomplish in the
volume assist-control mode
(2) Changing to SIMV/PS is recommended

b. Weaning in SIMV/PS

(1) Decrease the rate of volume control breaths and supplement the
minute ventilation by additional PS breaths.

(2) Wean the control rate and adjust the PS IP to provide a reason-
able V..

(3) Once the PS IP has been weaned to a level which provides a
3-4 mL/kg V_, the baby is usually able to be extubated.
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Chapter 41
Bear Cub 750,

Joanne Nicks

I. Description

A. The Bear Cub 750, Infant Ventilator (CareFusion, San Diego, CA) is
pneumatically powered with 30-80 psig air and oxygen, and is electroni-
cally controlled.

B. Designed to ventilate newborn, infant, and pediatric patients weighing
between 500 g and 30 kg.

C. Provides a range of modes, controls, monitors, and alarms appropriate for
the targeted patient population.

D. An optional flow sensor may be placed at the proximal airway to provide
synchronized mandatory breaths and volume monitoring.

II. Breath types and modes of ventilation
A. Breath types

1. The changeover from expiration to inspiration may be time-triggered based
on the rate setting or flow-triggered based on the Assist Sensitivity setting.
Flow-triggering requires that the flow sensor be properly installed.

2. Mandatory breaths are pressure-limited; however, the peak inspiratory
pressure may be less than the inspiratory pressure setting if the Volume
Limit function is activated.

3. The changeover from inspiration to expiration may be time-cycled based
on the inspiratory time setting or flow-cycled based on a fixed termina-
tion at 10% of peak inspiratory flow. If the Volume Limit function is
activated, mandatory breaths may be volume-cycled. When a breath is
flow-cycled or volume limited, the actual inspiratory time may be less
than the set 7.
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B. Modes and modalities

1.

Assist/control. The patient may trigger mandatory breaths in excess of
the preset rate provided the Assist Sensitivity threshold is met (flow sensor
must be installed). As a result, the mandatory breaths are synchronized
with the patient’s breathing pattern.

. Flow-cycled assist/control. A pressure-limited breath is delivered at a pre-

set inspiratory pressure based on the mandatory set rate, or with each
patient effort that meets the Assist Sensitivity threshold. Delivered breaths
may be flow-cycled when the inspiratory flow falls to 10% of the peak flow
rate, or time-cycled at the preset inspiratory time, whichever occurs first.

. SIMV. In this mode, a combination of mandatory breaths and spontane-

ous breaths is possible. Based on “assist windows,” mandatory breaths
are delivered in synchrony with the patient’s breathing pattern at
the preset rate (flow sensor required). In between mandatory breaths,
the patient may breathe spontaneously from the preset Base Flow (but
receives only PEEP).

. IMV. Mandatory breaths are delivered at preset intervals based on the

rate setting without regard for the patient’s breathing pattern. The patient
may breathe spontaneously in between mandatory breaths as in SIMV.

. Flow-cycled SIMV. A pressure limited breath is delivered at a preset

inspiratory pressure based on the mandatory set rate, in synchrony with
the infant’s spontaneous effort. These breaths may be flow-cycled when the
inspiratory flow falls to 10% of the peak flow rate, or time-cycled at
the preset inspiratory time limit, whichever occurs first. In between man-
datory breaths, the infant may breathe spontaneously.

. SIMV/PSV. A mandatory pressure-limited breath is delivered to the

patient at a preset inspiratory pressure and time-cycled at the preset
inspiratory time limit, synchronized to patient effort. Any spontaneous
efforts recognized by the ventilator (i.e., exceeding the Assist Sensitivity
threshold) between mandatory breaths will be supported at the preset
inspiratory pressure and may be flow-cycled when the inspiratory flow
falls to 10% of the peak flow rate, or time-cycled at the preset inspiratory
time limit, whichever occurs first.

. PSV. All spontaneous efforts that reach the Assist Sensitivity threshold

will be supported by the preset inspiratory pressure and may be flow-
cycled when the inspiratory flow falls to 10% of the peak flow rate, or
time-cycled at the preset inspiratory time limit, whichever occurs first.
There is no mandatory rate. If the patient is apneic for the duration of the
apnea alarm setting, the ventilator will deliver a backup mandatory breath
at the preset pressure and inspiratory time limit. If no patient initiated
breaths are taken during a time out period based on the set ventilator rate
or 10 s, which ever is less, another backup breath will be delivered. This
sequence will continue until a breath is recognized. An apnea alarm will
be reported throughout this sequence.
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8.

CPAP. The patient breathes spontaneously at a constant airway pressure
determined by the PEEP setting. When a flow sensor is installed, sponta-
neous breaths are monitored by the ventilator. If the patient is apneic for
the duration of the apnea alarm setting, the ventilator will deliver a
backup mandatory breath at the preset pressure and inspiratory time. If
no patient initiated breaths are taken during a time out period based on
the set ventilator rate or 10 s, which ever is less, another backup breath
will be delivered. This sequence will continue until a breath is recog-
nized. An apnea alarm will be reported throughout this sequence.

III. Controls

A. Ventilation

1.
2.

PEEP/CPAP: 0-30 cm H,O—sets the level of baseline pressure.
Inspiratory pressure: 0-72 cm H,O—the primary determinant of delivered
tidal volume.

. Rate: 1-150 BPM—sets the number of mandatory breaths in SIMV and

IMYV, and the minimum number of mandatory breaths in assist/control.

. Inspiratory time: 0.1-3.0 s—determines the maximum length of the

inspiratory phase of mandatory breaths.

. Inspiratory flow: 1-30 LPM—sets the flow delivered by the ventilator

during the inspiratory phase of a mandatory breath.

. Base flow: 1-30 LPM—sets the flow available to the patient for sponta-

neous breathing.

. Volume Limit: 5-300 mL The preset inspiratory pressure generally deter-

mines the delivered volume. A dramatic improvement in patient compli-
ance may result in excessive tidal volume delivery unless the inspiratory
pressure is adjusted accordingly. The Volume Limit function allows
the clinician to set a maximum tidal volume to be delivered. If the preset
inspiratory tidal volume should be reached prior to achieving the
preset inspiratory pressure, the ventilator will terminate inspiration and
cycle into the expiratory phase.

B. Oxygenation: FiO,: 0.21-1.0
C. Other

1.

Assist sensitivity: 0.2-5.0 LPM—sets the amount of flow which the
patient must generate at the proximal airway flow sensor to trigger a
mandatory breath in assist/control and SIMV or a pressure support
breath. It also sets the threshold for monitoring the patient’s total breath
rate in CPAP.

. Overpressure relief valve: 15-75 cm H O—a mechanical valve that provides

a secondary protection against excessive airway pressure. Recommended
setting is 15 cm H,O above the inspiratory pressure setting.

. Manual breath: push button control which delivers one mandatory breath

according to the preset control settings.
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IV. Monitors

A.

Timing
1. Breath rate: reflects the total breath rate in assist/control, SIMV, pressure
support and CPAP (flow sensor required), and the mandatory rate in IMV
2. Patient initiated: indicates the patient has exceeded the Assist Sensitivity
requirement for breath delivery, triggering a mechanical or spontaneous
breath
. Inspiratory time: displays 7, of both mandatory and spontaneous breaths
4. Expiratory time: displays 7, of mandatory breath only (i.e., time elapsed
from the end of one mandatory breath to the beginning of the next)
5. LLE Ratio: reflects the calculated relationship between the duration of
inspiration to the duration of expiration for mandatory breaths only

IV}

Pressure

1. Peak inspiratory pressure: displays the maximum pressure reached dur-
ing each pressure breath

2. Mean airway pressure: reflects the average pressure applied to the proxi-
mal airway over time

3. PEEP: indicates the PEEP/CPAP measured at the proximal airway

. Volume (requires properly installed flow sensor)

1. Minute volume: displays the measured exhaled minute volume from all
breath types (i.e., mandatory and spontaneous).

2. Inspiratory tidal volume: displays the inspired tidal volume measured at
the proximal airway for both mandatory and spontaneous breaths.

3. Exhaled tidal volume: displays the expired tidal volume measured at the
proximal airway for both mandatory and spontaneous breaths.

4. % Leak—reflects the calculated difference between inspiratory and
exhaled tidal volume. Helpful in assessing the need for re-intubation
with a larger endotracheal tube.

V. Alerts and alarms

A.

Low PEEP/CPAP: will be activated if the measured proximal pressure falls
below the set value for a minimum of 250 ms. Low PEEP/CPAP must be set
within 10 cm H,O of the PEEP setting or a prolonged inspiratory pressure
alarm will sound.

. High breath rate: will activate whenever the monitored value for breath rate

exceeds the alarm setting.
Low minute volume: will activate when the monitored minute volume falls
below the set threshold (flow sensor must be attached).

. High pressure limit: will activate when the proximal pressure exceeds the

set threshold. Breath will be immediately terminated.
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E. Low inspiratory pressure: automatically set by the ventilator based on the
following algorithm:

0.25 (High pressure limit — Low PEEP) . Low PEEP

CPAP CPAP

F. Apnea: indicates that no breath has been initiated/detected in the preset time
interval (e.g., 5, 10, 20, or 30 s).

VI. Optional features

A. Graphics monitor: pressure, flow, and volume waveforms
B. Computer connection: RS-232
C. Analog connection: pressure, flow, and breath phase

Suggested Reading
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Chapter 42
Newport Wave

Robert L. Chatburn and Teresa A. Volsko

I. Classification

A. The Wave ventilator (Newport Medical Instruments, Newport Beach, CA)
is a pressure or flow controller that may be pressure-, time-, or manually
triggered; pressure- or flow-targeted; and pressure-, flow-, or time-cycled.

B. It has an optional compressor, an internal air-oxygen blender, and a gas
outlet port that will power a nebulizer during inspiration.

II. Input

A. The Wave uses 100-110 V AC at 60 Hz to power the control circuitry.

B. The pneumatic circuit operates on external compressed gas sources (i.e., air
and oxygen) at 40-70 psig.

C. The operator may input the mode of ventilation; pressure-triggering, inspiratory
pressure target, and pressure-cycling thresholds (for high pressure alarm);
PEEP/CPAP; peak inspiratory flow rate; inspiratory time; ventilatory frequency;
bias flow; and FiO,.

III. Control scheme
A. Control variables

1. The Wave controls inspiratory pressure for all spontaneous breaths and
for mandatory breaths whenever the peak pressure is preset using the
PRESSURE CONTROL knob.

2. For all other mandatory breaths, the Wave controls inspiratory flow.
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B. Phase variables
1. Trigger variables

a. Inspiration is pressure-triggered when pressure in the patient circuit
reaches the SENSITIVITY setting. The threshold for triggering a
mandatory breath is adjustable from 0.1 to 5 cm H,O below the base-
line pressure.

b. A mandatory breath may also be manually triggered.

2. Target variables

a. Inspiration is pressure-targeted during ASSIST/CONTROL and SIMV
modes whenever the PRESSURE CONTROL setting (0-80 cm H,0)
is lower than the natural peak inspiratory pressure (PIP) that would
result from the FLOW and INSPIRATORY TIME settings along with
the patient’s lung impedance. Inspiratory pressure may also be limited
by a mechanical pressure relief valve, adjustable from 0 to 120 H,0,
although the primary purpose of this valve is as a safety pop-oft.

b. If the PRESSURE CONTROL setting is high enough so that there is
no pressure limit (or if it is set to off), inspiration is flow-targeted.
Inspiratory flow rate may be set from 1 to 100 L/min.

c. An inspiratory pause may be set. The pause setting is adjustable at O,
10, 20, or 30% of the ventilatory period using a switch on the back of
the machine.

3. Cycle variables

a. Inspiration may be pressure-cycled when the high inspiratory
pressure alarm threshold is violated. It may be set over a range of
5-120 cm H,O.

b. Inspiration cannot be volume-cycled because the Wave main flow
control system does not measure instantaneous volume. Using the
INSP. TIME and FLOW controls, this ventilator is capable of delivering
tidal volumes of 5-2,000 mL.

c. Spontaneous breaths are flow-cycled when using PRESSURE
SUPPORT. Actually, there is a complex mathematical control equation
used for flow-cycling in this mode that includes peak flow, delivered
flow, and elapsed inspiratory time. Cycling flows range from <5 to
100% of peak flow. Secondary pressure- and time-cycling thresholds
are automatically set as backups to the primary flow-cycling threshold.

d. Inspiration is normally time-cycled according to the INSPIRATORY
TIME setting (adjustable from 0.1 to 3.0 s).

4. Baseline variables

a. Baseline pressure may be adjusted from O to 45 cm H,O using the
PEEP/CPAP dial.
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b. Baseline continuous flow, or “bias flow,” may be set from 0 to
30 L/min. It is controlled through feedback from the proximal airway
pressure. Flow is delivered at the set rate in between breaths when
proximal pressure is very close to the set baseline pressure. It is
reduced or turned off at pressures above baseline.

C. Modes

1. Assist/control
During continuous mechanical ventilation, inspiration is pressure-triggered
(depending on the presence of spontaneous breathing efforts and the sensi-
tivity setting) or time-triggered (according to the the RESPIRATORY
RATE setting), and may be pressure- or flow-targeted, and is time-cycled.
2. SIMV

a. In SIMV, mandatory breaths are pressure-triggered (depending on the
presence of spontaneous breathing efforts and the sensitivity setting)
or time-triggered (according to the frequency setting), may be pressure-
or flow-targeted, and are time-cycled. A mandatory breath is pressure
triggered the first time a spontaneous breathing effort is detected in
each ventilatory period (the ventilatory period is equal to the recipro-
cal of the RESPIRATORY RATE). If a breathing effort is not detected
during a given ventilatory period, a mandatory breath will be deliv-
ered at the beginning of the next period. The ventilator will continue
to deliver mandatory breaths according to the RESPIRATORY RATE
setting until a spontaneous breath is detected, and the sequence of
events repeats itself.

b. Spontaneous inspirations between mandatory breaths are supported
only by the baseline pressure (i.e., PEEP/CPAP) . The tidal volume
spontaneous breaths produce may be augmented by the application of
pressure support. The PRESSURE SUPPORT setting adjusts the
inspiratory pressure delivered to the patient, which is measured
relative to baseline pressure.

3. SPONTANEOUS
Inspiration is pressure-controlled in the SPONTANEOUS mode at the
set PEEP/CPAP level. A PRESSURE SUPPORT level may also be set.
The slope or rise time of pressure during PRESSURE SUPPORT is auto-
matically controlled using “predictive learning logic” software to main-
tain optimal patient synchronization.

D. Control subsystems
1. Control circuit

a. The Wave uses pneumatic and electronic control components.

b. Triggering and cycling signals arise from the inspiratory time and
ventilatory frequency settings as well as signals from the airway
pressure transducer and flow sensors.
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Output control signals from two pressure transducers (one monitors
airway pressure and one monitors pressure in the exhalation valve)
and two redundant flow transducers (monitoring the output of the
master flow control valve) are used to control flow.

The exhalation manifold is controlled pneumatically.

2. Drive mechanism

a.

The Wave uses either external compressed gas (for air and oxygen) or
an electric motor and compressor (for air) in conjunction with a
pressure regulator. Gas from supply lines is fed to an internal air—
oxygen blender.

Mixed gas leaves the blender at 28 psig and enters a rigid-walled
vessel (the “accumulator”). The flow control system is driven by the
pressure from the accumulator, reducing the instantaneous flow demand
required of the blending system. This action allows a wide range of
peak flow settings, significantly increases the peak spontaneous flow
capability above the mandatory flow target, reduces the flow required
of the compressed gas supply, and improves response time. The accu-
mulator also acts as a mixing chamber, which helps to stabilize the
delivered oxygen concentration within a given breath. An optional
Flush Valve assembly allows for instantaneous dumping of the accu-
mulator to enable immediate FiO, changes when necessary.

3. Output control valves

a.

b.

IV. Output

All gas flow to the patient is regulated by the main flow control valve,
which is a proportional solenoid valve.

An electromagnetic poppet valve switches between two sources of a
pneumatic signal to the exhalation valve. One source comes from the
output of the master flow control valve and keeps a diaphragm-type
exhalation manifold closed during assisted breaths. The other source
is a pressure regulator that generates an adjustable pressure signal to
control baseline pressure (i.e., PEEP/CPAP).

. The microprocessor coordinates the activity of both valves such that

the exhalation valve closes as the flow control valve begins to deliver
flow to the patient circuit.

A. Waveforms

1. The Wave delivers a rectangular flow waveform when set for volume
control, that is, if the natural PIP is below the setting of the PRESSURE
CONTROL knob or if this knob is set to “off.”

2. If PIP is limited using the PRESSURE CONTROL knob, a variety of
pressure waveforms can be achieved, ranging from rectangular to trian-
gular depending on the respiratory system mechanics and the inspiratory
flow rate.
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B. Displays

1. In addition to the various control settings, the Wave displays include
visual alarm indicators (LEDs) and digital display of set tidal volume
(calculated based on flow and inspiratory time settings); measured
inspiratory tidal volume and minute volume; ventilatory rate; peak,
mean, and baseline airway pressures; and peak inspiratory flow.

2. An electronic pressure gauge provides airway pressure measurement
over the range of 0-120 cm H,O.

3. The Wave is usually sold with the Compass, which incorporates a heated,
filtered exhalation system and provides monitoring of expiratory tidal
volume and minute volume, I:E ratio, FiO,, and expiratory flow.

V. Alarms

A. Input power alarms. An audible alarm is activated if the electrical power is
interrupted if the air or oxygen supply falls below 32 psig.
B. Control circuit alarms

1. A visual INSPIRATORY TIME TOO LONG alarm is activated if the
inspiratory time and ventilatory rate settings result in an I:E ratio greater
than the pre-set maximum. There are two selectable maximum ratios: 1:1
and 3:1.

2. When the inspiratory time is set such that the pre-set maximum I:E ratio
is violated, the ventilator will override the inspiratory time setting to
restrict the I:E to the pre-set value.

3. Audible and visual VENTILATOR INOPERATIVE alarms are activated
when malfunction of the integrated circuit or ventilator occurs.

4. The two pressure and two flow sensors are automatically re-zeroed at
regular intervals during use. If the drift between the pressure or flow sen-
sors is large, the visual display flashes automatically.

C. Output alarms

1. A low-pressure alarm is adjustable from 1 to 118 cm H,O, and a high-
pressure alarm is adjustable from 3 to 120 cm H,0.

2. High and low minute volume alarms are adjustable from 1 to 50 and O to
49 L/min, respectively (or 0.1 to 5 and 0 to 4.9 L/min).

3. The Compass offers high and low expiratory minute volume as well as
high and low FiO, alarms.

VI. Unique clinical features

A. The Wave is a ventilator that is useful in acute (or critical care) and subacute
care settings.
B. It can ventilate a wide range of patients from neonates to adults.
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Chapter 43
Newport €360

Cyndy Miller

I. Introduction
The €360 ventilator (Newport Medical, Costa Mesa, CA) supplies invasive or
noninvasive ventilatory support and monitoring for infant, pediatric, and adult
patients.

II. Description of unique features

A.

Circuit Check ensures that intelligent breath management functions are
calibrated to the installed breathing circuit system.

. Quick Setup (Worldwide [WW] Version) makes set up easier for new

patients.

Pressure or flow triggering are available for all breaths.

Automatic Leak Compensation can provide more reliable triggering in spite
of variable airway leaks, without the user having to readjust the flow trigger
setting.

Slope Rise adjustment (including an AUTO setting for WW version)
ensures that breath delivery meets patient comfort needs.

FlexCycle function automatically manages the flow cycling off threshold for
each individual pressure support and volume target pressure support breath
to avoid early or late cycling off, despite changing patient mechanics.
Breath choices include those with pressure, volume, and adaptive target
schemes.

Monitored tidal volume (mL or mL/kg) for tracking of volume goals.
Event History log (.csv files) and screen images (.bmp files) can be
saved to the internal drive and downloaded to a flash drive via USB port for
viewing on a PC.

C. Miller, RRT, AS/AA (B)

Department of Clinical Education, Newport Medical Instruments,
1620 Sunflower Avenue, Costa Mesa, CA 92626, USA

e-mail: CMiller @nmitkb.com

S.M. Donn and S.K. Sinha (eds.), Manual of Neonatal Respiratory Care,
DOI 10.1007/978-1-4614-2155-9_43, © Springer Science+Business Media, LLC 2012
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III. Input

C. Miller

A. Power: Choose one.

1. AC: 100-240 V AC, 250 V AC, max, 50/60 Hz (+10%).
2. Internal battery (up to 60 min).
3. External Battery: 10 V DC to 14 V DC.

B. Source gas:

1. Mixed gas delivery: Air and O,; 30-90 psig, 50 psig nominal.
2. 0.21 or 1.00 FiO, gas delivery: Air or O,; 30-90 psig, 50 psig nominal.
3. Use optional air compressor as primary air gas supply or as a pressure-

switched backup air supply.

IV. Control scheme

A. Control variables

1. Inspiratory pressure set point

a. Pressure limit (>ambient) setting determines destination gauge pres-

sure maintained for pressure control (PC) and biphasic pressure
release ventilation (BPRV) mandatory breaths. Flow delivery is servo
controlled (allows free inhalation).

. Pressure support (>PEEP) setting determines the delta pressure that

is maintained for pressure support (PS) spontaneous breaths. Flow deliv-
ery is servo controlled (allows free inhalation).

. Exhalation valve pressure is also servo controlled during biphasic

pressure release mandatory breaths (allows free exhalation).

2. Adaptive dual control pressure/volume

a. Pressure limit setting determines maximum destination gauge pres-

sure maintained for volume target pressure control (VTPC) and vol-
ume target pressure support (VTPS) breaths. Minimum destination
gauge pressure is PEEP +5 cm H,O. Goal is delivery of set tidal vol-
ume at the lowest pressure. Flow delivery is servo controlled (allows
free inhalation).

. Delivered tidal volume for one VTPC breath determines destination

pressure selected for the subsequent VTPC breath and delivered tidal
volume for one VTPS breath determines delta pressure selected for
the subsequent VTPS breath.

3. Inspiratory flow (volume) set point

a. Flow or tInsp, tidal volume, and flow waveform (square or descend-

ing ramp) settings determine the flow profile that is directly con-
trolled for all volume controlled (VC) breaths.

b. Common nomenclature refers to these breaths as being volume

controlled.
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B. Phase variables

1. Trigger

a. Flow:

C.

(1) All modes and breath types

(2) Range: 0.1-2 L/min

(3) Automatically compensated for changes in bias flow/leak com-
pensation flow

Pressure:

(1) All modes and breath types
(2) Range: 0-5 cm H,O below baseline pressure.

Ventilator/time:

(1) A/CMYV, SIMYV, and backup ventilation.
(2) Occurs if the flow or pressure trigger is not activated in the
patient triggering time window

Operator/manual:

(1) All modes and breath types
(2) Manually triggered and cycled by the operator

2. Target variables: Newport breath type naming applies the term “target”
to the second control variable when using the adaptive control scheme
(as in VTPC), but this text describes the target variables according to
Chatburn’s method.

a.

b.

Pressure:

(1) PC breaths

(2) BPRYV (open exhalation valve ON) breaths
(3) VTPC (volume target ON) breaths

(4) All spontaneous breaths

Volume: VC breaths

3. Cycle variables

a.
b.

Volume: VC breaths
Time

(1) PC breaths

(2) VTPC breath

(3) BPRYV breaths

(4) PS and VTPS breaths (if flow or pressure cycling off thresholds
are not met before 1.2 s for Ped/Infant patient category and 2 s
for adult patient category).
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c. Flow: PS and VTPS breaths [if inspiratory flow decays to the Exp

Thresh (expiratory threshold) setting before the pressure or time
cycling threshold is met]. Exp (flow) Threshold is operator adjust-
able from 5 to 55% of peak flow or it may be set to AUTO. AUTO
activates FlexCycle, which manages the Expiratory Threshold set-
ting automatically between 5 and 55% (breath by breath).

. Pressure: PS and VTPS breaths (if inspiratory pressure reaches a

predetermined threshold above the target pressure level before the
flow or time cycling thresholds are met).

4. Baseline variables

a. Pressure (PEEP/CPAP control) 0 (ambient) to 45 cm H,O
b. (Bias) Flow

(1) Automatic regulation and intercoupling with the flow trigger
setting eliminates operator readjustment when leak changes.

(2) Leak compensation ON: 3-8 L/min for Ped/Infant patient selection;
3—15 L/min for Adult patient selection.

(3) Leak compensation OFF: 3 L/min.

(4) NIV ON: 3-25 L/min, regardless of patient type or leak compen-
sation On/Off setting.

V. Operator-set controls

A. Control input

1.

2.

Two graphical user interfaces, membrane buttons and a rotary adjust-
ment knob.

Servo-controlled feedback system automatically reconciles differences
between the measured and target values during all phases of breath
delivery.

. Operator inputs settings via touch—turn—-accept method or the toggle—

accept method.

B. Control management: The operator selected mode and mandatory breath
type determine:

1. Spontaneous breath type available in SIMV and SPONT modes
2. Which operator settings are relevant to breath management

C. Operator initiated maneuvers

bl

Inspiratory hold
Expiratory hold

P

0.1

Negative inspiratory force
Pressure volume maneuver (WW version) (for creating a quasi-static
PV curve)
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D. Modes

1.

2.

A/CMV (AKA A/C, Assist Control or CMV) delivers only mandatory
breaths. Breath types: PC, VC, VTPC, and BPRV.

SIMV delivers both mandatory and spontaneous breaths if the patient
breathes at a rate above the set Resp Rate and delivers only mandatory
breaths if the patient does not breathe at a rate above the set Resp Rate.

. SPONTANEOUS delivers only spontaneous breaths. Spontaneous

breath types include PS (when VC, PC, BPRV mandatory breath types are
selected) and VTPS (when VTPC mandatory breath type is selected).

E. Mandatory breath types

1.

VC—achieves the tidal volume setting.

2. PC—sustains the pressure limit setting above ambient for the duration

of the tInsp setting.

VTPC—sustains the lowest pressure between 5 cm H,O above baseline
and the pressure limit setting above ambient that is predicted to achieve
the set tidal volume for the duration of the tInsp setting.
BPRV—sustains the pressure limit setting above ambient for the dura-
tion of the tInsp setting. Open Exh is ON.

F. Spontaneous breath types

1.

2.

PS—sustains the pressure support setting above PEEP until the flow,
pressure or time cycling off threshold is met.

VTPS—sustains the lowest pressure between 5 cm H, O above baseline and
the pressure limit setting above ambient that is predicted to achieve the set
tidal volume until the flow, pressure, or time cycling off threshold is met.

G. Mode/breath type logic: The mode/breath type logic is summarized in
Table 43.1, using Chatburn’s Universal Mode Translator Version 2.

VI. Control subsystems

A. Inhalation system

1.

2.
3.

Includes: Gas pathway and regulation, To Patient port, the emergency
intake valve, the emergency relief valve and the oxygen sensor (access
sensor using a flathead screwdriver).

The inspiratory manifold is autoclaveable.

Install a fresh filter on the To Patient port for each patient.

B. Exhalation system

1.

Includes the From Patient port, exhalation valve and flow sensor.

2. From Patient port and exhalation valve can be autoclaved and the exha-

lation flow sensor can be disinfected in alcohol or gas sterilized.

Keep a clean, dry filter on the From Patient port while ventilating.
Optional: install the filter heater to keep the filter dry in spite of high
humidity in exhaled gas and increase filter use time.
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VIL. Output

A. Flow waveforms

1.

2.

Mandatory VC breaths: rectangular (square) or descending ramp
(operator selectable) flow waveform.

All other breaths: decelerating flow waveform with flow regulated to
maintain the intended pressure profile.

B. Displays

1.

2.

e

Graphics.

a. Scalar waveforms: Pressure, volume, and flow-time (manual/auto-
scale)

b. Loops: Volume pressure and flow volume (manual/auto-scale)

c. Slow inflation pressure volume loop (curve) (WW Version)

d. Airway opening pressure gauge

Trends: Expiratory tidal volume (VTE), expiratory tidal volume %
variance (leak) (VTE% Var), expiratory minute volume (MVE), peak
pressure (Ppeak), mean pressure (Pmean), PEEP/CPAP, total respira-
tory rate (RRtot), and rapid shallow breathing index (RSBI).

Event history log (1,000 color-coded events).

Monitored values: FiO,, Ppeak, Pplat, Pmean, PEEP/CPAP, Total
PEEP (PEEPtot), inspiratory minute volume (MVI), MVE, MVE spont,
inspiratory tidal volume (VTI), VTE, VTE% Var, Insp flow, Exp flow,
inspiratory time (¢ Insp), time constant, I:E ratio (set and monitored),
RRtot, RR spont, RSBI, dynamic effective compliance (Cdyn effec-
tive), static compliance (Cstat), inspiratory resistance (RI), expiratory
resistance (RE), imposed work of breathing (WOBim), occlusion
pressure (P, ), and negative inspiratory force (NIF).

VIII. Alarms

A. Audible and visual alarms

1.

2.

There are adjustable alarms for high/low minute volume, high rate,
apnea, high/low airway opening pressure, and disconnect.

There are automatically set alarms for high/low FiO,, Insp time too
short/long, set inverse ratio >4:1, high/low and sustained high baseline
(PEEP), volume target not met and backup ventilation (BUV) in response
to a low minute volume alarm (BUV automatically resets when min-
ute volume reaches 10% above low alarm limit).

Alarm Features include a 2-min alarm silence, an alarm indicator reset,
alarm loudness selector (1-10), alarm tone selector (1, 2, or 3) suction
disconnect function which presilences alarms for 2 min, suspends
ventilation after a planned disconnect, and senses reconnection to
resume ventilation.
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Electronic Ports/Connections include remote alarm/nurse call,
external battery, com1, VGA, external alarm silence, RS232, and USB
(upload software and download images and event logs).

Suggested Reading

Newport €360 Ventilator Operating Manual, Newport Medical, Costa Mesa, CA. €360 elearning
program on the Newport website: http://newportnmi.com/educationlogin-e360.asp.


http://newportnmi.com/educationlogin-e360.asp

Chapter 44

Driger Babylog VNS00 Infant
and Pediatric Ventilator

Donald M. Null, Jr.

I. Description

A.

The Babylog VN500 Ventilator (Driger, Inc., Luebeck, Germany) replaces
the Babylog 8000 Plus. It is a time-cycled, volume constant, pressure con-
trolled, continuous flow ventilator that is designed for both Neonatal and
Pediatric patients. Admission of a new patient requires the user to select
either a neonatal or pediatric setting, which then determines the ventilator
start-up settings.

. The unit comprises the following:

1. Infinity C500 control and display unit (Medical Cockpit)
2. Babylog VN500 Ventilation unit

3. GS500 gas supply

4. Trolly 2 (cart for all components)

Main ventilator functions and monitor systems

1. The cockpit contains the specific information and operating steps for the
Babylog VN500. It allows for selecting the patient category, ventilation
mode, therapy controls, alarms, and monitoring. The ventilation unit
indicates inspiratory and expiratory phases via a bar display along with
inspired oxygen concentration and minute volume.

2. The therapy bar contains the controls for the active ventilation mode.
Changes are made by touching the control. The color turns yellow and
the unit of the parameter to be adjusted is displayed. Turning the knob
adjusts the parameter and depressing it confirms the value and the color
turns green.
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II. Peak flow and volume measurement

A. Parameters are measured with a heated-wire anemometer.

1.
2.

A neonatal or pediatric flow sensor is used.

The sensor may be integrated in the wye (wye sensor) or into a separate
sensor adapter between the wye and the endotracheal tube (ETT) con-
nector (ISO sensor).

. These sensors are slightly different in their flow responses. Therefore,

for optimal measurement results, the sensor type needs to be selected in
one of the ventilator menus.

. Both inspiratory and expiratory volumes are displayed along with cal-

culated leak.

. Minute volume is measured and can be used to assess effect of weaning

ventilator support.

B. Trigger function

I.
2.

Spontaneous breathing is detected using a flow measurement.
Trigger sensitivity may be set from 0.2 to 5 L/min.

III. Additional features

A. Automatic leak compensation

1.

2.
3.

Determines difference between measured flow on the inspiratory and
expiratory sides.

Leak compensation takes in to account airway pressures.

If leakage is above the flow trigger threshold, the user must increase this
to avoid autotriggering.

B. Automatic tube compensation

1.
2.
3.

Controls airway pressure at tracheal level.
The tube type and its internal diameter must be entered.
Support is calculated by the equation:

APaw =comp. x K tube x Flow”

Comp = degree of compensation entered (0—100%)
K tube = tube coefficient (found in table in user manual)
Flow = patient flow

C. O, change for suctioning

1.

2.

O, is increased one to twofold as configured from current O,
concentration.

When O, enrichment is started, it ventilates patient for a maximum of
180 seconds. When the device is disconnected for suctioning, acoustic
alarms are suppressed. After reconnecting the device, increased FiO,
continues for 120 s.
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3. Internal battery

a. Automatically switches on without interruption if main power sup-

ply fails.

b. An alarm message is displayed: Internal Battery Activated.
c. Approximately 2 min before expiration of battery operating time, an

alarm message appears: Internal Battery Low.

IV. Monitoring

A. Internal
B. Displays

—_

V. Alarms

SOV XNN R WD =

Curves

Graphic trends

Numeric trends

Loops

Alarm history

Logbook: records changes, events, and alarms in chronological order
Numeric parameters

Preconfigured lists for measured values and set values
Customized lists for measured values and set values
C20/C ratio

Smart pulmonary view

a. Compliance
b. Resistance

A. Alarm/limits automatic

NN B L=

Airway pressure high (cm H,0)

Airway pressure low (cm H,0)

V., low

PEEP high (cm H,0)

PEEP low (cm H,0)

Pressure limited

Volume measurement inaccurate

V., not reached

Pressure limited (ATC/PPS)

Pressure limited (volume guarantee modality)

. Disconnection

. Leakage

. Airway obstructed
. FiO, high

FiO, low

. CO, sensor
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B. Alarm limits settable

. MV high

. MV low

PAW high

RR high

. Tapn (apnea alarm time)
. EtCO, high

7. EtCO, low

R I VORI

C. Nurse call provides high priority alarms to go to central station
VI. Nomenclature
A. Pressure versus volume ventilation
1. Pressure-targeted ventilation.

a. Pressure is controlled.
b. Volume varies with change in pulmonary compliance and airway
resistance.

2. Volume-targeted ventilation

a. The volume delivered from the ventilator is controlled.
b. The pressure varies with change in pulmonary compliance and air-
way resistance.

B. Modes
1. Assist/control (A/C)

a. All spontaneous breaths are assisted.
b. A minimum number of assisted breaths is set.

2. SIMV/PS

a. Preset number of supported breaths.
b. If patient’s breath rate exceeds the preset rate, the additional breaths
will be supported with pressure support.

3. Flow-Cycling: In PS, VS, and PPS modes, inspiration is terminated
when inspiratory flow decelerates to 15% of the peak flow.

VII. Ventilation modes

A. PC-CMYV (pressure control-continuous mandatory ventilation)
Peak pressure is set along with 7| which determines duration of breaths.
Breaths are time-cycled and not patient triggered. Spontaneous breathing
can take place between controlled breaths.

B. PC-SIMV (pressure control-synchronized intermittent mandatory
ventilation)
Peak pressure is set along with 7| which determines duration of breaths.
Respiratory rate is set and the patient can trigger the mechanical breaths.
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The respiratory rate per minute that is set is prevented from increasing if
the patient’s respiratory rate is greater by a refractory period built in.

C. Pressure support
During spontaneous breathing, all patient breaths meeting trigger criteria
will be supported. Pressure support is flow-cycled, as above.

D. PC-A/C (pressure control—assist control)
Peak pressure is set and duration of breaths is set by 7. All inspiratory
efforts meeting trigger criteria initiate a synchronized breath. A minimum
number of breaths are controlled by setting the respiratory rate (RR).

E. PC-PSV (pressure control-pressure support ventilation)
All patient breaths are supported with the level set by Pmp. A minimum
RR can be set, which will start if too few patient-triggered breaths occur.
The maximum inspiratory time can be set from 0.1 to 1.5 s.

F. PC-MMV (pressure control-mandatory minute volume)
Tidal volume is set with V. Duration of breaths is determined by T,
Mandatory breaths are only provided if spontaneous breathing is inade-
quate to meet the prescribed minute ventilation. The spontaneous breaths
can be supported with pressure support.

G. PC-APRYV (pressure control-airway pressure release ventilation)
Not typically used for the neonate.

H. SPN-CPAP/PS (spontaneous—continuous positive airway pressure/pres-
sure support)
Every inspiratory effort that meets trigger criteria is supported. Fast or
slow pressure rise can be selected for the supported breaths.

I. SPN-CPAP/VS (spontaneous—continuous positive airway pressure/vol-
ume support)
All spontaneous breaths that meet trigger criteria trigger a volume-
supported breath.

J. SPN-PPS (spontaneous—proportional pressure support)
With strong breaths, high pressure support occurs and with shallow
breaths, low pressure support occurs. Apnea and minute volume must be
set appropriately.

K. Volume guarantee
Volume guarantee can be switched on for PC-SIMV, PC-CMV, PC-AC,
and PC-PSV ventilation modes. In the Neo Mode, exhaled volume is used
to control breaths.

L. Apnea ventilation

1. Ventilator will automatically switch to volume-guaranteed mandatory
ventilation when this is activated if the following occur:

a. Either no expiratory flow is measured
b. Insufficient inspiratory gas is delivered during the set apnea alarm
time (Tapn).

2. Ventilation parameters are Rapn and VTapn.

3. Patient can breathe spontaneously with synchronization of breaths.
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When sufficient spontaneous breathing returns, the ventilator automati-
cally switches to the previous ventilation mode.
The following conditions must be met:

a. Apnea ventilation must have been active for at least 2 min.

b. The alarm message—-MV low—is not active.

c. Ratio of MVSPOH to MV must be > 25% and ratio of MV leak to MV
is <40% or 80% of mandatory breaths are triggered spontaneously.

M. Sigh

1.
2.
3.

4.

Sigh can be activated in all modes except PC-APRV.

The sigh is set in the form of intermittent PEEP.

When activated, the end expiratory pressure PEEP increases by the set
value of the intermittent PEEP.

The time between sigh phases is set by the therapy control interval
sigh. The therapy control (Cycles Sigh) controls how many respiratory
cycles are covered by the sigh phase.

VIII. Management

A. The multiple modes in both pressure and volume regulation make choosing
an appropriate ventilatory mode difficult at times. Effective use of the vari-
ous modes requires consideration of the pathophysiology of the lung disor-
der, how the specific mode interacts with this, and utilizing graphics to make
appropriate adjustments as the pulmonary mechanics change over time.

1.

Ventilation (PaCO,) is managed by adjusting the tidal volume of each
supported breath and resultant minute ventilation. To be most effective,
one must avoid underinflation and overinflation for lung protection. Tidal
volumes should be maintained between 4 and 7 mL/kg. Remember that
less is not always better as it may predispose the lung to atelectotrauma.

. Oxygenation is dependent on keeping the lung in the mid position of

the pressure-volume curve and uniformly inflated to recruit optimal
surface area. This is best accomplished by using an adequate mean airway
pressure, achieved by altering the PEEP, PIP, T, , V., and rate of the
selected mode. Changing FiO, will additionally effect oxygenation.

. The goal of assisted ventilation is to prevent lung injury while provid-

ing needed respiratory support for the patient. Much information has
been focused on avoiding volutrauma. Because of this concern, indi-
viduals have attempted to use smaller tidal volumes. This may lead to
loss of lung volume, thereby, leading to atelectotrauma. The lung is
most vulnerable to injury during recruitment as portions of the lung
that are partially inflated will become overinflated, and opening of
atelectatic areas may lead to shearing forces that injure those areas.
The best way to prevent lung injury is to keep the lung at an optimal
lung volume; avoid strategies that allow for de-recruitment and
overdistension.
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B. Pressure vs. volume

1.

The advantage of the volume-targeting is that as compliance improves
the PIP will automatically decrease, preventing overdistension and
volutrauma.

. However, volume ventilation can also lead to lung injury. A patient who

develops atelectasis of 50% of the lung would have the actual volume
delivered to the open lung at twice the set volume, which is not lung
protective.

. Using a pressure-targeted mode can be as effective as volume but

requires much more diligent observation and more frequent adjustments
of the ventilator.

C. Weaning

1.

When weaning from a pressure mode, decreasing PIP or rate and fol-
lowing minute ventilation allows one to assess the effectiveness of the
patient’s endogenous respiratory efforts. If the patient is ready to come
off the ventilator, minute ventilation should change very little as sup-
ported breaths are decreased.

. In the volume mode, since most breaths are supported, weaning the rate

is not effective, as it is only the minimum number of breaths that will be
decreased. One must either change to SIMV or wean the tidal volume or
pressure support and observe minute ventilation to see that it has
changed very little.



Chapter 45
SERVO-i Ventilator and Neurally Adjusted
Ventilatory Assist (NAVA)

Jennifer Beck and Louis Fuentes

I. Introduction

A.

The SERVO-i ventilator (Maquet, Solna, Sweden) has the capability to
support ventilation for all patient ranges, age, size, and weight, including
very low birth weight infants.

Many of its features are specific for neonatal ventilation, including flow-
triggering in all modes, tubing compliance compensation, and apnea support
with backup ventilation.

The exhalation valve on the SERVO-i is an active expiratory valve that is
able to provide accurate levels of PEEP and enhances comfort for spontane-
ously breathing patients. The active expiratory valve utilizes a time constant
valve controlling algorithm to measure the compliance and resistance of
each mechanical breath in an effort to reduce the expiratory work of breath-
ing for the patient.

The new generation exhalation valve is also necessary to use new modalities
such as BiVent and Nasal CPAP for the infant population.

The SERVO-i ventilator has the capability of monitoring the electrical activ-
ity of the diaphragm (Edi) and using the Edi for controlling the assist during
Neurally Adjusted Ventilator Assist (NAVA).

II. Modes

A.

The SERVO-i offers a variety of conventional modes as well as combination
modes. The SERVO-i offers both invasive and noninvasive modes of ventila-
tion (NIV), including NAVA and NIV-NAVA.
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B. The ventilator may be set to flow trigger or pressure trigger in all modes of
ventilation. During NAVA and NIV-NAVA, the Edi serves as the principle
trigger.

C. All modes can be patient-triggered.

D. Control modes of ventilation: Spontaneous breaths have the same characteris-
tics (flow, inspiratory time, volume or pressure) as the set ventilator breaths.

1. Pressure control (PC). This mode of ventilation employs a variable flow
rate which is microprocessor-controlled to provide a constant inspiratory
pressure.

oo

Tidal volume is variable

Peak inspiratory pressure is constant

Square pressure wave form

Decelerating flow wave form [a variable flow rate differentiates this
from time-cycled, pressure-limited ventilation, which incorporates a
constant (continuous) flow]

Clinician set parameters

(1) Peak inspiratory pressure level (above PEEP)
(2) Inspiratory time

(3) Ventilator rate

(4) PEEP

(5) FiO,

f. High and low minute ventilation alarms
g. High pressure alarm

h.
i
J

High and low respiratory rate alarms

. High and low end expiratory pressure alarms
. Trigger sensitivity level

2. Volume control (VC)

a.

Tidal volume is fixed

b. Peak pressure is variable

Square flow wave form (flow is regulated based on set tidal volume
and inspiratory time)

d. Accelerating pressure wave form

Clinician-set parameters

(1) Tidal volume

(2) Inspiratory time (controls flow rate)

(3) Pause time (optionally added to inspiratory time to help increase
mean airway pressure, does not affect flow rate)

(4) Ventilator rate

(5) PEEP

(6) FiO,

(7) High and low minute ventilation alarms

(8) High pressure alarm
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(9) High and low respiratory rate alarms
(10) High and low end expiratory alarms
(11) Trigger Sensitivity level

3. Pressure regulated volume control (PRVC). Pressure regulated volume
control combines a variable flow rate with the advantage of setting a tar-
geted tidal volume. When PRVC is first initiated, the ventilator delivers a
VC breath, and the measured pause pressure is used as the pressure level
for the next breath. PRVC has the ability to vary flow similar to pressure
control for breath delivery. This mode produces the same flow, and pres-
sure patterns as PC but targets the tidal volume by monitoring delivered
V. on each breath and adjusting the PIP on the subsequent breath.

Tidal volume is set

Peak pressure is variable

Decelerating flow wave form (the same as PC)
Square pressure wave form

Clinician-set parameters

o R0 op

(1) Tidal volume

(2) Inspiratory time

(3) Ventilator rate

(4) PEEP

(5) FiO,

(6) High and low minute ventilation alarms

(7) High pressure alarm

(8) High and low respiratory rate alarms

(9) High and low end expiratory alarms
(10) Trigger sensitivity level

E. Modalities for spontaneously breathing patients (breaths are patient initiated)

1. Volume support (VS). Volume support is a modality for patients with an
intact respiratory drive. This modality supports the patient’s inspiratory
effort with an assured or targeted tidal volume. Backup ventilation is set
so that if a patient becomes apneic, the ventilator will alarm and change-
over to configurable backup ventilation settings which are predetermined
by the clinician. Backup ventilation is set based on an apnea time, set by
the clinician, with configurable settings that will revert back to the spon-
taneous mode once the respiratory effort is sensed by the ventilator.

a. Tidal volume is set.

b. Peak pressures are variable (based on lung compliance and respiratory
effort).

c. Flow is decelerating.

d. Clinician-set parameters.

(1) Minimum tidal volume
(2) Inspiratory time (for backup ventilation should apnea occur)
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(3) Ventilator rate (for backup ventilation should apnea occur)
(4) PEEP
(5) FiO,
(6) High and low minute ventilation alarms
(7) High pressure alarm
(8) High and low respiratory rate alarms
(9) High and low end expiratory alarms
(10) Trigger sensitivity level (Flow or Pressure)
(11) Inspiratory cycle off

2. Pressure support (PS). Pressure support is a mode for patients with an

intact respiratory drive. This mode supports the patient’s inspiratory
effort with a set inspiratory pressure. Backup ventilation is automatic if
the patient has apnea. Backup ventilation is set based on an apnea time,
set by the clinician, with configurable settings that will revert back to the
spontaneous mode once the respiratory effort is sensed by the ventilator.

Tidal volume is variable.

Peak inspiratory pressure is set.
Decelerating flow.
Clinician-set parameters.

oo

(1) Inspiratory pressure

(2) FiO,

(3) PEEP

(4) High and low minute ventilation alarms

(5) High pressure alarm

(6) High and low respiratory rate alarms

(7) High and low end expiratory pressure alarms
(8) Trigger sensitivity level (Flow or Pressure)
(9) Inspiratory Cycle off

. Neurally Adjusted Ventilatory Assist (NAVA). The SERVO-i offers NAVA

as an option, for both invasive and noninvasive ventilation. NAVA uses
the diaphragm electrical activity (Edi) to trigger, cycle-off, and control the
level of assist. Therefore, NAVA delivers assist in synchrony with and in
proportion to the patient’s spontaneous breathing efforts. NAVA provides
partial ventilatory assist, used in spontaneously breathing patients. NAVA
takes advantage of pneumatic control as a backup in case that Edi fails to
do so. Backup ventilation, as in PSV, is based on an apnea time, set by the
operator, and can be configured according to clinical practice. The venti-
lator reverts to NAVA once the apnea is over and Edi has returned.

a. Tidal volume is variable and controlled by the patient and the NAVA
level

b. PIP is variable and controlled by the patient and the NAVA level

c. Flow is variable and controlled by the patient and the NAVA level
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d. Clinician-set parameters

(1) NAVA level (the proportionality factor between Edi and deliv-
ered pressure above PEEP, units are cm H,O per uV)

(2) Trigger sensitivity level (Edi, Flow, or Pressure)

(3) Cycle off is fixed and nonadjustable. Cycle off is relative to the
peak Edi per breath. The cycle off occurs at 70% of the Edi peak
for normal and high Edi signals and 40% for low Edi signals.

(4) FiO,

(5) PEEP

(6) Pressure support level settings (see above) in the case where
NAVA reverts to PSV

(7) Backup ventilation settings (similar to pressure control settings,
see above)

(8) High and low minute ventilation alarms

(9) High pressure alarm (during NAVA, the ventilator limits 5 cm
H,O below this alarm value)

(10) High and low respiratory rate alarms
(11) High and low end expiratory pressure alarms
(12) Low Edi Activity Low Alarm

4. Continuous positive airway pressure (CPAP)

a. CPAP is a mode for spontaneously breathing patients who do not
require any assistance in overcoming the work of breathing imposed
by lung disease or the endotracheal tube.

b. Clinician-set parameters

(1) FiO,

(2) Pressure level

(3) High and low minute ventilation alarms

(4) High pressure alarm

(5) High and low respiratory rate alarms

(6) High and low end expiratory pressure alarms

F. Combination modes of ventilation. In addition, the above modes are offered
in combination. This provides the clinician the ability to support ventilator
delivered breaths and spontaneously triggered breaths with different
parameters.

1. SIMV volume control with pressure support
2. SIMV pressure control with pressure support
3. SIMV/PRVC with pressure support

G. Automode

1. Automode is an option that senses the patient’s respiratory effort and
changes from a control mode (VC, PC, and PRVC) to a spontaneous
mode, such as PSV or VS.
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If cessation of the respiratory drive occurs, Automode will place the
patient back in control ventilation after a user-determined timeout thresh-
old has been met for no spontaneous patient efforts triggered by the
patient

a. Volume control changes to volume support
b. PRVC changes to volume support
c. Pressure control changes to pressure support

H. Control panel and display.

1.

2.

The SERVO-i ventilator is equipped with a touch sensitive user interface,
which is computer based.

The user interface, or the control panel, includes a continuous display of
the set and measured values; graphic monitoring of flow, pressure, and
volume; and 24 h trend monitoring.

. The user interface/control panel. The user interface is computer-based

with a luminescence screen and a combination of soft touch keys, and
control knobs. This interface provides numerous menus and functions for
the clinician to choose. They include the following:

a. Patient category indicator. The ventilator has a “patient category indi-
cator” to set different internal parameters for adult/infant and infant/
neonatal ventilation. These parameters control the following:

(1) The level of continuous flow for flow and/or pressure triggering:

Adult/pediatric Infant
2.0 L/min 0.5 L/min

(2) Maximum inspiratory peak flow:

Adult/pediatric Infant
200 L/min 33 L/min

(3) Tidal volume range

Adult/pediatric Infant
100-4,000 mL 2-350 mL

(4) Apnea alarm/back up ventilation ranges

Adult/pediatric Infant
1545 s, default 20 s 5-45 s, default 10 s

(5) Maximum flow rate

Adult/pediatric Infant
200 L/min 33 L/min
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o

. Mode indicator. Lists current mode of ventilation

. Automode indicator. Indicates if Automode is on or off.

. Nebulizer. This ventilator may be equipped with an ultrasonic nebu-
lizer. When the nebulizer is connected, this indicator allows the clini-
cian to set the time for the nebulizer to run. Option Aerogen nebulizer
is integrated into the software with an option hardware module to plug
the unit into.

e. Admit patient. Stores and displays individual patient information,

identification number, name, age, and weight.

f. Status. Provides internal information on the status of the following:

oo

(1) General system information

(2) O, cell/O, sensor

(3) Expiratory cassette

(4) Batteries

(5) CO, module (if integrated)

(6) Wye sensor measuring (if integrated)
(7) Installed options

(8) Preuse check

g. Alarm settings

(1) High pressure

(2) Upper and lower minute

(3) Upper and lower respiratory rate

(4) Low end expiratory pressure (PEEP)

h. Graphic display. When the unit is connected to a patient, there is a
continuous display

(1) Flow—time

(2) Pressure—time

(3) Volume—time

4) CO,~time

(5) Flow—volume (optional)
(6) Pressure—volume (optional)
(7) Edi (optional)

i. Digital readouts of the following are also continuously displayed

(1) PIP
(2) Pressure during end-inspiratory pause
(3) Paw (mean airway pressure)

(4) PEEP (end expiratory pressures)

(5) Set PEEP +Intrinsic PEEP

(6) CPAP (NIV Nasal CPAP only)

(7) Respiratory Rate

(8) FiO

2
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(9) Inspiratory time
(10) Time constant
(11) I:E ratio (displayed during controlled breaths)
(12) Spontaneous expiratory minute volume (Bi-Vent)
(13) Duty cycle time (Ti/Ttot) during spontaneous breaths and
Bi-Vent
(14) MVe (minute ventilation)
(15) Inspired tidal volume
(16) Exhaled tidal volume
(17) Inspired minute volume
(18) Expiratory minute volume
(19) Leak % (NIV)
(20) End inspiratory flow
(21) End tidal carbon dioxide concentration (CO, analyzer—optional)
(22) Volume of expiratory CO, per minute (CO, analyzer—optional)
(23) CO, tidal elimination (CO, analyzer—optional)
(24) Dynamic characteristics
(25) Static compliance
(26) Elastance
(27) Inspiratory resistance
(28) Expiratory resistance
(29) Work of breathing (patient)
(30) Work of breathing (ventilator)
(31) PO.1: Indicator for respiratory drive
(32) Shallow breathing index
(33) Stress index (optional for volume control only, fixed flow)
(34) Edi Peak and Edi Minimum (optional NAVA and NIV NAVA)

j. Trend monitoring. The user interface has a comprehensive trend mon-

itoring with information stored for 24 h with a time resolution of 1, 3,
6, 12, and 24 h. Data can be downloaded.

(1) Measured parameters (listed above)
(2) Ventilator changes
(3) Event log

. Suction support. A suction support key, when selected offers an adjust-

able FiO, for pre- and postoxygenation, silences the ventilator and
stops flow for 60 s. If the patient is reconnected to the ventilator prior
to 60 s, the ventilator resumes ventilation.

. Additional features

(1) CO, monitor. The SERVO-i is equipped with a port to monitor
end-tidal CO, (ETCO,) using the Novametrix ETCO, sensor.

(2) Nebulizer. The SERVO-i has a port to run an ultrasonic nebulizer.
The nebulizer has an automatic shut off, which may be set to run
for a maximum of 30 min.
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(3) BiVent. BiVent is a mode of ventilation for spontaneously breath-
ing patients. It provides two levels of CPAP from which the patient
may breathe. It is set with both a high pressure (Phigh) (1-50 cm
H,0) and a long inspiratory (Thigh) (0.2-10 s) time and a low pres-
sure (Tpeep) (1-50 cm H,0) with a short inspiratory time. It is a
strategy that can be utilized for used for lung protection in disease
states such as ARDS, believed to help minimize cyclic recruit-
ment/derecruitment by utilizing higher mean airway pressures.

(4) Edi monitoring during all modes of ventilation and when ventila-
tor is in Stand By

(5) Heliox: A heliox enabled SERVO-i ventilator system compen-
sates monitoring flow delivery when HeO, is used. HeO, gas is
connected to the ventilator via a heliox adapter, which is con-
nected to the Air/HeO, inlet.

Available gas mixtures are as follows:

Helium—Oxygen mixture 80:20
Helium—Oxygen mixture 79:21
Helium—Oxygen mixture 78:21

(6) MR conditional option. The SERVO-i is conditionally approved
for use in the MR Suite with open scanners up to 10 mt (100 G)
and 20 mt (200 G) tunnel scanners. The allowable field strength of
the scanner for the MR conditional option is 1.0, 1.5, and 3.0 T.

(7) Stress index: Stress index option is only intended for adults in
volume control ventilation or SIMV (VC)+ Pressure support.

(8) Open lung tool: Provides a breath-by-breath analysis of the fol-
lowing parameters to allow end users to evaluate the trending of
lung dynamics pre- and postventilator changes, therapy, and
recruitment maneuvers. Parameters monitored are as follows:

(a) End inspiratory pressure

(b) PEEP

(c) Tidal volume (V)

(d) Dynamic compliance

(e) Tidal CO, elimination (if option installed)

I. Noninvasive ventilation

1. The SERVO-i has an optional NIV capability for all patient categories
from the 500 g neonate to the 250 kg adult. NIV is ventilator support for
patients that are not intubated and/or tracheotomized. This support fea-
ture is utilized with various noninvasive interfaces such as masks, nasal
prongs, nasal pillows and nasopharyngeal prongs. During NIV, the
following displayed values are compensated for leakage: inspired tidal
volume (VT)), exhaled tidal volume (VT,), exhaled minute ventilation
(MV), and inspired minute ventilation (MV)).



396 J. Beck and L. Fuentes

2. Available modes in NIV are Pressure Control, Pressure support, Nasal
CPAP (infant patient category only) and NIV NAVA. During the NIV
option the ventilator automatically adjusts for leakage in the system to
maintain set inspiratory and PEEP pressure. The NIV function has a vari-
able trigger that adjusts to the variation in leakage in an attempt to opti-
mize patient-triggered support. Alarm settings are similar to the invasive
modes of ventilation with the option to silence nuisance alarms in the
presence of high leakage. Leakage compensation in NIV can be set to low
flow or high flow depending on the expected interface leakage during
NIV support.

Infant:

Low flow: 7.5 LPM

High flow: 15 LPM

Disabled: The ventilator will continue to deliver assist even when the
leakage is excessive.

Disclosure Dr. Beck has made inventions related to neural control of mechanical ventilation that
are patented. The license for these patents belongs to MAQUET Critical Care. Future commercial
uses of this technology may provide financial benefit to Dr. Beck through royalties. Dr Beck owns
50% of Neurovent Research Inc (NVR). NVR is a research and development company that builds
the equipment and catheters for research studies. NVR has a consulting agreement with MAQUET
Critical Care.
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Chapter 46
SLES000 and SLE4000 Infant Ventilators

Barbara Pilgrim and Sunil K. Sinha

I. Introduction

A. The SLE5000 is a combined conventional and High-Frequency Oscillation
ventilator with respiratory monitoring.

B. The SLE4000 is a dedicated conventional ventilator with respiratory
monitoring.

II. Ventilator features

Patented valveless technology

Designed for use in neonates and infants from 350 g to 20 kg
Constant flow of 8 LPM fresh gas

Time-cycled, pressure-limited

Volume limiting

monwp

III. Ventilation modalities

Continuous positive airway pressure

Continuous mandatory ventilation (CMV)

Patient triggered ventilation (PTV)

Pressure support ventilation (PSV)

Synchronized intermittent mandatory ventilation (SIMV)

. Targeted tidal volume (TTV) on all conventional modalities.
. High-frequency oscillation ventilation (HFOV)

. High-frequency oscillation ventilation combined with CMV
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IV. Design details and principles of operation

A. The SLE5000 infant ventilator consists of an electronic system in the upper
section of the ventilator and a pneumatic system in the lower.
B. The electronic system

1.

The electronic system comprises three autonomous subsystems, one
responsible for monitoring the patient, another responsible for controlling
the valves of the pneumatic system, and another for the user interface
(touch screen and displayed data).

. They are connected together by three serial communication links in a

delta configuration.

. The ventilator has an internal battery that can power the ventilator in the

event of a main power fail. If the mains power fails with the battery fully
charged, then operation will continue for 60 min depending on ventila-
tion mode.

C. Pneumatic system

1.

The pneumatic system comprises the tubing and electromechanical
valves necessary to provide the gas in conventional and oscillatory
ventilation modes.

. The two gas controlling functions are blending and pressure generation.
. Blending

a. The method used for blending air and oxygen, in known proportions,
is to pressure regulate the two supplies (air and oxygen) so that they
produce equal flow rates. Each supply is then allowed into a mixing
chamber for a time period equivalent to the proportions required.

b. As an example, delivering oxygen at a set flow rate into a mixing
chamber for 1 s and air at the same flow rate for 2 s will result in a
mixture of one part oxygen to two parts air (resulting in a mix of 47.3%).

. Pressure generation: There are three nozzles within the exhalation block

in the pneumatic subsystem.

a. One generates negative pressure in the patient circuit.

b. The other two generate positive pressure.

c. The pressures generated from the three nozzles are controlled by
three electronically controlled pressure regulators.

(1) The negative and one of the positive nozzle pressures can also
be switched on and off rapidly with in-line (high speed)
solenoid valves.

(2) The other positive nozzle (the mean jet) is used to generate
steady pressures in ventilation (CPAP or PEEP pressures in
conventional ventilation, and mean pressures in HFO modes).

(3) These three nozzles (or jets) are used in various combinations to
generate all ventilation modes.
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5. Conventional ventilation

a. In non-HFO modalities, the negative (or reverse) jet is used in a

steady mode to provide a small amount of flow to offset the inadver-
tent patient circuit pressure generated from the fresh gas flow of
8 LPM.

The mean jet is also used in a steady mode to generate the baseline
pressure (CPAP or PEEP).

The forward jet is used to generate the PIP during inspiration.

. The rise time of the inspiratory phase is controlled by dynamically

controlling the forward jet pressure regulator rather than switching a
steady pressure with the high speed valves.

(1) This provides a smooth rise in pressure and allows user adjust-
able rise times rather than abrupt changes and pressure “ring-
ing,” which can result from high speed switching.

(2) The fall of the inspiratory wave is also controlled by the forward
jet pressure regulator to bring the pressure down quickly and
smoothly; using the high-speed valves to do this results in dif-
ficulties for the monitor subsystem in trying to detect a patient
breath attempt by monitoring the pressure alone.

(3) Once the pressure has been brought close to the base pressure,
after about 100 ms, the forward jet solenoid is switched off to
prevent any further artifact causing false triggering.

(4) All jet pressures sum in the exhalation block. For example, to
ventilate a patient with a PEEP pressure of 5 cm H,O and a PIP
pressure of 30 cm H,O, the mean jet will be set to generate a
continuous circuit pressure of 5 cm H,O, and the forward jet
will be set to generate a circuit pressure varying between 0 (exp.
phase) and 25 cm H,O (insp. phase).

(5) Since the jet pressures will sum, this will result in the desired
patient pressure.

6. HFO ventilation. The ventilator is capable of functioning as a dedicated
HFOV device with active exhalation.

a.

b.

In pure HFO, the mean jet pressure regulator is used to set the mean
pressure.

The forward and reverse jet pressure regulators are used to generate
steady positive and negative delta P components that will be super-
imposed on the mean pressure.

These components are switched quickly using the high-speed sole-
noid valves to generate the HFO pressures.

(1) For example, to ventilate a patient with a mean pressure of
10 cm H,O and a delta P pressure of 60 cm H,O, the mean jet
will be set to generate a continuous pressure of 10 cm H,O, the
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forward jet will be set to generate a continuous pressure of
30 cm H,O and the reverse jet will be generating a continuous
pressure of =30 cm H,O.

(2) The HFO rate is determined by the rate of switching between
the forward and reverse pressures on the high-speed valves.
Because the jet pressures sum, the resulting patient pressures
will be switching between —20 and +40 cm H,O. Thus, if mean
HFO pressures up to 35 cm H,O are required and the mean jet is
only generating pressures up to about 20 cm H,O, it will be
necessary to apply a higher pressure on the forward pressure
regulator and a lower pressure on the reverse pressure regulator.
Using this method, the desired mean must be less than half the
desired AP pressure plus 20 cm H,O.

7. Trigger mechanisms

a. Pressure triggering. This senses the rate of change of pressure at the
patient manifold when the onset of inspiration is detected.

The sensitivity is adjustable within an uncalibrated range.

Back-up breath rate is set in PTV ventilation to deliver the mechan-
ical breath if a trigger event is not sensed. This is recognized if trigger-
ing breath is not flashing on the screen. It is sometimes difficult for
the VLBW infant to consistently trigger pressure support with this
mode of triggering.

b. Flow triggering. This mechanism requires the use of a flow sensor.
The SLE5000/4000 uses a heated-wire anemometer.

The sensitivity is adjustable between 0.2 and 2.0 LPM. Backup
ventilation is delivered in the absence of a recognized trigger event.
Flow triggering is easier for the VLBW infant and allows both
inspiratory and expiratory synchronization using flow-cycling.

8. Alarms
There are a large number of alarms and safety features, and users should
pay attention to these while operating the machine and know how to
react to alarms by referring to the operator’s manual provided by the
manufacturer.

9. LCD screen displays: numerous data can be displayed, including wave
forms and pulmonary mechanics, ventilator functions, and measured
variables.

10. Other features

a. A restrictor remains a feature of the SLE5000 patient circuit. As the
fresh gas flow is 8 LPM, the restrictor is calibrated for this and is
colored green to differentiate from the SLE2000 restrictor, which is
purple.
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11.

b. The pressure waveform modification is now part of the software and
is located within the tools menu.

c. Targeted tidal volume (TTVPLUS) 20% leak compensation. This
allows the user to set a volume that is appropriate for the infant
being ventilated. The leak compensation is deliberately limited to
prevent overshoot on the next breath. All volume measurements are
end tidal volume.

d. Pressure support ventilation with flow-cycling, has automatic com-
pensation in the presence of a leak thereby ensuring that all breaths
are flow triggered and flow terminated.

e. Complete respiratory monitoring with measurements of C20/C and
DCO, (gas transport coefficient for carbon dioxide) and loops and
waveforms.

f. Ability to trend all measured parameters for 24 h.

g. Ability to take a snapshot of a loop, save it, and compare future
loops with this reference loop to observe changes in compliance.

h. The user is able to deliver nitric oxide into the patient circuit and to
remove and scavenge expired nitrogen dioxide through the exhala-
tion block and scavenging system.

Advanced modes of ventilation

a. PSV can be used in isolation, provided there is consistent respiratory
effort, or together with SIMV if there is not. The latest software in
the SLE5000/4000 has an algorithm to compensate for leaks, thereby
ensuring that all breaths are flow-terminated.

b. TTV

(1) This is a pressure-cycled, volume-limiting mode of ventilation.
(2) The selected volume limits the pressure, and the volume automati-
cally accommodates to changes in resistance and compliance.

(3) SLE5000/4000 with the latest 4.3 version of software introduces
leak compensation of 20%. This is referred to as TTVPLUS.

c. High-frequency oscillatory ventilation

(1) The delivery of pressures in HFO in the SLE5000 is different
from that of the SLE2000.

(2) It is derived from the fast switching of the high speed solenoid
valves.

(3) The SLES000 is able to oscillate infants up to 20 kg.

(4) The practical principles of HFO still apply. By using a flow sen-
sor the user has access to the DCO, measurement, which may be
an aid to assessing alveolar ventilation and thereby CO, elimi-
nation. This may be helpful where there is no form other of CO,
monitoring other than blood gas analysis.
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(5) The use of the flow sensor allows accurate measurements of end
tidal volumes and minute volumes.
(6) There is also the option of viewing a flow—volume loop.
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Chapter 47
Bunnell Life Pulse High-Frequency
Jet Ventilator

Martin Keszler

IL.

III.

Iv.

VI

VIL

The Bunnell Life Pulse® (Bunnell, Inc., Salt Lake City, UT) is the only
Food and Drug Administration (FDA)-approved neonatal HFJV device
currently available in the USA. Other HFJV devices manufactured abroad
have been used in Europe and elsewhere.

The Life Pulse is a microprocessor-based time-cycled, pressure-controlled
infant ventilator that continuously monitors airway pressure and automat-
ically adjusts the pressure that drives pulses of gas across the injector
cannula to achieve the set peak inspiratory pressure measured in the proxi-
mal endotracheal tube.

Small pulses of heated, humidified gas are injected into a special endotra-
cheal tube adaptor (Life Port®); the pulses are generated by a pinch valve
inside a patient box located close to the airway. This arrangement mini-
mizes dampening of the pulses and allows more effective pulse delivery
and unimpeded exhalation.

The pressure transducer for monitoring proximal airway pressure is also
located in the patient box, resulting in a higher fidelity signal.

An intermittent puff of gas purges any condensation or secretions and
maintains patency of pressure monitoring line.

Independently set variables

A. Inspiratory pressure (PIP, range 8-50 cm H,0)
B. Ventilator rate (240-660 breaths/min=4-11 Hz)
C. Jet valve on (inspiratory) time (7)), (range 0.02-0.034 s)

PEEP and superimposed low rate IMV (when desired) are generated by a
conventional ventilator used in tandem with the Life Pulse.
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VIIL.

IX.

XI.

XII.

XIII.

XIV.

XV.

XVL

XVIL

M. Keszler

The FiO, of the two ventilators is adjusted separately (it should be
maintained at the same level), or both ventilators can be supplied from a
common source using a single blender (preferable).

Displayed parameters

. PIP (cm H,0)

. Pressure amplitude (AP, cm H,0)

. PEEP (cm H,0)

. Mean airway pressure (Paw, cm H,O)

. Servo pressure (PSI)

. L:E ratio (this is a value determined from the Jet valve on time and rate)

oI Qw >

. The ventilator goes through a self-check when first turned on to ensure

that all components are functioning and the circuit is intact.

The ventilator settings automatically start with default values of PIP 20 cm
H,0, rate 420 (7 Hz) and valve on time of 0.02 s when the device is turned
on and these are displayed in the “NOW” row in the Control panel.

The user selects “NEW” settings in the row below and activates them by
pressing the “Enter” button.

Alarms are automatically set 20% above and below current levels for
Servo Pressure and +1.5 cm H,O for Paw, once the values stabilize and the
ventilator reaches the “Ready” state. Subsequently, the alarm limits can be
adjusted manually, if desired.

As a safety feature, the Servo Pressure is locked at its current value when
the Paw or Servo Pressure alarm is activated. The patient will remain ven-
tilated with that same Servo Pressure until:

A. The alarm limits are changed.

B. The Reset button is pressed (not recommended until troubleshooting
the situation to ensure safe operation).

C. Settings are changed and the Enter button is pushed.

The alarm situation may resolve spontaneously if the Paw returns to the
target range; if the alarm condition persists, the clinician needs to address
the situation to restore the servo-control of PIP.

It is essential to understand the meaning of changes in Servo Pressure and
to evaluate the circuit and patient before proceeding.

When more gas volume is needed to reach set PIP, Servo Pressure goes
up. High Servo Pressure may result from the following:

A. Improved lung compliance/increased lung volume.

B. Leak in the circuit (large leak around endotracheal tube, accidental
extubation, partial disconnect, cracked connector).

C. Kinking of the patient circuit (obstruction of the jet line).

D. Partial occlusion of the pressure line leading to dampened pressure
reading.

E. Increased leak through a bronchopleural fistula.
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XVIIL

XIX.

XX.

XXI.

XXII.

XXIII.

XXIV.

XXV.

XXVIL

XXVIL

XXVIIL

When less gas volume is needed to reach set PIP, Servo Pressure goes
down. Low Servo Pressure may result from the following:

A. Worsening lung compliance (atelectasis, pneumothorax)
B. Mainstem bronchus intubation

C. Obstruction of endotracheal tube

D. Increased airway resistance

Additional alarm messages may appear indicating

Jet valve fault

Ventilator fault

Low gas pressure (supply gas)
Cannot meet PIP

Loss of PIP

High PIP

mmT QW

The ventilator must be in the “Ready” state with the “Ready” light illumi-
nated before the system is stable, alarms are set, and it is safe to leave the
bedside after any change in settings or after the “Reset” button is pressed.
The “Ready” state occurs when the PIP has reached within +2.0 and
—1.5 cm H,O of the set PIP. If the “Ready” condition is not met 3 min after
the ENTER or RESET button is pushed, the CANNOT MEET PIP alarm
will result.

Like any servo-controlled device, the actual PIP will fluctuate around the
set value.

The “Silence” and “Reset” buttons are located close together. They serve
a different function.

A. Use the “Silence” button as the primary button to silence the ventilator
alarm while troubleshooting.

B. “Reset” should be reserved for the rare situation when for whatever
reason the ventilator has not been able to reach steady state and acti-
vate the “Ready” button or after troubleshooting and determining that
higher or lower Paw or Servo Pressure are appropriate.

An efficient low volume humidifier is built into the device/patient circuit,
assuring optimal heating and humidification of inspired gases.

The humidifier panel allows the user to independently set the Cartridge
and Circuit temperatures within the range of 32-42°C.

A water pump automatically maintains an optimal water level in the
humidification cartridge.

Temperature of the gas as it leaves the patient circuit is continuously dis-
played. Cartridge and circuit temperatures can be displayed by pressing a
key on the humidifier panel.

Suctioning can be done in one of two ways.

A. The jet ventilator can be placed in standby mode and suctioning done
in the usual fashion.
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B. Alternately, suctioning is done with the ventilator continuing to operate
and constant (continuous) suction is applied while the suction catheter
is advanced and then withdrawn. This is necessary because the jet
ventilator will force gas past the suction catheter and cause overpres-
sure, unless continuous suction is applied. This method is NOT
RECOMMENDED FOR ROUTINE USE, but may be useful in unsta-
ble infants who may not tolerate the reduction in support after suction-
ing while the ventilator is working up to set pressures.

XXIX. Inhaled nitric oxide can be safely and effectively delivered via the Life
Pulse ventilator by splicing the INOMAX® DS Injector Cartridge into the
high-pressure line between the ventilator and the humidification cartridge
and attaching the monitoring line to a T-connector inserted in the jet gas
delivery line distal to the pinch valve.

XXX. Clinicians in the USA should be aware that the Food and Drug
Administration has only approved the Life Pulse for the treatment of PIE
and for rescue of infants with refractory respiratory failure complicated by
air leak.
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Chapter 48
Sensormedics 3100A High-Frequency
Oscillatory Ventilator

David J. Durand and Jeanette M. Asselin

1. Physiology of high-frequency oscillatory ventilation (HFOV)
A. Conceptual difference between conventional and high-frequency
ventilation

1. With conventional ventilation, gas is moved from the upper airway to the
alveoli primarily by bulk flow (“pouring gas into and out of the
alveoli”).

2. With HFOV, gas movement is accomplished primarily by the mixing of
gas in the upper airway with gas in the alveoli (“shaking gas into and out
of the alveoli”).

B. Characterizing HFOV “breaths”

1. The SensorMedics 3100A (CareFusion, Inc., San Diego, CA) generates
a pressure wave which, when analyzed at the hub of the endotracheal
tube, is approximately a sine wave.

2. This pressure wave is characterized primarily by four factors, each of
which can be independently adjusted.

a.

b.

e

Mean airway pressure (the “average” pressure throughout the respi-
ratory cycle).

Amplitude (the “size” of the pressure wave, or “tidal volume”).
Frequency (the number of breaths per minute).

The Inspiratory—Expiratory ratio can also be adjusted, but is kept at
1:2 for essentially all neonatal patients.
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C. Oxygenation and ventilation

1. Oxygenation is proportional to mean airway pressure.

a.

b.

The higher the mean airway pressure, the more alveoli are open
throughout the respiratory cycle. This decreases atelectasis and
improves ventilation—perfusion matching.

Increasing mean airway pressure increases average lung volume, and
is reflected by increased lung volume on chest radiography.

2. Ventilation (or CO, removal) is approximately proportional to
(Frequency) x (Amplitude)’.

a.

b.

This means that small changes in amplitude have a greater impact on
CO, exchange than do changes in frequency.

For most patients, a frequency is chosen and left constant, while CO,
exchange is affected by changing the amplitude.

3. Effect of frequency on amplitude

a.

The endotracheal tube and upper airway act as a low pass filter. This
means that low frequency pressure waves are passed from the venti-
lator to the alveoli without being attenuated, while high-frequency
pressure waves are attenuated. The higher the frequency, the greater
the attenuation.

A simplified example of the attenuation of pressure amplitude at high
frequencies is outlined below. Imagine a ventilator that is set to deliver
an amplitude of 20 cm H,O (e.g., PIP 25 cm H,O, PEEP 5 cm H,O).

(1) Atalow frequency (e.g., 30 breaths/min), this pressure amplitude
of 20 cm H,O is completely transmitted to the alveoli. The alveolar
pressure changes from 5 to 25 cm H,O as the ventilator cycles.

(2) At an intermediate frequency (e.g., 120 breaths/min), the pres-
sure amplitude will be slightly attenuated as it travels from the
hub of the endotracheal tube to the alveoli, since neither the
inspiratory time nor the expiratory time is adequate for the pres-
sure to equalize between the upper airway and the alveoli. At the
alveolar level, the breath will have a PIP of less than 25 and a
PEEP of more than 5. Thus, the amplitude of the breath will have
been attenuated from 20 cm H,O to something slightly less than
20 cm H,O. This is the phenomenon that causes air trapping
(sometimes called inadvertent PEEP) at inappropriately high
rates on conventional ventilation.

(3) Atan even higher frequency (e.g., 600 breaths/min), the attenua-
tion is far more significant. A breath with an amplitude of 20 cm
H,0O at the hub of the endotracheal tube may be attenuated to less
than 5 cm H,O at the alveoli.
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C.

Thus, if everything else is constant, decreasing frequency will
increase alveolar amplitude. This is because at a lower frequency,
more of the pressure wave will be transmitted to the alveoli. Since
amplitude has a greater impact on CO, exchange than does frequency,
decreasing frequency will increase CO2 exchange.

This complex relationship between frequency and CO, exchange is
one of the reasons why frequency is not the primary parameter to be
adjusted when optimizing ventilation.

II. Mechanics of the SensorMedics 3100 HFOV. There are six parameters can be
adjusted on the SensorMedics 3100

A. Mean airway pressure

1.
2.

Mean airway pressure is set by adjusting the pressure adjust knob.
Increasing mean airway pressure recruits alveoli, leading to improved
ventilation—perfusion matching, and improved oxygenation.

Increasing mean airway pressure also leads to increased lung inflation,
as seen on chest radiography.

When placing a patient on HFOV, start with a mean airway pressure that
is approximately 20% above the mean airway pressure on conventional
ventilation.

a.

b.

. Follow chest radiographs closely to determine degree of lung inflation.

In most patients, the lungs should be inflated so that the top of the
right hemidiaphragm is between 8 and 10 ribs.

Patients on HFOV should have chest radiographs obtained frequently
enough that both over- and underdistension are avoided. A typical
schedule usually includes radiographs:

(1) 30-60 min after starting HFOV

(2) 2-6 h after starting HFOV

(3) 12 h after starting HFOV

(4) q 12-24 h until stable on HFOV

(5) After any large (>20%) change in mean airway pressure
(6) After any large (>20%) change in FiO,

Changes in mean airway pressure

a.

b.

Increase mean airway pressure if the lungs are underinflated and/or
the patient is not oxygenating adequately.

Decrease mean airway pressure if the lungs are overinflated and/or if
the patient’s oxygenation is improving.

. To cause a small change in lung inflation and/or oxygenation, change

the mean airway pressure by 10-20%.
To cause a larger change in lung inflation and/or oxygenation, change
the mean airway pressure by 20-40%.
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. Amplitude is set by adjusting power (in arbitrary units) and is measured as

Delta Pressure (cm H,0).

1.

Increasing the power leads to an increase in the excursion of the ventila-
tor diaphragm. This increases the amplitude of the pressure wave, and is
reflected in an increase in the delta pressure, which is measured at the
hub of the endotracheal tube. Remember that this delta pressure is mark-
edly attenuated by the time it reaches the alveoli.

Increasing the amplitude leads to an increase in chest movement (“‘chest
wiggle”) and a decrease in PaCO,.

Relatively small (10-20%) changes in amplitude will result in signifi-
cant changes in PaCO,,.

When placing a patient on HFOV, adjust the amplitude so that the patient
is comfortable without much spontaneous respiratory effort, and so the
“chest wiggle” looks appropriate. Follow PaCO, closely (it can change
dramatically), and consider using a transcutaneous CO, monitor to help
with initial adjustments in amplitude.

. Frequency, measured in Hz (1 Hz=1 breath/s or 60 breaths/min). For neo-

natal patients, frequency is usually 612 Hz (360—720 breaths/min).

1.
2.

Use higher frequencies for small babies with dense lung disease.

Use lower frequencies for large babies, babies with mild disease, and
babies with nonuniform disease.

In general, use a lower frequency for patients with nonhomogeneous
lung disease, airway disease, or air trapping. If a patient has an unaccept-
able degree of air trapping which does not respond to decreasing mean
airway pressure, consider decreasing the frequency by at least 1-2 Hz.
Typical frequencies:

Preterm infant with severe RDS: 10-12 Hz, sometimes higher
Preterm infant with mild RDS or early chronic lung disease: 8—10 Hz
Preterm infant with significant chronic lung disease: 6-8 Hz

Term infant with severe pneumonia or meconium aspiration syn-
drome: 6 Hz

/o o

. % Inspiratory Time is almost always left at 33%, or an inspiratory—expira-

tory ratio of 1:2.

2.

. Flow, measured in liters per minute (LPM)

1.

As with other types of ventilators, more flow is needed for large patients
than for small patients.

Although the ventilator is always calibrated and ““set up” with a flow of 20 L/min,
this should be decreased for premature infants. Typical flow settings:

a. Premature infant <1,000 g: Flow 6-8 LPM

b. Premature infant 1,500-2,500 g: Flow 10-12 LPM

c. Term infant with severe meconium aspiration syndrome: Flow 15-20
LPM
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F.

FiO,. Adjustments in FiO, have the same impact on oxygenation for a
patient on HFOV as they do for a patient on other forms of ventilation.

. Optimizing settings

1. In general, the approach to HFOV includes avoiding the extremes of

over- and underinflation, minimizing oxygen exposure, and weaning as
aggressively as tolerated. There are multiple approaches to “optimizing”
lung volume on HFOV, all of which are based on the assumption that
patients are optimally ventilated when atelectasis has been reversed, and
patients are on the deflation limb of the pressure—volume curve. Achieving
optimal lung volume involves progressively recruiting atelectatic alveoli
by increasing mean airway pressure until FiO, is able to be decreased,
suggesting that ventilation:perfusion matching has improved.

a. Optimizing lung volume can be done only in conjunction with chest
radiographs and careful attention to FiO,. While increasing mean airway
pressure can be very effective at recruiting alveoli and decreasing FiO,,
it can also lead to significant overdistension. In general, “optimal” mean
airway pressure usually results in a lung which is inflated so the top of
the right hemi-diaphragm is at approximately the level between the 8th
and the 10th posterior rib, and an FiO,, which is less than 0.3-0.4.

b. Weaning mean airway pressure is done by judiciously decreasing
pressure (usually in 1 cm H,O decrements) for patients who have an
FiO, which is acceptable. However, if a decrease in mean airway
pressure results in a significant increase in FiO, or in clinical lability,
the mean airway pressure may have been weaned too much.

c. Weaning amplitude is done by judiciously decreasing delta pressure
(usually by 10%) for patients who have a PaCO, in their “target
range.” However, if a decrease in amplitude results in a significant
increase in PaCO,, work of breathing, or clinical lability, the ampli-
tude has probably been weaned too far.

. Optimizing frequency is an imprecise process. In most cases, the fre-

quency range listed above is adequate. However, if the patient appears to
have air trapping, manifested by an overinflated chest radiograph and
poor oxygenation or ventilation, consider decreasing the frequency by
1-2 Hz. Remember that decreasing frequency will decrease the pressure
attenuation, and therefore increase the delivered pressure amplitude at
the alveolar level, resulting in decreased PaCO,.

H. Weaning and extubating from HFOV

1. Most patients can be extubated directly from HFOV. The approach to

preparing an infant for extubation from HFOV is essentially the same as
for an infant on conventional ventilation.

a. Decrease both mean airway pressure and amplitude as the patient
improves.
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b. As the patient improves, and as amplitude decreases, the patient will
do more spontaneous breathing. If the amplitude decreases suffi-
ciently, the patient will essentially be on “oscillatory CPAP” rather
than oscillatory ventilation.

c. When the patient is achieving most of the CO, elimination by spon-
taneous breathing, and the mean airway pressure has been decreased
sufficiently, the patient can be extubated.

d. General guidelines for extubation from HFOV are similar to those for
extubation from conventional ventilation. As with conventional ven-
tilation, clinicians have become progressively more aggressive about
extubation from HFOV over the last decade. Our current approach is
to extubate infants from HFOV when:

(1) Mean airway pressure is less than 8-10 cm H,O
(2) FiO, is less than 0.3-0.4
(3) There is good spontaneous respiratory effort

HFOV or “conventional” ventilation?

1. There are clear theoretical advantages of HFOV over “conventional” ven-

tilation for patients with severe restrictive lung disease (severe
atelectasis).

a. With HFOV, the alveolus never deflates to the degree that it does with
conventional ventilation. Thus, surface forces are less likely to cause
atelectasis. In any patient with a tendency to develop atelectasis (e.g.,
RDS), this should be a significant advantage, since preventing
atelectasis is a key element in avoiding lung injury.

b. With HFOV, the lung is not distended as much as it is with a typical
tidal volume, so there is less chance of causing alveolar or airway over-
distension, a primary cause of both acute and chronic lung injury.

c. Because oxygenation and ventilation are “uncoupled” during HFOV,
changes in one do not usually affect the other, and dual changes can
often be accomplished simultaneously.

. Multiple animal models have shown advantages of HFOV over conven-

tional ventilation, particularly in models of severe RDS or with severe
acute lung injury.

. The human data on the advantages of HFOV over conventional ventila-

tion is less compelling. In general, reports and clinical trials of HFOV
have focused on either the role of HFOV in managing patients with
severe lung disease, or in preventing BPD in very preterm infants. Recent
meta-analyses of the clinical trials comparing HFOV to conventional
ventilation for the prevention of BPD conclude that any advantages of
HFOV are relatively small.

a. Interpreting the large trials of HFOV vs. conventional ventilation is
hampered by the fact that essentially all of the trials were conducted
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using both HFOV and conventional strategies that are no longer used.
Extrapolating these studies to the current era of vigorously avoiding
intubation, and of early extubation, is difficult.

4. There are several conclusions which can be drawn from the animal and
human trials of HFOV:

a. HFOV is as at least as effective as conventional ventilation in sup-
porting oxygenation and ventilation in patients with significant
restrictive disease.

b. HFOV is at least as safe as conventional ventilation, when used
properly.

¢. HFOV is superior to conventional ventilation for infants with severe
pulmonary interstitial emphysema or bronchopleural fistula. However,
HFOV is probably not as effective as HFJV in treating these
patients.

d. HFOV may be superior to conventional ventilation for patients with
severe restrictive lung disease.

e. HFOV probably offers no advantages over conventional ventilation
in patients with minimal lung disease.

5. General indications for HFOV in most centers which are experienced
with HFOV include:

a. Treatment of air leak syndromes, including pulmonary interstitial
emphysema or bronchopulmonary fistula.

b. Severe restrictive lung disease, including RDS, meconium aspiration
syndrome, or pneumonia.

c. Severe lung hypoplasia.

d. Small preterm infants at high risk of developing BPD. This indica-
tion is more controversial than those listed above.
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Chapter 49
Hemodynamic Support

Keith J. Barrington

I. Introduction

A. Neonatal cardiovascular physiology differs in many ways from the physiol-
ogy of the more mature human.

1. Cardiac function

a.

b.

Neonatal myocardium is structurally, metabolically, and functionally
limited.

Basal contractility is near to maximal levels, and therefore any further
demands on cardiac function, such as those resulting from increases
of afterload, may not be met.

Increases in afterload as a result of vasoconstriction often lead to
decreases in ventricular output.

. Drug responses are often also quite different in the newborn; metabolic

immaturity of the myocyte may lead to responses which are in a dif-
ferent direction in the newborn. For example, phosphodiesterase-3
inhibitors (e.g., milrinone) may lead to negative inotropic responses in
the newborn, in contrast to the positive inotropic responses seen in the
older subject.

Only studies restricting the investigation to the newborn or the pre-
term newborn give adequate information.

2. Vascular responses
The development of vascular receptors is poorly studied. Alpha-mediated
vasoconstriction is seen with the administration of catecholamine agents,
even in very immature babies, but the gestational age at which other
vascular responses may occur (those mediated by other catechol
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receptors, or other categories of responses, such as those mediated by
endothelin or acetylcholine) are unknown.

3. Shunts

a.

b.
c.

Because of the presence of shunts, newborn infants with normal hearts
do not have a single variable called “cardiac output.”

Total perfusion of the body is the sum of SVC flow and IVC flow.

In contrast, left ventricular output (LVO) only reflects systemic perfu-
sion when the ductus arteriosus is closed.

d. When the ductus is open, LVO is the sum of pulmonary venous return

c.

and any net shunting across the foramen ovale.

Right ventricular output (RVO) is the sum of systemic venous return
and any net left-to-right shunting across the foramen ovale; as this
shunt is often small, RVO can often be used as an indicator of total
systemic perfusion.

B. Normal transition

1. The fetal circulation

a.

In utero the pulmonary vascular resistance is very high which keeps
pulmonary blood flow low (less than 15% of the combined ventricular
output).

The majority of blood ejected by the right ventricle crosses the ductus
and perfuses the low resistance placental circulation; thus right ven-
tricular afterload in utero is low.

Most upper body flow in utero is derived from the left ventricular
output.

2. At the time of birth the ductus arteriosus constricts and the right ventricu-
lar output perfuses the lungs, after which pulmonary vascular resistance
starts to fall; thus, right ventricular afterload transiently increases at
birth, and then falls as the PVR decreases.

II. Hemodynamic problems

A. PPHN (see also Chap. 64)

1. Pathophysiology

a.

b.

This condition results from the failure of pulmonary vascular resistance
to fall or a recurrence of high resistance after the initial transition.
This may occur as a complication of meconium aspiration, pneumo-
nia, pulmonary hypoplasia, other respiratory disorders such as respi-
ratory distress syndrome, or occasionally as an isolated phenomenon
in babies with clear chest radiographs.

Right-to-left ductal shunting, although pathognomonic, is seen only in
those with severe disease and an open ductus.

. Many other infants have intracardiac shunting across the foramen

ovale; such shunting depends on an interatrial pressure gradient. Right
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atrial pressures will be elevated in the presence of right ventricular
failure, which may result from the high right ventricular afterload.
Thus, right ventricular function is an important determinant of a good
outcome in infants with PPHN.

Finally, hypoxemia may result from intrapulmonary shunting (that is,
ventilation—perfusion mismatch).

2. Clinical evaluation

a.

b.

PPHN may accompany respiratory distress, or occur in babies with
little distress; such infants need a high FiO,.

Preductal saturation (right hand) and postductal saturation (a foot)
may show a gradient, but its absence does not rule out the disease.
Most infants with severe respiratory failure have some elevation of the
pulmonary vascular resistance.

3. Supplementary testing

a.

b.

Echocardiography may show right-to-left or bidirectional shunts, high
estimated pulmonary artery pressure, or abnormal septal curvature
(right-to-left bowing).

If congenital heart disease is suspected, a hyperoxia test may be
helpful, but can also be misleading.

4. Therapy

a.

Supportive therapy, assisted ventilation, warmth, oxygen, and fluids
are used.

b. Sedation may help in certain cases.

The only proven directly acting therapy is inhaled nitric oxide (Chap.
55), which can be commenced at between 2 and 20 ppm. Hyperoxia
should be avoided, as it may impair nitric oxide-mediated pulmonary
vasodilation and increase pulmonary vascular reactivity.

. Hyperventilation should be avoided as progressive systemic hypoten-

sion may occur.

Bicarbonate should be avoided, as its use has been associated with
increased need for ECMO and poorer outcomes.

Cardiac supportive therapy may be required, but it is unclear which
agent has the best effect. Epinephrine use at low to moderate doses
(0.05-0.2 mcg/kg/min) improves systemic oxygen delivery in animal
models.

B. Septic shock

1. Pathophysiology

a.

b.

There are little data regarding the usual hemodynamic features of
septic shock in the newborn.

Older patients with gram-negative septic shock commonly have
excessive vasodilation accompanied by a normal or increased cardiac
output and hypotension, so-called “warm shock.”
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It is not clear if this is true in newborn infants, who often have different
organisms (e.g., group B streptococcus) and have different cardio-
vascular physiology. Neonatal animals with group B streptococcus
demonstrate vasoconstrictive “cold shock,” with hypotension being
a preterminal event.

2. Clinical evaluation

a.

b.

In cold shock, signs of peripheral vasoconstriction are common:
prolonged capillary filling, oliguria, and inactivity.

In warm shock, pulses may be bounding, but signs of inadequate tissue
oxygen delivery may be seen (e.g., lactic acidosis and poor urine output).

3. Supplementary testing

a.

Echocardiography may be helpful for estimating cardiac filling, con-
tractility, and systemic blood flow, and in determining therapeutic
interventions.

There is no clear evidence that this improves outcomes, but it does
allow more rational therapy.

4. Therapy

a.

b.

There is little good evidence regarding therapeutic options in infants
with septic shock.

A physiology-based approach would suggest that infants with clinical
shock but with adequate blood pressure may benefit from dobutamine
(which increases systemic perfusion without having much effect on
blood pressure).

Infants with shock and hypotension may preferably be treated with
epinephrine, which appears to increase both blood pressure and
systemic perfusion.

. Combinations of drugs have unpredictable effects. Pharmacokinetics

and receptor status of babies vary considerably; therefore, dose
responses are extremely variable and doses need to be individualized.
In adults with septic shock, there is little evidence that clinical out-
comes vary according to the drug chosen; randomized trials compar-
ing different agents show differences in short term clinical responses,
but generally not in survival.

Fluid boluses are often administered, based on the assumption that
sepsis leads to a functional hypovolemia.

(1) Although this may be true in certain cases, a recent trial in older
infants and children showed an increase in mortality in children
with early septic shock who received a fluid bolus.

(2) If fluid boluses are administered, crystalloids and colloids have
different hemodynamic responses, with a greater and more prolonged
increase in perfusion with colloids than with saline, but with little
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or no evidence of differential clinical outcomes, the agent of
choice in the newborn is uncertain.

C. Hypovolemic shock

1.

Pathophysiology

a.

Hypovolemia can result from blood loss (e.g., ruptured vasa previa),
or occasionally in infants following placental abruption (in this situa-
tion the blood lost is usually mostly maternal).

Partial umbilical cord occlusion, as may occur with a tight nuchal
cord, or cord prolapse, will occlude initially the umbilical veins, prior
to the arteries, reducing circulating blood volume.

Large volume fetomaternal hemorrhage will also lead to hypovolemia,
but is rare before 28 weeks’ gestation, mostly occurring in late pre-
term and term infants.

. Neonatal animal models suggest that blood pressure and perfusion

can be maintained up to the loss of about 20 mL/kg by vasoconstric-
tion; after that, further blood loss leads to shock and hypotension.

. Clinical evaluation: Infants are usually pale, tachycardic, and poorly per-

fused with prolonged capillary refill.

a.

b.

a.
b.

. Supplementary testing:

Echocardiographic assessment of cardiac filling may be helpful but
clear indices of circulating blood volume do not exist.

Central venous pressure (CVP) measurements are of limited useful-
ness, as they are often low in the newborn, and remain low despite
volume administration. CVP may provide useful trend data.

. Therapy

Administration of volume.

Saline will temporarily restore perfusion in emergency resuscitation,
blood, as soon as available, is required to restore oxygen carrying
capacity.

D. Cardiogenic shock

1. Pathophysiology

a.
b.
c.

Cardiomyopathy
Congenital heart disease (e.g., HLHS)
Asphyxial injury

2. Clinical evaluation

a.

b.

Poor perfusion and tachycardia are the hallmarks of primary cardiac
dysfunction.

Metabolic acidosis with increasing serum lactate, and oligo- or anuria
are danger signs.
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3. Supplemental testing

a.

b.

Echocardiography is essential; identification of the coronary artery
origins should be considered important unless another diagnosis is
likely.

Structural heart disease and cardiomyopathy should be ruled out.

4. Therapy

a.

b.

Avoiding excessive preload and those therapies which increase after-
load makes physiologic sense.
Dobutamine and low dose epinephrine are reasonable first choices.

E. Extreme prematurity: Hypotension or shock?

1. Pathophysiology

a.

b.

Many extremely preterm infants receive cardiovascular intervention,
very often for a numerically low blood pressure.

Numerous studies show that there is no correlation between mean
arterial pressure and systemic perfusion; most preterm hypotensive
infants have low blood pressure for reasons of low vascular resistance
and are supplying adequate oxygen to their vital tissues.

Hypotensive babies with good clinical perfusion can have good out-
comes without intervention.

. There is no clear answer regarding the appropriateness of treatment

for hypotension in infants with either clinical signs of good perfusion,
or those with documented normal systemic blood flow.

Many centers do not intervene medically for such infants, and institute
close surveillance; usually blood pressure will spontaneously rise over
the subsequent few hours.

Hypotension in association with poor perfusion is a very hazardous
situation with poor outcomes; some babies in this situation will be
found to be septic, and others may have primary cardiac dysfunction.

2. Clinical evaluation

a.

An overall evaluation including clinical signs of poor perfusion and
supplementary tests is required to determine whether an extremely
preterm infant with a numerically low blood pressure has inadequate
perfusion.

The clinical evaluation includes capillary filling time, warmth of
peripheries, urine output, and the level of spontaneous activity.

3. Supplementary testing

a.

Echocardiography, for measurement of systemic flow (SVC flow less
than 40 mL/kg/min is associated with increased risk of intraventricu-
lar hemorrhage and poor long-term outcome).
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b.

An elevated or rising serum lactate is a sign of inadequate tissue
oxygen delivery, as long as it is correctly sampled and processed, and
a combination of an elevated lactate and a prolonged capillary refill is
associated with low systemic perfusion.

Near infra-red spectroscopy to measure cerebral oxygen tension has
promise but more work is required. It may also prove useful for deter-
mining intestinal perfusion.

4. Therapy

a.

b.

If there is no evidence of peripheral underperfusion, then hypotension
probably does not need to be treated.

For infants with hypotension and signs of poor perfusion or poor sys-
temic flow, therapeutic approaches are uncertain. Low to moderate
dose epinephrine (or perhaps a combination of dopamine and dobu-
tamine) is physiologically reasonable as a way of improving cardiac
function, and elevating blood pressure as well.

Fluid boluses are overused, and hypotensive extremely preterm infants
are rarely hypovolemic; in the presence of a history compatible with
volume loss, 10 mL/kg of normal saline can be tried empirically.
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Chapter 50
Nutritional Support of the Ventilated Infant

David Adamkin

1. Introduction

A.

Respiratory distress is a leading cause of neonatal morbidity and mortality,
and mechanical ventilation remains the most common therapeutic modality
applied in neonatal intensive care units.

. Aggressive nutritional strategies should minimize the interruption of growth

as much as possible as the early fetus transitions to extrauterine life. These
strategies promote the following:

1. Reducing postnatal weight loss
2. Earlier return to birth weight
3. Improved catch-up growth

. The guiding principle for these strategies is that undernutrition is by definition,

nonphysiologic and undesirable. Any measure that diminishes undernutrition
is inherently good provided that safety is not compromised.

. Improving nutritional status and growth will optimize neurodevelopmental

outcome.

1. Considerable evidence suggests that early growth deficits have long
lasting consequences including short stature and poor neurodevelopmen-
tal outcomes.

2. Data linking neurodevelopmental consequences with inadequate early
nutrition include preterm infants fed a preterm formula containing higher
protein and energy over the first postnatal month. They had higher neurode-
velopmental indices at both 18 months and 7-8 years of age compared to
preterm infants fed term formula.
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3. Another study demonstrated improved neurodevelopmental and growth
outcomes at 18—22 months of age for extremely low-birth weight infants
(ELBW, <1,000 g) who had higher growth velocities for weight and head
circumference during the NICU hospitalization.

E. Initially, most ELBW newborns receiving mechanical ventilation are sup-

ported exclusively by parenteral nutrition, later by enteral nutrition alone. In
addition, a significant number of ELBW infants treated with mechanical ven-
tilation develop BPD and associated feeding disorders that have a major
adverse effect on subsequent growth and development.

II. Requirements for protein and energy

A. The two methods for estimating protein intake necessary to maintain approx-

imate in utero growth of a fetus of the same gestational age are:

1. Factorial method, which includes an estimate of the amount of protein
deposited in utero corrected for efficiency of absorption and deposition as
well as an estimate of the inevitable urinary nitrogen losses. The main
advantage of the factorial method is that it provides estimates of energy
requirements, which may be applied to ELBW infants where there are no
empirical estimates available.

2. Empirical method, which determines the actual intakes that support intra-
uterine rates of growth and nitrogen accretion. Only the empirical method
provides estimates for catch-up growth. Empirical method does not esti-
mate energy requirements.

3. Table 50.1 shows enteral protein and energy requirements determined by
the factorial approach. Protein requirements decrease with increasing
body size.

. Energy requirements are lower during parenteral nutrition compared to

enteral nutrition because energy is neither utilized for thermic effect of feed-
ing nor malabsorbed in stools.

. Energy expenditure measurements in critically ill very low birth weight

infants (VLBW, <1,500 g BW) receiving assisted ventilation are extremely

difficult to perform using any existing measurement techniques. Studies sug-

gest a mean energy expenditure of approximately 54 kcal/kg.

1. Technical limitations hampered these investigations, including the minimal
inspired oxygen level at which the patients could be studied.

2. Smaller infants had lower energy intakes but lower energy expenditure of
the same magnitude.

3. Critically ill ELBW infants have limited energy stores; it is important to
provide adequate energy sources early, which should include early intra-
venous amino acids (see “Total parenteral nutrition™).

4. In general, a total energy intake varying from 90 to 100 kcal/kg/day is
sufficient for most neonates receiving mechanical ventilation as long as they
are normothermic and receiving parenteral nutrition. Additional intakes
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Table 50.1 Enteral protein and energy requirements of preterm infants

Body weight (g) Protein (g/kg/day) Energy (kcal/kg/day) P/E (g/100 kcal)
500-700 4.0 105 3.8
700-900 4.0 108 3.7
900-1,200 4.0 119 3.4
1,200-1,500 39 127 3.1
1,500-1,800 3.6 128 2.8
1,800-2,200 3.4 131 2.6

Adapted from Ziegler, J Ped Gastro/Nutr 2007
P/E = ratio of protein to energy, expressed as grams of protein per 100 kcal.

ranging from 10 to 20 kcal/kg/day are indicated for infants who are prema-
ture, physically active, and receiving full enteral feedings.

D. Intravenous carbohydrates should supply 50% of total calories on TPN.
Glucose infusion rate (GIR) will depend on volume of fluid and the percent
dextrose chosen. As the amount of fluid is changed, the amount of glucose
infused will change.

1.

2.
3.

A steady infusion of 6-8 mg/kg/min of glucose should be provided
parenterally.

GIR (mg/kg/min)=% glucose x total mL x 100 mg/1,440 (min/day)/wt (kg).
Excessive glucose intake >18 g/kg/day or >13 mg/kg/min, 60 kcal/kg/day
increases CO, production and may adversely affect respiratory gas
exchange. Excessive energy as glucose induces lipogenesis, which is an
inefficient process and increases energy expenditure.

Glucose intakes at or below energy expenditure have no effect on respiratory
gas exchange (CO, production).

E. Glucose intolerance can limit delivery of energy to the infant to a fraction of
the resting energy expenditure, resulting in negative energy balance.

1.

4.

Administration of early intravenous amino acids after birth helps prevent
hyperglycemia in the majority of ELBW infants. Stimulation of endoge-
nous insulin secretion and increased insulin activity by specific parenteral
amino acids may explain how early amino acids prevent hyperglycemia.
Regular insulin may be necessary for hyperglycemia (serum glucose
>150-200 mg/dL) at a GIR <6 mg/kg/min.

. Prophylactic infusion of insulin to increase glucose utilization and energy

intake in the euglycemic infant does not increase protein balance. It
decreases proteolysis and protein synthesis by approximately 20%.
Table 50.2 is a guide for using TPN.

F. Aggressive nutrition therapy, including early intravenous amino acid infusion,
theoretically allows the transition from fetal to extrauterine life with minimal
interruption of growth and development.
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10.

D. Adamkin

. The administration of amino acids from the first postnatal hours to avoid a

period of early malnutrition is the first strategy to prevent growth failure in
ventilated ELBW infants and to promote enhanced neurodevelopment.

. An increase in blood urea nitrogen (BUN) after the start of TPN is not an

adverse effect or sign of toxicity; rather, it is related to metabolism of the
amino acids or protein.

. Several controlled studies have demonstrated the efficacy and safety of

amino acids initiated within the first 24 h after birth. No recognized meta-
bolic derangements, including hyperammonemia, metabolic acidosis, or
abnormal aminograms, have been observed.

. Glucose tolerance improves in infants receiving early amino acids. The

amino acids stimulate insulin secretion. Insulin activity falls in the
absence of parenteral amino acids in these infants. Similarly, nonoliguric
hyperkalemia may be prevented. Early amino acids stimulate insulin
activity preventing intracellular energy failure, which will occur if insulin
activity is reduced. Glucose transport is reduced at the cellular membrane
level with a resultant decrease in Na*, K*ATPase activity and leakage of
intracellular potassium. This is avoided with early amino acid therapy.

. Early TPN amino acids at dosage of 1.5-3.0 g/kg/day may be initiated

within hours of birth using stock solutions of 4% amino acids with 10%
concentration of dextrose.

. Intakes up to 4.0 g/kg/day for ELBW infants may be used when enteral

feedings are delayed or withheld for prolonged periods.

. Intake of amino acids should not exceed 12% of total calories.
. A BUN of up to 40 mg/dL has been observed in neonates in early life

with and without TPN. After the initial 5-7 days, BUN levels decrease.

. Modification of amino acid intake should not be based on BUN concen-

tration alone. A continuously rising BUN value may indicate a mismatch
between production and excretion.
See Table 50.2.

. Intravenous lipids serve as a source of linoleic acid to prevent or treat

essential fatty acid deficiency (EFAD) and as an energy source. Larger quan-
tities serve as a partial replacement for glucose as a major source of calories
(balanced TPN).

1.

2.

Use 20% lipid emulsion to decrease risk of hypertriglyceridemia, hyperc-
holesterolemia, and hyperphospholipidemia.

Premature infants can clear 0.15-0.2 g/kg/h. Lipid infusion hourly rate
correlates best with plasma lipid concentrations. Hourly infusion should
not exceed 0.15-0.20 g/kg/h. However, small for gestational age infants
and infants with sepsis may not be able to clear standard doses of intrave-
nous lipids and demonstrate hypertriglyceridemia.
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III. Total parenteral nutrition (TPN)

A. TPN is the main mode of alimentation for critically ill neonates receiving
mechanical ventilation, especially during the immediate neonatal period
when they cannot be fed enterally.

B. TPN is usually continued until enteral feedings are providing sufficient vol-
ume to replace TPN.

C. Parenteral nutrition solutions should supply all necessary nutrients at main-
tenance rates, including electrolytes and minerals, to correct the common
biochemical abnormalities that occur during the neonatal period
(Table 50.2).

1. Premature infants receiving parenteral nutrition are at risk of developing
vitamin A deficiency because of their low hepatic stores and low serum-
binding protein levels at birth.

2. There are also significant losses of vitamin A into the delivery system
used for parenteral nutrition.

a. In 2005, the largest randomized, controlled trial was performed in 807
premature infants with a birth weight of less than 1 kg who received
5,000 IU of vitamin A IM three times per week for the first month of
life.

b. The results showed a modest but beneficial effect of vitamin A sup-
plementation in reducing the incidence of BPD.

D. The “routine” use of intravenous lipid emulsions has not been universally
accepted in critically ill ventilated ELBW infants because of potential pul-
monary complications.

1. No differences in gas exchange were found in infants randomly assigned
to various lipid doses (including controls without lipids) when using
lower rates and longer infusion times of intravenous lipids (<0.2 g/kg/h).

2. For the late preterm infant with increased pulmonary vascular resistance
(PVR) or any preterm infant with respiratory failure, it appears a more
prudent approach with intravenous lipids should be taken.

3. Figure 50.1 shows that the high polyunsaturated fatty acid content of
lipid emulsions as linoleic acid may lead to pathways resulting in vaso-
active prostaglandins, leukotrienes, and thromboxanes through their
conversion from arachidonic acid. This may exacerbate pulmonary
hypertension.

4. The oxidation of fat produces less CO, for the same amount of oxygen
consumed. This reduction in CO, production and its elimination may be
beneficial for patients with compromised lung function. Therefore, lipids
partially replace glucose as a source of energy (balanced TPN).

5. Initiate lipids the day following birth after starting the amino acid stock
solution at a dose 0.5 or 1.0 g/kg/day for ELBWs with respiratory
disease.
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To Tissues

Linoleic Acid
(C18:2w-6)

Metabolized
for Energ

Arachidonic Acid To Tissues
(ARA)
(C20:4w-6)

PPHN? (smooth
muscle contractions)

Eicosanoids Increase vasomotor
Prostaglandins tone

Thromboxanes
Leukotrienes Hold the Lipids?

Fig. 50.1 Metabolic Derivatives of Linoleic Acid and ARA (Arachidonic acid). Modified from
Adamkin DH, Clin Perinatol Dec 2006

6. Plasma triglycerides are monitored after each increase in dose, and levels
are maintained <200 mg/dL.

7. Maximum lipid administration is usually 3 g/kg/day.

8. See Table 50.2.

IV. Enteral nutrition

A. Enteral protein feeding requirements have been reevaluated and emphasize
the concept of lean body mass gain. The contribution of protein to match
fetal lean mass growth ex utero is more important than weight gain.

1. Additional protein is also necessary for early catch-up growth to com-
pensate for the cumulative protein deficit, which develops in the first
weeks of life.

2. An increase in the protein—energy (P/E) ratio is mandatory to improve
the lean body mass accretion and to limit fat mass deposition.

3. Human milk plays a significant role in promoting lean body mass and
avoidance of maldistribution of adipose tissue.

4. Table 50.3 shows revised recommendations for protein intake and pro-
tein energy ratio for pre term infants according to postconceptual age and
need for catch-up. Table 50.1 presents requirements based on the refer-
ence fetus. These may be taken together to address both growth and the
need for catch-up.

5. Modern preterm formulas and supplemented human milk provide pro-
tein intakes of 3.6-4.3 g/kg/day at an energy intake of 120 kcal/kg/day.
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Table 50.3 Revised recommended protein intake and protein—energy ratio for premature infants
according to postconceptional age and the need for catch-up

Without need With need
of catch-up growth of catch-up growth
26-30 weeks PCA: 16-18 g/kg/day 3.8-4.2 g/kg/day 4.4 g/kg/day
LBM 14% protein retention P/E: 3.0 P/E: 3.3
30-36 weeks PCA: 14-15 g/kg/day 3.4-3.6 g/kg/day 3.6-4.0 g/kg/day
LBM 15% protein retention P/E: 2.8 P/E: 3.0
3640 weeks PCA: 13 g/kg/day 2.8-3.2 g/kg/day 3.0-3.4 g/kg/day
LBM 17% protein retention P/E: 2.4-2.6 P/E: 2.6-2.8

Based on Rigo, in Tsang, J Pediatr 2006;149:S80-88
PCA post conceptual age, LBM lean body mass, P/E protein/energy ratio

_7 Lean Body Mass .

(1)~ b

BE Weight Gains ﬁ'j-'-'.ﬂ___{ﬂ

.. S—
()~

2 Fat Mass Gain &

Fig. 50.2 Impact of protein—energy ratio (P/E) on body composition. With permission from World
Scientific Publications Company

This includes a newer “higher” protein preterm formulas with P/E ratio
of 3.3-3.6 instead of the 3.0 in standard protein formulas.
6. Figure 50.2 shows the impact of P/E ratio on body composition.

B. Enteral feeding guideline practicum

1. Begin minimal enteral/trophic (<25 mL/kg/day) feedings by three days
of life in ELBW infants after physiologically stable unless contraindica-
tions exist.

2. Human milk is the definitive preference for feeds.

. Advancing feeds in a safe yet more standardized fashion is helpful.

4. Each institution should have guidelines for stopping feeds and identify-
ing feeding intolerance.

5. Any situation associated with gut hypoxia or decreased intestinal blood
flow may contraindicate enteral feeding.

6. Nutrition advances of <20 mL/kg/day do not increase the incidence of
NEC.

(O8]
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9.

10.

D. Adamkin

. Dilute formulas and dilute human milk fail to provide sufficient energy

intake and fail to stimulate motor activity of the GI tract.

. Slow bolus feeds (“compressed”), those lasting at least 30 min to an

hour or two, may be preferable to continuous feeds, particularly in
infants with feeding intolerance.

Gastric residuals do not indicate NEC, or impending NEC; other signs
of NEC are much more important.

Gastric residuals may have a protective function, serve as markers of gut
maturation, and help the clinician advance feeding volumes.

. Human milk provides substantial benefits for the preterm infant and is the

feeding of choice and may include the use of donor breast milk.

1.
2.

It should be encouraged unless contraindications exist.
The substantial benefits of breast milk for the preterm infant and the
importance of mother’s contribution should be emphasized.

. Breast pumping and hand expression should be initiated within the first 6

postpartum hours.

. The value of colostrum should be emphasized. Fresh colostrum should

be collected and used in first feeds.

. Lactation consultations should occur, ideally, on DOL 1, or when mother

is available (e.g., in cases where baby has been transferred from another
hospital).

. Human milk fortification may be necessary in ELBW infants and some

VLBW infants to provide optimal nutrient intake.

1.

Since the composition of mothers’ milk varies greatly from one mother
to another, and the concentration of nutrients in preterm milk changes
over time, it is difficult to determine the actual intake.

. To confer the potential nonnutritional advantages yet provide optimal

nutrient intake, human milk should be supplemented or fortified, with
protein, calcium, phosphorus, vitamin D, and sodium.

. There are multiple fortification strategies available. One is mixing human

milk with formula, to avoid using powders that are not sterile.

. However, the disadvantages include diluting the amount of human milk

fed to the infant and concerns that the “mixing” may decrease the bene-
fits of the human milk.

. Two powdered human milk fortifiers are available in the USA and may be

added to make 22 and 24 kcal/oz fortified human milk. Powders may
be associated with Enterobacter sakazakii. These powders may soon be
removed by the manufacturer.

. There is now a fortifier made from human milk to make 24 kcal/oz human

milk.

. These fortification strategies are shown in Table 50.4.
. Sterile concentrated liquid fortifiers which may be added to human milk

and do not dilute the milk as much as mixing with formula have recently
been released.
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Table 50.4 Human milk fortification

Milk at 100 cal mL Prot(g) Fat(g) CHO (g) Ca (mg) P (mg)
Preterm human (PTHM) 150 2.1 5.8 9.9 37 19
PTHM + SSC 30 4:3 ratio 125 2.58 6.23 8.7 113 62
PTHM + SHMF 1 pkt/25 mL 125 3.0 5.24 10.4 175 98
PTHM + EHMF 1 pkt/25 mL 125 3.1 4.4 12.4 115 58
PTHM +SSC30 1:1ratio 120 2.7 6.1 9.0 122 68

(25 cal/oz)

Enfamil HMFAL 125 4 6 8.1 118 65
Prolact + 4 125 3.3 5.8 8.7 117 54

Reprinted with permission, Adamkin, Nutritional Strategies for the VLBW. Cambridge Press 2009
PTHM Preterm Human Milk (PTHM 1.5 g protein/100 mL), SSC30 Similac Special Care (Ross
Laboratories, Columbus, Ohio), EHMF Enfamil Human Milk Fortifier (Mead Johnson, Evansville,
IN), EHMFAL Enfamil Human Milk Fortifier Acidified Liquid, Prolact+4 Prolacta Biosciences,
Monrovia, California

E. Caloric-dense enteral feedings are intended for use in critically ill VLBW
infants unable to tolerate sufficient feeding volumes (volume restricted) to
meet their needs for growth using standard premature formulas or fortified
breast milk.

1.

Until recently, various mixtures of powders and “manipulation” of milk
to make concentrated formulas were used. These are not sterile and pro-
vide inadequate protein.

. Providing enough protein is the challenge in the moderate to severely

fluid restricted infants.

. The recent introduction of a 30-kcal/oz liquid ready-to-feed preterm for-

mula increases nutrient density of feeding without increasing the fluid
volume.

. The mixing of powdered formula and concentrated liquids has been

replaced by a safer and far superior product for feeding caloric dense
milk to formula-fed VLBW infants.

. The VLBW infant can receive the same quantity of protein as with stan-

dard preterm formulas but with less volume.

. The calories from fat are increased and carbohydrate calories are lower

versus standard preterm formula.

. The osmolarity at 30 cal/oz is 325 mOsm/L vs. preterm formula at

280 mOsm/L.

. There is a human milk fortifier prepared from human donor milk which

allows the formulation of 26-30 kcal/oz human milk.

. This can also be added to mother’s milk or donor milk to provide exclu-

sive human milk even in VLBW infants requiring fluid restriction.
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Table 50.5 Hypercaloric dense feedings with formula/human milk mixture or formula

Milk at 100 calories ml Prot (g) Fat(g) CHO (g) Ca(mg) P (mg)

PTHM + SHMF + SSC 30 111 3 6 9 178 100
To 27 cal/oz

PTHM + SHMF + SSC 30 106 3 6.23 8.5 179 100
To 28 cal/oz

SSC 30 100 3 6.61 7.7 180 100

SSC 27 111 3.15 6.09 8.9 180 100

PTHM preterm human milk, SHMF Similac human milk fortifier (Abbott Nutritionals, Columbus,
Ohio), SSC30 Similac Special Care 30

A. Fluid Restriction
100-130 mi/k/d Protein (g/k/d

SSC30 3.0-3.9
(cal/k/d) 100-130

130-150 ml/k/d Protein (g/k/d

ssc27 3.5-4.0
(cal/k/d) 117-135

B. Symmetric Growth Failure

<15 g/k/d > 10 days and Protein (g/k/d
HC < 10" %
SSC30 4.5

150-160 ml/k/d
(cal/k/d) 150-160

Fig. 50.3 Caloric dense feedings with formula. Reprinted with permission from Adamkin DH,
Nutritional Strategies for the Very Low Birthweight Infant, Cambridge Press, 2009

10. Table 50.5 and Fig. 50.3 show the caloric density strategy using human
milk and formula combination for volume-restricted VLBW infants
typically with significant lung disease.

11. Table 50.6 shows caloric dense feedings with exclusive human milk
feedings.

F. Postdischarge nutrition is another strategy with nutrient-enriched formulas
and multinutrient fortifiers for human milk to promote catch-up growth in
ELBW infants.

1. The first postnatal year provides an important opportunity for human
somatic and brain growth to compensate for earlier deprivation.

2. Available data suggest that many smaller/sicker preterm infants are in a state
of suboptimal nutrition at the time of discharge and are frequently below the
tenth percentile on the growth curve (extrauterine growth restriction).



