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Foreword

A successful transition from fetal to neonatal life is dependent upon the pro-
found cardiorespiratory adaptations occurring at this time. Unfortunately,
these events frequently require medical intervention, especially in preterm
infants. The consequences 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 defi-
ciency 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 continu-
ous positive airway pressure demonstrated 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 under-
standing of the pathogenesis and management of meconium aspiration syn-
drome, group B streptococcal pneumonia, and persistent fetal circulation or
primary pulmonary hypertension of the newborn, three frequently interre-
lated conditions. The decade ended in remarkable fashion with the introduc-
tion of exogenous surfactant therapy and recognition that the novel new
technique of high-frequency ventilation allows effective gas exchange in sick
neonates. However, many key questions in neonatal respiratory care still need
to be addressed.

For preterm infants the enormous challenge remains to reduce the unac-
ceptably high incidence of bronchopulmonary dysplasia which approaches
50 % in the smallest survivors of neonatal intensive care. The current fourth
edition meets this dilemma head on by clearly acknowledging such issues as
the increasing role of noninvasive ventilatory techniques and the challenge of
optimizing oxygenation, both in the delivery room and beyond. It remains to
be seen, however, whether the latest supportive ventilatory measures, together
with safe pharmacotherapy, can diminish morbidity in NICU graduates. New
sections on data collection and quality improvement demonstrate their key
roles in addressing these challenges.
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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
understanding of the molecular basis for normal and abnormal lung develop-
ment. Furthermore, it is being increasingly recognized that genotypic charac-
teristics may greatly influence the consequences of subsequent environmental
exposures on lung development. These scientific advances need to be trans-
lated into improving adverse neonatal outcomes, such as the unacceptably
high rate of wheezing disorders and asthma in the survivors of neonatal inten-
sive care. As care providers to neonates, it is our responsibility to encourage
clinical trials and other patient-based investigation that will allow us to opti-
mize the outcome of neonatal respiratory care.

The fourth edition of the Manual of Neonatal Respiratory Care is compre-
hensive 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 phy-
sician/scientist leaders in the field of Developmental Pulmonology, who pro-
vide a true international perspective to neonatal respiratory care. Both prior
and new contributors provide a concise overview that spans neonatal physiol-
ogy, pathogenesis of disease, and unique approaches to management of both
simple and complex neonatal respiratory disorders. The result is a compre-
hensive text that provides a strongly international insight into neonatal respi-
ratory care in a user-friendly, practical format.

Richard J. Martin

Pediatrics, Reproductive Biology, and Physiology

and Biophysics, Rainbow Babies and Children’s Hospital
Case Western Reserve University School of Medicine
Cleveland, OH, USA



Preface

Since the publication of the third edition of this Manual in 2012, much has
happened in the field of neonatal respiratory care. We are experiencing some-
what of a divergence —equipment continues to become more technologically
advanced, but management philosophy is moving towards a more simplistic
approach, characterized by an increasing popularity of noninvasive support.
This edition of the Manual of Neonatal Respiratory Care encompasses both
aspects of the change in neonatal practice.

Standard chapters have been updated to reflect advances in both equipment
and practice. We have eliminated chapters dealing with equipment which is no
longer in use and replaced them with newer chapters that reflect the worldwide
approaches to neonatal respiratory failure, such as sustained inflation, optimi-
zation of lung volume, and the use of volumetric capnography, aerosol ther-
apy, and management of chylothorax. A major addition is an expansive chapter
on disorders of the neonatal airway. We have expanded our contributors to
include experts from all over the world. A special emphasis has been placed on
noninvasive ventilation, including CPAP, nasal cannula therapy, nasal inter-
mittent positive pressure ventilation, and associated devices.

New additions to the book also include chapters on assessment of large
databases and implementation of quality improvement programs in neonatal
respiratory care. Chronic ventilation of the baby with nonrespiratory ventila-
tor dependency is now also addressed.

A major feature that we have added to this edition is the adoption of a
standard taxonomy to classify mechanical ventilators. We have long felt that
this has been a shortcoming within the industry, and that manufacturers often
refer to the same thing by different and confusing terminology, frequently
resulting in jeopardy to patient safety. We were very fortunate to enlist the
services of Rob Chatburn in this regard. He has been a champion of a singular
classification system. Not only did he author a chapter on this (chapter 44), he
graciously and painstakingly co-edited the chapters on mechanical ventila-
tion and inserted a “Mode Map” for each of the devices included in this edi-
tion. We are most grateful to him for taking the time and effort to do so.

Others participating in the preparation of this edition are also due a debt of
gratitude, including Susan Peterson, who standardized the format and appear-
ances of 100 chapters from more than 100 contributors; Brian Halm, our
development editor at Springer; Andy Kwan, our publishing editor at

vii
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Springer; and Shelley Reinhardt, a former acquisitions editor at Springer,
who was instrumental in continued support of the Manual at the inception of
the fourth edition. Most of all, we thank our esteemed group of contributors
for continuing to share their time and expertise in the hope of improving the
care of newborns in respiratory distress.

Ann Arbor, MI, USA Steven M. Donn
Middlesbrough, UK Sunil K. Sinha
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Abbreviations

p
i

°C

°K

a

A

a/A
A/C
AAC
A-aDO,
ABG
ACT
ADP
AH
ALTE
AM
AMP
Ao
AOI
AOP
AP
ARDS
ASD
ATP
ATPS
BAER
BP
BPD
BPM (bpm)
BR
BTPS
C

C20
CCAM
cAMP

Flow

Rate of change of flow

Degrees Celsius (Centigrade)

Degrees, Kelvin

Arterial

Alveolar

Arterial/alveolar ratio

Assist/control

Automatic airway compensation
Alveolar-arterial oxygen gradient

Arterial blood gas

Activated clotting time

Adenosine diphosphate

Absolute humidity

Apparent life-threatening event

Morning

Adenosine monophosphate

Aortic

Apnea of infancy

Apnea of prematurity

Antero-posterior

Adult (or acute) respiratory distress syndrome
Atrial septal defect

Adenosine triphosphate

Ambient temperature and pressure, saturated with water vapor
Brainstem audiometric evoked responses
Blood pressure

Bronchopulmonary dysplasia

Beats or breaths per minute

Breath rate

Body temperature and pressure, saturated with water vapor
Compliance

Compliance over last 20 % of inflation
Congenital cystic adenomatoid malformation
Cyclic adenosine monophosphate
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xviii Abbreviations

CBF Cerebral blood flow

CBG Capillary blood gas

cc Cubic centimeter

Cpor Cpyy  Dynamic compliance

CDH Congenital diaphragmatic hernia

CDP Constant distending pressure

CF Cystic fibrosis

cGMP Cyclic guanosine monophosphate
CHAOS Congenital high airway obstruction syndrome
CHD Congenital heart disease

C. Compliance

CLD Chronic lung disease

CLE Congenital lobar emphysema

cm Centimeter

CMV Cytomegalovirus

CMV Conventional mechanical ventilation
CNS Central nervous system

CcO Cardiac output

CO, Carbon dioxide

CO-Hb Carboxyhemoglobin

COPD Chronic obstructive pulmonary disease
CPAP Continuous positive airway pressure
CPL Congenital pulmonary lymphangiectasis
CPR Cardiopulmonary resuscitation

CPT Chest physiotherapy

CRP C-reactive protein

CSF Cerebrospinal fluid

Csr Static compliance

CT Computed tomography

CVP Central venous pressure

CXR Chest x-ray (radiograph)

D End-diastole

D5W Dextrose 5 % in water

DCO, Gas transport coefficient for carbon dioxide
DIC Disseminated intravascular coagulation
dL Deciliter

DNA Deoxyribonucleic acid

DPG Diphosphoglycerate

DPPC Dipalmitoyl phosphatidyl choline

DR Delivery room

E Elastance

ECG Electrocardiogram

ECMO Extracorporeal membrane oxygenation
EDRF Endothelial-derived relaxing factor
EEG Electroencephalogram

EF Ejection fraction

ELBW Extremely low birth weight

EMG Electromyogram
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EMLA Eutectic mixture of Lidocaine and Prilocaine
ERV Expiratory reserve volume
ET Endotracheal

ETCO, End-tidal carbon dioxide

ETCPAP Endotracheal continuous positive airway pressure
ETT Endotracheal tube

Forf Frequency

For Fr French

FCV Flow control valve, flow-cycled ventilation
FDA Food and Drug Administration (US)
FDP Fibrin degradation products

FGF Fibroblast growth factor

FiO, Fraction of inspired oxygen

FI10, Fraction of inspired oxygen

FOE Fractional oxygen extraction

FRC Functional residual capacity

FSP Fibrin split products

FTA Fluorescent treponemal antibody

g Gram

G Gravida

g Gauge

GA Gestational age

GBS Group B streptococcus

GER Gastro-esophageal reflux

GERD Gastro-esophageal reflux disease
GIR Glucose infusion rate

gm Gram

GNP Gross national product

GTP Guanosine triphosphate

GUI Graphics user interface

h or hr Hour

H,O Water

Hb Hemoglobin

HCH Hygroscopic condenser humidifiers

HCOy Bicarbonate
HFNC High flow nasal cannula

HFO High-frequency oscillation
HFOV High-frequency oscillatory ventilation
HFV High-frequency ventilation
Hg Mercury

Hgb Hemoglobin

HME Heat and moisture exchanger
HR Heart rate

HSV Herpes simplex virus

Hz Hertz

I Inertance

LLE Inspiratory:expiratory ratio

IC Inspiratory capacity



XX Abbreviations
Ig Immunoglobulin

IL Interleukin

MV Intermittent mandatory ventilation

INO Inhaled Nitric Oxide

10 Intraosseous

1P Inspiratory pressure

IPPV Intermittent positive pressure ventilation
IRV Inspiratory reserve volume

IUGR Intrauterine growth restriction

v Intravenous

vC Inferior vena cava (1)

IVH Intraventricular hemorrhage

VS Interventricular septum

K Constant

kDa Kilodalton

kg Kilogram

kPa Kilopascal

L Liter

LA Left atrium

LBW Low birth weight

LCD Liquid crystalline display

LED Light emitting diode

LHR Ratio of lung diameter to head circumference
LOS Length of stay

LPM (Ipm) Liters per minute

LVEDD Left ventricular end-diastolic dimension
LVID Left ventricular internal diameter
LVIDD Left ventricular internal diameter at diastole
LVIDS Left ventricular internal diameter at systole
LVO Left ventricular output

m Meter

MAP Mean airway pressure

MAP Mean arterial pressure

MAS Meconium aspiration syndrome

mcg Microgram

MD Minute distance

mEq Milliequivalent

MetHb Methemoglobin

mg Milligram

MIC Mean inhibitory concentration

min Minute

mL (ml) Milliliter

mm Millimeter

MMV Mandatory minute ventilation

mo Month

mOsm Milliosmoles

MRI Magnetic resonance imaging

MSAF

Meconium-stained amniotic fluid
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XXi

msec
MV
NAVA
NEC
NICU
NIPPV
NIRS
NO
NO,
NOS

Ol
OSI

P50
Pa-ACO,
PACO,
PaCO,
Pa-etCO,
PAO2
PaO,
PAV
Paw
Paw
PB

PC
PCA
PCR
PDA
PE
PECO,
PEEP
PetCO,
PEC
PG
PH,O
PI

PICC
PIE
PIP
PIP
PL
PLV
PMA
PMA
PN,
PPHN

Millisecond

Minute ventilation

Neurally adjusted ventilatory assist
Necrotizing enterocolitis

Neonatal intensive care unit

Noninvasive positive pressure ventilation
Near-infrared spectroscopy

Nitric Oxide

Nitrogen Dioxide

Nitric oxide synthase

Oxygen

Oxygenation index

Oxygen saturation index (100 xPaw x FiO,/SpO,)
Pressure

Point of 50 % saturation of hemoglobin with oxygen
Arterial to alveolar CO, gradient

Partial pressure of carbon dioxide, alveolar
Partial pressure of carbon dioxide, arterial
Arterial to end-tidal CO, gradient

Partial pressure of oxygen, alveolar

Partial pressure of oxygen, arterial
Proportional assist ventilation

Airway pressure

Mean airway pressure

Periodic breathing

Pressure control

Post-conceptional age

Polymerase chain reaction

Patent ductus arteriosus

Elastic pressure

Partial pressure of mean expiratory CO,
Positive end-expiratory pressure

Partial pressure of end-tidal CO,

Persistent fetal circulation, perfluorocarbon
Prostaglandin

Partial pressure of water vapor

Inspiratory pressure

Pressure, inertital

Percutaneous intravenous central catheter
Pulmonary interstitial emphysema
Intrapleural pressure

Peak inspiratory pressure

Pressure limit

Partial liquid ventilation

Post-menstrual age

Pre-market approval (US)

Partial pressure of nitrogen

Persistent pulmonary hypertension of the newborn



xxii Abbreviations
ppm Parts per million

PR Resistive pressure

prbe Packed red blood cells

PRVC Pressure-regulated volume control
PSI Pounds per square inch

PSIG Pounds force per square inch gauge
PST Static pressure

PSV Pressure support ventilation

PT Prothrombin time

PTP Transpulmonary pressure

PTT Partial thromboplastin time

PTV Patient-triggered ventilation

PUFA Polyunsaturated fatty acids

PV-IVH Periventricular-intraventricular hemorrhage
PVL Periventricular leukomalacia

PvO, Mixed central venous oxygen tension
PvO, Partial pressure of oxygen, venous
PVR Pulmonary vascular resistance

q Every

Q Perfusion

r Radius

R Resistance

Raw Airway resistance

RBC Red blood cell

RCT Randomized controlled trial

RDS Respiratory distress syndrome

RE Expiratory resistance

REM Rapid eye movement

RH Relative humidity

RI Inspiratory resistance

ROP Retinopathy of prematurity

ROS Reactive oxygen species

RR Respiratory rate, relative risk

RSV Respiratory syncytial virus

RV Reserve volume

RVO Right ventricular output

S End-systole

S1(2,3,4) First (second, third, fourth) heart sound
Sa0, Arterial oxygen saturation

sec Second

sGC Soluble guanylate cyclase

SIDS Sudden infant death syndrome

SIMV Synchronized intermittent mandatory ventilation
SNAP Score for neonatal acute physiology
SOD Superoxide dismutase

SP Surfactant protein

SpOz

Pulse oximetry saturation
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SpO,/FiO, Ratio of pulse oximetry oxygen saturation to fraction of
inspired oxygen

sq Square

STPD Standard temperature and pressure, dry

SV Stroke volume

SvC Superior vena cava (1)

SvO, Venous oxygen saturation

SVR Systemic vascular resistance

T Temperature

TBW Total body water

TcPCO, Transcutaneous carbon dioxide level

TCPL (V) Time-cycled, pressure-limited (ventilation)

TcPO, Transcutaneous oxygen level

TCT Total cycle time

Tgor T, Expiratory time

TEF Tracheo-esophageal fistula

TGF Transforming growth factor

TGV Total or thoracic gas volume

THAM Tris—hydroxyaminomethane

Tyor T; Inspiratory time

TLC Total lung capacity

TLV Total liquid ventilation

TPN Total parenteral nutrition

TPV Time to peak velocity

TRH Thyroid releasing hormone

TTN, TTNB Transient tachypnea of the newborn

TTV Targeted tidal volume

U Units

UAC Umbilical artery catheter

A\ Volume, velocity

pm Micrometer

HFJV High-frequency jet ventilation

v/iQ Ventilation/perfusion

Vi Alveolar ventilation

VA Anatomic volume

V-A Veno-arterial

VAP Ventilator-associated pneumonia

VAPS Volume assured pressure support

vC Vital capacity

VCF Velocity of circumferential fiber shortening

VCO, Carbon dioxide elimination

VCV Volume controlled ventilation

VD Dead space volume

VD, Alveolar dead space

VD,, Airway dead space

VDppys Physiologic dead space

VDRL Venereal disease research laboratory

VECO, Expiratory CO, volume per breath
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Development of the Respiratory
System

Vinod K. Bhutani

I. Introduction
A. The neonatal respiratory system is a complex organ with a life-sustaining function on the
initiation and maintenance of ongoing dynamic interactions among multiple tissue types of
diverse embryonic origins.
B. It has two functional areas: the conducting system and the gas exchange system.

1.

2.

Nasal passages, pharynx, larynx, trachea, bronchi, and bronchioles are generally supported
by cartilage until the terminal bronchioles and prevent airway collapse during expiration.
The surrounding tissues include airway smooth muscle that regulate airway resis-
tance, whereas the fibroelastic supportive tissue offers elasticity during both respira-
tory 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 seromucous glands and Clara cells.

The gas exchange system comprises respiratory non-cartilaginous bronchioles that lead
to alveolar ducts, sacs and alveoli. These areas are lined by squamous Type I pneumo-
cytes (that produce prenatal lung fluid in utero) and the cuboidal Type II pneumocytes
that manufacture and secrete surfactant. 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.

C. The complex process of mammalian lung development includes lung airway branching mor-
phogenesis 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, occur-
ring as a result of aberrant lung development, has been neglected in the past because of a
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relative lack of early respiratory signs, plus the technical difficulties of making an anatomic
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 susceptibility factor in certain respiratory diseases that
become clinically detectable during childhood or even during later life, such as chronic
obstructive pulmonary 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) (Fig. 1.1).

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 develop-
ment 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 continues at least up to
7 years of age, giving rise to an eventual alveolar gas diffusion surface 70 m? in area by
1 pm 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 integrated and mutu-
ally regulated networks of transcriptional factors, growth factors, matrix components, and
physical forces.
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7. Factors that adversely impact the developing lung include human prematurity, oxygen
exposure, early corticosteroid exposure, incorrect amounts of growth factor (platelet-
derived growth factor, fibroblast growth factor [FGF], vascular endothelial growth fac-
tor, transforming growth factor [TGF]-f family, and Wnt) signaling, abnormal regulation,
or injury of the pulmonary capillary vasculature. Individually and cumulatively, these all
result in hypoplasia of the alveolar epithelial surface, with a resulting deficiency in gas
transport, particularly during exercise. For example, survivors of human prematurity with
bronchopulmonary dysplasia will desaturate on maximal exercise during childhood, and
some are now entering young adulthood with increasingly severe gas diffusion problems.

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

a.
b.

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

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

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

d. Excess fluid drainage during fetal life results in hypoplasia of the lung.

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

Moreover, physiologic fluctuations in intraluminal pressure caused by coordinated
peristaltic contractions of airway smooth muscle have been shown to play an impor-
tant role in embryonic lung branching morphogenesis.

. Fetal breathing movements cause cyclic fluctuation of intratracheal pressure during

fetal life.

. Following cord clamping and the resulting rush of catecholamines at birth, the lung lumen

dries out and rapidly switches to air breathing.

Clearance of lung intraluminal liquid is mediated by cessation of chloride 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 neona-
tally because it abrogates this net osmotically driven fluid uptake.

“Erection” of alveolar septa is relatively poorly understood. Nevertheless, correct
organization of the elastin matrix niche is important, 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.

. This concept is further supported by a requirement for vascular endothelial growth

factor secretion by the alveolar epithelium to maintain vascular integrity and remodel-
ing, and hence correct epithelial branching as well as alveolar morphogenesis.

E. Prenatal development of the respiratory system is not complete until sufficient gas exchange
surface has formed to support the newborn at birth.
F. Pulmonary vasculature must also achieve sufficient capacity to transport carbon 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 matura-
tion of respiratory control are integral to the optimal function of the gas exchange “unit.”
I. Respiratory system development continues after birth and well into childhood (Table 1.1).
J. Fundamental processes that impact on respiratory function
1. Ventilation and distribution of gas volumes
2. Gas exchange and transport
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Table 1.1 Magnitude of lung development: from fetal age to adulthood

30 weeks Term Adult Fold increase after term PCA
Surface area (sq. m) 0.3 4.0 100 23
Lung volume (mL) 25 200 5000 23
Lung weight (g) 25 50 800 16
Alveoli (number) Few 50m 300m 6
Alveolar diameter (pm) 32 150 300 10
Airway branching (number) 24 24 24 0

Table 1.2 Stages of prenatal and postnatal structural lung development

Post Length: terminal
Phase conceptional age bronchiole to pleura Lung development
Embryonic 0-7 weeks <0.1 mm Budding from the foregut
Pseudoglandular 8-16 weeks 0.1 mm Airway division commences and terminal
bronchioles formed
Canalicular 17-27 weeks 0.2 mm e 3 generations of respiratory bronchioles
¢ Primitive saccules formation with Type
I and II epithelial cells,
e Capillarization
Saccular 28-35 weeks 0.6 mm Transitional saccules formed
e True alveoli appear
Alveolar >36 weeks 11 mm Terminal saccules formed
e True alveoli appear
Postnatal 2 months 175 mm 5 generations of alveolar ducts
e Alveoli form with septation
Early childhood 6-7 years 400 mm Airways remodeled
e Alveolar sac budding occurs

3. Pulmonary circulation

4. Mechanical forces that initiate breathing and those that impede airflow

5. Organization and control of breathing

II. Lung Development
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 orga-

nized tissue barrier. The developmental maturation is such that growth (a quantitative phenom-

enon) progresses separately from maturation (a qualitative phenomenon). A tension

skeleton comprised of connective tissue fibers 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 branch-
ing 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.

3. Little is known about the effects of antenatal steroids on the transition and maturation of fetal
lung development.
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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 Sodium Potassium Chloride | Bicarbonate
(mOsm/L) Protein (g/dL) pH (mEq/L) (mEq/L) (mEq/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

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.

2.

III. Upper

Production. Secretion commences in mid-gestation, during the canalicular 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 pres-
sure 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.

Airway Development

A. Airways are heterogeneous, conduct airflow, and do not participate in gas exchange.

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 branching, the terminal bronchioles (Table 1.5).

The lower airways and the gas exchange area commence with the respiratory bronchioles.
The upper airways are not rigid, but are distensible, extensible, and compressible. The
branching is not symmetrical and dichotomous but irregular. The lumen is not circular
and subject to rapid changes in cross-sectional area and diameter because of a variety of
extra-mural, mural, and intra-mural factors.

B. Anatomy includes the nose, oral cavity, palate, pharynx, larynx, hyoid bone, and extratho-
racic trachea

C. 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.
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Table 1.5 Classification, branching, and lumen size of adult human airways

Branch order Name Number Diameter (mm) Cross-sectional 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 32-1025 3.5-1.3 3.11-13.4

11-14 Bronchioles 2048-8192 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

D. Patency control—stable pressure balance between collapsing forces (inherent viscoelastic

properties of the structures and that of the constricting tone) and the dilator forces of support-
ing 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

2. Respiratory gas exchange portions of terminal and respiratory bronchioles and alveolar

ducts

B. Function of airway smooth muscle
Tone is evident early in fetal life and plays significant role in controlling airway lumen.

In presence of respiratory barotrauma, there appears to be a propensity for airway reactivity,
perhaps a component of the smooth muscle hyperplasia seen in bronchopulmonary dyspla-

1.
2.

sia (BPD).

Patency control. Excitatory and inhibitory innervations lead to bronchoconstriction 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 factors associated with airway narrowing are listed in

Table 1.6.

V. Thoracic and Respiratory Muscle Development

A. An

atomy

1. Three groups of skeletal muscles are involved in respiratory function.

hed

a. Diaphragm

b. Intercostal and accessory muscles

¢. 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.
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.
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Table 1.6 Clinical

< a . Airway inflammation *  Mucosal edema
conditions associated with o Excessive secretions
narrowing of the airways ¢ Inspissation of secretions

¢ Tracheitis

Bronchoconstriction ¢ Reactive airways
e Exposure to cold, dry air
¢ Exposure to bronchoconstricting drugs

Bronchomalacia ¢ Prolonged mechanical ventilation
e 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
e Hyper-/hypo-osmolar fluid in the airways

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 outwards, 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 pres-
sure and an increase in the intra-abdominal pressure.

B. Respiratory contractile function

L.

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 sub-maximal

levels of ventilation under isocapneic conditions. It may be standardized either as maximal
ventilation for duration of time, or ventilation 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 inef-
ficiency 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.
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Table 1.7 Postnatal Respiratory rate
maturation of the lung 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)

C. Postnatal maturation
1. Lung size, surface area, and volume grow in an exponential manner for about 2 months

after term gestation.

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

3. Beyond this age, lung volumes continue to increase during infancy, slowing during child-
hood 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 airways is associated
with a reduction in the normal respiratory rate.

VL. 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:
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 physiologic
changes occur at birth. The description below is based on human respiratory development,
though other mammals 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 pharyngeal pouches. The groove deepens and
grows downwards to form a pouch-like evagination, fully open to the foregut. Two longitu-
dinal folds of tissue (tracheo-esophageal 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 open-
ing (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.

E. Atthe same time, the laryngotracheal tube elongates downwards and penetrates the underly-
ing 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.
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H. Dichotomousbranching continues forapproximately 10 weeks, establishing 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 proximal regions of the
airways and progresses distally, beginning during week 10 when mesenchymal cells con-
dense around the larynx and trachea. These will form smooth muscle and supporting carti-
lages. The pulmonary arteries and veins develop in parallel with the conducting portion of
the lungs and follow 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 epithelium thins to a more columnar struc-
ture. 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 to 24, the primordia of the respiratory portions of the lungs are formed. The
terminal bronchioles divide to form two respiratory bronchioles, which in turn branch to
form 3—6 primitive alveolar ducts, ending in terminal sacs.

L. At the same time, extensive angiogenesis within the peripheral mesenchyme leads to vascu-
larization of the developing respiratory structures. The cuboidal intermediate cells of the
lower airways differentiate to form ciliated cells and Clara cells. Peripheral mesenchymal
cells differentiate to form the visceral pleura, the remaining mesenchymal cells gain the
characteristics 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 growing capillary network into close
association with the immature alveoli. The cuboidal cells of the terminal sac epithelium dif-
ferentiate into alveolar type II cells, which secrete low levels of surfactant. Where cells with
type Il 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.

N. 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, vascu-
larized 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
continues to thin, and fibroblasts lay down the collagen and elastin fiber components of the
stroma.

O. 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.

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

Q. 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.

R. 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.

S. 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
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years, the overall morphology of the lung has been established and subsequent expansion
occurs through a proportional growth of all lung components until adulthood.

VII. Developmental Stages (Human)

A.

B.

Embryonic phase (3—7 weeks) Initial budding and branching of the lung buds from the prim-
itive foregut. Ends with the development of the presumptive broncho-pulmonary segments.
Pseudoglandular phase (7-16 weeks). Further branching of the duct system (up to 21 fur-
ther 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 angio-

genesis within the mesenchyme that surrounds the more distal reaches of the embryonic
respiratory system to form a dense capillary network. The diameter of the airways increases
with a consequent decrease in epithelial thickness to a more cuboidal structure. The termi-
nal bronchioles branch to form several orders of respiratory bronchioles. Differentiation of
the mesenchyme progresses down the developing respiratory tree, giving rise to chondro-
cytes, fibroblasts and myoblasts.

. 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 intermedi-
ate stages from pluripotent epithelial cells in the prospective alveoli. Type I pneumocytes
differentiate 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
development of vascularized septae around these foci. The stroma continues to thin until the
capillaries protrude into the alveolar spaces.

. 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 3 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 com-
ponents grow proportionately until adulthood.
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I. Nose
Nasal obstruction in the neonate is often overlooked but becomes symptomatic almost immediately
as infants are preferential nasal breathers. Septal deviation from positional deformation during
delivery can account for nasal distress in the immediate neonatal period. Presentation may be
cyclical with cyanosis relieved by crying, but airway distress and feeding difficulties often persist,
suggesting the diagnosis of nasal obstruction. The differential diagnosis for nasal obstruction
includes: choanal stenosis/atresia, piriform aperture stenosis, nasal septal deviation/inflammation,
nasolacrimal duct cyst (bilateral or unilateral), nasal hemangioma and other rare tumors, and
encephalocele/glioma.
A. Choanal atresia and stenosis (bilateral and unilateral) (Fig. 2.1)
1. Etiology and Epidemiology
a. Failure of recanalization of the buccal pharyngeal membrane during 4th—12th week of
gestation leads to atresia (complete obstruction) or stenosis (narrowing) of the posterior
choanae.
b. May be unilateral or bilateral
Most common abnormality is bony/membranous obstruction.
d. May be associated with skull base or midline defect, especially when presenting as part
of a syndrome
e. May be an isolated defect or part of a complex well-defined genetic syndrome
f. 1:7000 live births, female-to-males equal
g. Fifty percent associated with syndrome or additional anomalies
2. Pathogenesis
a. Atresia occludes passage of air or drainage of nasal secretions.
b. Stenosis increases airway resistance.

L3

J. Lioy, M.D. (PX)) ¢ E. Greubel

Division of Neonatology, The Children’s Hospital of Philadelphia, University of Pennsylvania,
Philadelphia, PA, USA

e-mail: lioy@email.chop.edu

S. Sobol, M.D.
Division of Pediatric Otolaryngology, The Children’s Hospital of Philadelphia, University of Pennsylvania,
Philadelphia, PA, USA

© Springer International Publishing Switzerland 2017 13
S.M. Donn, S.K. Sinha (eds.), Manual of Neonatal Respiratory Care,
DOI 10.1007/978-3-319-39839-6_2


mailto:lioy@email.chop.edu

14 J. Lioy et al.

Fig. 2.1 CT scan of head showing: (a) Choanal atresia and (b) piriform aperture stenosis. Note the differences in loca-
tion of these embryologically different but similar clinical nasal obstructions

3. Clinical Presentation
a. Neonate with bilateral atresia/stenosis will present with labored breathing, desaturation,
cyclical cyanosis, and feeding difficulties and bradycardia if severe.
b. Relieved by crying or cut hole nipple with sucking
c. Unilateral stenosis often presents with unilateral rhinorrhea/sinusitis, rarely with respira-
tory distress.
4. Diagnostic Evaluation
a. Failure to pass a 5/6 French catheter
b. Nasal endoscopy revealing the atretic plate
c. Non-contrast fine cut CT scan of the skull base/sinuses. Expert consultation with pedi-
atric ENT, genetics
d. Recently, fetal MRI can point toward a craniofacial malformation, which may reveal
abnormalities of the midface.
5. Medical Management
a. Conservative management—oral airway or “cut hole” nipple, and side or prone posi-
tioning may help initially.
b. Intubation often necessary with bilateral atresia
6. Surgical Management
a. Endoscopic approach most common. Serves to dilate and or repair the membranous and
bony narrowing often with a posterior septectomy.
b. Bilateral atresia should be repaired once workup is complete.
c. Unilateral atresia/stenosis repair can be delayed until childhood to allow for skull and
patient growth.
7. Multidisciplinary Collaboration:
Genetics: (associated syndromes: CHARGE, other craniofacial genetic malformations
now diagnosable by mutation analysis)
B. Piriform aperture and nasal stenosis
1. Etiology and Epidemiology
a. Overgrowth of the nasal inlet or medial position of the nasal process of the maxilla at
the level of the piriform aperture bilaterally
b. Craniofacial or skull base anomalies are associated with partial obstruction of the nasal
inlet.
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Fig.2.2 Photograph of
infant with Beckwith—
Wiedemann syndrome
showing extreme
macroglossia

c. Often seen with a single central incisor or anterior pituitary abnormalities related to
holoprosencephaly spectrum of genetic disorders with specific genetic mutation
d. Overall rarely in isolation
2. Clinical Presentation
a. The narrowed aperture or nasal cavity leads to increased nasal resistance. Difficulty
breathing and/or feeding.
b. Anterior rhinoscopy identifies a narrowed nasal inlet; may be unable to pass 6 French
catheter or 2.2 mm scope into the nasal aperture.
3. Diagnostic Evaluation
a. Clinical evaluation is complemented by non-contrast CT scan of the skull and sinuses
inclusive of the pituitary and maxillary dentition.
b. Diagnosis is made when the nasal aperture is less than 11 mm on axial CT scan.
c. Genetic consultation for every piriform aperture stenosis
4. Medical Management
a. Observation if minimally symptomatic
b. Conservative management with nasal saline or steroids if moderate symptomatology
c. Oral breathing appliance such as cut hole nipple or intubation for acute respiratory
distress
5. Surgical Management
a. Most often required when piriform aperture width is <5 mm.
b. Most common approach is sublabial with drill out of the piriform aperture, nasal dila-
tion, with or without stent placement.
6. Multidisciplinary Collaboration
a. Endocrinology/Neurology: association with anterior pituitary abnormalities, holo-
prosencephaly spectrum
b. Dentistry/Oral Maxillary Facial Surgery later in life, since median central incisor is
often seen
c. Genetics: Always indicated
II. Oropharynx/Tongue
In neonates and infants, the oropharyngeal airway is a very complex structure. Sucking, swallow-
ing, and breathing can become quickly compromised and may be obstructed by a prolapsing tongue
base or a space occupying mass. When the oropharynx is obstructed, airflow ceases from the nasal
cavity or mouth into the larynx. The differential diagnosis for oropharyngeal obstruction includes:
macroglossia (Fig. 2.2); tongue base obstruction, (TBO), from severe retro/micrognathia (Fig. 2.3)
with glossoptosis (Fig. 2.4); nasopharyngeal mass extension; oropharyngeal mass; vallecular cyst; an
undescended thyroid; or a thyroglossal duct cyst.
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Fig. 2.3 (a—c) Preoperative and postoperative photographs and radiographs of patient undergoing mandibular distrac-
tion osteogenesis through a submandibular approach

Fig. 2.4 The “domino
effect” of Pierre Robin
sequence

airway obstruction  U-shaped cleft palate
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A. Glossoptosis or Macroglossia
1. Etiology and Epidemiology

a. Most commonly associated with Pierre Robin Sequence or Stickler’s Syndrome, where
congenital micrognathia leads to glossoptosis (tongue base obstruction of the posterior
pharynx) and airway distress. Macroglossia causing obstruction also seen in Beckwith—
Wiedemann syndrome.

b. Many cases associated with a secondary cleft palate—U shaped—involving the soft
palate

c. 11in 8500-14,000 births

2. Pathogenesis
Airway obstruction is secondary to displacement of the tongue into the hypopharynx
occluding the airway at the level of the epiglottis.

3. Clinical Presentation

a. Obvious retro/micrognathia and airway distress in the neonate with apparent obstruc-
tion, which may be positional (worse on back), feeding difficulties, including airway
distress or desaturation during feeding

b. Macroglossia obstructing oral cavity

4. Diagnostic Evaluation

a. Clinical diagnosis is complemented by a modified polysomnogram configured for neo-
nates to quantify the severity of obstruction.

b. Awake flexible nasopharyngolaryngoscopy can aid in assessment of the tongue base
position relative to the posterior pharyngeal wall.

c. Imaging with plain film or more commonly CT scan with 3D reconstructions of the face
is obtained if considering surgical management.

d. Often, fetal ultrafast MRI can elucidate findings prior to birth and allow for appropriate
airway expertise at delivery.

5. Medical Management

a. Prone or side lying positioning

b. Nasal trumpet/nasopharyngeal airway

c. LMA with mask ventilation if unable to mask ventilate during acute respiratory
distress

d. Airway support with high flow nasal catheter or positive pressure ventilation

6. Surgical Management

a. Previously, tongue-lip adhesion, (TLA), the tongue musculature is sutured to that lower
lip musculature to prevent ptosis of tongue base; the adhesion is later released.

b. Recently, mandibular distraction osteogenesis, (MDO), has replaced TLA as primary
management of many of these neonates. The mandible is advanced forward using a
distraction osteogenesis technique with internal and external devices. Under the guid-
ance of experienced surgeons, MDO has become a popular choice.

c. Tracheostomy —definitive management in refractory or complicated cases

7. Collaboration

a. Plastic or otorhinolaryngologic surgery: May consider mandibular distraction osteo-
genesis (MDO) for non-complex cases associated with micrognathia.

b. Genetics: More than 40 associated syndromes. Most common: Goldenhar’s syndrome,
CHARGE syndrome, Stickler and 22q11.2 deletion syndrome

B. Vallecular cyst
1. Etiology and Epidemiology
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a. Related to either a trapped minor salivary gland or a variant of a thyroglossal duct cyst
present solely in the tongue base
b. Congenital airway cysts occur in 1.87-3.49 cases per 100,000 live births. Vallecular
cysts account for ~10.5 %.
2. Pathogenesis
a. Cyst may grow slowly or rapidly, leading to a spectrum of airway signs. Most com-
monly presents within the first 2 weeks of life.
b. Secondary laryngomalacia may occur from the Bernoulli effect.
3. Clinical Presentation
a. Most commonly presents with inspiratory stridor similar to laryngomalacia
b. If large, may lead to complete airway obstruction with distress
c. Can be associated with feeding difficulties
4. Evaluation
a. Bedside awake flexible fiber-optic nasopharyngeal laryngoscopy
b. Formal microlaryngoscopy demonstrates a mucus filled cyst in the vallecula between
the tongue base and laryngeal surface of the epiglottis
5. Management
a. Surgical management is the mainstay of treatment.
b. Microlaryngoscopy and bronchoscopy with endoscopic marsupialization or excision
with microlaryngeal instruments, microdebrider, or laser
c. Preservation of lingual surface of the epiglottis is important to prevent vallecular
scarring.
d. Cyst recurrence is rare.
6. Multidisciplinary Collaboration:
Speech therapy: for evaluation and management of aspiration, if indicated

III. Larynx

Disorders of the larynx are some of the most common disorders causing a myriad of signs in
neonates. The larynx consists of the supraglottic, glottic, and subglottic structures and signs are
commonly associated with stridor or noisy breathing. Some congenital anomalies present imme-
diately with airway distress, while others are asymptomatic or discovered later in infancy or
childhood as feeding and growing difficulties arise. Supraglottic anomalies affect the airway at
the level of the epiglottis which sits immediately superior to the vocal cords. The most common
disorders include laryngomalacia (Fig. 2.5), bifid epiglottis (Fig. 2.6), saccular cyst, and laryn-
geal cleft.

Fig.2.5 (a—c) Photographs showing severe laryngomalacia
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Fig.2.6 Bifid epiglottis.
A rare congenital airway
anomaly potentially
causing airway obstruction
and early clinical signs

A. Laryngomalacia

1.

Etiology and Epidemiology

Most common cause of stridor in infants, resulting from dynamic collapse of the supraglottic

structures into the laryngeal inlet during inspiration

Incidence is unknown but accounts for 70-95 % of all neonatal stridor.

Incidence of synchronous airway lesions is ~15 % (more frequent in severe cases).

Pathogenesis:

Collapse related to omega-shaped epiglottis, short aryepiglottic folds, and/or redundant

supraarytenoid tissue and cuneiform cartilages

Clinical Presentation

a. Fluttering inspiratory stridor most pronounced while supine, crying, sleeping, or with
feeding

b. Obstructive sleep apnea may be present.

c. Severe cases may present with failure to thrive or respiratory distress.

d. High concomitant incidence of gastroesophageal reflux

. Diagnostic Evaluation

a. Awake fiber-optic laryngoscopy demonstrates an omega-shaped epiglottis, short
aryepiglottic folds, and/or redundant and prolapsing soft tissue over the arytenoid
cartilages.

b. Microlaryngoscopy and bronchoscopy may be necessary to rule out significant syn-
chronous airway lesions.

c. Reflux evaluation may be indicated when feeding or swallowing signs are present.

Medical Management

a. Most cases self-resolve over 12—18 months and require no medical treatment.

b. Reflux management should be considered in patients with feeding or respiratory
concerns.

Surgical Management

a. Consider microlaryngoscopy and bronchoscopy in recalcitrant cases to identify secondary
airway lesions.

b. Supraglottoplasty is performed with microlaryngeal instruments or laser for children
with failure to thrive, cyanotic spells, severe OSA, or recurrent respiratory
admissions.

Multidisciplinary Collaboration

a. Pulmonary: may consider PSG to evaluate for central and obstructive sleep apnea.
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b. Speech therapy: preoperative and postoperative aspiration risk
c. Surgical fundoplication if significant reflux is present and recalcitrant to medical
therapy.

B. Bifid Epiglottis

1.

Etiology and Epidemiology

a. Clefted epiglottis involving at least 2/3 of the height of the epiglottis. The embryology
is not clear though the epiglottis is derived from the hypobranchial eminence with
likely involvement of the fourth branchial pouch.

b. May have associated anomalies of the hypothalamus and oral cavity

c. Usually does not present as an isolated anomaly; incidence not well reported

d. Associated with Pallister—Hall syndrome

e. Midline cleft within the epiglottis rendering it incompetent

. Clinical Presentation

a. Inspiratory stridor, worse with feeding
b. Choking or gagging with feeds, if aspirating

. Diagnostic Evaluation

a. Awake flexible laryngoscopy.
b. Consider rigid laryngoscopy and bronchoscopy to assess for additional anomalies.
c. Modified barium swallow to assess epiglottic competency and aspiration risk

. Management

a. Medical and genetic workup for associated conditions including: Pallister—Hall, poly-
dactyly, congenital hypothyroidism, and hypothalamic dysfunction
b. Surgical management is not well described.

. Multidisciplinary Collaboration

a. Genetics: commonly associated with anomalies of the hands/feet (most commonly syn-
dactyly), oral cavity, and hypothalamic—pituitary axis

b. Endocrine: Hypothalamus and pituitary axis abnormalities

c. Speech therapy if aspiration or feeding issues

C. Saccular cyst (Fig. 2.7)

1.

Fig.2.7 Saccular cyst
with prolapsed arytenoid
causing airway obstruction

with stridor

Etiology and Epidemiology

a. Cystic blockage at the glottic opening, which extends between the false and true vocal
folds

b. Originates from an obstruction of the excretory duct of laryngeal epithelial mucus
glands
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Fig.2.8 The Benjamin and Inglis cleft classification

c. Congenital airway cysts occur in 1.87-3.49 cases per 100,000 live births.
d. Saccular cysts account for ~25 %.
2. Pathogenesis
a. Cystic accumulation of fluid within the laryngeal saccule
b. May partially or completely block the laryngeal inlet
3. Clinical Presentation

a. May present with the spectrum of airway obstruction depending on the size and
location.

b. Most commonly presents with stridor similar to laryngomalacia but may also be associ-
ated with hoarse cry or cyanotic spells and may progress to complete airway obstruction
as the cyst enlarges.

4. Diagnostic Evaluation

a. Fiber-optic laryngoscopy.

b. Anterior cysts project medially into the laryngeal ventricle.

c¢. MRI or CT complementary to determine origin and extent of cyst once identified.

5. Management

a. Surgical management is the mainstay of treatment.

b. Microlaryngoscopy and bronchoscopy with endoscopic excision may be used for medi-
ally projecting lesions using cold instrumentation or laser excision/marsupialization.

6. Multidisciplinary Collaboration
Speech therapy for evaluation and management of aspiration, if indicated
D. Laryngeal/interarytenoid cleft (Fig. 2.8)
1. Etiology and Epidemiology

a. Type I cleft defined as supraglottic cleft—depth of the interarytenoid notch extends to the

level of the vocal cords—diastasis of the interarytenoid musculature
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b. Type II cleft involves the superior posterior cricoid cartilage —incomplete fusion of the
posterior cricoid ring.
c. Historical incidence is 0.1-0.47 % with type 1 clefts being most common.
2. Pathogenesis
Branchial anomaly —failure of the cricoid (sixth arch) to fuse posteriorly
3. Clinical Presentation
a. Aspiration and/or chronic cough
b. Recurrent pneumonia
4. Diagnostic Evaluation
a. Videofluoroscopic swallow study
b. Microlaryngoscopy with suspension laryngoscopy and palpation of the interarytenoid
space
5. Medical Management
Trial of conservative management involves anti-reflux therapy, a thickened liquid feeding
regimen, and maneuvers during feeding to prevent aspiration.
6. Surgical Management
Surgery is recommended if persistent signs despite medical management or if severity war-
rants immediate treatment. Surgical intervention includes interarytenoid bulking procedure
with injection, endoscopic laryngeal cleft repair, and open laryngeal cleft repair through a
laryngofissure.
7. Multidisciplinary Collaboration
Speech therapy for evaluation and management of aspiration risk once cleft identified
IV. Glottic Airway
Glottic anomalies affect the airway involving the vocal cords. Glottic anomalies lead to a dys-
phonic or aphonic cry and may also present with stridor. In the most extreme case of laryngeal
agenesis the laryngeal structures fail to form and present prenatally requiring an EXIT procedure
(Chap. 17) in order to secure the airway. Other anomalies discussed below include vocal cord
paralysis and laryngeal/glottic web.
A. Bilateral Vocal Cord Paralysis (Fig. 2.9)
1. Etiology and Epidemiology
a. Most common etiology is idiopathic. Other causes secondary to medical conditions
include: Arnold—Chiari malformation, intracranial hemorrhage, hydrocephalus, meningo-
cele, and myasthenia gravis.

Fig.2.9 Vocal cord
paralysis causing airway
obstruction at delivery
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b. Second most common cause of neonatal stridor
c. Incidence of 0.75 cases per million births per year
2. Pathogenesis
Bilateral abductor paralysis leads to medial position of the vocal cords which limits glottic
opening, leading to stridor and increased airway resistance.
3. Clinical Presentation

a. High-pitched inspiratory or biphasic stridor is the most common manifestation, but may
also include dyspnea, chronic aspiration, and cyanosis.

b. Voice may range from weak to normal depending on the site of the lesion.

4. Diagnostic Evaluation

a. Fiber-optic laryngoscopy with patient awake

b. Microlaryngoscopy and bronchoscopy with palpation of the arytenoid to rule out crico-
carytenoid joint fixation and posterior glottis stenosis

¢. MRI (including imaging of the posterior fossa and course of recurrent laryngeal nerves)
to investigate intracranial and compressive causes is paralysis

d. Laryngeal EMG may be used to monitor motor function and recovery.

e. Videofluoroscopic swallow study (VESS) or fiber-optic endoscopic evaluation of swal-
low (FEES) may be used to detect aspiration.

5. Medical Management

a. Spontaneous resolution of idiopathic paralysis occurs in up to 70 % of patients up to 11
years later.

b. Treatment for underlying condition with VP shunt or posterior fossa decompression may
result in recovery of function in secondary cases.

6. Surgical Management

a. Tracheotomy is traditionally recommended for persistent paralysis with respiratory dis-
tress or failure to thrive (up to 50 % of patients).

b. Endoscopic transverse cordotomy, arytenoidectomy, arytenoid lateralization, open or
endoscopic laryngotracheoplasty with posterior costochondral grafting, and laryngeal
reinnervation procedures are options for treatment.

c. Reinnervation uses superior branch of phrenic nerve anastomosed to the posterior crico-
arytenoid muscle and ansa-hypoglossal to laryngeal adductors.

7. Multidisciplinary Considerations
a. Neurology and/or neurosurgery: evaluate central causes of paralysis.
b. Speech therapy: evaluation and management for aspiration risk
B. Laryngeal/glottic web (Fig. 2.10)
1. Etiology and Epidemiology
a. Partial failure of laryngeal recanalization during gestation
b. Rare, but can be fatal at birth if unrecognized
2. Pathogenesis

a. Anterior glottic involvement is most common leading to impaired vocalization.

b. Respiratory distress can occur if there is posterior or inferior extension leading to
increased airway resistance.

3. Clinical Presentation

a. Severe stridor

b. Depending on length of involvement and subglottic extent, may result in significant
respiratory distress

c. Rare interarytenoid webs present with stridor secondary to inability to abduct the vocal
cords
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Fig.2.10 MLB pictures of congenital laryngeal anomalies causing airway obstruction. (a) Glottic lymphangioma; (b)
laryngeal web; (c) tracheal atresia; (d) vocal cord atresia

4. Diagnosis
a. Fiber-optic laryngoscopy for identification, microlaryngoscopy and bronchoscopy to
assess character and inferior extent of web
b. Described according to the Cohen classification:
(1) Type I: Thin glottic web without subglottic extension, <35 % airway obstruction
(2) Type II: Thicker web with minimal subglottic extension, 35-50% airway
obstruction
(3) Type III: Solid web with subglottic involvement, 50-75 % airway obstruction
(4) Type IV: Solid web with subglottic involvement and stenosis, 75-90 % airway
obstruction



2 Malformations, Deformations, and Disorders of the Neonatal Airway 25

Fig.2.11 Congenital
laryngeal atresia with
near-total fusion of the true
vocal folds. Note the small
glottis airway posteriorly

5.

6.

Management

a. Surgical management is the mainstay of treatment.

b. Thin webs may be managed endoscopically with lysis and dilation.

c. More complex webs may be treated with endoscopic unilateral local flap
reconstruction.

d. Large webs with cartilaginous subglottic involvement most commonly require laryngo-
tracheoplasty with anterior grafting. Persistent webs can be managed with endoscopic
or open keel insertion and tracheostomy.

Multidisciplinary Collaboration
Genetics: evaluation for 22q11.2 deletion and other associated disorders

C. Laryngeal agenesis/CHAOS (Complete High Airway Obstruction Syndrome)

1.

4.

Etiology and Epidemiology
a. Complete failure of laryngeal recanalization at approximately 10 weeks’ gestation
b. Rare

. Pathogenesis

Congenital laryngeal atresia (Fig. 2.11) results in a lack of connection between the
upper and lower airway. The defect may be isolated or occur in association with other
congenital abnormalities, notably the presence of a tracheoesophageal fistula, esopha-
geal atresia, and encephalocele.

. Clinical Presentation

a. Acute respiratory distress at birth

b. Presence of polyhydramnios during gestation may lead to fetal diagnosis.

Diagnosis

a. Fetal diagnosis made using ultrasound and complemented with fetal MRI. In addition
to polyhydraminos, fetal findings include: flat diaphragms, distal airway dilation, and
echogenic lungs. Synchronous tracheoesophageal fistula allows egress of fetal lung
fluid and may prevent prenatal diagnosis.

b. Postnatal diagnosis results in acute respiratory failure with inability to ventilate.

. Management

a. Primary management is surgical with tracheostomy.
b. Prenatal diagnosis warrants delivery by EXIT (Chap. 17) procedure. Uterotomy is per-
formed with preservation of placental blood flow and recirculation of amniotic fluid.
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Fig. 2.12 Subglottic cysts viewed from (a) above the vocal cords and (b) below the vocal cords

c. Postnatally diagnosed cases are managed by emergent tracheostomy.
d. May consider laryngotracheoplasty in select cases for definitive management

6. Multidisciplinary Collaboration

Special delivery unit for planned EXIT procedure.

V. Subglottic Airway
The subglottic airway is the area immediately below the vocal cords, extending to the level of the
inferior edge of the cricoid cartilage. Narrowing of the subglottis is typically from a fixed lesion
and typically presents with biphasic stridor. Anomalies discussed below include subglottic cysts,
subglottic stenosis, and hemangioma.
A. Subglottic cyst (Fig. 2.12)

1.

Etiology and Epidemiology

a. Most commonly associated with prematurity and a history of intubation

b. Results from obstruction of subglottic mucus glands secondary to subepithelial fibrosis
¢. Unknown etiology

. Pathogenesis

Single or multiple cysts may occur as fixed lesions in the immediate subglottis, increasing
airway resistance.

. Clinical Presentation

a. Infant with a history of prematurity and prior intubation who presents with biphasic
stridor should raise clinical suspicion.
b. May also be associated with apnea, recurrent croup, or feeding problems

. Diagnosis

Microlaryngoscopy and bronchoscopy demonstrate obvious cysts or asymmetric subgottic
narrowing.

. Medical Management

Asymptomatic cysts may be managed with observation with consideration of medical
management of acid reflux.

. Surgical Management

a. Endoscopic marsupialization: technique is surgeon-dependent, most commonly per-
formed using microlaryngeal instrumentation or the CO, laser.
b. High recurrence rates range from 12 to 70 %.

. Multidisciplinary Collaboration

a. Pulmonary: often associated with lower airway pathology
b. Gastroenterology: acid reflux may potentiate or worsen subglottic inflammation.
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Fig.2.13 Acquired
subglottic stenosis in an
infant with a history of
prolonged intubation

B. Subglottic stenosis (Fig. 2.13)
1. Etiology and Epidemiology

a. Membranous subglottic stenosis from embryologic failure of laryngeal recanalization

b. Cartilaginous subglottic stenosis secondary to either cricoid cartilage deformity or
entrapment of the first tracheal ring within the cricoid cartilage

c. Acquired in 95 % of cases, most commonly secondary to intubation trauma

d. Congenital in 5 % of cases

2. Pathogenesis
Subglottic narrowing leading to increased airway resistance
3. Clinical Presentation

a. Biphasic stridor is most common.

b. Depending on severity, children may be asymptomatic, have episodes of recurrent
croup in mild cases, or respiratory distress in severe cases.

4. Diagnosis

a. Fiber-optic laryngoscopy may reveal evidence of subglottic narrowing, but gold standard
diagnosis and classification via microlaryngoscopy and bronchoscopy

b. Airway films may demonstrate subglottic narrowing.

c. Degree of stenosis identified using Cotton-Myer classification

5. Management

a. Grade I stenosis most commonly managed conservatively and often outgrown with
time

b. Endoscopic procedures including lysis and dilation for symptomatic grade I and II
membranous stenosis

c. Grade III membranous stenosis may be treated with endoscopic techniques, but often
requires open laryngotracheal reconstruction.

d. Symptomatic cartilaginous stenoses require airway expansion via laryngotracheo-
plasty with or without tracheostomy depending on degree of stenosis and health of the
patient.

e. Grade IV stenoses require tracheostomy and laryngotracheoplasty or cricotracheal
resection.
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Fig.2.14 Airway
hemangioma

Fig. 2.15 Hemangioma Airway Hemangioma

on posterior wall of glottic
and subglottis

6. Multidisciplinary Collaboration
a. Pulmonary: often associated with lower airway pathology
b. Gastroenterology: acid reflux may potentiate or worsen stenoses.
C. Hemangioma (Figs. 2.14 and 2.15)
1. Etiology and Epidemiology
a. Hemangiomas occur secondary to an abnormal proliferation of small blood vessels.
b. Hemangioma is the most common tumor of infancy.
c. Incidence of 1-2.6 % at birth and ~10 % by 1 year of age.
d. Female-to-male ratio 3:1; 60 % occur in the head and neck.
2. Pathogenesis
Benign vascular tumor involving the subglottis, glottis, and/or supraglottis with a natural
history similar to cutaneous hemangiomas, including proliferation and involution phases
3. Clinical Presentation
a. Inspiratory or biphasic stridor. Approximately 30% of cases present at birth, with
nearly all cases symptomatic by 6 months. Signs worsen during the proliferative phase.
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b. Natural history: Proliferative phase (first 8—12 months of life), quiescence, slow involu-
tion (begins at about 12 months of age and involute at variable rates typically over 5-8
years)

4. Diagnosis

a. Eighty percent are noted within the first month of life, typically presenting at 2—4 weeks
of age.

b. Cutaneous hemangiomas are present in 50 % of children with subglottic hemangiomas.

c. “Beard distribution” facial hemangioma is more likely to have a synchronous airway
hemangioma.

d. Airway X-ray shows asymmetric subglottic narrowing.

e. Microlaryngoscopy and bronchoscopy reveal a compressible soft tissue mass with vascu-
lar congestion.

5. Medical Management

a. Small subglottic hemangiomas with resulting low-grade obstruction are managed with pro-
pranolol. Dosing escalates to a maximum of 3 mg/kg. Propranolol carries a risk of hypogly-
cemia and is contraindicated in children with severe asthma.

b. Moderate to large hemangiomas with respiratory distress can be acutely managed with
intralesional or systemic steroids.

6. Surgical Management

a. Mass is routinely soft and compressible allowing for intubation even in severe stenoses.

b. Hemangiomas refractory to propranolol are managed with laryngotracheoplasty with
open submucosal resection of the lesion.

7. Multidisciplinary Collaboration
Dermatology: Evaluate patient for systemic medical therapy.

VI. Trachea
The trachea begins immediately below the cricoid and extends distally to the carina where the
mainstem bronchi diverge. Tracheal anomalies often require multidisciplinary intervention with
pediatric surgery and/or cardiothoracic surgery. The timing and clinical presentation of tracheal
anomalies are more variable, as the pathology is more heterogeneous. Anomalies discussed below
include complete tracheal rings, vascular extrinsic rings, tracheal cleft, tracheoesophageal fistula,
and tracheomalacia.
A. Complete tracheal rings (Fig. 2.16)
1. Etiology and Epidemiology
a. Abnormal development of the tracheal rings, likely after the 8th week of gestation
b. The typical C shaped cartilage is fused posteriorly and there is a lack of the posterior
membranous trachea.

Fig. 2.16 Endoscopic views of a child with long-segment complete tracheal rings. (a) View showing beginning of
rings; (b) view showing midsection of rings; (¢) view showing distal segment of rings
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2.

4.

c. Associated with other malformations of trachea
d. Incidence estimated to be 1 in 64,500

. Pathogenesis

a. The posterior membranous portion of the trachea is absent leading to fixed, narrowed
dimension of the trachea.
b. May involve a few tracheal rings or the entire length of the trachea (sleeve trachea)

. Clinical Presentation

a. Loud noisy stridor may be inspiratory (cervical trachea), expiratory (thoracic trachea),
or biphasic.

b. Signs may not be apparent until >50 % stenosis and may be uncovered in a setting
of respiratory illness which exacerbates the narrowing.

. Diagnosis

a. Plain chest films may provide indication of stenosis by demonstrating a narrowed air
column.

b. Airway fluoroscopy can be utilized to assess narrowing and associated pulmonary tree
anomalies, which are present in up to 20 % of cases.

c. CT or MRI along with vascular studies may be used to further evaluate the stenosis as
well as evaluate for vascular malformations/anomalies and extrinsic compression.

d. Rigid bronchoscopy remains the gold standard for diagnosis to assess the length of
involvement.

. Medical Management

In select cases patients with mild signs may be monitored and respiratory illness may
require steroids and close monitoring.

. Surgical Management

a. Slide tracheoplasty performed through a sternal or cervical approach is the current sur-
gical modality of choice.

b. Augmentation using cartilage or perichondrium has been used for repair (variable
results).

. Multidisciplinary Collaboration

a. Cardiothoracic surgery: For thoracic tracheal involvement, may require ECMO or tempo-
rary cardiac bypass for surgical management
b. Vascular malformations present in up to 50 % of cases

. Vascular extrinsic rings (Fig. 2.17)
1.

Etiology and Epidemiology

a. Abnormal development of branchial arch system

b. Rare; frequently associated with other cardiac abnormalities

Pathogenesis

Anomalous branching pattern of the vessels originating from the aortic arch or pulmonary

trunk

Clinical Presentation

a. Degree of respiratory problems and/or feeding difficulties varies depending on degree
and site of compression at the trachea, the bronchi, and/or the esophagus.

b. Range from asymptomatic to severe respiratory distress

c. May present as recurrent pulmonary infection, cough, stridor, and/or dysphagia

Diagnosis

a. Barium esophagogram, echocardiography, computed tomography (CT), magnetic reso-
nance imaging (MRI), and angiography aid in diagnosis.
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Fig. 2.17 Magnetic
resonance angiogram of
an unobstructed double
aortic arch viewed from
right posterior oblique
with cranial angulation.
Note that the right aortic
arch is slightly larger.
DAO descending aorta, L
Arch left-sided arch,
LCCA left common
carotid artery, LSCA left
subclavian artery, R Arch
right-sided arch, RCCA
right common carotid
artery, RSCA right
subclavian artery

b. Rigid bronchoscopy and esophagoscopy for definitive evaluation and to identify syn-
chronous tracheobronchial anomalies including complete rings and abnormal bronchial
take off

5. Medical Management
None
6. Surgical Management

a. Heterogeneous anomalies, therefore no single surgical operation defined

b. Cardiothoracic surgery most common service to address surgical needs

c. Most frequently managed with vessel pexy or division with or without re-implantation

7. Multidisciplinary Considerations

a. Cardiology: Cardiac evaluation and identification of secondary cardiac anomalies

b. Cardiothoracic surgery: Definitive surgical management

c. Pediatric surgery: May be involved with esophageal management

C. Tracheal Clefts (Fig. 2.8)
1. Etiology and Epidemiology

a. Incomplete development of the tracheoesophageal septum

b. Associated syndromes include: Pallister—Hall, Opitz-Frias, and VACTERL.

c. Clefts are present in 6 % of patients with tracheoesophageal fistula.
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2. Pathogenesis
a. Most commonly present with aspiration. As a result, may have respiratory distress or cyanosis
with feeding. Severe aspiration leads to failure to thrive or recurrent pneumonia.
b. Excessive redundant mucosa may also cause stridor and airway obstruction.
c. Type IIl and IV have high mortality.
3. Clinical Presentation
a. High index of suspicion for this anomaly in children with aspiration
b. Additionally, may present with difficult intubation or difficulty ventilating secondary to a
large air leak
4. Diagnosis
a. Modified barium swallow or FEES exam may show a posterior to anterior aspiration
pattern.
b. Fiber-optic laryngoscopy demonstrates the “Ram sign” in large clefts with redundant
soft tissue adjacent to the arytenoids, which prolapse into the cleft margin.
c. Formal diagnosis requires microlaryngoscopy and bronchoscopy with palpation of the
posterior commissure.
d. Suspension with use of vocal cord spreaders may aid in diagnosis.
e. Clefts are commonly described according to the Benjamin—Inglis classification.
(1) Type IL: Involves the interarytenoid region down to and including the vocal cords
(2) Type II: Extension into the cricoid cartilage
(3) Type III: Extension through the cricoid into the cervical trachea
(4) Type IV: Extension into the intrathoracic trachea
5. Management
a. Endoscopic management with suture approximation may be feasible with smaller
clefts.
b. Open repair via a transtracheal or lateral pharyngotomy approach is often indicated for
deeper clefts.
c. Often require ECMO or cardiopulmonary bypass (CPB) for repair of type IV cleft
d. Despite repair, mortality >90 % for patients with a type IV cleft
6. Multidisciplinary Collaboration
a. General surgery for management of esophagus and often gastric exclusion. Microgastria
common associated finding.
b. Pulmonology: severe often-recalcitrant tracheobronchomalacia may lead to prolonged
tracheostomy dependence.

. Tracheoesophageal fistula and pouches

1. Etiology and Epidemiology

a. No unifying theory proposed to address this heterogeneous group of anomalies

b. Likely multifactorial, 50 % associated with other malformations

c. Incidence of 1 in 25004500 live births

d. Associated with VACTERL, CHARGE, Fanconi anemia, Opitz G, and Goldenhar
2. Pathogenesis

a. Various degrees of esophageal atresia with or without associated fistula

b. Connection to the trachea prevents egress of saliva and feeds into stomach and provides

direct connection for gastric contents to pass into the tracheobronchial tree.

c. Respiratory signs are often exacerbated by associated tracheobronchomalacia.
3. Clinical Presentation

a. Most patients are symptomatic within first few hours of life.

b. Excessive saliva, pooling of secretions are often the first noted findings.
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Fig.2.18 Tracheomalacia
in association with
innominate artery
compression and a large

thymus

c. Feeding difficulties with coughing, regurgitation, cyanosis with feeds, and poten-
tially respiratory distress
4. Diagnosis
a. AP/Lateral X-ray with air or contrast to aid in delineation of the pouch, coiled catheter/
feeding tube may be seen.
b. Fluoroscopy for more detailed evaluation of the anomaly
¢. Microlaryngoscopy and bronchoscopy for evaluation of the tracheal pouch and endo-
scopic evaluation with rubber catheter pull through
d. Ladd and Gross classification.
(1) Type A—Esophageal atresia (EA) without fistula (6 %)
(2) Type B—EA with proximal fistula (5 %)
(3) Type C—EA with distal fistula (84 %)
(4) Type D—EA with double fistula (1 %)
(5) Type E—Tracheo-esophageal fistula without atresia—H-type (4 %)
5. Medical Management
a. Sump catheter for salivary and gastric diversion to prevent pneumonitis prior to surgical
management
b. Positioning to minimize secretion burden on lungs. Elevate head of bed.
c. Antibiotics may be indicated.
6. Surgical Management
a. Surgical management for repair once medically able
b. The operative approach to an infant with EA depends greatly on the specific type of
anomaly present and the occurrence of associated anomalies.
7. Multidisciplinary Considerations
a. Pediatric surgery: Often primary team for management
b. Genetics: 50 % of patients have associated malformations.

. Tracheomalacia (Fig. 2.18)

1. Etiology and Epidemiology
a. Primary tracheomalacia is an isolated weakness of the tracheal wall, which leads to
airway sign.
b. Secondary tracheomalacia is weakness of the tracheal wall that occurs as a result of
extrinsic compression by a vascular anomaly or in association with a tracheoesopha-
geal fistula or tracheal cleft.
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c. Secondary tracheomalacia commonly persists after surgical repair of the associated
tracheal anomalies.
d. Seen more often with premature infants on long term ventilation with severe ventilator
dependent respiratory failure
e. Rare
f. May be associated with syndromic conditions and other anomalies of the tracheobron-
chial tree
2. Pathogenesis
Weakness of the cartilaginous trachea leads to varying degrees of dynamic collapse of the
tracheal wall during expiration, which increases airway resistance.
3. Clinical Presentation
a. Most common presentation is expiratory stridor/wheeze.
b. Wide spectrum of respiratory signs ranging from chronic cough to life-threatening
recurrent apnea
4. Diagnosis
a. Bronchoscopy.is the gold standard for diagnosis.
b. Radiological airway screening/fluoroscopy, chest CT, MRI, or tracheobronchogram
may also be helpful for diagnosis if no bronchoscopy available.
5. Medical Management
a. Mild cases should be observed.
b. Supportive management with inhaled agents, chest physiotherapy, positive pres-
sure ventilation with CPAP or BiPAP may be indicated for more severe cases.
6. Surgical Management
a. May require short or long term tracheostomy for positive pressure.
b. Internal airway stenting, endoscopic interventions are rarely indicated and
controversial.
c. Management of extrinsic compression with vessel, (aortopexy) or diversion
d. Management of tracheoesophageal fistula
7. Multidisciplinary Collaboration
a. Pulmonology: Flexible bronchoscopy, medial management, noninvasive ventilation
b. Cardiothoracic of pediatric surgery: Surgical management of associated conditions
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Developmental Lung Anomalies
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I. Anomalies by Developmental Stage

1L

III.

A.

B.

E.

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

The spectrum of developmental malformations related to lung bud formation, branching
morphogenesis, and separation of the trachea from the esophagus includes laryngeal, tracheal,
and esophageal atresia; tracheoesophageal 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 seques-
tration, cystic adenomatoid malformation, tracheomalacia and bronchomalacia, and congeni-
tal diaphragmatic hernia.

The spectrum of abnormalities arising at the canalicular and the saccular stage of lung develop-
ment are related to growth and maturation of the respiratory 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.

Congenital Anomalies in the Lung Can Be Categorized as Malformations in:
A. The tracheobronchial tree (Chap. 2)

B. Distal lung parenchyma

C. Abnormalities in the pulmonary arterial and venous trees and the lymphatics
Malformations of Lung Parenchyma

A.

Congenital Lobar Emphysema (CLE)

1. Can be lobar, regional or segmental, or pulmonary overinflation

2. CLE may result from malformation in the bronchial cartilage with absent or incomplete
rings, a cyst in the bronchus, a mucus or meconium plug in the bronchus, or from extrinsic
bronchial obstruction caused by dilated vessels, or intrathoracic masses such as broncho-
genic cysts, extralobar sequestration, enlarged lymph nodes, and neoplasms. These
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lesions cause air trapping, compression of the remaining ipsilateral lung or lobes, and
respiratory distress.

CLE usually affects the upper and middle lobes on the right, and the upper lobe on the left.
Age at the time of diagnosis is closely related to the severity of the respiratory 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.

. Pulmonary Agenesis and Aplasia

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

2. Pulmonary agenesis is the complete absence of one or both lungs, including bronchi, bron-
chioles, vasculature, and respiratory parenchyma.

3. Pulmonary aplasia occurs when only rudimentary bronchi are present; each ends in a blind
pouch, with no pulmonary vessels or respiratory parenchyma.

4. This defect arises early in lung development when the respiratory primordium bifurcates
into the right and left primitive lung buds.

5. Unilateral pulmonary agenesis is more common than bilateral.

6. 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.

. 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.

2. It occurs in infants with renal agenesis or dysplasia, bladder outlet obstruction, loss or

reduction of the amniotic fluid from premature rupture of membranes, diaphragmatic her-
nia, large pleural effusions, congenital anomalies of the neuromuscular system, and chro-
mosomal anomalies, including trisomy 13, 18, and 21.

. Congenital Diaphragmatic Hernia (CDH)
1.
2.

CDH occurs in 1 per 2000-3000 births.
Fifty percent are associated with other malformations, especially neural tube defects, car-
diac defects, and malrotation of the gut.

. In CDH, the pleuroperitoneal canal fails to close. This allows the developing 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 pos-
terior (foramen of Bochdalek) in 70 % of infants.

. 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 prenatal diagnosis is often made by 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.
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E. Congenital Pulmonary Airway Malformation (CPAM)

1.

CPAM is a pulmonary maldevelopment of small airways and distal lung parenchyma with
bronchiolar overgrowth that has cystic and non-cystic forms.

. CPAMs were previously known as congenital cystic adenomatoid malformations (CCAMs)

which were divided into three major types based upon the size of the cysts and their cel-
lular characteristics (predominantly bronchial, bronchiolar, or bronchiolar/alveolar duct
cells). Under the current classification scheme, two additional types (Type O arising from
the trachea, and type 4 lesions having alveolar/distal acinar origin) were added.

. Simpler classification based on anatomic and ultrasonographic findings includes two

major types: macrocystic and microcystic.

a. In the macrocystic type, the cysts are visible on fetal ultrasonography, and the progno-
sis is better.

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

. Prognosis is worse if the cystic mass is very 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 respiratory distress.

. The widespread use of antenatal ultrasonography has resulted in an increase in the prenatal

diagnosis of CPAM. Spontaneous regression of CPAM with normal appearing lungs at
birth can occur.

. CPAMs associated with respiratory distress are surgically resected. Patients without respi-

ratory distress may have CPAMs evaluated by chest CT and have surgical resection at a year
of life because of the potential increased risks for bleeding, infection and malignancy.

F. Bronchopulmonary Sequestration

1.

7.
G. Al
L.
2.

Develops as a mass of non-functioning lung tissue, not connected to the tracheobronchial
tree and receives its blood supply from one or more anomalous systemic arteries

. There are two forms of bronchopulmonary sequestration depending on whether it is within

(intralobar) or outside (extralobar) the visceral pleural 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 secondary to lym-

phatic 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.

veolar Capillary Dysplasia

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 newborn and is uni-

formly fatal.

H. Congenital Pulmonary Lymphangiectasis (CPL)

1.

Extremely rare condition consists of markedly distended or dilated pulmonary lymphatics,
which are found in the bronchovascular connective tissue, along the interlobular septae,
and in the pleura. It may be primary, secondary, or generalized.
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2. This condition has been associated with Noonan, Ulrich-Turner, and Down syndromes.

3. Primary lymphangiectasis is a developmental defect in which the pulmonary lymphatics
fail to communicate with the systemic lymphatics. Affected infants present with respira-
tory distress and pleural effusions.

4. Secondary lymphangiectasis is associated with cardiovascular malformations.

5. Generalized lymphangiectasis 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 lymphangiectasis present with non-immune hydrops fetalis
and pleural effusions. Pleural effusions are typically chylous. Pleural effusions in the
neonatal period may be serous with minimal triglycerides, particularly before enteral
feeding is established.

I. Other congenital anomalies of pulmonary lymphatics that present with chylothorax (Chap.
73). These anomalies can be characterized by dilatation and proliferation of lymphatic
capillaries (lymphangiomatosis) that may be limited to the lungs and associated with chy-
lothorax or involve other organs like spleen and bones and usually is progressive. Con-
genital chylothorax could also be idiopathic (not associated with lymphangectasia or
lymphangiomas) as part of congenital lymph dysplasia syndrome (Milroy disease) or as
part of a syndrome that includes lymphatic dysplasia (like Turner, Noonan, and
Ehlers—Danlos).

J. Other conditions that manifest as interstitial lung disease
1. Disorders of surfactant protein (SP) B and C (deficiencies and dysfunction) that are associ-

ated with lamellar body anomalies related to ABCA3 gene deficiency, thyroid transcription
factor 1 (TTF1) deficiency, or alveolar epithelia cell granulocyte-macrophage colony-stim-
ulating 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 extra-
corporeal membrane oxygenation.
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Spontaneous Breathing

Vinod K. Bhutani

I. Introduction

A.
B.

F.

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.

C. For inspiration to occur, alveolar pressure must be less than atmospheric pressure.
D.
E. Thus, for inspiration to occur, the gradient in pressures can be achieved either, by lowering the

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

99 ¢

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

are discussed in this section.

II. Signals of Respiration

A.

B.
C.

Each respiratory cycle can be described by the measurement of three signals: driving pressure

(P), volume (V), and time (Fig. 4.1).

The rate of change in volume over time defines flow (7).

The fundamental act of spontaneous breathing results from the generation of P, the inspira-

tory driving force needed to overcome the elastic, flow-resistive, and inertial properties of the

entire respiratory system in order to initiate V.

1. 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 (Pg), resistive (Pg) and inertial pres-
sure (P;) components, thus:

P=P,+P +P,

2. 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.

3. The resistive component of pressure is assumed proportional to airflow by a resistive con-
stant (R) representing inelastic airway and tissue resistances.
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. In addition, the inertial component of pressure is assumed to be proportional 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. 4.2), where applied pressure P causes gas to flow through a tube
(the respiratory airways) which is connected to a closed elastic chamber (alveoli) of vol-
ume V. In this ideal model E, R, and [ are assumed to be constants in a linear relationship
between driving pressure and volume.

. Under conditions of normal breathing frequencies (relatively low airflow and tissue accel-
eration) the inertance term is traditionally considered negligible, therefore:

P=EV +RV

. 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=V/C+RV

. This simplified form of the RShrer equation is the basis for most evaluations of pulmonary
mechanics where measurements of P, V, and V' are used to compute the various
components of respiratory system compliance, resistance, and work of breathing.
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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 (especially in prema-
ture 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
(Pp) changes generated by the respiratory muscles (Fig. 4.3).

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 subat-
mospheric (-3 to —6 cm H,0) because of the elastic recoil effect of the lung.

. At this time, the alveolar pressure is atmospheric (zero), because there is no airflow and

thus no pressure drop along the conducting airways. At this time, the alveolar pressure is
atmospheric zero, because there is no airflow and thus no pressure drop along the conduct-
ing airways.

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.

During a passive expiration, the respiratory muscles are relaxed and the intrapleural pres-
sure becomes less negative.

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

. 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 atmo-
spheric pressure during inspiration and expiration, respectively.

. This range of alveolar pressure change can be markedly increased with air trapping or

airway obstruction.
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Fig.4.4 During tidal
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C. Following are some physiologic observations of changes in intrapleural pressure during spon-

taneous 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. 4.4).
b. During slow static inflation, airflow can be approximated as zero.
c. In both cases the resistive component of driving pressure as described above is zero or
RV=0 and Pyp is equal to elastic pressure only:

Py=R=VIC

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 segment between this estimated elastic pressure line and the measured intra-
pleural pressure (solid line) represents the resistive pressure component (Fig. 4.5).

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

4. Transpulmonary pressure (Prp) is the differential between intrapleural pressure and alveo-
lar 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 driv-
ing pressure for inspiration, the mechanical ventilator applies a positive pressure to an endotra-
cheal 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.
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IV. Factors that Impact Mechanics of Airflow
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 pathophysio-
logic considerations.
A. Physical Factors

L.

The pattern of airflow is affected by the physical properties of the gas molecules, the lami-
nar or turbulent nature of airflow, and the dimensions of the airways, as well as the other
effects described by the Poiseuille equation (Chap. 8).

The elastic properties of the airway, the transmural pressure on the airway wall, and struc-
tural features of the airway wall also determine the mechanics of airflow.

. 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 bronchopulmonary dysplasia, or, during positive pressure ventilation), the
intrathoracic airways are likely to be compressed during expiration (Fig. 4.6).

. During forced expiration, the more compliant airways are also likely to be compressed in

the presence of a high intrathoracic pressure.

. Increased distensibility of airways, as when exposed to excessive end-distending pressure,

can result in increased and wasted dead space ventilation.

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.

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 airflow limitation.
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Fig.4.6 Schematic
comparison of normal and
abnormal airflow. Infant
with bronchopulmonary
dysplasia (BPD) has
higher transmural pressure
generated during tidal
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The bronchomalactic airway may be destabilized in the presence of tracheal 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.

3.

Plugging of the airway lumen, mucosal edema, cohesion, and compression of the airway
wall lead to alterations in tracheobronchial airflow.

. Weakening of the airway walls secondary to the structural airway barotrauma and the con-

sequent 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 ventila-
tion is the tidal volume (V) and is a sum of the air in the conducting zone (Vp, or dead space) and
the respiratory zone (V,, or alveolar space). Thus,

MV = (VA +V; ) X Frequency

The process of spontaneous breathing generally occurs at about mid total lung capacity such that
about two-thirds of the total capacity is available as reserve.
A. Ventilatory Volume:

1.
2.

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

Minute Ventilation: (MV): product of frequency (F, the number of tidal volumes taken per

minute) and Vr.

Dead Space (Vp): 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.
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b. It is composed of several components.

ey
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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 physio-
logic dead space. It is the sum of the anatomic and alveolar dead space.

c. In a normal person, the physiologic dead space should be equal to the anatomic dead
space. For this reason, some investigators refer to physiologic dead space as pathologi-
cal dead space.

d. Several factors can modify the dead space volume.

(e))

@

Anatomic dead space increases as a function of airway size and the airway compli-
ance. 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:

V,=V:=Vp.

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. 4.7). These values reflect the balance between lung and chest wall
elasticity, respiratory strength, and thoracic mobility.
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Fig.4.7 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.)
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Table 4.1 Lung volumes in term newborns

Normal values for
Ventilatory volumes Normal values for term newborns Static lung volumes term newborns
Vr 5-8 mL/kg RV 10-15 mL/kg
F 40-60 b/min FRC 25-30 mL/kg
Vb 2-2.5 mL/kg TGV 30-40 mL/kg
MV 200—480 mL/min/kg TLC 50-90 mL/kg
Va 60-320 mL/min/kg VvC 35-80 mL/kg
1. Inspiratory reserve volume (IRV) is the maximum volume of gas that can be inspired from
the peak of tidal volume.
2. 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 volume. 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).

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 (Fig. 4.7).

1.

Total lung capacity (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 below in Table 4.1.

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; therefore it is the sum of TV +IRV.

Functional residual capacity (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 oppos-

ing 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 normal tidal volume oscillates. A normal FRC
avails optimum lung mechanics and alveolar surface area for efficient ventilation and gas
exchange.

Residual volume (RV): volume of air remaining in the respiratory system at the end of the

maximum possible expiration.

Expiratory Reserve Volume (ERV) = FRC —RV.

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.



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 pulmonary vascular wall cells.

These findings begin to provide explanations for the tremendous functional 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 endo-
thelial and smooth muscle cells arise in the course of pulmonary arterial, bronchial, and
pulmonary venous development.

We will need to identify the environmental signals and signaling molecules 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 contributes 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.

Because it is clear that oxygen tension plays such a critical role in directing 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.
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I. In doing all of the above, we will come to a better understanding of the unique origins of the
macrocirculation and microcirculation 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

II. Transition at Birth

A. Independent pulmonary gas exchange to replace the maternal placental gas exchange
mechanism needs to be established within the first few minutes after birth.

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

1. Adjustments in circulation
2. Pulmonary mechanics

3. Gas exchange

4. Acid-base status

5. Respiratory control

C. Upon transition, gas exchange takes place through an air-liquid interphase of alveolar epi-
thelium with alveolar gas in one compartment and blood in the other (vascular) compart-
ment. An understanding of gas laws, alveolar ventilation, and pulmonary vasculature are
important in facilitating optimal pulmonary gas exchange.

II. Brief Outline of Cardiopulmonary Adaptations

A. Prior to birth, the fetus is totally dependent on the placenta (Fig. 5.1) and has made cardiopul-
monary adjustments for optimal delivery of oxygen, whereas, the maternal physiology has
been adapted to maintain fetal normocapnia.

B. The salient features and sequence of events that occur during fetal to neonatal transition are
listed in Table 5.1.

IV. Application of Gas Laws for Pulmonary Gas Exchange

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

B. An understanding of these laws is also specifically pertinent to the clinician 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 vis-
cosities and densities.

|
¢ Head

and
Right Foramen  _  Left body
[ > atrium Ovale ~ atrium
Umbilical A
E 3 vein -~ l
4
A Right 4 Left
¢ o [Lunc] b
E ventricle I:UNG ventricle
N o Carotid
T ¢ Umbilical < arteries
A arteries vy -
Pulmonary Patent Descending
artery Ductus aorta
arteriosus
__{

Fig. 5.1 Schematic representation of fetal circulation (From Bhutani VK: Extrauterine adaptations in the newborn.
Sem Perinatol 1997; 1:1-12, with permission.)
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Table 5.1 Salient features of extrauterine cardiopulmonary adaptations

Mother (second Newborn (before first
Parameter | trimester) Fetus (before labor) breath) Newborn (at about 6 h)
PaO, 80-95 Torr <25 Torr in 16-18 Torr 80-95 Torr
pulmonary artery
PaCoO, ~34 Torr 40-42 Torr 45-65 Torr 34 Torr
pH ~7.45 7.35-7.40 7.10-7.30 7.35-7.40
Pulmonary | Equivalent to cardiac 13-25 % cardiac ~25 % cardiac output 90-100 % cardiac output
blood flow | output output
Shunts Placental shunts — Placental shunts — Foramen ovale — Foramen ovale closed
— Foramen ovale — Ductus arteriosus — Ductus arteriosus
— Ductus arteriosus | — Intrapulmonary usually closed
shunts — Intrapulmonary shunts
Pulmonary |- Air-filled Lungs — Liquid-filled — Air and fluid — Air-filled
mechanics |- Hyperventilation — FRC at 30 mL/kg (16-19 mL/kg) in — FRC at 30 mL/kg
the lungs
Control of | Progesterone-mediated | Fetal breathing First breath initiated Rhythmic respiratory
respiration | hyperventilation dependent more on by non-specific cycles based on
stretch respiratory chemoreceptors

Table 5.2 Laws that describe gas behavior

Law

Description

Boyle’s law

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

Charles’s law

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

Dalton’s law

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

Amagat’s law

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.

Henry’s law

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.

Graham’s law

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 equation

Refinement of the ideal gas equation based upon the attractive forces between
molecules and upon the volume occupied by the molecules.

Barometric pressure and
altitude

The decrease in barometric pressure is not linear with increasing altitude; weather,
temperature, density of atmosphere, acceleration of gravity, etc. influence it.

C. A brief description of the pertinent and clinically relevant gas laws is listed in Table 5.2.
D. One of the most fundamental and widely used relationships to describe pulmonary gas
exchange is summarized as:
PaCO,=863(Vcoo/Va)
where, in a steady state and with negligible inspired carbon dioxide, the alveolar pressure
of carbon dioxide (PaCO,) is proportional to the ratio of the rates of carbon dioxide elimina-
tion (Vco,) and alveolar ventilation (V,). This equation helps to summarize several of the
gas laws. The applications of the laws are thus:
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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 pressure 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.

. 863: this peculiar number is derived from the need to standardize measurements from

body temperature (310 °K) to standard pressure and temperature (760 mmHge273 °K).
Based on the product 310 x(760/273), we obtain the value 863 (in mmHg) providing the
constant for the relationship in the above equation.

. Vcoo/Va: These values are measured at ambient temperature and pressure, saturated with

water vapor (ATPS). Carbon dioxide output needs to be converted to STPD (standard
temperature, pressure, dry) using Boyle’s and Charles’s laws, while alveolar ventilation
has to be corrected to BTPS (body temperature, pressure, and saturated with water
vapor).

V. Development of Pulmonary Vasculature
A. The main pulmonary artery develops from the embryonic left sixth arch.

1.

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 systemic circula-
tion of the foregut and trachea.

L.
2.

4,

These connections are lost as the main pulmonary vein develops.
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 7th
week.

C. The branches of the pulmonary arterial system maintain a position next to the bronchial
structures as both develop during the glandular and canalicular stages of lung development.
D. By 16 weeks there is a complete set of vessels that lead to the respiratory bronchioles, ter-
minal bronchioles, and the terminal sacs.
VI. 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. 5.2)

1.
2.
3.

4.

The effect of ventilation on reducing pulmonary vascular resistance (a)

The effect of acidosis correction to enhance pulmonary blood flow (b)

The effect of driving pressure and successful establishment of respiration during first
breaths to achieve an optimal functional residual capacity (c)

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

B. These events highlight the other series of biochemical and physiologic events that concur-
rently occur to successfully establish and maintain the matching of ventilation to
perfusion.
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Fig.5.2 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.)

C. Maladaptations delay transition to adequate pulmonary gas exchange (Maladaptation my
result from central/peripheral nervous system abnormalities as well as cardiopulmonary

problems.).

D. 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 hemody-
namically, it has also been realized that a newborn is more tolerant of hypoxemia than an
adult. Reasons for occurrences of hypoxemic events:
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G.

H.

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 oxygen tension.

From a hemodynamic perspective, impaired oxygen delivery may occur because:

1. Low Ps, 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. 5.3.

The effect of oxygen inhalation on the composition of alveolar and blood gas tensions is
shown in Table 5.3.

VII. Optimal Pulmonary Gas Exchange

A. Failure to establish optimal pulmonary gas exchange leads to either oxygenation or ventila-
tion failure.
B. Factors that impact on adequacy of neonatal gas exchange (especially a preterm newborn) are
listed in Table 5.4.
Fig.5.3 The 120 Assess need Hyper-
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Table 5.3 Effect of oxygen inhalation (100 %) on composition of alveolar and blood gas tensions
End pulmonary End-systemic
Inspired dry gas Alveolar gas capillary blood Arterial blood capillary blood
Air 0, Air 0, Air 0, Air 0, Air 0,
Py, (Torr) 1591 760 104 673 104 673 100 640 40 53.5
Pcoy (Torr) 0.3 0 40 40 40 40 40 40 46 46
Pino (Torr) 0.0 0 47 47 47 47 47 47 47 47
Py, (Torr) 600.6 0 569 0 569 0 573 0 573 0
Py (Torr) 760 760 760 760 760 760 760 727 706 146.5*
O,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
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Table 5.4 Factors that impact on adequacy of neonatal gas exchange

Factors for gas exchange Impact of prematurity
Neural control of respiration Immaturity
Mechanical loads: elastic and resistive High chest wall to lung compliance ratio
Stability of end-expiratory lung volume Compliant airways with pre-end expiratory closure of airways
Ventilation—perfusion matching Reactive pulmonary vasculature
Hemoglobin dissociation curve properties Fetal hemoglobin characteristics
Match cardiac output to oxygen consumption High neonatal oxygen consumption
Ability to maintain alveolar ventilation Propensity for respiratory muscle fatigue
C. Respiratory failure can initially lead to increased respiratory effort in an attempt at compen-

VIIL.

D.

sation, followed by an inability to ventilate, or apnea.
The concurrent changes in arterial oxygen and carbon dioxide gas tensions during both
health and disease are shown in Fig. 5.3.

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 barotrauma and
volutrauma) are listed in Fig. 5.2a—d.
The clinically relevant interventional strategies are crucial to achieve optimal 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 mechanisms of chemoreceptors and stretch
receptors.

Moreover, during fetal development the maternal physiology is significantly altered to
maintain fetal normocapnia and neutral acid—base status.

Thus, as clinicians assume control of the newborn’s ventilation with supportive technologies,
the road map for optimal pulmonary gas exchange needs to be “quality controlled” from
physiologic perspectives and with the least amount of barotrauma and volutrauma.



Oxygen Therapy

Win Tin

I. Introduction

A. “The clinician must bear in mind that oxygen is a drug and must be used in accordance with
well recognized pharmacologic principles; i.e., since it has certain toxic effects and is not com-
pletely harmless (as widely believed in clinical circles) it should be given only in the lowest dosage
or concentration required by the particular patient.” [Julius Comroe, 1945)

B. Oxygen is the most commonly used therapy in neonatal intensive care units, and oxygen
toxicity in newborns (cicatricial retinopathy or retrolental fibroplasia as it was known) was
first described more than 60 years ago.

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

II. Physiological Considerations
A. Tissue oxygenation depends on:

1.

o

5.
6.

Fractional inspired oxygen (FiO,)

Gas exchange mechanism within the lungs

Cardiac output (and the effects of shunts)

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

Altitude

Local tissue edema or ischemia

B. Fetal oxygen transport and postnatal changes

1.

Fetal hemoglobin (HbF) has higher oxygen affinity and lower Ps, (oxygen tension at which
50 % of hemoglobin is saturated at standard pH and temperature). This favors oxygen
uptake from the placenta to the fetus as adequate transfer of oxygen is achieved at rela-
tively low PO,.

High oxygen affinity of HbF, however, has disadvantage in oxygen delivery to the fetal
tissue, but this is offset by the fact that the fetal oxygen—hemoglobin saturation curve is
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4.

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 consumption of most ani-
mal species increases by 100-150 % in the first few days of life); therefore, Ps, 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, Ps, reaches adult levels by about 4-6 months of age.

C. Indices of oxygenation

1.

3.
4.

Alveolar—arterial oxygen pressure difference [P(A—a)O,]: The difference in partial
pressure of oxygen between alveolar and arterial levels correlates 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 (20—40 Torr) for days. The increase in P(A—a)O,
is generally caused by:
a. Block of oxygen diffusion at alveolar—capillary level
b. V/Q mismatch in the lungs (from either increase in physiologic dead space or intra-
pulmonary shunting)
c. Fixed right-to-left shunt (intracardiac shunting)
Oxygenation Index (OI): This is most frequently used clinically as well as in clinical
research studies because of its ease of calculation, and is felt to be a more sensitive indica-
tor for severity of pulmonary illness as mean airway pressure (Paw) is taken into its
calculation
OI=Paw x Fi0,/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.

D. Pa0O, and O, saturation

1.

Several clinical studies have shown that fractional O, saturation above 92 % can be associ-
ated with PaO, values of 80 mmHg (10.7 kPa) or even higher (Fig. 6.1)

Although PaO, and O, saturation are directly related to each other, this correlation is influenced
by several physiologic changes (quantity and quality of Hb, temperature, acid-base status,
PCO,, and concentration of 2-3 DPG).

III. Monitoring Oxygen Therapy
A. Continuous, Non-invasive monitoring

1.

Pulse oxygen saturation (Pulse oximetry, SpO,): This is the most user friendly method and
therefore most widely used for monitoring oxygen therapy, but it has limitations, mainly the
failure to detect hyperoxia (Chap. 19).

Transcutaneous PO, (TcPO,): This is the preferred method by some clinicians, 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 burns in very premature
infants.

B. Continuous, Invasive monitoring (via indwelling arterial catheters)

1.
2.

Arterial PO,
Blood gas analysis

C. Intermittent Monitoring

L.
2.

Arterial PO, (via umbilical or peripheral arterial catheters)

Mixed central venous PO,. 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.
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Fig. 6.1 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 figure (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

IV. Oxygen Toxicity (Chap. 7)

A. Experimental and research work over more than a century has shown that oxygen can be
toxic, and it is now much clearer that preterm infants are more vulnerable to harmful effects
of free oxygen radicals and oxidative stress (defined as an imbalance between pro-oxidant
and antioxidant forces).

B. Oxygen and retinopathy of prematurity (ROP, Chap. 83): The retina is completely avascular in
early fetal life. New vessels grow outward from the center around the optic nerve, controlled
by vascular endothelial growth factor (VEGF), released from normally hypoxic retinal tissue,
and this process is completed in utero by about 36 weeks of gestation. Treatment with supple-
mental oxygen in premature infants, who have incompletely vascularized retinas, may cause
hyperoxia and vasoconstriction. This in turn leads to local hypoxia, abnormally high secre-
tion of VEGF, and excessive proliferation of new vessels and fibrous tissue that invades the
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vitreous. Contraction of fibrous tissue may result in retinal detachment and visual loss.
Although retinal detachment can be prevented by ablative surgery (cryo or laser therapy), the
risk of significant visual impairment remains high among infants who develop “threshold
ROP”

. Oxygen and bronchopulmonary dysplasia (BPD, Chaps. 77-79): Direct oxygen toxicity from

high concentrations of inspired oxygen is an important cause of BPD. Even if inspired oxy-
gen concentrations are not high, oxidative stress can occur and contribute to tissue injury.

. Oxygen and brain injury (Chap. 84): Oxidative stress and damage to pre-myelinating oli-

godendrocytes in cerebral white matter has been proposed as a mechanism of periventricu-
lar leukomalacia, increasing the risk of cerebral palsy and cognitive deficit in preterm
infants.

. Clinical Evidence for Monitoring Oxygen Therapy
A.

There is no clear evidence to date to suggest what the optimal SpO, 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 variation in SpO, monitoring poli-
cies among neonatologists.

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

gen saturation (measured by pulse oximetry) in the neonatal period of preterm infants was
associated with lower rates of severe ROP and other neonatal complications including
BPD.

The STOP-ROP Trial, showed that keeping saturation above 95 % in very premature infants
(mean gestational age 25.4 weeks) when they were found to have developed pre-threshold
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
disease.” However, this study also suggested that aiming to keep higher oxygen saturation
was associated with significantly increased adverse pulmonary outcomes, without any benefit
in growth or the eventual retinal outcome as assessed 3 months after the expected date of
delivery.

The BOOST trial also showed that aiming to keep high oxygen saturation in chronically oxy-
gen dependent babies, born before 30 weeks’ gestation was not associated with 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.

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 a “low” oxygen saturation range of 85-89 % versus a “high”
range of 91-95 % in preterm infants of <28 weeks’ gestation.

Meta-analysis of the masked oxygen saturation targeting trials showed that targeting the
higher range (91-95 %), compared to the lower range (85-89 %) reduces the risk of mortality
and necrotizing enterocolitis but increases the risk of severe ROP.

More information will be available when the all the trials report the primary outcome of
death and severe disability and the prospective meta-analysis is completed. However, clini-
cians should be aware that the current oxygen trials may not resolve the questions and con-
troversies on “oxygen”—a powerful and the most commonly used “drug” in neonatal
medicine.
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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, respec-
tively. However, already in 1604 a Polish alchemist had described oxygen as vital air.

2. 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 newborns with oxygen and CO..

3. Already Priestly understood that oxygen might be toxic and during the nineteenth century
more and more information was collected showing its toxic effects.

4. In the early 1950s, oxygen was associated with development of retrolental fibroplasia
today called retinopathy of prematurity (ROP), and at the end of the 1960s oxygen toxicity
was associated with development of bronchopulmonary dysplasia (BPD).

5. Some years later it was hypothesized oxygen might be toxic during resuscitation and in
2010 international guidelines were changed recommending starting resuscitation of term
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.

2. 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” making life resistant both to radiation injury and oxygen
toxicity.

3. This prepared eukaryotes for a life in a high oxygen atmosphere.

C. Basic Mechanisms

1. In 1891, the Scottish chemist sir James Dewar discovered that oxygen is paramagnetic. This
is caused by spin of unpaired electrons in the outer electron orbit and this makes it difficult
for oxygen to form new chemical bonds.
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In order to complete electron pairing oxygen can only receive single electrons with anti-
parallel spin. Accepting electrons stabilizes the oxygen 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 peroxide, hydroxyl radicals, and finally water are
formed.

Oxygen free radicals or reactive oxygen species (ROS) have the capability to oxidize unsat-
urated free fatty acids, protein and DNA. They are also important as signaling substances
and therefore regulating physiologic processes as circulatory aspects as well as growth and
development. 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 extracellular. In fetal life the
intracellular antioxyenzymes such as superoxide dismutases, catalases, and glutathione per-
oxidases 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 Fenton reaction producing hydroxyl radicals.

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

is the most important cellular mechanism for repairing oxidative DNA injury. This repair
is initiated by DNA glycosylases, which recognize and repair DNA base injuries.
A number of glycosylases 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-1a transcribes a series of genes such as vascular endothe-

lial growth factor (VEGF) and erythropoietin, which increases oxygen utilization and reduces
oxygen consumption/demand.

A number of other transcription factors are involved in hyperoxia.

a. Nrf2 (NF-erythroid 2-related factor) is activated by hyperoxia and activates ARE (anti-
oxidant response element) 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 oxidative stress.

c. NF-kB activates genes regulating apoptosis, inflammation, and oxidative 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. CEBP (ccat/enhancer binding protein) regulates cell proliferation and tissue development
and is increased in the lung of rats exposed to hyperoxia.

f. STATs 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.
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II. Potential Risks of Hyperoxia and Oxygen Toxicity
A. Brain

1.

4.

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 oligodendrocytes. These brains are often also exposed
to hyperoxia as well as inflammations which increases oxidative stress.

Premature and immature oligodendrocytes are especially vulnerable to hyperoxia and oxi-
dative 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 in the first week
of life. Whether such a vulnerable window exists in humans is not clear.

Microglia which peak in white matter in third trimester, when activated generate free
radicals and secrete cytokines

B. Retina

1.

4.

The transition from intrauterine 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, typi-

cally after 32 weeks’ post-conceptional age the retina 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 phase of ROP.

. In order for VEGF 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 non-hyperoxic factors related to growth.

Several studies including one meta-analysis indicate that severe ROP can be significantly
reduced by keeping the arterial oxygen saturation not too high and avoiding fluctuations.

C. Lungs

1.
2.

Oxidative stress generally induces apoptosis in a relatively short period of time (hours).
Hyperoxia predominantly induces non-apoptotic cell death over a longer period of time
(days).

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

lary 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 proinflam-

matory cytokines promoting leukocyte recruitment to the lung. These activated leuko-
cytes produce ROS, thus a vicious circle is established.

Hyperoxia activates caspases 3 and 9 as well as proinflammatory cytokines as IL-1, IL-6,
11-8, TGFP, TNFa, and VEGF.

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

Hyperoxia inhibits translation of mRNA.

III. Clinical Implications
A. Oxygenation in the Delivery Room

1.

Term and late pre-term infants. Recent international guidelines recommend starting resus-
citation with air instead of supplemental oxygen. This is based on animal studies and 10
clinical studies including more than 2000 babies resuscitated with either 21 or 100 % oxy-
gen. It seems that the use of 100 % oxygen increases time to first breath approximately 30 s,
and 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
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recommended to start ventilation with air, and if possible have a blender so oxygen could
be given in case the baby does not respond adequately. A proper ventilation strategy to open
the lungs is essential before oxygen is supplemented.

2. In babies with nonhealthy lungs (for instance after meconium aspiration) oxygen supple-
mentation may be needed, and no clinical data exist regarding optimal FiO, for such
babies. In the rare event of the need of chest compressions (<1/1000 term or late preterm
babies) it is not known which FiO, should be used although animal studies suggest air is
as good as pure oxygen even in this group. It is generally recommended to start with 100 %
O, and wean down as quickly as possible.

3. If a pulse oximeter is available arterial oxygen saturations should aim at the 10th—50th
percentile of the normal saturation limits recently published.

4. 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
based on recent meta-analysis and not on large randomized trials, is to start ventilation
with 21 or 30 % oxygen and adjust FiO, to reach an arterial oxygen saturation between
10th to the 50th percentile of the normal values recently published.

B. Oxygenation Beyond the Delivery Room to 36—40 Weeks’ post-conceptional age

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

2. The optimal SpO, target of ELBW infants is not known. Some studies indicate that espe-
cially severe ROP is reduced by keeping the SpO, between 85 and 89 % and avoiding
fluctuations. On the other hand, recent data indicate that this saturation target perhaps
increases mortality as well as necrotizing enterocolitis compared to a target of 91-95 %.
Sp0O,>95 % should be avoided and a histogram to monitor the distribution of SpO, is
often useful to minimize too low and too high levels.

IV. Prevention of Hyperoxia and Hyperoxic Injury

A. The best prevention of hyperoxic injury of the newborn is to avoid hyperoxia and inflamma-
tion, especially the combination of these.

B. Beta-carotene and vitamin A in one study was lower in preterm babies developing BPD. Postnatal
vitamin A supplementation in a US multicenter trial reduced BPD (RR 0.89, 95 % confidence
interval 0.80-0.99, number needed to treat=14-15).

C. Antioxidant enzymes, such as superoxide dismutase, as well as antioxidants such as vitamin
E, have so far not been convincingly successful in preventing hyperoxic injury in newborn
infants.

D. Early routine use of inhaled nitric oxide (iNO) in preterm infants with respiratory disease does
not improve survival without BPD.

E. A number of different antioxidants such as allopurinol and erythropoietin have been tested
with some protective effects. Nutrients such as omega-3 fatty acids, especially docosahexaenoic
acid, may have antioxidant properties in the newborn.

F. In the future new and more powerful antioxidants may be developed giving clinical effects when
administrated both prenatally and postnatally.
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Pulmonary Mechanics
and Energetics

Anton H.L.C. Van Kaam and Vinod K. Bhutani

1. Introduction

IL.

A.

Lung function is often compromised in preterm infants because of structural (lung paren-
chyma, airways, chest wall) and sometimes biochemical (surfactant deficiency) immaturity
of the respiratory system.

. This can result in significant alterations in pulmonary mechanics, a low functional residual

capacity (FRC) and an increased work of breathing (WOB). Clinically this will translate
into impaired gas exchange and (the risk of) respiratory failure.

The only preventive measure is antenatal steroids, which can ameliorate both the structural
and biochemical immaturity of the preterm lungs. Treatment mainly consists of respiratory
support and exogenous surfactant.

The basic aim is to restore pulmonary mechanics and FRC, thereby normalizing WOB and
gas exchange. Knowledge of respiratory physiology is essential in selecting the optimal
mode and level of respiratory support.

Getting air in and out the lung

A.

In order to establish adequate gas exchange, air needs to move in and out of the lungs.
Inhalation or inflation is, in terms of energetics, an active process which requires a pressure
difference between the airway opening and the alveolar space.

During spontaneous breathing diaphragmatic contraction results in a negative alveolar pres-
sure and as a result air will enter via the airway opening (ambient pressure) and move down
the conducting airways.

During mechanical ventilation air flow is achieved by creating a positive airway pressure at
the airway opening compared to ambient pressure outside the chest. Under normal condi-
tions exhalation is a passive process as a result of the created pressure difference and
depends on the elastic and resistive properties of the lung.
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III. Elastic Properties

A. The elastic properties of the lung parenchyma are dependent upon the elasticity of pulmo-
nary 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 air-liquid interface, especially during a state of surfactant deficiency or inac-
tivation. The elastic properties of the airway depend upon the smooth muscle, tissue proper-
ties, 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.

B. Elasticity is the property of matter such that if a system is disturbed by stretching or expand-
ing it, the system will tend to return to its original position when all external forces are
removed. Like a spring, the tissues of the lungs and thorax stretch during inspiration, and
when the force of inspiration (respiratory muscular effort) is removed, the tissues return to
their resting 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 volume remaining in the lungs is the FRC.

C. 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 structures. In a normal newborn
at the end of expiration, the mean pressure in this space (intrapleural pressure) is 3—6 cm
H,O below atmospheric pressure. This pressure results from the equal and opposite retrac-
tile 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 equilib-
rium with atmospheric air.

D. Pressure—Volume curve of the lungs
1. One way to characterize the elastic recoil forces of the lungs is to reconstruct a pressure—

volume curve.

2. Starting at residual lung volume, a known volume of air is stepwise injected into the lungs in
an incremental manner, until total lung capacity is reached.

3. By simultaneously measuring the resulting airway pressure at each step, the inflation
limb of the pressure—volume curve can be reconstructed. This usually contains a
lower and an upper inflection point (Fig. 8.1).

4. Between these points the pressure—volume relationship is linear.

5. By stepwise removing volume from the lung, the deflation limb of the pressure—volume
curve, starting at total lung capacity, can be reconstructed. The deflation limb also has an
upper inflection point. Under most conditions the deflation limb is situated at a higher
lung volume than the inflation limb and has more stability in terms of lung volume when
the pressure decreases.

6. The volume difference between the inflation and the deflation limb at similar airway
pressures is called lung hysteresis.

7. Elastic recoil forces will have a significant impact on the volumes and shape of the pres-
sure—volume curves (Fig. 8.2).
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Fig. 8.1 Pressure—volume relationship of the lung inflated from residual volume (RV) to total lung capacity (TLC).
Both the inflation limb (interrupted line) and the deflation limb (solid line) are displayed. Note the difference in lung
volume between the inflation and deflation limb at similar pressures (hysteresis). The lower inflection point of the infla-
tion limb (LIP-INFL), the upper inflection point of the inflation limb (UIP-INFL), and the upper inflection point of the
deflation limb (UIP-DEFL) are indicated

Fig.8.2 The inflation
limb of the pressure—
volume relationship of a
healthy lung and a
surfactant deficient lung
due to neonatal respiratory
distress syndrome (RDS),
inflated from residual
volume (RV) to total lung
capacity (TLC). Note the RDS lung
clear difference in shape
and lung volumes. Per
pressure unit, less volume
enters the RDS lung than
the healthy lung, i.e., lung
compliance is lower in the
RDS lung

Healthy lung

Pressure

E. Lung Compliance
Although very informative, the pressure—volume curve is not very practical to characterize the
elastic properties of the lung. Patients do not breathe in from residual volume to total lung
capacity. Instead, tidal breathing is situated somewhere in the pressure—volume envelope, ide-
ally starting inspiration at FRC.
1. The ratio of change in lung volume to change in distending pressure during normal
breathing defines the compliance of the lungs:

Lung Compliance=change in lung volume/change in transpulmonary pressure

where transpulmonary pressure (Prp) is the net driving pressure to expand the lungs only
and is defined as the difference between alveolar pressure and intrapleural pressure.
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Intrapleural pressure cannot easily be measured directly, but it can be approximated by

measuring the intraesophageal pressure.

2. 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.

3. In case tidal breathing takes place on the linear part of the pressure—volume relationship
of the lung, the compliance (of slope AV/AP) is maximal and stable over the normal
range of tidal volumes beginning at FRC (Fig. 8.3f). Thus, for a given change in pres-
sure, 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 distend, and is thus
more compliant.

4. Tt is important to acknowledge that end-expiratory lung volumes below or above the
linear part of the pressure—volume relationship will compromise compliance of the lung.
In other words, the maximum lung compliance is not reached at suboptimal end-expira-
tory lung volumes (Fig. 8.3f).

5. Lung compliance and pressure—volume relationships are determined by the interdepen-
dence of elastic tissue elements and alveolar surface tension. Tissue elasticity is dependent
upon the elastin and collagen content of the lung.

6. 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 compliance should be nor-
malized for lung volume by dividing by the functional residual capacity. This ratio is
called the specific lung compliance. Specific compliance of a newborn infant is simi-
lar to that of an adult.

7. The surface-active substance (surfactant, Chap. 58) lining the alveoli of the lung has a
significant physiologic function.

a. Surfactant lowers surface tension inside the alveoli, thereby reducing elastic recoil
forces and contributing 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 dis-
tress syndrome (RDS), typically results in lungs that are stiff (low compliance) and
prone to collapse (atelectasis) (Fig. 8.2).

8. 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 pres-
sure to achieve a similar tidal volume or else hypoventilation will occur.

F. Chest Wall Compliance
1. Like the lung, the chest wall is elastic.
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Fig.8.3 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 pres-
sure—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 [Ed.]: Neonatal and Pediatric Pulmonary
Graphics: Principles and Clinical Applications. Armonk, NY, Futura Publishing Co., 1998, p. 70, with permission.)
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TLC

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/change in intrathoracic pressure

where the intrathoracic pressure is the pressure differential across the chest wall to the
atmosphere.

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

(Fig. 8.4).

. The chest wall becomes more compliant at earlier stages of gestation.
. Even if the lungs have a normal elastic recoil and compliance, the FRC will be lowered

because the chest wall is unable to balance the elastic forces.

. The high chest wall compliance in preterm infants may result in the so-called paradoxi-

cal or asynchronous breathing: during an inspiratory effort the abdominal compartment
moves outward while the (compliant) chest wall moves inward. This results in less effi-
cient gas exchange compared to synchronous breathing (both the abdomen and chest
move outward during inspiration).

. 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:

Total Compliance=change in lung volume/change in transthoracic pressure

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

. Because compliance is the reciprocal of elastance and

Elastance of the Respiratory System=Elastance of Lungs + Elastance of chest wall.

Normal newborn Preterm neonate with RDS

Volume
Volume

FRC

-10 0 10 20 -10 0 10 20

Pressure (cm H.0) Pressure (cm H-0)

Fig. 8.4 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 [Ed.]: Neonatal and Pediatric Pulmonary Graphics: Principles
and Clinical Applications. Armonk, NY, Futura Publishing Co., 1998, p. 72, with permission.)
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this also means that
1/Total Respiratory System Compliance=1/Lung Compliance + 1/Chest Wall Compliance

3. Because the chest wall compliance is extremely high compared to the lung compliance
in a preterm infant, respiratory system compliance is considered equal to lung
compliance.

IV. Resistive Properties

A.
B.

C.

Non-elastic 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 resistance, and iner-

tial 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 a pressure difference

between the airway opening and the alveolar space.

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.

By definition, resistance to airflow is equal to the resistive component of driving pressure

(Pr) divided by the resulting airflow (V), thus:

Resistance = P, /V

When determining pulmonary resistance (tissue and airway), the resistive component of the

measured transpulmonary pressure is used as the driving pressure (Fig. 8.5).

To obtain airway resistance alone, the differential between alveolar pressure and atmo-

spheric pressure is used as the driving pressure.

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 resistance to airflow.

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

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

P= (VST]L) / (7TV4)
Therefore, Resistance to airflow is defined as:
PIV =(8nL)/(mr*)

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

5. Because the newborn airway lumen is approximately half that of the adult, the neona-
tal 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).
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Fig.8.5 The relative elastic and resistive components of transpulmonary pressure recorded from a typical single spon-
taneous breath. Pulmonary resistance is determined from simultaneous measures of the resistive component of pressure
and the flow signal

J. Nearly 80 % of the total resistance to airflow occurs in large airways up to about the fourth
to fifth generation of bronchial branching.

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

2. 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.

K. Airway resistance is also dependent upon lung volume. With increasing lung volume, the
airway diameter increases and the resistance decreases. The converse is true for decreasing
lung volumes.

L. It is important to realize that most interfaces of respiratory support, such as an endotracheal
tube, will increase airway resistance significantly.

V. Inertial Properties

Inertial forces are generally considered negligible for normal tidal breathing and when consid-

ering a linear model of respiration. However, with use of high airflow mechanical ventilation,

high frequency ventilation, and in severe airway disease, inertial forces need to be considered.
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Fig.8.6 Work of breathing is calculated as the area under the pressure versus volume curve (shaded areas)

VI. Work of Breathing

A. True work of breathing may be expressed as the energy required by the respiratory 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, 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

. 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. 8.6). 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 potential 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 resis-
tances. The hysteresis of the pressure—volume relationship represents the resistive work
of breathing and can be further partitioned into inspiratory and expiratory components.

. Normally, the elastic energy stored during inspiration is sufficient to provide 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. 8.3b).

2. The units of work of breathing correspond to the units of pressure times volume (cm
H,O°L), or equivalently, force times distance (kgem), and is usually expressed as the
work per breath or respiratory cycle.

VII. Functional Residual Capacity
A. The volume remaining in the lungs after a normal passive expiration is called the FRC, esti-

mated at 20-30 mL/kg in a normal newborn.

B. Preterm infants are prone to a low FRC, and this will have the following effects on lung

physiology:

1. Decreased compliance of the respiratory system (Fig. 8.3f)
2. Increased airway resistance

3. Increased work of breathing
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Table 8.1 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,O <1 >4 - -
Pulmonary resistance cm H,O/L/s 1-2 20-40 >40 >150
Resistive work gm cm/kg <10 20-30 30-40 >40
Table 8.2 Mean normal values of neonatal pulmonary function during the first month
Cpyn R (cm
Authors Study year | GA (wks) | Age (days) | Vi (mL/kg) |FRC (mL/kg) | (mL/cm H,O) H,O/L/s)
Berglund /Karlberg | 1956 Term 7 27
Cook et al. 1957 Term 1-6 53 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/McGrath 1962 Term 1-6 49.5
Nelson et al. 1963 Preterm 1-16 38.7
Term 2-4 27
Feather/Russell 1974 Term 1-3 3.7 42
Ronchetti et al. 1975 34 4-28 29.5
Taeusch et al. 1976 Term 4-6 7.2 3.7
Adler/Wohl 1978 Term 2-5 35
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 3.2
Anday et al. 1987 28-30 2-3 59 2.0 50 exp
5-7 6.6 2.3 70 exp
Gerhardt et al. 1987 31-36 3-30 16.7 22 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, VT tidal volume, FRC functional residual capacity, Cpyy dynamic lung compliance, R pulmonary
resistance, exp expiratory, RDS infants with respiratory distress syndrome, BPD infants who developed bronchopulmonary

dysplasia

4. Increased intrapulmonary right-to-left shunt
5. Increased pulmonary vascular resistance
6. Impaired gas exchange
VIII. Some Reference Values
A. Calculated values of both elastic and resistive properties determined in adult and term new-
borns are listed in Table 8.1. These are compared to values obtained in infants with RDS and

BPD.

B. Table 8.2 lists values of neonatal pulmonary function parameters during the first month from
several investigators collected over several decades of work in this area.
C. Pulmonary mechanics and energetics at age <3 days for infants with RDS who received
surfactant replacement immediately after birth (Table 8.3).
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Table 8.3 Pulmonary mechanics and energetics at age <3 days for infants with RDS who received surfactant replacement
immediately after birth

<26 weeks 27-28 weeks 29-30 weeks >31 weeks
Infants grouped by GA at birth (n=38) (n=50) (n=48) (n=63)
Tidal volume (mL/kg) 6.1x1.7 5.7+1.5 5.1x1.2 5.2+0.8
Pulmonary compliance (mL/cm H,O/kg) 0.27+0.18 0.35+0.22 0.40+0.23 0.77+0.75
Pulmonary resistance (cm H,O/L/s) 194+161 139117 101 +64 87+76
Flow-resistive work (g cm/kg) 38+29 28+17 21+14 15+1.2

Table 8.4 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

Gestational | Pulmonary compliance | Pulmonary resistance | Likelihood Percent predicted
Birth weight (g) |age (week) |(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%
751-1000 28+0.3 0.5+0.05 176+24 76+35 73+5%
1001-1250 29+0.3 1.0+£0.2 96+11 55+1.8 42+7%
1251-1500 31+0.3 1.5+£0.2 69+8 0.8+£0.3 15+£5%
1501-2000 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 8.5 Pulmonary mechanics and energetics at term PMA of surviving infants with RDS who received surfactant
replacement immediately after birth

<26 weeks 27-28 weeks 29-30 weeks >31 weeks
Surviving infants grouped 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 14.3+4.2 152+4.4 14.4+47
Pulmonary compliance (mL/cm H,0) 2.6+0.9 2.4+0.8 2.6+1.3 2.1+£0.6
Pulmonary resistance (cm H,O/L/s) 61+41 59+31 57+31 40+20
Flow-resistive wort (g cm/kg) 29+19 29+20 30+19 25+18

D. Predicted probability of BPD based on pulmonary mechanics and gestational age from a
predictive model for the study infants with RDS categorized by birth weight (Table 8.4)

E. Pulmonary mechanics and energetics at term post-menstrual age of infants surviving RDS,
who received surfactant replacement immediately after birth (Table 8.5)
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I. The ventilatory needs of a patient depend largely on the mechanical properties of the respira-

tory system and the type of abnormality in gas exchange.
II. Pulmonary Mechanics (Fig. 9.1)

A. The mechanical properties of the lungs determine the interaction between the ventilator and

the infant.

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

inspiration and expiration.

C. The pressure gradient necessary for adequate ventilation is largely determined by the com-

pliance and resistance (see below).
III. Compliance

A. Compliance describes the elasticity or distensibility of the lungs or respiratory system (in

neonates the chest wall is very distensible and in general does not contribute substantially to

compliance).
B. It is calculated as follows:

AVolume (mL)
APressure (cm H20)

Compliance =

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 sys-

tem (lungs plus chest wall) to impede airflow.

C.P. Travers, M.D. « W.A. Carlo, M.D. (><) ¢ N. Ambalavanan, M.B.B.S., M.D.

Division of Neonatology, Department of Pediatrics, University of Alabama at Birmingham,
Birmingham, AL, USA

e-mail: wecarlo@peds.uab.edu

R.L. Chatburn, M.H.H.S., RR.T.-N.P.S.

Department of Medicine, Respiratory Institute, Cleveland Clinic, Lerner College of Medicine of Case Western
Reserve University, Cleveland, OH, USA

e-mail: CHATBUR @ccf.org

© Springer International Publishing Switzerland 2017
S.M. Donn, S.K. Sinha (eds.), Manual of Neonatal Respiratory Care,
DOI 10.1007/978-3-319-39839-6_9

83


mailto:wcarlo@peds.uab.edu
mailto:CHATBUR@ccf.org

84

Fig.9.1 Representation
of pressure—volume
relationship of the lungs
for an infant with normal
lung compliance and an
infant with respiratory
distress syndrome (RDS).
The decreased lung
compliance manifests as a
decreased volume change
for a given change in

pressure
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Pressure is needed to force gas through airways (airways resistance) and to exceed the
viscous resistance of the lung tissue (tissue resistance).
It is calculated as follows:

APressure (cmH,0)

Resistance =
AFlow (L/s)

. Resistance in infants with normal lungs ranges from 25 to 50 cm H,O/L/s. Resistance is not

markedly altered in infants with respiratory distress syndrome or other acute pulmonary
disorders, but can be increased to 100 cm H,O/L/s or more by small endotracheal tubes
(Poiseuille’s Law: Resistance oo Ln/r*, where L=length, =viscosity, and r=radius; it is
good practice to use appropriately sized endotracheal tubes and to cut tubes as short as
practical after insertion).

V. Time Constant

A.

The time constant is a measure of the time (expressed in seconds) necessary for the alveolar
pressure (or volume, or flow) to reach 63 % of its steady state value in response to a step
change in airway pressure (Fig. 9.2).

It is calculated as follows:

Time constant = Compliance x Resistance

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

Timeconstant = 0.002L / cmH,0 x40cmH,0 /L /s
Timeconstant = 0.080s

(Note that in the calculation of the time constant, compliance is not normalized by body
weight.)

A duration of inspiration or expiration equivalent to 3—5 time constants is required for a
relatively complete inspiration or expiration, respectively. Once pressure is equilibrated,
there will be no more air flow or volume change. Little further equilibration occurs beyond
3-5 time constants. Thus, in the infant described above, inspiratory and expiratory duration
should be around 240—400 ms each (or 0.24-0.4 s).
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Fig.9.2 Percentage change in pressure in relation to the time (in time constants) allowed for equilibration. As a longer
time is allowed for equilibration, a higher percentage change in pressure will occur. The same rules govern the equilib-
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Fig.9.3 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, Cambridge University Press, 1994, p. 137, with permission)

D. The time constant will be shorter if compliance is decreased (e.g., in patients with respira-
tory distress syndrome) or if resistance is decreased. The time constant will be longer if
compliance is high (e.g., large infants with normal lungs) or if resistance is high (e.g.,
infants with chronic lung disease or airway obstruction).

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 lower 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 (Fig. 9.3).

G. If expiratory time is too short (i.e., a duration shorter than approximately 3—5 time con-
stants), there will be gas trapping and inadvertent positive end expiratory pressure
(autoPEEP) (Fig. 9.4). The presence of autoPEEP decreases the driving pressure between
airway opening and the alveoli, thus decreasing the tidal volume.

H. While the respiratory system is often modeled as being composed of a single constant com-
pliance and a single constant resistance, it is known that the mechanical properties vary with
changes in 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.9.4 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 Respiration Failure:
A Physiologic Approach. Cambridge, Cambridge University Press, 1994. p. 137, with permission)

VI. 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=1V+RV+1V
C

Where P is pressure
C is compliance
Vis volume
R is resistance
V is flow
V is the rate of change in flow
I is inertance
B. Because the inertial component is small at physiologic flows, the last component (V) can be
neglected
C. 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 com-
pliance only (some ventilators can calculate static compliance between inspiratory and expira-
tory pauses). Between points of equal volume (e.g., inspiration vs. expiration), the pressure
gradient results from resistance only. Alternatively, dynamic compliance can be calculated by
fitting the equation of motion to multiple measurements of pressure, volume, and flow (e.g.,
collected every 20 min during inspiration or expiration).
VII. 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.
VIII. 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. Blood gas values in the perinatal period

At birth 10 min of age
PaO, (Torr) 15-20 46-57
PaCO, (Torr) |49-76 40-47
pH 7.10-7.24 (normalizes

by 3-5 h after birth)

IX. Determinants of Pulmonary Gas Exchange
A. Composition and volume of alveolar gas
B. Composition and volume of mixed venous blood
C. Ratio of ventilation to perfusion in the lungs
D. Mechanisms of gas exchange
X. Composition of Inspired and Alveolar Gases
A. Partial pressure of oxygen in dry air
Partial pressure of O,=1fractional content x total gas pressure
If barometric pressure=760 mmHg, then

PO, = 0.21(760mmHg)
PO, =160mmHg

B. Partial pressure of oxygen in humidified air is affected by humidification because water
vapor also exerts a partial pressure.
Partial pressure O, =1fractional content x (total gas pressure —water vapor pressure)

PiO, =0.21(760 —47mmHg)
PiO, =149mmHg

C. Alveolar Air Equation. Partial pressure of oxygen in humidified alveolar gas is further
affected by the presence of carbon dioxide continuously diffusing from capillary blood.

Partial pressure of alveolar O,=PiO,—-PaCO, (FiO,+[1-FiO,]/R)

Where PACO, is alveolar PCO, and R is the respiratory quotient. R represents the ratio
of CO, elimination to O, uptake and has a typical value of 0.8. Because CO, diffuses very
well through the alveoli, PACO,~PaCO,. If barometric pressure=760 mmHg and water
vapor pressure is 47 mmHg, if FiO,=100, then PiO,=713.

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

If FiO, is 0.21, then PAO,=0.21x(760-47)—-40x (0.21+[1-0.21]/0.8) =102 mmHg.

XI. Composition of Mixed Venous Blood
A. Mixed venous PO, (PvO,) depends on arterial O, content, cardiac output, and metabolic
rate.
B. Oxygen content of blood per 100 mL is the sum of blood dissolved in the plasma (minor
component) and oxygen bound to hemoglobin.

Dissolved O0,=0.003 mL O, per mmHg of PaO,

Hemoglobin bound O,=0, Sat x 1.34/g hemoglobin x hemoglobin concentration

For example, 1 kg infant (blood volumes 100 mL) with PaO,=100 mmHg (O,
sat=100 %, or 1.0), and hemoglobin=17 mg/dL

O, content = hemoglobin bound O, + dissolved O,
O, content =1.00x1.34 x17+0.003 x100
O,content =22.78 +0.3mL O,

O, content =23.08mL O,
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XII.

C.

CO, content of blood
CO, is carried in three forms: (1) dissolved in plasma (main component) and red cells; (2) as bicar-
bonate; and (3) bound to hemoglobin as carbamine compounds.

Hypoxemia
The pathophysiologic mechanisms responsible for hypoxemia are in order of relative impor-

tance in newborns: ventilation—perfusion (V/Q) mismatch, shunt, hypoventilation, and diffusion
limitation (Figs. 9.5, 9.6, and 9.7):

A.

V/Q mismatch
An important cause of hypoxemia in newborns. Supplemental oxygen can largely overcome
the hypoxemia resulting from V/Q mismatch by displacing nitrogen from the alveoli.

. Shunt

Shunt is a common cause of hypoxemia in newborns. A shunt may be physiologic, intracar-
diac (e.g., PPHN, congenital cyanotic heart disease), or pulmonary (e.g., atelectasis). It can
be thought of as a V/Q =0 and supplemental O, cannot reverse the hypoxemia caused by a
large shunt (>30 %).

. Hypoventilation

Hypoventilation results from a decrease in minute alveolar ventilation such that the meta-
bolic consumption of oxygen exceeds the supply from breathing. Thus, alveolar PO, falls
and PaO, decreases. It can be thought of as low V/Q and supplemental O, can overcome the
hypoxemia easily (see alveolar air equation). Causes of hypoventilation include: depression

Fig.9.5 Effects of
various ventilation—
perfusion ratios on blood
gas tensions. (a) Direct
venoarterial shunting
(VA/Q=0). (b) Alveolus
with a low VA/Q ratio. (¢)
Normal alveolus. (d)
Underperfused alveolus
with VA/Q ratio (From
Krauss AN: Ventilation-
perfusion relationships in
neonates. In Thibeault
DW, Gregory GA (Eds.):
Neonatal Pulmonary Care,
2nd Edition. Norwalk, CT,
Appleton-Century-Crofts,
1986, p. 127, with
permission)
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Fig.9.6 0O,-CO, diagram showing the arterial, ideal, alveolar, and expired points. The curved line indicates the PO,
and PCO, of all lung units having different ventilation—perfusion ratios (From West JB: Gas exchange. In West JB
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Fig. 9.7 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, returns
to normal, but the PO, remains abnormally low (From West JB: Gas exchange. In West JB (Ed.): Pulmonary
Pathophysiology: The Essentials. Baltimore, Williams & Wilkins, 1977, p. 30, with permission)

of respiratory drive, weakness of the respiratory muscles, restrictive lung disease, and air-
way 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 O, can overcome hypoxemia secondary to diffusion limitation.

XIII. Oxygenation During Assisted Ventilation

A. Oxygenation may be increased by increasing the concentration gradient (Fi0O,), by optimiz-

ing lung volume (surface area), which in turn depends on mean airway pressure (Fig. 9.8),
or by maximizing pulmonary blood flow (decreasing shunts).

. Mean airway pressure is the average pressure to which lungs are exposed during the respira-

tory cycle. Graphically, it is equivalent to the area between the airway pressure vs. time
curve, for one cycle, divided by the cycle time (i.e., inspiratory time plus expiratory time)

. During pressure control ventilation, any of the following will increase mean airway pres-

sure: increasing inspiratory flow (i.e., if it is adjustable and it indirectly decreases the pres-
sure rise time), increasing peak inspiratory pressure (PIP), increasing the inspiratory to
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Fig. 9.8 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 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 Respiration Failure: A Physiologic Approach. Cambridge, Cambridge University Press,
1994, p. 134, with permission)

XIV.

XV.

expiratory (I:E) ratio, or PEEP. Decreasing the pressure rise time (when the control is avail-
able) also has a small effect of increasing mean airway pressure.

. Mean airway pressure maybe calculated as follows:

Mean airway pressure =
K (PIP—PEEP)| 7, / (T, +T,) |+ PEEP

where K is a constant that depends on the rate of rise of the early inspiratory part of the
airway pressure curve; (K ranges from approximately 0.8—0.9 during pressure control ven-
tilation): 77 is inspiratory time; 7% is expiratory time.

For the same change in mean airway pressure, increases in PIP and PEEP increase oxygen-
ation more.

. The relationship of mean airway pressure to oxygenation is not linear. A very high mean

airway pressure transmitted to the intrathoracic structures may increase pulmonary vascular
resistance and increase right-to-left shunting causing decreased left atrial filling and
decreased oxygen transport despite adequate PaO,.

Hypercapnia

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 per-
fused (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 in contact with the alveoli (alveolar ventilation). Minute alveolar ventila-
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tion is calculated from the product of the frequency (number of breaths per minute) and the
alveolar tidal volume (tidal volume minus dead space).

Minute alveolar ventilation = frequency x
(tidal volume minus dead space)

Anatomical dead space is relatively constant. Therefore, changes in tidal volume and
frequency increase alveolar ventilation.

B. During volume controlled ventilation (i.e., preset tidal volume and inspiratory flow), the desired
delivered volume is preset. During pressure control ventilation, the tidal volume depends on the
pressure gradient between the airway opening and the alveoli; this is peak inspiratory pressure
(PIP) minus the positive end expiratory pressure (PEEP), or amplitude (AP).

C. Depending on lung compliance and resistance, and hence the time constant of the respiratory
system (and the expiratory path of the patient circuit of the ventilator), a very short inspiratory
time (77) may reduce the tidal volume, and a very short expiratory time (7z) may cause gas
trapping and inadvertent PEEP, and consequently may also reduce tidal volume (see above).

D. Figure 9.9 illustrates the relationships among ventilator controls, pulmonary mechanics,
and minute ventilation. Ventilator controls are shown in shaded circles.

co,
ELIMINATION

FREQUENCY

PRESSURE
GRADIENT

END EXP PEAK INSP
PRESSURE PRESSURE

Fig.9.9 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 which cannot be precisely calculated without considering
other variables such as pulmonary mechanics. Alveolar ventilation can be calculated from the product of tidal volume and fre-
quency 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 Respiration Failure: A Physiologic
Approach. Cambridge, Cambridge University Press, 1994. p. 133, with permission)
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Compensated
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respiratory
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Yes/ HCO;, Yes acidosis
or
low Compensated
Mixed Partially metabolic
respiratory compensated alkalosis
and No No respiratory
metabolic alkalosis
acidosis Normal
Mixed
respiratory
Yes Yes /PCO, \\Yes and
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compensated
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Uncompensated Uncompensated
respiratory respiratory
acidosis alkalosis
Y L 4
Partially Partially
compensated (Y€S Yes_ compensated
respiratory metabolic
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Uncompensated Uncompensated
respiratory metabolic
acidosis alkalosis

Fig.9.10 A flowchart 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, 1998, p 56, with permission)

E. Adequate PEEP prevents alveolar collapse and maintains lung volumes at end expiration.
Mechanical ventilation without PEEP causes surfactant inactivation, decreased lung com-
pliance, and atelectrauma from recurrent shear forces from reopening of collapsed terminal
airways. However, use of excessive PEEP may decrease lung compliance and decrease tidal
volume for a given AP without substantially improving oxygenation.

XVI. Blood Gas Analysis
A careful interpretation is essential for appropriates respiratory care (Table 9.1, Figs. 9.10 and 9.11,
Chap. 20).
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Table 9.1 Blood gas

Classification

|pH | PacO, | HCO; | BE

classifications*® Respiratory disorder
Uncompensated acidosis J 1 N N
Partly compensated acidosis l 1 1 1
Compensated acidosis N |1 1 1
Uncompensated alkalosis Tl N N
Partly compensated alkalosis | 1 1 1 1
Compensated alkalosis N || 1 1
Metabolic disorder
Uncompensated acidosis 1 N 1 l
Partly compensated acidosis 1 1 1 1
Uncompensated alkalosis 1 N T 1
Partly compensated alkalosis | T 1 1 1
Compensated alkalosis N |1 1 1
*Arrows=elevated or depressed values; N=normal;
BE=Dbase 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
100 7.0
Mixed 18 4
respiratory 24
90 and B
& metabolic
| =] alkalosis . =
80 Partly compensated 5 Respiratory 7
© acidosis
70 - Metabolic acidosis 5 =
g Partly compensated
60 - . o - 7.2
Respiratory acidosis |
H+ S H
50 7.3 P
(nM!L) Compensated 4 \(Qz} |
metabolic W Compensated v4
40 acidosis C.-Q} C};&- respiratory acidosis - 7.
30 | Respiratory ™ |- 7.5
o 4
: 7o
20 acidosis = Metabolic alkalosis - 77
. o with :
Mixed S respiratory acidosis — 7.8
104 respiratory o B
and metabolic o 8.0
alkalosis = - 8.5
0
0 10 20 30 40 50 60 70 80 90 100
PCO, (torr)

Fig.9.11 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, 1998,

p 58, with permission)
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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
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 PaCO,, 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 NaHCOj; administration, diuretic therapy, and loss of gastric secretions
2. Secondary pulmonary compensation—hypoventilation
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Classification of Mechanical 1 O
Ventilation Devices

Colm P. Travers, Waldemar A. Carlo,
Namasivayam Ambalavanan,
and Robert L. Chatburn

I. Ventilators, or more precisely, the modes they deliver, 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).
Microprocessor and sensor technology has increased the quality and quantity of ventilator output
feedback available (Fig. 10.1). These advances in technology have led to several different targeting
schemes that warrant further classification (Chap. 44).

II. Breath Control Variables. A mode of ventilation can be classified as either a form of pressure
control or volume control, meaning that either pressure or volume are used as feedback control
variables by the mechanism that controls breath delivery. The theoretical foundation for identify-
ing a control variable is the equation of motion for the respiratory system. A simple version for
this purpose (representing a passive patient) is as follows:

P, =ExV(t)+RxV(t)

vent

Where P, is the pressure generated by the ventilator to drive inspiration, E=elastance (AP/AV),
V(t)=volume as a function of time (7), and V(t) is flow as a function of time. If the ventilator
controls the left hand side of the equation, i.e., the pressure waveform parameters are preset, then
the mode is pressure control. This includes modes for which the peak inspiratory pressure is pre-
set or it is automatically adjusted by the ventilator to be proportional to the patient’s inspiratory
effort. If the ventilator controls the right hand side of the equation, i.e., both tidal volume and
inspiratory flow are preset, the control variable is volume.
A. Pressure control
To deliver pressure control modes, the ventilator controls the airway pressure waveform
such that: (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
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Fig 10.1 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 phase
variables that determine
the characteristics of
each ventilator cycle
(e.g., trigger sensitivity,
inspiratory time,
baseline pressure). This
emphasizes that each
control variable may
have a different set of
control and phase
variables, depending on
the mode of ventilation
desired (Adapted 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)
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(i.e., negative pressure ventilation); or (3) inspiratory pressure is made to be proportional to
inspiratory effort, as sensed by the ventilator, as a signal generated by the diaphragm (e.g.,
flow or electrical voltage). As the equation of motion indicates, pressure is the independent
variable, while volume and flow are dependent variables, whose values are determined by
elastance (or compliance) and resistance.

B. Volume control

To deliver volume control, the ventilator regulates flow according to a preset value (in a vari-
ety of preset flow waveforms) for a preset time, yielding a preset tidal volume. As the equation
of motion indicates, flow (and volume, as it is simply the integral of flow) are the independent
variables, and thus airway pressure depends upon elastance (or compliance) and resistance.
Control of tidal volume can be useful in circumstances of rapidly changing lung mechanics.
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Observation

Inspiration is Inspiration is Inspiration is Inspiration is Inspiration is
Pressure Triggered Volume Triggered Flow Triggered Time Triggered NAVA Triggered
yes yes yes yes yes

Does inspiratory flow  no Doesinspiratory flow  pe  Doesinspiratory flow  ne Doesinspiratory flow  ne  Does inspiratory flow
—— start because a preset —3» start because a preset —3 start because a preset —3» start because a preset —3 start because a preset

pressure is detected? volume is detected? flow is detected? time isdetected? voltage isdetected?
Inspiration is Inspiration is Inspiration is
Pressure Limited Volume Limited Flow Limited
T yes T yes T yes
Does peak pressure  no Does peak volume no Does peak flow no
>  reachpresetvalue —3» reach presetvalue —3 reach preset value —3» No variables are limited
before end inspiration? before end inspiration? before end inspiration?
Inspiration is Inspiration is Inspiration is Inspiration is Inspiration is
Pressure Cycled Volume Cycled Flow Cycled Time Cycled NAVA Cycled
yes yes yes yes yes

Does expiratory flow  no  Doesexpiratory flow  ne Doesexpiratory flow ne  Does expiratory flow  no  Doesexpiratory flow
— start because a preset —3 start because a preset —3 start because a preset — start because a preset — start because a preset

pressure is detected? volume is detected? flow is detected? time isdetected? voltage isdetected?

Fig. 10.2 Criteria for determining the phase variables during a ventilator-supported breath (Adapted from Chatburn
RL. Classification of mechanical ventilator. In: Branson RD, Huess DR, Chatburn RL, editors. Respiratory care equip-
ment. Philadelphia: JB Lippincott; 1995. P. 280, with permission)

III.

C. Time control
There are modes of ventilation for which neither pressure nor flow/volume is preset. All that
is preset are the inspiratory and expiratory times. Hence, we say the control variable is time
and the mode is a form of time control (vs. volume or pressure control). High frequency oscil-
latory ventilation and intrapulmonary percussive ventilation are examples of modes classified
as time control.
Ventilator Cycle Phase Variables
The ventilatory cycle has four phases: (1) the change from expiration to inspiration (trigger); (2)
inspiratory limit; (3) the change from inspiration to expiration (cycle); and (4) expiration (base-
line pressure) (Fig. 10.2). With spontaneous breaths, the start and end of inspiration are deter-
mined by the patient independent of any ventilator settings. Spontaneous breaths may be assisted
(as in pressure support) or unassisted. With mandatory breaths, the patient does not control the
timing of the entire breath. A mandatory breath is by definition assisted.
A. Trigger
1. Inspiration begins when one or more monitored variables in the equation of motion (i.e.,
pressure, volume, flow, and time) reaches a preset threshold.
2. Trigger events may be either patient-initiated or ventilator-initiated.
3. The most common trigger variables are time (i.e., after a pre-defined 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 neonatal/infant ven-
tilators. Neurally adjusted ventilatory assist (NAVA, Chap. 50) triggers a ventilator breath
by monitoring electrical signals from the diaphragm.
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IV.

B. Limit
1. Pressure, volume, and flow increase during inspiration.
2. A limit variable restricts the inspiratory increase to a pre-set value but does not limit the
duration.
3. Many modes delivered by neonatal ventilators are pressure-limited.
C. Cycle
1. Inspiration stops (or is cycled off) when a monitored variable reaches a pre-set threshold.
2. Cycling events may be either patient-initiated or ventilator-initiated.
3. Many neonatal ventilators, including high-frequency ventilators, are time-cycled
(ventilator-initiated).
4. Changes in airway pressure, volume, flow, or electrical signals from the diaphragm may also be
used to terminate the inspiratory phase (patient-initiated).
D. Baseline
The baseline variable maintains expiratory pressure and expiratory lung volume (e.g., positive
end expiratory pressure).
Ventilatory Modes
Because neonatal ventilators now offer dozens of modes, it is necessary to have a classification system
(taxonomy, Chap. 44) to understand ventilator capabilities. Modes are classified using three basic
characteristics. First is the control variable (described above). Second is the “breath sequence” or pat-
tern of mandatory and/or spontaneous breaths. If all breaths are mandatory we say the breath sequence
is continuous mandatory ventilation (CMV). If spontaneous breaths are possible between mandatory
breaths, the sequence is intermittent mandatory ventilation (IMV). Finally, if all breaths are spontane-
ous, the sequence is continuous spontaneous ventilation (CSV) (Table 10.1). The third component of
amode classification system adds detail that allows us to distinguish among similar modes. This is the
targeting scheme (described below). Thus, to classify a mode, we specify the control variable, the
breath sequence, and the targeting scheme. For example, the most common mode use with neonates
has historically been called “time cycled, pressure limited.” Formally, this mode is classified as
pressure control intermittent mandatory ventilation with set-point targeting, appreciated as PC-IMVs.
Targeting Scheme (Fig. 10.3)
A target is a pre-determined goal of ventilator output. The targeting scheme describes the rela-
tionship between the selected ventilator settings and the ventilator output as detected by feedback
control systems. Targets can be set between-breaths or within-breaths. Within each ventilatory
mode there are also several targeting schemes that can be distinguished, although some ventila-
tors use more than one targeting scheme. The currently available targeting schemes and their
abbreviations (in parentheses) are as follows:
A. Set-point (s)
Operator sets all the parameters of the pressure wave form or volume and flow waveforms.
B. Dual (d)
Switches between volume control and pressure control during a single inspiration.
C. Servo (1)
Ventilator output (pressure or volume) automatically follows a varying input (inspiratory
effort).
D. Adaptive (a)
Ventilator automatically sets one target (pressure) in order to achieve another monitored target
(volume).
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Intelligent
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Fig. 10.3 Venn diagram illustrating how the mode taxonomy can be viewed in terms of discriminating features and
defining features (From Chatburn RL, El-Khatib M, Mireles-Cabodevila E. A taxonomy for mechanical ventilation: 10
fundamental maxims. Respiratory Care. 2014;59(11):1747-63, with permission from the American Academy of
Respiratory Care). CMV conventional mandatory ventilation, /MV intermittent mandatory ventilation, CSV continuous
spontaneous ventilation, VC volume control, PC pressure control, P,,CO, end-tidal partial pressure of carbon dioxide, a
adaptive targeting, s set-point targeting

E. Bio-variable (b)
Ventilator randomly selects inspiratory pressure or volume to mimic the variability of normal
breathing.

F. Optimal (o)
Ventilator automatically adjusts the targets of the ventilatory pattern to either minimize or
maximize a monitored target (e.g., work of breathing).

G. Intelligent (i)
Ventilator automatically adjusts the targets of the ventilatory pattern using artificial intelli-
gence programs.
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Ventilator Parameters 1 1

Colm P. Travers, Waldemar A. Carlo,
Namasivayam Ambalavanan,
and Robert L. Chatburn

I. Peak Inspiratory Pressure (PIP)
A. Physiologic effects

1. PIP (peak inspiratory pressure relative to atmospheric pressure) in part determines the
pressure gradient between the onset and end of inspiration (AP =PIP—-PEEP), and thus
affects the tidal volume and minute ventilation.

2. During volume-targeted 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. An increase in PIP will increase tidal volume, and thus 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 ventilator-induced lung injury, from barotrauma/
volutrauma, and thereby increase the risk of pulmonary air leaks and bronchopulmonary
dysplasia.

2. There is evidence that ventilator-induced lung injury is primarily caused by excessive
tidal volume delivery (volutrauma) and lung overdistention rather than high peak pres-
sures in the absence of excessive tidal volumes (barotrauma).

3. It is important to adjust PIP based on lung compliance and ventilate with relatively small
tidal volumes (e.g., 3-5 mL/kg). Adjustment of PIP is particularly important in the setting
of rapidly changing lung compliance (e.g., post-surfactant treatment).
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II. Positive End Expiratory Pressure (PEEP)

A. Physiologic effects
1. PEEP in part determines lung volume during the expiratory phase, improves V/Q mismatch,

and prevents alveolar collapse.

2. PEEP contributes to the pressure gradient between the onset and end of inspiration
(AP =PIP-PEEP), and thus affects the tidal volume and minute ventilation.

3. At least a minimum “physiologic” PEEP of 2-3 cm H,O should be used in most intu-
bated newborns to improve lung compliance and reduce the risk of atelectrauma from
ventilation below the opening pressure of the terminal airways.

B. Gas exchange effects
1. An increase in PEEP increases expiratory lung volume (functional residual capacity)

during the expiratory phase, and thus improves V/Q matching and oxygenation in patients
whose disease state reduces expiratory lung volume.

2. An increase in PEEP will increase mean airway pressure, and thus improve oxygenation in
patients with respiratory distress syndrome (RDS).

3. The lowest pulmonary vascular resistance as well as the best lung compliance is found
when the lung is neither underinflated nor overinflated. Adequate PEEP improves lung com-
pliance and may allow the use of lower peak pressures to achieve the same tidal volume.
Adequate PEEP also maximizes oxygenation for a given mean airway pressure.

C. Side effects
1. An elevated PEEP may overdistend the lungs and lead to decreased lung compliance,

decreased tidal volume for a given AP, and impaired CO, elimination.

2. A very high PEEP may increase pulmonary vascular resistance and decrease cardiac
output and oxygen transport.

III. Frequency (or rate)

A. Physiologic effects

1. The ventilator frequency (or rate) in part determines minute ventilation (MV =fx V),
and thus CO, elimination. Ventilation at high rates (>60/min) frequently facilitates syn-
chronization of the ventilator with spontaneous breaths.

2. Spontaneous breathing rates are inversely related to gestational age and weight and the
time constant of the respiratory system. Thus, infants with smaller and less compliant
lungs (RDS) tend to breathe faster based on the principle of minimal work. When the
spontaneous respiratory rate is low, excessive work has to be generated by the respiratory
muscles to overcome lung and chest wall elastic forces to achieve larger tidal volumes.
Therefore, more metabolically efficient alveolar ventilation can be achieved by the
brain’s respiratory center increasing the respiratory rate rather than increasing the tidal
volume.

B. Gas exchange effects. Very high frequencies as used in mid-frequency ventilation and high-
frequency ventilation permit adequate minute ventilation while using lower peak inspira-
tory pressures and tidal volumes.

C. Side effects. Use of very high ventilator frequencies may lead to insufficient inspiratory
time and decreased tidal volume or insufficient expiratory time and gas trapping, which can
negatively affect ventilation by decreasing lung compliance especially in infants with long
time constants (established bronchopulmonary dysplasia, BPD). Gas trapping also decreases
the pressure gradient between the airway opening and the lungs during pressure control
ventilation, thus decreasing Vr.

IV. Inspiratory Time (7}), Expiratory Time (7%), and Inspiratory to Expiratory Ratio (/:E Ratio)

A. Physiologic effects
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1. The effects of the 77 and T, are strongly influenced by the relationship of those times to the
inspiratory and expiratory time constants.
2. A T as long as 3-5 time constants allows relatively complete inspiration.
3. Ty0of 0.2-0.5 s is usually adequate for newborns with RDS.
4. Infants with a long time constant (e.g., BPD) may benefit from a longer 7} (up to
approximately 0.6-0.8 s).
B. Gas exchange effects
1. Changes in Ty, Tg, and [:E ratio generally have modest effects on gas exchange.
2. A sufficient T is necessary for adequate tidal volume delivery and CO, elimination.
3. Use of relatively long 7 or high [:E ratio may improve oxygenation slightly.
C. Side effects
1. Use of a longer 7; (>0.5 s) generally does not improve ventilation or gas exchange and
may lead to ventilator asynchrony and an increased risk of pulmonary air leak.
2. A very short T; will lead to incomplete inspiration and decreased tidal volume.
3. A very short Tg or high I:E ratio can lead to incomplete expiration and increase gas trap-
ping which can decrease lung compliance, decrease Vr, and impair cardiac output.

Inspired Oxygen Concentration (FiO,)

A. Physiologic effects

1. Changes in FiO, alter alveolar oxygen pressure, and thus oxygenation.

2. Because both FiO, and mean airway pressure determine oxygenation, the most effec-
tive and less adverse approach should be used to optimize FiO,.

3. When FiO, is above 0.6-0.7, increases in mean airway pressure are generally
warranted.

4. When FiO, is below 0.3-0.4, decreases in mean airway pressure are generally
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.

Flow

1. Inspiratory flow is directly set during volume control modes. The higher the flow for a given
V', the shorter the 7.

2. Inspiratory flow is indirectly set during pressure control modes and is a function of the set
AP and the pressure rise time, for a given value of respiratory system time constant. Peak
inspiratory flow decreases as respiratory system resistance increases or the pressure rise time
increases.

3. Historically, infant ventilators were designed to deliver pressure limited breaths by diverting a
pre-set constant flow through a pressure pop-off valve. This is referred to as the “time cycled,
pressure limited” mode. At least one modern ventilator (AVEA, CareFusion) still offers this
modality. In this scenario, changes in the pre-set constant circuit flow rate affect the airway
pressure rise time during inspiration (i.e., the higher the set flow, the faster the pressure rise and
the higher the peak inspiratory flow). This phenomenon has not been well studied in infants,
but it probably affects arterial blood gases minimally as long as a sufficient flow is used.

4. Inadequate flow (i.e., long pressure rise time and low peak inspiratory flow) may contribute
to air hunger, asynchrony, and increased work of breathing if effective opening pressure is
not reached within an appropriate time.

5. Higher flow rates and steeper inspiratory pressure slopes (short pressure rise times) may be
needed at high ventilator rates with short 77 to maintain adequate flow for complete
inspiration.
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6. Excessive flow may contribute to turbulence, inefficient gas exchange, and inadvertent
PEEP.
VII. In summary, depending on the desired change in blood gases, the following ventilator parameter
changes can be performed (Table 11.1).
VIII. Suggested Management Algorithm for RDS (Fig. 11.1) Table 11.2 lists abbreviations and sym-
bols seen in the figure.

Table 11.1 Desired blood

Land d Desired goal PIP PEEP Frequency LE ratio Flow

gas goal and corresponding .

ventilator parameter Decrease PaCO, 1 ! 1 &l

changes Increase PaCO, l 1 l - +1
Decrease PaO, l l - l =7
Increase PaO, 1 1 - 1 +1

OLCETD>

Hi 0, Yes
normal
Low

Fig.11.1 Flowchart illustrating simplified version of ventilator algorithm. Symbols: I, calls for decisions; O, type and direc-
tion of ventilator setting changes. Abbreviations: CO, arterial carbon dioxide tension (mmHg), O, arterial oxygen tension
(mmHg), 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 fre-
quency (breaths per minute), 7; inspiratory time (s), 7 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 decision symbol is at low side of normal



11 Ventilator Parameters 107

Table 11.2 Abbreviations and symbols used in the flowchart in figure

CO, Arterial carbon dioxide tension (mmHg)

0O, Arterial oxygen tension (mmHg)

F0, Fraction of inspired oxygen

PIP Peak inspiratory pressure (cm H,0)

Paw Mean airway pressure (cm H,O)

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

CPAP Continuous positive airway pressure without mechanical ventilation (cm H,O)

LE 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 /:E to maintain the same 77, so that tidal volume remains constant

T, Inspiratory time (s)

Tk 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

1 Increase

l 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 [Eds.]: Neonatal
Respiratory Care, 2nd edition. Chicago, Year Book Medical Publishers, 1988 p. 339, with permission.)
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Respiratory Gas Conditioning 1 2
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. Impaired mucociliary clearance with subsequent retention of inspissated secretions,
inhaled particles, and microorganisms. Associated risks are airway clogging, atelectasis,
and air leak syndromes.

2. Inflammatory and necrotic injury to the bronchial epithelium

3. Heat loss

B. Humidifier malfunction may also impose risks.

1. Flushing of contaminated condensate into the airways with subsequent pneumonia

2. Thermal injury to airways

3. Over-hydration

4. Airway occlusion (“Artificial noses,” also called Heat and Moisture Exchangers)

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 muco-
ciliary clearance function.

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
mucous 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 dehydrate 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.
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B. The respiratory tract functions as a counter current heat and moisture exchanger.

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 ambi-
ent 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
capacity of the airway lining to humidify cold and dry gas becomes overcharged. This
capacity is likely different in health than in disease.

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 temperature below core
body temperature and to less than full saturation.

. Damage to the airway epithelial cells and their luminal coverage deprives the system of its

function as a heat and moisture exchanger. Loss of this function may in turn induce struc-
tural 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.

4.

Nebulized water (aerosol) is a dispersion of droplets of water in air. They are visible
because they scatter light (clouds) and may carry infectious 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.

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 % relative 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.

. 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.
There is a fixed relationship between AH, RH, and temperature (Fig. 12.1).

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 temperature 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.

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, and thus vaporization of water from the airway lining
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Fig.12.1 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 %

fluid for humidification 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 cyl-
inders 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.

2.

The respiratory gas is warmed inside the humidification chamber to a set target tempera-
ture, 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 opera-
tion 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. 12.2).

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 under-humidification of the respiratory gas. This may occur if the maximum heating
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Incubator

+=5 L/min

(O
5 L/min— \

@ = temperature probes

Maximum water consumption

5 L/min x 44 mg H,0/L

=220 mg/min = 13.2 mg/h
=13.2 mL/h

Fig.12.2 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

capacity of the heated circuit wire cannot meet requirements under specific conditions
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).

Rainout should also be avoided for other reasons: condensate is easily contaminated,
may be flushed down the endotracheal tube with risks of airway obstruction and noso-
comial pneumonia, and may disturb the function of the ventilator (particularly auto-
cycling in patient-triggered ventilators). Binding the inspiratory and expiratory limbs
of the tubing closely may obviate the problem.

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 tem-
perature at the wye adapter by controlling the heated-wire power output.

a.

If the temperature probe is in the presence of a heated field (incubator or radiant
warmer), it may register a temperature higher than the actual respiratory gas tempera-
ture as a result of radiation or convection 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.

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

. 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.

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.

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
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over a range of incubator temperatures above and below the target respiratory gas tem-
perature, 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: Heat and moisture exchangers (HMESs) 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. Some HME:s are additionally coated with bacteriostatic substances and equipped with
bacterial or viral filters.

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

. Application

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

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

¢. HMEs/HCHs must not be used in conjunction with heated humidifiers, nebulizers, or
metered dose inhalers. This may cause a hazardous 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

Low expense

o a0 o

. Potential risks and drawbacks of HMEs/HCHs

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

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

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

. Measures of effectiveness of HMEs/HCHs

a. Performance is not reliably reflected by indirect clinical measures, such as the occur-
rence of nosocomial pneumonia, number of endotracheal tube occlusions, or frequency
of suctioning.

b. Visual evaluation of the amount of moisture in the adapter segment between the endotra-
cheal 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 over-humidification.

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
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through evaporation and exhalation. They will therefore become a water burden to the

mucosa.

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

b. 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.

c. Furthermore, if the aerosol deposition rate exceeds absorption capacity, this may lead to
increased airway resistance and possibly narrowing or occlusion of small airways.

d. Severe systemic over-hydration 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 saturation boundary, the
particulate water can theoretically contribute to the gas conditioning process by evapora-
tion 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. It is a common clinical practice to instill small amounts (0.1-0.5 mL/kg) of water, normal
saline solution, or diluted sodium bicarbonate periodically 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.

V. Inspiratory Gas Conditioning and the Nosocomial Infection Risk

A. There is no evidence that appropriate warming and humidifying of respiratory 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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Cardiorespiratory Examination 1 3

Avroy A. Fanaroff and Jonathan M. Fanaroff

I. Normal Physical Findings
A. Respiratory rate 40—60/min
1.
2.

o v w

B. P

u

Irregular with pauses <5 s in rapid eye movement (REM) sleep

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

Ise 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 coarctation of the
aorta. In any infant with suspected heart disease, blood pressure should be mea-
sured 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

3. Interpreting the heart rate is best done in conjunction with the respiratory 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 dis-
tress, anemia, hypovolemia, fever, infection, pain, fluid overload, or arrhythmias

c. Slowing of the heart is seen with hypoxia, hypothermia, seizures, heart block, and
(rarely) increased intracranial pressure.
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d. Monitor artifacts may also produce bradycardia. The clinical diagnosis of neonatal
sepsis is preceded by abnormal heart rate characteristics of transient decelerations
and reduced variability. (HERO system)

C. First and second heart sounds are often single; S, splits by 48 h in 75 % of infants.
D. Murmurs are 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. Observation
2. Palpation
3. Percussion
4. Auscultation. Murmurs are common in healthy newborns. Their source may be pulmo-
nary branch stenosis, patent ductus arteriosus, tricuspid regurgitation, or other con-
genital cardiac lesions.
B. In the newborn, careful visual as well as auditory observation is important.
C. Cardinal signs of respiratory distress

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 (SpO, <90 %).

c. The commonest causes of cyanosis are heart disease, pulmonary disease, and
methemoglobinemia. The underlying cause of cyanosis must be determined. If
cyanosis is relieved by oxygen administration, the most likely cause is pulmonary
disease.

III. Observation

A. Respiratory Rate

1. Rates >60 breaths/min are abnormal.

2. 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.

3. Slow irregular rates <30 breaths/min with or without gasping are ominous as are apneic
periods in term infants.

4. Remember that tachypnea is a very nonspecific finding and can be caused by:
a. Pulmonary disease

Cardiac disease

Sepsis

Anemia

Metabolic acidemia of any cause

Fever

CNS pathology

h. Stress (e.g., after feeding or crying)

IV. Dyspnea

A. Distortion of the chest by the powerful attempts of the muscles of respiration to expand
noncompliant lungs is one of the most significant findings in parenchymal lung disease.

B. With anemia, acidemia, cyanotic heart disease, or fever, there is often tachypnea without
dyspnea (“comfortable tachypnea”).
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C. Preterm babies (<1.5 kg) in non-REM sleep when muscle tone is low often show mild
intercostal and subcostal retractions.

D. Other features of dyspnea include:
1. Flaring of the alae nasi. By enlarging the nostrils there is a reduction in nasal resis-

tance enhancing air flow.

2. “See-saw” respiration; abdominal expansion (from diaphragmatic contraction) at the

same time as sternal retractions.

Intercostal and subcostal retractions

4. 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 in order to ventilate poorly compliant lungs.

hed

V. Interaction with Positive Pressure Ventilation

VL

VIIL

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 respira-
tory effort has been shown to decrease time on the ventilator and assists weaning.

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 ventila-
tor? It if is not, it may suggest a blocked or dislodged endotracheal tube. Always consider
a pneumothorax in an infant whose condition 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:

1. Color (pallor, cyanosis, plethora)

Level of activity and overall tone

Cry

Eye opening

Posture

Edema

Perfusion

. Dysmorphic features

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. Hypercapnia

b. Nonspecific severe illness with shock (e.g., extensive hemorrhage)

% N oL R W
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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 non-white
races (even in mucosa)

. Cyanosis results from >5.0 g/dL desaturated hemoglobin.

a. Seen in normally oxygenated polycythemic babies
b. Difficult to detect in very anemic babies

. 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 (Chaps. 18 and 19):

1.

3.
4,

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 612 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 methemoglobinemia—
baby is blue but saturation is high.

VIII. Clubbing (rarely seen in newborns)

IX. Venous Pressure

A. Observe venous pulsation in the neck for evidence of congestive heart failure.

B. Prominent pulsation in the neck may be observed with Vein of Galen arteriovenous
malformation.

C. Auscultation of the head will reveal a bruit.

X. Other Systems

A. Abdomen

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; liver is normally

1-2 cm below the costal margin

Liver may be displaced caudally by hyperinflated chest or tension pneumothorax.

Enlarged spleen, kidneys, or other abdominal mass

Retention of urine secondary to drugs, CNS disease

Tense distended abdomen, which transilluminates with perforated viscus and free

air in abdomen (Fig. 13.1)

Scaphoid abdomen strongly suggests congenital diaphragmatic hernia

-0 0

B. Central Nervous System

1.

Seizures

2. Tense fontanelle when the newborn is not crying suggests increased intracranial

3.
4.
XI. Auditory Observations

pressure.
Abnormal tone
Abnormal level of consciousness (e.g., irritability, lethargy, coma)

A. Listen to the baby. If he/she is crying vigorously, he/she is unlikely to be seriously ill.
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Fig.13.1
Pneumoperitoneum—
ruptured viscus.
Extensive free air under
diaphragm with liver
surrounded by large
collection of air

B. Three important auditory clues:

1. Grunting—a pathognomonic feature of neonatal lung disease—expiration against a
partially closed glottis traps alveolar air and maintains functional residual capacity
(FRC).

2. Stridor, usually inspiratory
a. Upper airway problems (e.g., laryngomalacia is the commonest)

b. Glottic and subglottic injury or post-intubation edema

c. Local trauma following over-vigorous laryngeal instrumentation
d. Congenital subglottic stenosis

e. Vascular rings, hemangiomas, hamartomas (rare)

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 chest radiograph; if present, tube will end in esopha-
geal 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)
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Subcutaneous emphysema following air leaks creates crepitus
4. Pulses
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 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

XIV.

XV.

A. Increased resonance may be seen with a pneumothorax and occasionally with severe pul-
monary interstitial emphysema (PIE).

B. Decreased resonance accompanies pleural effusions.

C. Decreased resonance with marked collapse/consolidation
1. Pneumonia
2. Endotracheal tube in one bronchus

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 difficult. The trick is to hold the pre-
warmed stethoscope in the same place and after 10—15 s the baby habituates to the stimu-
lus and lies still.

C. Breath sounds are widely conducted through the upper torso of the newborn, 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:

1. Failing to realize during mechanical ventilation that air is going in and out of the stom-
ach 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 expi-
ratory phase, which is physiologically longer, 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.

Pneumonia

Air leak

Pleural effusion

Misplaced endotracheal tube/spontaneous extubation
Unilateral pulmonary atresia (rare)
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XVI. Other Sounds
A. There should be no rales or crepitations (discontinuous sounds) and no rhonchi (continuous

XVIL

D.

E.

sounds). The other common sound heard on auscultating the chest of a preterm baby is con-
densed water bubbling in the ventilator 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.

Crepitations occur in:

Pneumonia

Aspiration

Heart failure (PDA and other)

Massive pulmonary hemorrhage

Bronchopulmonary dysplasia (BPD)

. Meconium aspiration (stickier and louder)

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 evalu-
ation, initially by radiography.

Bowel sounds in the chest are a specific finding of congenital diaphragmatic hernia.

S e

Cardiac Auscultation

A.

Heart sounds —the ready availability of echocardiography has blunted the need for sophis-

ticated 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 24—48 h; 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)

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 lethal heart disease.
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XVIII. Transillumination (Chap. 24)

XIX.

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 fiber-optic source), the room around the baby needs to be
very dark, time for adaptation to the dark, and some experience is required to differentiate
the normal 0.5-0.1 cm halo of light around the probe from increased transillumination
from a small collection of air. In cases where the whole hemithorax lights up, the diagno-
sis 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.

Blood Pressure (Chap. 56)

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 over-estimate the true blood pressure,

and if there is any doubt about systolic pressure accuracy, 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
are less reliable data for extremely low birth weight infants (Fig. 13.2). BP may cor-
relate poorly with systemic blood flow and circulating volume. Cerebral blood flow is
critical.

2. Heart rate. Tachycardia from hypovolemia is common, and bradycardia is a late sign of
shock.

3. Temperature difference (between abdomen and toes) >2 °C may suggest shock. Also

caused by a cold environment and infection without shock.

. Capillary refill time >3 s is abnormal.

. Acid-base status (increased lactate with circulatory insufficiency)

. Echocardiographic evaluation of cardiac function

. Urine output (after the first 24 h.)
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Fig.13.2 Linear a
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
intensive care units. A
prospective multicenter
study. J Perinatol 1995;
15:470-479. Copyright,
the Nature Publishing 1071
Group, reprinted with
permission.)
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Gary M. Weiner

I. Anticipating resuscitation. Most newborns make the fetal-to-neonatal transition without inter-
vention. When any risk factor from a candidate list of potential moderate and high risk factors
was present, 20 % of newborns required positive-pressure ventilation (PPV) to aerate their
lungs. Given the large number of births each year, this represents a relatively frequent emer-
gency. With appropriate attention to identifiable risk factors, most neonatal resuscitations can
be anticipated before birth, however; even in the complete absence of risk factors a small pro-
portion (0.2-7 %) will require PPV. Achieving the best outcome requires an organized and
efficient response from a highly reliable team. Because the need for resuscitation cannot always
be predicted, every birth should be attended by at least one qualified individual with neonatal
resuscitation skills, including basic airway management and positive-pressure ventilation,
whose only responsibility is providing care for the newly born infant. If risk factors are identi-
fied, additional personnel should be present at the time of birth. A team with advanced airway
and vascular access skills should be identified and immediately available for resuscitation. Risk
factors include:

Preterm delivery

Category 2 or 3 fetal heart rate pattern

Chorioamnionitis

Maternal hypertension

Vaginal breech delivery

Obstetrical emergencies (shoulder dystocia, cord prolapse)

Maternal opiate administration in labor

Meconium-stained amniotic fluid

Oligohydramnios

. Fetal anomalies

II. Normal postnatal transition.

A. The first breath generates a large negative pressure that inflates the lungs and clears liquid.
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III.

IV.

B. Subsequent short, deep inspirations followed by exhalation against a closed or partially
closed glottis results in a larger volume of air inspired than expired and rapidly establishes
functional residual capacity (FRC).

C. Carbon dioxide is exhaled.

D. Pulmonary vascular resistance decreases allowing pulmonary blood flow to increase.
Pulmonary venous return fills the left atrium and ventricle.

E. Flow through the ductus arteriosus changes from right-to-left to left-to-right.

Neonatal resuscitation equipment

Preheated radiant warmer and warm towels/blankets in a warm, well lit area

Stethoscope

Bulb syringe

Positive-pressure ventilation device (self-inflating bag, flow-inflating bag, or T-piece resuscita-

tor). All devices should be equipped with manometers and suitable pressure regulators. If

using a flow-inflating bag or T-piece, a self-inflating bag must be available as a back-up if gas
pressure is lost.

Compressed gas source (air and oxygen) with adjustable flowmeter and blender

Face masks for term and preterm newborns

Orogastric feeding tube (8 F) and syringe

Pulse oximeter with neonatal sensor

Electronic cardiac (ECG) monitor and leads (chest or limb)

Laryngoscopes (blade size-0 and size-1, size-00 optional) with backup bulbs and batteries

Endotracheal tubes (sizes 2.5, 3.0, 3.5) and (optional) stylet

Suction device with a range of catheter sizes (10-12 F)

Colorimetric carbon dioxide detector or capnometer

Measuring tape

Waterproof tape and scissors or endotracheal tube securing device

Emergency umbilical venous catheter supplies

Epinephrine (1:10,000) and normal saline

Personal protective supplies (gloves, gowns, masks)

Special equipment for premature births

1. Polyethylene plastic bag/wrap, hat, and thermal mattress

2. Servo-controlled temperature sensor

3. Pre-warmed transport incubator

4. Surfactant

T. Special equipment for difficult airways and emergency vascular access

1. Laryngeal mask or other supraglottic device
2. Oral (Guedel) airway
3. Intraosseous needle

Preparation

A. Complete a pre-resuscitation briefing (“time-out”).
1. Review the pregnancy/labor history and evaluate risk factors.
2. Establish the plan for timing of umbilical cord clamping with the obstetric provider.
3. Assign roles and responsibilities.

B. Check equipment and supplies using a standardized checklist.

Initial Steps (Fig. 14.1)

A. Rapidly evaluate gestational age, tone, and respiratory effort.

1. If no contraindication, delay cord clamping for 30-60 s.
2. Vigorous term newborns should be placed skin-to-skin on mother’s chest or abdomen to
monitor transition.
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Neonatal Resuscitation Algorithm—2015 Update

1 min

2 min

3 min

4 min
5 min
10 min

60%-65%
65%-70%
70%-75%
75%-80%
80%-85%
85%-95%

Targeted Preductal Spo,
After Birth
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Fig.14.1 Neonatal resuscitation algorithm. Wyckoff MH et al. Circulation. 2015;132:S543-S560
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Fig.14.2 Sniffing

position

VL

3. Preterm and non-vigorous newborns should be carried to a radiant warmerbed.

Remove wet towels and dry with warm towels/blanket.

Establish an open airway. Position the neck neutral or slightly extended in the “sniffing the
morning air” position (Fig. 14.2).

Gently suction the mouth and nose with a bulb syringe if meconium stained fluid is present,
the baby is not breathing, or the baby is having difficulty breathing. Routine suctioning and
aggressive pharyngeal suctioning are not recommended.

. Rub the back or extremities, as necessary, to stimulate breathing.

Evaluate response to the initial steps. Is the newborn breathing or crying? Is the heart rate

(HR) at least 100 bpm?

1. If the baby is not breathing or the HR is <100 bpm by 1 min of age, proceed to positive-
pressure ventilation

2. If the baby is breathing and the HR is at least 100 bpm, but central cyanosis persists, use
pre-ductal pulse oximetry (right hand) to assess the need for supplemental oxygen.

3. Heart rate is most accurately assessed by auscultation at the cardiac apex or by using an
ECG monitor. Palpation of the umbilical pulse is unreliable and often inaccurate.

Positive-pressure ventilation.

Most newborns requiring resuscitation will improve when their lungs are effectively aerated
and ventilated.

A. Place the baby supine. Consider placing a small, rolled towel or blanket under the baby’s shoul-

B.

ders to prevent the prominent occiput from flexing the neck.

Standing at the head of the bed, hold the baby’s head and neck in the sniffing position, and

apply an appropriate size mask to the baby’s face. The mask should not cover the eyes or

extend beyond the chin. Use a one-hand (Fig. 14.3) or two-hand hold to ensure an airtight seal.

Begin PPV.

1. Inflate the lungs with 20-25 cm H,O pressure. The first breaths may require higher pres-
sure (30—40 cm H,0). PEEP (5 cm H,0) helps to establish and maintain FRC.

2. The ventilation rate is 40—60 breaths per minute.

3. Initiate ventilation with 21 % oxygen (room air) for term babies and 21-30 % oxygen for
babies less than 35 weeks’ gestation.

4. Use pre-ductal pulse oximetry (right hand) during PPV to evaluate oxygenation and
adjust the oxygen concentration (F,0,). Use a target oxygen saturation table to guide
supplemental oxygen.
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Fig. 14.3 Face-mask with
one-hand hold and CO,

detector

D. The baby’s HR should promptly increase with PPV.

VIL

1.

2.

As soon as PPV is started, an assistant should monitor the HR response. Consider using an
ECG monitor for accurate assessment of HR during PPV.

If HR rapidly improves, continue PPV until the HR is at least 100 bpm and the baby is
breathing effectively.

If the HR does not increase within approximately 15 s, it is likely because effective
ventilation has not been achieved. Ensure there is chest movement with PPV. If chest
movement is absent or inconsistent, sequentially perform corrective steps until there is
consistent chest movement.

Corrective steps include repositioning the mask and neck, suctioning the airway, opening
the mouth, and increasing the ventilating pressure. Consider placing a carbon dioxide (CO,)
detector between the PPV device and ventilation mask to monitor exhaled CO, as an addi-
tional indicator of effective ventilation.

If the baby’s HR is not improving and chest movement cannot be achieved with face-mask
ventilation, insert an alternative airway (tracheal tube or laryngeal mask).

If tracheal intubation is performed, select the correct tube size, confirm intubation with
capnography, estimate the insertion depth using the nasal-tragus length (NTL), and confirm
equal breath sounds with ventilation. The location of the vocal cord guide on the tracheal
tube varies by manufacturer and is not a reliable indicator of correct insertion depth.

If the HR remains <60 bpm after 30 s of effective ventilation through a properly placed
endotracheal tube or laryngeal mask, increase the F,O, to 100% and proceed to chest
compressions

Chest compressions. Few newborns (approximately 1 in 1000) require chest compressions. The
vast majority of babies requiring resuscitation will improve with effective ventilation alone.

A.

Chest compressions should be performed if the HR remains <60 bpm despite at least 30 s of

ventilation that effectively aerates the lungs as indicated by consistent chest movement.

1. Chest compressions should not be started until effective ventilation has been
established.

2. In most cases, a baby that requires compressions should be intubated.

Encircle the chest with both hands, at the level of the lower third of the sternum, and com-

press the middle of the sternum with the thumbs (Fig. 14.4).

1. Compress the chest by one third of the anteroposterior diameter.

2. Compress at a rate of 90 compressions per minute.
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Fig.14.4 Hand
placement for chest
compressions. Hands
encircle the chest with two
thumbs placed on the
sternum

Fig.14.5 Chest
compressions from the
head of the bed

3. PPV must continue during compressions. At present, synchronous chest compressions
and ventilations are recommended. Give one lung inflation after every third compression
(a ratio of 3:1) resulting in 90 compressions and 30 ventilations per minute.

4. Once the alternative airway is secured, the compressor should stand at the head of the
bed with the ventilator at the side (Fig. 14.5). This improves ergonomics and allows
space for another provider to obtain emergency vascular access.

C. Check the HR response after 60 s of compressions using an ECG monitor to improve accu-
racy and limit the “thumbs-off-chest” time.

1. When compressions are stopped for a pulse check, the perfusion pressure within the
coronary arteries decreases and may delay the return of circulation.

2. If the baby’s HR remains less than 60 bpm despite compressions and effective ventila-
tion, proceed to emergency medications.

VIII. Drugs. If chest compressions are required, it indicates that the myocardium is severely depressed
and will likely require epinephrine, and possibly volume expansion, to achieve a sufficient coro-
nary artery perfusion pressure to restore effective circulation. Once compressions start, another
provider should rapidly secure central venous access with an umbilical venous catheter (UVC)
or intraosseous needle (ION).
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A. Epinephrine (adrenaline)

1.

noA e

Indication: HR <60 bpm despite 60 s of compressions and effective ventilation (prefer-
ably by endotracheal tube)

Preparation: 1:10,000 (0.1 mg/mL)

Route: UVC or ION, rapidly infused

Dose: 0.1-0.3 mL/kg, repeated every 3—5 min, if needed

Endotracheal absorption is less reliable and likely to be less effective. If the endotracheal
route is used, while vascular access is being obtained, a higher dose (epinephrine 1:10,000;
0.3-0.5 mL/kg) is recommended. This larger dose should not be administered
intravenously. Repeated endotracheal administration is not recommended.

B. Volume expansion. Routine volume expansion during and after resuscitation is not
recommended.

1.

2.
3.
4.

Indication: Insufficient response to the previous steps of resuscitation with signs of shock
or a history of acute blood loss

Preparation: Normal saline (0.9 % NaCl) or type-O, Rh-negative blood

Route: UVC or ION

Dose: 10 mL/kg

IX. Failure to Respond to Resuscitation.
A. If the baby does not respond to resuscitation measures, examine the baby, ensure effective
ventilation and chest compressions, intubate if not already done, consider obtaining a chest
X-ray, and evaluate each of the following:

1
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. Is the endotracheal tube in the esophagus?

. Is there a leak in the ventilation system or has it become disconnected?

. Is the airway obstructed?

. Is there a tension pneumothorax?

. Is there a pleural or pericardial effusion?

. Is there evidence of pulmonary hypoplasia, a congenital diaphragmatic hernia, a pulmo-
nary embolism, or septic/hemorrhagic shock?

B. Discontinuing resuscitation.

1

2

. Absent heart rate (asystole): The decision to stop should be individualized, and variables
to consider include uncertainty about the duration of asystole, whether the resuscitation
interventions were optimal, the baby’s gestational age, the etiology and timing of the
perinatal events leading to cardiorespiratory arrest, the availability of advanced therapies
(therapeutic hypothermia), and the family’s desires and values. Although previous case
series have indicated that confirmed absence of a HR after 10 min is a strong predictor
of mortality or serious morbidity in late preterm and term newborns, recent reports from
therapeutic hypothermia trials suggest that outcomes may not be as poor as previously
reported. Given the limitations of the current evidence and the difficulty of assessing
key variables during the time pressure of a complex resuscitation, in most circum-
stances it seems reasonable to continue resuscitative efforts for up to 20 min as more
information is obtained.

. Prolonged bradycardia (HR <60 bpm) without improvement: Assuming that prolonged
bradycardia reflects cardiorespiratory compromise (not congenital heart block) and
resuscitative efforts have been optimized, there is currently insufficient evidence to
make a specific recommendation when to discontinue resuscitative efforts.

X. Special considerations

A P
1

rematurity
. Careful attention to thermal management is particularly important and multiple methods
may be required to avoid hypothermia. For preterm newborns <32 weeks’ gestation,
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increase the room temperature to 23-25 °C (74-77 °F); use a polyethylene plastic bag to
wrap the newborn, without drying, from feet to neck; place a cap on the head; use an exo-
thermic (warming) mattress; use a servo-controlled radiant warmer. The goal is to maintain
an axillary temperature 36.5-37.5 °C.
2. PPV devices capable of providing PEEP or continuous positive airway pressure (CPAP)
are preferred (T-piece or flow-inflating bag).
3. Resuscitation of newborns <35 weeks’ gestation begins with 21-30 % oxygen.
4. Decisions regarding resuscitation at the edge of viability should involve shared decision-
making with the parents and medical providers using all available prognostic informa-
tion (Chap. 91).
B. Congenital diaphragmatic hernia
1. Avoid prolonged face-mask ventilation.
2. Promptly intubate the trachea and place a large double-lumen orogastric sump tube
(Replogle) to prevent gaseous distention of herniated bowel.
XI. Controversies in resuscitation
A. The role of delayed cord clamping or cord milking for babies requiring resuscitation
B. The role of tracheal suction among non-vigorous newborns with meconium stained amni-
otic fluid
The optimum pressure and inspiratory time for initial inflating breaths with PPV
The optimal saturation targets and F,O, for PPV in preterm newborns
Tools and educational methods to improve intubation success
Synchronous (coordinated) or asynchronous ventilations during chest compressions
The role of pulmonary function monitoring during neonatal resuscitation
When to discontinue resuscitation with unresponsive asystole and bradycardia
Educational methods to address skill decay among resuscitation providers
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Laryngoscopy and Endotracheal 1 5
Intubation

Steven M. Donn

I. Indications for Intubation

Need for prolonged positive pressure ventilation for respiratory failure

Inability to provide effective bag and mask ventilation

Administration of surfactant

Apnea, either central or obstructive

Airway maintenance

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.

II. Endotracheal Tube Diameter

A. Size of tube (internal diameter, mm):

monw>

Up to 1000 g 2.5
1001-2000 g 3.0
2001-3000 g 35
>3000 g 3.5-4.0

B. Depth of insertion may be estimated by measuring the distance from the nose to the tragus
(X), in cm.
1. Orotracheal route: Depth=0.91 X+1.8 cm
2. Nasotracheal route: Depth=1.1 X+1.3 cm
III. Use of Pre-medication
A. Anesthesia or analgesia should be provided except in emergency situations.
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B. Can help attenuate the adverse physiologic effects of intubation. When practical, pre-
medication 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. Pre-medication regimens (see Chaps. 59 and 62)

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 an experienced neonatologist 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 bradycar-

dia 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 non-depolarizing muscle relaxants.
IV. Laryngoscopy and Oral Intubation (Fig. 15.1)
A. Place all the equipment you need close by and prepare a means of securing the tracheal tube
once it is in place.
B. Position the baby on a firm flat surface. Place a small roll or blanket under the baby’s shoul-
ders 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.

Vallecula
Epiglottis
Vocal folds
Glottis
Esophagus

Fig.15.1 Demonstration of technique of laryngoscopy and visualization of the airway
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C.

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 fur-
ther and gently compress the tongue and will bring the larynx into view from behind the
epiglottis. Slight external 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 press-
ing backward on the baby’s upper jaw, as this may damage the alveolus and developing
teeth.

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 mark-
ings to indicate where the ETT should align with the vocal cords.

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.

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.
Placement of a gastric tube (e.g., nasogastric or orogastric tube) is recommended to decom-
press the stomach.

V. Oral Intubation Without a Laryngoscope: Oral intubation using a finger rather than a laryngo-
scope is possible. Skilled practitioners can place a tube in a baby with normal anatomy in 3-5 s
(Fig. 15.2).

A.

B.

F.

G.

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 fin-
gertip 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 encircle it. If it has
passed into the esophagus it can be felt between the finger and the larynx.
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Fig.15.2
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VI. 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 premedication (see Section III, 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 towards the back of the mouth until it has passed through the nose into the naso-
pharynx. 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.

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
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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.
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, SpO,)
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 cardio-
pulmonary resuscitation, cardiac anomalies) or with severe airway obstruction.
Replacing the Endotracheal Tube
A. Despite meticulous post-extubation care, use of methylxanthines, and a trial of CPAP, about
20-25 % of babies require re-intubation. The immediate goal is to re-intubate and provide
assisted ventilation in order to stabilize their cardiopulmonary status.
B. The following factors, singularly or in combination should alert the caregiver that a trial of
extubation is failing.
1. Clinical manifestation of respiratory muscle fatigue, such as progressive 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,
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 III)
Insert ETT by previously described techniques.
Before fixation determine for correct placement by assessing air entry, chest wall move-
ment, and improvement in oxygenation saturation and heart rate. If in doubt, obtain a
chest radiograph.
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 position manually while
doing so.
Visualize the glottis by direct laryngoscopy.
Hold new tube in the right hand.
Ask assistant to remove old ETT and quickly insert new ETT to desired depth.
Secure new ETT when successful placement is confirmed clinically.
A radiograph is necessary only if there is a question of suitable placement.
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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. Need for continuous monitoring

Need for invasive blood pressure monitoring

B. Procedure

1.

5.
6.

Elective procedure

2. Use sterile technique
3.
4. Preferred position of tip

Catheterize vessel after cutdown technique using 3.5 F (<1500 g) or 5 F catheter

a. High (T-T))

b. Low (Ls;-Ly)

Confirm position radiographically

Secure with tape bridge and (optional) sutures

C. Complications

1.
2.
3.

N o ks

Blood loss

Infection

Thromboembolic events

a. Digit necrosis

b. NEC

c. Renal artery thrombosis

d. Spinal cord injury (rare, but reported)
Vasospasm

Vessel perforation

Air embolus

Hypertension (renal artery thrombosis)
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D. Removal

1. When FiO,<0.4 and decreasing
2. When noninvasive blood pressure monitoring is adequate
3. At first signs of complication

. Comments

1. Confirm position. A malpositioned UAC can have life-threatening consequences.

2. Remember that samples obtained from the UAC are post-ductal.

3. Never infuse pressor agents through a UAC.

4. When removing, withdraw last 5 cm very slowly, no faster than 1 cm/min. Watch for pulsa-
tions to stop.

5. Controversy still exists regarding infusion of TPN and certain medications through a UAC.

6. Inadequate line clearing prior to sampling may result in spurious laboratory results.

II. Umbilical Vein Catheterization

A. Indications

1. Emergent need for vascular access (i.e., resuscitation)
2. Need for central venous line

a. Pressure monitoring

b. TPN or hypertonic glucose administration

c. Frequent blood sampling in unstable patient without other access
3. Exchange transfusion

. Procedure

1. Sterile technique should be used.
2. Direct cutdown approach
3. Use umbilical catheter (5.0 F; 8.0 F for exchange transfusion in term infant); do not use
feeding tube except as last resort.
4. 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.
5. Confirm position radiographically.
6. Secure with tape and (optional) sutures.

. Complications

1. Blood loss

2. Infection

3. 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.

Thromboembolic events

Air embolus

Liver necrosis (see below)

NEC (may be more related to procedures such as exchange transfusion than to catheter
itself)

Now ks

. Removal

1. When no longer needed or when other central venous access is achieved
2. At first signs of complications

3. When procedure is completed

4. May be pulled directly.
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E. Comments

1.

3.
4.
III. Peripheral Artery Catheterization
A. Indications generally same as for UAC when umbilical access is unavailable or cannot be
achieved.

B. Procedure
1.

o

Avoid infusion or injection of hypertonic solutions (e.g., sodium bicarbonate) unless cath-
eter 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 longer-term use in ELBW infants

Inadequate line clearing prior to sampling may result in spurious laboratory results.

Preferred sites

a. Radial artery

b. Posterior tibial artery

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.

C. Complications
1. Infection
2. Blood loss
3. Thromboembolic events
4. Vasospasm, ischemic injury
D. Removal
1. At first sign of complications
2. When no longer indicated
E. 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 units/mL) to
decrease risk of clotting.

. Brachial artery should not be cannulated (inadequate collateral circulation) 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
A. Indications
1. To provide partial or total fluids and/or nutrition when gastrointestinal nutrition is not

possible

2. 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:

a. Dorsal venous plexus of back of hand

b. Median antebrachial, accessory, or cephalic veins of forearm
c. Dorsal venous plexus of foot
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7.
8.
9.

d. Basilic or cubital veins of antecubital fossa
e. Small saphenous, or great saphenous veins of ankle
f. Supratrochlear, superficial temporal, or posterior auricular veins of scalp

. 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 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 I'V tubing.

C. Special considerations

1.

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

AN B W=

. 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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I. Description: Creation of an artificial airway through the trachea for the purposes 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. Chronic lung disease
b. Neurologic or neuromuscular dysfunction
2. Subglottic stenosis following endotracheal intubation
III. Preparation

A. Rare need for emergent tracheostomy because of obstructive lesion which precludes per-

forming 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
3. Available suction
4. Proper exposure
5. All necessary personnel and equipment
IV. Technique
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

mo 0w

S.M. Donn, M.D., EA.A.P. (X))

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

e-mail: smdonnmd@med.umich.edu

© Springer International Publishing Switzerland 2017
S.M. Donn, S.K. Sinha (eds.), Manual of Neonatal Respiratory Care,
DOI 10.1007/978-3-319-39839-6_17

147


mailto:smdonnmd@med.umich.edu

148

S.M. Donn

VL

—~ I Qm

N.

0.
P.
. Postoperative Care

A.

B.
C.
D.

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.

Auscultate chest; obtain radiograph.

Minimize movement of head and neck for 3—5 days to establish stoma. Sedation and analge-
sia strongly recommended. Occasionally, skeletal muscle 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.

B.

Performed in selected centers to manage various forms of fetal airway obstruction
1. Neck masses
2. Congenital high airway obstruction syndrome (CHAOS)
3. Intrathoracic masses
4. Unilateral pulmonary agenesis and diaphragmatic hernia
Procedure

1. Requires multidiscipline team
Obstetrics
Neonatology
Pediatric surgery
Pediatric anesthesiology
Radiology
. Nursing
2. 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
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10. Attempt intubation
11. Clamp and cut cord, deliver infant
12. EXIT to ECMO has also been successfully reported.
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Monitoring the Ventilated Patient



Continuous Monitoring 1 8
Techniques

Christian F. Poets

I. Transcutaneous partial pressure of oxygen (TcPO,) monitoring
A. Principle of operation

Electrodes consist of a platinum cathode and 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 calibrated every 4-8 h.

B. Factors influencing measurements

1. Sensor temperature. Good agreement with PaO, only at 44 °C, but then frequent (2—4
hourly) re-siting necessary. At lower sensor temperatures, increasing PaO,~TcPO, differ-
ence with increasing PaO,.

2. Probe placement. TcPO, will underread PaO, if sensor is placed on bony surface, if pres-
sure is applied on sensor, or if too much contact gel is used. With patent ductus arteriosus
and right-to-left shunt, 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., from
hypotension, anemia, acidosis (pH <7.05), hypothermia, or marked skin edema, TcPO,
will be falsely low. If underreading of PaO, occurs, check patient for the above
conditions.

4. Skin thickness. Close agreement with PaO, only in neonates; beyond 8 weeks of age,
TcPO, will usually 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. Pulse oximetry (SpO,)
A. Principle of operation
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The ratio of the absorbances of red and infrared light sent through a tissue correlates with the
ratio of oxygenated to deoxygenated hemoglobin in the tissue. First-generation oximeters
determine the arterial component within this absorbance only by identifying the peaks and
troughs in the absorbance over time, thereby obtaining a “pulse-added” absorbance that is
independent of the absorbance characteristics of the non-pulsating parts of the tissue. Current
instruments use additional techniques. For example, they scan through all red-to-infrared
ratios found in the tissue, determine the intensity 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 instruments also use frequency analysis, time domain analysis and adaptive filtering to
establish a noise reference in the detected physiological signal, thereby improving the ability
to separate between signal and noise. All instruments have built-in calibration algorithms to
associate their measured light absorbances with empirically determined arterial oxygen satu-
ration (SaQ,) values.

. Factors influencing measurements

1. Probe placement. Light receiving diode must be placed exactly opposite emitting diode; both
must be shielded against ambient light and not be applied with too much pressure. Light
bypassing the tissue can cause both falsely high and falsely low values. Sensor site must be
checked 6-8 hourly. Highly flexible sensors (usually disposable) provide better skin contact
and thus better signal-to-noise ratio.

2. Peripheral perfusion. Most oximeters require a pulse pressure above 20 mmHg or a sys-
tolic blood pressure above 30 mmHg to operate reliably; performance at low perfusion is
substantially better with current, i.e., next-generation instruments.

3. Response and averaging times. The former largely depends on the latter. Longer averag-
ing times may reduce alarm rates but will increase response time and will hide true sever-
ity of short-lived hypoxemic episodes. The relationship between desaturation rate and
averaging time can be described mathematically, so that rates observed with one averaging
time can be translated into those that would have been obtained with another averaging time.

4. Movement artifact. Most frequent cause of false alarms. Has been reduced with next-gen-
eration instruments, but potentially at the expense of an unreliable detection of true alarms.
May be identified from analysis of the pulse waveform signal or via a signal quality indica-
tor displayed by some instruments.

5. Other hemoglobins and pigments. Methemoglobin (MetHb) will cause SpO, readings to
tend towards 85 %, independent of Sa0O,. Carboxyhemoglobin (COHb) will cause over-
estimation of Sa0O, by 1% for each percent COHDb in the blood. Fetal hemoglobin (HbF)
and bilirubin do not affect pulse oximeters, but may lead to an underestimation of SaO,
by co-oximeters. In patients with dark skin, SpO, values may be falsely high, particularly
during hypoxemia.

6. Calibration algorithms. These may vary between brands and even between different soft-
ware versions from the same manufacturer. Recently, the discovery of a shift in the in-built
calibration curve used in one manufacturer’s instruments revealed a reduction in the number
of SpO, readings between 87 and 90 % and was subsequently corrected by the 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 (Fig. 18.1)

In the absence of movement, pulse oximeters have a high sensitivity for the detection of
hypoxemia. Due to the shape of the O, dissociation curve, they are less well suited for
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Fig. 18.1 Twenty-four hours recording showing relationship of inspired oxygen concentration and pulse oximetry
values

detecting hyperoxemia. The upper alarm setting at which a PaO,>80 mmHg can be reliably

avoided varies between 88 and 95 % with different instruments, although it is at the upper end

of this range with most next-generation instruments.
III. Transcutaneous partial pressure of carbon dioxide (TcPCO,) monitoring
A. Principle of operation

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 sepa-

rated by a sodium bicarbonate-electrolyte 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. 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 run-in 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 TcPO, 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 relatively 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 mmHg and/or arterial pH is <7.30, but there is no systematic
over- or underestimation of PaCO, under these conditions.

4. Response times. 90 % response time to a sudden change in PaCO, is between 30 and 50 s.



156

C.F. Poets

C.

Detection of hypocarbia and hypercarbia
Sensitivity to both hypocarbia and hypercarbia is 80-90 %.

IV. End-tidal carbon dioxide (ETCO,) monitoring (Capnometry)

VL

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 measured; this is proportional to the CO, concentration in the
sample.

. Factors influencing measurements

1. Gas sampling technique. Two approaches exist: (1) 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 dead space; risk of tube kinking. (2) Sidestream capnometers aspirate the
expired air via a sample flow. Advantages: no extra dead space; can be used in non-intu-
bated 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 (1) CO, equilibrium
is achieved between end-capillary blood and alveolar gas, (2) ETCO, approximates the
average alveolar CO, during a respiratory cycle, and (3) ventilation—perfusion relation-
ships are uniform within the lung. These conditions are rarely achieved in patients with
respiratory disorders. 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 detect-
able CO, during inspiration.

Chest wall movements

A.

Impedance plethysmography. Changes in the ratio of air to fluid in the thorax, occurring dur-
ing the respiratory cycle, create changes in transthoracic impedance. Cannot be used to quan-
tify respiration. May be heavily influenced by cardiac and movement artifacts.

. Inductance plethysmography. Changes in the volume of the thoracic and abdominal compart-

ment 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 devel-
oped to calibrate the systems so that tidal volume can be quantified. This, however, only
works as long as the patient does not shift position.

. 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.

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 abdomen during inspiration compresses the capsule to produce
a positive pressure pulse that is interpreted as a breath. The technique is predominantly used
in apnea monitors and in trigger devices for infant ventilators; it is not suitable for quantifying
tidal volume.

Electrocardiography (ECG)

The ECG records electrical depolarization of the myocardium. During continuous monitoring,
only heart rate can be determined with sufficient precision; any analysis of P and T waves,
axis, thythm, or QT-times requires a printout and/or a 12-lead ECG.
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Clinical Controversies: Pulse 1 9
Oximetry

Win Tin and Samir Gupta

I. Introduction
A. Noninvasive monitoring of oxygenation has become a standard procedure in neonatology.
B. 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.
C. The method was invented in 1972 by Takuo Aoyagi, and its clinical application was first
reported in 1975 by Susumu Nakajima, a surgeon, and his associates.
D. There is a small discrepancy between SaO, and the SpO,. The SaO, denotes measurement
of arterial oxygen saturation by invasive methods and SpO, by pulse oximetry.
II. Advantages
Saturation is a basic physiologic determinant of tissue oxygen delivery.
High sensitivity to detect hypoxemia
No warm-up or equilibration time
Immediate and continuous readout
Pulse-by-pulse detection of rapid or transient changes in saturation
Substantially lower maintenance
. Skin burns from probe are very rare compared to transcutaneous monitoring.
Minimal effect of motion, light, perfusion, and temperature with the advent of “signal extrac-
tion technology” in pulse oximetry
III. Disadvantages
A. Failure to detect hyperoxia at functional saturation of more than 94 % and may impede
weaning of oxygen as high PaO, is not recognized
B. Not reliable in cases of severe hypotension or marked edema
C. May provoke unnecessary evaluation of transient clinically insignificant desaturation events
with older pulse oximeters
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D.

Pulsatile veins may cause falsely low SpO, readings because the oximeter cannot differentiate
between venous and arterial pulsations (e.g., in newborns with hyperdynamic circulation).

IV. Terminology in Pulse Oximetry

A.

B.

Functional and fractional saturation.

1. Functional saturation— Any forms of hemoglobin in the sample which do not bind oxy-
gen in a reversible way are not included in calculating functional hemoglobin saturation.
Pulse oximetry can measure functional saturation from only two forms of hemoglobin,
oxyhemoglobin (HbO,) and deoxyhemoglobin (Hb), which is calculated by

HbO,

Functional saturation = ——=—x 100
HbO, + Hb

2. Fractional saturation—The fractional saturation is defined as the ratio of the amount of
hemoglobin saturated with oxygen to all other forms of hemoglobin, including dyshemo-
globin (CoHb and MetHb). 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 hemoglobin present:

Functional saturation =
HbO, x 100
HbO, +Hb +CoHb + MetHb

3. Pulse oximeters can measure only functional saturation. Some instruments display frac-
tional saturation measurements, which are derived by subtracting 2% from the func-
tional saturation. It is important to be aware of what the instrument is reading.

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.
B.

F.
G.

Oxyhemoglobin dissociation curve and pulse oximetry (Chap. 6)

Presence of abnormal hemoglobins (dyshemoglobin):

1. Carboxyhemoglobin—SpO, is overestimated in the presence of CoHb (e.g., neonatal
jaundice, hemolysis).

2. Methemoglobin—SpO, decreases in proportion to the percentage of MetHb present.

Reduced perfusion states

1. Hypothermia: Does not cause problem if the temperature is >30 °C.

2. Hypovolemia: Loss of signal (but 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 (CoHb).

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 K&In) may affect the reliability of

pulse oximetry but is extremely rare.

VI. Technical Considerations

A.

Calibration and accuracy
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1. Quality of signal: Before interpreting an SpO, reading, the quality of signal received by
probe should be confirmed by a good plethysmographic waveform and/or heart rate simi-
lar to that on ECG monitor.

2. Differing software among brands: There are small differences between the measure-
ments 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 %
c. 5.8% and 4.8 %, respectively, when SpO, is <80 %

. Delay of response

1. Response time is faster if probe is centrally placed, 50-60 % earlier detection by sensors
placed centrally (ear, cheek, tongue) than by sensors placed peripherally (finger, toe).

2. Depends on averaging time. The shortest averaging time should be selected, although
this usually increases sensitivity to motion.

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 wavelengths.

Interference from other light sources

1. Fluctuating light sources. Shielding the probe with cloth or opaque material can over-
come the problem of light interference.

2. Incorrectly placed probe (optical shunt or penumbra effect). Part of the light is transmit-
ted without any tissue absorption. This is particularly so if too large a probe is used.

Electrical or magnetic interface

1. When using pulse oximetry in MRI suite, care should be taken to use specially designed
equipment in order to avoid interference with SpO, or even burns from ferrous metals.

2. Electrocautery can also cause failure of pulse oximetry.

VII. Clinical Use of Pulse Oximetry

A.

Optimizing oxygen therapy. Meta-analysis of the oxygen saturation target studies con-
cluded that, within the widely used SpO, target range of 85-95 %, targeting the “lower”
range (85-89 %) compared to the “higher” range (91-95 %) for preterm infants <28 weeks’
gestation significantly increased the relative risks of mortality and necrotizing enterocoli-
tis, and significantly reduced the risk of severe ROP.

Delivery room stabilization/resuscitation. Pulse oximetry during resuscitation provides
real-time clinical information about heart rate and oxygen saturation, and facilitates impor-
tant decision-making related to interventions such as positive pressure ventilation, cardiac
compression, and oxygen titration.

Newborn screening. Pulse oximetry has now been accepted as a standard screening tool for
early detection of cyanotic congenital heart disease and is increasingly adopted by pediatric
societies around the world as part of the routine newborn evaluation.

VIII. Rules for the Optimal Use of Pulse Oximetry

A.

Verify probe integrity before use.

B. Avoid mixing probes and monitors of different brands.

TQommInN

Check the quality of 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 accordingly.

In case of doubt, check patient’s condition.

Check arterial blood gas if saturation is persistently below 80 %.

Remember that high SaO, may indicate significant hyperoxemia.
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Interpretation of Blood Gases 20

Steven M. Donn

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 intrapulmonary 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 intrapul-
monary 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 when pulmonary vascular resistance is high and pulmonary pressure is greater
than systemic blood pressure.

3. Oxygenation depends on the pulmonary surface area available for gas exchange. This in
turn is proportional to mean airway pressure.

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 ventilation. Alveolar ventilation is the product of alveolar volume
and respiratory rate. Thus, any change in ventilatory strategy, which results in an increase
in alveolar volume and/or respiratory frequency, will increase ventilation and decrease
P,CO,. Minute ventilation is the amount of CO, removed in 60 s.

2. During high-frequency ventilation, gas exchange between the alveolus and the upper
airway is predominantly a consequence of mixing, rather 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 (Table 20.1)
1. The pH of arterial blood is determined primarily by:
a. P,CO,
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Table 20.1 Recommended Arterial pH 7.25-7.35
ranges of bloqd gases in the P.CO, 3545
first week of life for preterm
babies with RDS P.0, >0-70
Capillary pH 7.20-7.30
PCO, 40-50
PO, <50
Venous pH 7.20-7.30
PCO, 40-50
PO, <50

b. Lactic acid, produced by anaerobic metabolism
c. Buffering capacity, particularly the amount of bicarbonate in the blood and concentra-
tion of hemoglobin

2. Respiratory acidosis occurs when an increase in P,CO, causes a decrease in
pH. Respiratory alkalosis occurs when a decrease in P,CO, causes an increase in pH.

3. Metabolic acidosis occurs when there is either an excess of lactic acid, or a deficiency in
the buffering capacity of the blood, resulting in a decrease in pH. It is reflected by an
increased base deficit, also termed a decreased base excess.

4. If P,CO, remains persistently elevated, the pH will gradually return to normal as a result
of a slow increase in bicarbonate in the blood, termed a compensatory metabolic alkalo-
sis. Conversely, a patient with a persistently low P,CO, will gradually develop a compen-
satory metabolic acidosis.

5. In patients with intact respiratory drive, a persistent metabolic acidosis will result in
hyperventilation (sustained tachypnea), termed a compensatory respiratory alkalosis.

6. Most extremely low-birth-weight infants have immature renal tubular function in the
first week of life and spill bicarbonate in the urine, contributing to a metabolic acidosis.
Administration of extra base in the intravenous fluids may prevent and/or correct this
metabolic acidosis.

7. If an infant has severe hypoxemia and/or decreased tissue perfusion, anaerobic metabo-
lism causes the production and accumulation of lactic acid, and results in a metabolic
acidosis. This should be treated by improving the underlying problem, rather than by
administering additional base (bicarbonate). 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 (97 %). The amount of O, that is carried in the blood bound to
hemoglobin is dependent upon both the hemoglobin concentration and the hemoglobin
saturation (S,0,). In the normal infant with a hemoglobin level of 15 g/100 mL and S,0,
of 100 %, approximately 20 mL O, is bound to the hemoglobin in 100 mL of blood.

2. Dissolved in plasma (3 %). In the normal infant (or adult), the amount of oxygen dis-
solved in plasma is trivial compared to the amount of oxygen that is bound to hemoglo-
bin (Hb). Approximately 0.3 mL of O, is dissolved in 100 mL plasma per 100 Torr O,
partial pressure.

B. Significantly increasing P,0, beyond that which is needed to fully saturate Hb will slightly
increase the amount of O, dissolved in plasma, but will not increase the amount of O, bound
to Hb.
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C. The P,0, that is required to fully saturate Hb is dependent upon the oxygen-hemoglobin

dissociation curve (Fig. 20.1). This curve is affected by many factors, including the relative
amount of fetal Hb in the blood (fetal Hb is fully saturated at a lower P,O, than is adult Hb).
For this reason, arterial saturation (S,0,) is a better indicator of the amount of oxygen in the
blood than is P,O,.

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
(C,0,) and cardiac output (CO). Oxygen delivery is the product of oxygen content and blood
flow.

1. Assume that an average infant has a C,0, 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 C,0, and CO.

3. (20 mL O,/100 mL blood) x (120 mL/kg/min)=24 mL O,/kg/min available for delivery
to tissues.

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, 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 (S,0,) in a healthy infant.

1. Mixed venous saturation (S,0,) 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. 5,0, can be measured directly with a pulmonary artery catheter, or can be approxi-
mated by a sample of blood from the right atrium, but this is of course impractical in
most neonatal clinical contexts.

2. S,0, is an important measurement in patients with questionable cardiac output. A low
S,0, (<75 %) means that an unusually large fraction of the available oxygen has been
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extracted by the tissues. This usually indicates inadequate delivery of oxygen to the
tissues, but it may represent increased oxygen consumption in states such as sepsis.

3. Causes of low S,0, include inadequate oxygenation of the blood, anemia, or low cardiac
output. The presence of low S,0, in a patient with normal S,O, and normal Hb is diagnostic
of cardiac output inadequate to meet tissue oxygen demands.

4. S,0; is typically used to monitor the adequacy of tissue perfusion in patients receiving
ECMO (Chap. 64) and can be useful in any patient where adequacy of cardiac output is
uncertain, but it is generally not available in neonatal intensive care beyond ECMO.

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 is dependent upon multiple factors (including Hb, cardiac output, and
metabolic demand). Essentially, the only useful information from a venous blood sample
(other than a mixed venous sample) is that the P,CO, is lower than the P,CO,.

. Capillary blood gases are typically “arterialized” samples, where the capillary 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 consistent 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 respi-
ratory 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 over-estimate P,CO, by 5-10 Torr (or more).
Technique is critical and values tend to be less reliable with increasing postnatal age.

V. Noninvasive Estimation of Blood Gases (Chaps. 18 and 19)

VL

A.
B.

Pulse oximeters are the clinical “gold standard” for measuring oxygenation.
Transcutaneous monitors provide an estimate of P,O, and P,CO,. They can be cumbersome
to use, and both the adhesives used to attach the probes to the skin and the elevated tempera-
ture at which their function can cause skin injury to extremely preterm infants. However,
they are a useful tool for continuously monitoring critically ill infants, or infants with labile
P,CO,. In general, transcutaneous CO, monitors are as accurate as capillary blood gas sam-
ples. They are especially useful when switching an infant from conventional to high-fre-
quency ventilation to avoid hypocapnia.

End-tidal CO, monitors (capnometry) can provide useful information about P,CO, in some
infants. The concentration of CO, at the end of exhalation is close to P,CO, in patients with
healthy lungs and low respiratory rates. This makes end-tidal CO, monitoring a useful tool
for term post-operative babies, or other larger babies with only minimal lung disease. For
patients who are small, and tachypneic, or have severe lung disease, end-tidal monitoring
can provide a useful measure of trends in P,CO,, although not an accurate measure of abso-
lute P,CO, values. Capnography is discussed in detail in Chap. 21.

Errors in Blood Gas Measurements

A.

B.

An air bubble in a blood gas sample will cause the blood to equilibrate with room air.

1. P,CO, will be artificially lowered.

2. P,0O, will move closer to the partial pressure of O, in room air (approximately 140 Torr
or 18.7 kPa, depending on altitude and humidity).

Dilution of a blood gas sample with I'V fluid of any sort will cause both CO, and O, to dif-

fuse from the blood into the diluting fluid.

1. P,O, will be artificially lowered.

2. P,CO, will be artificially lowered.
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3. Because of the buffering capability of the blood, pH will not change as much as will
P,CO,. The combination of relatively normal pH and decreased P,CO, will appear to be
a respiratory alkalosis with metabolic acidosis.

C. If a blood gas sample is left for too long a period at room temperature, the blood cells will
continue to metabolize oxygen and produce CO, and metabolic acids.

D. Most blood gas machines calculate S,0, from P,O,, 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 S,0,.

E. 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 interpreted with caution.

F. Blood gases obtained by arterial puncture or capillary stick are painful and disturb the
infant, frequently causing agitation, desaturation, or hyperventilation. They should be inter-
preted with caution.

Clinical Interpretation of Blood Gases. Blood gas values, by themselves, convey relatively little

information; they must always be interpreted in a clinical context. When interpreting blood gas

results, a number of other factors must also be assessed.

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. It reflects compensation “at a price.”

2. An elevated P,CO, in an infant with BPD, who is comfortable, is not necessarily
concerning.

B. Does a recent 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 P,CO, 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 examination of the patient. Clinical or
ventilator-derived information includes:

1. Respiratory rate

2. Minute volume (ventilation)

3. Lung compliance and resistance

4. Hemodynamic status (heart rate, blood pressure, perfusion)

Target Ranges for Blood Gases. A wide range of blood gas values are seen in newborn infants,

depending upon their gestational age, postnatal age, and disease 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 7.40. However,
in some patients it is appropriate to allow a lower arterial pH. An alkalotic pH (>7.40)
should almost always be avoided.

B. P,CO,. In the healthy term newborn, the normal P,CO, is approximately 35—40 Torr.

1. Infants with any significant lung disease will exhibit alveolar hypoventilation and
develop an elevated P,CO, and respiratory acidosis.
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2. Over the last two decades, there has been a gradual shift toward tolerating higher P,CO,
levels (“permissive hypercapnia”).

3. Partially because of the data suggesting a potential link between hypocarbia and
decreased cerebral blood flow and brain injury, P,CO, levels much below 40 Torr should
be avoided.

4. With time, respiratory acidosis will be matched by a compensatory metabolic alkalosis,
and the arterial pH will move toward the normal range.

5. Because of the complex interaction of disease severity, ventilatory support, and duration
of hypercapnia, many clinicians find it easier to define a “target pH” rather than a “target
P.CO,.”

C. P,0,. P,O, is not nearly as important a physiologic parameter as S,0,, and because of the
variable amount of fetal Hb in an infant’s blood, it is also widely variable. Many neonatolo-
gists think of oxygenation only in terms of S,0,, not in terms of P,O,.

D. S.,0,. In the healthy-term infant S,0, is close to 100 %. However, the oxygen content of
blood is adequate for tissue oxygen delivery at much lower levels of S,0,. In patients with
cyanotic heart disease S,0, of 70-75 % is sufficient to ensure adequate tissue oxygenation.
Because of the association between high S,0, with an increased risk of both retinopathy of
prematurity and BPD, most premature infants should be managed with S,0,<95%. The
ideal target range for S,0, remains uncertain, and is the subject of ongoing controversy.

E. Base Deficit.

1. In the healthy-term infant, the base deficit is usually around 3-5 mEq/L.

2. 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 per-
fusion on clinical examination, no acute intervention is needed. A base deficit in this
range in a very preterm infant may suggest 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 examination 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 effective than is
administering extra base.

F. Caveats
1. Trends are usually more important than singular values.

2. Blood gas results must always be reconciled with the clinical status of the baby.

3. Blood gas targets must also take into account the baby’s disease status and the gas
exchange capability of the lungs. “Normal” blood gases in a baby with severe BPD, for
example, would represent iatrogenic overventilation.

4. Remember to interpret blood gas results according to clinical contexts. A baby who has
received a lot of transfused blood has a higher concentration of adult hemoglobin with a
different P50 and will supply more oxygen to tissues than a baby with more fetal hemoglo-
bin, all other things being equal.
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Volumetric Capnography 2 1
in Critically Ill Neonates
and Children

Joachim Zobel, Klaus Pfurtscheller,
and Gerfried Zobel

I. Definitions

A. Time-based capnography. Expired CO, concentration is plotted against time.

B. Volume-based capnography. Expired CO, concentration is plotted against the expired gas
volume of a single breath (SBT-CO,).

II. General Information

A. Tt shows airway integrity and alveolar ventilation.

B. It indicates pulmonary perfusion.

C. It provides noninvasive breath-by-breath assessment of ventilation.

D. It shows airway dead space and allows calculation of physiologic and alveolar dead spaces.

III. Mainstream Technology for Gas Measurement

A. Infrared (IR) absorption technique

B. Capnostat 5 sensor
1. Consists of an IR source and IR detector
2. The beam of IR radiation passes through the cuvette and the fraction of IR radiation

absorbed is measured by the detector.

C. Airway adapters
1. Infants (dead space <1 mL)
2. Children/adults (dead space 6 mL)

D. The airway adapters are placed between the endotracheal tube and the flow sensor of the
respiratory circuit.

IV. Graphical User Interfaces (GUI)

A. Modern ventilators have touch screen interfaces with color displays.

B. Neonatal-capable ventilators with integral volumetric capnography
1. Hamilton S1, C2, and T1 (Hamilton Medical, Reno, NV)
2. Draeger VN 500 (Draeger, Telford, PA)
3. Avea (CareFusion, Yorba Linda, CA)
4. Servo-i (Maquet Critical Care, Wayne, NJ)
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A-B: Early stage of expiration (CO,-free air of the upper respiratory tract)
B-C: Mixed air of the lower respiratory tract and the early emptying
alveolar units

C-D: CO, rich air of the alveolar units

D: Partial pressure of endexpiratory CO,

D-E: Inspiration

Fig.21.1 Time-based capnography

V. Graphic Waveforms
A. Time-based waveform (Fig. 21.1)

1.

A-B: Early phase of expiration (CO,-free air of the upper respiratory tract)

2. B—C: Mixed air of the lower respiratory tract and early-emptying alveolar units
3. C-D: CO,-rich air of the alveolar units
4. D: Partial pressure of end-tidal CO,.
5. D-E: Inspiration.
B. Volume-based waveform (Figs. 21.2 and 21.3):

1.

Phase I: Represents the first portion of the expired air and is therefore more or less free of
CO..

Phase II: Represents the mixed air of the convective airways and the alveolar units.
Furthermore, this phase represents the transition between the terminal airways and the
early-emptying alveoli. The ascent of the tracing of this phase of the capnogram is nor-
mally very steep, because more and more CO, streams out of the alveolar units.

Phase III: Represents the CO,-rich air of the alveolar units, the tracing reaches a plateau with
its highest value at the end of expiration (etCO,).

SlopeCO,: The slope of phase III (S III) represents the mean value of the ascent of phase
III. Phase III is divided into three parts; in the middle part ten equidistant points are deter-
mined and the mean value of these ten points is used to calculate the mean value of S
III. Tt is a simple and noninvasive method to detect inhomogeneities in ventilation and
perfusion (Figs. 21.4, 21.5,21.6,21.7, 21.8, and 21.9).

VI. Dynamic Measurements/Calculations
A. PetCO, (mm Hg) is the end-tidal partial pressure of CO, in the expired air.
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Convection Diffusion

VECO,,br

Vte,ml

Vtalv,ml

Phase I: CO,-free gas

Phase ll: Represents the mixed air of convective airways and alveolar units
Phase llI: Alveolar 