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Foreword

Lung and heart malformations, as well as acquired diseases, represent a major portion of 

the life-threatening conditions in neonates of low gestational age. Radiological imaging

is one of the main tools to define the most appropriate therapeutic approach in order fi

to improve the survival chances of these infants.

This second, completely revised and updated edition provides a comprehensive over-

view of the embryologic and anatomical aspects of neonatal chest conditions. It also 

presents very clearly our current knowledge of imaging techniques of the neonatal chest, 

as well as their therapeutic relevance for a correct postnatal management.

The editor, Dr. V. Donoghue, has been very successful in engaging several interna-

tional experts in the fi eld, all with outstanding qualififi cations, and I would like to con-fi

gratulate her for the expeditious and excellent coordination of the editorial preparatory 

workfl ow of this book.fl

I am confi dent that this outstanding volume will stimulate great interest among both fi

general and specialised pediatric radiologists, as well as among neonatologists and pedi-

atricians and that it will meet with the same success as its fi rst edition.fi

Leuven Albert L. Baert



  Contents VII

Preface

This second edition of “Radiological Imaging of the Neonatal Chest” once again gives 

a detailed update on the clinical management of the various neonatal conditions, with

emphasis on the impact of therapeutic interventions on the imaging fi ndings. Antenatalfi

and postnatal imaging of chest malformations is again discussed, together with some

controversies regarding postnatal management of asymptomatic patients with these 

conditions. The chapters on clinical management, embryology, hyaline membrane dis-

ease, infection and chest wall abnormalities have been updated with little change in the 

imaging and treatment of infants with meconium aspiration syndrome.

In this edition the use of multidetector CT, which has revolutionised the imaging of 

vascular tracheobronchial compression syndromes and other airway disorders, is dis-

cussed and this technique now plays a central role in the modern evaluation of the new-

born suspected with these abnormalities. 

There are chapters devoted to all imaging modalities used to examine the heart and 

great vessels. In addition to high resolution ultrasonography, multidetector CT can pro-

vide exquisite extracardiac vascular detail with very short imaging times, often without

sedation. In addition, there is now more widespread use of magnetic resonance imaging 

in the investigation of congenital cardiac abnormalities. As a result, in many institutions, 

both MDCT and MRI have replaced many diagnostic angiocardiography examinations

in these newborns and this in turn has led to closer collaboration between paediat-

ric radiologists and paediatric cardiologists in many centres. However, as the rate of 

diagnostic catheter studies is decreasing, the number of catheter-based interventional

cardiac procedures is steadily increasing and this is addressed in the chapter on angio-

cardiography.

As many departments have installed computed or digital radiography, there is also a 

chapter devoted to this topic. 

All of these changes prompted the preparation and publication of this second 

volume.

This book is intended primarily for use by paediatric radiologists, including those in

training. It will also be of interest to neonatologists, paediatric cardiologists, paediatri-

cians and paediatric surgeons. 

I am most grateful to the international experts in the various fields of clinical neona-fi

tal chest medicine and diagnostic and interventional neonatal chest imaging who have

written the various chapters, and I thank them for their excellent contributions. I hope 

this book will be accepted as a working and reference text for all those involved in caring 

for the neonate.

Dublin  Veronica Donoghue
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1.1
Embryology

1.1.1 

Introduction

Embryology of the airway and lungs, of the heart 

and great vessels and of the other thoracic structures 

is well described in specialist texts on the subject

Fitzgerald (1994), Larsen (1997). This section will

summarise these with special reference to those as-

pects of embryology that are relevant to the radiologi-

cal diagnosis of neonatal chest conditions.

1.1.2 

Early Embryonic Development

At the end of the 3rd week, the embryo is a flat fl

three-layered disc. In the 4th week a complex fold-

ing process occurs during which the fl at germ disc is fl

changed to a structure recognisable as a vertebrate.

At completion of this process the early gut and the 

pleural and pericardial cavities are laid down.

Differential growth of the different parts of the de-

veloping embryo results in the process of embryonic

folding. Whilst the embryonic disc is growing rapidly 

in length, the yolk sac is stagnating. The expanding

disc is forced to bulge into a convex shape. The ce-

phalic and lateral regions of the embryo begin to fold 

on day 22 and the caudal region on day 23. Due to this

folding the edges of the germ disc from the cephalic, 

lateral and caudal regions are brought together in the 

ventral midline. A fusion of the three germ layers, the

ectoderm, mesoderm and endoderm, from opposite 

sides of the embryo occur resulting in a three-dimen-

sional form in which the endoderm is converted into a 

tubular structure termed the gut tube. This is divided

into the cranial foregut, the future midgut, which re-

mains open to the yolk sac, and the caudal hindgut.
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With the midline fusion of the ectoderm along 

the ventral midline, the intraembryonic coelom is 

formed. The coelom or cavity is formed initially from

the lateral plate mesoderm splitting into a somatic

and splanchnic portion. The serosal membranes that 

line the body cavity, the somatopleure and splanch-

nopleure, derive from this lateral plate mesoderm. In

the chest cavity these will form the parietal and vis-

ceral pleura and pericardial membranes.

The coelomic cavity extending the length of the 

embryo becomes divided by three partitions into the

pleural, pericardial and peritoneal cavities. These 

will be further discussed with the development of 

the diaphragm.

1.1.3 

Embryology of the Airway and Lungs

On day 22, a ventral protrusion develops from the

foregut, called the laryngotracheal groove and later

the laryngotracheal tube. The proximal part of this 

develops into the larynx and trachea and becomes 

continuous with the pharynx. The distal part en-

larges and forms the lung bud, which becomes the 

primordium of the lungs. The epithelium of the 

groove becomes that of the larynx, the trachea and

the bronchi and lungs. The lung bud is enclosed and 

retains a covering of splanchnopleuric mesoderm as 

it develops. This mesoderm gives origin to the mus-

cle and cartilaginous tissue of the airways and the

lung vasculature. Initially the mesoderm is a loose

mesenchyme supplied by primitive systemic arter-

ies. The pulmonary arteries arise form the sixth

aortic arch and replace the systemic arteries in the

mesenchyme at around 6 weeks.

By days 26–28 the lung bud enlarges and divides 

into a right and left bronchial bud from which the

two lungs will develop (Fig. 1.1). The branching of 

the bronchial buds continues in the 5th week and 

forms three secondary bronchial buds on the right

and two secondary bronchial buds on the left. There

is continued growth and bifurcation in a dichoto-

mous fashion of the bronchial buds and the asso-

ciated splanchnopleure to gradually fill the pleu-fi

ral cavity that has developed through partition of 

the coelomic cavity. The terminal bronchioles are 

formed at the 16th generation of division, some as

early as 20 weeks. These will divide to form two or 

more respiratory bronchioles. Respiration is pos-

sible at about 25 weeks and the process is essentially 

complete by week 28. These respiratory bronchioles

become invested with capillaries and are termed 

terminal sacs or primitive alveoli that then mature

until birth. Throughout early childhood, up until

the 8th year there is a continuous production of ad-

ditional alveoli.

Fig. 1.1. Development of lung buds

1.1.3.1

The Maturation of the Lungs

The maturation of the lungs is described in four

periods: 

(1) Pseudoglandular period: from the 5th to the

17th week. By week 17 all the major lung elements

have formed except those involved in gas exchange. 

Respiration is not possible.

(2) Cannalicular period: 16–25 weeks. This period

overlaps the pseudoglandular period. Cranial parts 

of the developing lung mature faster than the caudal 

parts. The lumina enlarge, there is vascularisation

of the lung tissue, and the respiratory bronchioles

appear with some terminal sacs formed. Respiration 

is possible at the end of this period.

(3) Terminal sac period: 25–34 weeks. Many more

terminal sacs are formed. The epithelium thins and

capillaries bulge into the terminal sacs. Type 1 alve-

olar cells appear. By 23–24 weeks, type 11 pneumo-

cytes develop that produce pulmonary surfactant.

By 25–28 weeks there are sufficient terminal sacsfi

present to permit survival of the premature infant. 
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Before this there is insufficient alveolar area and fi

poor vascularisation.

(4) Alveolar period: from late foetal life to the 

8th year. The epithelium of the terminal sacs be-

comes squamous. By late foetal life the alveolar

capillary membrane is thin enough to allow gas 

exchange. At term, one fi fth to one eighth of thefi

adult number of alveoli is present in the newborn.

Most of the remaining alveolarisation occurs within

6 months of birth at term.

Respiratory movements are present before birth 

with aspiration of amniotic fl uid. Developed lungs fl

at birth are half inflated with flfl  uid, which is replaced fl

by air in the first breaths. Lungs of a stillborn infantfi

are fi rm and not aerated.fi

1.1.3.2 

The Blood Supply of the Lungs

The blood supply of the lungs is derived from the 

splanchnopleuric mesoderm that covers the lung 

bud as it develops. It is supplied by the sixth arterial 

arch. The bronchial arteries arise from the thoracic

aorta. A venous plexus surrounds the developing

bronchial buds and drains to the left atrium.

1.1.4 

Embryology of the Heart

The heart forms in the cardiogenic mesoderm in

the floor of the pericardial coelom at the cranial fl

end of the germ disc. Initially two tubes are formed 

that fuse to form a primitive heart tube. Between 

weeks 5 and 8 this tube loops and septates, forming

four chambers and separating the pulmonary and 

systemic circulations (Lamers 1992).

1.1.4.1 

The Primitive Heart Tube

On day 19 two lateral endocardial tubes develop 

and soon afterwards the process of embryonic

folding (described with development of the lungs) 

brings these tubes into the midline of the thoracic

region where they fuse to form the primitive heart 

tube.

This tube has six inflow veins inferiorly:fl

Two common cardinal veins, each formed by con-

fl uence of paired posterior cardinal veins draining fl

the trunk and two anterior cardinal veins draining

the head;

•

Two vitelline veins drain the yolk sac and 

Two umbilical veins bring oxygenated blood from 

the placenta.

The tube has two outfl ow tracts superiorly, the fl

paired dorsal aortae, which have come to form two 

arches due to embryonic folding.

1.1.4.2 

Early Chamber Formation

On day 21 and over the next 5 weeks constrictions

and expansions of the primitive heart tube result 

in the formation of primitive chambers (Fig. 1.2). 

Starting at the inferior “venous” end, these are:

Right and left sinus horns and the sinus veno-

sus. The right sinus horn will become the venous 

return and the left will become the coronary sinus

draining only the myocardium.

Primitive atrium, will become both atria.

Primitive ventricle, early left ventricle.

Bulbus cordis, which will form most of the right 

ventricle.

Conotruncus will become the conus cordis and

the truncus arteriosus.

•

•

•

•

•

•

•

Fig. 1.2. Primitive heart tube and chambers
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1.1.4.3

Development of the Heart Wall

The myocardium develops from the splanchno-

pleuric mesoderm that surrounds the heart tube. 

Initially the myocardium is separated from the en-

dothelial heart tube by gelatinous material, cardiac

jelly. Visceral pericardium and parietal pericar-

dium also develop, but the dorsal mesocardium

(the heart’s mesentery) is absorbed early so that

the pericardial space is continuous all around the 

heart. The fi brous pericardium develops later. The fi

heart starts to beat on day 22 and blood begins

to circulate throughout the embryo over the next

few days.

1.1.4.4 

Folding of the Heart

The primitive heart tube enlarges and elongates and

on day 23 it begins to loop and fold. The bulbus cor-

dis is displaced inferiorly, anteriorly and to the right,

the ventricle to the left and the primitive atrium

and the sinus venosus posteriorly and superiorly 

(Fig. 1.3). By day 28 the primitive chambers have

assumed their relative positions as in the neonatal 

heart.

1.1.4.5 

Development of the Atria

As the venous return from most of the body shifts in

week 4 to the right side, the right sinus horn becomes

the superior and inferior vena cavae, part of which, 

with the sinus venosus, becomes incorporated in the 

smooth walled part of the right atrium at 6 weeks.

Meanwhile, at the beginning of the 5th week the

primitive atrium develops a pulmonary vein that bi-

furcates into right and left veins that grow towards

the lungs where they anastomose with developing 

veins in the lung buds. These veins and their firstfi

order branches become incorporated into the atrial 

wall as two right and two left pulmonary veins.

1.1.4.6

Development of the Atrial Septum

On day 28 the conotruncus pressing on the atrial

roof results in the formation of a depression and

later a septum, the septum primum, which sepa-

rates the right and left atrium (Fig. 1.4). The fora-

men below the septum primum is called the os-

tium primum. With further growth, the ostium

primum fuses with the endocardial cushions that 

are separating the ventricles and the atria, thus 

obliterating the ostium primum. Perforations in

the superior part of the septum primum become 

the ostium secundum before the ostium primum

closes.

A second, thicker muscular septum grows from

the roof of the atria to the right of the septum pri-

mum. This septum secundum has a defect inferi-

orly, the foramen ovale. Blood from the superior

vena cava passes to the primitive right atrium.

Oxygenated blood from the placenta in the inferior

vena cava passes from the right atrium through the 

formaen ovale in the lower part of the septum se-

cundum and through the ostium secundum in the

upper part of the septum primum, to get to the left

atrium. The increase in left atrial pressure after 

birth closes the septum primum against the sep-

tum secundum.

Fig. 1.3a,b. Folding of the heart tube

a

b
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1.1.4.7 

Development of the Ventricles, the Atrioventricular 

Canals, the Valves and the Outlow Tractsl

In the primitive heart tube the atria are in line with

the left ventricle and the entire outflow of the heart fl

is from the right ventricle. At day 28 thickening of 

the endocardium around the atrioventricular canal, 

called superior and inferior and right and left endo-

cardial cushions, develops to separate the atrium 

and the left ventricle. Fusion of the superior and 

inferior endocardial cushions forms the septum in-

termedium, which separates the right and left AV

canals. (The interatrial septa fuse with this septum.)

Extensive remodelling in the 7th week allows the 

right AV canal to be aligned with the right atrium 

and the left with the left ventricle. Simultaneously 

the left ventricle is brought into the line of the conus

cordis. Part of the conus cordis is incorporated in

the outflow tracts of both ventricles.fl

At the end of the 4th week a muscular septum 

forms that separates the ventricles and this contin-

ues to grow from below upward almost to the sep-

tum intermedium. A persisting gap allows access 

from the left ventricle into its outflow tract. The fl

atrioventricular valves develop between the 5th and 

8th week.

During the 7th and 8th weeks the conotruncus di-

vides into separate pulmonary and systemic outflow fl

vessels from the right and left ventricles, respec-

tively. These spiral around each other as the pulmo-

nary artery and aorta. Development of the valves at 

the outflow of the ventricles and closure of the fifl nal fi

part of the interventricular septum fi nally results infi

the fully developed configuration of the four-cham-fi

bered heart with separate pulmonary and systemic 

circulations.

1.1.5 

Embryology of the Oesophagus

The oesophagus is derived from the foregut. Pha-

ryngeal arch mesoderm gives rise to the muscle of 

its upper part, which is supplied by the recurrent 

laryngeal nerves. The muscle of its lower part arises 

from splanchnic mesoderm, which is supplied by 

autonomic nerves.

1.1.6 

Embryology of the Diaphragm

Four embryonic structures contribute to the forma-

tion of the diaphragm:

a) the septum transversum, 

b) the paraxial mesoderm of the body wall, 

c)  the oesophageal mesenchyme, and

d)  the pleuroperitoneal membranes (Fig. 1.5).

The migration of myoblasts from the septum

transversum into the pleuroperitoneal membranes 

draws the C2, 3 and 4 innervation of the phrenic 

nerve inferiorly as the septum transversum migrates

cranio-caudally. However, the main contribution of 

the septum transversum is to the central tendon of 

the diaphragm.

The outermost rim of the diaphragm muscle is

formed from the body wall paraxial mesoderm and 

is innervated by spinal nerves from C7–T12. The right 

and left crura of the diaphragm are muscular bands

formed by condensation of mesenchyme associated 

with the foregut at the vertebral levels L1–L3. The

pleuroperitoneal membranes separate the definitive fi

pleural cavities from the peritoneal cavity. They are 

transverse membranes that grow ventrally from an 

oblique line connecting the root of the 12th rib with the 

tips of the ribs 12 through 7. The membranes fuse with 

the posterior edge of the septum transversum closing 

Fig. 1.4. Development of the atrial septum



6 S. Ryan

off the pleuroperitoneal canals by the 7th week. The 

left pleuroperitoneal canal is larger than the right and 

closes later, a difference that may account for the fact 

that congenital hernias of the abdominal viscera are 

more common on the left side than on the right.

ment of the vertebral body. The dorsal part of the

sclerotome encloses the neural tube and forms the

rudiment of the vertebral arch. Vertebral bodies are

formed in response to substances from the noto-

chord (e.g., chondroitin sulphate). Vertebral arches

require interaction with surface ectoderm for their

formation.

Abnormalities in the induction of the somites 

may result from abnormal induction of the sclero-

tome. Defective induction of vertebral bodies on one

side may result in a severe lateral scoliosis. 

The sclerotomes are arranged segmentally, and

whilst migrating towards the neural tube and the

notochord, split into a cranial half and a caudal

half. The caudal half of each sclerotome fuses with 

the cranial half of the succeeding sclerotome to form

intersegmental vertebral rudiments.

The intervertebral discs are fibrous and form be-fi

tween the vertebral bodies at the segmental levels. 

Cells of notochordal origin initially form the core 

of each disc, the nucleus pulposus, probably to be

later replaced by cells of sclerotomal origin, and the 

surrounding annulus fibrosus develops from sclero-fi

tomal cells.

1.1.7.2

Ribs

Small condensations of mesenchyme develop

along the lateral aspect of the vertebral arches of 

the developing neck and trunk vertebrae. These

are termed costal processes and on day 35 in the

thoracic region the distal tips of these processes 

lengthen to form ribs. Ventrally, the first seven ribsfi

connect to the sternum through the costal carti-

lages by day 45 and are termed true ribs. Ribs 8–12 

do not articulate directly with the sternum and are 

termed false ribs. 

Initially, the ribs are cartilaginous and later os-

sify through a process termed endochondral ossifi-fi

cation. In the 6th week a primary ossification centrefi

appears near the angle of each rib and ossificationfi

then proceeds distally. The secondary centres of os-

sifi cation do not appear in the heads and tubercles of fi

the ribs until adolescence.

1.1.7.3 

Sternum

In the centrolateral body wall a pair of longitudi-

nal mesenchymal condensations termed the sternal

bars appear. In the 7th week the most cranial of the 

1.1.7 

Embryology of the Thoracic Wall

1.1.7.1

Vertebrae

Somites separate from the paraxial mesoderm in a

craniocaudal sequence until day 30. Commencing

in the cervical region the somites subdivide into

three kinds of mesodermal primordium: the myo-

tomes, the dermatomes and the sclerotomes. The

sclerotomes give origin to the vertebral bodies and

vertebral arches. The ventral portion of the sclero-

tome encloses the notochord and forms the rudi-

Fig. 1.5a,b. Development of the diaphragm. a Before 7 weeks. 

(ppf = pleuroperitoneal foramen). b neonatal diaphragm

showing the origins of its components

b

a
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ribs makes contact with them and the bars meet

along the midline and begin to fuse, progressing

in a cranio-caudal sequence to terminate with the 

formation of the xiphoid process in the 9th week.

The cartilaginous precursors of the sternal bars 

ossify, like the ribs, in a craniocaudal sequence

from the 5th month to shortly after birth, thus

producing the definitive components of the ster-

num–the manubrium, the body and the xiphoid 

process. The xiphoid process does not ossify until

after birth.

1.1.7.4 

Intercostal Muscles and Dermis

After the sclerotome migrates medially to contribute

to the development of the vertebrae, the portion that

remains is termed a dermamyotome. This separates

into a myotome and a dermatome. The dermatome 

contributes to the dermis of the ventral trunk (skin 

and connective tissue). The myogenic cells differ-

entiate from the myotomes, which split into two 

components, the epimeres and the hypomeres. The 

dorsal epimeres give rise to the deep muscles of the

back, the erector spinae and the transversospinalis

groups. The ventral hypomeres form the muscles of 

the ventral and lateral body wall: the three layers of 

intercostal muscles.

1.2 
Anatomy of Neonatal Chest Radiology

1.2.1 

Introduction

Neonatal thoracic anatomy is similar to thoracic 

anatomy at any other age. Detailed accounts may 

be had in standard anatomy and radiological anat-

omy textbooks (Ryan 2004). This section will deal

with the anatomy as seen on radiographs and other 

imaging with emphasis on the differences between 

neonates and older children or adults.

1.2.2 

Airway and Lungs

The trachea is a fi bromuscular tube supported by fi

16 to 20 cartilaginous rings that are deficient pos-fi

teriorly. It extends from the C4 level to T4 in the 

neonate (T5 in the older child). The trachea may 

be “buckled” on a chest radiograph, especially one 

taken in expiration. It is seen to straighten consider-

ably with deep inspiration. It buckles anteriorly and

to the right. It will buckle to the left if the aortic arch

is right sided.

At the carina the trachea bifurcates. The right

main bronchus is more vertical, at 32° to midline,

than the left main bronchus, which lies at 51° to

midline in the neonate. The carinal angle becomes 

smaller in the older child. The bronchi can be vis-

ible to their second or third order of branching on 

a neonatal chest radiograph, especially behind the 

heart. This is not abnormal as it would be in an adult 

CXR.

Lungs should be symmetrically radiolucent on 

a chest radiograph. Radiographs taken with some 

rotation result in asymmetric lung density. The left

lung has two lobes, and the right has three, but the 

pleural fissures may be incomplete in the neonate. fi

The horizontal fissure on the right is sometimes vis-fi

ible on the radiograph as a pencil-thin line equidis-

tant from the apex and the diaphragm. The oblique

fissures are not usually visible on AP chest radio-fi

graphs.

The borders of the lungs are visible on a chest ra-

diograph because of the lucency of the lung against 

the denser heart, mediastinum or diaphragm. Both 

hemidiaphragms should be entirely visible on an AP 

chest radiograph including the medial part of the 

left hemidiaphragm below the heart.

The pulmonary artery is visible below the aor-

tic knuckle on radiographs of older children, but is

masked by the normal thymus in neonates. The pul-

monary arteries can be seen on a radiograph as they 

branch at the hilum. The right pulmonary artery 

divides into an upper lobar artery and interlobar ar-

tery. The latter can be clearly seen on a radiograph,

and its diameter may equal that of the trachea. Large

vessels should not be visible in the periphery of the 

lungs on a radiograph. Radiographs taken with the

beam angled cranially result in accentuation of the 

upper lobe vascularity.

1.2.3 

Heart and Great Vessels

The internal anatomy of the neonatal heart is best 

imaged by echocardiography. Cardiac MR may be

used for the evaluation of congenital heart disease
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in the neonate. CT and MR are used for imaging the 

great vessels.

The chest radiograph shows the overall heart size

and to a certain extent can show relative enlarge-

ment of certain chambers. The thymus (see below)

can result in apparent heart enlargement. The car-

diac diameter on the lateral view is independent of 

the thymus and may be easier to interpret if the AP

view is confusing.

On an AP chest radiograph, the right heart bor-

der is formed by the right atrium, the left by the left 

ventricle. The upper part of the cardiac silhouette is

covered by the thymus. On the lateral radiograph the

anterior border of the heart is hidden by the thymus; 

the posterior border is formed by the left atrium.

The aortic arch is hidden by the thymus, but the 

descending aorta is usually visible lateral to the left

border of the spine where its lateral border is definedfi

by the adjacent lung (Fig. 1.6).

1.2.4 

Thymus

The mediastinum in neonates appears widened due 

to the relatively large thymus gland. In neonates the

thymus may extend superiorly as far as the thyroid

gland and inferiorly to the lower border of the heart. 

It widens on expiration and elongates and rises on

inspiration. It has two asymmetrical lobes.

On the AP chest radiograph it may blend imper-

ceptibly with the cardiac silhouette or its inferior

border may be marked by notches on either side. The 

protruding triangular confi guration called the sailfi

sign is less common in neonates than in older babies

(Fig. 1.6). The lateral border of the thymus may be 

sharp or may fade gradually. It may have an undu-

lating border reflecting its soft nature and moulding fl

by the overlying ribs. Lung markings are usually vis-

ible through the thymic shadow.

Fig. 1.6a–d. Variable appearance of thymus on neonatal AP chest radiograph. a Thymus blends with left heart border giving 

impression of cardiomegaly. b Thymus protrudes from right upper mediastinal border as “sail sign”. c Large but normal 

thymus mimics right mediastinal mass. d Thymus mimics right upper lobe density

a

b

c d



  Embryology and Anatomy of the Neonatal Chest 9

On a lateral chest radiograph the thymus is an-

terior and superior to the heart. It obliterates the

superior mediastinal lucent space that is visible in

adults. While it can extend posterior to the trachea,

a posterior mediastinal mass is less likely to repre-

sent a normal thymus.

The thymus may simulate cardiac enlargement, a 

mediastinal mass or pulmonary disease especially 

right upper lobe pneumonia (Fig. 1.6). It is most im-

portant to remember that a normal thymus never 

deviates the trachea or other structures. Fluoros-

copy may be helpful to determine the true nature of 

an apparent abnormality. On fluoroscopy the thy-fl

mus can be seen to be soft and move with respira-

tion. Rotation can identify a characteristic lateral 

border that was not clear on the radiograph.

The thymus is visible on ultrasound, CT and 

MR (Fig. 1.7). It has a homogenous appearance on 

all three imaging modalities. It has a CT density of 

approximately 38 Hounsfield Units and enhances fi

uniformly. On MR it is very bright on T2-weighted 

sequences and brighter than muscle on T1-weighted 

sequences.

1.2.5 

The Chest Wall and Diaphragm

The AP diameter of the neonatal chest is almost as

big as the transverse diameter, giving the chest a cy-

lindrical configuration. A small amount of rotation fi

while taking the radiograph will result in asymme-

try of the appearance of the radiograph. The degree

of rotation is judged by the length of the anterior 

ribs on the right and left side. The method used in

adults of judging the distance between the medial 

end of each clavicle and the spinous process of the 

vertebrae is not possible since the spinous processes

are not ossified in neonates.fi

Diaphragmatic movement can be particularly 

well assessed by ultrasound in neonates because

their small size allows visualisation of both hemi-

diaphragms simultaneously in the coronal plane.

Paradoxical movement on one side can be seen with 

real time scanning.

Folds of skin over the thoracic wall may be visible 

on a chest radiograph as fat lines or because they 

are outlined by air. If these lucent lines superimpose

the lateral lung border they may simulate a pneu-

mothorax (Fig. 1.8). If the line can be seen to extend 

beyond the lung its true nature is clear. Otherwise a

decubitus or other view may be necessary to rule out

a pneumothorax.

Fig. 1.7a–c. Neonatal thymus on cross-sectional imaging. 

a Contrast-enhanced CT. b Coronal T1 MRI. c Coronal STIR

MRIb

c

a
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2.1
Introduction

The past 4 decades have been marked by extraordi-

nary advances in the treatment of critically ill neo-

nates. With the advent of intensive care coupled with

advances in modern technology, the face of neonatal 

medicine has changed forever. This has resulted in

improved survival and decreased morbidity among 

term and preterm gestation infants. Nowhere is this

more eloquently seen than in the fact that the limits 

of viability have now extended to lower gestational

ages. Most of these improvements are directly re-

lated to the better management of neonatal lung 

conditions such as respiratory distress syndrome 

in preterm infants and meconium aspiration syn-

drome and persistent pulmonary hypertension of 

the newborn in term infants. In addition, a better

understanding of various congenital abnormalities

of the chest such as congenital diaphragmatic her-

nia has allowed us to manage these infants better 

in the immediate postnatal period as well as al-

lowing us to consider novel new ways of treating

these conditions such as with foetal intervention.

This chapter will outline the recent key advances

that have impacted on the management of neonatal 

lung conditions. Firstly, the area of mechanical ven-

tilation will be discussed, including newer modes

of ventilation such as high frequency ventilation, 

liquid ventilation and extracorporeal membrane 

oxygenation. Attention will then be turned to two 

new drug therapies: surfactant, which has become

established as a standard part of the management

of preterm infants and, more recently, nitric oxide,

which is being used in the management of hypoxic 

respiratory failure in term infants. Lastly a mention 

will be made of the role of prenatal diagnosis and 

foetal surgery in the treatment of selected neonatal 

chest conditions.

2.2
Ventilatory Support

Without doubt, the ability to support and treat vari-

ous respiratory disorders in the neonate has led to

an increase in survival among lower gestational age 

infants and critically ill term infants. Continuous 

positive airway pressure (CPAP) and conventional 

mandatory ventilation (CMV) remain the main-

stays, although more recently, high frequency ven-

tilation (HFV) and liquid ventilation (LV) have been 

evaluated as alternative ventilatory modes. 
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2.2.1 

Continuous Positive Airway Pressure 

Continuous positive airway pressure (CPAP) has been 

an important tool in the treatment of neonates with 

respiratory distress syndrome (RDS). The mecha-

nisms by which CPAP produces its beneficial effects fi

include an increase in alveolar volumes and func-

tional residual capacity (FRC), better alveolar recruit-

ment and stability and redistribution of lung water.

The result is an improvement in ventilation-perfusion

matching. However, high CPAP levels can lead to side 

effects including over distension, an increased risk of 

air leaks, carbon dioxide retention, cardiovascular

impairment, decreased lung compliance and possibly 

an increase in pulmonary vascular resistance. 

Multiple clinical trials have evaluated the use of 

CPAP in neonates with respiratory disorders. Meta-

analyses have generally concluded that in preterm

infants with RDS, the application of a continuous

distending pressure is associated with a decrease 

in mortality and a decrease in the need for assisted

ventilation (Ho et al. 2002a). One notable side ef-

fect, however, is that the incidence of air leaks is in-

creased (Ho et al. 2002a). The applicability of these 

results to current practice is difficult to determine fi

as four of the fi ve trials included in the above analy-fi

sis were carried out in the 1970s in the presurfactant 

era and infants studied were quite mature ranging 

between 31-34 weeks gestation. CPAP is most ben-

eficial if used early on in the treatment of neonatesfi

with established RDS as it decreases the need for

subsequent positive pressure ventilation (Ho et al. 

2002b). Again, most of the trials included in this 

analysis were conducted in the presurfactant era

on more mature infants. Prophylactic CPAP com-

menced soon after birth (within 2 h) regardless of 

respiratory status in preterm infants has not been

shown to decrease the need for subsequent intuba-

tion and intermittent positive pressure ventilation 

( Subramaniam et al. 2005). However, of the two 

studies included in this meta-analysis, one was done 

in the presurfactant era and the other reported out-

comes for infants in the 28–31-week gestational age 

group. There was insufficient evidence in the meta-fi

analysis to evaluate the benefits or harm of prophy-fi

lactic nasal CPAP in very preterm infants, a group 

that warrants particular attention. CPAP is also 

effective in preventing failure of extubation in pre-

term infants after a period of endotracheal intuba-

tion and intermittent positive pressure ventilation 

(Davis and Henderson-Smart 2003).

One of the most controversial areas currently in 

neonatology is the appropriate early management 

of respiratory distress syndrome in extremely low 

birth weight (ELBW) infants. The debate centers 

on the use of early CPAP after delivery compared

with the use of prophylactic or early surfactant. Al-

though there is good evidence that prophylactic and 

early surfactant reduces mortality and respiratory 

morbidity, few of these studies have large numbers

of the smallest babies, and none of the studies ran-

domised infants in the placebo or control group to

treatment with early CPAP (Soll 1997, Soll 1998,

Soll and Morley 2001, Yost and Soll 2001). On

the other hand, there is increasing concern that the

use of mechanical ventilation, especially in the firstfi

few days of life, seems to considerably increase the

risk of chronic lung disease (CLD) (Van Marter et

al. 2000). A retrospective analysis of eight different 

neonatal units by Avery et al. (1987) found that the 

use of CPAP and the acceptance of higher PaCO2 

and lower pH were associated with a reduction in 

the incidence of CLD. The critical question, there-

fore, is if it is better to avoid mechanical ventilation

at all costs in the most vulnerable group of preterm

infants by using early CPAP or does the benefit of in-fi

tubation with the administration of early surfactant

outweigh any subsequent morbidities seen with the

use of mechanical ventilation.

Historically, respiratory support for very pre-

term babies has been intubation and mechanical 

ventilation and so many clinicians have questioned 

whether ELBW infants could, in fact, be managed

successfully with CPAP alone. The neonatal inten-

sive care unit in Columbia has consistently reported

a low rate of CLD and a much greater use of CPAP

compared with early intubation and mechanical

ventilation. Their experience has been presented in

more detail in a recent article (Ammari et al. 2005).

The authors report that of 87 infants between the

ages of 23–25 weeks gestation, 69% were treated with

initial CPAP. Overall, 31% of these 87 infants were

maintained solely on CPAP. Of the group of infants 

between 26–28 weeks, 95% were started on CPAP in 

the delivery room and 78% were successful in requir-

ing only CPAP as their treatment. Of infants <699 g 

at birth, 73% were started on CPAP and the overall

success of CPAP alone was 33%. They reported fewer

pneumothoraces in the group of infants started on 

CPAP than for the infants who were CPAP failures 

or who were initially intubated in the delivery room. 

Only 51% of infants who were CPAP failures and 53%

of infants ventilated from birth received surfactant.
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Booth et al. (2006) have also recently reported that

a high proportion of their very preterm infants (<27-

week gestation) intubated at birth for prophylactic

surfactant were successfully extubated and treated

with nasal CPAP during the 1st week of life without

requiring re-intubation during that time. Of note, no

baby <660 g sustained nasal CPAP without requir-

ing re-intubation, whereas 25% of infants born at 23

or 24 weeks of gestation were successful in doing so.

This suggested that diaphragmatic and intercostal

muscle bulk may be more important than the ma-

turity of the respiratory drive in sustaining ventila-

tion on CPAP. Based on the above, it would seem that 

with appropriate experience and attention to detail,

it is possible to manage a percentage of extremely 

preterm infants on nasal CPAP soon after birth.

If early CPAP is to be advocated, should exog-

enous surfactant be administered in conjunction 

with it, and what is the appropriate timing of ad-

ministration? The results of published surfactant 

trials in ventilated patients cannot be extrapolated

to this population. The strategy of a short intuba-

tion to deliver surfactant with subsequent extuba-

tion to CPAP compared with CPAP alone was first fi

reported by Verder et al. in 1994. This group found

that in infants (25–35 weeks gestation) with moder-

ate to severe RDS (as defi ned by an arterial to alveo-fi

lar ratio of less than 0.22) treated with nasal CPAP, 

a single dose of surfactant signifi cantly reduced fi

the need for subsequent mechanical ventilation 

from 85% to 43%. There was no difference in the

incidence of CLD between the groups. Tooley and 

Dyke (2003) compared infants who had received 

surfactant followed by a rapid extubation to those 

who had received surfactant with ongoing mechan-

ical ventilation. Again, no differences were detected 

between the groups. The IFDAS trial, which is cur-

rently published in abstract form, randomized in-

fants between 27–29 weeks of gestation into one of 

four treatment arms: early CPAP and prophylactic 

surfactant, early CPAP with or without subsequent 

rescue surfactant, early intubation and ventilation 

with prophylactic surfactant, and conventional

management (Thomson 2002). CPAP was report-

edly initiated within 6 h of birth (the study did 

not require the use of CPAP in the delivery room). 

It was found that infants treated with CPAP had a 

shorter mean duration of mechanical ventilation.

No differences were detected in the rates of CLD or

other complications between the groups. A recent

meta-analysis addressing the effect of early surfac-

tant administration with brief ventilation (<1 h)

versus the more conventional approach of selective 

surfactant administration and continued mechani-

cal ventilation found that the former strategy was 

preferable in terms of preventing the need for me-

chanical ventilation (Stevens et al. 2004). However,

there was insufficient evidence to reliably evaluatefi

any effect on the rate of CLD. It should be noted that 

most of the infants enrolled in the studies quoted in 

the meta-analysis were greater than 28-week gesta-

tion. In summary, infants with RDS can be success-

fully treated with a brief intubation for surfactant

administration and a rapid extubation to CPAP. 

Those infants treated with early surfactant replace-

ment therapy and CPAP are less likely to need me-

chanical ventilation than infants who are treated 

with nasal CPAP and later surfactant therapy. To

date, there have been no reported benefits in terms fi

of the incidence of CLD, and there remains a paucity 

of data on long-term neurodevelopmental outcome.

It is also not clear from the studies which infants 

(in terms of birth weight and/or gestational age) are 

most likely to benefit from this rapid extubation ap-fi

proach, nor is it clear at what point in time in the 

course of RDS disease progression should one rec-

ommend intervention with intubation for the pur-

pose of surfactant administration.  

What is clearly missing from the literature are 

any randomized controlled trials comparing the use

of CPAP initiated in the delivery room with the use

of prophylactic or early surfactant. There are cur-

rently three prospective trials underway that will

hopefully address this issue. The COIN trial has

enrolled infants between 25–28 weeks of gestation

who showed spontaneous breathing in the delivery 

room after stabilisation with subsequent evidence of 

RDS. Infants were randomised to nasal CPAP or in-

tubation with surfactant administration. Enrolment 

is now completed and results are awaited. The Ver-

mont-Oxford Network is carrying out a three-armed 

trial in which infants from 26–29 weeks of gestation 

are randomized to either intubation with early pro-

phylactic surfactant with subsequent stabilisation

on ventilator support, intubation with early prophy-

lactic surfactant with rapid extubation to CPAP or 

early stabilisation with CPAP with selective intuba-

tion and surfactant administration for clinical in-

dications. Finally, the SUPPORT trial is enrolling 

infants of 24–27 weeks gestation, and these infant

are randomised to either CPAP beginning in the de-

livery room with criteria for subsequent intubation 

or intubation with surfactant treatment within 1 h 

of birth with continuing ventilation with criteria for 
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extubation. It is hoped that the results of these trials 

will be available within the next 2–3 years.

While we do not have unequivocal answers to all 

our questions at this time, Finer (2006), in a recent 

editorial, voiced a sensible and practical approach 

until such time as more defi nitive information be-fi

comes available. He is of the opinion that for more

mature infants ≥26 weeks gestation, early CPAP

started at delivery with intubation and surfactant 

administration for those infants who show a signifi-fi

cant oxygen requirement and immediate extubation 

to CPAP for infants with an adequate respiratory 

effort appears reasonable. While he does not spe-

cifically address the point at which he would recom-fi

mend intervention with intubation, he does note in 

his editorial that the criteria for intubating an infant

assigned to CPAP in each of the three prospective 

trials currently in progress are remarkably similar 

and include a PaCO2 >60–65 mmHg (8–8.5 kPa),

an FiO2 >40–60% and significant apnoea. With re-fi

gards to the immediate management of infants <26

weeks of gestation, he is less definitive. The success fi

of CPAP alone as a modality increases with increas-

ing gestational age, and CPAP alone is unlikely to

be successful for more than a minority of infants

weighing <600 g or of <24-week gestation. While 

these percentages will likely increase as individual

units gain more experience with the use of CPAP, his

current preference, in the absence of the results of 

the current trials underway, is to err on the side of 

intubating infants <26 weeks’ gestation and to ad-

minister surfactant within the fi rst 30 min of life fol-fi

lowed by aggressive attempts to extubate the infant

to CPAP within the next 24–48 h. 

In summary, the role of CPAP in the management 

of RDS in ELBW infants is still being elucidated. Re-

sults of ongoing trials are anxiously awaited. Further 

studies that include longer-term neurodevelopmental 

follow-up are required to determine the safety and ef-

fectiveness of the earlier use of CPAP without surfac-

tant, the acceptance of higher PaCO2 and the use of 

higher levels of CPAP in ELBW infants with RDS.

More recently, nasal intermittent positive pressure 

ventilation (NIPPV) has been utilized as a method of 

augmenting nasal CPAP. It has the added advantage

of delivering ventilator breaths via the nasal prongs. 

A review of randomised controlled trials comparing 

NIPPV to nasal CPAP has found that NIPPV is more

effective in preventing failure of extubation (Davis

et al. 2001). No studies have yet described the use

of NIPPV as fi rst line therapy for early respiratory fi

disease. Further work is needed to determine if the

use of NIPPV confers benefits in terms of the rate of fi

CLD, etc. The impact of synchronization of NIPPV 

with infants’ breaths in terms of safety and effi cacy fi

has also to be established. 

2.2.2 

Continuous Mandatory Ventilation

CMV plays a critical role in the care of neonates. 

With the increasing survival of premature infants,

CMV is being used on smaller and sicker infants for

longer durations. There is evidence to suggest that 

mechanical injury from ventilation plays a role in 

the pathogenesis of chronic lung disease. Ventila-

tor-associated lung injury was traditionally thought 

to have been due to the use of high pressures, thus

the name “barotrauma”. However, recent labora-

tory-based and clinical research has raised questions 

about this purported mechanism. Experimentally, 

investigators have used high and low lung volumes 

and pressures in an attempt to determine if volume 

or pressure is the major culprit responsible for lung 

injury in the immature animal. By using negative 

pressure ventilation and chest strapping, investi-

gators have been able to dissociate the magnitudes 

of volumes and pressures. These studies have con-

sistently demonstrated that markers of lung injury 

(pulmonary oedema, epithelial injury and hyaline 

membrane) are present with the use of high volume

and low pressure, but not with the use of low vol-

ume and high pressure. Thus many investigators

and clinicians prefer the term “volutrauma” to the

more classic term of “barotrauma” (Dreyfuss and

Sauman 1998, Hernandez et al. 1989, Dreyfuss

and  Saumon 1993). Armed with this information,

attempts are now being made to optomise particular 

ventilatory strategies in certain lung diseases in an

effort to minimise barotrauma and volutrauma. This

offers the theoretical advantage of improving gas 

exchange with the smallest amount of lung injury.

These strategies have been derived by the applica-

tion of basic concepts of pulmonary mechanics, gas

exchange and control of breathing to the particular

lung disease in question. To demonstrate a benefit infi

adopting particular ventilatory strategies, it is neces-

sary to show an improvement in blood gases and/or 

a decrease in morbidity. Not surprisingly, the com-

plexities of the multiple patient presentations along

with the myriad of available ventilatory changes 

mean that defi nitive conclusions are hard to reach. fi

Suffice it to say that more research is needed. fi
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RDS is characterised by low compliance and

low functional residual capacity. An optimal CMV 

strategy would include conservative indications for

CMV, the use of the lowest PIP (positive inspira-

tory pressure) and tidal volume required, moderate

PEEP (peak end expiratory pressure) (3–5 cm H2O), 

permissive hypercapnia, judicious use of sedation

and aggressive weaning (OCTAVE Study Group 

1991, Pohlandt et al. 1992, Mariani et al. 1999). 

Studies have shown that relatively high ventilatory 

rates (60 breaths/min) result in a decreased inci-

dence of pneumothorax. Shorter inspiratory times

(the time allowed for infl ation to occur) also pro-fl

mote weaning, decrease the risk of pneumothorax 

and allow the use of higher ventilator rates (Carlo

and Ambalavanan 1999). Overall, most clinicians 

favour a short inspiratory time, high rate, low tidal 

volume strategy. Unlike RDS, the lung disease in 

chronic lung disease of prematurity (CLD) is usually 

heterogenous with varying time constants among

different lung areas. The time constant is the prod-

uct of resistance and compliance and is a measure

of the time needed for the airway pressure deliv-

ered by the ventilator to equilibrate throughout the 

lungs. If the time constant is prolonged (therefore, 

implying that the lungs are more difficult to inflfi ate fl

and defl ate), more time is needed for inflfl ation and fl

deflation to occur. Infants with CLD often do better fl

with higher PEEPs (4–6 cm H2O). In addition, they 

often respond to longer inspiratory times as this al-

lows more time for equilibration of the airway pres-

sure to occur. The use of longer inspiratory times

results in improved tidal volumes and better carbon 

dioxide elimination. Longer expiratory times and

lower flow rates are also preferred. Hypercarbia and fl

a compensated respiratory acidosis are often toler-

ated to avoid increasing lung injury with aggressive

CMV (Carlo and Ambalavanan 1999).

Persistent pulmonary hypertension of the new-

born (PPHN) may be primary or associated with 

meconium aspiration syndrome, prolonged intra-

uterine hypoxia or congenital diaphragmatic hernia 

(CDH). The best ventilatory strategy in this condi-

tion is also controversial with marked differences 

in management style being evident among different

neonatal units (Walsh-Sukys et al. 2000). In gen-

eral, the inspired oxygen (FiO2) is adjusted to main-

tain PaO2 between 10–12 kPas (80–100 mmHg) to 

minimise hypoxia-mediated pulmonary vasocon-

striction. Ventilatory rates are adjusted to maintain 

an arterial pH between 7.45–7.55. Care is taken to 

avoid extremely low PaCO2 (<20 torr), which can 

cause cerebral vasoconstriction. The availability of 

inhaled nitric oxide, a selective pulmonary vasodila-

tor, has added greatly to our ability to care for these

critically ill infants and has been accompanied by a

reduction in the need for extracorporeal membrane 

oxygenation. The widespread availability of this

drug means that current ventilatory strategies will 

need to be reassessed as it may be neither necessary 

nor benefi cial to maintain low-normal PaCO2.fi

While continuing study is needed to delineate

the best ventilatory strategy in each lung condition,

there is, nevertheless, a consensus that CMV, by its

very nature, can and does lead to lung injury. On this

basis, it is recommended that clinicians aim for more 

gentle ventilatory strategies in which gas trapping 

and alveolar overdistension are minimised while

blood gas targets are modified to accept higher than fi

normal PaCO2 and lower than normal PaO2 values.

This concept of “permissive hypercapnia” or “con-

trolled mechanical hypoventilation” suggests that

respiratory acidosis and alveolar hypoventilation 

may be an acceptable price to pay for the prevention

of pulmonary volutrauma. Two large retrospective 

studies designed to determine risk factors for lung

injury in neonates concurred on the potential impor-

tance of this strategy, noting that higher PaCO2 val-

ues were associated with less lung injury (Garland

et al. 1995, Kraybill et al. 1989). Using multiple

logistic regression, these two studies independently 

concluded that ventilatory strategies leading to hy-

pocapnia during the early neonatal course resulted

in an increased risk of lung injury. Mariani et al. 

(1999) have recently reported their experience of per-

missive hypercapnia in preterm infants. Surfactant-

treated infants (birth weight 854±163 g, gestational

age 26±1.4 weeks), receiving assisted ventilation 

during the first 24 h after birth, were randomised tofi

permissive hypercapnia (PaCo2 45–55 mmHg ) or to 

normocapnia (PaCO2 35–45 mmHg). The number

of patients receiving assisted ventilation during the 

intervention period was lower in the permissive hy-

percapnia group (P<0.005). During that period, the

ventilated patients in the permissive hypercapnia 

group HAD (rather than have) a higher pCO2 and 

lower PIP, MAP and ventilator rate than those in 

the normocapnia group. While it is clear that this 

ventilatory strategy is feasible and seems safe, the

more important issue is whether it improves long-

term outcome in these infants. A Cochrane review 

assessing whether a strategy of permissive hyper-

capnia in mechanically ventilated neonates led to 

improvements in short- and long-term outcomes
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found that there was no difference in the incidence 

of death, chronic lung disease, severe intraventricu-

lar haemorrhage or periventricular leucomalacia 

between the groups (Woodgate and Davies 2001). 

On that basis, it was felt that this ventilation strategy 

could not be recommended to reduce mortality or

pulmonary or neurodevelopmental morbidity. Until

more evidence is available that supports the safety 

and benefi ts of this strategy, it would seem wise tofi

avoid the exposure of ventilated newborns to either

severe hypocapnia or hypercapnia. 

Recent advances in respiratory technology have 

transformed standard mechanical ventilators. Ven-

tilators are now highly sophisticated machines that

offer the unique ability to provide rapid and precise

control of gas delivery and ventilatory support in

various ways, while allowing for the monitoring and 

alarming of virtually every aspect of the procedures 

involved. Most infants who require ventilation

continue to breathe spontaneously. Spontaneous

breathing facilitates venous return and ventilation-

perfusion matching. Some infants tolerate venti-

lation very well, whereas others seem to “fight thefi

ventilator” with increased agitation and decreased 

oxygenation and are possibly at increased risk of 

barotrauma and intraventricular haemorrhage

(Greenough et al. 1984, Perlman et al. 1985). Be-

cause of this, efforts were made to create ventila-

tors that would synchronise with the infant’s own 

respiratory effort. Currently, there are two modes of 

synchronised ventilation. Firstly, assist/control ven-

tilation, also known as patient-triggered ventilation, 

delivers a positive pressure breath in response to

the patient’s inspiratory effort (assist) provided the

latter exceeds preset threshold criteria. This mode

also provides the safety of a guaranteed mechanical 

breath rate set by the operator if no patient effort is

detected (control). The backup control rate ensures a 

minimum mandatory minute ventilation in case the

patient stops making inspiratory efforts. It is sug-

gested that this is an excellent mode of ventilation 

for use in premature infants in the acute phase of 

their illness because it requires the least amount of 

patient effort and produces improved oxygenation at

the same mean airway pressure (Donn et al. 1994). 

Other authors have reported that prolonged sup-

port of low birth-weight infants (<28 weeks) might 

not be feasible because of patient fatigue (Chan

and  Greenough 1993). The overall evidence, how-

ever, is that patient-triggered ventilation reduces 

the duration of time from weaning to extubation

in mechanically ventilated neonates and may have 

a benefi cial effect on secondary outcome measuresfi

such as chronic lung disease and intraventricular 

haemorrhages (Greenough et al. 1984, Perlman et

al. 1985, Sinha and Donn 1996), but these fi ndingsfi

require verification in larger studies. Synchronisedfi

intermittent mandatory ventilation (SIMV) refers to 

a ventilatory mode where the mechanically deliv-

ered breaths are delivered at a fi xed rate, but are syn-fi

chronised to the onset of the patient’s own breath. 

During apnoea, ventilator breaths continue to be 

delivered at the pre-ordained SIMV rate. Unlike As-

sist/Control, in SIMV, the ventilatory support can be

varied according to the rate set by the clinician from

very low rates to high rates making it a very flexiblefl

mode of ventilation. However, a low set SIMV rate is

undesirable when the patient’s ventilatory demand

is high. Similarly, reducing the SIMV rate to a very 

slow rate (<20 breath/min) may be unwise when dis-

continuation of mechanical ventilation is imminent

as this may impose significant work of breathing on fi

the intubated baby and contribute to weaning fail-

ure (Dimitriou et al. 1995). While SIMV has been 

found to be as effective as CMV, no major benefitsfi

were observed in a large randomised controlled

trial (Bernstein et al. 1996). A third method of ven-

tilation is pressure support ventilation (PSV), and

it is often used coupled with SIMV. This is definedfi

as patient-initiated, pressure-targeted and patient-

controlled ventilation, which is generally fl ow cycledfl

(Perlman et al. 1985). It is designed to assist the

patient’s spontaneous breathing with an inspiratory 

pressure “boost”. PSV reduces the work of breath-

ing, created by the resistive forces of endotracheal

tubes, the ventilatory circuit and demand valve 

systems. In PSV, once the breath is triggered by the 

patient’s inspiratory effort, a preset system pressure

is rapidly delivered and maintained throughout in-

spiration by adjustment of machine inspiratory flow.fl

The inspiration ends when the inspiratory flow fallsfl

below a preset value, usually determined as a per-

centage of delivered volume or flow (this has been fl

called flow synchronization). This prevents inflfl a-fl

tion extending into expiration reducing the rate of 

asynchrony. Although PSV closely resembles Assist/

Control ventilation, it seems because of its unique 

design, PSV is better customised to support and syn-

chronise with patient effort because the patient has 

control of both the inspiratory flow rate and inspi-fl

ratory time. The main role of PSV is to assist respi-

ratory muscle activity and so reduce workload. The 

use of PSV in neonates and infants has been poorly 

studied, although it looks promising (Donn et al.
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1994). The addition of pressure support to SIMV can 

reduce oxygen consumption (Kanak et al. 1985) and 

shorten the duration of weaning (Jaunieaux et al. 

1994). PSV may also have a role to play in infants

who are chronically ventilator dependent such as

those infants with chronic lung disease.

As stated earlier, while individual studies have 

shown synchronized ventilation to be beneficial, a fi

meta-analysis of relevant randomized controlled

trials has shown that the only positive benefit noted fi

is a shorter duration of ventilation when compared

to conventional ventilation delivered at rates of 

less than 60 breaths per minute (Greenough et al. 

2004). There is no significant effect on the incidencefi

of chronic lung disease or death. Nevertheless, this 

shorter duration of ventilation would support the

use of synchronized ventilation as the preferred 

mode of ventilation in newborn infants. Comparing

PTV to SIMV, it was noted that in preterm infants in 

the recovery stage of respiratory distress, PTV was 

associated with a shorter duration of ventilation 

and so this method of ventilation may offer some 

advantage when weaning preterm neonates. Further 

work in this important area is still needed. While it 

is assumed that these modes of ventilation result in 

improved synchrony with the infants’ breaths, none 

of the randomised trials report on whether syn-

chronous ventilation was actually achieved. It also

remains to be seen if certain ventilators and trigger

devices perform better with specifi c respiratory di-fi

agnoses.

More recently, the strategy of proportional assist

ventilation (PAV) has been touted. Conventional

modes of patient-triggered ventilation, as outlined

above, typically synchronise one or two events of the 

ventilator cycle to certain points in the respiratory 

cycle. In contrast, with PAV, the applied airway pres-

sure is servocontrolled throughout each spontane-

ous breath (adaptive ventilation). Essentially, it func-

tions by tailoring the ventilator pressure contour to

the specifi c derangements in lung mechanics and by fi

a near perfect synchronization with the infant’s own

respiratory effort (Schulze and Bancalari 2001). 

To date, there is little published on its use in new-

born infants. One study comparing PAV with assist-

control and with conventional intermittent manda-

tory ventilation in 36 low birth weight infants with 

mild to moderate acute respiratory illness reported 

that during PAV, infants achieved equivalent respi-

ratory gas exchange with signifi cantly lower meanfi

and peak transpulmonary pressures compared with

the other two modes (Schulze et al. 1999). No unde-

sirable side effects or complications were observed. 

While the results are encouraging, additional stud-

ies with clinically signifi cant long-term end pointsfi

are necessary before PAV can be recommended for 

broader clinical use in this population. 

Until recently, the mode of ventilation most fre-

quently used in virtually all conventional mechani-

cal ventilators was time-cycled, pressure-limited

ventilation in which peak inspiratory pressure was 

set by the clinician and not exceeded by the venti-

lator. This results in consistent pressure delivery, 

but inconsistent tidal volume delivery, which be-

comes a function of the patient’s own pulmonary 

mechanics, particularly compliance. As it appears

that “volutrauma” may, in fact, contribute more to 

ventilator-associated lung injury, attention has once 

again been focused on volume-targeted ventilation 

(Sinha and Donn 2001). This mode of ventilation 

attempts to deliver a consistent tidal volume. While

it has been in use in paediatric and adult practice for

many years, technological limitations of the older 

ventilators precluded their use in the preterm infant

because they were unable to accurately deliver the 

small tidal volumes required when ventilating these

small babies. With recent advances in ventilator de-

sign, this problem has been overcome, and it is now 

possible to offer volume ventilation in the newborn 

population. The major difference between volume-

targeted ventilation and pressure-limited ventila-

tion is that the former targets a specific volume of fi

gas to be delivered either from the ventilator or to 

the patient. The ventilator then makes adjustments 

to the peak inspiratory pressure or to the inflation fl

times from infl ation to inflfl  ation to try and deliverfl

that volume. As with pressure-limited ventilation, 

there are different forms of volume-targeted venti-

lation. The first is “volume-controlled ventilation” fi

also known as “volume-support ventilation”. Here,

the clinician sets a desired tidal volume. The dura-

tion of inflation then depends on the time it takesfl

for that volume to be delivered (i.e., volume-cycled 

not time-cycled), and inflation ends as soon as thatfl

volume has been delivered. If the volume is not de-

livered in the preset inspiratory time, then the de-

sired volume may not be delivered. The rate of flow, fl

PIP and inspiratory time may all vary from breath 

to breath. The only constant is the tidal volume de-

livered into the ventilator circuit. Like pressure-lim-

ited ventilation, volume-controlled ventilation can 

be synchronized with an infant’s own respiratory 

effort. Options include synchronised intermittent

mandatory ventilation and Assist-Control. In addi-
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tion, pressure support ventilation is often provided 

in combination with volume-controlled SIMV. The

level of pressure support provided can be selected 

by the clinician. As PSV is pressure-limited, the

tidal volume delivery on these breaths depends on 

respiratory mechanics and may be variable. To over-

come this, some ventilators have combined pressure 

support with a guaranteed minimum tidal volume 

delivery. The second form of volume-targeted venti-

lation is known as “volume-guarantee ventilation”. 

This is a form of time-cycled, pressure-limited ven-

tilation (i.e., preset inspiratory time determines the 

duration of infl ation, and the maximum pressure set fl

by clinician limits maximum PIP), where a preset

expiratory tidal volume is selected. By analysing the 

inspired and expired tidal volumes, the ventilator 

then adjusts the peak inspiratory pressure to try and 

maintain the set expired tidal volume for the next

inflation ensuring that for each inflfl ation the tidalfl

volume delivered to the baby is as close as possible 

to that set by the operator. This method of ventila-

tion provides a volume-targeted strategy within the 

limits of time-cycled, pressure-limited ventilation. 

It must be remembered that volume-controlled and

volume-guarantee ventilations are distinct entities,

despite being linked by a strategy of presetting tidal 

volume. The difference in fl ow patterns, inspiratory fl

times and degree of limitations of PIP may interact

with the spontaneously breathing infant in very dif-

ferent ways. Lastly, some other ventilators provide 

a time-cycled, pressure-limited “volume-limited”

strategy where the pressure support for any infla-fl

tion is aborted if the measured inspired tidal volume

exceeds a preset upper limit. Of note, the infl ating fl

pressures are not automatically adjusted if the in-

spired tidal volume falls to less than the preselected

value. Hence, this mode does not provide assur-

ance of tidal volume delivery in the same way as the

modes of ventilation mentioned above.

While there is a sound theoretical basis for the 

use of volume-targeted strategies in the neonates,

because volume-targeting ventilation has only be-

come available for use in neonatal practice recently, 

clinical trials are few. Meta-analysis of four trials 

comparing the use of volume-targeted ventilation 

strategies with time-cycled pressure-limited venti-

lation did not identify any adverse outcomes associ-

ated with their use, but it also failed to show any ben-

efi t in the clinically signififi cant long-term outcomes fi

of death and neurodevelopmental impairment (Mc-

Callion et al. 2005). There was a significant reduc-fi

tion noted in the rates of intraventricular haemor-

rhage and pneumothorax along with the number of 

days of IPPV required in the volume-targeted group,

but the small numbers of studies and the small num-

bers of infants enrolled in each trial means that cau-

tion must be exercised before widespread applica-

tion of volume targeting in neonatal intensive care 

units occurs. Further randomised controlled trials,

powered to assess effects on important outcomes

such as death, CLD or neurodevelopmental disabil-

ity are required to determine if this new mode of 

ventilation should routinely be used in preference to

conventional pressure-limited modes in neonates

One fi nal strategy that deserves mention is that fi

of continuous tracheal gas insufflation (CTGI). Thefl

added dead space of the endotracheal tube and the

ventilator adapter adds to the anatomic dead space

and reduces alveolar minute ventilation. In smaller 

infants or in infants with increasing severity of lung 

disease, dead space becomes the largest proportion

of the tidal volume. With tracheal gas insufflation, fl

gas delivered to the distal part of the endotracheal

tube during exhalation washes out this dead space

and the accompanying carbon dioxide. Reports on 

the use of CTGI in neonates have found it allows the 

use of low-volume ventilation over a prolonged pe-

riod and reduces the duration of mechanical ventila-

tion (Dassieu et al. 2000). Its exact role in preterm

infants and infants with severe lung disease has yet

to be elucidated.

In summary, conventional mandatory ventilation

is a mainstay in the care of critically ill neonates. In 

recent years, a combination of a better understand-

ing of the pathophysiology of neonatal lung diseases,

the use of disease-specific ventilatory strategies and fi

technological advances in ventilators have all con-

tributed to signifi cant reductions in mortality andfi

morbidity. Large multicentred clinical trials with 

long-term follow-up are now urgently required to 

determine the optimal mode of ventilation in criti-

cally ill neonates who are suffering from a wide va-

riety of pathological processes.

2.2.3 

High Frequency Ventilation

With the realisation that lung injury appeared to be 

more closely related to cyclic changes in lung vol-

ume (Dreyfuss and Sauman 1998, Hernandez et

al. 1989, Dreyfuss and Saumon 1993), considerable

interest has been generated over the past 15 years in

the application of high frequency ventilation (HFV)
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to the neonatal population. This technique allows

ventilation with very small tidal volumes and offers 

the theoretical advantage of avoiding lung injury. 

Henderson and Chillingworth first noted in 1915 fi

that smoke blown down a tube formed a long, thin

spike and the quicker the puff, the thinner and 

sharper the spike. They concluded “there may eas-

ily be gaseous exchange sufficient to support life fi

even when the tidal volume is considerably less that

the dead space”. Emerson in 1959 patented a device

that, by vibrating air into the patient’s lungs, had

the potential for enhancing gas exchange (Emerson

1959). Subsequently, Sjostrand (1980) reported his

groups’ modification of standard conventional ven-fi

tilators to allow their use at frequencies of 60–120/

min. In 1974, Heijman and Sjostrand fi rst reported fi

the application of HFV to neonates with respiratory 

distress syndrome (RDS). The era of HFV began and

its use became more widespread. The early days of 

HFV were characterised by device confusion leading

many to believe that HFV was a technology in search 

of a disease. More recently, despite many studies of 

HFV in animal models of RDS showing promising

results in the prevention of lung injury, results of 

clinical studies of this ventilatory technique are not 

as promising. Controversy continues to surround 

the indications for HFV in newborns and whether 

HFV is more effective than other modes of ventila-

tion for neonatal respiratory failure, whether HFV

reduces adverse outcomes or whether HFV is more

likely to result in significant long-term complica-fi

tions compared to CMV.

HFV can essentially be defined as ventilation atfi

a rapid rate (at least two to four times the natural 

breathing frequency) using tidal volumes that are 

less than the anatomic dead space. Gas transport 

during HFV cannot be explained by the classic con-

cepts of ventilation and lung mechanics. Although

the precise mechanisms by which gas exchange oc-

curs during HFV remain incompletely understood,

a number of different mechanisms have been sug-

gested to explain the phenomenon and each may 

play a role within different segments of the lung. 

Similar to CMV, bulk convention may be important 

during HFV in ventilating the most proximal alve-

oli. The Pendelluft effect, which allows the exchange 

of gases among lung units with different time con-

stants, is felt to be particularly important when ven-

tilation occurs at tidal volumes less than anatomic 

dead space (Lehr et al. 1985, Fredberg et al. 1985). 

Other mechanisms that may help to explain the gas 

exchange include “asymmetric velocity profiles” fi

(where convective gas transport is enhanced by 

asymmetry between inspiratory and expiratory ve-

locity profiles that occur at branch points in the air-fi

ways), Taylor dispersion (augmented diffusion due 

to turbulent air currents that result from interaction 

between axial velocity and the radial concentration

gradient in the airways) and molecular diffusion.

With regard to oxygen exchange, as in all forms of 

mechanical ventilation, it is essential to maintain

adequate lung volumes and to avoid atelectasis. De-

spite major differences in the design and function of 

high frequency ventilators, the strategy of improv-

ing oxygenation during HFV and CMV is similar. In

both, the aim is to maximise ventilation-perfusion

matching while avoiding impairment of cardiac out-

put. With HFV, a high mean airway pressure is used 

to recruit alveoli and maintains lung volumes above 

functional residual capacity. In contrast to CMV, 

HFV maintains lung volumes at a relatively constant

level and uses small changes in tidal volume to ac-

complish ventilation. Mean airway pressure and its

corollary, lung volume, are very diffi cult to quantify fi

during HFV and make the comparison of different

modes of HFV and CMV very difficult. Mean tra-fi

cheal pressure is obviously very different from mean 

alveolar pressure, making the precise manipulation 

of HFV parameters problematic. Therefore, com-

parisons between CMV and HFV regarding airway 

pressure and adequacy of oxygenation are meaning-

less. However, peak airway pressures are generally 

lower in HFV because of the smaller delivered tidal

volume and this should theoretically lead to a lower

incidence of barotrauma.

There are three main types of high frequency 

ventilators-high frequency oscillatory ventilators 

(HFOV), high frequency flow interrupters (HFFI), fl

and high frequency jet ventilators (HFJV). HFJV 

employs a high pressure source to deliver a volume

of gas through a small-bore injector cannula. It is

used in parallel with a conventional ventilator that 

provides positive end-expiratory pressure (PEEP)

and intermittent “sigh” breaths to help prevent 

atelectasis. Expiration is passive (i.e., dependent 

of chest wall and lung recoil). HFFIs operate on a 

principle similar to jet ventilation. Gas from a high

pressure source is delivered into a standard ventila-

tor circuit and endotracheal tube. To produce high 

frequency breaths, the fl ow of gas is interrupted by fl

a valve mechanism. Expiration, in this case, is also 

passive. HFOV employs a piston or diaphragm to 

oscillate a bias fl ow of gas resulting in both posi-fl

tive and negative pressure fluctuations. Because of fl
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the negative pressure deflection during the expira-fl

tory cycle of the oscillated breaths, expiration is 

active. This has the advantage of allowing shorter 

expiratory times and gas trapping may be less of a 

problem.

Several animal studies have examined the role 

of HFV in reducing ventilator-induced lung injury.

Early studies examining the use of HFOV in ani-

mals that had experimental RDS showed that using

low mean airway pressures during HFV resulted in

progressive atelectasis and hypoxaemia. In contrast,

when used with a strategy to optimise lung inflation fl

with higher mean airway pressures, HFOV applied 

to baboons, monkeys, and rabbits promoted uni-

form lung inflation, improved gas exchange and lungfl

mechanics and reduced the number of infl amma-fl

tory mediators (McCulloch et al. 1988, deLemos

et al. 1987, Jackson et al. 1991). These effects were

even greater when HFOV was used in concert with 

surfactant treatment (Froese et al. 1993, Jackson et

al. 1994). In addition, if HFOV, using a high mean 

airway pressure/lung volume strategy, was initiated 

immediately in preterm baboons with RDS, HFOV 

prevented the deterioration in gas exchange and

lung mechanics characteristically seen in animals 

treated with CMV (Meredith et al. 1989). Early 

treatment with HFOV also prevented the morpho-

logic changes of hyaline membrane disease seen in 

the conventionally treated animals (Jackson et al.

1991, Meredith et al. 1989). However, it was not as 

effective in reducing the pathological fi ndings of fi

acute lung injury when initiated later in the course

of RDS, after several hours of CMV (deLemos et al. 

1992). These studies and others mentioned earlier

lend support to the hypothesis that volutrauma, 

rather than barotrauma, is the primary cause of 

acute lung injury secondary to assisted ventilation

and that HFOV, which uses a relatively static lung 

volume and minimal cyclic volume changes, may 

protect the surfactant deficient lung from injury. fi

Such data lead to an evolution in the clinical appli-

cation of HFV.

Studies in infants using HFV are hard to inter-

pret as many different ventilators have been used

along with many different ventilatory strategies.

In the early to mid-1980s, several small studies re-

ported that infants with severe RDS who were failing

on CMV could achieve adequate gas exchange with 

HFJV or HFOV at signifi cantly lower mean airway fi

pressures. These fi ndings prompted the National In-fi

stitute of Health (NIH) to conduct a multicentered

randomised controlled trial in the mid 1980s on 673 

preterm infants weighing between 750 g and 2 kg 

using HFOV. The results of the study showed that

HFOV did not reduce the incidence of bronchopul-

monary dysplasia or death and an association was 

seen between the use of HFV and other adverse out-

comes including air leak and intracranial haemor-

rhage (HIFI Study Group 1989). On reviewing the

study subsequently, it was felt that the ventilatory 

strategy applied was fundamentally flawed. Several fl

large studies subsequently, using a high lung volume 

approach, revealed more promising results than the

original NIH trial. These later trials looked at HFV

as the initial mode of ventilation in preterm infants

who had RDS (early intervention) and as rescue

therapy in preterm and term infants who had se-

vere lung disease and/or air leak syndrome (rescue 

therapy). A Cochrane review of 11 randomised trials 

involving 3,275 infants comparing elective HFOV in

the treatment of preterm infants with RDS (early in-

tervention) to conventional mechanical ventilation

found that elective HFOV did not offer any impor-

tant advantages (Henderson-Smart et al. 2003).

There was possibly a small reduction in the rate of 

CLD with HFOV use, but the evidence was weakened

by the inconsistency of this effect across trials, and 

it was not found to be significant overall. Adversefi

effects on short-term neurological outcomes were

observed in some studies, but again these effects

were not significant overall. There was inadequate fi

information about effects on long-term outcome.

Another meta-analysis published in the Cochrane

Database looks at the use of elective HFJV compared

to CMV in preterm infants with RDS (Bhuta and

Henderson-Smart 1998a). The overall analysis

shows a benefi t in pulmonary outcomes in the groupfi

electively ventilated with HFJV. Of concern was the

significant increase in periventricular white matter fi

injury seen in one trial that used lower mean airway 

pressures when ventilating with HFJV (Wiswell

et al. 1996). In this trial, hypocarbia was not found

to be independently associated with an adverse

outcome, although observational studies have sug-

gested that marked hypocarbia is associated with an 

increased risk of cystic periventricular leucomalacia

(PVL) (Graziani et al. 1992, Fujimoto et al. 1994).

With regards to long-term outcomes, the HIFI trial 

has reported respiratory morbidity and neurodevel-

opmental outcome up to 2 years of post-term age for 

77% of survivors (HIFI Study Group 1990). Growth

and clinical respiratory status did not differ between

the two groups, but neurodevelopmental outcome 

was worse in the HFOV group, in keeping with the
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excess of major cranial ultrasound abnormalities

identifi ed in the original report. The United King-fi

dom Oscillation study (UKOS) randomly assigned

797 infants born between 23 and 28 weeks gestation 

to receive either HFOV or CV within 1 h of birth

(Johnson et al. 2002). No difference was found in 

short-term outcomes including mortality, CLD and

neonatal cranial ultrasound scan appearances. This 

group has recently reported on the 2-year respira-

tory and neurodevelopmental outcome of 73% of the

585 surviving infants (Marlow et al. 2006). No dif-

ference between the groups was identified support-fi

ing their original conclusion that HFOV and CV are 

equally effective for the early treatment of respira-

tory distress syndrome. At this stage, it would seem 

that the literature suggests that HFV is comparable 

and possibly offers some advantage over CMV in the

treatment of preterm infants with uncomplicated 

RDS (Courtney et al. 2002). The caveats attached to

this are many. Certain experience in the use of HFV

is essential and the clinical trials using HFV with

a low lung volume strategy offer a cautionary note.

Despite animal data suggesting that the early appli-

cation of HFV modifi es the sequence of lung injury fi

initiated by CMV, results of the clinical trials have 

not really shown HFV to prevent chronic lung dis-

ease. This is likely due to the complex, multifactorial 

aetiology of chronic lung disease in extremely pre-

mature infants and the mode of ventilation used in 

these infants may have less of an impact on overall 

outcome than other perinatal and neonatal factors

that play a role in the disease. Further studies look-

ing at long-term neurodevelopmental outcomes are

still required. As conventional mechanical ventila-

tion of neonates continues to advance with an im-

proved ability to monitor tidal volumes, better syn-

chronization with the infant’s own respiratory effort 

and “auto-weaning” of inspiratory pressures as lung

compliance improves and as the current trend of us-

ing non-invasive modes of ventilation in preterm 

infants from birth gains support,  Eichenwald

(2006), in a recent editorial, argues that equivalence 

of HFOV with conventional ventilation may not be

suffi cient to recommend its routine use in this popu-fi

lation. 

HFV has also been used in the rescue treatment 

of premature infants with pulmonary interstitial

emphysema and air leak syndromes. Keszler et al. 

(1991) found HFJV to be superior to CMV in infants 

with pulmonary interstitial emphysema. Infants had

a lower mortality rate and a more rapid improvement

in radiological appearance. There was no increased

incidence of adverse outcomes including chronic

lung disease or intraventricular haemorrhage. An-

other large study looked at the role of HFOV in air 

leak syndrome in infants with severe RDS (HiFO 

Study Group 1993). While fewer children on HFOV 

developed air leak, no difference in the progression 

or resolution of air leak was observed between the

groups with established air leak syndrome at the 

time of randomisation. Of concern, however, was 

that there was an increased rate of intraventricular

haemorrhage of any grade in infants treated with

HFO. There was also a stronger, but non-significantfi

trend towards an increase in the more severe grades 

of IVH in this group. Cochrane reviews on the use of 

rescue HFV in preterm infants conclude that there

is currently insufficient information on its use to fi

make recommendations for practice (Bhuta and 

Henderson-Smart 1998b, Joshi and Bhuta 2006). 

The small amount of data that exists suggests that

harm may outweigh any benefits. As in the otherfi

clinical scenarios, more studies are needed before 

defi nite recommendations can be made regarding fi

the use of HFV as a rescue therapy in this popula-

tion.

Limited data are available on the use of HFV in

term or near term infants as a rescue therapy for

severe respiratory failure or persistent pulmonary 

hypertension. The causes of respiratory failure in

this group of infants are heterogeneous and include 

RDS, congenital pneumonia, meconium aspiration,

pulmonary hypoplasia and congenital diaphrag-

matic hernia. Only one prospective randomised trial 

of HFV in near-term and term infants with respira-

tory failure has been performed (Clark et al. 1994). 

In this study, 81 infants >34 weeks gestation and >2

kg referred for ECMO were randomised to HFOV

or CMV. In the crossover design, those who failed 

the initial treatment were switched to the alterna-

tive ventilator mode. The proportion of infants who

failed their initial treatment was comparable be-

tween the HFOV and CMV groups. However, of those 

who failed conventional ventilation, 63% responded

to HFOV, significantly more than the 23% that re-fi

sponded to CMV after failing therapy with HFOV. 

No signifi cant difference in mortality or morbidity fi

was observed. A meta-analysis carried out in 2001

looking at this issue was only able to identify one

trial that was appropriate for inclusion, namely that

by Clark et al. (Bhuta et al. 2001). On that basis, 

the review concluded that there is inadequate data to

support the routine use of rescue HFOV in term or 

near term infants with severe pulmonary dysfunc-
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tion. Uncontrolled rescue studies in term infants 

indicate that HFOV might be of value in neonates 

with intractable respiratory failure who are candi-

dates for ECMO (Kohlet et al. 1988, Carter et al.

1990). In the case series of Carter et al. (1990), 46%

of ECMO candidates treated with HFOV recovered 

without the need for ECMO. The response rate, how-

ever, does appear to be disease specific with infantsfi

who have homogenous lung diseases such as RDS or

pneumonia more likely to respond to HFV that those 

with heterogeneous lung diseases such as meconium 

aspiration syndrome. The question that now must 

be posed is whether the long-term outcome of these 

infants treated with HFOV is comparable to those

treated with ECMO. In view of the increasing use

of HFOV in practice, more randomised controlled

trials are urgently needed to establish its role more 

accurately. The area is complicated by the diverse 

pathology in these infants and also by the occur-

rence of other interventions (such as surfactant, ni-

tric oxide and inotropes). Any future randomisation 

should be stratifi ed according to disease and it is es-fi

sential that long-term outcomes be reported. 

Nitric oxide (NO) is being increasingly utilised as

a treatment for persistent pulmonary hypertension of 

the newborn (PPHN). Recent work has suggested that 

lung volume recruitment with HFOV may enhance the

response to inhaled nitric oxide in infants with per-

sistent pulmonary hypertension (PPHN) complicated

by parenchymal lung disease. Kinsella et al. (1997)

conducted a prospective randomised trial comparing

CMV with inhaled nitric oxide to HFOV alone in 203

infants with severe pulmonary hypertension. Treat-

ment failure resulted in crossover to the alternative

treatment, which led to combination treatment with

HFOV and inhaled nitric oxide. The response rate,

defi ned as a sustained PaO2 >60 mmHg (8 kPas), was fi

signifi cantly higher for the HFOV plus nitric oxidefi

group than for either therapy alone in infants who 

had RDS or meconium aspiration.

In summary, HFV is an important development 

in the management of preterm and term infants

with respiratory failure. Clinical trials have demon-

strated that HFV with a high volume strategy is a 

safe and comparable alternative to CMV. Its place in

the therapeutic armamentarium will undoubtedly 

continue to evolve in the years to come particularly 

with the advent of advanced modes of fully synchro-

nized and volume-targeted conventional mechani-

cal ventilatory modes along with the trend to use 

smaller tidal volumes and higher levels of PEEP with 

conventional ventilation.

2.2.4 

Extracorporeal Membrane Oxygenation 

Extracorporeal membrane oxygenation (ECMO) is

a complex technique for providing life support that 

has been in use for just a little over 25 years. It

oxygenates blood outside the body, obviating the 

need for gas exchange in the lungs and if necessary, 

provides cardiovascular support. It is used in the 

management of neonates with respiratory failure as

a result of a lung insult that is generally complicated 

by pulmonary hypertension and significant extra-fi

pulmonary right-to-left shunting of blood. These

infants have severe hypoxaemia that persists despite

conventional ventilation and they are predicted to 

be at great risk of dying. 

There are two types of EMCO that are employed. 

The fi rst is venoarterial (VA) ECMO, which givesfi

support to both heart and lung function. In brief, 

cannulas are placed to drain venous blood from 

the right atrium (usually via the internal jugular to 

superior vena cava/right atrial junction or femoral

vein to right atrium). This venous blood then goes

to a pump (using a roller-head device) that advances 

the blood to the membrane oxygenator. The latter

is made of silicone rubber and is similar to the ex-

tracorporeal lungs used in cardiac bypass. As blood

passes through the oxygenator, oxygen is added and

carbon dioxide is removed. The oxygenated blood 

is then rewarmed and returned to the arterial cir-

culation. Arterial return is directed into the arch

of the aorta via cannulation of the right carotid or

femoral artery. With more blood being drained into 

the ECMO circuit, less blood will fl ow through thefl

damaged native heart/lung circulation. This will de-

crease the amount of ventilator support required to

maintain gas exchange. Ventilator settings and con-

centrations of inspired oxygen can be minimised to

avoid ongoing barotrauma/volutrauma and oxygen 

toxicity as the damaged lung attempts to heal itself.

As the lung heals and native gas exchange becomes

more effi cient, the need for ECMO support decreases,fi

and blood fl ow through the circuit is correspond-fl

ingly decreased until native pulmonary function

alone is sufficient to sustain the infant. The cannu-fi

las are then removed from the infant and ECMO can

be discontinued. One of the major disadvantages of 

VA ECMO is that the carotid artery frequently re-

quires ligation although now many centres repair

the vessel during decannulation with reportedly 

good results and continued patency on follow-up 

examinations (Karl et al. 1990, Crombleholme
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et al. 1990). Venovenous (VV) ECMO allows supple-

mentation of pulmonary gas exchange, but relies on 

adequate function of the heart to perfuse the body. 

The venous blood is drained from the right atrium 

or the inferior vena cava. It is then sent to the ECMO

circuit and membrane oxygenator where it under-

goes removal of carbon dioxide and addition of 

oxygen as in VA ECMO. The saturated blood is then 

rewarmed and returned to the patient’s venous cir-

culation. Recirculation at the tip of the insertion

of the cannulas can be limited (although not com-

pletely eliminated) by careful placement of the ve-

nous cannulas, thereby preventing large amounts of 

the returning oxygenated blood from reentering the 

ECMO circuit before it reaches the systemic circula-

tion. Since the proportion of cardiac output drained 

into the ECMO circuit (approximately 50%) with VV 

ECMO is less, the arterial saturation in VV ECMO is 

also less than that seen with VA ECMO. To maintain 

adequate oxygen delivery, some oxygen uptake via

the lungs must be maintained. This usually requires

that higher levels of inspired oxygen be maintained 

through the ventilator than in VA ECMO. PEEP is

also used to retain lung expansion and optomise ox-

ygenation. In patients who develop cardiac dysfunc-

tion or who do not receive enough systemic oxygen 

despite VV ECMO, conversion to VA ECMO is pos-

sible. The advantage of VV ECMO is that it limits the 

risk of embolisation to the central nervous system of 

air, clots or debris returning form the ECMO circuit. 

It also avoids potential damage to or ligation of the 

carotid artery. For a diagrammatic representation of 

the ECMO circuit, the reader is referred to Chap. 6,

Figure 6.7.

The fi rst adult patient to be offered long-termfi

support with a membrane oxygenator for life-

threatening pulmonary disease was a 24-year-old 

man treated by Dr. J.D. Hill for ARDS (Hill et al. 

1972). The perfusion lasted a total of 75 h and had 

a favourable outcome. The early adult ECMO ex-

perience is best summarised in the 1979 report by 

Zapol et al. of the nine hospital collaborative trial

conducted under the auspices of the National In-

stitute of Health. Ninety patients were admitted to

the study, of which 48 were treated with mechani-

cal ventilation alone and 42 were treated with me-

chanical ventilation plus partial venovenous, veno-

arterial or mixed bypass support. Ultimately only 

three of the control patients and four of the ECMO

patients survived. There were, however, many ex-

planations for the disappointing outcomes with

many of the patients who had died demonstrating 

extensive pulmonary fibrosis (fi Short and Pearson

1986). If ECMO was going to demonstrate an ad-

vantage, it was thought it would have to be used in 

patients with readily reversible diseases or condi-

tions. This requirement led investigators to pursue

the use of ECMO in the treatment of neonatal pul-

monary disease. Bartlett was the first to use ECMOfi

to support a neonate in 1973, and he treated the first fi

neonatal survivor in 1975 (Bartlett et al. 1976). 

The fi rst randomised trial of ECMO in neonates fi

was carried out by Bartlett et al., and it demon-

strated the efficacy of ECMO in the management fi

of respiratory failure when compared to conven-

tional ventilation (Bartlett et al. 1985). A subse-

quent randomised trial in Boston produced similar 

conclusions (O’Rourke et al. 1989). These studies, 

however, had used adaptive designs and were criti-

cised as this may have introduced bias. The UK Col-

laborative ECMO Trial Group subsequently carried 

out a randomised controlled trial and published

their findings in 1996 (UK Collaborative ECMO fi

Trial Group 1996). The eligibility criteria included

infants with severe respiratory failure [defined as fi

an oxygenation index (OI) of greater than or equal 

to 40 or an arterial partial pressure of carbon diox-

ide >12 kPa for at least 3 h], gestational age at birth

35 completed weeks or more, birth weight 2 kg or

more, age less than 28 days and less than 10 days of 

high pressure ventilation. Once the infant had met

the criteria, the infant was randomised to transfer

to one of five regional centres for ECMO or to con-fi

tinued conventional management in the referring

hospital. Use of HFV, inhaled nitric oxide and sur-

factant was allowed. A total of 185 children were

enrolled, 93 were allocated to the ECMO arm and

92 were allocated to conventional management. At 

trial entry, 19% of the cases had a congenital dia-

phragmatic hernia. Of the 93 allocated to ECMO,

84% actually received ECMO support. The overall 

mortality rate differed significantly between the fi

ECMO and the conventional management groups 

(32% vs. 59%, P=0.005), which was equivalent to

one extra survivor for every three to four infants

allocated to ECMO. This benefit was sustained even fi

when severe disability at 1 year of age was taken into

account (P=0.002). Mortality among infants with a 

primary diagnosis other than CDH was 21% in the 

ECMO group compared with 49% in the control 

group (P=0.0006). The trial results left little doubt

that allocation to ECMO reduced the risk of death 

or severe disability. The one potential confounding

factor in this study, which may have overestimated 
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the benefi t of ECMO, was that infants randomised fi

to receive ECMO were transferred to a regional cen-

tre, which may have had greater expertise in treat-

ing critically ill infants. On the other hand, infants

randomised to the conventional arm remained in 

the smaller referring units and they may not have 

received optimal conventional management. Not

unexpectedly, more infants in the conventional

management group were treated with HFV (33% vs.

11%), surfactant (41% vs. 33%) or both especially in 

the later years of the study. Whether even greater 

use of these treatments would have improved out-

come after conventional care is uncertain. Meta-

analysis of the above trials in addition to another 

trial carried out by Bifano et al. reported a clear

benefit for the ECMO policy in terms of reducing fi

mortality (Elbourne et al. 2002).

While ECMO has clearly been shown to be ben-

efi cial, an appreciation of the long-term outcome of fi

these infants is essential if ECMO is to be regarded 

as a useful modality. The UK Collaborative ECMO 

Trial Group has reported the neurodevelopmental

outcome of its cohort at both 4 years and 7 years

of age (UK Collaborative ECMO Trial Group 2001,

UK Collaborative ECMO Trial Group 2006). With 

regards to the primary outcome of death or severe

disability at 4 years, 34 of 93 infants in the ECMO

group (37%) compared to 54 of 92 infants in the 

conventionally treated group (59%) were affected, 

a statistically significant fifi  nding (fi P=0.004). The re-

sults were equivalent to one additional child sur-

viving without severe disability for every four to 

five children referred for ECMO. This benefifi t wasfi

evident in all stratified analyses based on principalfi

diagnosis and disease severity, although the num-

bers were small. Equally, there was a higher pro-

portion of known survivors without any disability 

in the ECMO allocated group. A higher respiratory 

morbidity was documented in the children treated 

conventionally (UK Collaborative ECMO Trial

Group 2001, Beardsmore et al. 2000). By 7 years of 

age, 76% of the children assessed (56 ECMO cases

and 34 conventional treatment cases) recorded a 

cognitive level within the normal range with no 

differences recorded between the trial groups.

Learning problems were similar in the two groups 

and there were notable difficulties with spatial andfi

processing tasks. A higher respiratory morbidity 

and increased risk of behavioural problems among 

children treated conventionally persisted. Progres-

sive sensorineural hearing loss was found in both 

groups. Hence, the beneficial inflfi uence of ECMOfl

was still present at 7 years. The authors go on to 

state that the evidence at 7 years of age strongly 

suggests that the underlying disease processes (and 

associated physiological instability) appear to be

the major influence on morbidity rather than the fl

use of ECMO itself.

Therefore, the use of ECMO appears to increase 

the likelihood of intact survival. However, ques-

tions that still need to be answered include whether

ECMO is more useful for some category of patients 

than others. Certainly, patients who have been ven-

tilated at high ventilator pressures for long periods 

are poor candidates as they likely have irreversible 

pulmonary disease. Most centres attempt to avoid 

this problem by reserving ECMO for those patients

who have only received mechanical ventilation for 

less than 14 days. To date, the main indications for

ECMO in neonates are meconium aspiration syn-

drome, congenital diaphragmatic hernia (CDH),

pneumonia/sepsis, RDS and PPHN. Although the

lungs are usually severely affected by the disease 

processes, the uniqueness of the neonate’s pulmo-

nary vasculature and the presence of functional

right to left shunts can magnify the severity of the

hypoxaemia. The failure of the pulmonary vascu-

lar resistance to decrease after delivery or a post-

natal increase in the resistance associated with

pulmonary disease, resulting in PPHN, is a situa-

tion found only in neonates. Its reversibility and

the ability of the infant’s lung to recover from the 

underlying insult allow for the use of ECMO with 

encouraging results currently being reported. In

the UK study, the benefit of ECMO was seen in all fi

of the above diagnostic categories with the excep-

tion of congenital diaphragmatic hernia (UK Col-

laborative ECMO Trial Group 1996). Unfortunately, 

the number of infants with CDH randomised to ei-

ther arm was too small and it was not possible to 

draw definitive conclusions. Four out of 18 infants fi

with CDH randomised to ECMO survived to dis-

charge, whereas there was no survivor among the 

17 infants randomised to the conventional group. 

However, by 4 years of age, 16 of the 18 in the ECMO

arm had died or were severely disabled. There is

now a strong case to further study the role of ECMO

and other treatments (such as inhaled nitric oxide, 

HFV and surfactant) in the management of infants

with CDH who require anything more than mod-

est respiratory support (oxygenation index >20)

in the first 12 h of life. The second question to befi

addressed is the selection of patients for ECMO.

Trying to determine which patients are failing less 
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invasive therapies and have reversible injury that

may improve with lung rest provided by ECMO is 

still difficult. Various mortality prediction criteria fi

have been put forth as indicators of when ECMO 

rescue is best applied. These criteria were devel-

oped to identify patients with a predicted mortality 

of 80% or greater (Kirkpatrick et al. 1983). How-

ever, many of these criteria were derived from his-

torical data for respiratory failure patients at single

institutions or extrapolated from neonatal respira-

tory failure data (Nading 1989). In addition to be-

ing developed retrospectively, these criteria were 

only meant to be used at specific centres where thefi

review had been conducted and were not intended

to be transferable. A more obvious limitation of 

the criteria was their inability to be revised on the

basis of changes or improvements in conventional

treatment. For example, with the increasing use 

of HFV that uses a higher mean airway pressure 

than CMV, calculated oxygenation indices (which

have been used as predictors of high mortality) are 

higher, but this may not necessarily translate to an 

increased risk of death. Hence, criteria that define fi

a mortality rate of 80% during one epoch will not 

necessarily predict the same risk in a future epoch. 

In centres that use ECMO, it is impossible to re-

defi ne 80% mortality unless that centre is willing fi

to deny patients treatment with ECMO. Because of 

these limitations, it is not surprising that criteria 

developed at an earlier time do not have the same 

predictive value when used in different institutions

or indeed with the evolution of time (Dwortez et 

al. 1989). Currently the most widely used predic-

tor is the oxygenation index, which considers the 

degree of oxygenation as well as the mean airway 

pressure required to achieve that level of oxygen-

ation. One of the weaknesses of this criterion is

that it is not disease specific. Its uniform applica-fi

tion assumes that the pathophysiology and clini-

cal course are similar for all conditions for which 

ECMO is used. As stated earlier, it would be par-

ticularly useful to have specific criteria for the usefi

of ECMO in the management of CDH that would

also include the timing of operative repair. The 

problem of higher calculated oxygenation indices

in cases where HFV is employed has already been 

mentioned. Further data collection and analysis 

are essential to help develop treatment algorithms 

for instituting therapies such as ECMO and this

should hopefully lead to better predictors of death. 

The final question to be asked is the correct tim-fi

ing of institution of ECMO. The extent to which 

the respiratory and neurological morbidity among

infants assigned to receive ECMO reflects the un-fl

derlying condition or the treatment offered is still a

major source of debate although the follow-up data

at 7 years reported by the UK Collaborative ECMO

trial group would suggest that the former is more 

important. Whether the initiation of ECMO when

the oxygenation index is between 25 and 40 would 

result in a better outcome is as yet unanswered. 

In summary, although there was appropriate con-

cern regarding the use of ECMO in the treatment of 

neonatal respiratory failure during the initial stages

of clinical use, there is no doubt now that ECMO can 

be used successfully to support neonates and the re-

sult is a reduction in the mortality rate without an

apparent increase in neurodevelopmental disability. 

Despite this, around the world, rates of ECMO re-

ferral have fallen and the use of interventions such

as nitric oxide and high frequency ventilation has

increased (Hintz et al. 2000). While use of these

interventions has been shown to decrease the need

for ECMO, the studies have not definitely reported fi

improvements in survival or long-term outcomes. 

Nevertheless, avoidance of ECMO as an end point 

seems to be widely accepted as desirable. Of con-

cern is that despite these interventions, a significant fi

number of infants still go on to require ECMO. If 

long-term morbidity, as some clinical evidence sug-

gests, is in fact due to damage that occurs before the 

initiation of ECMO, then one must worry about un-

necessarily delaying ECMO once standard ECMO

referral criteria have been reached. More recently, 

some authors have reported longer patient ventila-

tor times and longer ECMO runs in those in whom 

ECMO initiation is delayed (Hui et al. 2002, Gill et 

al. 2002). ECMO, despite its invasive nature, is an 

established therapy with predictable mortality and

morbidity rates. Should new therapies be tested be-

fore initiating ECMO only if the results of phase 1 or

2 trials are at least as promising as the ECMO alter-

native? Should ECMO be accepted as a standard of 

care against which other therapies should be tested 

rather than the safety net for the introduction of 

these new therapies into the neonatal intensive care

unit for prospective trials? Whatever the answers, it

is clear that more work is needed to determine those 

infants most suitable for ECMO and the appropriate 

timing in the disease process when ECMO should be

utilized. Without doubt, the role of ECMO in prac-

tice is evolving. It, however, should not be forgot-

ten that ECMO is clearly a life-saving therapy for

selected patients. 
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2.2.5 

Liquid Ventilation

The use of exogenous surfactant indicated that re-

ducing surface tension in the alveoli resulted in im-

proved gas exchange at lower ventilatory settings.

This was accompanied by a reduction in barotrauma 

and an improvement in mortality. With the realisa-

tion that a reduction in surface tension could have 

a significant impact clinically, investigators turned fi

their attention once again to the idea of liquid ven-

tilation (LV).

Perflurochemical (PFC) liquids are flfl uorinatedfl

hydrocarbons in which the hydrogen atom has

been replaced by fluorine atoms. For perflfl ubron, fl

a bromine atom is added as well. These fluids are fl

stable chemicals that are clear, odourless, colour-

less and insoluble in water. They are denser than 

water and soft tissue and their surface tension and 

viscosity are generally low. Certain PFC liquids 

have higher vapour pressures than water and will 

evaporate much faster than water at body tempera-

ture. Of particular importance is the fact that these 

liquids have exceptionally high gas solubility and

can dissolve as much as 20 times the amount of 

oxygen and more than three times as much carbon

dioxide as water. Oxygen solubility is three times 

that of whole blood. In general, PFC fluids are non-fl

toxic and biochemically inert. In addition, they 

are radiopaque (the presence of bromine atoms in 

PFCs confers even greater radiopacity). More than 

100 different PFC liquids exist although only a 

few commercially available liquids meet both the 

physiochemical property requirements and purity 

specifi cations for respiratory applications. PFC flfi u-fl

ids diffuse from the lung into the circulation and

are distributed with blood fl ow to body tissues.fl

Because PFC liquids are nearly insoluble in water,

essentially all of the PFC in the blood and tissues is 

dissolved in lipid. Extensive studies in animals and

adult humans have examined the physiology, tox-

icity and biodistribution of PFC when used intra-

vascularly. The concentration of PFC in the blood 

after intravascular administration is several orders 

of magnitude greater than any blood or tissue level 

reported following LV. Low levels are found in the 

liver with the highest levels being found in the lung

followed by fat tissue. PFC is not metabolised and 

is eliminated intact by evaporation during exhala-

tion or transpiration through the skin (Shaffer

et al. 1999, Greenspan et al. 1998, Wolfson and 

Shaffer 2005).

Early work with PFC liquids as a respiratory sup-

port medium involved total immersion of the ani-

mals. If the liquid was oxygenated continuously,

the animals could survive for hours by spontane-

ously breathing, but the increased work of breath-

ing soon led to fatigue. In the early 1970s, mechani-

cal ventilators capable of ventilating liquids were

designed to compensate for the increased work of 

breathing. Early studies with these ventilators re-

ported improved oxygenation and better removal

of carbon dioxide. A system for time-cycled, pres-

sure-limited total liquid ventilation (TLV) was

developed. In TLV, the respiratory gases are trans-

ported solely in the dissolved form through tidal 

volume exchange of PFC to and from the lung. All 

gas-liquid interfacial tension is eliminated and the

lung is provided with maximal protection from in-

flation pressures as lung volume is recruited, com-fl

pliance is increased and inflation pressures and fl

pulmonary barotrauma are reduced. Functionally,

the system resembles an extracorporeal membrane 

oxygenation circuit. The inspiratory cycle is per-

formed by pumping warmed and oxygenated PFC

liquid from a fluid reservoir into the lung. Expira-fl

tion is in large part active, accomplished by pump-

ing liquid from the lung with passive assist of the 

lung recoil. During the expiratory cycle, fluid is fifl l-fi

tered, returned to a gas exchanger for desired levels

of oxygenation and carbon dioxide scrubbing, and 

returned to the fluid reservoir. The TLV may have afl

closed or open circuit. In the closed circuit, expired 

gas is circulated through a carbon dioxide scrubber, 

and PFC fluid is conserved by condensing vapour in fl

the expired gas; the condensed vapour is pumped

back into the gas exchanger. In the open circuit, 

condensed vapour in the expired gas is returned 

in a similar fashion, and non-condensed PFC loss 

due to evaporation is measured and returned to the 

system. In this way, total fluid inventory is closely fl

monitored and the PFC lung volume is tightly con-

trolled, thus maintaining global lung protection. 

Because PFC liquids have a high heat capacity, the 

patient’s body temperature can be regulated easily 

and closely by the liquid temperature during venti-

lation. Over the years, the liquid ventilator has been 

refined suffifi  ciently to allow computer operation us-fi

ing the same control modes as gas ventilators, that

is, time-cycled, pressure or volume limited, inspi-

ratory and expiratory times. In TLV, the ventilator 

rate is generally set around five breaths/min due tofi

the longer diffusion time of gases through liquids, 

and tidal volume (approximately 15 ml/kg) is used 
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to regulate minute ventilation and therefore PaCo2.

Unlike gas ventilation, TLV allows unique control

and measurement of functional residual capacity 

(FRC) by monitoring the change in weight as liquid 

is exchanged between the subject and the TLV sys-

tem. FRC and inspired oxygen can be adjusted to

optimise oxygenation. 

Based on the successful recovery of animals to

gas ventilation in the presence of a lung partially 

filled with PFC liquid following TLV, research then fi

focused on interfacing PFC liquid with gas ventila-

tion. An alternative method of supporting pulmo-

nary gas exchange with PFC liquid is to deliver a 

volume of PFC to the lung, less than or equal to the

FRC, and then continue with gas ventilation. The 

PFC liquid in the lungs can function similarly to an 

artificial surfactant for RDS or a lavage medium for fi

other types of pulmonary dysfunction. It is rein-

stilled periodically to maintain the desired amount 

of liquid in the lung and replace evaporative losses. 

This technique is known as partial liquid ventilation 

(PLV). PLV is similar to TLV as it utilizes the alveo-

lar recruitment capabilities of a low surface tension

fluid to establish an adequate FRC in a surfactant-fl

defi cient or impaired lung. The PFC liquid is oxy-fi

genated and CO2 is exchanged in the lung through 

various forms of mechanical gas ventilation. During

PLV, the air liquid interface in the lung is not elimi-

nated completely so some of the major mechanical

advantages of a liquid-liquid interface may not be 

appreciated (such as removal of debris and homo-

geneous ventilation). However, PLV requires only 

minimal technical devices, a syringe to administer 

the fl uid and a standard mechanical gas ventilator fl

to move tidal volumes of gas. This technique offers 

specifi c advantages over gas ventilation for many fi

pulmonary disorders particularly where surfactant

therapy is not an option.

Since then, many different strategies and tech-

niques have been tried. Continuous TLV, brief 

periods of TLV for 3–5 min, rapid instillation of 

a bolus of oxygenated PFC (30 mlg/kg) with the 

ventilator disconnected or slow infusions of oxy-

genated or unoxygenated PFC in doses of up to 

30ml/kg over 15 min during continuous gas ven-

tilation. Intrapulmonary delivery of PFC in drop-

let or vapour form has also been explored in vari-

ous animal models. The latter can be achieved by 

aerosolisation, vapourisation or by bubbling the

inspiratory gas flow through a heated PFC liquidfl

reservoir to create a PFC saturated inspired gas. 

The optimum PFC fi lling strategy and the effect of fi

any subsequent gas ventilation scheme including

high frequency, assist control, synchronised and

spontaneously breathing strategies are still under 

extensive investigation. 

In the neonatal population, there are a number

of situations where the infant might benefit from fi

liquid ventilation. In RDS, preterm infants have ho-

mogenous surfactant deficiency and immature pa-fi

renchyma leading to atelectasis. While surfactant 

and antenatal steroids have substantially improved

the clinical outcome of these infants, they would ap-

pear to have the most to gain from LV, particularly 

if the technique is applied early. Surface tension 

forces are reduced or eliminated, atelectasis can be

prevented or remedied and the liquid environment

of the developing foetal lung can be reproduced. 

The need for excessive ventilator pressures and in-

spired oxygen concentrations are also diminished.

Term infants who present with consolidated col-

lapsed lungs with an aggressive inflammatory pro-fl

cess and extremely poor compliance can also po-

tentially benefi t by lung recruitment and improved fi

compliance in addition to the benefi t of having gasfi

exchange maintained while lavaging the lungs. In-

fants with congenital diaphragmatic hernias face 

the dilemma of pulmonary hypoplasia, pulmonary 

hypertension and surfactant defi ciency. PFC liq-fi

uids have the potential to maximise recruitment of 

the hypoplastic lung while minimising the surface 

tension forces allowing more efficient ventilation fi

and reduction of barotrauma (Shaffer et al. 1999, 

Wolfson and Shaffer 2005).

The fi rst human trials of PFC liquid breathing fi

were conducted in Philadelphia in 1989 and were

initiated in near death infants with severe respi-

ratory failure. TLV was administered in two 3–5-

min cycles separated by 15 min of gas ventilation

(Greenspan et al. 1990, Greenspan et al. 1989). A

gravity-assisted approach was used and tidal vol-

umes of liquid were given to a liquid-fi lled lungfi

for two sequential 5-min cycles. The infants toler-

ated the procedure well and showed improvement 

in several physiological parameters including lung 

compliance and gas exchange. Improvement was 

sustained after LV was discontinued. All of the in-

fants ultimately died from their underlying respi-

ratory disease, but TLV was shown to support gas

exchange and allow residual improvement in pul-

monary function following return to CMV. Further 

clinical trials were then limited by the need for a 

medically approved liquid ventilator and a medi-

cal grade breathing fluid. Subsequent human pro-fl
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tocols have used a PLV approach to LV. Leach and

collaborators reported 13 preterm infants who had

severe RDS in whom CMV has failed. The infants 

were treated with PLV for up to 76 h. Their lungs 

were fi lled with perflfi ubron to approximately 20ml/fl

kg and supplemental doses were generally admin-

istered hourly. The study was not randomised or 

blinded. The arterial tension of oxygen increased

by 138%, the dynamic compliance by 61% and the 

oxygenation index reduced from a mean of 49 to 17

within 1 h of initiation. It was concluded that clini-

cal improvement and survival occurred in some in-

fants who were not predicted to survive (Leach et al.

1996). Pranikoff et al. (1996) reported the results 

of four patients with CDH who were being managed 

on extracorporeal life support for up to 5 days. PLV 

was performed in a phase 1/11 trial for up to 6 days 

with daily dosing. The technique appeared to be safe 

and possibly associated with improvement in gas 

exchange and pulmonary compliance. In a similar 

study, Greenspan and coworkers (1997) treated six 

term infants who had respiratory failure and were

failing to improve while receiving ECMO. They ad-

ministered PLV with hourly dosing for up to 96 h. 

They concluded the technique appeared to be safe,

improved lung function and recruited lung volumes

in these infants. These initial studies of PLV in neo-

nates were encouraging and suggested the feasibility 

of this technique in the neonate with severe RDS or 

ARDS. However, to date, there has been no reported

randomised controlled trial of this technique in the

neonatal population. Research in this area has been 

hampered by a lack of investment. This appears to 

stem from the time when the preliminary results of 

a phase 2–3 clinical trial in adults with ARDS were 

reported in 2001. While the study demonstrated that 

PLV was safe and well tolerated, it failed to show 

that PLV offered any incremental benefit over con-fi

ventional treatment (Wolfson and Shaffer 2005). 

The results of the trial, unfortunately, have not been 

published in full and only limited data have been 

reported in abstract form (Fuhrman et al. 1998). A

recent Cochrane review looking at the role of PLV 

in paediatric ARDS concluded that there currently 

was no evidence from randomised controlled trials

to support or refute the use of PLV in children with 

acute lung injury or acute respiratory distress syn-

drome, and it called for more adequately powered,

high quality randomised controlled trials to assess 

its effi cacy (fi Davies and Sargent 2004). It is clear 

that further studies are needed in this area. It must 

also be said that a lack of effi cacy of PLV in adult fi

trials should not necessarily preclude its study in 

the neonatal population. Until more information is

available, it is currently not possible to define the fi

role of this promising technique more clearly in the 

neonatal population.

In addition to its respiratory applications, PFC

liquids may possess other qualities that are po-

tentially benefi cial. Firstly, PFC liquids are radi-fi

opaque, resulting in a whitened lung on standard

radiograph. This means that they can be used as 

a diagnostic imaging adjunct in addition to sup-

porting gas exchange. Radiographic studies of the

perflubron-fifl  lled lungs of animals and humansfi

with CDH may provide information on the degree 

of pulmonary hypoplasia, which in turn may allow 

a better determination of the prognosis. Secondly,

there is growing evidence from several laboratories

to suggest that intratracheal administration of PFC

liquids may reduce pulmonary inflammation and fl

injury. The mechanism of action has been specu-

lated as a direct modification of cell function and fi

chemotaxis. Thirdly, PFC liquids may help pro-

mote lung growth. Neonatal lambs were studied 

for 21 days following isolation and PFC distension 

of the right upper lobe to maintain up to 10 mmHg 

of intrabronchial pressure. The results demon-

strated accelerated growth based on increased 

right upper lobe volume to body weight ratio, total 

alveolar number, total alveolar surface area, nor-

mal histological appearance, normal airway space 

fraction and normal alveolar numerical density 

compared with controls. Lastly, the physiochemi-

cal properties and physiological responses associ-

ated with PFC liquid ventilation suggest that PFC

liquid may provide the means to deliver therapeu-

tic agents directly to the lung including anaesthetic 

agents, antibiotics, steroids and gene therapy prod-

ucts ( Shaffer et al. 1999, Greenspan et al. 1998, 

Wolfson and Shaffer 2005).

The use of PFC liquids as an alternative respira-

tory medium is a rapidly evolving fi eld. They have fi

the potential to facilitate gas exchange with less risk 

of barotrauma and they may complement existing

forms of respiratory management such as surfactant

therapy, ECMO, HFOV and NO. With continued re-

search towards establishing the effi cacy and safety fi

of the biological interaction of PFC fluids, LV should fl

hopefully assume an integral role in clinical medi-

cine in the not too distant future. We await further

defi nition of the application and limitations of this fi

alternative therapeutic approach to neonatal respi-

ratory management.
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2.3
New Drug Therapies

Respiratory distress syndrome in premature infants 

is a disease characterised by surfactant deficiency fi

and its management has been revolutionised by the 

introduction of exogenous surfactant therapy. Nitric

oxide is a potent vasodilator that acts specifically on fi

the pulmonary vasculature when given as an inhala-

tion. Its ability to selectively lower the pulmonary 

vascular resistance has provided clinicians with the 

first drug to treat the newborns with persistent pul-fi

monary hypertension of the newborn.

2.3.1 

Surfactant

The development of exogenous surfactant therapy 

was a significant and historical advance in neonatalfi

intensive care. Pulmonary surfactant is a complex 

mixture of phospholipids, neutral lipids and specific fi

proteins. It spreads as a monoloayer at the air liquid

interfaces of the lung and lowers surface tension. By 

so doing, it prevents atelectasis at end expiration, thus 

preventing alveolar collapse. Phosphatidylcholine is

the major component, constituting about 60% of total 

phospholipids, and dipalmitoylphosphatidylcholine

(DPPC) is the primary surface-tension lowering phos-

pholipid. The physical effects of surfactant depend on

the interaction between phospholipids and surfac-

tant-associated proteins, of which at least four have

been identified (SP –A –B –C –D). These apoproteins fi

are synthesised and secreted by type 2 alveolar cells.

The hydrophilic protein SP-A improves surface prop-

erties and regulates secretion and recycling of surfac-

tant constituents by alveolar cell. The hydrophobic

proteins SP-B and SP-C facilitate the adsorption and 

spreading of lipids. In addition, SP-A and SP-D seem 

to play a role in the host defence mechanisms of the 

lung (Jobe and Ikegami 2000).

Avery and Mead first described the associa-fi

tion of surfactant defi ciency with respiratory dis-fi

tress syndrome (RDS) (Avery and Mead 1959). In 

healthy neonates, the pool size of endogenous alveo-

lar surfactant is at least 100 mg/kg. In preterm in-

fants, it is usually less than 10 mg/kg. Surfactant de-

fi ciency causes alveolar collapse, increased work of fi

breathing and progressive respiratory failure. As a

consequence of lung injury during the course of the 

disease or its treatment, serum proteins leak into the 

air spaces and further inhibit surfactant function.

The recognition that these infants were deficient fi

in surfactant offered an exciting opportunity for

treatment. Fujiwara and coworkers (1980) were the

first group to use natural surfactant extract to treat fi

premature infants with RDS. They treated a series

of ten premature infants with severe RDS with sur-

factant-TA (Surfacten), a modified bovine surfactant fi

extract. Shortly after this, a number of different nat-

ural and synthetic surfactant preparations came on 

the market. Natural surfactant extracts are obtained

from animal (mainly bovine or porcine sources) or 

in some cases human sources and many are modi-

fied subsequently by the addition of phospholipids fi

or other surface active materials to optomise their

surface-tension-lowering properties. These natural 

surfactants contain variable amounts of the surfac-

tant proteins, but the hydrophilic proteins SP-A and

SP-D are removed during the extraction process. 

The preparations vary in composition, concentra-

tion and volume as well as in recommended dose. In 

addition, different retreatment doses, dosing inter-

vals and criteria for retreatment exist for the various 

preparations. Synthetic or “artificial” surfactants fi

are composed of DPPC and spreading agents such as

unsaturated phosphatidylglycerol or tyloxapol and

hexadecanol, which are added to replace the func-

tion of the surfactant proteins. As a result, synthetic

surfactants do not adsorb and spread as quickly as

natural surfactants. Following Fujiwara’s first un-fi

controlled trial of surfactant replacement, more 

than 30 randomised controlled clinical trials of sur-

factant replacement have been conducted to assess 

different aspects of surfactant therapy. In general,

these trials have used two approaches: prophylactic

administration of surfactant to high risk premature 

infants in the delivery room concurrently with the 

initiation of breathing and resuscitation (prevention 

trials) or administration of surfactant to premature 

infants with moderate to severe RDS at 2–24 h of age

once the diagnosis has been made (rescue or treat-

ment trials). Prevention trials offer the theoretical 

advantage of replacing surfactant before the onset

of RDS thereby avoiding the secondary barotrauma 

that may result from short periods of assisted venti-

lation. It is also argued that surfactant may distrib-

ute more homogeneously when administered im-

mediately at birth. Rescue trials offer the advantage

of treating only those infants who have the clinical 

signs of RDS, thus eliminating the potential risks as-

sociated with treating surfactant-sufficient infantsfi

who would receive no benefit from the treatment,fi
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not to mention the unnecessary cost. The fi ndings of fi

these trials have been systematically reviewed and 

reported in the Cochrane Database.

Overall, the administration of prophylactic natu-

ral or synthetic surfactants to infants judged to be

at risk of RDS (intubated infants <30 weeks gesta-

tion) results in a pronounced reduction in neona-

tal mortality by about 40% and in the incidence of 

pneumothorax by 30–70% (Soll 1997, Soll 1998). 

The introduction of surfactant into general clinical 

use in 1989 coincided with a decline in the general

infant mortality in the US from 8.5% in 1989 to 6.3% 

in 1990 and this was attributed primarily to fewer 

deaths from respiratory causes among preterm in-

fants. The incidence of chronic lung disease (CLD) is

not consistently lower in surfactant-treated infants

irrespective of the type of surfactant used. There is, 

however, an increased survival without BPD after 

treatment with natural surfactants. A similar trend 

is also seen in the group treated with synthetic sur-

factants, but the finding was not statistically signififi -fi

cant. The incidence of IVH is essentially unaffected. 

Although no individual study reported an increase 

in the incidence of haemodynamically significant fi

PDA, the meta-analysis suggests an increased risk 

of PDA in infants treated with synthetic surfactants. 

This risk is of marginal statistical significance. Sev-fi

eral of the trials using Exosurf (one of the synthetic 

surfactants) reported an increased incidence of pul-

monary haemorrhage and this was borne out in the 

meta-analysis. Although many of the randomised 

controlled trials of other surfactant products did

not report on pulmonary haemorrhage, this out-

come was addressed retrospectively in analyses by 

Raju et al. (1993). Pulmonary haemorrhage remains

a small but consistent complication (2% in treated 

infants, 1% in control infants) and appears to occur 

with both synthetic and natural surfactants. It oc-

curs mainly in small infants and it can occur many 

hours after successful treatment. Although, pulmo-

nary haemorrhage has been associated with a PDA,

its cause is not known and it does not appear to be

preventable. Despite this complication, it should be 

noted that it does not overshadow the impact on 

overall survival.

The rational for prophylactic administration of 

surfactant is provided by the observation that in 

animal studies a more uniform and homogeneous 

distribution of surfactant is achieved when it is ad-

ministered into a fl uid-fifl  lled lung. In addition, therefi

is a belief that administration of surfactant into a

previously unventilated or minimally ventilated

lung results in diminished lung injury. Even brief 

(15–30 min) periods of mechanical ventilation be-

fore surfactant administration in animal models

have been shown to cause acute lung injury resulting 

in alveolar-capillary damage, leakage of protein-

aceous fluid into the alveolar space and release of fl

inflammatory mediators (fl Jobe and Ikegami 1998).

Once again, the Cochrane Database of systematic

reviews has looked at this area. Eight randomised

controlled trials, each using natural surfactant

preparations, compared the effects of administer-

ing surfactant prophylactically to infants (within 15 

min) or selectively to infants with established RDS

(from 1.5–7.4 h) (Soll and Morley 2001). To date,

there are no trials comparing the use of prophylactic 

surfactant administration with very early selective 

administration, for example, at 30–60 min of life.

The results suggest that prophylactic surfactant ad-

ministration to infants judged to be at risk of devel-

oping respiratory distress syndrome (infants <30–

32 weeks gestation) compared to selective use of 

surfactant in infants with established RDS results in 

a decreased risk of pneumothorax, a decreased risk

of pulmonary interstitial emphysema and a reduc-

tion in neonatal mortality. In a secondary analysis

of infants less than 30 weeks gestation, similar clini-

cal improvements were noted. This is not surprising

as the benefits of prophylactic surfactant adminis-fi

tration over selective administration would most 

likely be seen in the group of infants at highest risk 

of RDS and neonatal mortality. Importantly, there 

was no significant difference in the incidence of fi

IVH, PVL, PDA, necrotising enterocolitis (NEC) or

retinopthy of prematurity (ROP). What is not clear

from this review is exactly what criteria should be

chosen to judge “risk” in these infants. At what point

do the benefi ts of prophylactic surfactant outweighfi

the risks of intubation and exposure to mechanical 

ventilation? Based on the above information, the

threshold would appear to be around 30 weeks ges-

tation, but from our earlier discussion on the use of 

early CPAP in the extremely low-birth weight pop-

ulation (see Sect. 2.2.1), it may be that this cut off 

should be as low as 26 weeks (Suresh and Soll 2001,

Finer 2006). This is a point that is currently hotly 

debated and will hopefully be answered in the not

too distant future as the results of ongoing clinical

trials become available.

In the initial trials using prophylactic surfactant, 

the drug was administered as a bolus immediately 

after intubating the infants after birth, with a goal of 

giving the drug before the infant took its first breath.fi
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This approach delays the initiation of neonatal re-

suscitation, including positive pressure ventilation, 

and is associated with a risk for surfactant delivery 

into the right main stem bronchus or oesophagus. 

It has been shown in a randomised trial that pro-

phylaxis may be administered with equivalent or 

greater effi cacy in small aliquots given soon afterfi

resuscitation and confi rmation of endotracheal tube fi

placement (Kendig et al. 1998). This would suggest 

that early administration before the fi rst breath may fi

be unnecessary.

In preterm infants who do not receive prophy-

laxis, many of the arguments in support of prophy-

lactic surfactant administration are also supportive

of early surfactant treatment in established RDS. A 

comparison of early selective versus delayed selec-

tive surfactant therapy for newborns intubated for

respiratory distress within the first 2 h of life has fi

also been the subject of a meta-analysis (Yost and 

Soll 1999). For the purpose of the analysis, early 

administration was defi ned as surfactant adminis-fi

tration to infants intubated for respiratory distress

within the first 2 h of life and it excluded those in-fi

fants who were intubated specifically for surfactantfi

dosage. Four randomised controlled trials have

been evaluated. Early administration of surfactant

in these trials consisted of the administration of 

the fi rst dose of surfactant with the 1st 30 min (1fi

study), 1st h (1 study) or 1st 2 h of life (two studies). 

Two of the studies used natural surfactant and two 

used synthetic surfactant. The selective treatment 

group received surfactant anywhere between 1.5

and 8 h of age. The fi ndings concluded that early se-fi

lective surfactant administration led to a decreased

risk of acute pulmonary injury (pneumothorax 

and pulmonary interstitial emphysema) and a de-

creased risk of neonatal mortality and chronic lung

disease compared to delaying the treatment of such

infants until they develop established RDS. There-

fore it would seem prudent, in preterm infants who

have not received prophylactic surfactant, that the 

first dose of surfactant be administered as early asfi

possible should they develop severe enough RDS 

(i.e., as soon as they are intubated). It is hard to 

judge the relative value of early surfactant treat-

ment compared to true prophylactic use of surfac-

tant in the absence of any randomised trials that 

have directly compared these policies. Neverthe-

less, it would appear that the earlier surfactant is 

given to infants with RDS, the better the outcome. 

The difficulty still remains in judging which in-fi

fants are at risk of surfactant defi ciency. Improved fi

identifi cation of these infants would improve the fi

selection criteria for prophylactic or early selective

surfactant treatment. This is an important area for

future research.

Although both synthetic and natural surfac-

tants are effective, their composition differs. A 

meta-analysis incorporating 11 randomised tri-

als studied the effects of natural versus synthetic

surfactant for the treatment of RDS. Trials were

included if using either a prophylactic or selective 

treatment strategy. Greater earlier improvement 

in the requirement for ventilator support, fewer

pneumothoraces and fewer deaths were associated

with natural surfactant extract treatment. A trend 

towards improved survival without bronchopul-

monary dysplasia was noted. The meta-analysis 

did comment that natural surfactants may be as-

sociated with an increase in intraventricular haem-

orrhages, though the more serious haemorrhages

(grade 3–4) were not increased. Despite these con-

cerns, the overall conclusion was that natural sur-

factant extract would seem to be the more desirable 

choice to currently available synthetic surfactants 

(Soll and Blanco 2001). 

Many of the initial trials of surfactant therapy 

tested a single dose of surfactant. Surfactant may 

become rapidly metabolised or functionally inac-

tivated by soluble proteins and other factors in the 

small airways and alveoli. Multiple doses of surfac-

tant are believed to be useful because they can over-

come such inactivation. Two randomised controlled 

trials have looked at this question. In the first trial, fi

second and third doses were given 12 and 24 h after 

the initial treatment at about 6 h of age if the infant 

remained on assisted ventilation. There was a re-

duced frequency of pneumothoraces from 18% with

a single dose to 9% with three doses and the death

rate at 28 days was also reduced (21% compared to 

13%, P<0.05) (Speer et al. 1992). In the second study 

of 75 infants with RDS, those who received multiple 

doses had better oxygenation during the first sev-fi

eral days of life (Dunn et al. 1990). A meta-analy-

sis of these studies concluded that multiple doses of 

surfactant in infants with established respiratory 

distress syndrome was associated with greater im-

provements in oxygenation and ventilatory require-

ments, a decreased risk of pneumothorax and a 

trend towards improved survival (Soll 1999). There 

were no differences in other outcome measures or

in the rates of complications. Approximately 70% of 

the infants randomised to the multiple dose regimen 

actually received multiple doses. In a third study in
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which a synthetic surfactant was used in a prophy-

lactic manner (826 infants weighing 700–1,100 g 

at risk of developing RDS were given either one or 

three doses of Exosurf), the use of two doses of sur-

factant in addition to a prophylactic dose led to a de-

crease in mortality, respiratory support, necrotising 

enterocolitis and other outcomes when compared to

a single prophylactic dose (Corbet et al. 1995). In 

the OSIRIS trial, in which synthetic surfactant was 

used, a two-dose treatment schedule was found to 

be equivalent to a treatment schedule permitting up

to four doses of surfactant (the OSIRIS Collabora-

tive Group 1992). In summary, therefore, the ability 

to give multiple doses of surfactant to infants with 

ongoing respiratory insufficiency leads to an im-fi

proved outcome and appears to be the most effec-

tive policy. The definition of “ongoing respiratory fi

insufficiency” has also been the subject of debate.fi

The question of what criteria to use for administra-

tion of repeat doses of surfactant has been addressed 

by two studies, both of which used natural surfac-

tant. In one study, the retreatment criteria compared

were an increase in the fraction of inspired oxygen 

by 0.1 over the lowest baseline value (standard re-

treatment) versus a sustained increase of just 0.01 

(liberal retreatment) (Dunn et al. 1991). There was

no difference in complications of prematurity or

duration of respiratory support. Short-term benefits fi

in oxygen requirement and ventilatory support were

noted, however, in the liberal retreatment group. In

another study, retreatment at a low threshold (FiO2

>30%, still requiring endotracheal intubation) was 

compared with retreatment at a higher threshold

(FiO2 >40%, mean airway pressure >7 cm H2O)

(Kattwinkel et al. 2000). Again, there were minor 

short-term benefits to using a low threshold with nofi

difference in major clinical outcomes. In a subgroup 

of infants with RDS complicated by perinatal com-

promise or infection, however, infants in the high

threshold group had a trend towards higher mortal-

ity than the low threshold group. Based on current 

evidence, it seems appropriate to use persistent or

worsening signs of RDS as criteria for retreatment

with surfactant. It is uncertain whether a low thresh-

old strategy should be used in certain subgroups of 

infants or with certain preparations of surfactant. 

Further clinical studies should help address some of 

these questions.

As stated earlier, the synthetic surfactants used in 

the aforementioned studies are composed of phos-

pholipids, some of which have additional dispersion 

agents and polymers. They do not contain the highly 

lipophilic proteins that are found in native surfac-

tant in situ. More recently, newer synthetic surfac-

tant preparations have been developed that include

peptides or whole proteins that, when added to an

aqueous dispersion of phosphoplipids, function in a

fashion similar to endogenous pulmonary surfactant 

protein. Lucinactant (Surfaxin) is a combination of 

phospholipids with a new peptide called sinapultide.

The peptide (developmental name KL4 peptide) 

mimics domains of surfactant protein B (SP-B). Lu-

supultide (Venticute) is another new synthetic sur-

factant that contains recombinant SP-C and phos-

pholipids. The rationale for the development of these

protein-containing synthetic surfactants includes 

both practical and theoretical considerations. Syn-

thetic surfactants would have highly reproducible

composition with potentially less batch-to-batch

surfactant protein variability, would be more readily 

available with no dependence on an animal source

and could theoretically be produced in large quanti-

ties. Furthermore, synthetic surfactants may lessen

the risk of infl ammation and immunogenicity asso-fl

ciated with animal-derived surfactants as well as the 

theoretical risk of infection (Pfi sterfi  et al. 2006). A

recent study compared the use lucinactant adminis-

tered prophylactically with the natural surfactant,

beractant (Survanta), and the synthetic surfactant, 

colfosceril palmitate (Exosurf) (Moya et al. 2005).

Lucinactant significantly reduced the incidence of fi

RDS at 24 h when compared with colfosceril. In ad-

dition, the incidence of BPD at 36 weeks post-gesta-

tional age was also signifi cantly less common in the fi

lucinactant group when compare to the colfosceril

group. The RDS-related mortality rates at 14 days of 

life were lower in the lucinactant group compared to

either the beractant or colfoseril palmitate groups.

The authors concluded that lucinactant was a more

effective surfactant preparation than colfosceril pal-

mitate and that it was an effective therapeutic option

for preterm infants at risk of RDS. A second study by 

Sinha et al. (2005) compared lucinactant used pro-

phylactically in infants at risk of RDS with the natu-

ral surfactant, poractant (Curosurf). Lucinactant

and poractant were found to be similar in terms of 

efficacy and safety when used for the prevention and fi

treatment of RDS among preterm infants. As more

clinical trials are undertaken, it is likely that the role

of these newer synthetic surfactants in the treatment

of RDS will be further elucidated.

There are few therapies for which the cumulative 

evidence of benefi t is as much as that for surfactantfi

therapy for RDS in premature infants. However, it is 



  Update on Clinical Management of Neonatal Chest Conditions 33

now becoming clear that exogenous surfactant may 

have a role to play in other non-RDS lung conditions

with secondary surfactant defi ciency such as me-fi

conium aspiration syndrome, pulmonary haemor-

rhage, congenital diaphragmatic hernia, etc. These 

disorders generally either have dysfunction and

inactivation of endogenous surfactant or deficits in fi

the composition of available endogenous surfactant. 

Surfactant production can be altered by damage to 

the type 2 alveolar cells by inciting agents. Proteins

from plasma, red blood cells or meconium may in-

hibit surfactant properties and production. The 

products of inflammation, such as cytokines, otherfl

mediators, proteases and reactive oxygen species 

may interfere with surfactant function and process-

ing of the substances in the alveoli.

Uncontrolled studies of surfactant treatment in 

infants with meconium aspiration syndrome sug-

gest that surfactant may be of benefit in MAS. In a fi

pilot study of seven infants with MAS treated with 

surfactant, all seven infants demonstrated an im-

provement in respiratory failure (Auten 1991). 

Khammash et al. (1993) treated 20 infants with se-

vere MAS. Improvement in the oxygenation index 

and arterial-to-alveolar ratio was noted in 75% of the

treated infants in the 6 h following surfactant instil-

lation. None of the treated infants required further

experimental therapy, including ECMO. In infants 

who were already on ECMO, surfactant therapy was 

noted to improve lung function and decrease the 

time on ECMO (Lotze 1998). A meta-analysis of the 

use of surfactant in term infants with MAS found

that it reduced the need for ECMO, but no difference 

was noted in the overall mortality (Soll and Dar-

gaville 2000). The relative effi cacy of surfactant fi

therapy compared to or in conjunction with other 

approaches to treatment including inhaled nitric 

oxide, liquid ventilation and high frequency ven-

tilation remains to be tested. Other approaches to 

surfactant therapy, including the use of surfactant

lavage, may prove to be of benefit in this conditionfi

in the future. With regards to the use of surfactant in 

pulmonary haemorrhage, Pandit et al. (1995) car-

ried out a retrospective study of 15 infants. There 

was an improvement in the oxygenation index 3 to 6

h following surfactant treatment particularly in the

near-term infants. No infants deteriorated following 

surfactant treatment. In another study, Amizuka

et al. (2003) treated 27 infants with haemorrhagic

pulmonary oedema. A good response, defined as a fi

ventilatory index <0.047 at 1 h after treatment was

found in 82% of cases. Both authors suggest that

further investigations including randomized con-

trolled trials are now required to evaluate the ef-

fectiveness of surfactant in this condition. Many 

studies in animal models of congenital diaphrag-

matic hernias and from infants with this abnormal-

ity suggest that a defi ciency of surfactant plays afi

role in the pathophysiology of the disease. There is

limited experience to date on treating infants with

this disorder. Bos et al. (1991) reported improved 

oxygenation in four infants treated, whereas Glick

et al. (1992) treated seven infants and believed that 

surfactant improved survival. In contrast, Lotze et 

al. found no benefi t of administration of a natural fi

surfactant to infants with CDH who were already 

on ECMO. While there have been several additional

reports on the use of surfactant in this condition

(Nakayama 1991, Karamanoukian 1994, Finer

1998), it is impossible to determine from these stud-

ies whether surfactant administration is benefi cial fi

since multiple other interventions such as high fre-

quency ventilation, inhaled nitric oxide and ECMO 

were also utilized. It is clear that a lot more research

in this area is required. Use of surfactant therapy 

for any disorder other than RDS must be considered

experimental at this stage. Much work remains to

be done to address the optimum type of surfactant

to use, the appropriate dose, the method of delivery 

and the duration of treatment in each of the speci-

fied disorders.fi

In conclusion, surfactants are a new class of drugs 

specifi cally designed for the neonatal population. fi

Prophylaxis or treatment of neonatal RDS with ei-

ther natural or synthetic surfactant is now a clinical 

reality. With either, the incidence of pneumothorax 

and mortality is reduced and more infants survive

without BPD. The earlier the treatment, the better

the outcome is. There is some benefit in using multi-fi

ple dose regimens. New surfactants combining pep-

tides or proteins based on human surfactant-protein 

sequences with synthetic lipids are being developed

and need to be further evaluated along with possible

new techniques such as aerosolisation. The primary 

goal should be to reduce BPD and mortality from 

RDS even further. Surfactant is not a substitute for 

attempts to increase foetal maturation and thus pre-

vent RDS, by delaying preterm delivery and by using

maternal corticosteroid therapy. It is nevertheless a

rational treatment strategy that is based on sound

physiological principles and extensive experimental

and clinical therapy. Use of surfactant for condi-

tions other than RDS must still be regarded as ex-

perimental.
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2.3.2 

Nitric Oxide

Successful adaptation of the newborn to postnatal 

conditions requires a dramatic transition of the pul-

monary circulation from a high resistance state in

utero to a low resistance state within minutes after 

birth. This fall in pulmonary vascular resistance

(PVR) allows for a nearly ten-fold rise in pulmonary 

blood fl ow and ensures that the lung can assume fl

its postnatal role in gas exchange. Some infants fail

to achieve or sustain the normal decrease in PVR 

at birth, which in turn leads to severe respiratory 

distress and hypoxaemia, a condition referred to

as persistent pulmonary hypertension of the new-

born (PPHN). PPHN is a syndrome that can occur

in association with diverse neonatal cardiorespira-

tory disorders such as meconium aspiration, sepsis, 

pneumonia, ARDS, asphyxia, CDH and lung hypo-

plasia. Although striking differences exist among 

these conditions, they all share common patho-

physiological features, including high PVR leading 

to extrapulmonary right to left shunting of blood 

fl ow across the ductus arteriosus or foramen ovale.fl

PPHN remains a major clinical problem, contribut-

ing signifi cantly to morbidity and mortality in bothfi

term and preterm infants.

Initial attempts at treating PPHN were aimed at re-

ducing PVR with a combination of hyperventilation 

and hyperoxia, both of which resulted in worsening 

lung injury and contributed further to the morbidity 

and mortality of the disease. Pulmonary vasodila-

tor drug therapy was often unsuccessful due to the

concomitant systemic hypotension and the inability 

to achieve or sustain pulmonary vasodilation. In 

many centres, the only treatment available for those

that failed conventional therapy was ECMO. Effec-

tive treatment of PPHN suffered because of a lack

of an agent that could cause selective and sustained 

pulmonary vasodilation. This all changed with the 

identifi cation of a potent short-acting substancefi

called nitric oxide. Nitric oxide (NO) is a major reg-

ulator of vascular smooth muscle tone. Generated 

enzymatically by one of several NO synthases from 

L-arginine in the vascular endothelium, NO rapidly 

diffuses to underlying smooth muscle. Here, it acti-

vates guanyl cyclase by binding to its haem compo-

nent leading to the production of cyclic GMP. This, 

in turn, relaxes vascular and bronchial smooth mus-

cle. NO has a high affinity for the iron of haem pro-fi

teins, including reduced haemoglobin, forming ni-

trosyl haemoglobin (NOHb), which is then oxidised 

to methaemoglobin with the production of nitrate. 

As a result, when given as an inhalation, NO relaxes

pulmonary smooth muscle and is inactivated before

it can affect the systemic vascular bed. 

Early reports of the use of this inhaled substance 

in term infants with PPHN showed both acute and 

sustained improvements in oxygenation (Roberts

et al. 1992, Kinsella et al. 1992). Since then, there 

have been a number of large randomised controlled

trials confi rming that NO improves oxygenationfi

and reduces the need for extracorporeal membrane

oxygenation (ECMO). The Neonatal Inhaled Nitric 

Oxide Group (1997) reported on 235 infants less than 

4 days old born >34 weeks gestation and with an

oxygenation index of >25. Cases of congenital car-

diac disease and congenital diaphragmatic hernias

were excluded. The infants were randomised to re-

ceive inhaled NO or a control gas. Infants failing to

respond to either treatment were eligible to receive 

ECMO. Use of other therapies such as HFV or sur-

factant was allowed. Sixty-four percent of the con-

trol group compared to 46% of the inhaled NO (iNO)

group died within 120 days or were treated with

ECMO (P=0.006). The difference in mortality be-

tween the two groups was not significantly differentfi

(iNO Group – 14%, control group – 17%), but sig-

nifi cantly fewer infants in the iNO group requiredfi

EMCO (39% vs. 54%). The iNO group had signifi-fi

cantly greater increases in PaO2 and in oxygenation 

index. There was no difference in the length of hos-

pitalisation, duration of mechanical ventilation or

incidence of air leak or chronic lung disease between

the two groups. Of interest, this group did not re-

quire evidence of PPHN on echocardiography for 

inclusion in the trial. This is based on studies that

have shown that iNO improves the matching of ven-

tilation with perfusion and may reduce intrapulmo-

nary shunting in the absence of a direct intracardiac

shunt such as is seen in PPHN. In a similar analysis 

of 58 infants with persistent pulmonary hyperten-

sion (although in this group, prior treatment with

HFV was an exclusion criterion), 53% of infants ex-

perienced a doubling of systemic oxygenation with 

iNO compared to only 7% with the control gas

(P=0.002). The use of ECMO was significantly re-fi

duced (iNO group 40% vs. control group 71%, 

P=0.02). The number of deaths was similar in both 

groups (Roberts et al. 1997). Both studies confirmedfi

that NO improved oxygenation and reduced the

need for ECMO. The I-NO/PPHN Study Group re-

ported their findings in 1998. A total of 155 patientsfi

were randomised to receive either a control gas or 
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nitric oxide at 5, 20 or 80 ppm. The patients had not

received surfactant and there was no concomitant

use of HFV. The aim had been to randomise 320 pa-

tients, but the trial was halted in June 1996 because

of slow recruitment. It is likely that the study’s limi-

tations on surfactant and HFV impacted on this as

these modalities were increasingly being used. The 

study calculated a major sequelae index comprising 

the incidence of death, neurological injury and BPD 

as well as the use of ECMO. The MSI rate was not 

significantly different between the iNO and control fi

groups (50% and 59%, respectively). The use of 

ECMO was 22% in the iNO group versus 34% in con-

trol patients. With the exception of elevated levels of 

NO2 and methemoglobin levels in the group receiv-

ing 80 ppm, no adverse effects were noted. While 

there was not a statistically significant reduced MSI fi

in the iNO group, there was a 35% decline in the 

need for ECMO in the pooled iNO group even with-

out the concomitant use of surfactant and HFV ther-

apies, a fi nding that compares with earlier studies fi

(The Neonatal Inhaled Nitric Oxide Study Group

1997, Roberts et al. 1992). Of equal importance was

the fi nding that survival with ECMO was the same in fi

both groups, despite the fact that the time to ECMO

was greater in the iNO group (42±22 vs. 22±15 h). 

This allayed a fear at the time that iNO may merely 

delay the use of ECMO, an accepted and proven ther-

apy. Another group published information on 248 

infants >34 weeks gestation with an OI index of 25 or 

greater. This group included cases of CDH (The 

Clinical Inhaled Nitric Oxide Research Group 2000). 

Each infant was assigned to one of five diagnostic fi

groups–meconium aspiration syndrome, sepsis, 

RDS, lung hypoplasia (including CDH) and idio-

pathic. Neonates were randomised to receive iNO 20

ppm for a maximum of 24 h followed by 5 ppm for no 

more than 96 h or a control gas. The findings of thefi

study were that the use of ECMO was less common 

in the iNO group (38%) than in the control group 

(64%) (P=0.001). This was true for all pulmonary di-

agnostic groups except neonates with CDH (89% vs.

92%). In those treated with ECMO, the median time

to treatment was the same in both groups (5 h on the

control group (range 1–86 h) and 9 h in the NO group

(range 2–150 h). There was no difference in the over-

all mortality between the two groups. The incidence

of chronic lung disease was lower in the neonates 

treated with iNO (7% vs. 20%, P=0.02) and the inci-

dence of neurological problems was the same in each 

group. These results concurred with the fi ndings of fi

the Neonatal Inhaled Nitric Oxide Study (1997),

demonstrating that NO was effective across a broad 

range of diagnoses, the only exception being neo-

nates with CDH in whom iNO did not reduced the 

use of ECMO or improve the outcome. One other im-

portant finding born out by earlier studies was thatfi

low dose iNO was effective and that there was no ap-

parent need for higher does. This study also limited

the time for administering iNO, in an effort to avoid

delaying ECMO, a proven therapy in PPHN, beyond

the point in which its effi cacy might be reduced. The fi

use of nitric oxide for respiratory failure in infants

born at or near term has been the subject of a recent

Cochrane review (Finer and Barrington 2006). 

Fourteen studies were included. Inhaled nitric oxide 

was found to improve the outcome in hypoxic term 

and near term infants by reducing the incidence of 

the combined endpoint of death or need for ECMO.

The reduction seemed to be entirely a reduction in 

the need for ECMO; mortality was not reduced. Oxy-

genation improved in approximately 50% of infants

receiving nitric oxide. The oxygenation index de-

creased by a mean of 15.1 within 30–60 min after

commencing therapy and PaO2 increased by a mean

of 53 mmHg. Whether infants had clear echocardio-

graphic evidence of PPHN or not did not appear to 

affect the outcome. The outcome of infants with

CDH was not improved and, in fact, there was a sug-

gestion that outcome was slightly worsened. The in-

cidence of disability, deafness and infant develop-

ment scores were all similar between tested survivors 

who received iNO or not. On the evidence currently 

available, the meta-analysis concluded that it ap-

peared reasonable to use inhaled nitric oxide in an

initial concentration of 20 ppm for term or near term

infants (>34 weeks gestation) with hypoxic respira-

tory failure who did not have a congenital diaphrag-

matic hernia. The therapy was found to be very po-

tent in reducing the need for ECMO with an NNT of 

5.3. It can still be questioned whether a decreased 

need for ECMO, a therapy of proven benefit, is, in fi

fact, a real benefi t (see Sect. 2.2.4). However, asfi

ECMO is invasive, expensive and associated with 

clinically important complications, a reduction in

ECMO requirement using a less invasive and safer

treatment does promise to be a therapeutic advance. 

The meta-analysis was not able to comment on 

whether the use of iNO resulted in a delay in the ini-

tiation of ECMO and consequently a poorer outcome

as this issue was not adequately tested in the trials

included. This is an important area for future re-

search. It appeared appropriate to reserve therapy 

for those who were severely ill. Commencing ther-
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apy earlier did not appear to further reduce ECMO 

requirements or mortality. Thus starting therapy 

when the OI exceeds 25 or when the PaO2 while re-

ceiving 100% O2 is less than 100 mmHg is consistent 

with the published evidence. While the meta-analy-

sis found that the use of iNO at lesser OIs appeared 

to decrease progression to severe disease, this was

not accompanied by an increase in survival, a de-

crease in ECMO requirements or an improvement in

any other reported clinical outcome when compared

to waiting to see whether the patient deteriorates. It 

may be, however, that long-term outcomes are im-

proved by preventing more severe disease. This 

question has yet to be answered. Further unresolved

issues include whether pretreatment with surfactant

improves the response to iNO in humans, whether

iNO is more effective during high frequency ventila-

tion rather than conventional ventilation or whether 

improved or earlier treatment with more conven-

tional modalities including surfactant and HFV are

as effective as iNO. Long-term outcome information

on patients treated with iNO is also required. The 

follow-up study of the Neonatal Inhaled Nitric Ox-

ide Study Group (2000), which noted no differences 

in neurodevelopmental, behavioural or medical ab-

normalities between the two groups at 2 years of age, 

provides us with some reassuring information.

Another area of current investigation is the role of 

iNO in preterm newborns with hypoxemic respira-

tory failure. The role of endogenous NO production

in vasoregulation of the preterm pulmonary circula-

tion and the effects of iNO in the preterm newborn

have received less attention than in the term infant. 

Preterm infants with respiratory failure do have

an increase in pulmonary artery pressure, but it is 

rarely sufficient to cause reversal of ductal flfi  ow and,fl

therefore, the haemodynamic profile of preterm in-fi

fants differs from that of term infants. ECMO is not

used for preterm infants and so its requirement can-

not be used as an outcome criterion. Equally, entry 

criteria used for studies in term infants may not be 

applicable to preterm infants as measurements such 

as the oxygenation index may not predict mortality 

to the same extent at the same levels. Because of the 

above, results of trials in term infants cannot be ap-

plied to the preterm population. A meta-analysis of 

the information published to date on this group of 

infants has recently been carried out (Barrington

and Finer 2006). Currently, there is no evidence 

from eight randomised trials to support the use of 

inhaled nitric oxide in preterm infants with respi-

ratory failure. Rescue therapy of very sick preterm 

infants who met criteria for poor oxygenation did 

not improve their survival, survival without BPD

or brain injury. Oxygenation did appear to be im-

proved in the short-term. While the meta-analysis

did not recommend the routine use of iNO as a res-

cue therapy, it did emphasise that further studies

were warranted because of the intriguing results of 

one study by Schreiber et al. (2003). In this study, 

infants <34 weeks gestation and <2 kg and <72 h 

of age were randomised to receive nitric oxide as

part of routine therapy while intubated. There was

a significant reduction in the combined outcome of fi

death or BPD and a significant reduction in the ratefi

of grade 3 or 4 IVH or PVL in those treated with iNO.

In addition, cognitive outcome at 2 years of age was

improved in the treated group (Mestan et al. 2005).

The infants studied were less ill at the time of en-

rolment and confi rmation of the effifi  cacy of such anfi

approach would be important. It may be that infants 

who are already sick enough to fulfi l the entry crite-fi

ria of rescue studies may already have suffered brain 

and pulmonary injury that is too severe to be im-

proved by nitric oxide while routine “prophylactic”

use may be able to reduce the incidence of some such

injuries. Again, more work in this area is needed.

While iNO therapy improves oxygenation in

over 50% of neonates with PPHN, some infants do 

not show a response and others deteriorate subse-

quently while on iNO. This has led to the investiga-

tion of alternate and complementary approaches to

iNO. These include the use of vasodilators such as 

prostacyclin or PGE2, NO precursors such as L-argi-

nine, phosphodiesterase inhibitors such as sildenafilfi

and free radical scavengers such as superoxide dis-

mutase. All of these therapies remain investigational 

at this point in time with limited or no data in neo-

nates with PPHN. It may be possible in the future to 

decrease morbidity and mortality in PPHN further

as specifi c strategies aimed at correcting alterationsfi

in NO and prostacyclin biology are discovered.

In summary, available evidence supports the use 

of iNO beginning at initial doses of 20 ppm in term

or near-term infants who have hypoxic respiratory 

failure and who do not have a congenital diaphrag-

matic hernia. Although brief exposures to higher 

doses (40–80 ppm) appear to be safe, sustained 

treatment with 80 ppm increases the risk of methae-

moglobinaemia. The lowest effective initial does for

iNO in term newborns has not yet been determined.

While iNO has reduced the need for ECMO by about 

40%, not all patients will experience a sustained 

improvement in oxygenation and some will still re-
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quire ECMO. This has raised concerns about the use

of iNO in centres that do not have access to ECMO 

facilities as it has been well demonstrated that in-

fants rapidly become tolerant to iNO and withdrawal

of iNO during transport may lead to an acute dete-

rioration (Kinsella et al. 1995). In addition, there

is currently much debate in the literature about the 

possible adverse effects on infants if there is a delay 

in the initiation of ECMO. More work in this area is 

urgently needed. Another important question to be 

addressed is if the use of iNO earlier in the course

of the disease when the oxygenation index is less 

than 25 will result in improved outcomes. The use 

of inhaled NO in the preterm population as a rescue 

therapy is not currently recommended.

2.4
Prenatal Medicine

Prenatal ultrasonography has permitted not only 

the detailed assessment of foetal anatomy and the 

recognition of structural defects, but it has also al-

lowed the characterisation of their natural history.

Advances in prenatal diagnosis over the past decade 

have provided new insights into the pathophysiol-

ogy of thoracic malformations such as congenital

diaphragmatic hernia (CDH), congenital cystic ad-

enomatoid malformation of the lung (CCAM), pul-

monary sequestration (PS) and foetal hydrothorax 

(FHT). In many respects, the natural history of each

of these malformations has proven entirely differ-

ent from our understanding of their postnatal his-

tory. For each of these thoracic lesions, there is a 

so-called “hidden mortality”. Many foetuses with

CDH, CCAM, PS or FHT die in utero from the con-

sequences of a large space-occupying thoracic mass 

that causes mediastinal shift and hydrops. In addi-

tion, many infants may die shortly after birth from 

pulmonary hypoplasia before transfer to a tertiary 

referral centre can be made. Therefore, the observed 

mortality of these conditions is artifi cially lowered fi

in a tertiary referral centre. Consequently, the pre-

natal diagnosis of any of these malformations en-

genders a worse prognosis than the same condition

diagnosed after birth. Along with a greater under-

standing of the natural history and pathophysiology 

of these malformations has come the development of 

prognostic indicators and the opportunity to treat 

conditions in utero that would otherwise be fatal. 

Foetal therapy has advanced from simple thoracen-

tesis to the placement of thoracoamniotic shunts in

FHT, pulmonary resection in CCAM and complete

repair of CDH in utero.

The detection of CDH prenatally allows time both 

in which to prepare the family, but also to plan deliv-

ery in a tertiary referral site. It allows determination

of the size and position of the hernia, the presence of 

the liver in the thoracic cage and the presence of 

other associated congenital anomalies that may im-

pact on survival. The presence of pulmonary hypo-

plasia is an important determinant of survival in 

CDH, but is extremely difficult to predict. Harrison fi

et al. have proposed that foetuses with a good prog-

nosis can be identified by the absence of liver her-fi

niation into the thorax, a high lung-to-head ratio 

(LHR) and late (>25 weeks gestation) herniation of 

the abdominal viscera into the thorax (Harrison et 

al. 1998, Lipshutz et al. 1997, Albanese et al. 1998). 

Conversely, foetuses with liver herniation into the 

hemithorax and a low lung-to-head ratio have a poor 

prognosis with conventional postnatal manage-

ment. The lung-to-head ratio is a sonographic mea-

surement that compares the right lung size with 

head circumference (corrected for gestational age)

and is calculated between 24 and 26 weeks gestation. 

Specifi cally, overall survival was 47% with a LHR fi

range of 0.62–1.86, and an LHR less than 1 was as-

sociated with no survivors despite ECMO, whereas 

all patients with a LHR ratio more than 1.4 survived.

LHR values between 1 to 1.4 were associated with a

38% survival although 75% required ECMO 

(Lipshutz et al. 1997). While these initial results are

encouraging, this measurement still needs to be 

validated further. The availability of a reliable pre-

dictive marker for CDH would be invaluable and it 

would allow us to determine those infants who 

would benefi t from surgery as well as from other in-fi

terventions such as HFV and ECMO. With the recog-

nition that some infants had a very poor prognosis, 

attention then focused on attempting to repair the 

CDH in utero in an effort to prevent or minimise 

pulmonary hypoplasia. Complete surgical repair in 

utero for foetuses without liver herniation did not

improve survival over standard care (75% vs. 86%)

(Harrison et al. 1997). As the outcome for these in-

fants was so good irrespective of in utero interven-

tion, foetal surgery with all its associated risks was 

not felt to be warranted. However, infants with liver 

herniation and hence an overall poor prognosis did 

very poorly when undergoing complete repair in 

utero. The repair was technically impossible sec-
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ondary to kinking of the umbilical vein when the 

liver was reduced causing cardiovascular collapse 

(Harrison et al. 1993). To combat this, a strategy of 

temporary tracheal occlusion or PLUG (Plug the

Lung Until it Grows) was devised (Harrison et al.

1998). Obstruction of the fl ow of foetal lung flfl uid wasfl

found to accelerate foetal lung growth, reduce herni-

ated viscera and ameliorate pulmonary hypoplasia

(DiFiore et al. 1994). Initially, an external clip was

applied to the trachea at open surgery via a hyster-

otomy. Subsequently, the introduction of video-feto-

scopic techniques (Fetendo) allowed dissection of 

the foetal trachea and placement of the occluding 

clip without hysterotomy. Harrison’s group reported 

their experience of foetal surgery on infants in the

poor prognosis category (diagnosis before 25 weeks,

left-sided hernias only, LHR <1.4 and no other major 

anomalies) (Harrison et al. 1998). Infants who re-

ceived standard care had a survival rate of 38%. In-

fants in the open tracheal occlusion group had a sur-

vival rate of 15%, whereas infants treated with the

Fetendo procedure had a survival rate of 75%. Initial 

fetoscopic treatment of CDH utilized radially ex-

panding uterine trocars to surgically manipulate the 

foetal trachea in place, perform a neck dissection

and place temporary occlusive titanium clips. These 

clips, however, required removal prior to birth, and 

as a result, an additional operative procedure was

developed – the ex utero intrapartum treatment

strategy (EXIT). EXIT allowed clip removal and

neonatal intubation prior to cord transection (es-

sentially on placental support) by way of caesarean 

incision. Although benefi cial in terms of pulmonary fi

growth, this technique was flawed due to associatedfl

tracheal complications that occurred because of the

fetoscopic neck dissection. Modification led to thefi

current technique of endoscopic placement of a de-

tachable balloon directly into the foetal trachea 

(Skarsgard et al. 1996). A randomised controlled 

trial funded by the NIH of foetal endoscopic tracheal

occlusion for severe CDH was reported by Harrison

et al. (2003). Women carrying foetuses that were be-

tween 22 and 27 weeks gestation and that had severe

left-sided CDH (defined as liver herniation, LHR fi

<1.4) with no other detectable abnormalities were

randomly assigned to foetal endoscopic tracheal oc-

clusion or standard care. The primary outcome was

survival at the age of 90 days. Secondary outcomes

were measures of maternal and neonatal morbidity. 

Of the infants randomized to the intervention, two 

of the infants underwent a tracheal clip procedure

and the remaining nine infants were treated with the

balloon-occlusion technique. Enrolment was 

stopped after 24 patients because of the unexpect-

edly high survival rate with standard care and the 

conclusion of the data safety monitoring board that

further recruitment would not result in significant fi

differences between the two groups (survival rates 

were 73% in the tracheal occlusion group and 77% in

the standard care group with no difference detected

between the two groups). Premature rupture of 

membranes and preterm delivery occurred in 100%

of those receiving antenatal surgical treatment with

a mean age at delivery of 30.8 weeks. The conclusion 

of the trial was that tracheal occlusion did not im-

prove survival or morbidity in this cohort of foe-

tuses with CDH. The rate of survival at 90 days of age 

among foetuses assigned to standard care was unex-

pectedly high at 77% given the 38% survival quoted

in a similar group of historical controls, and the au-

thors felt that this may be due to the “trial effect”. 

The study design required that infants in both treat-

ment groups be delivered, resuscitated and inten-

sively treated in a unit experienced in caring for

critically ill newborns with pulmonary hypoplasia.

Therefore, “standard care” in the study was really 

optimal care and the authors cautioned about the 

general applicability of the results of the trial. The 16

survivors of this trial were prospectively followed

and remarkably, despite the fact that the infants in

the tracheal occlusion group were significantly more fi

premature, follow-up at 1 and 2 years noted no dif-

ferences in the neurodevelopmental outcome be-

tween the two groups (Cortes et al. 2005). Deprest

et al. (2006) felt that the NIH trial lacked the power

to document the potential advantage of prenatal

therapy in the more severe cases of CDH. His group

carried out percutaneous foetal endoluminal tra-

cheal occlusion with a balloon between 26–28 weeks 

gestation. In severe cases (liver herniation and LHR

<1.0), tracheal occlusion increased lung size as well

as survival with an early 7-day survival, late neona-

tal 28-day survival and survival to discharge of 75%,

58% and 50%, respectively, compared to 9% in con-

temporary controls. It was also possible to restore 

the airway prior to birth. This was done either by 

foetal tracheobronchoscopy at 34 weeks with re-

trieval of the balloon or by ultrasound-guided punc-

ture of the balloon. In-utero removal avoided the

burden of an EXIT procedure and neonatal survival 

improved (83% compared to 33%). His group feels

that foetal endoluminal tracheal occlusion can be

considered a minimally invasive foetal therapy im-

proving outcome in highly selected cases. The jury 
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on foetal intervention in this condition is still out. 

As future refi nements in tocolytic and surgical fi

methods develop and as the incidence and associ-

ated risks of prematurity decline, tracheal occlusion

may have a larger role to play in the management of 

the more severe cases of CDH given its documented

benefi t in inducing pulmonary growth. Again, it re-fi

mains to be seen exactly which infants will benefit fi

most from this intervention.

Congenital cystic adenomatoid malformations 

(CCAM) are characterised by an overgrowth of 

terminal respiratory bronchioles that form cysts

of various sizes. Prenatally, they can be divided 

into two categories based on their gross anatomy 

and ultrasonographic fi ndings. Macrocystic le-fi

sions contain single or multiple cysts that are 5

mm in diameter or larger on prenatal ultrasound, 

whereas microcystic lesions appear echogenic on

ultrasound. Bronchopulmonary sequestrations are 

masses of non-functioning lung tissue that are sup-

plied by an anomalous systemic artery and do not

have a bronchial connection to the native tracheo-

bronchial tree. On prenatal ultrasound, they appear 

as well-defi ned, echo-dense, homogeneous masses.fi

They may be mistaken for microcystic CCAMs un-

less colour fl ow Doppler detects a systemic artery fl

from the aorta to the lung mass. Huge foetal lung

lesions have reproducible pathophysiological effects

on the developing foetus. Oesphageal compression 

by the thoracic mass can interfere with foetal swal-

lowing and lead to polyhydramnios. Foetal hydrops

may also develop secondary to vena caval obstruc-

tion and cardiac compression from the large masses

causing extreme mediastinal shift. In some cases, 

the CCAM or BPS may secrete fl uid or lymph and fl

cause foetal hydrops from a tension hydrothorax.

Although a large pulmonary lesion diagnosed in

utero is an ominous finding, the natural history of fi

these conditions is very variable. Adzick et al. (1998) 

reported that 15% of their CCAMs decreased in size

during the pregnancy and most (68%) extralobar

pulmonary sequestration lesions shrank dramati-

cally before birth. Although regression of a lung 

lesion and associated hydrops has been reported,

this is a rare occurrence (daSilva et al. 1996). The 

management of these lesions during pregnancy 

will depend on the size of the lesion, the gestational 

age of the foetus and the development of foetal hy-

drops, a harbinger of foetal or neonatal death. If the

foetus is at 32–34 weeks gestation, consideration

should be given to antenatal steroids and early de-

livery. However, if the foetus develops hydrops be-

fore 32 weeks gestation, in utero therapy has been 

considered. Options tried include foetal thoracente-

sis, but this has often been found to be ineffective 

because of rapid reaccumulation of fluid (fl Adzick

et al. 1998). At best, it may serve as a temporising

manoeuvre before shunt replacement or resection.

Thoracoamniotic shunting of a large predominant 

cyst in a CCAM may be beneficial provided thatfi

there is not a large associated solid component. Suc-

cessful decompression of a CCAM in a 20-week-ges-

tation foetus was reported by Clark et al. (1987), 

and since then, there have been many more reports

of successful shunt placement in unilocular CCAM 

lesions (Bernaschek et al. 1994). Adzick’s group 

has managed nine hydropic CCAM pregnancies us-

ing thoracoamniotic shunting (Adzick 2003). There 

was a 61% mean reduction in mass volume following 

shunt placement. Hydrops resolved following shunt-

ing in all cases. The average shunt to delivery time

was 13 weeks and 2 days and foetal or neonatal loss 

was one of nine (11%). They have also treated three

foetuses with bronchopulmonary sequestration and 

hydrops (Adzick et al. 1998). The hydrops appeared

to be a consequence of a tension hydrothorax from 

fluid or lymph secreted by the mass. The hydrops fl

resolved after weekly foetal thoracocentesis in one

case and thoracoamniotic shunt placement in the

two other cases. All three foetuses survived after de-

livery at 33–35 weeks gestation, required ventilatory 

support and subsequently underwent BPS resection.

One problem commonly reported with these shunts,

however, is that many of them become dislodged 

or clog even after relatively short periods of time.

Furthermore, not all cases will lend themselves

to catheter decompression, i.e., large multicystic

CCAMs and surgical resection have been attempted

in these cases. Adzick et al. (2003) have performed 

foetal pulmonary lobectomies in 22 cases of CCAM 

associated with foetal hydrops at 21 to 31 weeks ges-

tation with 11 healthy survivors aged 1–12 years on

follow-up. Resections involved a single lobectomy 

in 16 patients, right middle and lower lobectomies 

in four patients, extralobar BPS resection in one pa-

tient and one left pneumonectomy for CCAM. In one

multicystic case, a thoracoamniotic shunt had failed

to decompress the mass effect adequately before 

open foetal surgery. In the 11 foetuses that survived, 

foetal CCAM resection led to hydrops resolution in 

1–2 weeks, return of the mediastinum to the midline

within 3 weeks and impressive in utero lung growth. 

Follow-up developmental testing has been normal

in all 11 survivors. However, 11 foetuses did not 
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survive and 6 of these died intraoperatively, usually 

after developing profound bradycardia after deliv-

ery of the mass from the foetal chest. These results

demonstrate that surgical resection is reasonably 

safe, technically feasible, can reverse hydrops over

1–2 weeks and can allow sufficient lung growth tofi

permit survival and normal postnatal development 

(Adzick 2003). The clinical focus is now shifting

from the technical details of the foetal surgical pro-

cedure to the crucial need for better postoperative

maternal-foetal monitoring, reliable intraoperative

foetal intravascular access and intraoperative foetal

echocardiographic haemodynamic assessment in 

an effort to further reduce the signifi cant morbidity fi

and mortality still associated with this intervention. 

The role of laser therapy or techniques such as ra-

diofrequency thermal ablation to decrease the size 

of the foetal lung lesion has still to be elucidated.

Lastly, foetal hydrothoraces, either unilateral 

or bilateral, are pleural effusions in the foetus that 

may be primary, due to a chylous leak, or secondary,

where the effusions are part of a generalised fluidfl

retention associated with immune or non-immune 

hydrops. The management of pleural effusions in 

the foetus is complicated by the diffi culty in distin-fi

guishing primary from secondary FHT. Chylotho-

rax is the most common cause of primary pleural

effusion in the newborn. They are usually unilateral

and associated with a good prognosis. In contrast

to the neonate, secondary FHT is much more com-

mon in the foetus and may be due to a wide variety 

of maternal and foetal disorders including chromo-

somal anomalies, cardiovascular anomalies, hae-

matological and gastrointestinal anomalies. Large

foetal pleural effusions can lead to hydrops and can

cause pulmonary hypoplasia secondary to pulmo-

nary compression. Once again, intervention would 

depend on the gestational age, the presence of hy-

drops and the presence of other associated anom-

alies. Intervention in utero is possible in selected

cases. Treatment options usually include single or

repeated thoracocenteses and/or thoracoamniotic

shunting (Morin et al. 1994).

There have been signifi cant strides made during the fi

last decade in understanding the natural history and

pathophysiology of foetal thoracic lesions. Largely as 

a result of advances in prenatal ultrasonography, it is 

now possible to diagnose these lesions in utero and to

advise parents on prognosis. It is also feasible to offer 

the possibility of foetal intervention for the most se-

verely affected cases. However, large gaps still remain 

in our knowledge. We are unable to accurately predict

pulmonary hypoplasia, the most devastating conse-

quence of foetal thoracic lesions. Selection criteria for

foetal intervention are not well defined. The effifi  cacy fi

and superiority of foetal surgery over standard care

are still under scrutiny. Most cases of foetal surgery 

are reserved for those cases with foetal hydrops and a

uniformly dismal outcome. Whether foetal surgery is 

beneficial in the absence of hydrops is diffifi  cult to say fi

and made more difficult by the knowledge that somefi

of these lesions undergo spontaneous resolution over 

time. Equally, until we can better detect and treat 

preterm labour, the “Achilles heel” of foetal surgery, 

foetal intervention cannot be undertaken lightly. The

diagnosis and treatment of foetal thoracic lesions re-

main a formidable challenge, but one that can be met

with cautious optimism due to the option of foetal 

intervention, something that was not considered a

possibility before. 

2.5 
Conclusion 

The opening decade of the twenty-fi rst century isfi

an exciting time for neonatology because of techni-

cal and therapeutic breakthroughs in many areas. 

Translational research on basic pulmonary biology 

has rapidly moved from the bench to the bedside, 

yielding dramatic results. The challenge now is to 

conduct the clinical research that will establish the 

evidence on which new therapies are based. Many 

of the questions will need to be addressed in large,

well-designed randomised controlled clinical trials

that will hopefully be carried out in the not too

distant future. 
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3.1 
General Considerations

3.1.1 

Indications

In the neonate (as well as other paediatric and

older age groups), chest radiography (be it digital 

or analogue) remains the most requested imag-

ing modality for investigation of respiratory and

cardiac pathology. This is particularly true for 

preterm infants and neonates on intensive care,

for whom daily portable chest radiographs are not 

uncommon. While other imaging modalities [such 

as ultrasound, fl uoroscopy, computed tomography fl

(CT), nuclear medicine, bronchoscopy, angiogra-

phy and magnetic resonance imaging] may sub-

sequently be employed, radiography is the most

valuable initial investigation for neonatal respira-

tory disorders (Arthur 2001). Some of the major 

indications for chest radiography in the neonate 

are listed below.

1. Abnormalities of aeration

a. Congenital

  i. Developmental

   1. Tracheobronchomalacia

   2. Congenital

    diaphragmatic hernia

   3. Pulmonary hypoplasia

   4. Congenital lobar

    emphysema

   5. Congenital cystic

    adenomatoid malformation/pulmonary  

  sequestration spectrum

   6. Bronchial atresia

  ii. Infection

b. Arising from premature birth/perinatal

  complications

  i. Hyaline membrane disease

  ii. Transient tachypnoea of the newborn
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   iii. Meconium aspiration

   iv. Infection

 c. Acquired/iatrogenic

   i. Bronchopulmonary dysplasia

   ii. Pulmonary interstitial emphysema

   iii. Pneumothorax/air leaks

   iv. Pulmonary haemorrhage

   v. Infection

2. Abnormalities of circulation

 a. Cyanosis without congestive heart failure 

or respiratory distress

   (e.g., TGA, tetralogy of Fallot)

 b. Cyanosis with congestive heart failure or 

respiratory distress (e.g., Ebstein’s anomaly)

  c. Congestive cardiac failure, without cyanosis  

(e.g., coarctation of the aorta)

 d. Collapse/shock

   (e.g., hypoplastic left heart syndrome)

3. Abnormalities of the thorax

 a. Neuromuscular

 b. Skeletal dysplasia

   i. Asphyxiating thoracic dystrophy

4. Lines, tubes and wires (iatrogenic)

 a. Umbilical arterial/venous catheter

 b. Percutaneous (PICC) long line

 c. Extra corporeal membrane oxygenation  

(ECMO) catheters

  d. Chest/mediastinal drains

 e. Endotracheal tubes (ETT)

 f. Nasogastric tubes (NGT)

5. Other

 a. As part of a skeletal survey for suspected

   dysplasia

 b. As part of a skeletal survey for suspected abuse 

(relatively uncommon in this age group)

3.1.2 

Radiographic Technique

The radiographic technique remains the same

whether performing analogue (fi lm/screen) or digi-fi

tal radiography of the neonatal chest. The empha-

sis is on high quality and low exposure in keeping

with the ALARA principle (see also Sect. 3.2.4). In

a bid to standardise image quality, the Community 

of European Commissions (CEC) has developed 

imaging guidelines/criteria for paediatric and adult 

radiographic techniques (CEC 1996; EUR 1996). The

assumption is that radiographs of sufficient qual-fi

ity to allow the depiction of important anatomical

structures are therefore of sufficient quality to al-fi

low the detection of pathology. The CEC criteria for

the paediatric chest radiograph are summarised in

Table 3.1.

Table 3.1. The Commission of European Communities Quality 
Criteria for Chest Radiographs in Children (EUR 1996)*

Number Criterion

1.1 Performed at peak of inspiration, except for
suspected foreign body aspiration

1.2 Reproduction** of the thorax without
rotation and tilting

1.3 Reproduction of the chest must extend from
just above the apices of the lungs to T12/L1

1.4 Reproduction of the vascular pattern in 
central 2/3 of the lungs

1.5 Reproduction of the trachea and the proxi-
mal bronchi

1.6 Visually sharp reproduction of the dia-
phragm and costo-phrenic angles

1.7 Reproduction of the spine and paraspinal 
structures and visualisation of the retrocar-
diac lung and the mediastinum

* The CEC also recommend a standard entrance surface
dose of 100 Gy (for a 5-year-old child), 60–80 kV and an
exposure time of <10 ms (please note that these parameters
refer to film/screen systems). However the criteria listed in fi
the Table are applicable to all chest radiographs regardless of 
the imaging system used to produce them
** Visualisation = characteristic features are detectable but
details are not fully reproduced; features just visible
Reproduction = details of anatomical structures are visible, 
but not necessarily clearly defined; details emergingfi
Visually sharp reproduction = anatomical details are clearly 
defined; details clearfi

It should be emphasised that these guidelines

were developed for film/screen systems. However,fi

although imaging parameters will vary, the CEC 

(semi-objective) criteria are applicable to all chest 

radiographs regardless of the imaging system used 

to produce them.

When obtaining the radiograph, careful position-

ing of the neonate should be aimed for, to avoid ar-

tefact produced by rotation; to avoid the erroneous

diagnosis of cardiomegaly and/or mediastinal shift; 

to avoid the misdiagnosis of a pathological cause 

for differences in radiolucency of the hemithoraces;

and to allow precise interpretation of the position

of lines, catheters, etc. Neonatal chest radiographs

are taken in the supine (AP) position. If possible,



  Computed and Digital Radiography in Neonatal Chest Examination 49

the arms should be extended to prevent the scapu-

lae from obscuring lung pathology. The beam should

be centred at the nipple line and collimated to the 

outer chest margins (Bontrager 1993). With digital

systems the radiographer/radiologist is able to apply 

electrical “shutters” as a post processing capability 

of the system. This practise conceals poor collima-

tion technique, which will almost certainly have led

to increased radiation exposure to the patient. In this

regard, the BIR recommends that all four collimation 

marks be visible on any radiograph, regardless of the 

system from which it was produced (BIR 2001).

A good quality radiograph should not be rotated, 

and should extend from lung apices to the T12/L1

level (EUR 1996). If the position of umbilical ve-

nous/arterial catheters is to be assessed, then an 

additional abdominal radiograph (or single chest

radiograph including the upper two thirds of the

abdomen) is indicated.

Excessive handling of sick neonates will lead to

episodes of hypoxia and bradycardia. Indeed up to 

75% of hypoxemic episodes in neonates are associ-

ated with handling (Long 1980). The radiographer 

obtaining a chest radiograph on a neonate on inten-

sive care will usually have to place the cassette/im-

aging plate under the neonate. Careful handling is 

mandatory. Slade et al. (2005) advocate the use of 

specially designed incubators with a facility for plac-

ing the imaging plate/cassette in a tray beneath the 

mattress (“under-tray” technique), thereby avoid-

ing the need to handle the neonate altogether. These 

authors have shown that radiographs obtained with 

the under-tray technique have at least the same im-

age quality as those obtained with the standard di-

rect contact method.

It should be noted that although portable radio-

graphs can be obtained with direct digital radio-

graphic imaging (DR), cost implications are prohibi-

tive; see Section 3.2.1.4 below.

3.1.3 

Expected Findings, Normal Variants and

Artefacts

3.1.3.1 

The Normal Neonatal Chest Radiograph

The following refers to straight AP supine chest

radiographs (Fig. 3.1). Both lungs should be sym-

metrically aerated, and therefore have uniform ra-

diolucency within minutes of birth. Neonates lack 

the normal lordosis seen in older children; therefore 

the clavicles may be projected above the first ribs.fi

The diaphragms should be dome-shaped and lie at 

the level of the sixth rib anteriorly or eighth rib 

posteriorly. However care should be taken in as-

sessing lung volumes in the neonate by this method

(Bramson 2005).

The transverse cardiothoracic ratio should be 

<60%. The shape and size of the thymic shadow is

variable; however the thymus should normally be 

clearly visible. Classical appearances include a wavy 

outer border and the “sail sign”. It may occupy the

entire upper chest or simulate lobar consolidation 

(Fig. 3.2).

Stress causes the normal neonatal thymus to 

involute; therefore the diagnosis of thymic aplasia 

(Di George syndrome) should be made with caution 

in a sick neonate (an ultrasound scan may be indi-

cated). Vascular markings are well seen centrally,

but are not visualised in the periphery (outer one 

third). An “air bronchogram” appearance may be 

seen in the left lower lobe behind the cardiac sil-

houette, and a diagnosis of pneumonia should be

avoided.

The thoracic vertebrae are clearly visualised. The

spinal arches may not be fused in the early neonatal

period. Therefore it is normal for the vertebral bod-

ies to have a central defect that should not be mis-

taken for sagittal clefts or hemivertebrae.

Fig. 3.1. Normal appearance of neonatal chest radiograph
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3.1.3.2

Nasogastric, Replogle and Endotracheal Tubes

Nasogastric  tubes are recognisable by the continu-

ous radio-opaque line in their walls. In the chest 

they should run distally in the midline to loop 

within the stomach. The tip should lie well below 

the left hemidiaphragm and if at or above the level 

of the gastro-oesophageal junction (Fig. 3.3) should 

be advanced.

Fig. 3.3. The tip of the nasogastric tube lies at the level of T9 

(arrowhead) and should be advanced. Note the satisfactory 

position of the umbilical arterial catheter (long arrow). The 

tip of the umbilical venous catheter (short arrow) lies within

the right hepatic vein and should be withdrawn

Replogle  tubes are double-lumen sump tubes firstfi

introduced in 1963 (Replogle 1963). They are recog-

nised (and distinguished from nasogastric tubes) by 

the discontinuous radio-opaque line in their walls 

(Fig. 3.4).

They enable continuous suction of the upper 

pouch of neonates and infants with oesophageal 

atresia. The precise position of their tips is therefore 

variable; they should not be mistaken for high-lying

nasogastric tubes.

The endotracheal  tube also has an opaque marker

in its wall. It should lie in the midline, and its tip 

should lie at a level between C7 and T4 (ideally be-

tween T1 and T3 as the tip moves with flexion andfl

extension of the cervical spine; Figure 3.5). If posi-

tioned too low, the tip may enter one or other main

bronchus (usually the right main bronchus or bron-

chus intermedius) causing collapse/partial collapse

of the contralateral lung, as that lung is no longer

ventilated. Note that in these situations collapse is 

not inevitable (Fig. 3.6).

Fig. 3.2. a This neonate had persistent “consolidation” of the a

right upper lobe that did not respond to treatment. b An ultra-

sound confirmed the “consolidation” to be a normal thymusfi

a

b
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Fig. 3.6. The tip of the ETT lies in the right main bronchus

(long arrow). There is no associated collapse. Note the VV 

ECMO cannula (short arrow)

a
b

Fig. 3.5. a The tip of the ETT is in a satisfactory position on 

this AP supine radiograph. b A subsequent radiograph with

the neonate in a prone position shows the ETT to be in a

high position

b

a

Fig. 3.4. a Neonate with oesophageal atresia. A Replogle tube 

lies within the upper pouch. Air within bowel loops indicates

the presence of a tracheo-oesophageal fistula.fi b Another ne-

onate with oesophageal atresia and a tracheo-oesophageal

fistula (note the gastric air bubble). A nasogastric tube is fi

seen to be coiled within the upper pouch. It is distinguished 

from the Replogle tube in (a) because of the continuous ra-

dio-opaque line in its wall
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3.1.3.3 

Umbilical Arterial/Venous Catheters

An umbilical artery  catheter can be distinguished

from an umbilical vein  catheter by the downward

loop formed as the arterial catheter reaches the ab-

dominal aorta via the internal and common iliac

arteries.

It is important that the tip of the arterial catheter 

lies either in a low position (below L3 vertebral body)

or in a high position (above T10) in order to avoid the

origins of the renal arteries and celiac axis respec-

tively. The tip of the umbilical venous catheter should 

be at the level of T8/T9. Occasionally the tip may en-

ter one or the other hepatic vein (Figs. 3.3, 3.7).

The tip of percutaneous  long (PICC) lines should

lie within the distal IVC or SVC. If the tip lies within 

the right atrium, then there is a risk of cardiac ar-

rythmias. If inserted via a femoral vein, then like an 

umbilical venous catheter, the tip may be misplaced

and lie within a hepatic vein (Fig. 3.7).

3.1.3.4 

Extracorporeal Membrane Oxygenation  Catheters 

(ECMO)

ECMO provides support to neonates with conditions 

such as meconium aspiration, congenital diaphrag-

matic hernia and primary pulmonary hyperten-

sion. Venous blood is bypassed to an extracorporeal 

membrane for oxygenation before return either to 

the arterial circulation (providing both pulmonary 

and cardiac support) or to the venous circulation 

(providing pulmonary support alone). In either case

the lungs are allowed to rest/recover, and there is 

a reduction in the incidence of barotrauma. Two

main circuits exist; the standard venous-to-arterial 

circulation (VA ECMO), which requires venous and 

arterial cannulae (Fig. 3.8), and the increasingly 

popular venous-to-venous circulation (VV ECMO),

for which a single double lumen venous cannula is 

employed (Figs. 3.6, 3.9).

The tip of the arterial catheter should lie within

the innominate artery at the origin of the common

carotid artery. The tip of the venous catheter should

lie within the right atrium (at about the 8th /9th pos-

terior ribs), and (in the case of VV ECMO) with the 

smaller arterial lumen facing the tricuspid valve. It

may be difficult to confifi  rm the position of the can-fi

nulae, and echocardiography is particularly useful 

in this regard. Furthermore, there is wide variation 

in the types of existing cannulae. Familiarity with 

the precise type of cannula employed locally is ad-

vised. Almost complete opacification of the lungsfi

of a neonate on ECMO is common, and in these in-

stances no impression can be made as to the condi-

tion of the underlying lungs (Fig. 3.9). Barnacle et

al. (2006) provide a detailed review of the role played 

by radiography in the management of neonates on 

ECMO.

Fig. 3.7. The tip of the UVC lies within the left hepatic vein 

(arrow) Fig. 3.8. VA ECMO with the arterial (solid arrow) and ve-

nous (open arrow) cannulae in satisfactory positions. See 

Figure 3.6 for VV ECMO cannula
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3.1.3.5 

Chest/Mediastinal Drains

Radiographs are performed to confirm adequate fi

(and effective) positioning of chest and mediasti-

nal drains, to monitor resolution of pleural fluid fl

(although ultrasound is also useful) and to exclude 

complications such as subcutaneous emphysema. 

The role played by routine chest radiography fol-

lowing the removal of chest drains has been ques-

tioned. Some authors suggest that because of its low 

yield, chest radiography in this situation should be 

replaced by careful clinical monitoring as this is 

more effective at determining those neonates with 

recurrent pneumothorax or reaccumulation of pleu-

ral fl uid (fl van den Boom and Battin 2007).

3.1.3.6 

Normal Variants and Artefacts

Normal variants relating to the thymus and spine

have been referred to in Section 3.1.3.1 (the normal 

neonatal chest radiograph). It is also important to

beware of skin folds, which may mimic a pneumo-

thorax (Fig. 3.10), and artefact related to holes in the

incubator, which may mimic bullae. Other normal 

variants such as the azygous lobe are common to 

all age groups.

3.2
Digital Radiographic Systems

3.2.1 

Acquisition Techniques

3.2.1.1 

Introduction

There has been a rapid advance in the use of digital 

radiographic technology over the past decade or so. 

This is particularly related to the perceived benefits fi

of picture archiving and communication (PACS )

systems, which are ergonomical when compared

to traditional fi lm/screen radiography. With thefi

“fi lmless” environment that is possible with digital fi

radiography, there is no longer the need to find stor-fi

age for the large number of patient packets; radio-

graphs are no longer lost and are available (within

a short space of time) to radiologists and clinicians 

throughout the hospital as long as there is access to

an appropriate computer.

The term “digital  radiography” applies to any sys-

tem that at some point involves data in digital format 

in the acquisition, processing, display, management 

or storage of X-ray images. The difference between

digital and traditional film/screen (analogue) imag-fi

ing lies in the fact that with analogue systems the 

Fig. 3.9. Opacifi cation of the lungs is an expected fifi  nding in fi

neonates on ECMO

Fig. 3.10. Notice the skin fold in this neonate which mimics 

a left pneumothorax
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radiographic fi lm is used for image capture, display, fi

storage and transmission. With digital imaging these 

stages are separated from each other, and each may 

be optimised independently of the others. Of partic-

ular importance is the ability to post process digital

images, which is not possible with conventional ra-

diography. This ability is largely responsible for the 

reduction in the number of rejected radiographs and

repeated patient exposure.

Current digital systems may be subdivided into

fi ve main categories (fi James et al. 2001):

Digitisation of analogue radiographs

Fluorography (image intensifiers)fi

Photostimulable phosphor plate technology (CR)

Amorphous selenium-based systems

Flat panel direct digital radiography (DR)

Although fluorography has a role in neonatalfl

imaging (e.g., to monitor diaphragmatic excur-

sion) and selenium-based technology is applicable 

to chest imaging, the following sections discuss in 

more detail only the digitisation of analogue radio-

graphs, CR and DR as these are the most relevant

to imaging of the neonatal chest. Several authors

(James et al. 2001; MacMahon 2003; McAdams et

al. 2006; Parks and Williamson 2002; Shaefer-

Prokop et al. 2003) have provided detailed reviews 

of all systems.

3.2.1.2 

Digitising  Analogue Images

The ability to digitise analogue  images is impor-

tant for several reasons. Firstly, the introduction 

of digital systems across and within NHS Trusts 

is occurring in a stepwise fashion. While it is not

possible to digitise all analogue images that were 

obtained prior to going “digital”, it may be necessary 

for departments to have the radiographs of certain

patients archived. Secondly, referral centres receiv-

ing hard copy radiographs for a second opinion may 

wish to have a permanent record of the radiographs

on their PACS system, particularly if the child is 

to receive treatment there. In addition to the PACS 

benefits of digitised images, the technology is alsofi

useful for teleradiology purposes, when images can

be transferred to more experienced centres for ex-

pert opinion or made available to consultants who 

are then able to meet some of their on-call commit-

ments from home.

There are two main systems; laser  digitiser s 

and charge couple devices  (CCD). In general, laser 

•

•

•

•

•

digitisers are to be preferred as they have a wider

dynamic range and superior signal-to-noise ratio

(Hangiandreou et al. 1998). However CCD sys-

tems have a cost advantage and digitise at a rate of 

approximately 130 radiographs per hour compared

to 100 radiographs per hour for laser digitisers (BIR 

1999).

The quality of the digitised images depends on the 

quality of the original radiographs as well as on the 

quality of the digitiser. The Royal College of Radiolo-

gists teleradiology and PACS guidelines stipulate an 

optical density of at least 4.0 and a spatial resolution

of at least 3 to 5 line pairs per mm (RCR 1999).

As far as creating teaching files is concerned,fi

Ruess et al. (2001) performed a study that included 

chest radiographs of 15 neonates with pathology in-

cluding (but not limited to) pneumothoraces, pneu-

momediastinum, RDS and tetralogy of Fallot. They 

showed that a low-cost fl atbed scanner yields imagesfl

of the paediatric chest that are signifi cantly supe-fi

rior to those obtained with a digital camera-indeed

demonstration of pathology was comparable to that 

achieved on the original radiographs.

3.2.1.3

Computed  Radiography (CR)

The concept of storing an X-ray image in a phosphor 

screen was the first step in the development of CR,fi

and is credited to Luckey (1975) working for Kodak.

Kotera et al. 1980 (working for Fuji) produced the firstfi

medical images. CR was the first, and remains the most fi

widely used digital method for imaging the chest.

In conventional radiography, the useful optical

signal is derived from light emitted as an immedi-

ate response to incident radiation exiting from the

patient. However with CR, the X-ray exposure pro-

duces a latent image stored on an imaging plate

containing a special photostimulable phosphor . The 

phosphors are usually from the barium fluorohalide fl

family activated with europium, with BaFBR:Eu2+ 

being the first to be used (fi Rowlands 2002). The la-

tent  image  that is produced on exposure to X-rays 

consists of trapped charge stored within the barium 

fluorohalide crystals. In essence some electrons arefl

held at high energy levels, leaving vacancies (holes)

where the electrons used to be. In conventional  ra-

diography  the electrons very rapidly reoccupy the

holes, releasing light and producing the definitivefi

image as they do so. In CR, the energy is trapped (la-

tent image) until stimulated optically. The imaging

plate (IP) is held in a light-tight cassette, reducing 
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decay of the latent image before read out. Although 

fading of the image is said to commence within the

first 10 min following exposure, it takes more thanfi

6 h to detect clinically significant differences when fi

compared to an image that was read out immedi-

ately (Shaefer-Prokop and Prokop 1997).

After exposure the IP is inserted into the CR reader ,

which consists of a laser scanner and transport sys-

tem. Either a helium-neon or a semiconductor laser is 

used, with a spot size of 50–200 µm. Exposure to the 

laser scanner triggers a process known as photostim-

ulated luminescence in which shorter wavelength 

(blue) light is emitted in an amount proportional to

the original X-ray irradiation. This emitted light is

collected with a light guide and detected with a pho-

tomultiplier tube (PMT). The electrical signals pro-

duced by the PMT are digitised to form the image on a 

point-by-point basis. Digital  processing  is introduced

to adapt the image to the specifi c diagnostic need. Fi-fi

nally, by exposing the IP to strong light, any residual

data can be erased, and the plate becomes reusable. 

The resulting images may be printed onto film allow-fi

ing traditional “hard copy ” interpretation with the 

aid of a light box. More conveniently, it is possible to

view the digital images from a monitor of sufficiently fi

high resolution (“soft copy ” interpretation).

Furthermore, to obtain portable chest radio-

graphs of sick neonates, all that is required is the 

exchange of a traditional film screen cassette with afi

CR imaging plate.

Imaging plate s may be single or dual read out. In

the latter, signal is collected from both sides of the im-

aging plate thereby increasing the signal-to-noise ra-

tio by approximately 30% (Shaw et al. 1997); however

this is associated with an increase in radiation dose.

3.2.1.4

Direct Digital Radiography (DR)

Direct digital  radiography (DR) is also known as 

thin film transistor (TFT) or flfi  at panel detector ra-fl

diography. There are two types of DR system–direct 

and indirect. In contrast to CR systems where there 

is a need for a separate reader, with DR systems the 

image is sent directly to a computer for processing.

In direct DR  systems, the X-ray-sensitive medium

is amorphous selenium. X-rays interacting with the

detector cause the excitation of electrons leaving

“holes” in a manner similar to the excitation of pho-

tostimulable phosphors described above. A charged

electric field guides the excited electrons to the pho-fi

toconductor thus producing a latent image via the 

TFTs. The signal is amplifi ed and digitised. The dif-fi

ference between CR and direct flat panel systemsfl

is that with the latter the absorbed X-ray energy is

directly converted to a charge, by-passing the need

for a scintillator.

Like CR plates, indirect  fl at panel detectors con-fl

tain a scintillating detector (usually caesium iodide

with thallium-CsI:lh or gadolinium oxysulphide–

GOS). However, they also contain a light-sensitive

amorphous silicon photodiode. The X-ray energy 

causes the scintillator to emit light, which is con-

verted to electrical charge by the photodiode. These 

indirect flat panel DR systems are said to be the most fl

amenable to real-time display (Ducourant et al. 

2000). All DR systems are therefore self-scanning 

and give instant readout.

The advantage of DR is related firstly to the direct fi

acquisition of a digital image, thereby leading to a

rapid display time, and secondly to the production 

of images of higher quality than either CR or ana-

logue systems (Chotas and Ravin 2001; Floyd et 

al. 2001). Image quality of CR and DR systems has 

been shown to be equivalent for portable neonatal 

chest radiographs even when radiation exposure for 

the latter was reduced to 25% (Samei et al. 2003).

The disadvantage, however, is that the cost of DR

systems coupled with the fragility of their detector 

hardware inhibits their use for portable imaging. 

Figure 3.11 illustrates the working of film/screen, CR fi

and DR imaging systems.

3.3 
Digital Image Optimisation

3.3.1 

Image Display

3.3.1.1

Hard Copy Versus Soft Copy

Hard copy  refers to the interpretation of printed

fi lm with the aid of a light box in a similar way fi

to the interpretation of traditional film/screen ra-fi

diographs. Printing is achieved by using the digital

data to modulate the intensity of a laser beam that 

exposes an analogue fi lm. Many radiology depart-fi

ments with newly installed CR systems continue to

print radiographs until their PACS systems are well 

established.
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Soft copy  refers to the interpretation of images

from a monitor and therefore with no need to pro-

duce a printed fi lm. In this case the digital data arefi

converted to an analogue video signal and projected

on a cathode ray tube monitor. Soft copy images

may also be obtained by digitising film as described fi

above (Sect. 3.2.1.2). Clearly, when interpreting digi-

tal images, the resolution of the monitor will affect

the degree to which structures are visualised–this is

discussed further in Section 3.3.1.3.

Soft copy interpretation allows the use of post

processing functions such as adjustment of contrast 

and brightness, image magnification, etc. All of thesefi

will help to optimise the visualisation of specificfi

structures, e.g., lines, lung edge in suspected pneu-

mothorax, bones, etc., from the same radiograph.

Clearly there are ergonomical and economical ad-

vantages of PACS , with an estimated saving of US$ 

128,009 per year or US$ 6.20 per patient for soft over 

hard copy interpretation (Abe et al. 2004). However it

is also important to consider image quality  and diag-

nostic accuracy of each method. In the study by Abe

et al. mentioned above, there was similar diagnostic 

accuracy for the detection of subtle lesions from adult

chest radiographs when interpreted as soft compared

to hard copy. Other studies have been performed for

neonatal and paediatric chest radiographs (Razavi et

al. 1992; Brill et al. 1996). Razavi et al. (1992) showed

no signifi cant difference between the two displays forfi

demonstration of pneumothoraces and air broncho-

grams on chest radiographs of children; however soft

copy showed a slight advantage for demonstration of 

interstitial disease and linear atelectasis. Brill et al.

(1996) performed a large study in which soft and hard

copy display of 1,104 chest radiographs of neonatal

and paediatric intensive care patients were reviewed

for nine specific tubes (nasogastric, nasoduodenal,fi

endotracheal, central venous catheter, PICC line, 

chest drain, pacemaker wires, umbilical areterial

catheter and umbilical venous catheter) and nine

specific diagnoses (lung parenchymal abnormality,fi

pneumothorax, pneumomediastinum, pleural effu-

sion, normal lungs, normal abdomen, pneumatosis 

intesitnalis, other abnormal bowel gas pattern and 

pneumoperitoneum). Their results showed that soft

copy had similar, or slightly improved diagnostic ac-

curacy compared to hard copy interpretation.

In summary, therefore, soft copy interpretation

of neonatal chest radiographs has economical and

ergonomical advantages over hard copy film inter-fi

pretation, with similar (if not better) diagnostic ac-

curacy. At the author’s institution hard copy radio-

graphs are no longer produced. Indeed the neonatal,

paediatric and cardiac intensive care units all have 

PACS monitors, which allow the review of images 

by radiologists and clinicians (independently or at 

regular combined ward rounds).

It must be emphasised that the monitor used for

initial radiological diagnosis should be of sufficientfi

resolution for this purpose (see Sect. 3.3.1.3) and 

that the observer makes full use of the post process-

ing facilities of the workstation.

3.3.1.2

DICOM  

This acronym stands for Digital Imaging and Com-

munication in Medicine. The DICOM standard is reg-

ularly reviewed, and the latest is DICOM 2007 (Dicom

2007). The standard was created as a result of problems

Fig. 3.11. Pictorial illustrations comparing the processes in-

volved in analogue and digital imaging
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that arose from the various digital systems available.

In short, different manufacturers developed their own 

software packages, which meant that digital images 

obtained from one system could not necessarily be

interpreted by the system of another manufacturer. 

As (for example) NHS Trusts purchased different digi-

tal systems, it was found that digital images could

not be interpreted across Trusts. DICOM overcomes

this problem. A DICOM-compliant system uses uni-

versally recognised standardised file formats so thatfi

images can be transferred between distant locations.

3.3.1.3

Matrix Size of Digital Systems and Monitors

Spatial resolution  of standard-resolution CR plates 

is 2 line pairs/mm (lp/mm) – matrix size 2K × 2K;

5 lp/mm for high-resolution CR plates (matrix size 

4K × 4K), and for DR systems maximum spatial 

resolution is 3.3 to 2.5 lp/mm.

Of further interest are the spatial resolution re-

quirements of monitors used for soft copy interpre-

tation. It has been shown that for chest radiography, 

the detection of anatomical structures and subtle 

abnormality is similar for 2K × 2K and 4K × 4K ma-

trix sizes (Schaefer-Prokop c et al. 1997; Miró et 

al. 2001; Ueguchi et al. 2005). This has significant fi

positive implications for financial outlay and image fi

processing and archiving solutions.

Sterling et al. (2003) showed that with the excep-

tion of diffuse pulmonary disease, Web-based bed-

side personal computers (linked to their hospital’s

PACS system) allowed a similar diagnostic accuracy 

as their diagnostic workstation (possible findings fi

were normal; pleural effusion; pulmonary oedema; 

pneumothorax; subcutaneous and mediastinal em-

physema; atelectasis; position of endotracheal tube; 

position of central venous line). Observers were 

critical care physicians and not radiologists. If such

protocols are instituted, it is strongly advised that a 

radiologist reports all radiographs from a diagnos-

tic workstation as soon as possible.

Most diagnostic monitors use cathode ray tube  

(CRT) technology. The system involves moving

an electron beam to and fro across the back of the 

screen. As it passes the screen, the beam lights up

phosphor dots on the inside of the glass tube. This

process allows the illumination of active portions of 

the screen, gradually building up an image. Liquid 

crystal display  monitors (LCDs) are also available. 

The most common LCDs depend on picture ele-

ments (pixels) formed by liquid-crystal (LC) cells. 

These cells change the polarization direction of light

passing through them in response to an electrical

voltage. Changes in the polarization direction al-

low more or less light to pass through a polarizing 

layer on the face of the display. A change in voltage 

changes the amount of light. When compared to 

CRTs, LCDs are less bulky, lighter and require less

power to run. They produce a perfectly sharp image

with no geometric distortion. However the image 

contrast may vary with the viewing angle, and they 

are more costly than CRTs. Furthermore, whether 

LCD monitors have a diagnostic benefit is still being fi

investigated (Scharitzer et al. 2005).

3.3.2 

Image Processing

3.3.2.1

Introduction

The ultimate goal when obtaining a radiograph of a 

neonate is to enable the radiologist to reach a precise

and accurate diagnosis. There are factors related both

to the observer and the image acquisition/display 

system that will affect this. Techniques to optimise

the diagnostic process fall into two main categories,

those aimed at improving soft copy display and those

aimed at improving diagnostic accuracy by providing 

automated (computer-aided) diagnosis. Techniques 

to improve image display can be broadly subdivided 

into pre- and post-processing techniques.

3.3.2.2

Pre-processing

Image pre-processing  includes scaling and correc-

tion techniques. Correction techniques are required 

because of the intrinsic non-uniformity of digital 

detectors. Image scaling is necessary because of the

wide dynamic range (latitude) of digital systems be-

yond the visual perception of the human eye. Full 

data presentation would lead to considerable reduc-

tion in contrast resolution.

When imaging the neonatal chest, it is impor-

tant that the radiographer collimates adequately,

and that the neonatal chest algorithm is selected for

imaging plate readout. Both collimation  and algo-

rithm selection affect the histogram analysis that is

required for image scaling. Readers needing more 

detailed discussion of digital image pre-processing 

are referred to Siebert (2003).
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3.3.2.3 

Post-processing

The ability to post-process images is a significantfi

advantage of digital over conventional radiogra-

phy. When used optimally post-processing im-

proves visualisation of pathology and allows the 

display of the full object irradiated range while im-

proving local contrast (Frija et al. 1998). In other

words bony, mediastinal and lung parenchymal

detail (for example) may be clearly visualised on 

the same radiograph. Techniques include non-lin-

ear grey-scale enhancement , non-linear unsharp 

masking (edge-enhancement ) and more advanced

applications such as single or double exposure 

dual-energy subtraction  (Kantor 1997). Optimi-

sation of parameters by departments for different

examinations is advised (Schaefer-Prokop and

Prokop 1997). The CEC quality criteria  for chest

radiography in the paediatric age group (Table 3.1)

have been found useful in this regard (Mooney

and Thomas 1998).

3.3.2.3.1 

Non-Linear Grey-Scale Enhancement 

In order to obtain an interpretable image, digi-

tal values must be converted to a grey-scale value. 

Typically this is performed with the aid of a look-

up table analogous to the characteristic curve of 

film/screen imaging. As long as each digital in-fi

put value has a unique (grey-scale) output value,

then an image can be obtained (Freedman and

Stellar 1997).

Table 3.2 (adapted from Freedman and Stellar

1997) summarises some of the G  and R  factor s used 

in digital radiography, their interpretation and the

values used at the author’s institution (Fuji 5000R 

CR system).

3.3.2.3.2 

Edge Enhancement 

Edge enhancement emphasises the edges and 

contrast of a lesion, compensating for the lower 

Table 3.2. The “G” and “R” factors in digital imaging

Abbreviation Interpretation Effect Parameters for 
Figure 3.1

GA Gradient angle

Slope of steepest portion of LUT*

Steep slope =
high contrast
Gentle slope =
low contrast

1.4

GC Gradient centre

Optical density point around
which the GA rotates the LUT

High GC =
low optical density

1.6

GS Gradient shift (Grey scale)
Affects the overall density of the
image

High GS =
high optical density

0.4

GT Gradient type
Basic shape of the graph
Allows black/white inversion

N = upward curve
M = downward curve

E

RN Frequency number

Also known as kernel size

Ranges from 1 (large) to 9 (small)

Large RN emphasises
larger structures
Small RN emphasises
smaller structures
and noise

3

RT Frequency type
Blurs image in light exposure
areas
Options include R, T and F

R

RE Edge enhancement Larger number 
enhances edges

0.5
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spatial resolution of CR systems. It may improve 

image quality and enhance the visualisation of 

pathology; however it may also suppress patho-

logical lesions, or produce artefacts simulating 

pathology.

In one study, the application of a strong edge-en-

hancement algorithm (2K × 2K, 21-inch Barco, Kor-

tirijk, Belgium PACS monitor) to soft copy neona-

tal chest radiographs improved the visualisation of 

small pneumothoraces, vascular catheters and other

subtle fi ndings on neonatal chest radiographs (fi Goo

et al. 2001). The effect of altering various G  and R  

factors on the visibility of structures is illustrated in

Figures 3.12 and 3.13.

To summarise, increased edge-enhancement al-

gorithms may be useful in certain situations, e.g.,

identifi cation of lines and small pneumothoraces,fi

particularly if alteration of contrast, brightness 

and magnification have not helped. However (as fi

illustrated) high levels may lead to the production 

of artefact. An optimal level of edge enhancement 

for neonatal chest radiographs has not been estab-

lished, and is likely to vary depending on clinical

indication. Routine display of a single radiograph 

at varying levels of edge-enhancement is possible, 

but is not employed at the author’s institution-rather

all chest radiographs are displayed with a standard 

edge-enhancement factor of 0.5.

Fig. 3.12a–c. Effects of altering edge enhancement (RE).

Notice how increasing edge enhancement exaggerates the 

appearance of interstitial lung markings and hardens the 

edges of lines, cardiac contour, rib margins, etc. a kV=62, 

mAs=2.2, grey scale (GS)=0.4, edge enhancement (RE)=0. 

b kV=62, mAs=2.2, grey scale (GS)=0.4,edge enhancement 

(RE)=1. c kV=62, mAs=2.2, grey scale (GS)=0.4,edge en-

hancement (RE)=2

a b

c
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3.4 
Digital Image Quality

3.4.1 

Introduction

In determining the quality  of a radiograph, we are

determining what degree of excellence that radio-

graph has attained. In this regard there are two main 

questions to be answered, namely:

How well does the imaging system perform? An-

swers to this question concern measures of the ob-

jective physical performance of an imaging system

and are usually sought under standardised experi-

mental conditions. They assess the technical effi cacy fi

of an imaging system. Quality in this case might be

expressed, for example, in terms of spatial resolu-

tion, modulation transfer function (MTF), detector 

quantum efficiency (DQE), grey-scale bit resolution,fi

dynamic range or signal-to-noise ratio (Thornbury

and Eugene 1994, James et al. 2001).

How excellent is the radiograph that is produced?

This is dependent on the answers to the fi rst ques-fi

tion. However in the clinical setting it is also depen-

dent on radiographic technique. Radiation expo-

sure, patient positioning, collimation and presence

of artefact all contribute to clinical image quality. 

In the paediatric population patient movement also

contributes signifi cantly to image quality. In the ne-fi

onate this will usually be related to motion artefact 

secondary to ventilatory support.

In general, increased radiation dose produces an 

improvement in image quality. Children are at an 

increased lifetime risk of developing complications

secondary to radiation; therefore image quality (i.e., 

radiation dose) cannot be increased indefi nitely. Afi

radiograph is deemed to be of sufficient quality  if fi

it is “… adequate for the clinical purpose with the 

minimum radiation dose to the patient…” (Martin

et al. 1999).

Radiology departments must optimise their im-

aging and display parameters if the ALARA prin-

ciple is to be adhered to (Huda 2004).

A glossary of some terms used in the definition of fi

digital image quality is found below, with the equiv-

alent analogue terminology in brackets.

Background electronic noise : Small electronic

current with no useful clinical information. It con-

tributes to a reduction in image quality by obscur-

ing some of the useful electronic signal. DR systems

produce less noise than CR systems (mottle/noise).

Brightness : A measure of the degree of darkness 

of the radiograph (density).

Contrast resolution : The degree to which a digital 

system is able to detect differences in density be-

tween areas on the radiograph (contrast).

Dynamic range : The number of shades of grey 

that the system is able to depict (latitude).

Exposure index : An objective indication of the X-

ray exposure to the imaging plate, the precise index 

varies between manufacturers (objective = density/

subjective = over or under exposure).

Fig. 3.13a,b. Effects of altering GS. Reducing grey scale reduces the apparent contrast of the image. a kV=66, mAs=1.8, edge

enhancement (RE)=0.5, grey scale (GS)=-0.1. b kV =66, mAs =1.8 edge enhancement (RE)=0.5, grey scale (GS)=0.4

a b
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Linearity *: Direct relationship between exposure

and density (fi lm speed/sensitivity**).fi

Modulation transfer function : A function of spa-

tial frequency, this is the ratio of information re-

corded to information available. An MTF of 1 im-

plies that all available information (contrast) has 

been recorded (resolution).

Signal-to-noise ratio : Ratio of clinically useful elec-

tronic current to background current (sharpness).

Spatial resolution : Ability of the system to record

as separate images two or more small objects placed

very close together. Measured in line pairs (lp)/mm 

(resolution).

*Typically for digital paediatric imaging (both

CR and DR) the equivalent film/screen speed shouldfi

now be 400.

** Sensitivity of film/screen systems should not fi

be confused with the Sensitivity (S)  developed by 

Fuji as a measure of exposure (exposure index) for 

their systems (see Sect. 3.4.2).

3.4.2 

Image Quality  and

Radiation Dose  Considerations

Currently the best estimation of radiation risk  is the

linear, no-threshold model (i.e., no level of radiation

is risk free). Neonates are at greatest lifetime risk of 

developing medical radiation induced malignancy, 

moreover while on intensive care, many of them 

will have a signifi cant number of serial radiographs fi

performed to monitor their disease progress.

In one study, the average number of radiographs

was 10.6 and cumulative effective dose for chest ra-

diographs for patients on a neonatal intensive care

unit ranged from 0 to 1450 µSv (Donadieu et al.

2005). Factors infl uencing cumulative dose included fl

gestational age, birth weight, management proce-

dures and complications.

The CEC reference level for entrance surface dose  

(ESD ) for mobile chest radiography in children is 

80 µGy (EUR 1996), while the National Radiation

Protection Board (NRPB) reference level for paedi-

atric chest radiographs is 50 µGy (Hart et al. 2000). 

The range of published ESD for analogue neonatal

chest radiographs is 27.8 µGy to 60 µGy (Armpilia

et al. 2002; Duggan et al. 2003; Makri et al. 2006).

Due to the improved contrast resolution and 

post-processing tools of digital radiography, there is 

potential for significant dose reductions. Numerousfi

clinical and phantom studies have been performed

comparing radiation dose, image quality and diag-

nostic accuracy of fi lm screen and hard/soft copy fi

digital chest radiography (Aldrich et al. 2006; 

Bacher et al. 2003; Compagnone et al. 2006; Ono et

al. 2005). Specifi c to paediatric departments, usingfi

the CEC quality criteria as a semi-objective means 

of assessing image quality, Hufton et al. (1998) were

able to demonstrate a dose benefit for CR comparedfi

to analogue chest radiography (film speed of 400) of fi

33%. Other studies have also shown a dose benefitfi

for digital radiography of the neonatal chest par-

ticularly for DR systems (Rapp-Bernahardt et al.

2005a; Rapp-Bernahardt et al. 2005b).

At the author’s institution (Fuji 5000R, CR system

and standard resolution imaging plates) imaging pa-

rameters for neonatal (and infant) chest radiographs

are 60 kV–65 kV and 2.2–2.5 mAs.

In general, digital imaging has allowed a reduction

in radiation dose while improving image quality and 

diagnostic accuracy, but only after careful monitor-

ing of departmental parameters. Dose efficiency is fi

better for dual readout than for single readout CR and

for DR than either of the CR techniques even with a 

50% reduction in exposure (Gruber et al. 2006).

Careful attention to other technical parameters 

is also important. As an example, Soboleski et al. 

(2006) demonstrated that their current collimation 

parameters (Sect. 3.1.2) caused exposure of anatomi-

cal areas outside the thorax with only a 3% yield of ad-

ditional diagnostic information. Radiation exposure 

can be further reduced by improved collimation .

How do changes in exposure affect image qual-

ity ? Unlike traditional analogue systems, digital

systems are able to maintain relatively constant im-

age density regardless of radiation exposure. Dose 

however cannot be reduced indefi nitely as increasedfi

quantum mottle (electronic noise) reduces image 

quality. On the other hand, as mentioned earlier, as 

dose is increased, image quality increases with no 

signifi cant discernable increase in density, and in-fi

deed with no improvement in diagnostic accuracy 

(Elsenhuber et al. 2003). Because image quality is

improved with no effect on density, there is a ten-

dency for radiation exposure to increase, “exposure

factor  creep. ” It has been shown that with analogue

imaging, exposure to very low birth weight babies 

is extremely low (mean effective dose 0.04 mSv) 

(Sutton et al. 1998). It is possible that with digital

systems, current exposure to these very low birth

weight infants while being within recommended

limits is, nevertheless, excessive. The effect of dose 

on image quality is illustrated in Figure 3.14.
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It behoves radiology departments to optimise 

their exposure parameters particularly when a new 

digital system is installed, and regularly thereafter 

to maintain quality assurance. One of the simplest 

methods is to monitor the exposure index  of a digi-

tal system.

The exposure index is an objective indicator of 

radiation dose exposure incident on the imaging 

plate. Different manufacturers have developed dif-

ferent indices:

Agfa-Logarithm median of histogram, IgM  

(directly related to exposure).

Fuji-Sensitivity, S  (inversely related to exposure).

�

�

Kodak–Exposure index, EI  (directly related to 

exposure).

Interpretation of these indices is summarised in

Table 3.3.

By correlating ESD with the exposure index, de-

partments can optimise a range of acceptable values 

for specifi c clinical indications. In Figure 3.13, notice fi

how there is no perceptible change in image density 

despite the increasing levels of exposure. The corre-

sponding decrease in S values is the main indication

of excessive radiation. Unfortunately, although the

exposure index will appear on the image process-

ing workstation and on hard copy radiographs, with

�

Fig. 3.14a–d. Post mortem chest radiographs all taken at 66 kV. Note the insignifi cant change in image density as a result of fi

downward adjustment of S values with increasing dose. Lower exposures are associated with increased noise (mottle) best

appreciated in the soft tissues of the neck and shoulders (same patient as Fig. 3.13). a mAs = 0.8, S=836. b mAs = 3.2, S = 

179. c mAs = 6.4, S = 86. d mAs = 13, S = 39

a b

c d
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many systems (including that at the author’s insti-

tute), it is not transferred across to the archive with 

the digital images.

Regular audit will help to ensure that standards are

maintained. At the author’s institute, the mean S value 

for 45 neonatal portable chest radiographs was 1,020

(115–2,466). Fuji recommends S values of 100–400 

for portable chest radiographs in children–although 

they have not specifi cally stated a range for neonates fi

(MacCutcheon 2004). As S is inversely related to

exposure, the recommendation by Fuji, if followed,

would lead to excessive exposures. New standards

need to be set for various paediatric age ranges.

3.4.3 

Strategies for Dose Reduction  and

Image Optimisation

Of utmost importance is a multidisciplinary team

approach. The team should consist of a (paedi-

atric) radiologist, medical physicist, radiogra-

pher, biomedical engineer, manufacturer service

engineer, manufacturer applications engineer

and manufacturer-imaging scientist (Willis and 

Slovis 2004).

Obtain the best patient positioning that is practi-

cable and collimate adequately.

Consider the indication. Lines, catheters, pacing 

wires, etc., are inherently of high contrast; their

visualisation is MTF rather than noise or expo-

sure limited. Therefore there is significant scope fi

for dose reduction when for example the clini-

cal indication is solely to confirm their position.fi

The detection of low contrast structures (e.g., 

lung parenchymal disease) is noise/exposure lim-

ited. Nevertheless dose reductions of up to 20% 

have been achieved with no apparent effect on

diagnostic accuracy (Don 2004).

1.

2.

3.

With the indication in mind, set parameters that

will lead to lower exposure. Improve the quality 

of the beam by using additional fi ltration (e.g., fi

2–3 mm aluminium).

DR has a higher DQE (detective quantum effi-fi

ciency ) than CR, i.e., DR systems are more effec-

tive at converting the same degree of radiation

exposure into useful signal. If cost allows, then 

DR systems are to be preferred.

Use appropriate paediatric image processing 

software.

Purchase monitors of at least 1K × 1K resolution, 

and ideally 2K × 2K. Whether higher resolution 

monitors improve diagnostic accuracy continues

to be debated.

Select appropriate post-processing parameters. 

Observers should make use of the tools of the

workstation.

Optimise exposure parameters, taking note of the

value of the exposure index, particularly when

a new digital system is installed, and regularly 

thereafter to maintain quality assurance.

Keep abreast with the literature. Newer imaging 

plates are being developed with a view to improv-

ing DQE without affecting resolution, e.g., double-

sided CR imaging plates, or CR plates that incor-

porate CsBr:Eu2+ needle crystals (Leblans et al. 

2000). Close teamwork as mentioned in Point 1

above is essential.

3.5 
Computer-Aided Diagnosis

Advanced techniques include single exposure and 

double exposure dual energy subtraction , temporal

subtraction and automated identifi cation of nodules fi

4.

5.

6.

7.

8.

9.

10.

Table 3.3. Exposure indices for three major manufacturers of digital systems

Manufacturer Exposure index Unit Mean receptor exposure*

5 µGy 10 µGy 20 µGy

0.5 mR 1 mR 2 mR 

Agfa IgM bels 1.9 2.2 2.5

Fuji S No units 400 200 100

Kodak EI mbels 1,700 2,000 2,300

* Note than an exposure of 1 mR is equivalent to an air dose/kerma of 10 µGy
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(MacMahon 2000; Kuhlman et al. 2006). While

these techniques are entering into routine clinical 

use to assist the interpretation of adult chest radio-

graphs, they have a limited role in paediatric, and 

even less so in neonatal chest radiography. They are

mentioned here for the sake of completion.

Single and double exposure dual energy subtrac-

tion works on the principle that different tissues at-

tenuate low and high-energy photons to different

degrees. In the former a single exposure is made

onto two imaging plates, which are separated by a

copper filter. In the latter, two exposures (of 60 Kv fi

and 120 Kv) with a delay of approximately 200 ms

are made. This time interval is occasionally a source

of misregistration artefact due to patient motion be-

tween the two exposures.

The technique allows the simultaneous display of 

chest radiographs on standard, soft tissue-selected

and bone-selected settings. It improves the visuali-

sation of calcified nodules, pleural disease, vascular fi

and mediastinal masses and tracheal stenosis. Dual

energy subtraction is associated with an increased 

radiation dose, and is not generally performed in the

paediatric age group (Kuhlman et al. 2006).

Temporal subtraction  involves automated reg-

istration, warping and subsequent subtraction of 

one chest radiograph from another, thus display-

ing interval change between the two (MacMahon

2003). A number of studies have demonstrated the 

benefits of this technique for the detection of lungfi

nodules, heart failure and pneumonia (Jokoh et al.

2002; Tsubamoto et al. 2002; Okazaki et al. 2004).

It has also been shown that in addition to improving

diagnostic accuracy, temporal subtraction reduces

reviewing time (Kakeda et al. 2006). Like double 

exposure dual energy subtraction, misregistration

artefact is a possibility. However temporal subtrac-

tion has the benefit of not increasing radiation dosefi

(as the patient will in any case have had the follow-

up radiograph). Despite this advantage, the effect of 

temporal subtraction on diagnostic accuracy and

reporting times in neonatal chest radiography has 

not been studied, and might be complicated by the 

interval growth that is seen in children, but not in

adults.

Automated lung nodule detection  in adults has a 

sensitivity of 70% to 80%, with an average of one to

two false-positives per radiograph. While the tech-

nique improves observer identification of new le-fi

sions, clearly the sensitivity does not approach that

of high resolution CT, and currently has no role in

the interpretation of neonatal chest radiographs.
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4.1
Introduction

Hyaline membrane disease (HMD) or idiopathic re-

spiratory distress syndrome (IRDS) affects prema-

ture infants, most of those concerned being born at 

less than 36 weeks of gestational age and weighing

less than 2.5 kg. Infants of diabetic mothers are also

more prone to develop the condition (Robert et 

al. 1976) because foetal hyperinsulinism interferes 

with the glucocorticoid axis that governs surfactant

synthesis (Agrons et al. 2005). It is a leading cause of 

death in live-born infants. Males are affected more 

commonly than females, and the condition is more 

common in whites than blacks (Cleveland 1995).

4.2
Pathophysiology

The basic problem in this condition is a defi ciency fi

of the lipoprotein pulmonary surfactant superim-

posed on structural immaturity of the lungs. This 

lipoprotein is believed to be produced in the endo-

plasmic reticulum of the type II pneumocytes and is 

then transported through the Golgi apparatus and

then concentrated into intracellular lamellar bodies. 

Lamellar bodies then migrate to the cell surface,

where their contents are expressed onto the alveolar 

luminal surface by exocytosis. The surfactant phos-

pholipids combine with four surface active apopro-

teins (surfactant proteins A, B, C and D), which are 

also produced by the type II pneumocytes, to form 

a complex lattice called tubular myelin (Agrons et 

al. 2005; Newman et al 2001). Without it alveolar 

surface tension is elevated, alveolar distensibility 

is reduced and there is collapse of the alveoli. Mas-

sive atelectasis has been identified following previ-fi

ous radiographic-pathological correlation in infants 

of 30 weeks or greater gestational age (Tudor et al. 

1976; Edwards et al. 1980). As a result, there is poor 

gas exchange, hypoxia, hypercarbia and acidosis. In

HMD the alveoli are collapsed, but the alveolar ducts

and terminal bronchioles are distended and lined

with hyaline membranes containing fibrin, cellu-fi

lar debris and fl uid. They are a constant fifl nding in fi

airspaces in infants surviving at least 8 h with lung

disease and are thought to result from a combina-

tion of ischaemia, barotrauma and the increased 

oxygen concentrations delivered by assisted venti-

lation (Wood et al. 1989). Hyaline membrane for-

mation also occurs in other neonatal lung diseases 

requiring artificial ventilation and is not specififi c fi

to HMD.

In a study of extremely premature infants 

(Wood et al. 1989), pulmonary haemorrhage, in-

terstitial oedema, airspace oedema and occasion-
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ally underexpansion with severe immaturity con-

tributed to the pattern of coarse linear density or

patchy consolidation. Profound oedema with as-

sociated haemorrhage was the underlying abnor-

mality in most of the babies examined. This ac-

counted for deterioration of the infants’ condition 

and produced the major radiographic changes. 

It is suggested that there are several factors re-

sponsible for the presence of oedema (Wood et 

al. 1989; Brasch et al. 1993). Immature arterioles

have a highly permeable basement membrane, a 

defect that is enhanced by anoxia and acidosis. 

With large intravascular volumes and increased

pulmonary blood f low intravascular f luid loss 

increases. Immature vessels may lack sufficient

smooth muscle to compensate for haemodynamic 

and osmotic changes. Interstitial pericapillary 

pressures lower than alveolar pressures produce 

transmural pressure gradients which cause capil-

laries to leak. When intercellular junctions leak at 

the type 1 pneumocyte lining layer, protein mol-

ecules in the alveolar lining f luid exert a colloid 

osmotic pressure, drawing water into the alveolus. 

At low lung volumes the less negative interstitial

tissue pressure hampers f luid movement into the

lymphatics. Pulmonary haemorrhage occurs be-

cause of immature sequence of clotting factors, 

platelet sequestration or vitamin K and enzymatic 

deficiency. In addition, immature capillaries have 

poorer wall integrity.

4.3
Radiographic Findings and New Treatments

Clinically these infants are usually symptomatic

within minutes of birth, with grunting, nasal flaring, fl

retractions, tachypnoea and cyanosis. Although the

initial radiographic fi ndings may be noted shortly fi

after birth, occasionally the maximum radiographic 

fi ndings are not present until 6–24 h of life.fi

Prior to the commencement of treatment, typically 

the radiographic fi ndings are those of underaera-fi

tion of the lungs with fi ne granular opacities and air fi

bronchograms which are diffuse and symmetrical 

(Fig. 4.1). This appearance is due to a combination of 

collapsed alveoli interspersed with dilated terminal 

bronchioles and alveolar ducts. When the distension 

is less, the granularity disappears and is replaced by 

a more generalised opacification or a frank whiteout fi

of the lungs (Fig. 4.2). Atelectasis is the main cause

of this opacification (fi Tudor et al. 1976; Edwards et

al. 1980), but in very premature infants in particular, 

oedema, haemorrhage and very occasionally pneu-

monia are contributors (Wood et al. 1989). Very 

small infants less than 26 weeks of gestation may 

initially have clear lungs or mild pulmonary hazi-

ness (Fig. 4.3) (Newman 1999). The lungs in these

profoundly premature infants are both biochemi-

cally and structurally immature and require pro-

longed ventilatory support.

Fig. 4.1. a Mild hyaline membrane disease (HMD) with 

very fi ne granular appearance in both lungs. Note posi-fi

tion of endotracheal tube in proximal right main bronchus.

b Moderate HMD: the lungs have a fine granular appearancefi

with air bronchograms. The abnormality is diffuse and sym-

metricala

b
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Several technologies have signifi cantly altered the fi

clinical and radiographic evolution of HMD. Prenatal 

steroid administration to mothers during the 2 days

prior to delivery is safe and significantly reduces thefi

incidence of HMD in premature infants (Crowley et 

al. 1990). Though the trial results have not confirmed fi

a defi nite benefifi  t in infants born at 24–28 weeks ges-fi

tation, the National Institutes of Health recommend 

that all pregnant women due to deliver prematurely 

during 24–34 weeks gestation should be considered

eligible for a single course of corticosteroids (ACOG

Practice Bulletin 2002). It promotes endogenous sur-

factant production and lung maturation in addition 

to inducing antioxidant enzymes (Northway 1992). 

A similar response can occur when maternal steroid 

production is increased because of the stress that is

caused by prepartum maternal infection, toxaemia 

and other forms of prepartum stress (Thibeault and

Emmanouilides 1977), but these stressful situations 

usually need to exist for 24 h or more before delivery 

(Swischuk 2003).

The clinical use of artificial surfactant, both ani-fi

mal derived and synthetically produced, has been

a very important recent therapeutic advance. It is 

given at birth, with up to three or four additional 

doses in the fi rst 48 h in selected patients. As a re-fi

sult, there is less need for long-term high-pressure

ventilation and high oxygen concentrations. It acts 

rapidly, with the synthetic agents being somewhat 

slower in onset of action. Radiographic improve-

ment can also occur quickly (Fig. 4.2). The surfactant

is given as a liquid bolus through the endotracheal 

tube. It is often not evenly distributed throughout

the lungs, and on the chest radiograph it is common

to see areas of lung which may improve in aeration 

alternate with areas of unchanged HMD (Fig. 4.4) 

(Slama et al. 1999). This may produce a radiograph 

simulating other entities, such as neonatal pneu-

Fig. 4.2. a Severe hyaline membrane disease with almosta

complete “whiteout” of both lungs. Some air bronchogram

visible in right lung. b Dramatic improvement after surfac-

tant therapy

Fig. 4.3. Infant born at 25 weeks of gestation. There is a good 

inspiratory effort and mild perihilar haziness

a

b
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monia. In addition, the surfactant may reach the

level of the acini, causing sudden distension, which 

produces a radiographic picture similar to that of 

pulmonary interstitial emphysema (Figs. 4.5, 4.6).

It is therefore essential, when interpreting the ra-

diographs, to correlate the picture closely with the

clinical fi ndings. In general, older and larger ba-fi

bies with HMD respond best to surfactant therapy 

(Swischuk et al. 1996). Smaller infants, generally 

under 27 weeks of gestation and weighing less than

1,000 g, do not respond so well. In these infants the

biochemical abnormality manifested as surfactant

deficiency can now be treated. However, the struc-fi

tural immaturity of the lungs is not affected by 

the surfactant therapy. The lungs of these infants,

although becoming clear after surfactant, are still 

hypoplastic with fewer alveoli than normal. This 

leads to inadequate gas exchange and the need for 

prolonged ventilator-assisted treatment, which in 

turn leads to chronic lung problems, the most com-

mon being the development of a hazy to opaque 

appearance on the chest radiograph (Swischuk

et al. 1996; Odita 2001). This refl ects the presence fl

of pulmonary oedema and haemorrhage (Wood et

al. 1989). Several factors cause oedema. Immature 

arterioles have a highly permeable basement mem-

brane, which is damaged further by hypoxia and 

acidosis and oxygen toxicity. The result is seepage 

of fluid into the pulmonary interstitium, or “leaky fl

lung” syndrome (Swischuk et al. 1996; Brasch et

al. 1993) (Fig. 4.7). Rather less commonly a radio-

graphic pattern may evolve into a much coarser,

irregular appearance similar to that seen in stage-

3 bronchopulmonary dysplasia, a situation origi-

nally described as occurring at several weeks of age

(Northway 1992).

A patent ductus arteriosus is normal in most pre-

mature infants and is thought to contribute to the 

lung disease. In the early stages of HMD the rigid

noncompliant lungs and the resultant hypoxia and 

hypercarbia result in persistent pulmonary vaso-

constriction. This may lead to right-to-left shunting 

through the ductus. With improved oxygenation as a

result of surfactant treatment pulmonary resistance 

decreases, and this may lead to left-to-right shunt-

ing and consequent pulmonary oedema. This may 

be recognised radiographically before any clinical

symptoms of a murmur develop. In addition to the 

pulmonary oedema, the chest radiograph may dem-

onstrate sudden cardiac enlargement together with 

left atrial enlargement causing elevation or distor-

tion of the left main bronchus (Fig. 4.8). Treatment

with indomethacin may produce ductal closure, but

surgery may occasionally be required.

Fig. 4.4. a Severe hyaline membrane disease in a premature in-a

fant. b After surfactant therapy. There is better aeration of the

upper lobes and the right middle lobe than of the lower lobesa

b
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High-frequency ventilation has also recently 

been employed to reduce the incidence of baro-

trauma. This is a method of mechanical ventilation 

that employs supra-physiological breathing rates

and tidal volumes frequently less than dead space. 

This allows the primary goals of ventilation, oxy-

genation and carbon dioxide removal to be achieved

without the penalty of pressure-induced injury. 

The aim is to achieve maximum alveolar recruit-

ment without causing overdistension of the lungs. 

As overinfl ated lungs compromise the systemic cir-fl

culation, this is to be avoided. The radiographs of 

babies receiving high-frequency ventilation are not 

significantly different from those of babies receiv-fi

ing conventional ventilator therapy. However, the

chest radiograph is the best diagnostic tool for as-

sessing overinflation of the lungs. Ideally the dome fl

of the diaphragm should project over the 8th to the 

10th posterior ribs if the main airway pressure is 

appropriately adjusted (Fig. 4.9).

Fig. 4.6. a Severe hyaline membrane disease in an infant. b Signifi cant sudden acinar distension of the right lung, similar infi

appearance to pulmonary interstitial emphysema. There was an improvement in the infant’s clinical condition

Fig. 4.5. a Severe hyaline membrane disease in a premature infant. b After surfactant therapy: small air bubbles in both

upper lobes as a result of focal acinar distension

a b

a b
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Fig. 4.9. Premature infant on high-frequency ventilation.

The dome of the diaphragm lies between the posterior as-

pects of the 9th and 10th ribs

Fig. 4.7. Chest X-ray of an infant born at 25 weeks of gesta-

tion. There is bilateral perihilar hazy opacification or “leaky fi

lung” syndrome

Fig. 4.8. a Premature infant 24 h after surfactant therapy.

There is almost complete clearing of the lungs. b At day 3

the infant developed a patent ductus arteriosus. The heart 

size has increased. There is distortion of the left main bron-

chus. The marked bilateral pulmonary opacification is duefi

to pulmonary oedema

b

a
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4.4
Air Leaks

Spontaneous pneumothorax and pneumomedias-

tinum are a cause of respiratory distress in some 

newborn infants. They are usually transient and do

not need intervention. However, positive pressure 

ventilation in newborns is the most common cause

of pneumothorax, pneumomediastinum, pulmonary 

interstitial emphysema and pneumopericardium. 

These have become much less common with the more

routine use of artifi cial surfactant and high-frequency fi

ventilation. In all instances when a terminal airway 

ruptures, most often as a result of air being forced 

into the collapsed alveoli of HMD, air leaks into the

pulmonary interstitial tissues and lymphatics and re-

sults in pulmonary interstitial emphysema. This is a

serious problem, as it causes stiff, poorly compliant 

lungs which do not empty with expiration (Swischuk

2003). As a result, gas exchange is poor, which in turn

leads to increased ventilatory requirements (New-

man 1999). It may also compromise pulmonary blood 

flow. The abnormality may be unilateral, bilateral or fl

confined to part of a lung. It may cause mass effectfi

and mediastinal shift (Williams et al. 1988). Ra-

diographically, pulmonary interstitial emphysema is 

seen as bubbles often radiating outwards from the 

hilum towards the periphery along the perivascular 

bundles (Fig. 4.10). Treatment includes lowering ven-

tilatory pressures and decubitus positioning with the

affected side down. Other measures, such as selective

intubation of the unaffected side, have also been re-

ported (Newman 1999; Swischuk 2003).

When interstitial air reaches the pleural surface 

of the lung, if these blebs burst a pneumothorax de-

velops (Fig. 4.10). In addition, air dissecting centrally 

can leak into the mediastinal or pericardial space or 

downwards into the peritoneal cavity. These air col-

lections, particularly pneumothoraces, may be un-

der tension in a ventilated infant and require rapid 

decompression. Occasionally air may reach the pul-

monary venous system causing air embolus, which is

usually fatal. Access to the systemic venous system is 

thought to be via the lymphatic ducts (Booth et al. 

1995). Large pneumothoraces are usually easy to iden-

tify. A pneumothorax may be radiographically subtle 

because sick ventilated infants are usually placed in a

supine position and free air may accumulate over the

anterior surface of the lung, producing a large hyper-

lucent lung and increased sharpness of its mediastinal 

edge. When anterior pneumothoraces are bilateral the 

entire chest is hyperlucent with a sharp mediastinum.

The thymus may also be compressed, giving the ap-

pearance of a superior mediastinal mass. As the lungs

are non-compliant in HMD, they do not easily collapse 

and air collects anteromedially, inferiorly or in pockets

(Fig. 4.10). Medial collections may be difficult to dif-fi

ferentiate from a pneumomediastinum. If a pneumo-

mediastinum is anteriorly located it usually outlines

a thymus (Fig. 4.11), and if posteriorly located it may 

dissect into the subcutaneous tissues of the neck and

chest wall or inferiorly into the retroperitoneum and

pericardial cavity (Swischuk 2003; Quattromani et

al. 1981). These mediastinal collections are usually as-

ymptomatic and rarely require intervention.

Pneumopericardium is recognised by the presence

of air completely surrounding the heart, and the 

pericardial sac may be visible as a white line (Burt

and Lester 1982) (Fig. 4.12). In these infants peri-

cardial tamponade may require rapid decompres-

sion. If one is in doubt as to the location of the free 

air, cross-table lateral or decubitus views may help.

Skin folds should not be mistaken for pneumo-

thoraces. These lines can often be seen to continue

beyond the lung edge, and their course is usually op-

posite to that of the line produced by the edge of the 

lung in a pneumothorax.

Fig. 4.10. Ventilated premature infant. There is right pulmo-

nary interstitial emphysema and a right inferior and medial

pneumothorax causing mediastinal displacement to the left

side. A right chest drain is in position
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4.5 
Atelectasis

All forms of surfactant defi ciency are associated with fi

alveolar atelectasis, and its occurrence is not infre-

quent. The atelectasis can be segmental (Fig. 4.13), 

lobar or even total. There is usually intrinsic ob-

struction of a bronchus.

A signifi cant cause of focal atelectasis, particularly fi

that of the right upper lobe, is endotracheal tube

malpositioning (Fig. 4.14). Atelectasis can also oc-

cur in other lobes and is frequently due to poor 

clearance of secretions and plugging of the endotra-

cheal tube with mucus (Newman 1999). Addition-

ally, atelectasis, especially of the right upper lobe, 

is common following extubation (Finer et al. 1979)

(Fig. 4.15). The condition is usually easy to identify 

radiographically. There is pulmonary opacificationfi

with corresponding volume loss or ipsilateral me-

diastinal shift which is proportional to the degree

of atelectasis.

Fig. 4.12. Ventilated premature infant. There is a pneumo-

pericardium. The heart is completely surrounded by air,

and the pericardial sac is visible as a thin white line (arrow). 

There is also some bilateral pulmonary interstitial emphy-

sema. A left chest drain is in position

Fig. 4.11. Infant with bilateral pneumomediastinum. The 

thymus is clearly outlined

Fig. 4.13. Premature infant with segmental atelectasis both 

upper lobes
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4.6
Pneumonia

Premature infants, including those with HMD, are

at increased risk of pneumonia, and the two condi-

tions frequently co-exist (Cleveland 1995). Viral 

infections are also common in hospitalised infants, 

and agents such as Ureaplasma are emerging as

of importance in infants with bronchopulmonary 

dysplasia and prolonged ventilatory requirements

(Newman 1999).

It may be difficult both clinically and radiograph-fi

ically to determine the presence of infection in in-

fants in the various stages of treatment for HMD. 

The radiographic appearance may be identical to the

picture of HMD. The lungs may be compliant, with

lower levels of ventilatory support required relative 

to the degree of pulmonary opacification seen on the fi

chest radiograph.

The development of patchy pulmonary opacifi-fi

cation is commonly seen on comparison of current

and previous radiographs (Fig. 4.16). Radiographic

alterations may be very subtle, however, especially 

when superimposed on chronic lung changes. Vi-

ral infections often produce diffuse peribronchial 

infl ammation, which results in diffuse air trappingfl

and patchy atelectasis (Swischuk 2003).

Fig. 4.14. The endotracheal tube tip is in the right main bron-

chus. There is left lung collapse as a result

Fig. 4.15. Infant after extubation. There is right upper lobe 

atelectasis. In addition, there is underlying bronchopulmo-

nary dysplasia of a moderate degree, with mild overinflationfl

and diffuse interstitial shadowing

Fig. 4.16. Chest radiograph (day 12) of a premature infant 

born at 25 weeks gestation. There is coarse bilateral pul-

monary opacification in keeping with pulmonary infection.fi

Multiple sterile abscesses were found at post-mortem exami-

nation 2 days later

4.7 
Pulmonary Haemorrhage

Pulmonary haemorrhage is also a superimposed

problem in infants with HMD. It usually represents

intrapulmonary bleeding secondary to severe hy-

poxia and capillary damage. In mild cases the ra-

diographic fi ndings are usually those of the various fi

stages of HMD and infi ltrations resulting from focalfi

areas of superimposed microscopic haemorrhage

are difficult to detect. When haemorrhage is mas-fi

sive it is not difficult to identify. Clinically respira-fi

tory distress develops suddenly, and blood may ooze 

from the nose, mouth or endotracheal tube.



76 V. Donoghue 

Radiographically the lungs may show homoge-

neous opacifi cation and appear airless (fi Swischuk

2003) (Fig. 4.17). Occasionally a dramatic increase

in left-to-right shunting following surfactant 

administration also leads to pulmonary haemor-

rhage (Wood 1993).

4.8
Neonatal Chronic Lung Disease

Chronic lung disease or bronchopulmonary dys-

plasia (BPD) is a significant long-term consequence fi

of neonatal lung disease. The condition most com-

monly occurs after treatment for HMD with me-

chanical ventilation, but many other neonatal lung

diseases which require positive pressure ventila-

tion and oxygen therapy can result in chronic lung 

changes. The cumulative effects of prolonged oxygen

exposure and the pressure-induced lung injury of 

positive pressure ventilation on the immature lungs

are thought to be the primary cause of the chronic 

lung disease. This type of disease is characterised by 

terms such as necrotizing bronchiolitis, alveolar cell

hyperplasia, bronchiolar squamous metaplasia and

focal alveolar septal fibrosis (fi Agrons et al. 2005). An 

infl ammatory response and fifl brotic reaction seemfi

to be important in its development (Northway

1992; Newman 1999; Groneck et al. 1994). Struc-

• tural changes in the pulmonary arteries are similar 

to those seen in hypertensive vascular disease and

include intimal proliferation, medial hyperplasia

and adventitial thickening (Agrons et al. 2005). In

long-standing chronic lung disease alveolar septal

fi brosis is a predominant feature and it may vary fi

from acinus to acinus in the same infant (Stoker

1986; Agrons et al. 2005).

Air leaks, patent ductus arteriosus and infec-

tion, which prolong the ventilatory requirements, 

are contributory factors. Genital ureaplasma urea-

lyticum infection, the most common contaminant

of amniotic fl uid, has also been associated with thefl

development of chronic lung disease (Theilen et al.

2004; Kotecha et al. 2004)

In 1989 the American Bureau of Maternal and 

Child Health and Resources Development put for-

ward the following diagnostic criteria for BPD:

Positive pressure ventilation during the firstfi

2 weeks of life for a minimum of 3 days

Clinical signs of respiratory compromise persist-

ing beyond 28 days of age

Requirement for supplemental oxygen beyond 28 days 

of age to maintain a PaO2 above 500 mmHg

Chest radiograph with fi ndings characteristic of fi

BPD

A new defi nition of chronic lung disease has been fi

developed for infants less than 32 weeks gestational 

age and greater than 32 weeks. In infants less than

32 weeks, chronic lung disease is considered of mod-

erate severity if they require less than 30% oxygen at

36 weeks chronological age or at discharge if this oc-

curs first. If the oxygen requirements are greater than fi

30% with or without ventilation or nasal CPAP the 

condition is considered severe. In infants greater than

32 weeks gestational age the time of clinical assessment 

is 56 days of postnatal age or at discharge (Jobe and

Bancalari 2001). Such infants often have associated

abnormalities such as pneumonia, atelectasis, aspira-

tion, pulmonary oedema and pulmonary hyperten-

sion. Nutritional requirements are difficult to main-fi

tain and there may be poor growth and osteopenia.

Northway et al. described the condition in 1967. 

Their work described the course of the disease 

through four stages beginning at 2–3 days of life

and reaching the final chronic phase at more than fi

1 month of age. Stage 1 at 2–3 days represents a

generalised granular pattern and air bronchogram

similar to that of severe HMD. Stage 2 is seen at age 

4–10 days, when the chest radiograph shows almost 

complete opacification of both lungs. In stage 3fi

•

•

•

•

Fig. 4.17. Premature infant with HMD. Marked bilateral pul-

monary opacifi cation of a rather coarse nature in keepingfi

with pulmonary haemorrhage. Blood oozed from the endo-

tracheal tube
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opacification is replaced by hyperlucent cystic areasfi

and hyperinfl ation. Stage 4 represents enlargement fl

of the cystic areas with linear strands due to fibrosis fi

and atelectasis. Occasionally there may be cardio-

megaly as the result of pulmonary hypertension. 

However, the radiological appearance has changed 

considerably since this original description of an or-

dered progression. Currently the severe cystic form 

is less common and is most frequently seen in very 

tiny premature infants (Fig. 4.18). Nowadays the 

most common radiographic appearance of chronic 

lung disease is that of diffuse interstitial shadowing

with mild to moderate hyperinfl ation of the lungs fl

of gradual onset and with little change over time

(Northway 1992) (Fig. 4.15). This is thought to be 

due to mild diffuse alveolar septal fibrosis (fi Hu-

sain et al 1998). It can be seen as early as the 10th 

to the 14th day of life. A normal chest radiograph

(Fitzgerald et al. 1990) or leaky lung syndrome

possibly related to increased capillary permeability 

and pulmonary oedema is not uncommon preced-

ing or accompanying bronchopulmonary dysplasia

in infants of extreme prematurity (Fig. 4.19). Ra-

diographically this produces a diffuse hazy pattern 

(Swischuk et al. 1996). Ultrasonography of the chest 

has been used to predict the development of chronic

lung disease in patients with hyaline membrane

disease, but this practice is not widespread. The 

persistence of abnormal retrodiaphragmatic hyper-

echogenicity on day 9 or later has been observed in

patients who were diagnosed with chronic lung dis-

ease at day 28 (Pieper et al. 2004). Complications of 

bronchopulmonary dysplasia include tracheomala-

cia, tracheal and bronchial stenosis, atelectasis and 

lobar obstructive emphysema. Associated recurrent

respiratory infections are also common. The entity 

described as Wilson-Mikity syndrome seems insep-

arable from BPD. It is described as seen in small in-

fants whose fi rst few days of life are rather unevent-fi

ful. These infants develop respiratory distress later 

and most become oxygen dependent. Radiographi-

cally, as in BPD, the pattern is that of uneven aeration 

and cystic changes (Wilson and Mikity 1960).

Most deaths from BPD occur early in infancy. In

the majority of those who survive, lung recovery oc-

curs over the first few years of life. Hyperinflfi ation fl

and linear shadowing representing fibrosis and deepfi

pleural fissuring are not uncommonly seen in olderfi

children and adolescents. Survivors often have ab-

normal pulmonary function tests.

Though the incidence of BPD has not changed sig-

nificantly despite the many technological advances,fi

there has been a significant decrease in its sever-fi

ity, particularly in infants greater than 28 weeks of 

gestation. This unchanged incidence is largely due 

to the increased survival of very low birth weight

premature infants. An advance in its treatment has 

been the use of short-term corticosteroids. These de-

crease infl ammatory cell activity while also reduc-fl

ing inflammatory mediators (fl Durand et al. 1995). 

They may also stabilise capillary permeability and

prevent leaking of fluid.fl

Fig. 4.18. Infant with severe bronchopulmonary dysplasia. 

There are hyperinflation, cystic changes and diffuse linearfl

strands
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4.9
Conclusion

HMD is the most serious pulmonary abnormality 

in the premature infant. Exogenous surfactant and

corticosteroid administration prior to delivery has 

had a major impact on both the clinical and the 

radiographic course. Chronic lung disease is still 

common, but is less severe than previously, espe-

cially in larger infants.

Fig. 4.19a–d. Premature infant at 24 weeks gestation. 

a Day 1: there is right upper lobe atelectasis. The appear-

ance of the remainder of the lungs is quite normal. b Day 2:

right upper lobe collapse persists. Bilateral perihilar hazy 

appearance has developed owing to increased pulmonary 

permeability and pulmonary oedema. c Day 6: pulmonary 

haziness is more marked. d At 4 months: very severe bron-

chopulmonary dysplasia. Infant also has a patent ductus 

arteriosus and rickets of prematurity

a

b

c

d
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5.1 
Introduction

Transient tachypnoea of the newborn is also referred

to as retained foetal lung fl uid. Normally this flfl uid fl

is cleared from the lungs at, during or shortly af-

ter birth via the tracheo-bronchial system (30%),

the interstitial lymphatics (30%) and the capillaries

(40%) (Cleveland 1995). In transient tachypnoea 

of the newborn the normal physiological clearance 

of fluid is prolonged.fl

5.2 
Pathophysiology and Clinical Course

During foetal life the lungs are expanded with fluid, fl

an ultrafiltrate of foetal serum which contributesfi

to amniotic fl uid volume (fl Newman 1999). During

and after birth the fluid is removed by the pulmo-fl

nary lymphatics and capillaries (Cleveland 1995). 

Transient tachypnoea of the newborn occurs when

there is slow or complete removal of the lung fluid. fl

There is an increased incidence of this condition in 

infants delivered by caesarean section (Milner et 

al. 1978; Swischuk 1970). It is postulated that the 

absence of squeezing of the thorax, which occurs 

during passage through the vaginal canal, leads to

retention of lung fluid. Delayed clearance of flfl uid has fl

also been reported to occur with hypoproteinaemia

(Steele and Copeland 1972) and hyponatraemia 

and maternal fl uid overload (fl Singh and Chookang

1984). There is also an increased incidence of the 

condition in very small, hypotonic or sedated infants 

and in infants who have experienced a precipitous

delivery (Swischuk 1997). A cardiac aetiology for 

this condition has been suggested (Halliday et al. 

1981). The last authors reported mild left ventricular 

myocardial dysfunction in a small number of infants

with transient tachypnoea of the newborn. However,

transient tachypnoea is so common in the newborn 

period, and there are so many causes of myocardial 

dysfunction in the immediate neonatal period which

can cause lung congestion of varying degrees, that it 

is difficult on the basis of this report to incriminate fi

ventricular myocardial disease as a cause.

Mild to moderate respiratory disease without cya-

nosis is typically present at birth or in the first couple fi

of hours. However, the condition does not always 

lead to overt respiratory distress. Clinically resolu-

tion usually occurs within 48 h, and often in 24 h or 

less. Treatment usually consists of supportive oxygen

therapy and body temperature maintenance.
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5.3
Radiographic Findings

The radiographic findings are rather characteristicfi

(Swischuk 1997; Wesenberg et al. 1971). The most 

common appearance is mild overaeration of the

lungs, perihilar interstitial shadowing, prominent

blood vessels and fluid in the transverse fifl  ssure. Oc-fi

casionally there are small pleural effusions (Fig. 5.1). 

There may be mild cardiomegaly. The radiographic

appearances may be asymmetrical, and occasion-

ally they are most marked on the right side. This 

right-sided predominance remains unexplained

(Swischuk 1997; Newman 1999). The radiographic

changes may simulate the irregular pattern of opaci-

fication of meconium aspiration or of congenitalfi

neonatal pneumonia. Close clinical correlation

may be necessary in the early stages of the disease

to distinguish these. Though the findings may ap-fi

pear very marked in the early stages, their rapid 

clearance, usually within 24–48 h (Fig. 5.2), attests 

to the benign transient nature of the condition. In

the severe cases where clearance may take up to

3 days, there should be rapid improvement on each 

successive image.

Focal retention of foetal lung fluid within con-fl

genital lobar emphysema has been recognised. It has 

Fig. 5.1. Transient tachypnoea of the newborn. Lungs are well

infl ated. There is prominence of the blood vessels, perihilar fl

interstitial shadowing most marked on the right side. There

is fl uid in the transverse fifl  ssure and a small right basal ef-fi

fusion (white arrow)

Fig. 5.2. a Transient tachypnoea of the newborn. Typical pat-

tern of retained fl uid.fl b Signifi cant clearing of the lungs atfi

24 h

been suggested that this focal retention occurs only,

or mainly, within polyalveolar lobes, which is a point 

of difference from the classic congenital lobar emphy-

sema (Cleveland and Weber 1993). Infants with

transient tachypnoea of the newborn are reported

to have a signifi cantly higher incidence of asthma infi

later childhood (Shohat 1989, Smith et al. 2004).

a

b
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5.4
Conclusion

Transient tachypnoea of the newborn is a benign 

condition causing mild clinical symptoms that are 

transient. Though the radiographic features may 

be quite marked, resolution is usually complete by 

24–48 h of age.
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6.1
Introduction

Aristotle originally coined the term ‘meconium’.

He used the Greek word meconium-arion to mean 

‘opium like’ (Wiswell and Bent 1993), as he be-

lieved that meconium precipitated fetal sleep. It is

probable that he recognised the association between

the presence of the meconium in the amniotic fluid fl

and subsequent fetal death or neonatal depression.

Depending on the population studied, the frequency 

of meconium-stained amniotic fl uid (MSAF) at de-fl

livery varies between approximately 8% and 19% of 

all term deliveries (Gregory et al. 1974; Wiswell

et al. 1990; Suresh and Sarkar 1994; Falciglia et 

al. 1992; Nathan et al. 1994; Yoder 1994; Peng et 

al. 1996). Other factors, such as maternal ethnicity, 

result in a higher prevalence of meconium aspira-

tion syndrome (MAS): the prevalence of MSAF in 

black is 1.5-fold that in white women (Alexander et 

al. 1994), and the likelihood of MSAF increases with 

advancing gestational age in all ethnic groups.

Regardless of the aetiology of meconium passage,

its presence is causally associated with adverse fe-

tal and neonatal outcomes, including death, acute

respiratory complications and long-term pulmo-

nary and neurological abnormalities. Depending 

upon the population studied and the criteria used

for making the diagnosis of MAS, approximately 

2–33% of infants born through MSAF will develop 

MAS. Approximately a third of infants with MAS 

will then require mechanical ventilation (Wiswell

et al. 1990; Fleischer et al. 1992). The complication 

of persistent pulmonary hypertension of the new-

born (PPHN) exists in approximately one third of 

these infants (Fleischer et al. 1992). Sadly, the mor-

tality associated with MAS is high, ranging from 4% 

to 19% (Wiswell et al. 1990; Coltart et al. 1989), 

and in a large majority of these patients mortality is 

due to complicating PPHN.

Subsequent neurological complications, such as 

early-onset neonatal seizures due to hypoxia, have 

also been reported in these infants born with thick

MSAF (Lien et al. 1995). Indeed, the increased likeli-

hood of hypotonia in infants born through moderate 

to thick, as opposed to thin, amniotic fluid, whetherfl

meconium-stained or clear, is quite different. An arti-

cle by Berkus et al. (1994) showed a seven-fold risk of 

neonatal seizures, and a five-fold risk of flfi oppy (hypo-fl

tonic) infants born through moderate to thick, com-

pared with thin, MSAF. Also of relevance is the pres-

ence of the long-term pulmonary sequelae of MAS.

C. M. Owens, MD
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A study by Yuksal et al. (1993) showed abnormal

obstructive pulmonary function tests, with increased 

functional residual capacity (FRC) and airway hyper-

reactivity in infants at 6 months of age with a history 

of MAS. Those infants who required greater respira-

tory support in the neonatal period were signifi cantly fi

more symptomatic and required bronchodilator 

therapy more frequently. Late childhood sequelae 

include persistent airway hyper-reactivity and ab-

normal pulmonary function data later in childhood

( MacFarlane and Heaf 1988; Swaminathan et al.

1989).

6.2
Pathophysiology of Meconium Passage

Meconium is a green, viscous substance composed 

mainly of water (between 70% and 80%). Other com-

ponents include mucus, gastrointestinal secretions, 

bile acids, bile, pancreatic juice, serous debris and

swallowed amniotic fluid, lanugo, vernix caseosafl

and blood (Wiswell and Bent 1993; Holtzman

et al. 1989). The presence of meconium in the fetal

gastrointestinal tract can be seen as early as at 10–16 

weeks of gestation, and indeed at birth between 60 g 

and 200 g of meconium can be present in the intesti-

nal tract of the term infant. It is uncommon for the 

fetus to pass meconium in utero, as there is no strong 

peristalsis, and this combined with the presence of a

tonically contracted anal sphincter and the relative

seal of a terminal cap of thick meconium, further

decreases the likelihood of meconium passage. The

passage of meconium is probably a physiological

maturational event in many term and post-term 

infants, with meconium passage being rare before 

37 weeks of gestation (Matthews and Warshaw

1979), but it may occur in over a third of cases of 

postmature pregnancy lasting longer than 42 weeks 

(Usher et al. 1988; Miller and Read 1981). This 

may relate to higher levels of the hormone motilin, 

which is known to be responsible for GI motility in

adults (and shown to be higher in term and post-

term than preterm infants) (Lucas et al. 1980). This 

further supports the hypothesis that maturation of 

the GI tract has a large role in the passage of me-

conium.

Also of great importance is the observation that

the passage of meconium in utero is associated with 

ante- or intrapartum fetal acidaemia (Nathan

et al. 1994; Miller and Read 1981). A study by 

Alexander et al. (1994) shows that in the pres-

ence of fetal distress the odds of MSAF are twice as

common as in its absence. The hypothesis that fetal

hypoxia causes an increase in intestinal peristalsis,

with anal sphincter relaxation resulting in meco-

nium passage, is widely accepted. As a result of dis-

tress, fetal gasping results in meconium aspiration.

It is also thought that oligohydramnios may result

in compression of the fetal head and the fetal umbili-

cal cord, which may precipitate a vagal response and 

meconium passage.

6.3 
Pathophysiology of Meconium Aspiration
Syndrome

The definition of MAS is: respiratory distress in an fi

infant born through MSAF where symptoms cannot 

be otherwise explained (Cleary et al. 1992)

Many neonatal clinicians find the wide variety of fi

chest X-ray fi ndings amongst infants with MAS di-fi

verse enough to make specific radiographic featuresfi

unnecessary as part of their diagnostic pathway, re-

flecting the extraordinarily complex pathophysiol-fl

ogy of MAS. A prospective reason linking the pas-

sage of meconium and respiratory symptoms can 

either be secondary to aspiration of meconium in

utero or at birth, or follow alterations in the pul-

monary vascular system which occur as a result of 

asphyxia, or indeed the presence of meconium itself 

(Fig. 6.1) (Fuloria and Wiswell 1999). It is believed 

by various investigators that the presence of thick,

as against moderately viscous or thin, meconium in-

creases the likelihood of MAS (Suresh and Sarkar

1994; Ting and Brady 1975; Narang et al. 1993).

A paper by Wiswell and Bent (1993) describes a

large, multicentre trial, which demonstrated a di-

rect relationship between meconium thickness and

degree of severity of subsequent respiratory disease 

within the neonate. It appears that the degree of 

symptomatology is directly related to the viscosity 

of meconium, and large amounts of thick meconium

can potentially completely obstruct large airways. 

However, it is more common for the substance to

migrate distally to the peripheral airways, where it

causes either complete or partial obstructions (see

Fig. 6.2). Complete obstruction leads to atelectasis 

and ventilation–perfusion (V/Q) mismatch. Par-
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resulting in persistent pulmonary hypertension of 

the newborn (PPHN). Approximately two thirds of 

cases of PPHN are associated with MAS (Abu-Osa

1991).

Many infants respond to fetal hypoxia by remod-

elling pulmonary vasculature, resulting in thick 

muscularisation of the pulmonary vessels which

aberrantly extends more distally than is appropri-

ate along the intra-acinal vessels (Goetzman 1992;

Fig. 6.1. Diagram to show the pathophysiological effects of meconium

passage and meconium aspiration

Fig. 6.2a–f. Diagrammatic representation of 

the dynamic effects of meconium aspiration

on lung function. a Normal alveolar functiona

with normal gaseous exchange across the alve-

olar membrane. b Complete obstruction of the 

alveolar unit with subsequent atelectasis and 

consequent intrapulmonary shunting. c, d. The

‘ball-valve effect’ with either (c) partial or (d) 

complete occlusion of the airway, and hence im-

possibility of air escape from the alveolar unit. 

e Overdistension and rupture of the alveolar 

unit with consequent air leak. f Atelectasis asf

a result of inadequate surfactant coating of the 

lungs due to meconium plugging

tial obstruction results in a “ball-valve” effect: gas

flows into the airways on inspiration, but due to thefl

smaller diameter on exhalation gas becomes trapped 

distally, and these obstructive properties result in 

the chest X-ray and histological fi ndings classically fi

seen in MAS, i.e., areas of atelectasis and consolida-

tion adjacent to a distended hyper-expanded region 

(Stocker 1992; Tyler et al. 1978; Wiswell et al.

1992).

After several hours, the intense, inflammatory fl

response to the presence of the toxic antigen (meco-

nium) results in margination of polymorphonuclear 

leucocytes diffusely throughout the lungs (Stocker

1992; Tyler et al. 1978; Wiswell et al. 1992). The

presence of these cells releases chemical mediators 

which adversely affect the tissues, and more spe-

cifically the presence of bile salts contained withinfi

meconium causes specifi c cytotoxicity in type IIfi

pneumocytes. This further contributes to the pic-

ture of the “chemical” pneumonitis (Oelberg et al.

1990). All of the aforementioned mechanisms lead to

hypoxia, acidosis and hypercapnoea. These factors 

then in turn produce pulmonary vasoconstriction,

a b c

fed
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Murphy et al. 1984). Although there is some dispute 

regarding PPHN concomitant with MAS, the vicious

cycle of shunting, hypoxaemia and acidosis may lead

to further pulmonary hypertension, which may be 

either diffi cult or impossible to treat successfully.fi

Correlation of radiological appearances with 

outcome was studied by Yeh et al. (1979), who noted

that the presence of consolidation or atelectasis on

the chest radiograph appeared to be more predictive 

of poor clinical outcome. However, Valencia and his 

colleagues (Stocker 1992) were unable to predict

the severity of the illness in infants with meconium

aspiration accurately from the admission chest ra-

diograph alone.

Using rabbit models of MAS, Tyler et al. (1978) 

showed an early onset of airway obstruction (as de-

fi ned by alveolar collapse) correlated with ventila-fi

tion–perfusion mismatch and an increase in func-

tional residual capacity (FRC). In a similar model 

it has also been shown that chemical dysfunction 

in lungs is most prevalent during the early phase of 

MAS, with diminished dynamic and specifi c lungfi

compliance, but unchanged static lung compliance 

suggestive of partial random obstruction of large

airways (Tran et al. 1980; Wiswell et al. 1998). Un-

fortunately this study is of limited duration, only 

considering the effects of meconium on the neonate

within the first 2 hours of life; any effects occurringfi

more than 2 hours after meconium aspiration were

not, then, evaluated. Similar fi ndings were observed fi

by Yeh et al. (1982; Oelberg et al. 1990), who evalu-

ated pulmonary function tests in the first 3 days of life fi

in neonates with mild MAS which did not result in the 

need for mechanical ventilation. It was demonstrated 

that dynamic and specifi c lung compliance were lowerfi

and airway resistance higher in these infants than in

controls. It is important to note that poor correlation 

between the chest radiograph and clinical status may 

ensue, and children with substantial chest X-ray ab-

normalities and only minimal respiratory symptoms 

are observed as well as mild radiographic changes in 

severely ill neonates, a picture that is noted particu-

larly in association with PPHN (Cleary et al. 1992).

6.4 

Inl ammation

The presence of meconium in the airways induces an

inflammatory response (see Fig. 6.3). A retrospective fl

review of autopsied cases with histological evidence

of meconium exposure showed that 60% of all cases

with pulmonary inflammation were noted to be sec-fl

ondary to meconium aspiration.

Within an hour of exposure to meconium there 

is a profound pulmonary infl ammatory response.fl

Abundant neutrophils and macrophages are found

in the alveoli, large airways and lung parenchyma.

Using rabbit models, in the latter stages of MAS

there is characteristic microvascular endothe-

lial damage with development of intrapulmonary 

shunts, alveolar collapse and cellular necrosis con-

sistent with chemical pneumonitis (Tyler et al.

1978).

Fig. 6.3. Lung specimen from post 

mortem of child who died with me-

conium aspiration syndrome (MAS),

demonstrating plugging of the airway 

with keratin and proteinaceous debris. 

(Haematoxylin-eosin)
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Meconium has also been shown in vitro to inhibit 

the action of pulmonary surfactant function (Moses et 

al. 1991; Clark et al. 1987; Sun et al. 1993). In isolated 

rat alveolar cells, at low concentrations of meconium 

Higgins et al. (1996) demonstrated absence of toxicity 

to type II pneumocytes. However at higher concentra-

tions of meconium (greater than 1%) he demonstrated

dose-dependent cytotoxicity that was inhibited in the 

presence of heat-treated meconium, suggesting that a 

protein moiety may be partly responsible for this ac-

tion (Sun et al. 1993). A cytotoxic effect of meconium 

has also been inferred by other investigators, who

have demonstrated decreased production of surfac-

tant protein B (SP-B) in the presence of high concen-

trations of meconium (Antunes et al. 1997).

As many as a third of infants with MAS develop

PPHN (Fleischer et al. 1992), and approximately 

two thirds of infants with PPHN had associated

meconium aspiration. The development of PPHN

maybe a result of acidosis, hypoxia, or hypercap-

noea associated with aspiration of meconium, or 

due to acute or chronic hypoxia in utero. The neo-

natal pulmonary vasculature is known to exhibit a 

greater vasoconstrictive response than do adult pul-

monary arteries (Akopov et al. 1998). Additionally, 

the vessels possess a unique capability to undergo

rapid changes in architecture, particularly thicken-

ing of the media and adventitia, distal extension of 

smooth muscle (Murphy et al. 1981) and increased

tortuosity and muscularisation of the alveolar sep-

tal arterioles (Thureen et al. 1997).

6.5 
Signs and Symptoms

Clinically, the infant with meconium aspiration 

syndrome can be quite depressed at birth, demon-

strating pallor, cyanosis, apnoea, grunting and in-

tercostal muscle retraction. As a consequence of air 

trapping and alveolar over-distension the chest can 

adopt a barrel configuration, and clinically rales and fi

rhonchi are auscultated on physical examination.

Depending on the severity of meconium aspira-

tion, both respiratory and metabolic acidosis may 

develop due to hypoxaemia and hypercarbia. The

hypoxaemia and hypercarbia are secondary to 

ventilation–perfusion (V/Q) mismatch. Acidosis

from any origin increases the risk of or potentiates 

PPHN.

Aspiration of meconium produces a chest radio-

graphic picture characterised by (Tsu et al. 1979):

– Diffuse patchy nodular infiltrates, focal or general, fi

asymmetric or symmetric

– Hyperinflationfl

– Air leaks

– Pleural effusion

– Cardiomegaly

Infiltrates.fi Complete airway occlusion results in at-

electasis. This can be bilateral, diffuse, patchy or 

more nodular.

The lining of the alveolar sacs are more susceptible

to injury and predispose to cellular necrosis which 

causes fl uid accumulation in the airway, resulting infl

alveolar oedema. Cellular damage to capillary walls 

also results in infl ammation leading to pulmonary fl

oedema and pleural effusion secondary to leakage

from capillary vascular beds (see Fig. 6.4)

Hyperinflation and Air Leaks.fl Partial occlusion of 

the airway and air sacs by meconium debris causes 

air trapping. (Fig. 6.5) Partial occlusion results in

hyperinflation of the lungs shown by hypertransra-fl

diency of the lungs with depression of the hemi-

diaphragm. Overdistension of airway and terminal 

saccules may lead to alveolar rupture with free air 

dissecting into the interstitial lymphatics (Fig. 6.6a),

pleural spaces (Fig. 6.6b, c) and mediastinum (Fig.

6.6d).

Fig. 6.4. Frontal radiograph of a child on veno-venous (VV)

extracorporeal membrane oxygenation (ECMO) with coarse 

consolidation throughout the lungs and some overaeration

of the anterior segment of the right lower lobe. There is a left

basal intercostal drain draining a left pleural effusion, and a

small right lamellar pleural effusion is also present
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a
b

c d

Fig. 6.5. Frontal chest radiograph showing areas of air trap-

ping alternating with areas of atelectasis – classic features 

of neonatal MAS

Fig. 6.6. a Frontal chest X-ray of child with MAS and early left upper lobe pulmonary interstitial emphysema (PIE). b Frontal 

radiograph of a child receiving VV ECMO with left-sided PIE and a large left pneumothorax causing mediastinal shift to 

the right. c Following suction on the intercostal drain the left pneumothorax has been almost completely drained, leaving a

tiny anterior pneumothorax. d Child with MAS treated with conventional ventilation, showing extensive barotrauma-related

complications with a large loculated pneumomediastinum and a left basal pneumothorax
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Pleural Effusions. These are the result of infl amma-fl

tory processes causing cellular necrosis and atel-

ectasis which prevent the airway and air sacs from

clearing pulmonary fl uid effectively (Fig. 6.4).fl

Cardiomegaly. Cardiomegaly may occur as a result 

of direct intrauterine asphyxia associated with me-

conium aspiration and PPHN or the delayed effects

of persistent pulmonary hypertension of the new-

born.

In an interesting radiological study, Tsu et al. 

(1979) recorded the radiographic features present

in the radiographs of 80 children with clinical and

X-ray features of aspiration syndrome. The radio-

graphic features present in the chest radiographs

were divided into fi ve separate categories, includ-fi

ing consolidation or atelectasis, infiltration, hyper-fi

infl ation, air leak and cardiomegaly. The incidence fl

of respiratory failure was assessed in each category.

The study showed that infants with consolidation or 

atelectasis had a higher incidence of respiratory fail-

ure and an increased mortality compared with those 

who did not have findings of consolidation or atelec-fi

tasis (P 0.001) . Similarly, infants who had air leaks 

had a higher incidence of respiratory failure than

those who did not show air leaks. The presence of 

air leak in infants with consolidation or atelectasis 

did not seem to be a significant contributing factor fi

in causing either respiratory failure (10/17) or death 

(5/17), when their findings were compared with those fi

of infants with consolidation or atelectasis but with-

out air leak (13/27 and 18/27, respectively). Interest-

ingly, infants who had consolidation or atelectasis as 

the sole radiographic feature also had a signifi cantly fi

higher (P<0.05) incidence of respiratory failure and 

death than those infants who had no consolidation. 

The authors suggest that consolidation or atelectasis

appears to be the most significant determinant of re-fi

spiratory failure and mortality.

This study leads to the conclusion that aspiration

of meconium may produce two different radiographic 

patterns with different prognostic implications, i.e., 

one with consolidation or atelectasis, which has a 

poorer prognosis, and one without consolidation or

atelectasis, which has a good outcome (due to aspi-

ration of thin meconium or amniotic fl uid). It ap-fl

pears that the initial chest X-ray with consolidation

or atelectasis may be produced by aspiration of thick 

or sticky meconium in these infants and more severe 

clinical course and poorer outcome can be expected.

On the other hand radiographic features of infiltra-fi

tion may be produced by aspiration of thin dilute

meconium leading to a more benign course (similar 

to that of wet lung syndrome/TTN or amniotic fluid fl

aspiration).

The authors also state that prevention is better

than cure, i.e. reducing the potential of developing

consolidation or atelectasis by deep oropharyngeal 

suctioning before delivery of the shoulder or prompt 

endotracheal suction of thick meconium is manda-

tory in cases of MASF.

6.6 
Management of the Infant 
with Meconium Aspiration Syndrome

6.6.1 

Conventional Mechanical Ventilation

One third of infants with MAS will require me-

chanical ventilation (Wiswell et al. 1990). The 

best method of ventilation management is con-

troversial. Air leaks are a common complication

of MAS (Fig 6.6a–d), especially amongst infants 

requiring positive pressure ventilation, and it has

been shown by investigators (Yeh et al. 1982) that

air trapping and increased functional residual ca-

pacity (FRC) may be exacerbated in patients on 

positive end expiratory pressure (PEEP) or CPAP 

(continuous positive airway ventilation), which are

paradoxically believed to improve oxygenation in 

babies with MAS. The best strategy for ventilator 

settings once a child requires intermittent manda-

tory ventilation is controversial. There are advocates

of using low inspiratory pressures and short inspi-

ratory times with rapid ventilator rates to maintain 

arterial blood gases within normal limits, but there 

are no published data to substantiate their opinion 

that this arrangement is superior to the more com-

monly used ventilator settings. Additionally, one

of the commoner treatments of infants with PPHN 

is hyperventilation (Fox and Duara 1983), with 

a principal goal of achieving respiratory alkalosis 

in an attempt to achieve vasodilatation within the 

pulmonary vascular bed. As two thirds of neonates

with PPHN have associated MAC, hyperventilation 

is a common approach to the management of MAS.

To date, however, there have been no prospective

randomised trials comparing various mechanical

ventilation strategies in the management of MAS.
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In neonatal piglet models of MAS, Holopainen

et al. (1999) found that prophylactic INO resulted in 

better oxygenation but did not affect the develop-

ment of pulmonary hypertension. Further studies 

comparing the use of INO with conventional venti-

lation in patients diagnosed with MAS showed that 

INO led to better oxygenation and a lesser need for 

extracorporeal membrane oxygenation (ECMO) 

than was observed in control infants. There was 

no difference between the two groups in mortal-

ity, duration of mechanical ventilation or length of 

hospitalisation, however (The Neonatal Inhaled 

Nitric Oxide Study Group 1997). Roberts et al. 

(1997). It seems that although INO leads to better

oxygenation in infants with MAS, this is not fol-

lowed by any signifi cant difference in the primary fi

outcome (death or the need for ECMO).

6.6.5 

Extracorporeal Membrane Oxygenation

The use of ECMO in the treatment of MAS was first fi

described by Bartlett et al. (1977), who used ECMO

to treat eight moribund neonates with MAS. Three 

of the infants survived, as compared with 90% mor-

tality in conventionally treated groups. The use of 

veno-arterial (VA) ECMO became increasingly pop-

ular throughout the United States during the 1980s,

with consistently encouraging results in neonates

with severe MAS (Lillehei et al. 1989). Criteria for 

the institution of ECMO support were also refined fi

over this time, and an oxygenation index greater 

than 40 was suggested as the referral criterion. The 

oxygenation index is calculated as follows.

Oxygenation index = Paw + FIO2/PaO2

where Paw is the mean airway pressure, FIOw 2 is the

inspired oxygen fraction + 100 and PaO2 is the arterial 

oxygen tension in millimetres of mercury (mmHg).

The recent publication of the UK Collaborative 

ECMO Trial Group (1996) has resulted in ECMO 

becoming a relatively well-accepted method of sup-

port for neonates with MAS in the UK. The results of 

the trial suggest that for every four infants receiving 

ECMO for MAS there was one extra survivor. Further-

more, although infants with MAS tend to be relatively 

less well than other term neonates with respiratory 

failure when treated conventionally, the converse is 

true when ECMO support is used. The survival fi g-fi

ures for neonates with MAS who receive ECMO are

6.6.2 

High-frequency Ventilation

High-frequency ventilation (HFV) is a global de-

scription with several techniques, which provide ef-

fective gaseous exchange at low tidal volumes. Po-

tential benefi ts of HFV may include less barotrauma, fi

increased mobilisation of airway secretions, better

attainment of respiratory alkalosis and fewer ad-

verse histopathological changes.

6.6.3 

Surfactant Therapy

Pulmonary immaturity due to surfactant deficiency fi

is widely accepted as a primary cause of respiratory 

distress syndrome (RDS) in premature neonates. By 

contrast, however, the term infant who is more likely 

to suffer from MAS has a mature respiratory system 

with a normal alveolar surfactant pool. The surfactant

defi ciency seen in MAS is not the result of an insuf-fi

fi cient quantity of surfactant, but is probably causedfi

by inhibited surfactant function or alterations in sur-

factant composition. There is, however, limited infor-

mation on the specific adverse effects of meconium onfi

surfactant. In high concentrations, meconium has a 

direct cytotoxic effect on type II pneumocytes.

To date there has only be one randomised con-

trol trial specifically assessing the use of exog-

enous surfactant therapy for MAS (Findlay et

al. 1996). In this study 20 affected infants were

treated with 1.5+ standard dose of bovine lung 

surfactant administered as an infusion over 20 

minutes. Significant improvements in oxygen-

ation occurred 6–12 hours later, typically follow-

ing additional surfactant doses. Six (30%) of the 

infants still required oxygen therapy at discharge.

The authors therefore suggested further clinical

trials before the widespread use of this therapy for 

MAS. Cleary and Wiswell (1998) conclude that 

surfactant therapy for MAS in humans still needs

rigorous investigation.

6.6.4 

Inhaled Nitric Oxide

Substantial effort has been invested in the assess-

ment of the use of inhaled nitric oxide (INO) as a 

pulmonary vascular relaxing agent in the treatment 

of pulmonary artery hypertension.
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extremely encouraging, and UK ECMO centres cur-

rently quote survival fi gures of around 90% for neo-fi

nates in whom the primary indication is pulmonary 

hypertension without associated severe lung injury.

6.6.5.1

ECMO Technique

There are two methods of ECMO, both of which can

be used to support neonates with MAS. Most ECMO

centres initially used VA support, in which the right

common carotid artery and internal jugular veins

were cannulated, thus providing cardiac and respi-

ratory support (Fig. 6.7a–c). More recently, however, 

veno-venous (VV) ECMO has emerged as the method 

of choice for neonates with hypoxic respiratory failure

without signifi cant haemodynamic instability (fi De-

lius et al. 1993) (Fig. 6.8).

In VV ECMO a double-lumen venous catheter is in-

serted into the right internal jugular vein with its tip in 

the right atrium. One lumen carries venous blood from

the patient to the oxygenator, and the arterial lumen 

returns oxygenated blood to the heart (Andrews et al. 

1983; Klein et al. 1985; Peek et al. 1996) - (Figs. 6.7,

6.9). Most patients with MAS now receive VV ECMO.

Potential advantages of VV ECMO over VA ECMO 

are the reduced risk of intracranial haemorrhage and 

the theoretical advantage of preserving the intact

carotid circulation. Cannulation of the arteries, as

well as predisposing to arterial intracranial bleeds 

during ECMO (Fig. 6.10), are believed to cause hae-

modynamic disruption of flow after decannulation,fl

either as a result of ligation of the vessel or because

of the presence of a substrate causing turbulence or

aneurysm formation if the vessel is repaired (Desai

et al. 1999; Jacobs et al. 1997).

6.6.5.2

Duration of ECMO Support

ECMO support is usually required for between 100 

and 120 hours (Desai et al. 1999) in MAS, the shortest 

a

b

Fig. 6.7. a Diagram and b summary of AV ECMO circuit c

Chest X-ray of a child on AV ECMO. The (venous) catheter 

to the right lies in the right atrium and the more medially t

placed (arterial) catheter (midline) is within the right com-

mon carotid artery. An ET tube is noted, and a umbilical

venous line is present with its tip at the level of the distal 

right atrium. The lungs are almost entirely collapsed Fig. 6.8. Table detailing AV and VV ECMO techniques

c
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white-out during the first 2 or 3 days (Fig. 6.12a),fi

with subsequent appearance of air bronchograms

and resolution of the change as the lungs recover

(Fig. 6.12b). Lung compliance can be estimated both 

manually and mechanically whilst the patient is on

ECMO. Unless precipitous decannulation is required

for other reasons, e.g. a large intracranial bleed, the 

infant is weaned from support when only minimal

ventilatory support is needed to provide adequate

lung expansion, oxygenation and gas exchange. At

this stage there is usually radiological evidence of 

signifi cant lung recovery.fi

In terms of long-term morbidity, survivors of 

ECMO do not appear to have a higher rate of disabil-

ity or neurological damage than do conventionally 

treated severely hypoxic neonates with MAS, despite

the greater proportion surviving.

6.7
Long-term Pulmonary Sequelae of MAS

MacFarlane and Heaf (1988) found a high preva-

lence of asthmatic symptoms (39%) and abnormal

bronchial hyper-reactivity to exercise (33%) amongst

survivors of neonatal MAS. This was much higher

than the estimated prevalence of 10–12% in this age

group in the general population. These children were 

not atopic or from atopic families and had not suf-

fered other respiratory insults known to be associated 

with bronchial hyper-reactivity in later childhood.

These fi ndings of abnormal bronchial reactivity tofi

Fig. 6.10. Cranial ultrasound showing bilateral ventricu-

lar dilatation with large left intraventricular haemorrhage

(IVH) in a child on ECMO

Fig. 6.11. Pie chart showing relative breakdown of indica-

tions for neonatal (Neo) ECMO (CHD chronic heart disease, 

PPHN persisting pulmonary hypertension of the newborn,N

RSV respiratory syncytial virus)V

duration for any neonatal diagnosis (Fig. 6.11). This

duration will inevitably be signifi cantly increasedfi

if pressure/volume ventilation has led to air leaks 

before cannulation. Whilst undergoing ECMO, the

infant receives resting ventilation with slow back-

ground ventilation at a moderate level of PEEP to 

maintain lung expansion (rate 10 per minute, pres-

sures 20/10). Serial radiographs will show a complete 

Fig. 6.9. Chest X-ray of a child with MAS treated with VV

ECMO. The large VV ECMO catheter is noted with its tip

in the right atrium. MAS has caused asymmetrical coarse

reticulonodular change in the lungs
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abnormal bronchial reactivity, long after symptoms 

have resolved. It seems likely, therefore, that the de-

veloping respiratory tract is vulnerable to damage

by many insults, and the nonspecific response is ab-fi

normal bronchial hyper-reactivity and limitation of 

airfl ow (fl Mok and Simpson 1984)

6.8
Conclusion

Meconium aspiration syndrome is a common neo-

natal problem with signifi cant morbidity and mor-fi

tality. It frequently leads to respiratory failure and 

even death. One third of the infants affected require

ventilatory support, and a significant portion will fi

die. MAS is the primary cause of lung disease in

infants requiring ECMO oxygenation, and this de-

spite signifi cant advances in management. Initially fi

emphasis should be placed on prevention and all

MSAF-complicated pregnancies should be carefully 

monitored: in each case the obstetrician should per-

form thorough oropharyngeal suctioning as soon 

as the infant’s head is in the perineum, when the

paediatrician should perform thorough pharyngeal 

suctioning.

Endotracheal intubation and endotracheal suc-

tion should be restricted to those depressed infants

who require positive pressure ventilation. Although 

there are no prospective randomised control tri-

als assessing the effects of various mechanisms of 

mechanical ventilator strategies in the management 

of MAS, the use of surfactant and of inhaled NO 

appears to have significantly reduced the need forfi

ECMO in the management of MAS.

Radiology has a crucial role in the management of 

these complex patients, and it is important to be ac-

quainted with all forms of clinical management and 

their potential radiological complications.
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7.1
Introduction

Respiratory infections remain a significant and fi

formidable threat to the health and well being of 

the neonate despite potent antibiotics, increasingly 

sophisticated laboratory detection methods and 

technologically advanced neonatal intensive care 

nurseries. Although the clinical and radiological 

definitions of pneumonia are variable throughoutfi

medical and governmental literature, quoted inci-

dence rates for neonatal pneumonia range between 

1.5–5.0 per 1,000 live births (Keyserling 1997; 

Webber et el 1990).

Mortality rates from pneumonia are even more

difficult to obtain and to interpret. The medical lit-fi

erature quotes neonatal pneumonia mortality rates 

between 5% and 20% (Whitsett et al. 1999). Recent

reports from the Centers for Disease Control quote 

mortality rates from neonatal pneumonia of 3.2/1,000

live births in the United States, corresponding to 1.1% 

of all neonatal deaths (Document LWCK 7 2003),

http://www.cdc.gov/nhcs/data/dvs/lwck7_2003pdf.

The incidence and mortality in developing countries

are, not surprisingly, higher, with stated mortality 

rates estimated at between 0.75–1.2 million neona-

tal deaths from pneumonia annually, accounting for

10% of all global neonatal mortality (Duke 2005).

Approximately 10% of all neonatal intensive care

unit (NICU) patients will have at least one episode 

of pneumonia (Whitsett et al. 1999). It is esti-

mated that 17% of very low birth weight infants will 

have at least one episode of a nosocomial infection 

(Thompson et al. 1992) of which 30% will present 

as a respiratory tract infection (Hemming et al. 

1976). Ironically, it would seem that the increas-

ing sophistication of neonatal care and highly spe-

cialised nursery units may actually contribute to the 

incidence of neonatal pneumonia and sepsis by per-

mitting the care of increasingly premature and sick 

neonates who may have previously succumbed. The

use of highly invasive monitoring and therapeutic 

equipment has life-saving potential, yet they can in-

troduce a significant iatrogenic infection potential.fi

7.2
Clinical Considerations

The above-quoted incidence and mortality rates

demonstrate that pulmonary infection is a sig-

nificant risk to the neonate, and especially to the fi
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premature infant. The reasons for this are multi-

factorial. The full term neonate is considered im-

munologically “competent”, in that most can re-

spond appropriately to antigenic stimulation. The

absolute number of T-cells is similar in the neonate

to the adult as long as thymic function is normal

during foetal life (Roberton 1996). However, there 

are other considerations which render the neonate

relatively more susceptible to infection. Studies have 

documented reduced leukocyte adherence and che-

motaxis, as well as complement deficiencies thatfi

result in reduced phagocytosis and intracellular

killing (Roberton 1996; Speck et al. 1979). Surface 

IgA is absent, and serum IgG can be deficient in fi

early preterm infants for whom sufficient time forfi

normal maternal IgG transplacental transfer has not 

occurred. Even if sufficient transplacental IgG trans-fi

fer has occurred, this supply of IgG has a limited life

span of only several weeks resulting in a physiologi-

cally normal, transient hypogammaglobulinemia in 

the fi rst few months of life. Furthermore, while the fi

neonate can initially respond to antigenic stimula-

tion with an endogenous IgM response, conversion 

of this response to a more mature IgG response is

delayed. These deficiencies frequently result in afi

neonate with a limited capability to control and/or 

limit the spread of invasive organisms.

As well, the physical environment of both the foe-

tus and the neonate play significant roles in exposingfi

them to potential pathogens. The environment of the 

foetus inside intact maternal amniotic membranes is

generally considered partially protective from external

sources of infection. Therefore, one of the most com-

mon causes of neonatal sepsis is premature rupture 

of maternal membranes. Nevertheless, neonatal sep-

sis can occur even in the presence of intact maternal 

membranes (Kirkpatrick and Mueller 1998; Speck

et al. 1979). Congenital infections can occur through 

transplacental spread of a variety of organisms. Dur-

ing and after birth, the neonate is physically exposed to 

potentially pathogenic organisms which may colonise 

the maternal vaginal canal, or may be actively infect-

ing the mother. The neonatal nursery provides a large

source of invasive monitoring and therapeutic instru-

ments, all of which can iatrogenically introduce or-

ganisms into the infant. Nursery personnel and family 

members inadvertently spread nosocomial infections

even if strict antiseptic technique is maintained. It is

not surprising, therefore, that, since the lungs provide

a “front line” exposure between the neonate and its

environment, neonatal pneumonia remains a signifi-fi

cant problem in the NICU.

Unfortunately, the clinical signs and symptoms 

of infection that the neonate may manifest are fre-

quently protean and non-specific. The infant may fi

simply demonstrate listlessness and/or decreased 

physical activity. Feeding intolerance or pallor may be

the only initial clinical manifestations. Either apnoea

or tachypnea may be present and either tachycardia

or bradycardia may occur. The child may be febrile or 

even hypothermic. Laboratory tests may be equally 

non-specifi c, demonstrating either an increased orfi

a decreased total white cell count. It is, therefore, 

common for the clinician to perform a chest radio-

graph to help determine if pulmonary infection is the 

potential cause of some of these clinically observed 

changes. The chest radiograph, in this situation, can 

become useful to localise the problem to a pulmonary 

aetiology, even if the radiographic changes are not 

sufficiently specififi  c to diagnose pulmonary infectionfi

as the cause of the infant’s symptoms. Given the ful-

minant potential for some etiologic pathogens which 

cause neonatal pneumonia, any abnormality on the

chest radiograph which may suggest a pulmonary in-

fection warrants the initiation of broad spectrum an-

tibiotic coverage (Dennehy 1987; Kirkpatrick and

Mueller 1998; Speck et al. 1979).

7.3
Radiological Considerations

When taken in isolation, the study of the radiologi-

cal manifestations of neonatal pneumonia is disap-

pointing. There are few definitive correlative studiesfi

in the literature analysing the various radiological 

findings of pulmonary infection and comparing fi

them with other causes of respiratory compromise, 

let alone comparing them to potential etiologic mi-

crobial agents. Most studies concur that the radio-

logical findings alone are non-specififi c, such that itfi

is almost impossible to determine a causative organ-

ism by their radiographic manifestations (Burko

1962; Currarino and Silverman 1957; Harris

1963; Roberton 1996; Wiesenberg 1973). Further-

more, many of these neonates do not suffer from 

pneumonia in isolation, but may also have compli-

cating features such as hyaline membrane disease, 

meconium or amniotic fl uid aspiration, persistentfl

pulmonary hypertension, transient tachypnea of the

newborn, secondary ARDS, patency of the ductus

arteriosus, or a variety of other causes of neonatal 
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respiratory distress. In one of the few studies look-

ing specifically at radiological patterns in neonatalfi

pneumonia, Haney et al. (1984) reviewed autopsy 

records of all neonates who died over a 6-year period 

and in whom an autopsy documented pathological

changes of pneumonia as the only significant ab-fi

normality. A review of their immediate pre-mortem

chest radiographs revealed that the majority of cases

demonstrated bilateral air space disease. Unfortu-

nately, a pattern indistinguishable from hyaline 

membrane disease was seen in 13%, and a pattern

indistinguishable from transient tachypnea of the

newborn was seen in 17%. A few features have been 

described which may be helpful in identifying pul-

monary infection as the source of respiratory dis-

tress. Some authors have postulated that one fi nding fi

that may help to differentiate pneumonia from hya-

line membrane disease is the presence of increased

lung volumes combined with air-space disease in the 

non-intubated neonate (Harris 1963; Wiesenberg

1973). Hyaline membrane disease tends to cause 

diffusely small lungs from surfactant defi ciency, fi

while infection may result in over-inflation of re-fl

cruited airspaces. Unfortunately, only 17% of the

population described by Haney et al. demonstrated

increased lung volumes, and most of these children

were intubated on their pre-mortem examination. 

Others have suggested that air-space disease in the

presence of a pleural effusion is more suggestive of 

bacterial pneumonia than of other causes of neo-

natal respiratory distress, especially when group

B streptococcus is the etiologic agent (Haney et 

al. 1984; Leonidas et al. 1977; Payne et al. 1988). 

The presence of pneumatoceles may also suggest

a bacterial aetiology, a finding which is not exclu-fi

sive to staphylococcal pneumonia (Papageorgiou

et al. 1973; Wiesenberg 1973). As well, a diffuse, 

bilateral, alveolar pattern that develops in the first fi

4–6 h of life is characteristic, although not specific, fi

for early neonatal sepsis and pneumonia, again

classically seen when group B streptococcus is the

etiologic agent. Ancillary non-pulmonary chest ra-

diographic fi ndings may be helpful in suggesting fi

a diagnosis. Air-space disease in conjunction with

periostitis or osteomyelitic lesions may suggest con-

genital syphilis, while a diffusely interstitial reticu-

lonodular pattern in conjunction with characteristic 

metaphyseal lucencies suggests a congenital viral

aetiology. A diffuse interstitial pattern alone is non-

specifi c, but if associated hepatosplenomegaly and fi

intracerebral calcifi cations are present, CMV pneu-fi

monitis becomes a likely aetiology. Although the 

initial chest radiograph may be non-specific, serial fi

chest radiographs can be extremely useful, espe-

cially in differentiating the rapidly resolving pat-

tern of transient tachypnea of the newborn from the 

more persistent pattern of neonatal pneumonia. As 

well, serial examinations are frequently used to fol-

low the response to therapeutic interventions such 

as antibiotic administration.

7.4
Aetiologic Agents

It is best to review the major aetiologic organisms

and their respective radiographic patterns according

to the initial source of neonatal infection. These are

commonly divided into those agents causing trans-

placental infection, agents acquired perinatally and

those acquired postnatally or nosocomially.

7.4.1 

Transplacental Infection

Transplacentally transmitted infections, conforming

to the traditionally taught pneumonic of “TORCH”

(or “CROTSH”) are, fortunately, quite rare. The pul-

monary manifestations of these particular infections 

are even less common. While many perinatally ac-

quired infections gain route to the foetus/neonate via 

aspiration or inhalation, transplacental infections en-

ter the foetus hematogenously, via the umbilical cord. 

Most infants, therefore, tend to manifest systemic and

multi-organ disease rather than a primary pneumo-

nitis. It is, therefore, not surprising that the medi-

cal literature is generally deficient in reviews of the fi

radiological manifestations of pneumonia in infants

with transplacentally acquired infections.

The most common of these disorders appears to be 

the fairly ubiquitous cytomegalovirus (CMV), whose

presence is well documented in all ages, races and so-

cio-economic levels throughout both the developed as 

well as developing countries. Fortunately, estimates

of foetal infection rates are very low. Approximately 

1% of all newborns demonstrate a serologic response

to transplacentally acquired CMV. However, 90% of 

these infants are asymptomatic and demonstrate no 

sequelae of the infection. When clinically evident 

infection does occur, the primary manifestations 

are usually systemic, including intrauterine growth 
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retardation, hepatosplenomegaly and thrombocy-

topenia. The most signifi cant primary organ of in-fi

volvement is the central nervous system, producing 

microcephaly, intracranial calcifications and/or sen-fi

sori-neural hearing loss. Congenital CMV pneumo-

nitis is a rare manifestation, occurring only in 1–2%

of CMV infected newborns (Dworsky 1982; Stagno

1980). It is signifi cantly more common in infantsfi

who acquire the infection from other sources such as

transvaginal exposure, maternal breast milk, or neo-

natal blood transfusions (Dworsky 1982; Stagno

1981; Stagno et al 1980; Whitsett et al. 1999). Al-

though the radiographic manifestations of congeni-

tal CMV pneumonitis have not undergone statistical 

scrutiny, it is commonly accepted that this infection 

manifests as a diffuse reticulonodular, non-specific, fi

viral interstitial pattern (Dennehy 1987; Whitsett

et al. 1999; Wiesenberg 1973), similar to many viral 

pneumonitides (Fig. 7.1).

Other, less common, transplacentally acquired 

pneumonitides include rubella, syphilis, Listeria

monocytogenes and tuberculosis. In general, ma-

ternal infection rates with tuberculosis and syphilis 

are increasing in both developing and industrialised 

countries. This can be partially explained by the

widespread increase in migration rates into industri-

alised countries from countries in which infections 

rates are relatively high. As well, the HIV world-wide

epidemic has permitted many of these organisms to

propagate through immunosuppressed hosts. Con-

genital infection rates from syphilis were increasing 

in the 1980s and 1990s in predominantly urban geo-

graphic foci. This trend appeared to peak in the early 

1990s with over 4,000 reported cases to the Center

for Disease Control in the United States, decreasing

to approximately 2,000 cases in 1996 (Sanchez and

Wendel 1997). Congenital syphilitic pneumonia is 

an uncommon manifestation of congenital syphilis, 

seen in only approximately 5–25% of cases of con-

genital syphilis (Sanchez and Wendel 1997). It is 

commonly referred to as “pneumonia alba”, due to

the pathologic whitish plaque-like appearance of the 

areas of consolidation. Radiologically, it usually ap-

pears as a diffuse process (Fig. 7.2), but may manifest

larger patches of air-space disease corresponding

to mononuclear organizing infiltrates (fi Roberton

1996). One helpful sign on a chest radiograph is the

presence of osseous lesions such as diffuse long bone 

periostitis, a radiographic sign which is more com-

monly seen in congenital syphilis than pulmonary 

consolidation.

Listeria monocytogenes is a gram-positive or-

ganism which can be acquired transplacentally or 

perinatally and frequently presents as a pneumoni-

tis. Maternal infection is usually within 2–3 weeks 

of delivery with a non-specific flfi u-like illness. The fl

illness in the neonate is clinically similar to group B 

streptococcus, demonstrating an “early” onset va-

riety which presents in the first 72 h of life, and a fi

“late” onset form that becomes manifest after 7 days

of life. At least 50% of those with the “early” onset

form demonstrate respiratory tract involvement

(Bortolussi and Schlech 2001). The predomi-

nant radiographic pattern described is fairly non-

Fig. 7.1. Newborn with documented CMV pneumonia. There

is a non-specific diffuse interstitial and predominantly re-fi

ticular pattern, which is typical of viral pneumonitides

Fig. 7.2. Newborn infant born at 35 weeks of gestation to a 

mother treated during a previous pregnancy for congenital 

syphilis. The radiograph demonstrates a diffuse and bi-

lateral pneumonitis, and the child had clinical fi ndings of fi

pneumonia. Associated bone changes are barely visible in

the humeri, but are more apparent on other bone films. Thefi

infant responded well to appropriate antibiotics
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specifi c. In a comprehensive review of 55 cases of fi

neonatal listeriosis, 39 of which underwent chest

radiographic examination, two equally common

patterns were described (Willich 1967). The first fi

is of a “bronchopneumonic” pattern of streaky and

confl uent opacities, and the second is a diffuse, fifl ne fi

interstitial pattern. It is postulated that some of the 

coarser interstitial densities correlate with multi-

focal granulomas in medium and smaller airways. 

These radiographic manifestations are remarkably 

similar to group B streptococcal pneumonia ac-

quired perinatally as described below (Whitsett et 

al. 1999; Wiesenberg 1973).

Congenital tuberculous infection is a rare disor-

der, having been reported in less than 300 cases in

the medical literature (Starke 1997). It occurs sec-

ondary to disseminated maternal infection, which 

produces placental caseating granulomas. Pulmo-

nary manifestations are uncommon as the usual 

primary site of infection is the liver from umbilical 

cord seeding. However, the patency of the ductus ve-

nosus and foramen ovale can result in disseminated

infection relatively easily. Neonatal tuberculosis

may also occur from aspiration of infected amniotic 

fluid, from ingestion of infected breast milk, or from fl

inspiration of maternal respiratory droplets. Respi-

ratory distress is a fairly common manifestation of 

neonatal tuberculosis, seen in approximately 72%

of cases (Starke and Smith 2001). Parenchymal 

consolidation and adenopathy are common radio-

graphic manifestations, although up to 50% of neo-

natal cases with radiographic findings demonstratefi

a miliary pattern (Starke and Smith 2001).

Although the pneumonic “TORCH” includes

toxoplasmosis and herpes, the former uncommonly 

causes pneumonitis, and the latter is more appro-

priately considered under perinatally acquired in-

fections. Cases reports of placental infections with 

influenza A (fl Arvin and Maldonado 2001), vari-

cella (Keyserling 1997), adenovirus (Abzug and 

Levin 1991) and echovirus (Cheeseman et al. 1977) 

are described, but are exceedingly rare.

7.4.2 

Perinatal Infections

7.4.2.1

Clinical Considerations

Perinatally acquired infections can be clinically 

categorised into those which are acquired via as-

cending infection from the vaginal tract, those 

acquired transvaginally during the birth process 

and those acquired nosocomially in the neonatal

period.

Ascending infections from the maternal vagi-

nal tract are the usual cause of chorioamnionitis. 

It is estimated that maternal chorioamnionitis

complicates an approximate 1–10% of all preg-

nancies in industrialised countries (Belady et 

al. 1997), and is probably much more common

in underdeveloped countries due to substandard

maternal health care. Predisposing factors to cho-

rioamnionitis include premature rupture of mem-

branes of greater than 24 h, foetal instrumenta-

tion, increased number of vaginal examinations

before birth, and prolonged labour. Although the 

organisms causing foetal sepsis are polymicro-

bial, nearly half of all infections are attributable 

to either group B streptococcus or E. coli (Belady

et al. 1997).

It is postulated (Wiesenberg 1973) that most 

organisms causing neonatal pneumonia gain entry 

to the infant during the birth process as the foe-

tus takes its fi rst gasping efforts at breathing. This fi

may occur earlier during the course of labour in

the asphyxiated infant who may swallow and/or as-

pirate in response to non-specific stressful events.fi

It is for this reason that clinical signs or symptoms 

of maternal chorioamnionitis warrant the use of 

maternal perinatal intravenous antibiotics, which

have been shown to significantly decrease the risk fi

of sepsis and pneumonia in the neonate (Belady

et al. 1997).

There appear to be two separate clinical syn-

dromes for neonatal sepsis and/or pneumonia 

which are significantly different with respect to fi

symptomatology and outcome. Those infants with

pneumonia or sepsis presenting within the first fi

48 h of life tend to have a more acute and severe

clinical picture of hypotension, shock, dissemi-

nated intravascular coagulation and multi-organ 

failure. Mortality rates in this “early” onset form 

vary between 30%–50% (Bohin and Field 1994; 

Kirkpatrick and Mueller 1998; Speck et al. 

1979; Whitsett et al. 1999), especially when the 

offending organism is group B streptococcus. 

Those infants presenting after 48 h tend to have

a less fulminant course with mortality rates of 

less than 5% (Bohin and Field 1994). As well, the

clinical symptoms tend to be less drastic, present-

ing with more isolated respiratory difficulty or less fi

severe systemic manifestations.
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7.4.2.2

Radiological Considerations

Unfortunately, the radiographic manifestations 

of the various etiologic agents carry very poor

specifi cities. As noted previously, multiple studiesfi

have documented the non-specificity of the radio-fi

graphic patterns of neonatal pneumonia (Ablow et 

al. 1976; Burko 1962; Currarino and Silverman

1957; Haney et al. 1984; Harris 1963; Leonidas et 

al. 1977; Lilien et al. 1977). This holds true both in 

regards to differentiating between the various etio-

logic microbial agents, as well as to differentiating 

pneumonia itself from other cause of respiratory 

distress such as transient tachypnea of the newborn

(TTN), hyaline membrane disease (HMD), and me-

conium aspiration. The findings which have been fi

postulated as helpful in differentiating infection

from other causes of respiratory distress include

the presence of a pleural effusion (Leonidas et 

al. 1977), cardiomegaly (Hubbell et al. 1988), and

pulmonary over-inflation, the latter of which is fl

postulated to help only in differentiating group B 

streptococcal pneumonia from HMD (Ablow et al. 

1976). The most common radiographic manifesta-

tion of neonatal pneumonia is a bilateral coarse 

pattern of perihilar reticular densities which may 

also involve scattered areas of air space disease 

(Wiesenberg 1973) (Fig. 7.3). Isolated lobar pneu-

monia is uncommon in this age group (Ablow et 

al. 1976; Currarino and Silverman 1957; Haney

et al. 1984; Harris 1963; Wiesenberg 1973), likely 

related both to the aspirated route of entry as well

as to the inability of the neonate to control infec-

tion locally.

The radiographic differentiation of pneumonia 

from other processes becomes even more difficult fi

in the preterm infant. Lilien et al. (1977) reviewed

the radiographic pattern of early onset group B

streptococcal pneumonia in 73 infants, of which

86% were premature. A significantly larger portion fi

of those preterm infants with a radiographic pat-

tern of hyaline membrane disease (HMD) actually 

had both HMD and group B streptococcal pneu-

monia than those who had HMD alone. Neverthe-

less, Ablow et al. (1976) reviewed the radiographic 

patterns of a smaller number of preterm infants 

and found that half of those who died of fulminant 

early onset group B streptococcal sepsis demon-

strated a radiographic pattern that could not be

differentiated from hyaline membrane disease.

They note however that the “overall volume of the 

lungs is usually increased” in neonatal pneumonia. 

Leonidas et al. (1977) in their review of 67 infants 

of all gestational ages hospitalised for respiratory 

distress, found that the pattern of parenchymal 

lung disease was just as likely to be “typical” for 

pneumonia as it was to be “typical” for hyaline 

membrane disease. In their study, the presence of 

cardiomegaly or pleural effusions was more likely 

to represent neonatal sepsis.

7.4.2.3 

Specii c Agentsi

7.4.2.3.1 

Bacterial

Group B streptococcal sepsis is one of the most com-

mon causes of neonatal sepsis. As such, there is more

literature published regarding this particular agent

than regarding most others. The radiographic mani-

festations initially described by Ablow et al. (1976)

were essentially those of hyaline membrane disease.

They described a “fi ne, diffuse granular pattern” fi

in 50% of infants who died of “early” onset, fatal

group B streptococcal infection (Fig. 7.4), with the

remainder of fatal cases demonstrating either simi-

lar fi ndings or more focal, lower lobe opacififi cation.fi

Non-fatal cases tended to have a more heterogeneous

pattern of mixed interstitial and air space changes. 

Fig. 7.3. Chest radiograph of a 1-week-old premature infant 

born at 26 weeks of gestational age, with documented Pseu-

domonas pneumonia. Bilateral air-space changes are noted 

on a background of diffuse interstitial changes
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A subsequent study suggested that cardiomegaly 

and/or pleural effusions may help to differentiate

group B streptococcal infection from hyaline mem-

brane disease (Leonidas 1977), while admitting that

there are many other causes for the presence of these

fi ndings.fi

There is a curious association between group B 

streptococcal pneumonia and the presence of an ip-

silateral diaphragmatic hernia, especially when the

hernia is right sided. Suggested mechanisms for the

presence of this association have included a primary 

abnormality of lung compliance, secondary effects

of mechanical ventilation on the infected lung, or

direct local effects of the organism itself (Potter et 

al. 1995). Whatever the mechanism, persistent ven-

tilatory requirements or radiographic abnormalities 

in neonates after the treatment of group B strepto-

coccal pneumonia should alert the radiologist to the

possibility of an associated diaphragmatic hernia.

Other perinatal bacterial infections such as Pseu-

domonas, E. coli, Klebsiella and other streptococci 

have received little attention in the literature with 

respect to specifi c radiographic patterns.fi

7.4.2.3.2 

Viral

Perinatal viral infections such as herpes, varicella,

RSV and adenovirus tend to be signifi cantly less fi

common than the previously described bacterial 

causes of neonatal sepsis.

Neonatal herpes infection can be acquired trans-

placentally, during birth, or even postnatally. The 

majority of neonates acquire the virus transvagi-

nally from a mother who is actively shedding the

virus. Only a small minority of infected women are

actually shedding the virus during labour (Kohl

1997). As well, only a minority of infants exposed

will become clinically infected. As a result, neona-

tal herpetic pneumonia is an uncommon disorder,

affecting approximately 1 in 7,000 live births in the

United States (Kohl 1997). This rate, however, is

increasing with some studies reporting a ten-fold

increase over the past 20 years (Kohl 1997). Al-

though pulmonary infection occurs in only 5–25%

of infected newborns, it tends to produce a fulmi-

nant and progressive course (Dominguez et al 1984; 

Hubbell et al 1988; Kohl 1997). The described ra-

diographic fi ndings are similar to most viral pulmo-fi

nary infections, starting as bilateral interstitial peri-

hilar reticular densities (Fig. 7.5) that can be initially 

quite subtle. Confluent alveolar changes occur as the fl

infection spreads, progressing to diffuse pulmonary 

opacitifi cation that may have accompanying pleural fi

effusions (Dominguez et al. 1984; Hubbell et al. 

1988).

Varicella in the neonatal period is a rare disease. 

It is estimated that approximately 3,000 cases of ma-

ternal varicella occur in the United States annually 

(Keyserling 1997). Transplacental infection is ex-

tremely rare, but can result in a congenital varicella 

syndrome, characterised primarily by limb and

Fig. 7.4. One-week-old infant with typical non-specific fi

changes of diffuse air-space disease from group B strepto-

coccal pneumonia

Fig. 7.5. Twelve-day-old infant with severe interstitial pneu-

monitis and diffuse anasarca from viral sepsis secondary 

to herpes
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CNS malformations. Respiratory infection can be 

acquired by the infant in the neonatal period from 

a mother who is actively shedding the virus. In or-

der for the mother to be actively shedding the vi-

rus, maternal infection must have occurred within 

3 weeks of delivery. The severity of neonatal disease

acquired from a prenatally infected mother varies

with the time of delivery. Maternal shedding is most

active in the first few days of appearance of the rash.fi

At this time, maternal antibody response is still de-

veloping, and little signifi cant antibody crosses thefi

placenta. Birth in this time period, therefore, results 

in a more severely infected neonate, with fatality 

rates quoted at between 20–40% (Albritton 1998).

Administration of varicella-zoster immunoglobulin

(VZIG) in this period has been shown to amelio-

rate the severity of neonatal infection (Keyserling

1997). As well, it should be remembered that neo-

natal infection not uncommonly occurs via nosoco-

mial or familial exposure.

Neonatal varicella pneumonia is a severe com-

plication of disseminated varicella infection and is 

a major cause of neonatal mortality from this in-

fection. There is, however, a paucity of published 

reports concerning the radiographic manifesta-

tions of neonatal varicella pneumonia. The clas-

sically described radiographic manifestation in

older individuals is that of a diffuse interstitial re-

ticulonodular pattern (Fig. 7.6), which characteris-

tically appears a little more nodular than reticular

(Albritton 1998).

Case reports of neonatal pulmonary infections 

from adenovirus (Abzug and Levin 1991), RSV

(Berkovich and Taranko 1964; Keyserling 1997;

Meissner et al. 1984), parainfluenza ( fl Meissner

et al. 1984) and enteroviruses (Keyserling 1997)

have been published which provide only anecdotal 

descriptions of the radiographic patterns of these

viruses in the neonate. Most describe bilateral 

perihilar “infiltrates” as the predominant radio-fi

graphic pattern.

Human metapneumovirus has recently been

implicated as a relatively common cause of bron-

chiolitis in infants and children. It appears to be

less common than RSV, yet 10% of all cases are

in children less than 1 month of age. It appears to 

clinically act in a fashion similar to other respira-

tory viruses, in that younger children and those 

with respiratory co-morbidities are more severely 

affected. The radiographic fi ndings describedfi

are similar to other viral causes of bronchiolitis

( Foulongne et al. 2006).

7.4.2.3.3

Others

Chlamydia Trachomatis

Chlamydial pneumonia is caused by Chlamydia tra-

chomatis, an obligate intracellular parasite which is

a common, sexually transmitted infection. Approxi-

mately 4 million new cases of maternal chlamydial 

Fig. 7.6. This infant died at 12 days of life after developing

disseminated varicella from a mother who manifested active

skin lesions 1 week before delivery
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infection are reported in the United States annually 

to the Centers for Disease Control ( Hammerschlag

1994). Approximately 30% of infants born to infected

mothers will have positive nasopharyngeal cultures, 

but only 30% of these will develop pneumonia. Clin-

ically, the infant typically demonstrates an initial

conjunctivitis between 5–14 days after birth. This 

tends to resolve and the pulmonary infection only 

becomes manifest after 4–12 weeks of age. Clinical

manifestations are mild, and fever is characteris-

tically absent (Hammerschlag 1994). The radio-

graphic manifestations are typically non-specific, fi

but the pattern described is that of hyperinflation fl

with bilateral diffuse reticular perihilar infiltrates fi

(Fig. 7.7) (Hammerschlag 1994; Harrison et al 

1978; Hess 1993; Radkowski et al. 1981; Rettig

1988). Interestingly, Stagno et al. (1981) reviewed 

a series of infants with pneumonia caused by CMV,

chlamydia, ureaplasma and pneumocystis and 

found the radiographic patterns to be indistin-

guishable. Chlamydial infection is generally mild

and even untreated infants usually improve over

4–8 weeks (Rettig 1988). There is some evidence, 

however, that these children demonstrate long-term

obstructive changes on pulmonary function tests,

with a significantly greater incidence of physicianfi

diagnosed asthma in later childhood (Weiss et al. 

1986).

Ureaplasma Urealyticum

Ureaplasma urealyticum is a micro-organism 

which is similar to the mycoplasma species in that 

it is a unicellular organism without a cell wall. 

Asymptomatic colonisation of the maternal geni-

tal tract with Ureaplasma urealyticum is com-

mon, affecting over half of all pregnant women.

It has, however, recently been proposed that it has 

a pathogenic potential in neonates (Dworsky and 

Stagno 1981; Wang et al. 1997). A significant as-fi

sociation and causation has been established be-

tween maternal colonisation with U. urealyticum 

and chorioamnionitis, spontaneous abortion and 

early neonatal death (Dworsky and Stagno 1981; 

Wang et al. 1997). There is an increasing volume 

of literature demonstrating an association between

neonatal pneumonia and the isolation of this or-

ganism from endotracheal aspirates, pleural fluid, fl

lung tissue and/or blood, especially in pre-term

infants (Pinna et al. 2006). In addition, the ra-

diographic changes of ureaplasma infection were 

evaluated in one study (Crouse et al. 1993), where

it was found that abnormalities were diagnosed 

by an appropriately blinded radiologist twice as 

frequently in ureaplasma infected babies, than in 

those who were culture negative. Unfortunately, the

radiographic findings, which correlated with tra-fi

cheal aspirate isolation of ureaplasma, were broad

and non-specific. The radiographic fifi  ndings, which fi

were taken to be indicative of ureaplasma infection,

included any radiographic manifestation of bron-

chopulmonary dysplasia (BPD), as well as a series 

of non-specific fifi ndings of mixed interstitial andfi

air space changes (Fig. 7.8). The study did confirmfi

that radiographic changes do occur in the pres-

ence of ureaplasma infection; however, the relative 

frequency or specificity of the fifi ndings were, unfor-fi

tunately, not addressed. They concluded, however,

that radiographic manifestations of typical type III 

or IV BPD are associated with ureaplasma infec-

tion, especially when these changes are seen at a

chronological age that is slightly earlier (2 weeks 

postnatally) than expected from the usual fi ndings fi

of BPD in neonates (Crouse et al 1993). Interest-

ingly, there is strong evidence which demonstrates 

a signifi cantly higher incidence of chronic lung dis-fi

ease in infants who previously demonstrated cul-

ture-proven Ureaplasma urealyticum pneumonitis

(Wang et al 1997; Pinna et al 2006).

The global HIV epidemic warrants comment on 

the neonatal manifestations of this particular in-

fection. Although there has been a progressive de-

Fig. 7.7. Two-week-old with extensive interstitial and alveolar

changes from Chlamydia pneumonia. The young age of this

infant is atypical, most cases presenting after 1 month of life
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cline in incidence of vertically and perinatally ac-

quired infection from HIV in recent years due to a

combination of educational programs and routine

use of anti-retroviral therapies in developed coun-

tries, these interventions have not been as widely 

available in developing countries. As a result, 90%

of worldwide perinatally acquired HIV infection is 

now seen in Africa alone (Graham 2003). The clin-

ical presentation of HIV infection in the neonatal 

period is still somewhat uncommon, and most neo-

nates with HIV are relatively asymptomatic for the

fi rst few months of life (fi Marquis and Bardeguez

1994). As HIV testing may be inaccurate in the neo-

natal period, prophylaxis against Pneumocystis 

jiroveci (previously known as Pneumocystis cari-

nii) is started when HIV-exposed infants are ap-

proximately 6 weeks old (Krist et al 2002). Those

few cases that manifest early respiratory symptoms

usually do so from infection with an opportunistic 

organism, most commonly due to P. jiroveci. The 

described radiographic pattern is that of a fine in-fi

terstitial diffuse pattern that rapidly progresses to 

diffuse bilateral air-space disease (Marquis and

Bardeguez 1994). Early presentation of changes

of tuberculous disease or CMV pneumonitis in ei-

ther the neonatal or infantile period should also 

raise the suspicion of underlying HIV infection 

( Marquis and Bardeguez 1994; Graham 2003).

7.4.3 

Postnatal/Nosocomial Infections

Although the medical care of sick and premature in-

fants has improved to a remarkable extent in recent

decades, the problem of nosocomial spread of infec-

tion remains a signifi cant cause of morbidity andfi

mortality in neonatal intensive care units. The topic

is very broad, encompassing all infections acquired

from any source while still in the NICU. This includes

fungal complications related to the administration

of broad-spectrum antibiotics. As mentioned previ-

ously, at least one study has documented an incidence

rate of 17% of all low birth weight infants who will 

acquire at least one nosocomial infection during their

stay in the nursery (Thompson et al. 1992). Hemming

et al. (1976) reviewed all nosocomially acquired infec-

tions in a 3-year period and discovered that 30% of 

them resulted in pulmonary infection. In that study,

the most common pathogens discovered were Staphy-

lococcus aureus (47%) and gram-negative enteric ba-

cilli (45%) (Fig. 7.9). A more recent review (Thompson

et al. 1992) found Streptococcus epidermidis to be the

most common organism responsible for secondary 

infection in infants with birth weights less than 750 g. 

Interestingly, aside from low birth weight, the other 

significant risk factor for acquisition of a nosocomial fi

infection was prolonged ventilation.

Fig. 7.8. a Baseline state of mild chronic lung disease of 1-month-old premature infant born at 25 weeks of gestational age.

b Same infant 1 week later, after respiratory deterioration requiring signifi cantly higher ventilatory settings. Cultures of fi

endotracheal tube aspirates were positive for Ureaplasma, and the infant responded well to appropriate antibiotics

a b
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should instigate an early and aggressive response

to diagnosis and treatment of a potential pneumo-

nitis. An aggressive approach is especially needed 

when some of the potential causes of pneumonia in 

these infants are fungal in origin. Laboratory iden-

tifi cation of fungal organisms is frequently diffifi cult fi

and often delayed. In a review of fungal infections 

in very low birth weight infants (Baley et al. 1984), 

a mean of 33 days was required to diagnose the pres-

ence of a fungal infection. Clinically evident respira-

tory deterioration was present in all ten infants, and 

eight of these demonstrated worsening pulmonary 

infi ltrates. The chest radiograph, therefore, becomesfi

an integral part of the early clinical investigation of 

these infants. A systematic review of previous films fi

must be performed to permit recognition of new 

changes superimposed on the complex chronic ab-

normalities that are frequently present.

7.5 
Conclusion

Neonatal pneumonia remains a significant risk to fi

the health and well being of the newborn, despite

contemporary advances in the quality and complex-

ity of medical care. Ironically, the risk of iatrogenic 

infection is rising with the level of sophistication

of neonatal medicine. Both the clinical and radio-

graphic appearances of many of these infections are

disappointingly non-specific. The role of the appro-fi

priate interpretation of diagnostic images in these

children with multi-system disease becomes critical

in those cases for which the radiographic pattern is 

suffi ciently specififi c to be diagnostic. In cases withfi

non-specifi c radiographic manifestations, the pae-fi

diatric imager has a critical role, not only in helping

to identify a pulmonary site of disease, but also in 

following the childs’ response to therapeutic inter-

ventions.
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8.1
Introduction

Congenital chest anomalies were considered rare 

lesions prior to the era of fetal imaging (Cloutier

1993). Routine obstetrical sonograms have contrib-

uted to a sharp increase in the number of diagnosed 

cases in the last decades (Tables 8.1, 8.2). The antena-

tal recognition of congenital lung malformations and

anomalies has consequently raised the controversial 

issue of their management in asymptomatic new-

borns (Pilling 1998; Aziz 2004; Davenport 2004)

8.2 
General Concepts

8.2.1 

Basics of Lung Embryology,

Fetal Lung Development and Pathology

The anatomical concept underlying the standardiza-

tion of terminology of all lung malformations takes

into account the normal lung as being composed of 

several tubes (the bronchopulmonary airway, the arte-

rial supply, the venous drainage, the lymphatic system), 

with the establishment of communications among the 

blood vessels, the alveoli and the bronchi (Clements

and Warner 1987, Langston 2003, Newman 2006).

The abnormal connection of the tubular compo-

nents of the lung forms the basis of all congenital 

malformations. Congenital lung anomalies would 

then result from an insult to the developing lung 

bud, the major determining factor of the lesion be-

ing the timing and severity of the insult rather than

its nature. Accordingly the wheel theory of Clements 

and Warner displays the end results of this initial

insult (Fig. 8.1).
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Congenital lung lesions (CLL) represent a contin-

uum of interrelated abnormalities that can present in

isolation or in association. A Venn diagram (Fig. 8.2)

outlines the various features of CLL and the possible

association among these components. For example,

an extra-lobar pulmonary sequestration (ELPS) is 

made of normal lung parenchyma, without normal

communication to the tracheobronchial tree, with 

a systemic blood supply and a complete covering 

of visceral pleura. Congenital pulmonary airway 

malformations (CPAM) are described as hamartous 

tissue, with communication to the airway, normal

arterial supply and venous drainage. CPAM features 

coexist (Conran and Stocker 1999) in 40 to 50% of 

cases of ELPS at pathology and are then called hy-

brid lesions (Cass 1997).

If we switch from a Venn diagram to a longitudi-

nal axis, we can place along the way the classics from 

congenital lobar overinfl ation to pulmonary arte-fl

riovenous malformations (Fig. 8.3). In addition to 

the embryologic sequential steps of bronchi forma-

tion, alveoli development and vascular connections,

several factors are needed for a normal fetal lung 

development: (1) an adequate amount of amniotic 

fluid, (2) an adequate thoracic space, (3) the pres-fl

ence of fluid within the lungs and (4) fetal breathing fl

movements.

Pulmonary hypoplasia can therefore result from

the various causes of oligohydramnios, from the 

presence of an intrathoracic mass compressing the

lungs, from skeletal dysplasias, from neuromuscu-

lar or chromosomal disorders.

Fig. 8.1. The wheel theory (reprint from Clements and

Warner 1987)

Fig. 8.3. Continuum of pulmonary developmental anomalies

Fig. 8.2. Venn diagram displaying the various components

of congenital lung lesions

 CLO BC CPAM PS Hypogenic Pulmonary

lung syndrome AVM
 Systemic

collaterals
 Abnormal Varying degree of Normal parenchyma

 parenchyma abnormal parenchyma Abnormal vasculature

 Normal vasculature abnormal vasculature

 CLO = Congenital lobar overinlationl

 BC = Bronchogenic cyst

 CPAM = Congenital pulmonary airway malformation

 PS = Pulmonary sequestration

 AVM = Arteriovenous malformation
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8.2.2 

Pathogenesis, Nosology and Classii cation

According to recent pathological reports of CLL

(Langston 2003; Riedlinger 2006), the initial insult

to the lung bud is an airway obstruction. Such a com-

mon pathogenesis, in addition to the better recognition 

of hybrid lesions, has resulted in an evolving terminol-

ogy and classification of congenital pulmonary anoma-fi

lies. CPAM has replaced CCAM (Stocker 2002); from 

the three initial histological subtypes (Stocker 1977), 

the classifi cation expanded to fifi  ve types indicating le-fi

sions located on progressively distal airways (Stocker

2002).

1) Involvement of all lobes – incompatible with life;

2) Large cyst(s) (>2 cm) –

pseudostratifi ed columnar epithelium;fi

3) Medium size cyst(s) –

cuboidal or columnar epithelium;

4) Small cyst(s) (<0.5 cm) – cuboidal epithelium;

5) Large air-fi lled cysts, lined by flfifi attered epithelial cells.fl

Such a classifi cation can only apply to pathology (re-fi

sected specimens) and is not appropriate for use in fetal 

lung lesion imaging. Conversely, sonographic charac-

terization into macrocystic and microcystic subtypes of 

CPAM has proved practical and useful (Adzik 1985).

CLL are nowadays classified as follows:fi

1) Bronchopulmonary malformations

(CPAM, PS, BC, bronchial atresia (BA));

2) Pulmonary hyperplasia and related conditions

(CHAOS, polyalveolar lobe);

3) Congenital lobar overinflation and related conditionsfl

(Congenital lobar emphysema (CLE), bronchial

obstruction/compression);

4) Systemic arterial connections to normal lung;

5) Other cystic lesions.

Airway obstruction is considered the common 

pathogenesis of BP malformations, pulmonary hyper-

plasia and congenital hyperinflation (fl Langston 2006). 

The previous concepts result in defi ning ground rules fi

for the radiologists regarding CLL (Bush 2002):

1. Histological features may overlap

(e.g., hybrid lesions).

2. Nomenclature is evolving (CPAM/CCAM).

3. Natural history is sometimes more complicated

than once thought.

4. Describe what is actually seen. Keep clinical

description and pathological diagnoses separate.

5. Use a systematic approach (parenchyma/airway/

arterial supply/venous drainage/GI connection).

8.3
Prenatal Imaging

8.3.1 

Sonography of the Fetal Chest

Routine fetal imaging has resulted in a spectacular

increase in the number of diagnosed cases. Over 

the last 14 years, 900 cases of CLL have been re-

ported in the literature (Tables 8.1, 8.2). In our in-

stitution, we see approximately ten cases per year.

The four-chamber view of the fetal thorax (Fig. 8.4) 

is routinely obtained in all obstetrical sonograms. 

Normally the heart occupies 25 to 30% of the volume

of the fetal thorax. In regard to the midline, the axis 

of the heart is approximately 45°, and most of the 

right ventricle, the left atrium and the left ventricle 

are located into the left chest.

Table 8.1. Some series of prenatally diagnosed CCAM/CPAM

Ref/year Author Cases

1992 Budorick et al. 14

1993 Revillon et al. 32

1994 McCullagh et al. 13

1994 Thorpe-Beeston et al. 58

1995 Bromley et al. 25

1996 Miller et al. 17

1997 Cacciari et al. 16

1997 Sapin et al. 18

1998 Adzick et al. 134

1999 Waszak et al. 21

1999 van Leeuwen et al. 14

2000 Roggin et al. 12

2000 De Santis et al. 17

2000 Bunduki et al. 18

2001 Laberge et al. 48

2003 Sauvat et al. 29

2003 Pumberger et al. 35

2004 Davenport et al. 67

2004 Khosa et al. 30

2004 Usui et al. 28

2005 Shanmugam et al. 13

2005 Ierullo et al. 34

2005 Illanes et al. 43

2005 Kim et al. 8

2006 Calvert et al. 28

Total: 772
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The lungs appear homogeneous and symmetrical

in appearance throughout gestation with a medium-

level echogenicity slightly greater in the 3rd trimester d

than in the 2nd trimester. The fetal diaphragm is seen d

on longitudinal or oblique scans as a hypoechoic band,

concave inferiorly, interposed between the lungs and 

the liver or spleen. The abdominal position of the liver

and stomach is indeed assessed routinely. The thymus 

is sometimes displayed, anterior to the heart and great 

vessels root and slightly less echoic than the lung. Fetal 

Fig. 8.4. Transverse scan of the normal thorax of an 18-week-

old fetus (four-chamber view). The cardiac apex is heading

toward the left with a 45-degree axis. Both lungs display uni-

form echogenicity (h heart, l lung)l

Table 8.2. Some series of prenatally diagnosed pulmonary 
sequestration

Ref/year Author Cases

1995 King et al. 5

1998 Becmeur et al. 10

1998 Adzick et al. 41

1999 Lopoo et al. 16

2001 Bratu et al. 13

2003 Dhingsa et al. 9

2005 Illanes et al. 5 (pictorial essay)

2005 Shanmugam et al. 6

2005 Ruano et al. 8

Total: 113

Fig. 8.5a,b. Transverse scans of fetal lung malformation 

(four-chamber view). The heart is displaced to the right by 

a left pulmonary mass effect (h heart, m mass) (a) that ap-

pears homogeneously hyperechoic in a case of pulmonary 

sequestration (b) with coexisting cysts in a case of CCAM

CLL will present early in pregnancy (mid-2nd trimester) 

as an area of abnormal echogenicity exerting a mass ef-

fect on adjacent structures. The induced cardiac shift 

(position and/or axis of the heart) is best recognized

on the transverse four-chamber view (Fig. 8.5). The

mass is hyperechoic either homogeneously (Fig. 8.5a)

or with coexisting cysts of various size (Fig. 8.5b). The 

mass effect due to the malformation can also take place

on the adjacent lung that can be considered falsely as

being part of the lesion because of its compression-in-

duced hyperechogenicity.

A great deal of information regarding the natu-

ral history of fetal CLL has been gathered thanks 

to the widespread use of routine mid-2nd trimester 

ultrasound and follow-up sonograms. Such knowl-

edge has signifi cantly shaded the various prognostic fi

a

b
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predictors at presentation that were reported in the

literature, such as early gestational age at diagno-

sis, large size of the lesion, importance of the medi-

astinal shift, polyhydramnios, subtypes of lesions,

associated anomalies and hydrops fetalis. Among

these historical predictors at presentation, only the 

presence of hydrops fetalis remains as indicator of a

dismal prognosis (Adzick 1998, 2003) (Fig. 8.6).

8.3.2 

Bronchopulmonary Malformations

Because CLLs encompass a spectrum of anomalies 

with associated pathological features, it seems more 

appropriate to describe the various imaging patterns 

rather than insisting on distinct, clear-cut specific fi

entities (Barnes 2003).

The pattern recognition is usually simple, al-

though, at times, not straightforward. Because CPAM

are the most frequent CLL and because macrocystic 

CPAM represent at least 90% of cases, a practical di-

agnostic rule is that an early-in-pregnancy fetal pul-

monary lesion with macrocysts is a CPAM (Fig. 8.7).

In large fetal series, CPAMs account for 76 to 85% of 

all detected fetal lung masses. In over 95% of cases, 

CPAM involves only a lobe or part of a lobe. Bilateral

lesions are rare (1 to 2%).

Without visible macrocysts, the pattern recogni-

tion is less reliable; the hyperechoic lung can then be

due to several underlying entities (PS, CPAM type

III, CLE, bronchial compression or obstruction).

Exlobar PS is very likely when the lesion is pos-

terobasal in location (especially on the left side), tri-

angular in shape and supplied by an arterial feeder

(Fig. 8.8). However, the arterial feeder is not always 

demonstrated prenatally (Fig. 8.9). In Lopoo’s series 

of 14 cases (Lopoo 1999), the systemic arterial feeder

was demonstrated by CDU in all cases, whereas in

Fig. 8.6. Hydrops fetalis in a case of right lung CPAM in a 

22-week-old fetus. The large macrocystic lesion (in between

calipers) impaired the venous return with massive ascites

surrounding the liver

Fig. 8.7a,b. CPAM as displayed on a four-chamber view of 

the fetal thorax. a Right monocystic CPAM in a 20-week-old 

fetus. b Right pleuricystic CPAM in a 19-week-old fetus

a

b



118 L. Garel

Becmeur’s material only four out of ten cases were

displayed prenatally (Becmeur 1998). Ipsilateral ef-

fusion is occasionally seen in PS (6 to 10% of cases) 

(Fig. 8.10).

CPAM type III presents also as a hyperechoic 

lung lesion in utero (Fig. 8.11). Hyperechoic fetal

lung due to bronchial compression or obstruction is 

better recognized nowadays and cases of pulmonary 

sling (Semple 2003), CLE (Olutoye 2000), tracheal

bronchus, bronchial plug and others, as well as ex-

trinsic bronchial compression (Fig. 8.12) fit into thefi

CLO framework.

As already mentioned, fetal CLLs encompass a

spectrum of anomalies with associated pathological

features; hybrid lesions are made of coexisting ELPS 

and CPAM type II (Fig. 8.13). These hybrid lesions can 

also be located below the diaphragm, usually above

the left kidney (Fig. 8.14). In the AFIP material, 50% 

of ELPS were associated with coexisting CPAM type II

(Conran-Stocker 1999). Thirty percent of hybrid le-

sions in the latter series were beneath the diaphragm.

The various series of antenatally recognized CPAM

and PS (Tables 8.1, 8.2) have outlined very different 

figures in terms of natural history, complications and fi

outcome. These differences are most likely related to

the type of practice of the reporting institutions; fetal

therapy centers obviously deal with the most severe

referred cases, hence the high percentage of fetal hy-

drops, prenatal intervention and lethality in the cor-

responding series. Hydrops fetalis superimposed on

CLL ranges from 7 to 16% in the literature; hydrops

fetalis is rare (2%) in our own material of a low-risk, 

general population (Fig. 8.6). Interestingly, most sur-

vivors are asymptomatic at birth (60 to 90 % of cases), 

and that is especially the case when the lesions de-

creased in size in utero (50 to 75% of reported cases). 

Sonographic monitoring is of utmost importance, be-

cause the regression of the mass will often be docu-

mented during the 3rd trimester (Fig. 8.15). This re-

gression in utero is partial or complete, absolute (i.e., 

decrease in lesion volume) or relative (i.e., growth of 

the chest exceeding growth of the mass) and is dem-

onstrated by the improvement and resolution of car-

diac shift on follow-up sonograms. Such reduction of 

the cardiac shift throughout pregnancy was almost

invariably displayed in our material in the absence of 

hydrops fetal. (Fig. 8.16)

Bronchogenic cysts (BC) are exceptionally detected 

in utero either as a unicameral or a multilocular cys-

tic mass in the lung (Mayden 1984) or the mediasti-

num (Young 1989). Fetal bronchial compression can

also be induced by a hilar BC (Fig. 8.12).

8.3.3 

Pulmonary Hyperplasia (CHAOS)

Extremely rare lesions, laryngeal and tracheal obstruc-

tions (atresia, cyst and web) are very characteristic on 

fetal sonogram. Both lungs appear markedly sym-

metrically enlarged and diffusely echogenic (Fig. 8.17). 

The diaphragms are flattened. The flfl uid-fifl lled mainfi

bronchi and trachea can be demonstrated (Choong

1992). Fetal ascites and polyhydramnios are sometimes

present. Anomalies associated with laryngeal atresia 

are frequent and can be part of Fraser syndrome (tra-

cheal atresia-renal agenesis polysyndactyly).

8.3.4 

Congenital Lobar Overinl ation

CLE is rarely recognized in utero (Olutoye 2000).

Sonographically, CLE appears as a diffusely echo-

genic mass, initially large, without aberrant sys-

temic arterial supply at CDU. Upper lobe (especially 

left) or right middle lobe involvement can be an

additional diagnostic hint. Like most CLL, serial

sonograms monitor the gradual involution of fetal 

CLE in the 3rd trimester. Respiratory distress at birth

due to air trapping makes neonatal lobectomy nec-

essary. The differential diagnosis of CLE in utero

includes microcystic CPAM (Fig. 8.11) and bronchial 

obstruction/compression (Fig. 8.12).

Indeed bronchial obstruction also appears ante-

natally as an echogenic pulmonary mass (Fig. 8.18),

most often in the LUL, sometimes in the RUL or RML. 

In some cases, complete resolution of the echogenic

lesion is documented during gestation, suggesting 

the relief of a relative, transient bronchial obstruc-

tion (Achiron 1995; Meiziner 1995).

8.3.5 

Pleural Ef usion

Pleural effusion in a fetus is always abnormal. Fetal 

hydrothorax is either primary or a sign of hydrops 

fetalis. The anechoic effusion is easily detected so-

nographically (Fig. 8.19). Fetal primary pleural ef-

fusion is often of chylous origin, without a precise

underlying cause in most instances.

We have already mentioned the occurrence of 

ipsilateral effusion in 6 to 10% of the cases of ELP

(Fig. 8.10). As a general rule, pleural effusions in hy-

drops fetalis are bilateral and symmetric (Fig. 8.20).
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Fig. 8.9a–c. Pulmonary sequestration (m mass). a At 

18 weeks: left lower lobe (LLL) triangular hyperechoic 

anomaly. b CT at birth, showing the sequestration. 

c Pre-embolization angiogram at 5 months of age, out-

lining the systemic arterial supply (arrow)

Fig. 8.8a–c. Left ELPS in a 19-week-old fetus. a Transverse 

view: the hyperechoic lesion is displayed (in between cali-

pers) behind the fetal heart. b Longitudinal scan: the PS is

seen at the left lung base (in between calipers). c Longitudi-

nal CDU: the take-off of the arterial feeder to the sequestra-

tion is well demonstrated

a

b

c

a

c

b
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Fig. 8.11a–c. Right-sided microcystic CPAM. a At 20 weeks: 

right pulmonary hyperechoic lesion displacing the heart to

the left. b At 32 weeks: decrease in lesion size and mediasti-

nal shift. c CT at birth: RLL fluid-fifl lled lesionfi

a

c

b

Fig. 8.10a,b. Left pulmonary sequestration associated with antenatal ipsilateral hydrothorax (e effusion, m mass). a In utero 

at 20 weeks (transverse scan). b Post-natal CT at 8 months of age, showing the sequestration

a

b
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Hyperechoic lung due to bronchial compression (left hilar BC). a Transverse scan at 19 weeks: the hyperechoic lefta

lung shifts the fetal heart to the right. b Longitudinal scan at 19 weeks: the hyperechoic left lung (in between calipers) is shown 

above the fetal stomach. c Transverse scan at 32 weeks: there has been a marked decrease in the heart shift.c d Chest X-ray at birth:d

evidence of alveolar fl uid retention is shown in the left lung.fl e CT scan on day 2: the alveolar fl uid within the left lung is seen fl

along with the small left hilar mass. f Chest X-ray at 6 months: air trapping in the left lung is obvious.f g Chest CT and g h MRI at

6 months: same fi ndings of left air trapping and left hilar mass. The left hilar BC was easily removed surgically at 6 monthsfi

a b

c

d

e

f

g

h
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Fig. 8.13a–c. LLL hybrid lesion in a 20-week-old fetus. a Trans-

verse view of the thorax: the hyperechoic cystic pulmonary 

lesion displaces the fetal heart. b Longitudinal CDU with the 

take-off of the arterial feeder from the aorta. c CT at 3 weeks: 

cysts are shown at the left lung base

a

b

c

Fig. 8.14a–c. Left suprarenal hybrid lesion in a 19-week-old

fetus. a Transverse scan of the upper abdomen: the retro-

gastric echoic lesion  shows the coexistence of two cysts.

b Longitudinal prone view displaying the echoic mass be-

hind the stomach, adjacent to and distinct from the adrenal

gland. c Coronal scan of both kidneys (in between calipers)

and both adrenals. The left suprarenal lesion is medial to the

ipsilateral adrenal gland

b

a

c
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Fig. 8.15a–d. Regression of left CPAM during the 3rd trimester. a Transverse view at 20 weeks GA: the heart shift is marked 

due to an echoic left lung with a visible cyst. b Transverse four-chamber view at 30 weeks GA: the heart shift is still visible, 

in relation to the multicystic CPAM. c Transverse four-chamber view at 33 weeks GA: the heart is already back to is normal 

position, the remaining CPAM (in between calipers) smaller in volume. d Chest CT at 3 months: the patient was asymptom-

atic at birth and subsequently

a

b

c

d
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The prognostic predictors of fetal hydrothorax are

mainly related to laterality (unilateral vs. bilateral ef-

fusion), the presence or absence of associated anom-

alies, a coexisting hydrops and the evolution. The

natural history of primary fetal pleural effusion is

variable; spontaneous resolution is seen in 10 to 20% 

of cases (Weber and Philipson 1992; Aubard 1998)

and implies a favorable outcome. Fetal karyotyping is

recommended by some authors (Achiron 1995) who

outline a risk of aneuploidy of approximately 5%.

Fetal intervention (thoracocentesis and/or thora-

coamniotic shunt) is indicated in large or increasing

effusions and in cases of hydrops (Nicolaides and

Azar 1990; Mussat 1995). In all series, hydrops re-

mains the single most important predictor of a poor

outcome (Longaker 1989; Aubard 1998).

Fig. 8.16a–c. Regression of the cardiac shift through-

out pregnancy in a case of right CPAM as shown by 

sequential transverse scans. a At 21-weeks GA. b At 

25-weeks GA. c At 30-weeks GA

a

b

c

Fig. 8.17a,b. Laryngeal atresia in a 20-week fetus (h heart, l

lung). a Transverse scan: the lungs are massively enlarged a

and are compressing the heart on the midline. b Longitudinal

scan: fl uid is seen within the trachea and bronchi (fl arrows)

a

b
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Self-limited bronchial obstruction as appear-

ing in utero. a Transverse view of the upper thorax at the 

level of the great vessels showing the echoic LUL displacing 

the mediastinum towards the right. b Transverse scan at 25-

week GA displaying two different echostructure within the 

LUL (normal lingula). c Transverse view at 35-week GA; the 

fetal heart has returned to a normal position. d CT on D4: 

retention of alveolar fl uid in the posterior aspect of the LUL.fl

e CT at 14 months of age: discrete, localized, air trapping in 

the same location

a b

c d

e



126 L. Garel

of abdominal viscera (Kasales 1998) (Fig. 8.22). In 

left-sided CDH, the heart is displaced toward the

right by the fluid-fifl lled stomach (Fig. 8.23a). Thefi

common herniation of the spleen appears less echoic

than a CPAM or a PS. The herniated bowel (Fig. 8.22)

can sometimes demonstrate evidence of peristalsis. 

The thoracic herniation of the left lobe of the liver

is indicated by the posterior displacement of the 

stomach (Fig. 8.23b) and the demonstration of the 

left portal vein on CDU. The diagnosis of right-sided

CDH is more diffi cult because the stomach is usually fi

in an abdominal location and the herniated liver can

be confused with a lung abnormality. The high posi-

tion of the gallbladder (Fig. 8.24), the absence of the

right diaphragm landmark and the visibility of the

right portal branches into the chest at CDU are use-

ful diagnostic hints. The cardiac shift is often mark-

edly apparent. Bilateral CDH can be overlooked be-

cause there is no mediantinal shift.

Once identified, fetal CDH must be evaluated infi

terms of prognosis. Overall the antenatally diag-

nosed CDHs have a worse prognosis than the ones 

recognized after birth (hidden mortality concept)

(Beresford and Shaw 2000). The prognostic pre-

dictors of CDH are the following: associated anom-

alies, bilaterality, lung hypoplasia, intrathoracic 

herniation of the liver, size of the hernia and early 

diagnosis. Chromosomal anomalies, seen in 5 to 

15% of CDH, make karyotyping mandatory. Associ-

ated anomalies are found in 20 to 45% of cases and 

Fig. 8.19. Right pleural effusion in a 19-week fetus without

cardiac shift (transverse scan). The effusion subsides spon-

taneously on follow-up sonograms (e effusion, h heart)
Fig. 8.20. Bilateral pleural effusions associated with hydrops in 

a 21-week fetus (transverse scan) (e effusion, h heart, l lung)l

8.3.6 

Mediastinal Abnormalities

Various mediastinal lesions such as pericardial 

teratomas (Todros 1991), thymic cyst (De Miguel

Campos 1997), bronchogenic cyst (Young 1989) or 

neurenteric cyst (Macaulay 1997) have been occa-

sionally reported in utero. Lymphangioma can also 

be demonstrated prenatally in the mediastinum 

(Fig. 8.21). Cardiac rhabdomyomas are seen more

frequently in the fetus, especially in cases of tuber-

ous sclerosis where the masses are multiple (Green

1991; Gushiken 1999).

8.3.7 

Congenital Diaphragmatic Hernia (CDH)

Diaphragmatic herniation is observed in approxi-

mately 1/5,000 live births and results from the ab-

normal partitioning of the celomic cavity. The more 

common herniation is through a postero-lateral de-

fect (Bochdalek’s hernia), left-sided in 80 to 85% of 

cases, right-sided in 10 to 15% and bilateral in less 

than 5%. Anterior parasternal hernia (Morgagni’s

hernia), septum transversum defect, hiatal hernia 

and diaphragmatic eventration are more exception-

ally seen in the fetus.

The sonographic hallmark of CDH is the medi-

astinal shift, opposite to the intrathoracic location
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Fig. 8.21a,b. Mediastinal lymphangioma (c cyst). c a In utero (19 weeks): traverse scan of the upper thorax, showing two cysts

immediately lateral to the SVC. b Chest X-ray at 7 months: the obvious mediastinal lesion is displacing the trachea to the 

left. The parents were reluctant to allow surgery until the patient became symptomatic

a

b

Fig. 8.22. Left-sided congenital diaphragmatic hernia.

Transverse scan showing the mediastinal shift to the right. 

The right lung is well seen behind the heart (bow bowel,w h

heart, l lung)l

Fig. 8.23. a Left side CDH transverse four-chamber view showing the fluid fifl  lled stomach at the level of the fetal heart thatfi

is displaced towards the right. b Left-sided congenital diaphragmatic hernia. Transverse sonogram displaying the cardiac

shift, the posterior stomach, and the more anterior left lobe of the liver (h heart, li liver, st stomach)t

b

a
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Fig. 8.24. Right-sided congenital diaphragmatic hernia

(transverse scan). The heart is displaced to the left. The

herniated liver is identifi ed with the uplifted gallbladder (fi h

heart, gb gallbladder, li liver)

Fig. 8.25a–c. Prognostic predictors of left congenital diaphragmatic hernia: favorable outcome (h heart, l lung).l a A 22-week trans-a

verse sonogram, showing a well-preserved right lung behind the heart. b Post-natal chest X-ray, showing the herniated stomach with

the nasogastric tube and the remaining right lung. c Chest X-ray at 10 months of age, showing the development of both lungsc

c b

a

are mainly cardiac, cerebral and renal. At times,

the associated anomalies are part of a syndrome

(e.g., Fryn’s syndrome). The evaluation of the size of 

the controlateral lung is of paramount importance 

(Fig. 8.25). The lung area is assessed on a transverse

four-chamber view and expressed as a ratio: initially, 

the lung area was compared to the area of the hemi-

thorax (survival rate of 86% when the ratio lung/

hemithorax is equal or superior to 50%) (Guibaud

1996). Most centers nowadays have adopted the lung/

head ratio (Lipshutz 1997): the survival rate is 100%

if the lung/head ratio is superior to 1.4. The progno-

sis of left CDH is worse when the liver is herniated in 

the thorax (survival rate: 43% vs. 93% when the liver 

remains within the abdomen) (Albanese 1998). The

selection of poor prognosis cases (Fig. 8.26) is cru-

cial when contemplating fetal surgery (fetoscopic 
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Fig. 8.26. Prognostic predictors of congenital diaphrag-

matic hernia: poor prognosis case. Transverse sonogram in

a 20-week-old fetus: the mediastinal shift is severe, almost

without visible lung on the right, and the liver is herniated,

anterior to the stomach. The baby died at birth (h heart, li

liver, st stomach)t

tempory tracheal occlusion) (Harrison 1998), espe-

cially in the light of recent technical improvements 

(Deprest 2006).

MRI proved useful in providing reliable informa-

tion about associated anomalies, intrathoracic liver

herniation (Hubbard 1997) and lung volumetry 

(Paek 2001; Ward 2006; Cannie 2006). Similarly,

volumetric ultrasound shows promising results 

( Gerards 2006; Peralta 2006).

8.3.8 

Pulmonary Hypoplasia

Unilateral lung agenesis has been detected in utero 

(Bromley and Benacerraf 1997) (Fig. 8.27). Bilat-

eral pulmonary hypoplasia is usually secondary to 

a persistent oligohydramnios, an intrathoracic mass

or a small thorax. Normograms are available for fe-

tal thoracic circumference measurements from 16 to 

40 weeks of pregnancy, or for ratios of thoracic cir-

cumference to various fetal growth parameters (e.g., 

thoracic circumference/abdomen circumference).

Interestingly, the latter ratio (TC/AC) is fairly stable

normally throughout pregnancy (Chitkara 1987; 

Vintzileos 1989; D’Alton 1992). The sonographic 

evaluation of the lung area has also proved to be 

clinically useful (Yoshimura 1996). MRI shows in-

teresting potential in assessing fetal lung volume

(Coakley 2000; Rypens 2001). Similarly, volumetric 

ultrasound shows promising results (Gerards 2006; 

Peralta 2006). The most common causes of oligo-

hydramnios are preterm premature rupture of the 

amniotic membranes, renal abnormalities (agenesis, 

dysplasia, obstruction and polycystic disease) and

intrauterine growth restriction. As a general rule,

pulmonary hypoplasia is worse in early prolonged

and severe oligohydramnios (Fig. 8.28).

8.4
Post-Natal Issues

Fetal imaging has provided crucial insights regard-

ing the natural history of CLL. CLLs are visible early 

in pregnancy (routine mid-2nd trimester), they de-

crease in size in utero (Figs. 8.11, 8.15, 8.16), and

most newborns with CLL are asymptomatic (50 to 

85%).

8.4.1 

Post-Natal Investigations

Post-natal investigations are thus based upon prena-

tal fi ndings in the majority of cases. The spontaneous fi

resolution of CLL has been addressed unequivocally 

in the literature for subdiaphragmatic suprarenal 

hybrid lesions (Daneman 1997; Chowdhury 2004) 

(Fig. 8.29). It has been well demonstrated also that 

CT is far superior to chest X-ray in showing re-

sidual lesions in asymptomatic newborns with CLL 

(Fig. 8.30), and subsequently (Winters 1997; Blau

2002). CT should not be performed too early because

of the prolonged retention of alveolar fluid within fl

CLL at birth. Post-natal management is dictated by 

clinical status at birth. In symptomatic newborns 

with CLL (15% of cases in our material), immedi-

ate surgery is indicated; a simple preoperative chest 

X-ray with a NG tube in place is then sufficient to fi

differentiate a CPAM from a CDH (Fig. 8.31).

8.4.2 

Management of Asymptomatic Patients with 

Prenatally Recognized CLL

Most authors in the surgical literature still recom-

mend the systematic early removal of CLL (Adzick

1998, 2003; Laberge 2001, 2005; Waszak 1999; 



130 L. Garel

Fig. 8.28. Pulmonary hypoplasia and oligoamnios in a case 

of urethral atresia in an 18-week-old fetus. The bladder is

markedly enlarged, and the thorax very small. There is no 

amniotic fluid around the fetus (fl bl bladder, l th thorax)

Fig. 8.27a,b. Right lung agenesis associated with esophageal atresia. a Transverse scan of the fetal thorax showing the ex-

treme shift of the heart by the left lung. b Chest X-ray at birth

a b

Duncombe 2002; Davenport 2004; Stanton and

Davenport 2006). Their recommendations for sur-

gery are based upon the following rationale:

1) Pulmonary compensatory growth is optimal when 

surgery is early;

2) Post-natal hazards (infection, malignancy) are 

ineluctable and severe and should, accordingly, 

be prevented.

In our experience of antenatally recognized CLL,

pulmonary compensatory growth does not only fol-

low the rule of age at surgery (Fig. 8.32). Adequate

vascularization is also needed to allow alveoli multi-

plication and growth. Accordingly, lung hypoplasia 

following surgery for CLL can be equally encoun-

tered in patients operated upon prior to or after

2 years of age.

Infection of CLL does occur (Fig. 8.33), but not as 

often as some report (Fig. 8.34). The only available 

prospective study of prenatally diagnosed asymp-

tomatic CPAM (Aziz 2004) reports an incidence of 

infection of 10%. The same authors emphasize also

that there was no increase in the postoperative com-

plication rate if surgery was delayed until onset of 

infectious symptoms.

Regarding malignant degeneration of CPAM, some 

previously reported assumptions [rhabdomyosar-

coma or blastoma coexisting with or arising from 
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 Spontaneous regression of left suprarenal hy-

brid lesions. a Transverse scan at 26-weeks GA: the triangular

echoic lesion with a coexisting cyst is medial to the adrenal

gland. b Similar appearance at 36-weeks GA. c Ultrasound at

birth: the suprarenal lesion is displayed in between calipers.

d CT scan at birth outlining the hypodense mass above the 

upper renal pole. e Follow-up sonogram at 14 months: the re-

sidual mass is seen in between calipers. At the age of 2 years, 

the lesion had completely regressed

a b

c d

e
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Fig. 8.30a–c. Post-natal imaging of antenatally recognized

CPAM. a Transverse scan of the fetal thorax at 25-weeks GA

showing a right-sided CPAM displacing the heart to the left. 

b Normal chest X-ray at birth. c Residual cysts as displayed 

by the contemporary CT

a

b

c

Fig. 8.31a,b. Symptomatic newborn with prenatally recognized left CLL. a Chest X-ray: left chest lucencies shifting the heart 

to the right. b Same patient after placement of a NG tube; the normal position of the stomach makes the diagnosis of CPAM 

very likely. Surgery was immediately performed via a left thoracotomy

a b
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CPAM (Murphy 1992; D’Agostino 1997; Granata

1998)] are not valid anymore; congenital lung cysts do

not degenerate to become pleuropulmonary blastomas

(PPB), and cystic PPBs are blastomas at presentation 

(Dehner 2005; Langston 2003, 2006). Post-natally, 

there is no distinguishable imaging feature between 

macrocystic CPAMs and cystic PPBs. However, be-

sides their relative frequency (CPAMs are common,

and cystic PPBs rare), the prenatal timing is a key 

differential feature. CPAMs occur early in pregnancy 

and are always demonstrated on the routine 18–20-

Fig. 8.32a–d. Different compensatory lung development following early surgery for CLL in two different patients with prenatal

diagnosis. a CT at birth in patient 1 with left cystic lung lesion. Surgery took place at 3 months. a b Chest X-ray at 5 years of age

in the same patient showing a small hypovascular left lung. c CT at 3 weeks in patient 2 with a right-sided CPAM. Surgery was c

performed at 5 months of age. d Chest X-ray in the same patient at 3 years; the operated lung has almost a normal volumed

week GA sonogram. On the other hand, cystic PPBs 

are exceedingly rare occurrences in utero (Miniati

2006) in the 3rd trimester. Most cystic PPBs (Fig. 8.35) d

are recognized post-natally (mean age at presentation: 

10 months). A similar prenatal timing is also helpful 

in differentiating the subdiaphragmatic suprarenal 

hybrid lesions (2nd trimester) and the congenital neu-d

roblastomas (3rd trimester) (d Rubinstein 1995).

It is fair to acknowledge that, at the present time, 

the long-term malignant potential of non-operated

CPAM is impossible to quantify. Some case reports 

a b

c d
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Fig. 8.33a–d. Post-natal infection of CPAM. a Fetal trans-

verse four-chamber view showing the right cystic pulmo-

nary lesion. b Chest X-ray and c CT at 4 months of age when

superimposed pneumonia occurred. d Follow-up CT at

7 months outlining the causative CPAM. Surgery was per-

formed uneventfullyc

d

a

b

Fig. 8.34a,b. Late-discovery right CPAM in an asymptomatic 11-year-old female without past medical history. a Chest X-ray. b CT

a b
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of carcinomas occurring with CCAM have been

described in the adult literature (Benjamin and 

Cahill 1991; Ribet 1995). However, the link between

oncogenesis and teratogenesis is not restricted to 

the lungs. Similarly, renal cell carcinomas also have

been reported in regressed multicystic dysplastic 

kidneys without leading to routine nephrectomy in

asymptomatic newborns with prenatally diagnosed 

renal dysplasia. Apart from the controversy regard-

ing the post-natal management of asymptomatic pa-

tients with antenatally recognized CPAM, there is a

trend toward the conservative management of small 

and/or regressing bronchopulmonary malforma-

tions (Sauvat 2003; Chowdhury 2004; Stanton

and Davenport 2006) (Fig. 8.29).

8.5
Conclusion

1) Fetal cystic lung anomalies without hydrops feta-

lis have a good outcome in most instances, and 

this should be addressed when providing parental

counseling.

2) In asymptomatic patients, post-natal imaging

consists of chest X-ray and CT within 4 weeks 

after birth even in the cases with prenatal regres-

sion/resolution of lesions.

3) At the present time, most authors still advise elec-

tive resection (lobectomy or segmentectomy) of 

all prenatally recognized CPAM.
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9.1
Abnormalities of
Oesophageal Development

9.1.1 

Oesophageal Atresia and

Tracheo-Oesophageal Fistula

Oesophageal atresia, with or without tracheoesoph-

ageal fistula, is the most common congenital mal-fi

formation of the oesophagus. Oesophageal atresia 

and tracheoesophageal fistula represent a complex fi

of congenital anomalies characterised by a failure 

of formation of the tubular oesophagus and/or an

abnormal communication between the oesophagus 

and trachea. The precise cause is unknown, but it is 

thought to be due to a developmental disorder in for-

mation and separation of the primitive foregut into

trachea and oesophagus. Oesophageal atresia may 

be suspected if a nasogastric tube cannot be passed

in a newborn infant with excessive oral secretions.

The chest radiograph may show the air-filled dis-fi

tended proximal oesophageal pouch or the feeding 

tube coiled in this pouch. Gas in the abdomen on 

the abdominal radiograph in such a baby indicates

the presence of a tracheo-oesophageal fistula. A fi

gasless abdomen is found in pure oesophageal atre-

sia (Figs. 9.1 and 9.2). No further imaging is needed

for diagnosis in these cases.

In pure oesophageal atresia prognosis depends 

on the distance between the oesophageal segments

with short gaps with a distance of two vertebral bod-

ies or shorter being associated with a good outcome. 

Bridging an oesophageal gap longer than three or 

more vertebral bodies is very difficult. Measuring the fi

gap requires opacification of the proximal segmentfi

by contrast or tube and of the distal segment either 

by refl uxed stomach contrast placed via gastrostomy fl

or by passage of a radio-opaque bougie through the 

gastrostomy (Fig. 9.3). Serial measurements of this 
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gap over several weeks by some authors have dem-

onstrated progressive narrowing of the gap. Such

oesophageal growth may allow delayed oesophageal

anastomosis in some babies in whom the gap at birth 

had been too long for primary anastomosis (Puri

1992).

Much less commonly, babies with oesophageal

atresia have a fistula from both the proximal and fi

distal oesophageal segments or from the proximal

segment only (Fig. 9.4). A more important condition

is the presence of a tracheo-oesophageal fistula withfi

an intact oesophagus, occurring in 5% of tracheo-

esophageal fistulae. This so-called H-type fifi stula isfi

in fact N-shaped, passing from the oesophagus up

to the trachea above the level of the carina, usually 

between C7 and T2 vertebral levels (Fig. 9.5a). Very 

Fig. 9.3. Oesophageal atresia. Measuring the gap between 

the oesophageal segments. A feeding tube marks the proxi-

mal segment and a bougie passed through the gastrostomy 

marks the distal segment

Fig. 9.1. Oesophageal atresia with tracheo-oesophageal fis-fi

tula. Gas can be seen in the distended proximal oesophageal 

pouch (arrows). Gas in the stomach and intestines indicates

the presence of a tracheo-oesophageal fistulafi

Fig. 9.2. Oesophageal atresia. A coiled feeding tube can be

seen in the distended proximal oesophageal pouch. The

gasless abdomen indicates the absence of a tracheo-oesopha-

geal fistulafi
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rarely this fistula may pass in a downward directionfi

from the oesophagus to the trachea (Fig. 9.5b). Ba-

bies with this fi stula usually become symptomaticfi

in the neonatal period, though not the immediate 

newborn period. They present with coughing and

respiratory distress during feeding.

Radiological demonstration of an H-type fistula fi

can be very diffi cult. A contrast study should be fi

done in the true lateral position with attention to 

the first swallows to exclude aspiration of contrastfi

through the larynx. If the fistula cannot be shownfi

on swallowing, a feeding tube should be passed and 

contrast injected during withdrawal through the 

oesophagus, especially at the expected site of the

fistula above the carina (Fig. 9.5). Injecting in thefi

prone position with lateral fluoroscopy is possiblefl

by placing the baby prone on the step of an upright

fluoroscopy table (Fig. 9.6).fl

Fig. 9.4a–e. Diagram of oesophageal atresia (OA) and tracheo-oesophageal fistula (TOF) combinations. fi a OA and distal TOF, 

commonest combination. b OA without fistula. fi c TOF without atresia, so-called “H type” fistula, may present after several fi

days or weeks. d OA with proximal TOF. e OA with proximal and distal TOFs

aa bb cc dd ee

Fig. 9.5a,b. H-type tracheo-oesophageal fistula. fi a A 3-week-old baby with respiratory distress

during feeding. Barium from the oesophagus can be seen passing up to the trachea through a 

fine fifi stula. fi b Another neonate with feeding difficulties. In this baby the fifi stula passes inferiorly fi

from the oesophagus to the trachea – an unusual direction

a b
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Laffan et al. have suggested that tube oesopha-

gograms may not be necessary if no contrast passes 

into the trachea during swallowing (Laffan et al.

2006). They reported the detection of the fi stula by fi

contrast oesophagram alone in 80% of babies. Con-

trast was seen passing to the trachea in all of the 

remainder. Tube oesophagogram was used in only 

these 20%. Many authors have proposed the use 

of CT including 3D CT for the detection of fistulae fi

(Tam 1987; Islam 2004). More recently, Sturla et 

al. have modifi ed the CT technique by air distension fi

of the oesophagus and with multiplanar and vir-

tual endoscopic reconstructions (Fig. 9.7) (Sturla

2006). These techniques are not in widespread use 

however.

Oesophageal atresia and tracheo-oesophageal fis-fi

tula may be part of the VACTER association. This

describes an association of vertebral, anorectal, car-

diac, tracheo-oesophageal, renal and radial ray limb

abnormalities. These may be diagnosed by appropri-

ate radiological investigations (Barnes 1987). OA

and TOF may also be associated with other gastro-

intestinal atresias. An increased incidence of right-

sided aortic arch with TOF is surgically important

since such babies would have left rather than right

thoracotomy for repair of the oesophagus.

Fig. 9.6. To identify an H-type tracheo-

oesophageal fistula – positioning baby fi

on step of upright fl uoroscopy table tofl

allow lateral fl uoroscopy while baby isfl

prone

Fig. 9.7a,b. CT with distension of oesophagus with air allows 

visualisation of air filled tracheooesopgageal fifi stula.fi a axial 

image. b 3D reconstruction, trachea blue. oesophagus and

fi stula pink (images courtesy Dr. M. Sturla, Buenos Aires, fi

Argentina.)
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9.1.2 

Postoperative Imaging after Repair of

Tracheo-Oesophageal Fistula

Imaging after repair of tracheo-oesophageal fistula fi

is aimed at detection of complications such as anas-

tomotic leak, anastomotic stricture and recurrent 

fistula. Before the baby is given any flfi uids orally, a fl

contrast oesophagogram using water-soluble con-

trast should be done. This is usually about 10 days

after surgery. The baby is placed in a true lateral

position and given the contrast to drink from a 

bottle and teat. This allows assessment of sucking 

and swallowing function and possible aspiration as 

well as assessment of the anastomosis. If no stricture 

or leak is seen the findings can be confifi  rmed by fi

using barium. Recurrent fistula or the rare missedfi

proximal fi stula may be seen on this study or may fi

present later.

There have been several case reports of a com-

municating bronchopulmonary foregut malforma-

tion (see Sect. 9.2.8) associated with type-three oe-

sophageal atresia and tracheo-oesophageal fistula. fi

Such a communication with the distal oesophagus

can only be diagnosed on the postoperative imag-

ing when the oesophagus is in continuity (Jamieson

and Fisher 1993).

9.2 
Abnormalities of Lung Bud and
Vascular Development

9.2.1 

Agenesis and Aplasia of the Lung

Complete failure of development of one lung, usually 

the right lung, is a very uncommon abnormality. It

has a high incidence of association with other con-

genital anomalies, especially congenital heart dis-

ease and the VATER association. Pulmonary aplasia

is similar except that a blind ending rudimentary 

bronchus is present.

The radiograph shows a single lung displacing 

the heart and mediastinum towards the side of the

absent lung. The hemi-thorax on the agenetic side 

is smaller. Confi rmation of absence of one lung isfi

not usually necessary, but could be done by CT 

with assessment of the pulmonary vessels by CT 

angiography.

9.2.2 

Pulmonary Hypoplasia

Pulmonary hypoplasia results in a decrease in volume

of one lung or part of one lung, usually the right lung 

(Fig. 9.8), associated with a small or absent pulmonary 

artery and a shift of the mediastinum to the affected 

side (see Fig. 9.7). This may be an incidental fi nding fi

and does not usually present in the neonatal period

(Swishchuk 1979; Currarino 1985; Porter 1999).

The radiograph shows that the affected lung is 

smaller with a smaller hilum and that the other lung 

is expanded. On the lateral radiograph a band of 

density anteriorly is thought to be due to extrapleu-

ral areolar connective tissue on the hypoplastic side. 

This may however be no more than the displaced

mediastinum anterior to the hypoplastic lung. Fluo-

roscopy on inspiration and expiration excludes air 

trapping by showing no paradoxical movement 

of the diaphragm or mediastinum. Expiratory CT 

may show patchy air trapping in the bigger lung. CT 

angiography will identify those babies with absent 

pulmonary artery, but is not always necessary. Pul-

monary hypoplasia may be associated with an ac-

cessory diaphragm (see Sect. 9.3.4).

Secondary pulmonary hypoplasia is an impor-

tant feature of congenital diaphragmatic hernia 

(see Sect. 9.3) and of oligohydramnios, such as in 

the Potter sequence. Bilateral pulmonary hypopla-

sia may also be secondary to chest wall abnormal-

ity such as skeletal dysplasias with short ribs (see 

Chap. 18) or to neuromuscular disorders that result

in reduced respiratory motion. Lung size as seen on

antenatal ultrasound and on postnatal chest radio-

graphs is used as an indicator of prognosis in these 

conditions. Persistent pulmonary hypertension may 

occur secondary to primary or secondary pulmo-

nary hypoplasia. The prognosis is poorer when this 

is a feature.

In pulmonary hypoplasia a reduction in the num-

ber, size and branching of the pulmonary arteries

and veins compared to normal may be appreciated 

on CT (Currarino 1985). In some babies, how-

ever, the pulmonary hypoplasia is secondary to an

abnormality of the pulmonary vessels rather than

vice versa. Pulmonary hypoplasia may therefore be

a feature of 

Alveolar capillary dysplasia

Absent pulmonary artery

Absent pulmonary vein

Pulmonary artery sling

Scimitar or venolobar syndrome

•

•

•

•

•
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9.2.2.1

Alveolar Capillary Dysplasia

This is a congenital abnormality of the terminal air-

spaces and the pulmonary capillary formation. The 

chest radiographs show bilateral pulmonary hypo-

plasia. Clinically there is persistent pulmonary hy-

pertension with a curiously variable period of hours, 

days or even weeks after birth before symptoms be-

gin (Newman 1990). There is no treatment for this 

condition and the prognosis is very poor.

9.2.2.2

Absent Pulmonary Artery

When one pulmonary artery is absent this is usually 

the right, in which case the main pulmonary artery 

continues directly into the left hilum supplying only 

one lung. On the chest radiograph the affected lung 

is small with a small hilum. There may be rib notch-

ing visible because of collateral systemic supply to 

the affected lung. CT or MRI will demonstrate the 

abnormality of the main pulmonary arteries and

usually also shows a small hilar pulmonary artery 

on the affected side (usually the right) which has

been reconstituted by collaterals. This finding isfi

very important since it raises the surgical possibil-

ity of graft insertion between the main pulmonary 

artery and this hilar vessel to improve blood flow tofl

the affected lung (Ellis 1991).

9.2.2.3 

Absent Pulmonary Vein

Pulmonary vein atresia is usually unilateral or af-

fects the upper or lower pulmonary vein on one side.

Chest radiograph shows a small lung with a small

hilum. There may be a unilateral reticular pattern

in the affected lung. The cause of this is unknown,

but it may represent dilated lymphatics in the lung

with the compromised venous return. The absence

of the vein or a small vein may be detectable by CT. 

There is no treatment for this condition. Because of 

this and because of the high incidence of associated 

congenital heart disease (50%), the prognosis is poor

(Swischuk 1980).

9.2.2.4

Pulmonary Artery Sling

The left pulmonary artery may arise from the poste-

rior aspect of the right pulmonary artery and reach 

the left hilum by passing between the trachea and

oesophagus. The aberrant vessel may compress the 

distal or the right main bronchus. Compression of 

the right main bronchus may result in right lung

hypoplasia or in right lung hyperaeration which 

are detectable on radiographs. The abberant left

pulmonary artery may be visible on lateral chest

radiograph or more likely on an oesophagogram

between the trachea and the oesophagus, with or

without compression of these. CT or MR may be

used to show the aberrant left pulmonary artery 

directly (Fig. 9.9).

9.2.2.5

Pulmonary Venolobar Syndrome

(Scimitar Syndrome)

Pulmonary hypoplasia associated with anomalous

pulmonary venous return of all or part of the right

lung is called pulmonary venolobar syndrome. The 

anomalous pulmonary vein may drain to the right 

atrium, the coronary sinus, the inferior vena cava,

the hepatic or portal veins. The anomalous vein as it

passes inferiorly may be visible on the radiograph as

Fig. 9.8. Hypoplasia of right lung. Note the sternotomy due

to related congenital heart disease. Note also the position of 

the left jugular venous line which indicates the presence of 

a left-sided superior vena cava
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a crescent-shaped density, the wider part inferiorly, 

parallel to the right heart border (Fig. 9.10). The ap-

pearance of this vein has been likened to a Turkish 

sword, a scimitar, giving the condition the name 

scimitar syndrome (Folger 1976). The small right 

lung may be bilobar with a left lung type bronchial

branching pattern. This may present in the neonatal 

period especially if associated with congenital heart 

disease such as Fallot’s tertralogy or truncus arte-

riosus. There is an associated atrial septal defect in 

25% of these babies and there is also an increased

incidence of vertebral and rib abnormalities. There

may be an associated absence of the right pulmonary 

artery, systemic arterial supply of the right lung, 

with or without sequestration, absence of IVC or ac-

cessory hemidiaphragm (Currarino 1985; Konen

2003). Systemic arterial supply of the affected lung 

causes a left to right shunt which may worsen the

clinical picture. Conventional angiography and

more recently magnetic resonance angiography will

demonstrate the anomalous vein and its drainage 

(Kivelitz 1999).

Fig. 9.9a,b. Pulmonary sling. A 10-day-old baby with respiratory distress. a Axial CT with contrast shows left pulmonary ar-

tery (arrow) arising from the posterior aspect of the right pulmonary artery and reaching the left hilum by passing posterior

to the trachea which is narrowed. b Cor CT reconstruction shows a relatively large bronchus to the right upper lobe arising

from the trachea (arrowhead). The remainder of the trachea (arrow) and the right and left main bronchi are very narrow

a b

Fig. 9.10a–c. Venolobar syndrome. a The right lung is hypoplastic with resulting mediastinal shift to the right. The scimitar vein can

be seen passing inferiorly (arrows). b Lateral view shows density anteriorly (see text). c Angiogram (venous phase of a pulmonary 

angiogram) in another patient shows the scimitar vein draining the right lung to the inferior vena cava

bbbbbbbbbb cccccaaaaaa



146 S. Ryan

9.2.3 

Horseshoe Lung

This is usually associated with hypoplasia and

anomalous venous return of the right lung and is 

probably a variant of the venolobar syndrome. An

isthmus of the right lung inferiorly passes between 

the oesophagus and the heart and abuts or is fused 

to the lower left lung. Lung tissue behind the heart 

may be visible on the lateral radiograph (Frank

1986). CT to demonstrate continuity of the pulmo-

nary parenchyma and vasculature behind the heart

is diagnostic.

9.2.4 

Congenital Lobar Emphysema (CLE)

Air-filled distension of one lobe of the lung, con-fi

genital lobar emphysema, may cause respiratory 

distress in the neonatal period. This is three times

commoner in boys than girls. Congenital lobar em-

physema most commonly affects the left upper lobe

(50%). The next commonest sites are the right mid-

dle (30%) and right upper lobes (20%) in that order. 

Lower lobe involvement is rare (<1%). There is an 

associated ventricular septal defect or patent ductus 

arteriosus in 15% of patients. The aetiology of this 

condition is unclear, but it probably results from 

an abnormality of the lobar bronchus which may 

have an obstructive cartilage abnormality. Since the

alveoli are overdistended but the alveolar walls are

preserved, this condition might be more correctly 

referred to as congenital lobar hyperinflation rather fl

than emphysema. Lobar emphysema may also be 

caused by compression of the left upper lobe bron-

chus by a persistent patent ductus arteriosus, by an 

aberrant left pulmonary artery or by hugely dilated

pulmonary arteries such as in tetralogy of Fallot 

with absent pulmonary valves. This secondary lobar

emphysema typically is less severe and with less

compression of the lower lobe than in idiopathic 

congenital lobar emphysema.

Since the air gets into the affected lobes by diffu-

sion more slowly than air fills the remainder of the fi

lungs, the radiograph immediately after birth may 

show opacification of the affected lobe and also often fi

the adjacent compressed but otherwise normal lobes

(Table 9.1). Once air filled, the affected lobe is seen fi

to be hyperexpanded. The most typical appearance 

is of an expanded, hyperlucent left upper lobe with a 

compressed, dense left lower lobe and the mediasti-

num displaced to the right (Fig. 9.11). CT may be use-

ful to determine which lobe is involved (Fig. 9.12).

Treatment involves resection of the affected lobe in 

all symptomatic cases (Karnak 1999).

Table 9.1. Opaque hemithorax with mediastinal shift in a
newborn: differential diagnosis

Congenital diaphragmatic hernia

Congenital lobar emphysema

Cystic adenomatoid malformation

Pleural fluid, usually chylothoraxfl

Fig. 9.12. CT showing congenital lobar emphysema of right 

middle lobe

Fig. 9.11. Congenital lobar emphysema expanding the left

upper lobe and compressing the left lower lobe
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9.2.5 

Bronchial Atresia

Bronchial atresia may be considered a variant of lo-

bar emphysema. Though congenital, this condition 

seldom presents in the neonatal period (Schuster

1987). Congenital focal obliteration of a proximal

segmental or subsegmental bronchus is associated 

with normal development of the distal structures

of the lung. One bronchus is affected, typically in 

the apical posterior segment of the left upper lobe.

The lung distal to the atresia is hyperinflated by col-fl

lateral air drift. The bronchus distal to the atresia 

is filled with mucous or debris and is visible on afi

chest radiograph as an oval density surrounded by 

hyperlucent lung. These features can be seen on the

radiograph, but are more clearly seen on CT (Ward

1999; Winters 2001).

9.2.6 

Congenital Cystic Adenomatoid Malformation 

(CCAM)

Hamartomatous development of the terminal respi-

ratory structures may result in a multicystic mass,

a congenital cystic adenomatoid malformation. The

cysts may communicate with each other, but seldom 

with the airway. Seventy percent present as a symp-

tomatic mass with respiratory distress in the neona-

tal period. Increasingly these are being diagnosed

antenatally resulting in an increasing proportion 

of smaller asymptomatic masses being diagnosed 

shortly after birth (Marshall 2000).

The commonest form, type I CCAM, has multiple 

air-fi lled cysts more than 2 cm in diameter. In thefi

less common type II, the cysts are smaller and there 

may be solid components. A completely solid form,

type III, is rare. Types II and III carry a poorer prog-

nosis because of increased incidence of associated 

severe congenital abnormalities including bilateral 

renal agenesis. The use of the term congenital pul-

monary airway malformation (CPAM) has been pro-

posed as preferable to CCAM since not all are cystic 

and only type III is adenomatoid (Newman 2006). 

This term has not yet achieved widespread use how-

ever. Types II and III have pathological lung find-fi

ings similar to those of other cases of in utero airway 

obstruction. This supports the hypothesis of a com-

mon pathological mechanism of airway obstruction 

during development in this and other congenital 

lung abnormalities (Langston 2003).

The radiograph after birth usually shows a dense

mass which, if large and extending to the diaphragm,

may be difficult to distinguish from a congenital dia-fi

phragmatic hernia, a lobar emphysema or a pleural ef-

fusion (Table 9.1). A radiograph a few hours later usu-

ally shows air-filled cysts (Fig. 9.13). Differentiation fi

from a hernia is easy if there is normal lung between 

the CCAM and the diaphragm. If not, including the

abdomen in the film may help by showing the pres-fi

ence or absence of a normal amount of bowel loops in 

the abdomen. CT has a role in defi ning the extent of fi

the lesion and which lobes are involved (Fig. 9.14).

Fig. 9.13a,b. Cystic adenomatoid malformation. a Chest ra-

diograph immediately after birth shows fluid-fifl  lled mass in fi

the right lung. b Two hours later air has filled some of the fi

cysts within the mass

b

a
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Pulmonary sequestrations (see Sect. 9.2.7) may 

be associated with areas of cystic adenomatoid mal-

formation and both conditions are probably in a

spectrum of related lung abnormalities (Cass 1997;

Samuel 1999) (Figs. 9.15, 9.16 and Sect. 9.2.11 Hybrid

lesions). CT with CT angiography is recommended

therefore in the evaluation of CCAM because of the

possibility of systemic arterial supply which is very 

important information to the surgeon if resection is 

planned.

There are several reports of foetal cystic lung 

masses resolving spontaneously or reducing in size

on antenatal scanning. Winter et al. (1999) report 

seven such babies who had a normal or near normal

radiograph after birth. CT scan showed an abnor-

mality however in each case. All were CCAM with

features of intralobar sequestration in four of these. 

Van Leeuwan and co-workers reported 8 of 14 

CCAMS had normal CXR (Van Leeuwan 1999). It

is therefore important to do a CT scan shortly after 

birth in all babies in whom an antenatal diagnosis of 

lung mass was made even if this appeared to resolve 

on serial antenatal scans or if the postnatal chest ra-

diograph appears normal.

Management of symptomatic CCAM is surgical

excision. The decision and timing of an excision in 

an asymptomatic patient remains controversial (Van

Leeuwan 1999). The risk of infection, malignant 

transformation, pneumothorax and haemorrhage 

has been reported as justification for removal of all fi

lesions including small asymptomatic involuting le-

sions (Fig. 9.16) (Aziz 2004). Aziz reported 10% in-

cidence of infection in 35 asymptomatic CCAMs on 

conservative management.

The premalignant potential of CCAMs is not 

clearly known. There have been several reports of 

malignancy coexisting with CCAM or bronchial 

cysts (Cohen 1991; Murphy 1992; D’Agostino 1997;

Granata 1998). In a review of pathological fi ndingsfi

in 28 CCAMS, Mac Sweeney et al. found five withfi

foci of bronshioloalveolar carcinoma while another

with focal stromal hypercellularity went on to de-

velop pleuropulmonary blastoma (Mac Sweeney et

al. 2003). Several studies report successful conser-

vative management of CCAM without malignancy,

but none of these are randomised, prospective, big

enough or have adequate follow-up to completely 

eliminate the concept of malignant transformation

of these lesions (Van Leeuwan 1999; Roggin 2000;

Aziz 2004). Two reports of three children describe

the development of pleuropulmonary blastoma 

within an area of lung where there had been previ-

ous resection of cystic lung abnormality suggesting 

that even surgical excision does not protect from 

malignant transformation (Papagiannopoulos

2001; Hasiotou 2004).

Some cases previously described as malignant 

transformation of CCAM may have been cystic

pleuropulmonary blastoma (PPB) which can be in-

distinguishable from CCAM radiologically. This is

a dysontogenetic neoplasm that may be pulmonary 

or pleural based (Priest 1997). Many previously 

described mesenchymal scarcomas or rhabdomyo-

sarcomas are probably forms of PPB. Pneumothorax 

at presentation is commoner in PPB than in CCAM.

The diffi culty differentiating PPB from CCAM may fi

of itself however be a case for resection of congenital 

cystic lung masses.

Fig. 9.14a,b. Cystic adenomatoid malformation. a Multiple cysts expand part of the right middle lobe. b CT same baby shows

mass with multiple air-filled cystsfi

a b
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Fig. 9.15a–d. Cystic adenomatoid malformation with seques-

tration. a Chest radiograph shows large lung mass that per-

sisted despite 8 days of antibiotic treatment. b Ultrasound of 

the lesion shows that it is a multilocular cystic mass. c CT 

with contrast confirms multilocular cystic mass. Large ves-fi

sel anterior to mass here (arrow) and on lower cuts was seen 

to pass through mass and towards abdominal aorta. d MR 

angiogram confi rms large vessel arising from the abdominalfi

aorta supplying the mass. Pathological examination of the 

excised specimen confirmed intralobar sequestration withfi

features of cystic adenomatoid malformationc

b

a

d
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9.2.7 

Sequestration

Pulmonary sequestration is a mass of pulmonary 

tissue that is supplied by systemic arteries rather 

than pulmonary arteries. The systemic arterial

supply is usually from the thoracic aorta, often by 

a large vessel. Supply may be from the abdominal

aorta and pass through the diaphragm. Aware-

ness of this vessel is of value prior to thoracotomy 

since extreme care must be taken to control such 

a vessel lest it retract bleeding into the abdomen,

out of the operative field. Sequestrations may also 

receive their blood supply from other systemic

arteries including the intercostal, subclavian or

coronary arteries or from the coeliac or splenic ar-

teries (Ito 2003; Silverman 1994; Grigoryants

2000; Curros 2000). There may even be dual sup-

ply – a feature very important to the surgeon for

resection or to the interventional radiologist for

embolisation.

Venous drainage may be to the pulmonary or

systemic veins or there may be drainage to both

systems. Most sequestrations are not connected to 

the bronchial tree, but sources differ as to whether 

sequestrated lung can ever be connected to the bron-

chial system.

Extralobar sequestrations drain primarily to the 

systemic veins such as the azygous system and have

a separate pleural covering. Though less common 

than the intralobar form, extralobar sequestration is 

more likely to present in the neonatal period. Ninety 

percent are found in the left lower lobe adjacent to 

the diaphragm. There is 50% incidence of associated

congenital abnormalities, especially diaphragmatic 

hernias.

Fig. 9.16a–d. Cystic adenomatoid malformation complicated by infection. Antenatal diagnosis of lung abnormality. a Chest

radiograph shows poorly defined right lung mass.fi b CT day 2 shows cystic adenomatoid malformation. c At 6 weeks of age

she represented with sepsis. Chest radiograph shows large right lung mass with single air bubble. d CT with contrast shows 

a large fluid-fifl lled cyst right lung with air flfi uid level. This was drained and found to be pusfl

a b

c d
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Intralobar sequestrations usually (95%) drain to 

the pulmonary veins and do not have a separate pleu-

ral covering. These are commoner than extralobar 

sequestrations by three to one, but more than 50% re-

main asymptomatic throughout childhood. They may 

present later in childhood with a history of recurrent 

respiratory tract infections. They have a lower inci-

dence of associated congenital abnormalities, about 

6%. Some authors believe that all intralobar seques-

trations are acquired and result from obstruction of 

bronchi by infection or other causes leading to reduc-

tion in pulmonary blood flow and parasitisation of fl

bronchial systemic arteries (Stocker 1986; Gebauer

and Mason 1959) or, more likely, of normally occur-

ring branches of the thoracic aorta that supply the oe-

sophagus and pass through the pulmonary ligament to

the visceral pleura of the lower lobes (Stocker 1984). 

Chronic inflammatory change, abscess and multicys-fl

tic change can be seen in resected sequestrations and 

are felt by some to be primary rather than secondary 

findings (fi Frazier 1997). However several reports of 

antenatal ultrasound diagnosis and of neonatal diag-

nosis of intralobar sequestrations confi rm that many fi

of these are in fact congenital (Laurin 1999). Some 

suggest that the location and type of sequestration re-

flect the timing of outpouching of an accessory lung fl

bud. If this outpouching develops early it will be closer 

to the normal lung bud and be intralobar. A later out-

pouching will result in an extralobar sequestration. 

Others suggest that sequestration is a form of bron-

chial atresia. An atretic or obstructed bronchus may 

be identifi able pathologically (see Fig. 9.15) and the fi

pathological appearances of the lung in a sequestra-

tion are similar to those of the lung distal to an atresia

(Langston 2003). Reports of intralobar sequestration

secondary to carcinoid tumour or foreign body ob-

structing a bronchus would support the latter theory 

(Eustace 1996; Scully 1983). I have seen a baby with

an in utero diagnosis of a lung abnormality who had

an intralobar sequestration that appears to be second-

ary to an in utero pulmonary artery thrombosis (per-

sonal communication). These fi ndings support the fi

theory of a common origin of sequestration and other 

bronchopulmonary foregut malformation as parts

of an obstructive malformation complex ( Newman

2006) (see Sect. 9.2.10 Hybrid lesions).

Sequestrations are visible on radiographs as 

masses, usually dense, in the lower lobes, especially 

the medial basal segment of the left lower lobe. Two 

thirds are on the left side. One-third occur on the 

right side. If they present with clinical respiratory 

infection, the density persists after the infection

resolves. Identifi cation of the diagnostic systemicfi

arterial supply may be by ultrasound, CT angiogra-

phy, MR angiography or conventional angiography 

(Figs. 9.16–9.18) (Kouchi 2000). Many are picked

up during evaluation of congenital heart disease.

Fifteen percent of extralobar sequestrations are in-

trabdominal, usually above the left kidney. Seques-

trations in the neck, mediastinum and pericardium 

have been described (Newman 2006).

Up to 50% of sequestrations may be associated 

with areas of cystic adenomatoid malformation and 

both conditions are probably in a spectrum of re-

lated lung abnormalities (Cass 1997; Samuel 1999). 

In a review of 39 patients with pulmonary seques-

tration, Bratu et al. (2001) found 17 were atypical 

or associated with other pulmonary lesions such as 

cystic adenomatoid malformation, bronchogenic

cysts, bronchopulmonary foregut malformation or 

scimitar syndrome (see Sect. 9.2.10 Hybrid lesions).

Management of the symptomatic baby with se-

questration is by resection. Successful management 

of pulmonary sequestration in babies by endovas-

cular embolisation has been described (Curros

2000).

As with cystic adenomatoid malformation, an in-

creasing number of pulmonary sequestrations are 

being diagnosed antenatally leading to a diagnosis

of this condition in asymptomatic neonates. The op-

timal management of the asymptomatic sequestra-

tion is not known. Serial antenatal and postnatal im-

aging may show gradual shrinkage of these lesions 

and support non-surgical management ( Garcia-

Pena 1998). Some promote resection or embolisa-

tion in the asymptomatic baby to prevent possible 

complications including the risk of infection and the 

rare but documented risk of cardiac failure second-

ary to a left to right shunt. Lobar emphysema, hae-

moptysis, pleural effusion and haemothorax have 

been also described as complications of sequestra-

tion. Coexistence of sequestration and CCAM has 

been reported to be unlikely to involute and to be 

an indication for surgical resection (Samuel 1999). 

Successful management of pulmonary sequestra-

tion in babies with endovascular embolisation has 

been described (Curros 2000).

An area of normal lung may have a systemic blood 

supply. This rare condition is probably in the spec-

trum of sequestration. This may present as an inci-

dental finding on a radiograph or as a left to right fi

shunt. The affected area of lung has an increased 

amount of blood supply, but is otherwise normal on 

CXR or CT.
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Fig. 9.18. Pulmonary sequestration. An aortic angiogram demonstrates a 

large vessel feeding a sequestration in the right lower lobe. A large dense

mass was visible here on chest radiograph. (Images courtesy of Godfrey 

Gaisie MD, Children’s Hospital, Akron, OH)

Fig. 9.17a–d. Extralobar sequestration. a Chest radiograph 2 h after birth shows a very poorly defi ned density in the left lowerfi

lobe. This was not visible on an earlier less rotated view. b CT scan with contrast shows the sequestration and its aortic arte-

rial supply (arrow). The contrast was injected through an umbilical arterial line with its tip in the thoracic aorta. This line 

causes some streak artefact. c,d Lung windows reveal areas of air-fi lled cysts (fi arrows) consistent with cystic adenomatoid

malformation anterior to sequestration and in right middle lobe. Both were confi rmed at surgeryfi

c d

a b
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9.2.9 

Oesophageal Bronchi

A segment of lung may be connected to the oe-

sophagus or the fundus of the stomach. Such lung 

usually has a systemic blood supply and represents

a form of sequestration (Leithiser 1986). Rarely 

a lobe or an entire lung, usually the right lung,

which is otherwise anatomically normal, is sup-

plied by an oesophageal bronchus. This usually 

presents in the neonatal period with a relatively 

dense lung. The radiograph shows a density in

the lungs, usually in the left lower lobe which may 

have tubular or cyst-like lucencies within it. Air-

filled bronchi within the density as seen on CTfi

should alert one to do a contrast oesophagogram 

to demonstrate the oesophageal or stomach com-

munication (Fig. 9.19).

Fig. 9.19a–d. Oesophageal bronchus to a pulmonary sequestration. Newborn with an antenatal diagnosis of lung abnormal-

ity. a AP and (b) lateral chest radiographs show density in left posterior basal aspect of the left lung. c MRI shows supply to

the segment by a large branch of the thoracic aorta. d Contrast oesophagogram shows an oesophageal bronchus within the 

lesion. (Images courtesy of Godfrey Gaisie MD, Children’s Hospital, Akron, OH)

a

b

c

d
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9.2.10 

Bronchogenic Cysts

These cysts are thought to be due to abnormal bron-

chial budding during lung development. If they oc-

cur early in lung development, the cyst will be me-

diastinal, often carinal, and those that occur later in 

development will be intraparenchymal.

The cysts are round or oval, lined by bronchial

mucosa with or without cartilage in their walls.

Many are incidental findings and are not commonly fi

detected in the neonatal period. Table 9.2 lists the 

differential diagnosis of cystic mediastinal masses.

Chest radiographs show a dense round mass, ei-

ther subcarinal, elsewhere in the mediastinum or 

in the pulmonary parenchyma. CT or MRI shows

the characteristic fluid centre (fl McAdams 2000).

Mediastinal lesions may also be shown to be cystic

by oesophageal or conventional echocardiography 

(Fig. 9.20). Bronchogenic cysts are sometimes as-

sociated with sequestration, lobar emphysema or 

bronchial atresia (see Sect. 9.2.10 Hybrid lesions)

Table 9.2. Mediastinal cysts

Bronchogenic cyst

Neuroenteric cyst

Oesophageal duplication cyst

Fig. 9.20a–d. Bronchogenic cyst. a AP and (b) lateral chest radiograph shows subcarinal mass. c Oesophagogram shows

extrinsic mass deviating mid oesophagus. d CT confi rms that the mass (fi arrows) is cystic

a

c

b d
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9.2.11 

Hybrid lesions–Bronchopulmonary

Foregut Malformation

The term bronchopulmonary foregut malformation

used to have a narrow defi nition of a lung abnor-fi

mality associated with an oesophageal bronchus. 

Now the term is used to include a variety of lung 

abnormalities that may occur singly, or in any com-

bination in any given patient, including CCAM, se-

questration, bronchogenic cyst, bronchial atresia 

and congenital lobar emphysema (Figs. 9.15, 9.16

and 9.18). The conditions of tracheal atresia, pul-

monary agenesis, scimitar syndrome, oesophageal 

cysts, neuroenteric cysts and even oesophageal atre-

sia and tracheo-oesphageal fi stula are probably also fi

related conditions that should be included within 

this umbrella group. Langston and Newman and

others have suggested that many, if not all of these 

conditions have a common aetiology of bronchial 

obstruction leading to secondary pulmonary dys-

plasia (Langston 2003; Newman 2006).

Some of the conditions with small lungs or 

lung segments may have a vascular aetiology (see

Sect. 9.2.2). These conditions, especially extralobar 

sequestration, have a strong association with con-

genital heart disease. The conditions, especially oe-

sophageal atresia and tracheo-oesophaeal atresia, 

have an association with renal, anorectal, rib, radial 

ray limb abnormalities and vertebral abnormalities

in the VACTERL association.

9.2.12 

Neuroenteric Cysts

Neuroenteric cysts result from failure of separation

of the lung bud from the notochord. A posterior

mediastinal cystic lesion associated with verte-

bral abnormalities strongly suggests this diagnosis 

(Fig. 9.21). This cyst may communicate with the oe-

sophagus or spinal canal.

9.2.13 

Pulmonary Vascular Malformation

Pulmonary arteriovenous malformations may be 

single or multiple, but are unusual in the neonatal

period. Most patients (60%) with pulmonary arte-

riovenous malformations have Osler Weber Rendu 

syndrome. Children may present with cyanosis,

dyspnoea, clubbing, haemoptysis or be asymptom-

atic. CXR shows single or multiple round pulmo-

nary densities. Large feeding vessels or draining

veins may be visible on CXR. CT and CT angiog-

raphy or MR angiography confirms the vascularfi

nature of the lesions which may be amenable to

embolisation.

9.2.14 

Chylothorax

Congenital pleural effusions other than those as-

sociated with cardiac disease or hydrops are most 

likely to be due to chylothorax. Aspirated fluid will fl

have a high lymphocyte count, but will not have a 

milky appearance until after the baby has had a 

feed containing fat. The cause of the chylothorax 

is unknown. Birth trauma to the thoracic duct is 

unlikely since the effusion may be seen antenatally 

by ultrasound. Late maturation of the thoracic duct 

has been proposed and may explain the resolution 

of the effusion after several aspirations and recur-

rences.

The initial radiograph will show the effusion 

(Fig. 9.22). If large enough to opacify the hemitho-

rax the radiographic appearance may be indistin-

guishable from large diaphragmatic hernia, cystic

adenomatoid malformation or congenital lobar

emphysema (Table 9.1). Once aspirated the effu-

sion may recur, but typically resolves after a few 

aspirations.

9.2.15 

Abnormalities in Situs

Abnormalities of visceral and atrial situs are asso-

ciated with abnormalities of the branching pattern 

of the bronchi. In asplenia syndrome the lungs are

bilaterally trilobed and both have eparterial bronchi

(i.e., the bronchi are above the pulmonary arteries 

at the hilum). In polysplenia, the lungs are bilater-

ally bilobed with bilateral hyparterial bronchi (i.e.,

the bronchi are below the pulmonary arteries at the 

hilum).
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9.3
Abnormalities of the Diaphragm

9.3.1 

Congenital Diaphragmatic Hernia:

Bochdalek Type

A defect in the diaphragm in the fetus called the

pleuroperitoneal canal allows abdominal contents

including bowel into the thorax. The closure of the 

pleuroperitoneal canal of the foetus occurs close to 

the time of return of the bowel into the abdomen.

If closure is delayed or if the bowel returns before

closure is complete a defect will result. The presence

of bowel loops in the thorax causes hypoplasia of the

ipsilateral lung. The prognosis for the baby depends 

on the degree of hypoplasia of one or both lungs,

which in turn depends on the volume of abdominal 

contents in the thorax and for how long it has been 

there. The diagnosis may be made antenatally and 

the baby usually presents with early and severe re-

spiratory distress. The hernia is on the left side in

90% of cases.

The radiograph initially shows an opaque mass 

on the left side. There is little or no aeration of the 

ipsilateral lung. The mediastinum is displaced to the 

contralateral side (Fig. 9.23). The initial radiograph 

may thus be similar to that of a baby with a large

Fig. 9.21a–e. Neuroen-

teric cyst. a Chest radio-

graph shows a right

upper mediastinal mass 

originally thought to be

a right-sided aortic arch. 

b AP oesophagogram 

shows right indenta-

tion of oesophagus but

(c) lateral shows no 

evidence of abnormal

vessel. d CT shows

that the mass is cystic.

e Thoracic spine radio-

graph shows associ-

ated right hemibutterfl y fl

vertebra (arrow) at level

below cyst

a

e

b ccccc

d
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cystic adenomatoid malformation, a congenital lo-

bar emphysema or a large amount of pleural fluid fl

(see Table 9.1). Over the following hours, air passes

into the gastrointestinal tract giving the charac-

teristic appearance of air-fi lled bowel loops in thefi

thorax. It is helpful to include the abdomen on this 

second radiograph because absence of bowel gas in 

the abdomen helps to distinguish a congenital dia-

phragmatic hernia from a large cystic adenomatoid 

malformation (Fig. 9.23b). A nasogastric tube pass-

ing into the thorax also confi rms the diagnosis. The fi

use of barium to confi rm that gastrointestinal con-fi

tents are in the thorax is seldom necessary.

Prognosis depends on the degree of hypoplasia of 

the lungs. This in turn depends principally, but not

solely on the size of the herniated contents (Fig. 9.24). 

Donnelly et al. (1999) addressed the value of the

initial radiograph in predicting survival in babies

with congenital diaphragmatic hernia. When the

radiograph was scored for factors including the per-

centage of aerated ipsilateral and contralateral lung, 

mediastinal shift and hernia contents, poor progno-

sis was related to a higher score. A worse prognosis

has also been related to the presence of the stomach

in the thorax since this indicates that the diaphrag-

matic defect is big.

Right-sided diaphragmatic hernias tend to pres-

ent later, often beyond the neonatal period. These 

may contain part of liver or kidney in addition to 

bowel (Fig. 9.25).

After repair of a Bochdalek hernia the radiograph

shows the volume of the underlying lung. This may 

expand immediately to completely fill the hemi-fi

thorax. A very hypoplastic lung however is unable

to fi ll the thorax. The radiograph may show a large fi

air-fi lled pleural space with small lungs and residual fi

mediastinal shift mimicking a tension pneumotho-

rax (Fig. 9.23c). It is important to recognise that the

problem is the volume of the lungs since attempts to

suction the “tension pneumothorax” could result is 

severe mediastinal shift, kinking of the inferior vena 

cava and dangerous obstruction to venous return.

9.3.2 

Congenital Diaphragmatic Hernia: 

Morgagni Type

Herniation of abdominal contents through an an-

terior defect in the diaphragm is less common and

much less likely to present in the neonatal period. 

This type of diaphragmatic hernia, known as Mor-

gagni hernia, may be multiple, right and left of the 

midline and usually contains colon.

The radiograph shows a midline cyst-like lucency 

projected over the heart. A lateral radiograph shows

that this lies anterior to the heart. A barium study 

shows the involved bowel (Fig. 9.26).

9.3.3 

Eventration of the Diaphragm

A localised bulge of part of one hemidiaphragm may 

occasionally cause or exacerbate neonatal respira-

tory distress because of a combination of ineffective 

diaphragmatic function and the mass effect of the 

upwardly displaced diaphragm and the structures

beneath it. Surgical repair of the eventration may 

be necessary (Fig. 9.27). More commonly the even-

tration is an asymptomatic finding on a neonatalfi

radiograph that may need to be distinguished from

a right lower lobe pulmonary mass or atelectasis.

Fig. 9.22. Chylothorax. Radiograph immediately after birth 

shows opacification of the entire left hemithorax with medi-fi

astinal shift to the right side and downward displacement of 

the stomach. This recurred twice after aspiration and then

resolved after the third aspiration
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Fig. 9.23a–c. Congenital diaphragmatic hernia. a Initial newborn radiograph shows dense left hemi-

thorax with mediastinal shift. b Two hours later air-filled bowel loops can be seen in the left thorax fi

while there are none in the abdomen. c Postoperative radiograph shows very hypoplastic lung and

a large pneumothorax

a

bc

Fig. 9.24a,b. Another baby with congenital dia-

phragmatic hernia. a Diaphragmatic hernia is asa

big as in baby of Figure 9.19. b Postoperative radio-

graph 2 days after surgery shows near normal

volume of both lungsa

b
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Fig. 9.25a,b. Small right-sided diaphragmatic hernia. 

a Sagittal MRI shows herniation of the upper part of 

the right kidney through the small defect in the right 

diaphragm. b Barium study shows that the hernia

also contains duodenuma

b

Fig. 9.26a–c. Morgagni hernia. a CXR shows air-fia lled fi

cyst-like structures to right of heart. b The lateral view 

showed that the abnormality is anterior to the heart. 

c Barium studies showed that this is due to herniationc

of colon through an anterior diaphragmatic defectb

c

a
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9.3.4 

Accessory Diaphragm

An accessory diaphragm usually occurs on the right

side. It lies above the right hemidiaphragm, separat-

ing part of the right lower lobe from the remainder of 

the right lung. It is usually fused anteriorly with the

diaphragm and passes postero-superiorly to the pos-

terior chest wall above the level of the remainder of 

the diaphragm. A defect medially allows bronchovas-

cular structures from the hilum to pass inferior to the

accessory diaphragm. Depending on the size of the 

defect the lung below the accessory hemidiaphragm 

may be hyperinflated, collapsed and solid or normal.fl

The right lung is usually hypoplastic. The accessory 

diaphragm may be visible as a linear or broad density 

on the chest radiograph, but radiographic fi ndings are fi

more usually those of the pulmonary hypoplasia.
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10.1 
Introduction

Anomalies of the upper airway constitute a relatively 

uncommon cause of neonatal respiratory distress. Un-

fortunately, the clinical presentations of some of these

malformations are nonspecific, yet potentially life fi

threatening. As well, many of these anomalies require 

advanced airway management skills in order to secure 

a functional and patent airway. Early radiological rec-

ognition of the type of malformation can direct sub-

sequent investigation and airway management into an 

effective and effi cient course. This chapter reviews thefi

imaging manifestations of some of the more common

or classic malformations, in conjunction with the usual 

clinical presentations with which each is associated.

10.2
Nasal Anomalies

Choanal atresia was first identififi  ed as a cause of neo-fi

natal respiratory distress in the late eighteenth cen-

tury, with the first repair described in 1851 (fi Keller

and Kacker 2000). The incidence of this disorder 

ranges from 1:5,000 to 1:10,000 live births, with a 

male:female ratio of 1:2 (Keller and Kacker 2000; 

Kirkpatrick and Mueller 1998). Unilateral atre-

sia may present with mild respiratory distress or

inability to pass a nasogastric tube. More commonly,

however, symptoms of unilateral atresia will not be 

present until later in life, frequently manifesting as a 

chronic nasal discharge. The disorder is bilateral in 

approximately one-third of cases, resulting in clini-

cal symptoms of significant respiratory distress infi

the neonatal period. The anatomic positioning of the

neonatal tongue with respect to the posterior phar-

ynx results in the neonate being an obligate nose

breather. Any cause of nasal obstruction will, there-

fore, produce significant symptoms in the neonatalfi

period (Keller and Kacker 2000). The resultant

respiratory distress is frequently accompanied by 

cyclical cyanosis, which is relieved by crying. Feed-

ing difficulties are common, since the nipple will fi

occlude the oral airway while the atresia occludes

the nasal airway. The theory of embryogenesis of 

this disorder is still a topic of debate, but failure of 

resorption of the fetal nasobuccal membrane in the

posterior portion of the primary palate is a com-

monly accepted mechanism (Keller and Kacker

2000; Jones et al. 1998). A more global disorder of 

mesenchymal migration has also been proposed, 

which would explain the ancillary fi ndings in the fi

CHARGE (coloboma, heart disease, choanal atresia, 

growth and/or mental retardation, and ear malfor-

mations) association, which is seen in approximately 

50% of cases (Keller and Kacker 2000; Jones et 

al. 1998).
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The diagnosis is made clinically by the inability 

to pass a soft, small (6 F) catheter through the nares

into the hypopharynx (Keller and Kacker 2000). 

Radiographically, computed tomography (CT) has

replaced the previously described method of con-

trast injection under fluoroscopic guidance. CT hasfl

become the modality of choice (Keller and Kacker

2000; Jones et al. 1998; Kirkpatrick and Mueller

1998) for noninvasive demonstration of the bony 

and/or membranous bridge across the posterior na-

sopharynx (Fig. 10.1). CT can also demonstrate na-

sal aperture stenosis and bony nasal cavity stenosis

(Jones et al. 1998), similar deformities which may lie

in the spectrum of this disorder. Surgical repair, fre-

quently followed by a period of nasal stenting, is the

only defi nitive therapy (fi Keller and Kacker 2000).

A variety of congenital abnormalities of the midface

can result in the formation of solid tissue masses or 

cystic malformations, which may cause a varying de-

gree of nasal obstruction in the neonatal period. These

are, fortunately, rare, and include nasal meningo-en-

cephaloceles, dermoids, mucoceles, and/or heman-

giomas. While these may be appreciated at prenatal 

sonography, their imaging characteristics are best 

visualised by “three-dimensional” imaging modali-

ties such as helical CT with 3D reconstruction or mag-

netic resonance imaging (MRI), due to the complexity 

of the normal craniofacial anatomy and potential in-

volvement of central nervous system (CNS) structures.

Surgical planning for some of these lesions may well

require both modalities ( Dinwiddie 2004).

10.3 
Oral Airway Anomalies

The anatomy of the neonatal pharyngeal tissues is 

unique in that the combination of a relatively small

oral airway, large tongue, and superiorly positioned 

larynx predisposes the infant to oral airway obstruc-

tion. When micrognathia and/or macroglossia are

found in conjunction with these normal anatomic 

factors, oral airway obstruction becomes a signifi-fi

cant clinical problem. There are over 50 described

syndromes which manifest either macroglossia or

micrognathia, and which can result in respiratory 

compromise in the neonatal period (Kirkpatrick

and Mueller 1998). Many of the micrognathia syn-

dromes have been grouped into the “Pierre Robin se-

quence” of disorders; however, others include Gold-

enhar syndrome, mandibulofacial dysostosis, and

some trisomies. Approximately 60% will have an 

associated “U”-shaped cleft palate, as well as man-

dibular hypoplasia and glossoptosis. This combina-

tion of anatomic abnormalities results in blockage 

of the oral airway, which is most pronounced in 

the supine position and/or with feeds. It is thought

that the disorder originates from arrest in normal

mandibular development somewhere between 7 and 

11 weeks of gestational age, causing the tongue to

sit abnormally high in the developing oropharynx.

This prevents the normal midline fusion at 11 weeks

of age of the two palatal shelves, resulting in the 

frequently associated cleft palate.

Approximately 80% of infants with the Pierre–

Robin sequence will manifest some degree of symp-

tomatic airway obstruction (Tomaski et al. 1995).

While conservative therapy involves frequent use of 

prone positioning and special feeding nipples, approx-

imately 30% will require some form of artificial air-fi

way (Tomaski et al. 1995). The problem can improve 

with age as the oral airway and mandible grow, and

the larynx assumes a more adult, inferiorly located,

anatomic confi guration. However, some infants willfi

require tracheostomy or defi nitive surgical correc-fi

tion (Lerner and Perez Fontan 1998; Kirkpatrick

and Mueller 1998; Tomaski et al. 1995).

Fig. 10.1. Choanal atresia. CT scan of the head in a 2-week-

old with recurrent cyanotic spells reveals bilateral mem-

brano-osseous choanal atresia (arrows) with a visible fluid fl

level in the right nasopharynx
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The initial radiographic investigation is the lat-

eral view of the facial bones, which can readily dem-

onstrate the generalized underdevelopment of the 

mandible compared with the maxilla (Fig. 10.2).

However, CT is the investigation of choice in surgical 

planning for more definitive repair. Distraction os-fi

teotomy of the mandible has recently been described 

for use in the early neonatal period in severe cases 

(Katzen et al. 2001). In these cases, volumetrically 

acquired craniofacial CT imaging with subsequent 

3D reconstruction has been shown to be useful in 

the preoperative planning for the mandibular cor-

rective surgery.

10.4 
Laryngomalacia

Laryngomalacia, also known in the literature as 

“congenital laryngeal stridor,” is a relatively com-

mon cause of neonatal stridor. It is generally mild

and clinically insignifi cant, yet in up to 10% of casesfi

it can be severe enough to produce significant respi-fi

ratory compromise (Thurmond and Cote 1996). 

There are many proposed causes of this problem, 

such that it appears that the true cause is probably 

multifactorial. The most commonly proposed mech-

anism is derived from what is observed at laryngos-

copy. In most of these children, the aryepiglottic

folds are noted to prolapse into the laryngeal airway 

during inspiration. It has, therefore, been proposed 

that the neonate may have more compliant soft tis-

sues, more immature and pliable arytenoid carti-

lages, and shorter aryepiglottic folds (Thurmond

and Cote 1996; Chung et al. 2000). These factors

may predispose the aryepiglottic folds to prolapse

more easily when the intra-laryngeal pressure is

more negative than that in the surrounding tissues,

as occurs in normal inspiration. However, immature 

neuromuscular factors have also been implicated,

possibly due to the frequent association of laryn-

gomalacia and gastro-oesophageal reflux (fl Landau

1999). As well, laryngomalacia has a higher inci-

dence in some chromosomal anomalies, most nota-

bly the “cri-du-chat” of the 5p- chromosome dele-

tion syndrome.

The diagnosis of laryngomalacia is frequently 

made laryngoscopically. Radiologically, excessive 

motion of the aryepiglottic folds at fl uoroscopy hasfl

been described (Strife 1988; Kirkpatrick and 

Mueller 1998). When this becomes significant, fi

relative obstruction of the laryngeal airway causes

nonspecific distension of the hypopharyngeal air-fi

way on the standard, lateral soft-tissue neck exami-

nation. The initial treatment is a relatively conser-

vative approach of infant positioning. When the 

problem persists, nasal continuous positive airway 

pressure (CPAP) has been beneficial, and defifi nitive fi

surgery or laser therapy is reserved for only the most 

severe cases (Landau 1999).

10.5 
Laryngeal Malformations

Primary congenital laryngeal malformations are 

rare causes of neonatal respiratory compromise. 

There is a spectrum of these disorders, ranging 

from the most severe form, laryngeal atresia, to 

the more variable forms of posterior laryngeal cleft

and laryngo-oesophageal cleft. Laryngeal atresia 

is, in itself, incompatible with life unless an im-

mediate tracheostomy is performed in the delivery 

room. As this diagnosis can now be made with 

Fig. 10.2. Pierre-Robin sequence. Lateral skull radiograph

of a 1-year-old who required tracheostomy in the neonatal

period for airway obstruction secondary to micrognathia
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careful prenatal sonographic examination, spo-

radic case reports of immediate postnatal manage-

ment and tracheostomy are being reported (Bui

et al. 2000; DeCou et al. 1998). Laryngeal clefts,

however, are relatively well described in the lit-

erature. These anomalies occur when a variable 

segment of the normal posterior tracheo-oesopha-

geal septum fails to fuse, resulting in a persistent

posterior defect in the larynx (Moungthong and

Holinger 1997). In its mildest form, there may 

be a small, barely symptomatic residual posterior

cleft in the larynx, which may not clinically pres-

ent until adulthood with persistent hoarseness 

(Moungthong and Holinger 1997). However, 

more severe forms may present in the neonatal 

period with cyanosis associated with feedings, 

and severe and/or recurrent episodes of aspira-

tion, which may require endotracheal intubation

(Roth et al. 1983; Moungthong and Holinger

1997). Polyhydramnios is seen in approximately 

one-third of cases, and 20% will have other con-

genital anomalies (Chung et al. 2000; Mancuso

1996). As well, 20% of cases will have an associated 

tracheo-oesophageal fistula in its usual intra-tho-fi

racic location (Mancuso 1996).

Documentation of the persistent cleft can be ex-

tremely difficult. The most defifi  nitive evaluation isfi

through a laryngoscopic examination, yet the cleft

may be small and easily overlooked, even at direct 

visualization. The radiographic evaluation must also

be meticulous, and will depend on the presence of a

tracheo-oesophageal communication. The fluoro-fl

scopic fi ndings during contrast oesophagography fi

include a decrease in the usual soft-tissue distance be-

tween the larynx and the upper oesophagus, and the

documentation of spill of contrast into the trachea at

the level of the larynx and/or upper cervical trachea 

( Moungthong and Holinger 1997; Mancuso 1996)

(Fig. 10.3). Unfortunately, this spill of contrast is easily 

misinterpreted as aspiration from above due to poor 

pharyngeal coordination. As well, differentiation 

of a “high” tracheo-oesophageal fistula from a truefi

laryngo-oesophageal cleft can be difficult, yet crucialfi

to surgical planning. The above-noted association of 

laryngo-oesophageal cleft with a second, more typi-

cally located tracheo-oesophageal fistula mandatesfi

that the examination includes an evaluation of the

whole length of the tracheo-oesophageal relationship.

Despite early detection and defi nitive laryngealfi

reconstruction, mortality from a laryngo-oesopha-

Atresia
anastomotic
site

Caudal
aspect
of cleft

Fig. 10.3a–c. Posterior laryngeal defect. Water-soluble oesophagogram on an infant with persistent feeding difficulties. fi a

There is spill of contrast from the upper oesophagus into the upper trachea at a level just below the larynx. b At autopsy,

a small defect in the posterior wall of the larynx was seen. c An “H”-type tracheo-oesophageal fistula is also noted more fi

inferiorly (arrow) in a second child with a small laryngeal cleft

a b c
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geal cleft is as high as 50%, which is probably related 

to difficulties in diagnosis as well as surgical repairfi

(Roth et al. 1983). Even after definitive surgical cor-fi

rection, most children will have persistent swallow-

ing dysfunction.

10.6 
Upper Airway Cysts/Masses

Upper airway obstruction in the neonatal period is 

not necessarily caused by intrinsic abnormalities in 

the airway itself. Many neonates have significant re-fi

spiratory compromise due to large, extrinsic masses

or malformations, which may produce symptoms 

by an extrinsic mass effect causing airway com-

pression. These include laryngeal cysts, subglottic 

haemangiomas, cervical teratomas and cervical 

vascular/lymphatic malformations. These may be

initially appreciated in the fetal life through the

development of polyhydramnios from interference 

with fetal swallowing. At birth, these can predispose

to an increased risk of tracheomalacia and neonatal 

asphyxia from initial airway management difficul-fi

ties.

Laryngeal cysts in the paediatric population are

frequently congenital in origin, with up to 60% pre-

senting within the first 2 weeks of life (fi Mitchell et 

al. 1987). Their pathogenesis is unclear, although ei-

ther obstruction of the collecting ducts (Mitchell

et al. 1987), or isolation of laryngeal embryonic cells 

from the larynx (Weber et al. 1993) seem to be the 

most plausible explanations. When large enough, 

they produce symptoms by obstructing the airway, 

resulting in inspiratory stridor in 90% of cases.

Up to 50% will have associated feeding difficulties fi

(Mitchell et al. 1987). They may occur in a wide va-

riety of locations within the larynx, demonstrating

no particular site preference. Radiographic manifes-

tations include the presence of a soft-tissue, laryn-

geal mass, best seen when using a high-kVp, filtered, fi

frontal airway view (Joseph et al. 1976; Mitchell

et al. 1987) or during contrast oesophagogram. CT,

MRI and even sonographic examinations (Weber et 

al. 1993) have been sporadically used to demonstrate 

the cystic nature of these laryngeal masses.

Subglottic haemangioma is a well-described 

cause of neonatal respiratory compromise, consti-

tuting approximately 1.5% of all congenital laryn-

geal anomalies and carrying a female:male ratio of 

approximately 2:1 (Phipps et al. 1997; Shikhani

et al. 1986). The characteristic appearance is of an

eccentrically located mass in the subglottic region,

usually resulting in airway compromise. These

children demonstrate an associated cutaneous hae-

mangioma in approximately 50% of cases (Chung

et al. 2000). As with all neonatal haemangiomas, 

they may grow and become more manifest over 

the fi rst few months of life, only to regress spon-fi

taneously over the fi rst few years. Approximately fi

80%–90% will present before 6 months of age, with 

the mean age at presentation being approximately 

3.6 months (Shikhani et al. 1986). Most present

with stridor and cough, which can proceed to overt 

cyanosis if there is significant obstruction. Swal-fi

lowing is characteristically normal (Shikhani et 

al. 1986).

At high-kVp, filtered, frontal radiographic ex-fi

amination, an eccentrically located soft-tissue mass

is typically seen (Joseph et al. 1976; Chung et al. 

2000). At CT, the lesion is characteristically a pol-

ypoid, enhancing, eccentrically located subglottic 

mass, with variable involvement of the regional soft

tissues (Fig. 10.4). The presence of phleboliths can 

be extremely useful in establishing a diagnosis. At 

MRI examination, a similarly enhancing, eccentric

subglottic mass may be seen in association with tor-

tuous signal voids representing the increased vas-

cularity sometimes seen with these malformations 

(Faerber and Swartz 1991).

Treatment includes exogenous administration of 

systemic steroids, which can accelerate the involu-

tion of the mass. Alpha interferon has been used in

refractory cases (Phipps et al. 1997). Laser therapy 

can be used, although increased incidences of subse-

quent subglottic stenosis have been described with 

laser therapy (Phipps et al. 1997).

Large cystic lymphangiomas and cervical tera-

tomas occur in the late fetal and neonatal period,

which can result in significant respiratory compro-fi

mise. As with other cervical masses, they may result

in fetal polyhydramnios and may complicate fetal

extraction at delivery, especially if not detected at

prenatal sonographic examination.

Lymphatic malformations are relatively common 

vascular malformations, and approximately 80% of 

these will occur in the head and neck region. Only 

a small minority, however, are massive enough to

result in significant airway compromise in the neo-fi

natal period. As such, they are usually appreciated at

prenatal sonographic examination as a multicystic

mass with thin septations (Koeller et al. 1999).
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The vast majority of congenital cervical teratomas 

are histologically benign, with a malignancy rate of 

only approximately 10% (Elmasalme et al. 2000).

Most cases do not, therefore, produce an increase in

serum alpha fetoprotein. Conventional radiographs

may demonstrate internal calcifi cation in large tera-fi

tomas in up to 16% of cases (Jordan and Gauderer

1988). CT, however, demonstrates internal calcifica-fi

tion to a much better extent, and should be used for

defi nitive investigation and staging due to the small fi

malignant potential (Jordan and Gauderer 1988).

Ultrasound and CT usually demonstrate multiple

thin-walled, water density, cystic spaces in both ter-

atomas and lymphangiomas (Fig. 10.5), but the pres-

ence of calcifi cation or fat in a teratoma is more eas-fi

ily appreciated at CT (Faerber and Swartz 1991)

(Fig. 10.6). Limited case reports of the use of MRI 

in the evaluation of these cervical masses have been 

published to date, primarily emphasizing the role

that multiplanar imaging can play in evaluating the 

anatomic extent of these lesions in an area of such

anatomic complexity (Green et al. 1998). Prenatal

MRI has most recently been used for prenatal evalu-

ation, as well as for planning perinatal management, 

in cases of large cervical teratomas and lymphan-

giomas (Kathary et al. 2001, Teksam et al. 2005,

Sichel et al. 2002). This modality can demonstrate

the extent of the mass as it relates to regional anat-

omy, and the extent of airway compromise that can 

be expected at birth. Current use of EXIT (ex utero

intrapartum) therapy, where the fetal head and neck 

are delivered and the airway is secured before sever-

ing the placental circulation, requires extensive pre-

natal planning and coordination.

Fig. 10.4a–d. Subglottic haemangioma. a Frontal chest radiograph; b–d post-gadolinium MRI images of a 1-month-old after 

a respiratory arrest, demonstrating a large cervico-thoracic enhancing haemangioma that is causing diffuse tracheal lumen

compromise

a b

c d
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Fig. 10.5a–f. Lymphangioma. a Chest radiograph demonstrates shift of mediastinal structures to the right by a large mass 

compromising the airway. b Doppler ultrasound demonstrates an avascular, cystic and septated mass containing fine inter-fi

nal echoes, suggesting internal haemorrhage. c Axial enhanced CT demonstrates the cystic mass with internal fluid – flfl uidfl

levels compromising the airway. d–f T2-weighted MRI demonstrate a multiplanar display of the extent of this lymphangiomaf

and its relative effects on the regional anatomy

a

c d

e f

b
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10.7
Tracheomalacia

Tracheomalacia is characterized by abnormal com-

pliance of the tracheal wall. This creates the potential 

for the tracheal air column to collapse when intra-

thoracic pressures exceed intratracheal pressures.

The tracheal air column is normally supported by 

a network of tissues that include “U”-shaped, orga-

nized, fi brocartilaginous rings and fifi bromuscularfi

supportive soft tissues. Any disturbance in the in-

utero formation of these structures can result in

increased tracheal wall compliance. Clinically, this 

increased compliance can result in varying degrees 

of luminal compromise, resulting in respiratory 

distress. The symptoms are classically exacerbated 

when the pressure outside the trachea exceeds in-

tratracheal pressures. This occurs during forced 

expiration, agitation, crying or feeding, which pre-

cipitate episodes of respiratory distress classically 

characterized by expiratory stridor or even wheez-

ing. The majority of cases are mild and improve with

growth. However, tracheomalacia can uncommonly 

present with severe respiratory distress in the neo-

natal period (Chen and Holinger 1994; Baxter

and Dunbar 1963).

The causes of tracheomalacia are usually di-

vided into primary and secondary etiologies. 

Primary tracheomalacia is less common, usually 

resulting from an isolated malformation of the tra-

cheal cartilage rings or hypotonia of the myoelas-

tic elements (Chen and Holinger 1994; Baxter

and Dunbar 1963). Secondary tracheomalacia is 

much more common, usually related to the associ-

ated presence of oesophageal atresia. Wailoo and

Emery (1979) demonstrated that approximately 

75% of neonates with oesophageal atresia demon-

strate some defi ciency in their tracheal cartilagefi

rings, many of which also have abnormal forma-

tion of the septum that separates the trachea from 

the oesophagus. The combination of increased

tracheal compliance, dilatation of the proximal

oesophageal pouch and the frequently associated 

gastro-oesophageal reflux can result in signififl cantfi

airway compromise related to feedings. Although 

the association with oesophageal atresia is com-

mon, tracheomalacia can be seen when any entity 

interferes with normal in utero tracheal growth.

Other causes, therefore, include vascular rings, 

anomalous great vessel formation, and adjacent 

masses or congenital malformations (Mancuso

1996).

Fig. 10.6. Teratoma. Frontal chest radiograph and enhanced CT examination in the neonatal period on an infant with a 

large mediastinal mass, pulmonary hypoplasia, and fetal hydrops. Biopsy revealed the mediastinal mass to be an immature 

teratoma
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The diagnosis of tracheomalacia can be made at

fl uoroscopy or during a carefully performed bron-fl

choscopic examination. Holinger’s group (Chen

and Holinger 1994) demonstrated that the infant’s 

trachea may normally collapse during forced expi-

ration to 25%–50% of its original antero-posterior 

diameter. It is, therefore, suggested that collapse of 

75% or greater may be considered significant when fi

there is associated respiratory distress (Wittenborg

et al. 1967). This observation can be made easily and 

safely from a fluoroscopic examination in the awakefl

and, preferably, agitated child who is examined in the 

lateral decubitus position (Fig. 10.7). Alternatively, 

the bronchoscopic examination should be performed 

by a team of physicians with experience in paediatric

bronchoscopy. During the bronchoscopic examina-

tion, the child must be observed during spontaneous

respiration in order to ensure that the tracheal cali-

bre is observed during spontaneous expiration when 

there is positive intrathoracic pressure relative to in-

tratracheal pressure. A paralysed infant will be ven-

tilated with positive pressure breathing, which does 

not permit the infant to generate positive extratra-

cheal pressures in expiration. The trachea, therefore,

may appear erroneously normal if the bronchoscopic 

examination is performed improperly. Ultrafast, 

or electron-beam computerized tomography is op-

timally designed for rapid sequence imaging of the 

trachea in a truly physiologic fashion. Subsecond im-

aging times permit examinations in both inspiration

and expiration, and accurate tracheal dimensions

can be calculated while the mediastinum is imaged 

for potential underlying causes (Brasch et al. 1987). 

Unfortunately, this highly specialized type of CT

equipment is not widely available. As conventional

CT equipment is providing progressively faster scan

times, it is hoped that this type of dynamic and physi-

ologic scanning will soon be more widely available.

Fig. 10.7a,b. Tracheomalacia. a Inspiratory 

and b expiratory images at fluoroscopic fl

examination reveal significant collapse in fi

tracheal calibre during expiration from 

tracheomalacia secondary to oesophageal

atresia
a b
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10.8 
Congenital Tracheal Stenosis

Congenital tracheal stenosis is a rare disorder that 

demonstrates variable clinical presentation. It is char-

acterized by the presence of a segment of fixed tracheal fi

luminal narrowing of variable length and severity. The 

narrowing is produced by abnormal tracheal cartilagi-

nous rings, most commonly in the form of complete 

cartilaginous rings, where the normal posterior fibro-fi

membranous wall of the trachea has been replaced

by cartilage (Cantrell and Guild 1964). Less com-

monly, the cartilage rings are disorganized and mis-

shapen (Grillo 1996). In the mid 1960s, Cantrell

and Guild (1964) produced a hallmark paper on this 

disorder, describing the three most common patterns 

seen: a long intrathoracic segment of tracheal narrow-

ing, a short segment of “funnel”-shaped narrowing 

with the narrowest portion at the inferior aspect of the 

funnel, and a segmental, distal tracheal narrowing that 

is accompanied by an aberrant origin of the right main

stem bronchus directly from the distal trachea (the

so-called bridging bronchus malformation).

Tracheal stenosis may be seen as an isolated find-fi

ing, but may also be present in association with a

variety of other disorders. In a fairly large review of 

cases of aberrant origin of the left pulmonary artery 

creating a “pulmonary sling”, Dohlemann et al.

(1995) found that just over 75% of children with a

pulmonary sling will have associated complete ring, 

tracheal stenosis, the so-called ring–sling complex 

(Berdon et al. 1984) (Fig. 10.8). Alternatively, in a

large review of cases of congenital tracheal stenosis

by Benjamin et al. (1981), only approximately 5%

of children had an associated pulmonary sling, yet 

approximately 90% of children with congenital tra-

cheal stenosis had some other congenital anomaly. 

Other associations include oesophageal atresia with 

fi stula, pulmonary hypoplasia, truncus arteriosus,fi

atrial and ventricular septal defect (ASD and VSD,

respectively).

Fig. 10.8a–d. Congenital tracheal stenosis and pulmonary “sling”. a Axial CT and b,c axial and d sagittal

T1-weighted MRI examination of a long-segment, complete cartilage ring tracheal stenosis in association

with a pulmonary sling, completing the “ring-sling” complex

a b

c d
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The clinical presentation of this disorder is quite

variable. Benjamin et al. (1981) described a popula-

tion in whom 52% presented before 2 months of age.

Infants with this disorder characteristically present

with biphasic stridor, frequently worse on expira-

tion, depending upon the location of the stenosis

and its severity (Mancuso 1996). The symptoms 

frequently increase with time. The cause for this 

worsening is unclear. It was initially thought that 

the tracheal cartilage did not grow, resulting in the

respiratory needs of the infant “outgrowing” the 

capability of the trachea to transmit sufficient airfi

(Murphy et al. 1990; Cantrell and Guild 1964). 

Recent studies have shown the capability of tracheal

cartilage to grow, allowing some children to undergo 

a relatively uneventful childhood (Benjamin et al. 

1981; Manson et al. 1994, 1996). The rate of growth,

however, is still unknown. It is well accepted that the

newborn period and fi rst year of life are particularly fi

critical, as respiratory infections in this period tend

to cause acute respiratory deterioration (Chiu and 

Kim 2006).

The diagnosis of congenital tracheal stenosis may 

be difficult and potentially dangerous. Persistentfi

narrowing of the trachea may be the fi rst sign on fi

conventional chest radiographs performed for respi-

ratory stridor. A particularly helpful examination is

the high-kVp, coned frontal view of the trachea with

added fi ltration and/or magnififi cation (fi Joseph et al.

1976). Some children are discovered to have tracheal 

narrowing during a barium swallow performed in

the initial investigation for a potential pulmonary 

sling. Many of these children then undergo bron-

choscopic and bronchographic examination to con-

firm the presence of complete cartilage rings. Unfor-fi

tunately, the stenosis is, at times, sufficiently narrow fi

to block the passage of the bronchoscope through

the length of the stenosis. This is a critical fi ndingfi

to establish surgical correctability, since potential 

involvement of the main stem bronchi is associ-

ated with a poor prognosis. CT (Manson et al. 1994, 

1996), especially helical CT (Toki et al. 1997) using

computerized reformatting and reconstruction, can 

be performed without potentially dangerous airway 

manipulation. This examination can establish the

length of stenosis, degree of narrowing, involvement

of main stem bronchi, and associated anomalies 

noninvasively (Fig. 10.9).

Critical congenital stenosis producing significantfi

respiratory compromise probably requires surgical

correction. Short segment stenosis (involving ≤5 

tracheal rings) can be corrected with a simple seg-

Fig. 10.9a–d. Isolated

tracheal stenosis. 

a Frontal chest radio-

graph of a 1-month-

old with respiratory 

distress demonstrates 

diffuse intrathoracic

tracheal narrowing

(arrows). b Subsequent 

bronchogram shows

involvement of the

main stem bronchi. c,

d Reconstructed CT

images of two separate

cases of tracheal ste-

nosis with a “bridging 

bronchus” deformity, 

demonstrating the 

noninvasive capabil-

ity of this modality to

image the complete 

length of the trachea

for surgical planning 

without airway ma-

nipulation d

ba

c
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mental resection and a primary end-to-end anas-

tomosis (Johnson 1991). Longer stenoses require 

more extensive surgical repair. Various procedures 

have been described, including pericardial or car-

tilage grafts and the recently described “slide” tra-

cheoplasty (Cunningham et al. 1998), each with 

variable success. As well, recently described post-

operative use of intratracheal stents (Filler et al. 

1998; Shin et al. 2006; Valerie et al. 2005; Airway 

Reconstruction Team 2005) has demonstrated bet-

ter postoperative outcomes.

10.9 
Conclusion

The early radiologic recognition of airway malfor-

mations causing airway compromise is the challeng-

ing and critical role the paediatric radiologist must

play in the initial evaluation and subsequent imag-

ing management of these children. The knowledge 

of the common imaging manifestations of these

disorders and the appropriate subsequent course of 

investigation becomes an integral part of the suc-

cessful management of these children.
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11.1 
Introduction

Abnormalities of the airways in neonates may be

congenital or acquired, and include both intrinsic

airway disorders and disorders of extrinsic tra-

cheo-bronchial compression. Disorders of the larger

airways are frequently related to compression by 

anomalous vessels, and thus imaging techniques 

producing excellent vascular detail are usually re-

quired. Whilst both magnetic resonance imaging 

(MRI) and multi-detector computed tomography 

(CT) offer high-quality vascular imaging, CT is of-

ten preferred in this setting. This primarily reflects fl

the rapid image acquisition possible with CT; thus

fewer patients require sedation, which is frequently 

hazardous in small children with airway disorders.

CT also provides excellent imaging of the lung pa-

renchyma: it is thus able to depict effects of airway 

lesions on the lung parenchyma, such as overin-

flation, atelectasis, consolidation and mucus plug-fl

ging.

In this chapter we review the CT techniques and 

fi ndings in neonates and infants with abnormalities fi

of the central and peripheral pulmonary airways.

11.2 
Central Airways

Central airway disorders (here defined as disordersfi

of the trachea and left and right main bronchi) in

the neonate are conveniently divided into extrinsic 

compression and intrinsic airway disorders. Vascu-

lar anomalies producing complete and incomplete 

vascular rings, or otherwise compressing airways,

account for the majority of extrinsic compressive

lesions: these are the conditions for which CT is 
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most frequently required and are the main focus 

of this chapter. Intrinsic airway disorders include 

tracheobronchomalacia and tracheal stenosis: these

are fairly frequent accompaniments to prematurity,

particularly following prolonged mechanical ven-

tilation.

Congenital abnormalities affecting the central 

airways are all rare. Vascular rings comprise ap-

proximately 1% of congenital cardiac anomalies

(Hernanz-Schulman 2005). Incidences for pri-

mary intrinsic airway abnormalities are not known: 

the incidence of primary tracheomalacia is, how-

ever, estimated at approximately 1:1500 live births 

(Callahan 1998). Acquired tracheal stenosis and 

tracheomalacia are also rare with a similar overall

frequency, but are relatively common in the neonate

requiring prolonged intubation.

11.2.1 

Indications and Clinical Presentations

Central airway narrowing in neonates typically 

presents with inspiratory or biphasic (i.e. both in-

spiratory and expiratory) stridor. Other presenta-

tions include a characteristic cough (described as

similar to a seal’s bark) and recurrent respiratory 

infection (Turner et al. 2005). Although the oe-

sophagus is frequently also involved in disorders

narrowing the trachea, feeding diffi culty is a rarefi

presenting feature in the neonate and before the in-

troduction of solid food. Many of these disorders

are associated with other anomalies and these will 

be detailed below. Antenatal diagnosis of vascular

tracheobronchial compression syndromes has been

described, but is the exception rather than the rule 

(Patel et al. 2006).

11.2.2 

Purposes of Imaging

In neonates with suspected large airways disease, 

imaging should be focused on identifying the cause

of the disorder, and delineating the anatomical rela-

tionships of the airways to the major vessels. This is 

particularly important in vascular compression syn-

dromes requiring surgery, where imaging directs the 

surgical approach to be utilized (Walters 2005). As

an example, a double aortic arch may be approached

by either a left-sided or a right-sided thoracotomy 

depending on which arch is dominant.

11.2.2.1

Non-CT Imaging Techniques

11.2.2.1.1

Chest Radiography

Chest radiography remains an important initial 

investigation in the child with a suspected airway 

anomaly. The presence of a right-sided arch in an

infant with stridor is certainly suggestive of the 

presence of a vascular ring, as this is present in the

majority of cases. The airway itself may  be directly 

visualized on the chest fi lm. Lung collapse or con-fi

solidation relating to the airway problem may also

be efficiently demonstrated. Although an entirely fi

normal radiograph makes a vascular ring unlikely 

(Hernanz-Schulman 2005), it is probably not sen-

sitive enough to exclude the diagnosis.

11.2.2.1.2 

Contrast Oesophagography

Contrast oesophagography has long been a useful 

tool in the investigation of vascular tracheobron-

chial compression syndromes, on the basis that any 

vascular anomaly causing tracheal compression will

also cause oesophageal compression. Indeed it is be-

lieved that a normal contrast oesophagram excludes 

the presence of a vascular ring. However, the wide-

spread availability of multidetector CT (MDCT) has

led to a reduction in use of oesophagography, al-

though some authors still advocate a role as a screen-

ing tool, particularly when clinical suspicion for a

vascular ring is low (Hernanz-Schulman 2005;

Turner et al. 2005).

11.2.2.1.3

Bronchoscopy

Bronchoscopy allows direct visualization of the

central airways, and is particularly useful in the 

identification of intrinsic airway anomalies. Pulsa-fi

tility of the airway at the level of narrowing suggests 

vascular compression.

11.2.2.1.4

Contrast Bronchography

Contrast bronchography is still widely practised in 

the neonatal setting, and is particularly useful in

the evaluation of tracheobronchomalacia. The tech-

nique can give useful dynamic information such as 
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airway opening pressures, which may be used to

guide management.

11.2.2.1.5

Magnetic Resonance Imaging

As discussed earlier, MRI may also be used to evaluate

vascular tracheobronchial compression syndromes, 

but suffers the key disadvantage of prolonged im-

aging times and the frequent need for sedation or

general anaesthesia. It does however avoid the use

of ionizing radiation, and may be the technique of 

choice in the more stable patient ( Oddone et al. 

2005). A full discussion of MRI techniques is beyond 

the scope of this chapter.

11.2.2.2 

CT Techniques

Multidetector CT (MDCT) techniques have revolu-

tionized the imaging of vascular tracheobronchial

compression syndromes and other airway disorders,

and are now the most widely performed advanced

imaging techniques in this setting.

Acutely unwell neonates with airway disorders 

may be intubated and ventilated at the time of ex-

amination, and this allows controlled breath-hold-

ing for the duration of the acquisition. In order to

avoid artefactual “stenting” of a tracheal stenosis 

by the endotracheal tube, the tip of the tube should

be positioned in the most proximal position that is 

safe, as guided by the attending anaesthetist. This 

can be confi rmed on the scout view. For non-in-fi

tubated patients, the scan can be acquired during 

quiet spontaneous respiration. Sedation is generally 

used sparingly and with caution in patients with air-

way problems.

To produce exquisite vascular detail requires a

large volume of data with thin beam collimation. For 

a 16-slice scanner, in our institution we use a beam

collimation of 0.75 mm with a feed per rotation of 

8–12 mm (equates to a pitch of 0.75-1) and a rota-

tion time of 0.5 s. We use a tube voltage of 100 kVp. 

Diagnostic-quality studies can be obtained using 

low tube currents to minimize dose (Pacharn et al. 

2002): for neonates we use a tube current typically 

of 15–20 mAs. The effective dose with these param-

eters for a CT of the entire thorax is of the order of 

0.7–0.9 mSv.

We administer intravenous contrast via a large

peripheral vein where possible, using at least a 22-

g cannula. We use a dose of 2 ml/kg of iodinated

contrast material at 300 mmol iodine/l. Contrast

administration is timed using a reference scan at 

the level of the main pulmonary artery following 

the contrast bolus, triggering the helical acquisi-

tion when the bolus reaches the main pulmonary 

artery. In our experience automated bolus track-

ing is problematic in neonates, as drawing a region 

of interest correctly is difficult in these very small fi

patients.

We reconstruct images with two kernels, a soft-

tissue algorithm (B30f) and a high spatial frequency 

algorithm for lungs (B60f). We send 3-mm recon-

structions at both kernels to the Picture Archiving

and Communication System (PACS). We also recon-

struct thin section data at 1 mm thickness with the

B30f kernel, which we send to a 3D workstation (Loe-

nardo, Siemens, Erlangen) for post processing.

Post processing is essential to fully clarify the re-

lationship of vascular structures to airways. Multi-

planar reformats in axial, coronal and sagittal (and

oblique/angled planes as necessary) are an impor-

tant first step (Fig. 11.1a). Maximal intensity projec-fi

tions (MIPS) in thin and thick sections can help to

accentuate vascular structures, but may obscure the 

airways (Fig. 11.1b). Volume rendered tomogram

(VRT) images may be very useful to demonstrate 

overall arch anatomy (Fig. 11.1c). The airways can 

also be reconstructed with volume rendering to 

produce a “virtual bronchogram”, which elegantly 

demonstrates the overall appearance of the main 

airways (Fig. 11.1d). Finally, a “fl y-through” virtual fl

bronchoscopy can help demonstrate abnormalities

in a way that is familiar to clinicians (Fig. 11.1e) 

(Honnef et al. 2006). MDCT techniques are sum-

marized in Figure 11.2.

11.3 
Extrinsic Airway Compression:
Vascular Rings

11.3.1 

Anatomical and Embryological Considerations

Understanding vascular tracheobronchial compres-

sion syndromes is facilitated by an appreciation of 

the embryological development of the major ves-

sels. This is largely based on the theoretical stud-

ies of Edwards (1948a, 1948b). The major vessels

develop from six primitive aortic arches, of which 
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Fig. 11.1a–e. Post processing techniques: right dominant double aortic arch. a Coronal-plane reformat: this is very useful for

demonstrating tracheal narrowing due to a double arch, in this case a right dominant double arch (white arrow right arch,

open arrow left arch). b Axial 10-mm maximal intensity projection: MIPS are useful for accentuating vascular structures. 

c Volume rendered tomogram, posterior cut-away view: this view gives a clear overview of the arch anatomy (DA dorsal

aorta, LA left arch, RA right arch, RC/LC right/left common carotid,C RS/LS right/left subclavian artery): the arrow indicatesw

a stenosis between the distal left arch, which forms a Kommerell diverticulum (K), and the proximal left arch. d Virtual

bronchogram view, which gives an overview of bronchial anatomy: there is a narrowing at the level of the double arch. 

e Virtual bronchoscopy: although not particularly useful to the radiologist, this gives the clinician a familiar view of the

tracheal anatomy: there is predominantly antero-posterior narrowing at the level of the double arch

a

c

b

d

e
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no more than four are present at any one time: these 

connect dorsal and ventral aortas. From this can 

be derived a hypothetical composite comprising a

double aortic arch, the two arches uniting to form

the dorsal aorta, with each arch giving off a ductus

to the ipsilateral pulmonary artery (Fig. 11.3). Each

arch also gives rise to the ipsilateral subclavian

and carotid artery. Normal development requires 

regression of the right arch proximal to the level of 

the right subclavian, with resorption of the right-

sided ductus. Malformations and anatomical vari-

ations result from persistence of these normally 

regressing structures, and/or regression at other

sites; for example, the commonest anatomical vari-

ant of the aortic arch, the left arch with aberrant 

right subclavian, arises when the segment of the

right arch between the right subclavian and right

carotid regresses, with the more proximal right

arch persisting as the origin of the aberrant subcla-

vian. When only the proximal aspect of the second 

arch regresses, the patent remnant can often be

distinguished as a posterior aortic diverticulum,

also known as a Kommerell diverticulum. This is 

a frequent fi nding in vascular rings. A Kommerell fi

diverticulum is frequently the origin of an aberrant 

subclavian artery (e.g. Fig. 11.7b), but may also be 

blind ending. A ductus or ligamentum arteriosus

may also arise from the diverticulum (e.g. Fig. 11.6). 

If this is contralateral to the side of the aortic arch,

a complete ring will ensue.

11.3.2 

Classii cation and Terminology

The term vascular ring refers to an encirclement of 

the trachea and oesophagus by an abnormal combi-

nation of derivatives of the aortic arch system. The 

nomenclature of these disorders is somewhat con-

fusing: the current classification system employedfi

by The Society of Thoracic Surgeons divides vas-

cular rings into complete rings, consisting primar-

ily of the double aortic arch and right aortic arch

with left ligamentum arteriosus, and incomplete

rings, principally the pulmonary artery sling and

innominate artery compression syndrome, Fig. 11.4 

(Backer and Mavroudis 2000). It might be argued 

that an incomplete ring is not a ring at all, and some 

authors prefer “vascular tracheo-bronchial com-

pression syndrome” as an umbrella term, reserving 

vascular ring to describe complete encirclements 

only (Walters 2005).

11.3.3 

Complete Vascular Rings

The original description of a complete vascular ring 

was made in 1945 by Gross, who was the first to iden-fi

tify and treat a double aortic arch. It is important to

note that a vascular ring is not necessarily completed 

by patent vascular structures: complete vascular rings 

also occur when a right-sided aortic arch is associated 

with a left ligamentum arteriosum (i.e. a ligamen-

tous remnant of the ductus arteriosus), often in asso-

ciation with a Kommerell diverticulum. Non-patent

vascular structures such as a ligamentum or atretic

arch segment are not usually directly visualized with 

imaging: their presence is inferred from the fi nding of fi

an appropriate arrangement of the major vessels with 

a narrowed airway at the level of the ring.

11.3.3.1 

Double Aortic Arch

A double arch is the most common type of symp-

tomatic aortic ring: it is characterized by two aortic 

arches arising from the ascending aorta which unite 

behind the oesophagus, thus encircling both trachea 

and oesophagus. Typically, each carotid and sub-

clavian artery has its own independent origin from

the two arches.

Beam collimation 0.75mm

Feed per rotation 8-12mm

Rotation time 0.5s

Tube voltage 100kVp

Tube current 15-20mAs

0.7mSv (male)

0.9mSv (female)

PACS 3mm axial soft tissue (B30f)

3mm axial lung (B60f)

Workstation 1mm axial soft tissue (B30f)

Technique Purpose

Multiplanar reformats To demonstrate anatomical relationships

Maximal intensity projections To accentuate vascular structures

Virtual rendering tomography Overview of vascular anatomy

Virtual bronchogram Overview of tracheo-bronchial anatomy

Virtual bronchoscopy At clinician request

CT parameters for 16 slice MDCT

Post processing

Image reconstruction

Patient dose
( )

g ( )

Fig. 11.2. Summary of MDCT imaging parameters for imag-

ing central airway abnormalities in neonates
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Fig. 11.3. The hypothetical double arch of Ed-

wards. (AA Ascending aorta, DA dorsal aorta,

E oesophagus, PA pulmonary artery,R/LPA right/

left pulmonary artery, R/LC right/left carotid, C R/

LS right/left subclavian.) A ductus connects each 

arch to the ipsilateral pulmonary artery. Normal 

development requires regression of the right arch 

between dorsal aorta and right subclavian to

point 1, and regression of the right-sided ductus. 

The right subclavian and carotid join to become 

the innominate artery. If regression occurs at 

point 2, a left arch with aberrant right subclavian

results. Regression at point 3 results in right arch

with aberrant left subclavian, frequently with a 

persisting left-sided ductus/ductal ligament. Re-

gression at point 4 results in right arch with mir-

ror image branching: the left arch may persist as 

a Kommerell diverticulum with a left-sided duct 

or ligament completing the vascular ring. Figure 

from Hernanz-Schulman M. Vascular rings: a 

practical approach to imaging diagnosis. Pediatr 

Radiol 2005 Oct;35(10):961–979. Epub 2005 Jul 29.

Review. PMID: 16052335

Balanced double arch

Right dominant double 

arch

Left dominant double 

arch

Retro-oesophageal left

subclavian artery

Mirror-image branching

Circumflex aorta

Left arch, circumflex 

aorta

Innominate artery 

compression

Pulmonary artery

sling

Double arch

Right arch, left

ligamentum

Vascular rings

Incomplete

rings

Complete

Rings

Rare rings

Others

Fig. 11.4. Simplified classififi cation of fi

vascular rings, after the Congenital 

Heart Surgery Nomenclature and Da-

tabase Project
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In approximately 75% of double arches, the 

right arch is said to be dominant, being larger and 

usually slightly higher in position than the left 

(Fig. 11.1). Most of the remainder are said to be “bal-

anced” with equal sizes of the two arches (Fig. 11.5) 

( Hernanz-Schulman 2005). Both balanced and 

right dominant arches are treated through a left-

sided thoracotomy. In a minority, the left arch is 

dominant: it is critical, wherever possible, to iden-

tify this minority of patients, as they will require 

a right-sided thoracotomy to ligate the non-domi-

nant arch. Further variations of double arch occur

when one of the arches, almost invariably the left

arch, is non-patent and atretic: the left arch persists

as a ligamentous remnant. The atretic segment lies

between either the left subclavian and descending 

aorta, or between left carotid and left subclavian,

the patent remnant in this case forming a Kommer-

ell diverticulum. The imaging appearances in these 

cases  are usually indistinguishable from a right

arch with mirror image branching and right arch 

with retro-oesophageal left subclavian, respec-

tively (Hernanz-Schulman 2005; Schlesinger

et al. 2005).

11.3.3.2 

Right Aortic Arch with Left-Sided Ligamentum

In this, the other main group of complete vascular 

rings, a right-sided aortic arch is associated with a

left-sided ligamentum arteriosus (ductal ligament) 

connecting the main pulmonary artery to the de-

scending aorta. This primarily occurs in one of 

two patterns: in approximately two-thirds of cases,

Fig. 11.5a–d. Balanced double aortic. a Chest radiograph in a 6-week-old neonate with stridor and respiratory failure requir-

ing intubation. There is abnormal right paratracheal soft tissue (white arrows). The descending aorta is left sided (black

arrow). b Axial, and c coronal CT reconstructions demonstrating a double aortic arch (open arrow right arch, white arrow left 

arch) of approximately equal size, encircling the narrowed trachea and oesophagus (a nasogastric tube is in situ). d Volume 

rendered 3D reconstruction: view from right postero-superior position: the nasogastric tube (arrowheads) runs between the 

right (white arrow) and left (open arrow) aortic arches

c d

a b
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the left subclavian artery is the final branch of fi

the aortic arch, and follows a retro-oesophageal 

course. This is analogous to the common variant 

of aberrant right subclavian with left arch; how-

ever, with a right arch, the aberrant subclavian 

is frequently associated with a left-sided ductus 

and thus a complete ring. The aberrant subclavian

artery frequently arises from a Kommerell diver-

ticulum, from which the ductus or ligamentum

arteriosus also usually arises (Fig. 11.6). In most 

remaining cases, there is “mirror-image” branch-

ing, with a left-sided innominate artery arising as

the fi rst branch. In general, a right arch with mir-fi

ror-image branching, although strongly associated 

with congenital heart disease, is only infrequently 

associated with a vascular ring. When a ring is 

present, this is usually due to a left-sided ductal 

ligament either in association with a left-sided 

descending aorta (a “circumflex” aorta) or with afl

blind-ending Kommerell diverticulum (Fig. 11.7c)

(Hernanz-Schulman 2005; Oddone et al. 2005; 

Turner et al. 2005).

11.3.3.3

Other Complete Rings

Rarely, a complete ring is associated with a left-sided 

aortic arch. In order to produce a complete ring 

in this setting, a right-sided ductal ligament needs

to be present: this most commonly occurs in the

presence of a circumflex aorta, i.e. a left arch withfl

a right-sided descending aorta. Typically, the right-

sided ductal ligament connects the right pulmonary 

artery and the descending aorta. This is occasionally 

associated with an aberrant right subclavian artery 

arising as the last branch of the aorta from a Kom-

merell diverticulum (Fig. 11.7d). It should be noted

that an aberrant right subclavian artery as the only 

arch abnormality is almost never associated with 

a vascular ring, as the ductus is almost invariably 

left sided in this case (Hernanz-Schulman 2005;

Oddone et al. 2005; Turner et al. 2005).

Four examples of arch arrangements associated

with complete rings are given in Figure 11.7.

11.3.4 

Incomplete Vascular Rings

Incomplete vascular rings consist predominantly 

of pulmonary artery sling and innominate artery 

compression syndrome.

Fig. 11.6a–c. Right arch with retro-oesophageal left subcla-

vian artery, and patent left ductus arteriosus. a Coronal MPR

image in 18-month-old child with dysphagia following a 

ventricular septal defect (VSD) repair: there is a right aortic

arch (white arrow), with a left subclavian artery arising aber-

rantly off a Kommerell diverticulum (black arrow). The left 

pulmonary artery is in close proximity to this (open arrow).

b Axial thin section demonstrates patent ductus arteriosus

(open arrow) running between the Kommerell diverticulum 

(black arrow) and the left pulmonary artery (white arrow),

completing the ring. c VRT image. Posterior cut-away view 

demonstrates overview of arch anatomy. (K Kommerell di-K

verticulum, LP left pulmonary artery,P LS/LC left subclavian/C

common carotid, RA right aortic arch, RS/RC right subcla-C

vian/common carotid.) The left-sided ductus is visible as a

thin structure between the Kommerell diverticulum and the

left pulmonary artery

a

b

c
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11.3.4.1 

Pulmonary Sling

A pulmonary artery sling, sometimes known as a

retrotracheal left pulmonary artery, is character-

ized by the left pulmonary artery arising from the

right pulmonary artery or distal pulmonary trunk,

rather than the main pulmonary trunk as is nor-

mal. The left pulmonary artery arches around the

trachea, above the right main bronchus, and runs 

in between trachea and oesophagus. The artery 

may compress the right main bronchus, the right

and posterior walls of the trachea and the anterior

wall of the oesophagus. This extrinsic compression

is frequently exacerbated by intrinsic tracheobron-

chial abnormalities: complete cartilaginous rings 

are particularly common (Fig. 11.8). Other asso-

ciations include frequent cardiac anomalies and 

occasionally a tracheal right upper lobe bronchus

(Berdon 2000; Oddone et al. 2005).

11.3.4.2 

Innominate Artery Compression

This somewhat controversial entity is the combina-

tion of the clinical features of upper airway obstruc-

tion with tracheal narrowing related to the posi-

tion of the innominate artery. Controversy arises

as tracheal narrowing at this site may be found in 

asymptomatic children, and the degree of tracheal

narrowing relates poorly to the level of symptoms.

Furthermore, it is not clear if the primary abnor-

mality is the extrinsic compression or intrinsic tra-

cheomalacia. Imaging typically demonstrates an 

abnormally distal origin, or occasionally a dilated

or aneurysmal root of the innominate artery and

tracheal narrowing of at least 50% of the normal

lumen (Fig. 11.9). Treatment is by aortopexy or oc-

casionally reimplantation of the innominate artery 

(Berdon 2000; Faust et al. 2002; Oddone et al. 

2005; Shell et al. 2001).

Fig. 11.7a–d. Arch arrangements associated with complete vascular rings: volume ren-
dered posterior views. (DA Dorsal aorta, IA innominate artery, K Kommerell diverticu-
lum, RA/LA right/left aortic arch, RC/LC right/left common carotid, C RS/LS right/leftS
subclavian artery.) a Double arch with right arch dominance (3-year-old male): there a
is narrowing of the left arch between proximal and distal portions (arrow) with the w
distal portion showing dilatation (a Kommerell diverticulum). Carotid and subcla-
vian branches arise from each ipsilateral arch. b Right arch with retro-oesophageal
left subclavian artery (4-year-old male): the aberrant subclavian arises from a Kom-
merell diverticulum. This arrangement resembles a double arch with atresia of the left
proximal arch segment. The vascular ring is completed by a ligamentous remnant of 
a left-sided ductus arteriosus between the Kommerell diverticulum and left pulmo-
nary artery. c Right arch with mirror-image branching and Kommerell diverticulum
(2-month-old female). Again a ligament from the Kommerell diverticulum to the left
pulmonary artery completes the ring. d Left arch with circumfl ex aorta (right-sidedfl
dorsal aorta) and aberrant right subclavian artery (4-month-old female). This is almost 
a mirror image of case b: unlike most cases of left arch with aberrant subclavian, the
ductus arteriosus is right sided, and thus forms a complete ring

a b c

d
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11.3.4.3

Other

There are a number of other congenital great arch 

anomalies associated with airway compromise all of 

which are rare. The most notable of these is a cervi-

cal aortic arch, where the top of the arch crosses the 

sternum: this typically presents as a pulsatile mass 

in the suprasternal notch, but occasionally presents

with tracheo-oesophageal compression.

Fig. 11.8a–e. Pulmonary artery sling. a Chest radiograph 

in a 3-month-old infant with stridor and respiratory fail-

ure requiring intubation. The main bronchi (black arrows)

are both abnormally horizontal, producing a wide carinal

angle. b Axial CT image at level of left pulmonary artery 

(LPA) origin. The LPA arises from the RPA, and follows a

retro-tracheal course. The trachea is antero-posteriorly nar-

rowed. c Virtual and (d) contrast bronchography: there is a

long segment of lower tracheal stenosis (white arrows), due

partly to vascular compression, and partly to complete carti-

laginous rings. e Volume rendered 3D reformat, postero-su-

perior view of the heart and pulmonary arteries. The course 

of the trachea is indicated by the arrow

a

c

b d

e
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11.4 
Extrinsic Airway Compression:
Other Vascular Anomalies

The preceding disorders all feature anatomically 

anomalous vessels as a primary abnormality. In

some circumstances, hypertrophy and dilatation of 

normally originating vascular structures result in 

tracheobronchial compression.

11.4.1 

Absent Pulmonary Valve Syndrome

This is a disorder characterized by massive pul-

monary arterial dilatation secondary to profound 

pulmonary valve insuffi ciency. It is almost always fi

associated with other cardiac anomalies, usually te-

tralogy of Fallot. Chromosome 22.q11 deletion and

DiGeorge syndrome are other occasional accompani-

ments. Airway obstruction is an early and dominant

feature: the dilated arteries may narrow the trachea or

either main bronchus (Fig. 11.10). Surgical treatment

typically consists of a homograft valve conduit and

reduction arterioplasty of the dilated vessels. Tra-

cheobronchial stenting is also occasionally employed

(Norgaard et al. 2006; Taragin et al. 2006).

11.4.2 

Major Aortico-Pulmonary Collateral Artery 

(MAPCA)

Major aorto-pulmonary collateral arteries (MAPCA)

are a frequent fi nding in cyanotic congenital heart dis-fi

ease associated with pulmonary valve atresia. Extrinsic 

bronchial compression by MAPCA is not infrequent in 

these patients, and may contribute to poor cardiorespi-

ratory function (Fig. 11.11) (Yamagishi et al. 2002).

Fig. 11.9a–d. Innominate artery compression in a 2-month-old infant with stridor. a Axial CT demonstrates eccentric tra-

cheal narrowing at the level of the innominate artery origin. b Sagittal reformat demonstrates narrowing of >50% of upper

tracheal diameter. c The aortic arch anatomy is normal. d Virtual bronchogram demonstrates eccentric narrowing of the 

right side of the trachea

c d

a

b
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11.5
Extrinsic Airway Compression:
Non-Vascular

Non-vascular causes account for a minority of ex-

trinsic airway compression in neonates and infants,

but encompass a range of congenital and neoplastic 

entities. Commoner causes include bronchogenic

cyst (Fig. 11.12), mediastinal teratoma (Fig. 11.13)

and congenital neuroblastoma.

11.6 
Intrinsic Airway Abnormalities

Intrinsic abnormality of the central airways as a 

solitary fi nding accounts for a minority of neonatal fi

airway abnormalities, but frequently occurs in asso-

ciation with extrinsic compression. Airway abnor-

malities can be conveniently divided into dynamic 

airway narrowing, or tracheobronchomalacia, and

fixed tracheobronchial stenoses.fi

Fig. 11.10a–c. Absent pulmonary valve syndrome. a Axial CT image in 10-month-old with tetralogy of Fallot and absence of 

the pulmonary valve. The main pulmonary arteries (asterisks) are massively dilated, producing marked narrowing of the

left main bronchus (arrow) as it passes between them. b Sagittal reformat demonstrates massive main pulmonary artery 

dilatation (black arrow) with marked antero-posterior narrowing of the left main bronchus (between open arrows). c Virtual 

bronchogram demonstrates almost complete occlusion of the left main bronchus (open arrow)

a

c

b
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11.6.1 

Tracheobronchomalacia

Tracheobronchomalacia (TBM) refers to a weakness 

of the central airway walls resulting from deficient fi

elastic or cartilaginous components. This results in 

softer airways that are more compliant, and which 

undergo exaggerated changes in luminal diameter 

during inspiration and expiration. The pathologi-

cal consequence is expiratory airway collapse. In

its primary form, TBM represents the commonest 

intrinsic tracheal abnormality. Whilst occasionally 

seen in term infants, TBM most typically occurs in 

the premature neonate. Primary TBM also occurs 

in congenital cartilage disorders such as chondro-

malacia, chondrodysplasia and polychondritis, and 

a range of other genetic conditions including the 

mucopolysaccharidoses and various chromosomal 

anomalies. The acquired or secondary form oc-

curs in three principal settings: in association with

tracheo-oesophageal fi stula (many consider this fi

primary), following prolonged intubation and in 

association with any of the causes of extrinsic com-

pression already described (Carden et al. 2005).

The essence of TBM is its dynamic nature, and 

this renders imaging evaluation challenging in the

neonate. The most widely practised imaging tech-

nique is conventional bronchography: contrast is 

injected via an endotracheal tube at various airway 

pressures, allowing definition of opening pressuresfi

for the airways. This allows optimal management. 

Whilst in principal, CT can also demonstrate air-

way opening at different pressures (Fig. 11.14), this

is not currently a widely used strategy in neonates

and infants (Mok et al. 2001). CT in these children 

maintains a role, however, in identifying extrinsic

causes of TBM.

11.6.2 

Tracheal Stenosis

11.6.2.1 

Congenital Tracheal Stenosis

Congenital tracheal stenosis describes a spectrum 

of disorders characterized by fixed narrowingfi

of the trachea. These narrowings may involve a

Fig. 11.11a–c. Major aortico-pulmonary collateral artery. 

a Axial 10-mm maximal intensity projection image from CT

study in 2-day-old neonate with complex congenital heart

disease including hypoplastic right ventricle, pulmonary 

atresia and tricuspid stenosis. The lungs are predominantly 

supplied by aorto-pulmonary collateral arteries. This image 

demonstrates a large collateral (black arrows) arising from 

the descending aorta (white arrow). b Axial CT image dem-

onstrates the close relationship of the collateral artery to the

left main bronchus, which is narrowed at this level (between 

arrows). c Virtual bronchogram demonstrates narrowing of 

left main bronchus (white arrow)

a

c

b
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short segment or extend over the entire length of 

the trachea and involve one or both main bron-

chi. They are typically characterized by the pres-

ence of a complete tracheal cartilaginous ring or 

rings. Congenital stenoses are frequently associ-

ated with other anomalies, the commonest being 

tracheal bronchus, pulmonary artery sling and

agenetic lung. Tracheomalacia often co-exists. As 

with tracheomalacia, contrast bronchography and

bronchoscopy are the principle investigations in

identifying and characterizing these disorders.

The main role of CT again is to identify associated

anomalies, particularly vascular anomalies such 

as pulmonary artery sling. The presence of a com-

plete cartilaginous ring typically produces a very 

rounded appearance to the airway on axial section

at the level of narrowing, as opposed to the normal 

ovoid appearance (Fig. 11.15). Short stenoses may 

be managed by simple resection and end-to-end

anastomosis, although balloon dilatation com-

bined with laser therapy, and stenting have also 

been used. Longer stenoses are typically treated by 

slide tracheoplasty (Anton-Pacheco et al. 2006;

Elliott et al. 2003).

Fig. 11.12a, b. Bronchogenic cyst. a Chest radiograph in 1-day-old neonate with respiratory distress. There is collapse of the 

right lung (open arrow) and overinfl ation of the left lung with flfl attening of the diaphragm (fl white arrows). b Axial CT in same 

patient just below level of the carina. There is a water density structure anterior to the carina: this is causing obstructive

atelectasis of the right lung and overinflation of the left lung. Histological examination confifl rmed a bronchogenic cystfi

a b

Fig. 11.13a,b. Teratoma. a Chest radiograph in 7-day-old neonate requiring emergency intubation. There is a moderate right

pleural effusion. There is pronounced displacement of the trachea to the left (white arrows). b Coronal CT reformat demon-

strating right superior mediastinal soft-tissue mass displacing trachea (open arrow). Histological evaluation demonstrated 

intra-thyroidal immature teratoma

a b
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11.6.2.2

Acquired Tracheal Stenosis

Tracheal stenosis also occurs as a complication of 

prolonged endotracheal intubation, particularly in 

the setting of prematurity and tracheal infection. 

Presentation may be delayed beyond infancy. Imag-

ing strategies and management are similar to those

for congenital stenoses.

11.7
Peripheral Airway

11.7.1 

Congenital Bronchial Anomalies

11.7.1.1

Anatomical Variants

Anatomical variants and anomalies of tracheo-

bronchial division are common, being identified fi

in as many as 12% of diagnostic studies, but are 

frequently asymptomatic. The most commonly en-

countered are the tracheal bronchus and the acces-

sory cardiac bronchus.

11.7.1.1.1 

Tracheal Bronchus

The term tracheal bronchus is used to encompass a 

range of conditions whereby a bronchial structure 

arises anomalously from the trachea, carina or prox-

imal main bronchi and is directed towards the upper 

lobes. These occur much more commonly on the

right. The bronchus may replace the normal upper 

lobe bronchus, in which case it is called a replaced

tracheal bronchus, or pig bronchus (Fig. 11.16). Al-

ternatively, the tracheal bronchus may be present 

in addition to a normal upper lobe bronchial sup-

ply, termed an accessory tracheal bronchus: this 

may be blind ending. A tracheal bronchus is fre-

quently an isolated and incidental fi nding; however,fi

it may occasionally be symptomatic if drainage is

impaired, usually manifesting as recurrent respi-

ratory infection. A tracheal bronchus is also found 

with increased frequency in association with other

anomalies, including partial anomalous pulmo-

nary venous drainage, and pulmonary artery sling

(Ghaye et al. 2001).

Fig. 11.14a–c. Tracheomalacia. Axial (a) and sagittal planar

reformatted (b) CT in inspiration at the level of the upper

trachea in 6-month-old infant with stridor following repair

of oesophageal atresia and tracheo-oeophageal fistula. The fi

trachea has an irregular contour (open arrow), with a large 

tracheal diverticulum at the site of repair (white arrow). 

c Sagittal plane reformat in expiration demonstrates almost

complete collapse of the trachea

c

b

a
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Fig. 11.15a–d. Congenital tracheal stenosis. a Axial CT image in 6-month-old infant with stridor, and complete tracheal rings

on bronchoscopy. The trachea adopts a very rounded morphology at the level of a stenosis (black arrow). b Virtual and c

contrast bronchography demonstrate area of stenosis (open arrows). d Virtual bronchoscopy shows the rounded morphology 
of the tracheal lumen at the level of tracheal stenosis (arrows) suggestive of a complete ring

c

d

a
b

11.7.1.1.2 

Accessory Cardiac Bronchus

An accessory cardiac bronchus is a supernumerary 

bronchus arising from the medial wall of the right main 

bronchus or bronchus intermedius, opposite the origin

of the right upper lobe bronchus. It is usually blind

ending. Again this anomaly is typically asymptomatic 

but may act as a focus for recurrent infection.

11.7.1.2 

Bronchial Atresia

This condition, which typically presents beyond 

the neonatal period, results from abnormal devel-

opment of a segmental bronchus. This results in 

accumulation of mucoid secretions in the bronchus 

distal to the obstruction, and obstructive overinfla-fl
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tion of the lung parenchyma supplied by that bron-

chus, as a result of collateral air drift. The typi-

cal imaging appearance is of an overinfl ated lung fl

segment or lobe, with a tubular or nodular mass, 

sometimes containing an air-fluid level, at the apex fl

of the overinflated lung (Fig. 11.17). The condition is fl

also known as a congenital bronchocoele. Although

often asymptomatic, there is a pathological and ra-

diological overlap with the more frequently symp-

tomatic conditions of congenital lobar emphysema 

and congenital cystic adenomatoid malformations 

(Morikawa et al. 2005).

11.7.2 

Lung Malformations

Many of the disorders, which are conventionally 

defined as pulmonary parenchymal malformations,fi

also involve the peripheral airway; whilst these are 

considered in detail elsewhere (see Chaps. 8 and 9), 

we will review two of these conditions here.

11.7.2.1

Congenital Lobar Overinlationl

Congenital lobar overinfl ation (CLO, or congeni-fl

tal lobar emphysema: the former term is preferred 

as there is no destruction of alveolar walls in this

condition) is not traditionally considered a neona-

tal airway anomaly, and is considered in detail in 

Chapter 9. However, there is considerable evidence 

that the primary abnormality in most cases of CLO

is an abnormality of the lobar bronchus: this may be 

focal bronchomalacia, bronchial atresia or a web, or

extrinsic compression. Indeed, many of the condi-

tions causing extrinsic airway compression that we

Fig. 11.16. Tracheal bronchus. Minimal intensity projection

image in the coronal plane in a 3-month-old infant with

congenital spinal anomalies. The right upper lobe bronchus

arises from the trachea: this exclusively supplies the whole

right upper lobe, a true “pig bronchus”

Fig. 11.17a,b. Bronchial atresia. a Chest radiograph in 5-year-old child with recurrent respiratory infections. The left upper

lobe is overinflated and hypertransradiant. A tubular structure is projected adjacent to the left hilum. fl b Axial CT in the 

same patient: the left upper lobe is overinflated and there is a dilated segment of the left upper lobe bronchus containingfl

a fluid level – a congenital bronchocoelefl

a

b
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Fig. 11.18a,b. Lobar overinflation in extrinsic bronchial compression. fl a Coronal MPR in 4-month-old child with absent pul-

monary valve syndrome: the main pulmonary artery (MPA) and left and right pulmonary arteries (LPA/RPA) are massively PP

dilated. The right middle lobe is hypertransradiant and overinfl ated due to air trapping (fl white arrows). There is segmental 

overinflation within the left upper lobe (fl black arrow). b More posterior coronal MPR shows narrowing of the right middle

lobe bronchus by the dilated RPA (black arrows) and overinfl ation of the right middle lobe Legendsfl

a b

have already considered may result in air-trapping

and overinflation, which, for all intents and pur-fl

poses, is a form of congenital lobar overinflation fl

(Fig. 11.18).

11.7.2.2

Congenital Cystic Adenomatoid Malformation

Similarly, congenital cystic adenomatoid malforma-

tion (CCAM) is typically considered a lung mal-

formation rather than an airway abnormality (see 

Chap. 9). There is, again, evidence that CCAM also

results from a bronchial abnormality: bronchial 

atresia was identifi ed in 69% of resected specimensfi

of CCAM in a recent study (Kunisaki et al. 2006). It

is hypothesized that the insult to lung development 

occurs at an earlier stage in CCAM than in CLO or 

bronchial atresia.

11.8 
Conclusions

Multidetector CT plays a central role in the modern 

evaluation of the neonate or infant with suspected 

airway abnormalities. It is particularly useful in 

assessing vascular tracheobronchial compression 

syndromes, allowing simultaneous detailed vas-

cular imaging along with imaging of the airways 

and pulmonary parenchyma, with short imaging

times.
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12.1 
Introduction

As reflected by the other issues in this volume dis-fl

eases of the newborn chest are commonly evaluated 

by means of the three dominant imaging modalities: 

conventional chest radiographs, computed tomog-

raphy (CT) and magnetic resonance (MR).

Thorax ultrasound is not often performed mainly 

because bone and air are traditionally considered 

natural barriers for the ultrasound beam. However, 

the unique thoracic anatomy of the neonate as well as 

certain pathologic conditions provides many acous-

tic windows into the chest. Little effort is needed to 

evaluate and diagnose a wide range of clinical prob-

lems in the thorax without the radiation exposure

from frequent chest radiographs and CT, or the need 

for sedation sometimes required for CT and MR im-

aging. In particular, ultrasound is quickly imple-

mented in the remote intensive care situation where

patients can be examined in any given position and 

location minimizing the need to move or transfer 

patients who are on life support devices.

Ultrasound is particularly useful in differentiat-

ing pulmonary from pleural lesions, in visualizing 

diseased parenchyma hidden by a pleural effusion

on chest radiographs, and in detecting and charac-

terizing pleural fluid collections. It can also delin-fl

eate anomalies of mediastinum and great vessels 

and, last but not least, assess malposition and com-

plications of central vein catheters.

12.2
Technique

To correlate findings it is always helpful to review the fi

patient’s most recent chest radiograph prior to ultra-
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sound examination. In general transducers are se-

lected according to the size of the patient and position

of the lesion being evaluated. Small infants and neo-

nates are easily examined with high-frequency linear 

or sector transducers. Small transducers are valuable 

to insonate from the supraclavicular or suprasternal 

notch. Manoeuvring the patient into different posi-

tions will delineate the position dependency of a lesion 

and can help to move intestinal air out of sight. It may 

be helpful for the abdominal approach to feed the pa-

tient prior to or during examination, since a fluid-fifl  lledfi

stomach provides an excellent acoustic window.

12.2.1 

Imaging Approach to the Mediastinum

To analyse mediastinal structures a supraclavicu-

lar, suprasternal, transsternal, parasternal, subcos-

tal and subxiphoidal approach is used (Fig. 12.1).

a b

c d

Fig. 12.1a–i. Normal ultrasound (US) appearance of the mediastinum. a Normal thymus. Transsternal transverse scan shows 

the normal echo pattern with multiple linear echogenic lines and foci. Arrows Border of the two thymic lobes. b Suprasternal

longitudinal scan shows the trachea with the echo-poor cartilages (arrowheads). c Transsternal longitudinal scan demon-

strates the oesophagus (arrows) with echogenic mucosa and submucosa, sonolucent muscle and intraluminal air. d Normal

left aortic arch. Schematic diagram. 
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e Normal left aortic arch. Oblique

parasagittal supraclavicular scan demonstrates ascending 

aorta (AA), and aortic arch with the origin of the brachio-

cephalic vessels and descending aorta (DA). The right pul-

monary artery (asterisk) is seen in cross-section. f–h Trans-

sternal transverse scans at subsequent levels f At the level of 

the manubrioclavicular junction the large innominate artery 

(IA), the left common carotid (LC) and left subclavian arter-

ies (LS) are seen in cross section. (BV Brachiocephalic vein.)V

g At a lower level the aortic arch (AA) passes anterolateral 

to the trachea (open arrow) and oesophagus (arrow). (SVC

Superior vena cava.) h Only with slight anticlockwise rota-

tion of the transducer can the pulmonary artery bifurcation 

as a whole be imaged. Arrow shows the superior vena cava 

with central venous line. (AA Ascending aorta, PT pulmo-T

nary trunk, RP,PP LP right, left pulmonary artery.) P Open arrow

shows the persistent left superior vena cava. i Plane from the 

suprasternal notch directed towards the right shoulder visu-

alizes the innominate artery (IA) and its bifurcation into the 

right subclavian (RS) and right carotid (RC) artery

e f

g h

i
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Transsternal views are obtained with the trans-

ducer placed directly over the sternum. In neonates

and small infants sternum as well as ribs are pre-

dominantly cartilaginous and, therefore, allow ul-

trasound transmission.

A supraclavicular or suprasternal approach is 

best performed with a helping hand lifting the pa-

tient’s shoulders to extend the neck naturally. If no 

helper is available, the patient’s head is turned to the

contralateral side to free access to the region. The

transducer is placed above the sternum or clavicle 

and tilted posteriorly. This position offers high flex-fl

ibility for documenting mediastinal structures in 

different planes.

Axial and sagittal parasternal views are acquired

with the transducer positioned next to the sternum

as the patient lies in the supine position.

Subcostal or subxiphoidal ultrasound access is a 

transducer position immediately below the xiphoid

process and along the lower border of the thoracic 

cage. Transverse, coronal and sagittal scans image

intrathoracic pathology, the spine, inferior vena

cava and the aorta, and determine the situs.

12.2.2 

Imaging Approach to Pleura, Diaphragm

and Lung

Most of the pleura is superfi cial and readily exam-fi

ined by subcostal, intercostal or subxiphoidal scans. 

Liver and spleen provide good through transmission

and are used as acoustic windows. The air-filled lungfi

covered by visceral pleura blocks sound penetration 

deeper into the chest and produces a bright, lin-

ear interface that moves with respiration (“gliding

sign”) (Targhetta et al. 1992).

Horizontal artefacts are often seen when study-

ing the pleura. They are caused by reflection of thefl

sound waves at the pleura–lung interface surface 

and are seen as a series of echogenic parallel lines 

equidistant from one another below the pleural line.

In addition, vertically oriented “comet tail” arte-

facts can be seen created by the fluid-rich subpleu-fl

ral interlobular septae, which are surrounded by 

air ( Lichtenstein et al. 1997, 1999). When the lung 

above the diaphragm is air filled the curved surface fi

of the diaphragm-lung interface acts as a mirror-like 

refl ector. Longitudinal subcostal images throughfl

the liver therefore show an artefactual mirror-im-

age reflection of the liver or spleen above the dia-fl

phragm. Changing the transducer position will de-

lineate the artefact. Retrohepatic hyperechogenicity 

in newborns that does not change with transducer 

position, however, is a pathognomic sign of hyaline 

membrane disease (Avni et al. 1990).

The diaphragm is imaged by intercostal, subcos-

tal, or subxiphoidal approaches that use liver, spleen

and fluid-fifl lled stomach as acoustic windows. Thefi

examination is performed with the child in quiet 

respiration. For comparison of movements in cases 

of diaphragmatic paralysis, a subxiphoidal approach 

with the transducer tilted cephalad will document

both diaphragms within the same scan (Fig. 12.2).

12.3 
Mediastinum

12.3.1 

Thymus, Trachea, Oesophagus

12.3.1.1 

Thymus

The thymus is the most dominant noncardiac

structure in the infant chest (Fig. 12.1a). Although

changes in size, confi guration and position occurfi

with patient age, recognition of the thymus on ul-

trasound is easy due to its characteristic appear-

Fig. 12.2. Paralysis of the left hemidiaphragm in a 1-day-old

boy with brachial plexus injury (Erb’s palsy) at birth (breech 

delivery). Transverse scan with the transducer angled ce-

phalad allows comparison of the movement of both hemidia-

phragms. During inspiration the left hemidiaphragm moves 

cranially (paradoxical motion)
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ance (Franco et al. 2005). It is bilobulated, with 

homogenous echogenicity slightly less than that of 

the thyroid gland and isoechoic to the liver, with 

some regular linear and punctate echogenicities 

most likely representing connective tissue (Han

et al. 2001). It is hypovascular on Doppler imaging 

and has a well-defined margin. Even when large, thefi

thymus does not compress or displace neighbouring 

vascular structures. One important characteristic

of the thymus is that the gland responds to acute 

physiologic stress with rapid and severe involution

(Bendon and Coventry 2004). It regenerates weeks

to months after the cessation of the stress and may 

then be enlarged due to “rebound growth”.

Thymic aplasia or hypoplasia is found with 

22q11.2 deletion syndrome, a disorder caused by 

the deletion of a small piece of chromosome 22. The 

syndrome is characterized by cardiac defects, ab-

normal facial features, thymic hypoplasia, cleft pal-

ate, and hypocalcemia. It is not a simple disease and

the features of the syndrome vary widely. Because 

of this symptom variety, different groupings of fea-

tures were once described as separate conditions. 

Authors refer to these as the CATCH 22 syndrome 

and include anomalies such as velo-cardio-facial 

syndrome, DiGeorge syndrome, hearing loss with 

craniofacial syndromes and conotruncal anomaly 

face syndrome (Yonehara et al. 2002). Mediastinal 

ultrasound will document agenesis or hypoplasia of 

the thymus and associated cardiac and aortic arch 

anomalies.

In hypocalcemic newborns the thymus may be 

small from perinatal stress alone. The lack of asso-

ciated malformations in these cases speaks against

CATCH 22 syndrome as a differential diagnosis 

(Ben-Ami et al. 1993).

Congenital position anomalies of the thymus are 

classified as aberrant or ectopic. The normal path-fi

way of the thymic descent is from the angle of the

mandible to the superior mediastinum. Rarely the 

thymus fails to descend or descends incompletely.

In this case, entire or partial thymus remains in

the cervical region (Ben-Ami et al. 1993; Tovi and 

Mares 1978). Remnants of thymic tissue can be 

found in any location along the normal pathway of 

descent (aberrant thymus) or in any other location 

(ectopic thymus), i.e. posterior neck or mediasti-

num, pharynx, larynx, trachea, or oesophagus, oc-

casionally causing compression or displacement of 

adjacent mediastinal structures (Baysal et al. 1999). 

Aberrant thymus predominantly presents as a bulg-

ing cervical or suprasternal mass. Ultrasound docu-

ments similar echogenicity and often shows conti-

nuity to the normally positioned thymus (Spigland

et al. 1990).

Thymic haemorrhage causes sudden widening of 

the mediastinal shadow on chest radiographs and is 

associated with haemorrhagic disease of the new-

born or complicating cardiac surgery. Ultrasound 

features closely resemble those of haemorrhage in 

liver or spleen (Lemaitre et al. 1989).

12.3.1.2 

Trachea

On a longitudinal scan the wall of the trachea 

has the appearance of a necklace due to the echo-

poor cartilages and is, therefore, easily identified fi

(Fig. 12.1b). The trachea and the oesophagus run 

together in the midline and both can be used to

determine the midline of the mediastinum. A sig-

nifi cant shift of the trachea to one side of the chestfi

may be a due to hypoplasia or agenesia of the lung

as well as atelectasis of lung parenchyma on the 

ipsilateral side of the shift or a mass on the con-

tralateral side.

Of clinical relevance in the neonatal period is 

congenital short or long segment tracheal stenosis,

a rare disorder characterized by the presence of 

focal or diffuse complete tracheal cartilage rings

( Berrocal et al. 2004). Neonates with congenital 

tracheal stenosis present with respiratory distress

and either cannot be intubated or cannot be weaned 

off a ventilator. Ultrasound may reveal complete car-

tilage rings on axial scans. Long segment tracheal

stenosis may be associated with pulmonary artery 

sling and ultrasound can delineate this association

as described below (Fig. 12.3).

Haemangioma, a congenital anomalous prolif-

eration of blood vessels, can occur in isolation or 

in groups anywhere in the body, most frequently 

in the skin and subcutaneous tissue. A localiza-

tion within the epithelial and subepithelial lining

of the trachea is rare but may result in tracheal ste-

nosis (Fig. 12.4) (Rahbar et al. 2004). When large, 

the haemangioma infiltrates the soft tissue around fi

the trachea or the thyroid gland. Ultrasound docu-

ments the characteristic features of haemangioma 

with rather homogenous ultrasonographic echo-

genicity with varying numbers of hypoechoic 

sinusoids. Draining and feeding vessels may be 

identifi ed. Blood flfi  ow, documented with colourfl

flow Doppler, varies between exuberant and barely fl

detectable.
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Fig. 12.3a–e. Pulmonary artery sling in a 6-month-old boy. a Diagrammatic rep-

resentation. b Lateral oesophago- and bronchogram. The aberrant left pulmonary 

artery (asterisk) appears as an ovoid mass anterior to the oesophagus and posterior 

to the trachea. Note the typical anterior indentation on oesophagus. There is also 

long-segment tracheal and left main bronchial stenosis. c Transsternal axial scan.

The proximal right pulmonary artery (asterik) and the ascending aorta have the 

same diameter. The abnormal origin (arrowheads) of the left pulmonary artery 

from the right pulmonary artery is obvious. (Arrow Oesophagus,w open arrow tra-w

chea.) d Scan and e imaging technique. The scan in the plane of the aortic arch doc-

uments the aortic arch and both pulmonary arteries underneath the aortic arch. 

(See also Fig. 12.1e.) (AAo Ascending aorta, DAo descending aorta, LP anomalous

left pulmonary artery, OE oesophagus, PT pulmonary trunk, RP right pulmonary 

artery, TR trachea)

a

d

c

b

e
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12.3.1.3 

Oesophagus

The oesophagus is a muscular tube with echogenic 

mucosa and submucosa and sonolucent muscle

(Fig. 12.1c). It usually contains a mixture of liquid

and air whose movement can be visualized by ul-

trasound imaging. Visualization of the oesophagus 

can be enhanced when the patient swallows fluid. fl

Retrograde flow of flfl uid and air bubbles, seen asfl

echogenic refl ections, into the oesophageal lumen fl

demonstrates gastro-oesophageal reflux. Oesopha-fl

geal anomalies of clinical relevance during the neo-

natal period are oesophageal atresia and tracheo-

oesophgeal fi stula and oesophageal duplication.fi

Oesophageal atresia and tracheo-oesophageal

fistula (TEF) are the most common congenitalfi

malformations of the oesophagus (Figs. 12.5, 12.6)

( McCook and Felman 1978). Associated anomalies 

such as right aortic arch, congenital heart disease, 

gastrointestinal anomalies and the VA(C)TER(L)

complex (vertebral defects, anal atresia, TEF, radial 

aplasia, renal dysplasia and cardiac and limb anom-

alies) are frequent and signifi cantly inflfi uence prog-fl

nosis. Isolated TEF are less frequent and present 

later than those with atresia. Antenatal ultrasound

diagnosis of oesophageal atresia is possible in one-

third of patients. All others may have a tracheo-oe-

sophageal communication that is large enough to

allow passage of amniotic fluid resulting in normal fl

gastric fluid and absent polyhydramnios (fl Stringer

et al. 1995). In the majority of patients the atresia is

between the proximal and middle third of the oe-

sophagus in association with a distal fistula.fi

Ultrasound allows documentation of the length,

confi guration and wall condition of the blind upperfi

pouch. Instillation of a small amount of fl uid may fl

be used to distend the pouch. The same feature of 

moving air bubbles during fluoroscopy (“atomiser” fl

sign) (Deffrenne et al. 1970) may be documented

with ultrasound, refl ected in tiny hyperechoic spotsfl

that move in the soft tissue between the trachea and 

Fig. 12.4a–c. Subglottic hemangioma in a 2-month-old 

girl with stridor. a Subglottic transverse scan at the age of 

2 months reveals narrowing of the tracheal lumen by a poly-

poid anterior intratracheal mass (arrows). Tracheostomy was

performed. b Six months later, the size of the haemangioma

has dramatically increased and it compresses the tracheal

lumen to a small gap (arrowheads). c Colour Doppler shows 

the high vascularity and the involvement of the adjacent soft 

tissues (i.e. thyroid) c

a

b
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the oesophagus or ascend within the oesophagus. In 

addition, ultrasound may delineate features of the 

fi stula’s wall (fi Gassner and Geley 2005).

Oesophageal duplication is caused by abnor-

mal embryological development in which islands 

of cells are sequestered from the primitive foregut 

(Fig. 12.7). Most often duplications are spherical

cysts and symptoms in the newborn and infant are

due to pressure on the adjacent lung or oesopha-

gus leading to respiratory diffi culties or dysphagiafi

and vomiting (Eichmann et al. 2001; Sodhi et al. 

2005). Association of oesophageal duplication cysts

with pulmonary cystic malformations, oesophageal 

atresia and vertebral defects have been described 

(Narasimharao and Mitra 1987; Snyder et al.

1996). Ultrasound demonstrates a fluid-fifl  lled cysticfi

structure and continuity of the muscularis propria 

of the oesophagus with the muscle layer of the cyst

wall (Bhutani et al. 1996).

Differentiation between oesophageal duplication 

cysts and neuroenteric cysts may at times be dif-

fi cult. Neuroenteric cysts, however, are frequently fi

associated with anomalies of the vertebral column 

and the spinal canal and its contents. Therefore, 

we strongly recommend sonography of the spinal

cord.

Fig. 12.5a–d. Oesophageal atresia (OA). a–c A 1-day-old boy with type III b OA: a Suprasternal longitudinal scan shows the 

nondistended proximal pouch (arrowheads) ending at the level of the aortic arch (AA). After fi lling with saline solutionfi a

the suprasternal longitudinal scan and the c transverse scan clearly demonstrate the distended oesophageal pouch (asterisk).

d A 1-day-old girl with type III OA with two proximal and no distal tracheo-oesophageal fistulae (fi TEF). Suprasternal trans-

verse scan shows moving air bubbles (arrowheads) between the trachea (open arrows) and oesophagus (arrows) indicating

a proximal TEF (see also Fig. 12.6b)

a b

c d
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Fig. 12.6a–c. H-type tracheo-oesophageal fistula (fi TEF) in a 

3-week-old girl. a Suprasternal transverse scan. The trachea a

(open arrow) and proximal oesophagus (arrow) lie side by side.

b Suprasternal transverse scan. Moving air bubbles (open ar-

rowheads) between the trachea (open arrow) and oesophagus

(arrow) indicate a tracheo-oesophageal fistula. The wall of the fi

fistula is also clearly visible (fi arrowheads). c Photograph takenc

at time of surgery shows the fistula (fi F), oesophagus (O), and 

trachea (T) (by courtesy of Dr. Murat Sanal, Innsbruck)c

b

a

12.3.2 

Heart and Great Vessels

12.3.2.1

Imaging Approach

The cardiovascular structures in the middle medi-

astinum can be well assessed with the suprasternal,

supraclavicular, transsternal, parasternal, subcos-

tal, and subxiphoidal approaches (Fig. 12.1).

Ultrasound assessment of cardiovascular struc-

tures identifi es on a high transverse scan the aorticfi

arch branches in cross-section: the large innomi-

nate artery, and two smaller vessels, the left com-

mon carotid and left subclavian artery (Fig. 12.1f). 

Directly anterior runs the left brachiocephalic vein. 

At a lower level the left-sided aortic arch passes from 

right to left, anterolateral to trachea and oesophagus

(Fig. 12.1g). A transverse scan just below visualizes 

simultaneously the right superior vena cava, ascend-

ing aorta, main pulmonary artery and right pulmo-

nary artery. Because the left pulmonary artery runs

more cephalad than the right, the pulmonary artery 

bifurcation as a whole can only be imaged by slight 

anticlockwise rotation of the transducer (Fig. 12.1h).

On a coronal scan from the suprasternal fossa the

aortic arch is cut in cross-section. Above it is the left 

innominate vein that joins the superior vena cava. 

The right pulmonary artery runs beneath the aor-

tic arch and behind the superior vena cava. Oblique

sagittal images demonstrate the ascending aorta,

aortic arch with commonly three brachiocephalic 

branches and proximal descending aorta on a single 

image (Fig. 12.1e). The right pulmonary artery runs

below the arch and is seen in cross-section. A mid-

line marker such as the trachea or the oesophagus 

must be identified to determine the side of the aorticfi

arch (Fig. 12.1b,c). In cases of oesophageal atresia

the proximal oesophageal pouch is unreliable for

determining the midline, and the trachea must be 

used instead. The side of the aortic arch may also

be determined by visualization of a right or left in-

nominate artery. A plane that is directed towards the 

right shoulder from the suprasternal notch will visu-

alize the innominate artery and its bifurcation into

the right subclavian and carotid artery (Fig. 12.1i). 
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Fig. 12.7a–g. Oesophageal duplication cyst in a 1-day-old boy detected in utero. a Chest radiograph reveals a large retrocardiala

soft tissue mass (arrow ) compressing the right bronchus (w arrowhead). b Sagittal T2-weighted magnetic resonance image at

33 weeks shows a large retrocardial cyst (arrows). c,d Sagittal scans andd e axial scan through liver show a large bilobed cyst

(asterisks) posterior to the heart (H) and in front of the aorta (A) which markedly depresses the left hemidiaphragm (arrows).

e The cyst has a well-defi ned hypoechoic muscular and echogenic mucosal layer and contains multiple echoes (which is seen in fi

duplication cysts). There was no abnormality of the spine and spinal cord. f Frontal and f g lateral oesophagram. The oesophagus g

is deviated to the left and ventrally by the cyst. There is no communication between the cyst and the gastrointestinal tract

c d

e g
f

a b
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A right innominate artery implies a left aortic arch

and vice versa. With an anomalous right subclavian

artery only the right carotid branch is seen.

In the sagittal right parasternal scan the ascend-

ing aorta, superior vena cava and azygos vein enter-

ing the posterior aspect of the superior vena cava are

visualized.

Subcostal transverse and sagittal scans image

the spine, inferior vena cava and the entire thoracic

aorta. In addition, azygos continuation of the infe-

rior vena cava can be diagnosed.

When studying patients with vascular anomalies 

it is of great importance to delineate deviations from 

the norm. Only three ultrasound scans are needed to 

reliably document normal anatomy. The first scan fi

has to document the aortic arch to be left-sided, 

i.e. left to trachea and oesophagus and gives rise to 

three main vessels. This feature excludes a right aor-

tic arch and a double aortic arch. The second scan

has to show a normal pulmonary artery bifurcation

and thus excludes a pulmonary artery sling and 

anomalies of the proximal pulmonary arteries. The 

third scan finally delineates either normal branch-fi

ing of the right innominate artery or three main ves-

sels leaving the aortic arch with the fi rst being the fi

largest and thus excludes an aberrant subclavian ar-

tery. Patient presenting with clinical signs of stridor, 

however, should always undergo additional barium 

swallow fluoroscopy if there are any doubts aboutfl

the present vascular anatomy. MR imaging and/or 

CT should be only used to further delineate an exist-

ing anomaly.

12.3.2.2

Congenital Vascular Anomalies

Congenital vascular anomalies such as right aortic 

arch with aberrant left subclavian artery, double

aortic arch, aberrant left pulmonary artery and 

anomalous pulmonary venous return including 

scimitar syndrome are known to have a great impact

on related extra cardiac systems (Berrocal et al. 

2004). Not only cardiologists but also the paediat-

ric radiologists are, therefore, compelled to acquire 

profound knowledge about normal as well as aber-

rant vascular anatomy of the mediastinum.

Because this section is focused on ultrasound we

ask the kind reader to refer to other articles in this 

volume for a more detailed insight into the subject.

In right aortic arch with aberrant left subclavian 

artery, a right aortic arch is present together with a 

right descending aorta (Fig. 12.8), in contrast to the 

commonly asymptomatic left aortic arch with aber-

rant right subclavian artery (Fig. 12.9). The aberrant

left subclavian artery originates from a Kommerell 

diverticulum, an enlargement of the take off of the

subclavian artery (Moes and Freedom 1993). The 

ductus arteriosus is commonly on the left side and 

extends from this diverticulum to the left pulmonary 

artery leading to a vascular ring that may cause tra-

cheo-oesophageal compression in cases where the 

ductus or ligamentum arteriosum is tight (Berdon

2000). The trachea is displaced to the left. Ultrasound 

evaluation reveals a right aortic arch and a left ca-

rotid artery as a solitary vessel. The presence of an

aberrant left subclavian artery is then suspected and

demonstrated on a slightly oblique transverse scan. 

The retro-oesophageal Kommerell diverticulum can 

be confi rmed by delineating the oesophagus.fi

A double aortic arch shows two arches with the 

right arch usually being a little larger and slightly 

higher than the left (Fig. 12.10). The upper descending

aorta may be right- or left-sided. Suprasternal sagit-

tal scans demonstrate both arches and their common

carotid and subclavian arteries. A clue to diagnosis 

is that each arch gives rise to only two main vessels. 

One will notice that the carotid and subclavian arter-

ies are symmetrically arranged on a high transverse 

scan. With slight clockwise rotation of the transducer 

the left arch is imaged on the left side of the oesopha-

gus. Rotation of the transducer in the other direction 

will reveal the right arch on the right side of the oe-

sophagus. Both arches are displayed in cross-section 

in a suprasternal coronal plane. The complete vascu-

lar ring may be shown on a transsternal axial scan.

In anomalous left pulmonary artery also known 

as pulmonary artery sling, the left pulmonary ar-

tery arises from the posterior aspect of the right 

pulmonary artery and courses behind the trachea 

and in front of the oesophagus to reach the left lung

(Fig. 12.3). Pulmonary artery sling may either be 

found in association with a basically normal trachea 

and a normal bronchial branch pattern (Type I) or,

more often, with an anomalous tracheal and bron-

chial structure as well as an anomalous bronchial

branching pattern (Type II). In these cases a bridg-

ing bronchus that supplies the middle and lower lobes

of the right lung arises from the left main bronchus 

(Berdon 2000; Wells et al. 1988, 1990). In Type II, 

chest radiographs show the increased bronchial angle 

of the bridging bronchus leading to the “inverted T”

bronchial pattern of the abnormal low-lying pseudo-

carina. Both types present clinical signs of airway ob-

struction which are caused by simple extrinsic com-
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pression in Type I, and abnormal tracheal (complete

cartilage rings) and bronchial cartilages in Type II. 

Ultrasound evaluation in the plane of the aortic arch

shows both right and aberrant left pulmonary artery 

in cross-section beneath the aortic arch. In this scan

the slightly larger right pulmonary artery is found

ventral to the smaller left pulmonary artery. In the

axial transsternal scan an abnormal bifurcation of 

the main pulmonary artery is found. The origin of the

left pulmonary artery from the right is found directly 

or slightly to the left behind the ascending aorta.

In total anomalous pulmonary venous return the

pulmonary veins form a single vessel due to abnor-

mal development of the common pulmonary vein

(Figs. 12.11, 12.12). The pulmonary veins unite pos-

terior to the heart to join the right-sided circulation 

(Harris and Valmorida 1997). According to the 

drainage four types of lesions are described: Type I

(supracardiac connection), the common pulmonary 

vein joins the persistent left superior vena cava on the 

left or the azygos vein on the right; Type II (cardiac 

connection), the common pulmonary vein drains 

into the right atrium; Type III (infracardiac con-

nection), the common pulmonary vein inserts into 

a systemic abdominal vein, most frequently into the

portal vein; and Type IV, a mixture of the first threefi

types. Type I and Type III have characteristic radio-

logical features that guide the paediatric radiologist

through subsequent ultrasound analyses. In Type I 

the line up of venous connections (common vein,

persistent left superior vena cava, innominate vein,

superior vena cava) forms an inverted U-shaped ves-

sel that can be demonstrated on ultrasound, as can

the unusual enlargement of the azygos vein seen 

with Type I anomaly draining into the azygos vein

(Fig. 12.11). Type III is frequently associated with

life-threatening clinical symptoms related to inter-

stitial pulmonary oedema caused by pulmonary ve-

nous obstruction. Abdominal ultrasound will dem-

onstrate the large infra-diaphragmatic connection

of the common pulmonary vein into the portal ve-

nous system (Fig. 12.12). When pulmonary oedema

is present on a neonatal chest radiograph we, there-

fore, strongly recommend performing an abdomi-

nal ultrasound to rule out Type III anomaly.

12.3.2.3

Cardiac Tumours

Cardiac tumours in neonates are extremely rare. The

most common cardiac tumour of this age group is

rhabdomyoma (Fig. 12.13). Cardiac rhabdomyomas 

often present in patients with tuberous sclerosis and

have been shown to undergo spontaneous regression 

(Wang et al. 2003; Wu et al. 2002). Their clinical

manifestations vary widely from asymptomatic pre-

sentations to life-threatening cardiac events. Ultra-

sound shows multiple echogenic tumour masses of 

varying size within the myocardium.

12.4 
Diaphragm

Characteristically, the diaphragm appears as a 

relatively smooth, slightly moving echogenic lin-

ear structure on both longitudinal and transverse

scans. A sagittal scan will show the crural parts as 

relatively prominent, band-like structures in front 

of the spine. When documented on an axial scan 

their hypoechoic feature must not be mistaken for 

abdominal lymph nodes. In the presence of pleural 

effusion the muscular component of the diaphragm 

is clearly seen as a hypoechoic band-like structure, a

feature that is normally obscured by the high echo-

genicity of the aerated lung (Fig. 12.14b).

12.4.1 

Diaphragmatic Hernias

Congenital diaphragmatic hernias result from ab-

normal partitioning of the coelomic cavity and are 

usually isolated and sporadic (Figs. 12.15, 12.16). It 

may also be associated with chromosomal anomalies 

or be part of a polymalformation syndrome (Manni

et al. 1994). The most common herniation, known 

as Bochdalek’s hernia, is through a posterolateral 

defect on the left (80%–85%) side of the diaphragm.

Bilateral (less than 5%) or right-sided (10%–15%) 

defects are less common.

Major complications associated with Bochdalek’s

hernia are pulmonary hypoplasia and persistent foe-

tal circulation (Fig. 12.15). Left-sided defects may con-

tain the left lobe of the liver, the spleen, the stomach,

the large or small bowel, or the kidney. In right-sided 

defects the large right lobe of the liver and occasionally 

other abdominal viscera are found, and the stomach 

is usually in an abdominal location. Ultrasound dem-

onstrates a mediastinal shift to the contralateral side,

the relative size of the lung, the presence of pleural

fl uid collection, and the abdominal contents such as fl
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 Right aortic arch with aberrant left subclavian artery (ALSA) in a 5-day-old girl. a Diagrammatic representa-

tion. b Transsternal axial scans at the level of the pulmonary artery and transsternal axial scans at the level of the aortic

arch show a right aortic arch and right descending aorta (DA) and the large Kommerell diverticulum (D). d A slightly oblique 

transsternal section demonstrates the ALSA (asterisk) arising from the diverticulum (D) and passing behind the trachea 

(arrowhead) and oesophagus. e Suprasternal parasagittal scan shows the diverticulum (D) in cross-section with posterior

indentation of the oesophagus (arrowheads). (AA Ascending aorta, LC, RC left, right common carotid artery, C RS right sub-

clavian artery, PT pulmonary trunk,T LDL left ductus ligament)

c

d

e

a

b
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Fig.12.9a–e. Left aortic arch with aberrant right subclavian

artery (ARSA) in a 5-week-old girl as an incidental fi nding.fi

a Schematic diagram. b, c Transsternal transverse scan. The 

first aortic arch branch (fi RC) is small and shows absence of 

normal branching (see also Fig. 12.1i). d Transsternal ob-

lique scan slightly angulated towards the right shoulder. The

aberrant subclavian artery (arrows) arises from the descend-

ing aorta (DA). e Longitudinal scan. The ARSA (asterisk) is

seen in cross-section behind the oesophagus. (AA Ascending

aorta, BV brachiocephalic vein,V RC, LC right, left common C

carotid artery, LS left subclavian artery, RS aberrant right

subclavian artery)

a

b

c d

e
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Fig. 12.10a–f. Double aortic arch in a 6-month-old-girl. a Schematic diagram. b, c Suprasternal 

right and left parasagittal scans demonstrate the right (b) and left (c) aortic arches and their

common carotid and subclavian arteries. The aorta descends on the right side. (DA Descending 

aorta.) d Transsternal axial scan. The right and left common carotid and subclavian arteries 

are symmetrically arranged! e Transsternal axial scan. The complete vascular ring is shown at 

once surrounding the severely narrowed trachea and oesophagus. f Suprasternal coronal plane.f

Both arches are displayed in cross section. (BV Brachiocephalic vein, V LDL left ductus ligament,

PA pulmonary artery, RA, LA right, left aortic arch, RC, LC right, left common carotid artery, C

RS, LS right, left subclavian artery,)

a

b

c d

e

f
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Fig. 12.11a,b. Total anomalous pulmonary venous connection to the left innominate vein via the vertical vein in a 3-month-

old boy. a Frontal view demonstrates marked right atrial and right ventricular dilatation and increased pulmonary blood 

flow. The “snowman” confifl guration (fi arrowheads) is barely visible. b Suprasternal coronal view. All of the pulmonary veins

(arrows) drain into the common pulmonary vein (CPV). The vertical vein (V) enters a dilated left brachiocephalic vein

(BV), which in turn joins the right-sided superior vena cava (VC). These connections form an inverted U-shaped vessel 

(arrowheads). Within the encircling venous structures, the aortic arch (Ao) and main pulmonary artery (PA) are seen in

cross-section. (RP Right pulmonary artery)P

a

b

Fig. 12.12a, b. Total anomalous pulmonary venous return below the diaphragm in a girl 4 h after birth. a AP chest radio-

graph. Small cardiac size. Both lung fields show diffuse reticular vascularity characteristic of passive vascular engorgement. fi

Haziness results from associated pulmonary interstitial oedema. Note the fluid in the minor fifl ssure. fi b Longitudinal scan

shows the large common pulmonary vein (arrows) with intrinsic stenosis (arrowhead) crossing the diaphragm and drain-

ing into the portal vein

a

b
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Fig. 12.13a, b. Multiple intracardiac rhabdomyomas in a 1-day-old boy with tuberous sclerosis. a High parasternal axial

scan shows highly echogenic rhabdomyomas in (arrowheads) and adjacent to (open arrowheads) the right ventricular out-

fl ow tract. fl b Subxiphoidal scan: a large rhabdomyoma surrounds the left ventricular wall from the base of the heart to the 

apex (arrows). Smaller rhabdomyomas in the left ventricular outflow tract (fl arrowheads) and in the papillary muscle (open 

arrowhead)

Fig. 12.14a, b. Neonatal chylothorax. a Chylothorax and lung atelectasis in a 4-week-old girl. Sagittal scan of the left hemitho-

rax shows large pleural effusion (asterisks). The lower lobe (arrowheads) is compressed with internal branching bright echo-

genicities representing air bronchograms. The upper lobe (open arrowheads) is only partially atelectatic. b Chylothorax in

a 2-week-old boy. Coronal scan of the right hemithorax shows the fairly echo-poor chylous content within the pleural space

(stars). Note the effusion acts as an acoustic window and allows clear delineation of the muscular part of the diaphragm

(arrowheads). (Arrows Lung, L liver)

a b

a

b
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Fig. 12.15a–d. Congenital diaphragmatic hernia (Bochdalek’s hernia) in a 1-day-old girl. a Longitudinal sonograms of thea

upper left abdomen and b transverse sonograms of the upper left abdomen show the diaphragmatic defect (arrows) and the

anterior remnant of the diaphragm (arrowheads). The mesenteric artery and vein (asterisks) course cranially into the chest.

c Low transverse sonogram and d high transverse sonograms of the chest demonstrate fluid-fifl lled bowel loops and a small fi

amount of free fluid. There is a well-developed left pulmonary artery (fl LP). (Ao Aorta, RP right pulmonary artery)P

a b

c d
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liver or bowel within the thoracic cavity (Campbell

and Lilly 1982; Kasales et al. 1998; Yokoyama et al. 

1984). The echogenicity varies according to content

and intestinal aeration. The airless lung and the liver 

have fairly similar features on ultrasound. The typi-

cal vascular anatomy helps to differentiate between

them. Doppler ultrasound may be used to document

vascular anatomy of the airless lung and delineates

the mesenteric vessels coursing cephalad into the 

thoracic cavity. In cases where there is doubt that

the ultrasound fi ndings of abdominal content within fi

the thoracic cavity are caused by agenesis of the lung 

with subsequent eventration, documentation of the 

ipsilateral pulmonary artery confirms the presencefi

of a diaphragmatic hernia (Fig. 12.17). The muscular

components of the anterior diaphragmatic remnants 

may be documented as hypoechoic bands.

Anterior parasternal herniation (Morgagni’s hernia)

is found with failure of fusion of the costal and xiphoid 

fibrotendinous components of the diaphragm, whichfi

results in herniation of abdominal content through 

the hiatus for the internal mammary artery (Fig. 12.16) 

(Sarihanet al. 1996). Morgagni’s hernias are commonly 

right-sided because the left-sided defects are covered by 

the heart and pericardium. Morgagni’s hernia usually 

contains omentum, transverse colon and liver and is 

frequently associated with malformations of the heart.

Except for a central diaphragmatic defect sonographic 

fi ndings are similar to Bochdalek’s hernia.fi

12.4.2 

Diaphragmatic Eventration

Eventration is the result of congenital weakness or 

thinness of the diaphragmatic muscle. The defect 

can be focal or complete and is more often right-

sided than left-sided. Sonographic findings are a fi

thinned but intact diaphragm that bulges cepha-

lad and is adjacent to the liver or spleen. In cases 

of a rather thinned diaphragm sonographic find-fi

ings alone may not be able to distinguish between

eventration and diaphragmatic hernia (Fig. 12.16) 

(Merten et al. 1982; Yang 2003).

12.4.3 

Diaphragmatic Palsy

Diaphragmatic palsy or dysfunction is a failure of 

normal diaphragmatic motion related to complete or 

incomplete injury at various levels such as the respi-

ratory centre, the upper or lower motor nerve or to 

the diaphragm itself (Fig. 12.2). In neonates injury of 

the phrenic nerve is commonly secondary to obstetric

trauma, occurs after thoracic or abdominal surgery or 

follows insertion of an internal jugular venous catheter.

For ultrasound evaluation of diaphragmatic palsy B-

mode and sometimes time-motion-mode (TM-mode) 

ultrasound is used. B-mode ultrasound shows para-

doxical motion of the paralysed hemidiaphragm and 

decreased motion of the affected hemidiaphragm in 

diaphragmatic dysfunction. Determining the wrong

direction of motion is at times diffi cult in the latter.fi

Due to the small size of the neonate both hemidia-

phragms can be documented on the same transverse 

scan using the subxiphoidal approach with the trans-

ducer tilted cephalad. This scan can be used to assess 

whether diaphragmatic movements are synchronized

and equal in dimension. TM-mode may be used to

visualize and record diaphragmatic motion as a func-

tion of time (Epelman et al. 2005; Urvoas et al. 1994).

One has to bear in mind, however, that the patient

needs to be disconnected from an assisting ventilator 

for a short time to achieve reliable results.

12.5 
Lung and Pleura

12.5.1 

Congenital Lung Disease

The lung is composed of the bronchopulmonary air-

way, the arterial supply, the venous drainage, and the 

lymphatic system. The establishment of proper com-

munication between all four systems is essential in the 

development of the normal lung parenchyma. An insult 

to the developing lung results in congenital anomalies.

The timing and severity of the insult rather than the

nature of the insult itself is the major determining fac-

tor and leads to a continuum of malformations between

congenital cystic adenomatoid malformation (CCAM), 

pulmonary sequestration (PS), congenital lobar emphy-

sema (CLE), bronchogenic cysts and bronchial atresia, 

which may even coexist (Panicek et al. 1987).

12.5.1.1 

Congenital Cystic Adenomatoid Malformation

CCAM is the most common lung malformation 

characterized by abnormal growth of the terminal
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bronchioles without alveolar differentiation. There is

communication between the individual cysts within

the CCAM and also with the bronchial tree. Three 

types of CCAM are classifi ed according to the size of fi

cystic components (Paterson 2005). Type I has cysts

larger than 2 cm in size, and Type II and III contain 

progressively smaller cystic components. CCAM is in-

creasingly being diagnosed on antenatal ultrasound 

examinations where it is seen as an echogenic mass of 

variable size that may or may not contain cysts. The

sonographic classification of CCAM follows the his-fi

tological typing and describes a macrocystic CCAM

(Type I and II) and a microcystic CCAM, with the

latter accounting for only 10% of cases. In the firstfi

hours of life cysts are filled with retained fetal lung fi

fluid reflfl ected in the sonographic feature of a complex fl

mass containing fluid-fifl  lled cysts. This tends to clear fi

over the first few days of life. Acoustic shadowing isfi

found when the cysts contain air. Colour flow Dopplerfl

shows a relatively avascular structure. Differential 

diagnostic considerations have to include congeni-

tal diaphragmatic hernia and all above-mentioned

Fig. 12.16a–c. Congenital diaphragmatic hernia (Morgagni’s 

hernia) in a 1-day-old-girl. a Frontal chest film shows a large fi

well-defined mass in the left chest with displacement of the fi

heart to the right. b, c Longitudinal scans demonstrate her-

niation of the liver (L) through an anterior diaphragmatic 

defect into the chest. The liver is lying partially anterior to

the heart (H) and is in contact with the thymus (T). Arrow

shows the edge of the diaphragm. Differentiation between 

hernia and eventration is not possible with certainty

a

b

c
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Fig. 12.17a–d. Right lung aplasia in a 3-day-old boy. a AP chest radiograph shows opaque right hemithorax with marked 

mediastinal shift to the right and levoscoliosis. b Longitudinal scan. The liver (L) bulges superiorly into the right hemitho-

rax. (H Heart.)H c Transverse cranially angulated scan. The heart is completely displaced into the right hemithorax. (L Liver,

LV left ventricle, V RV right ventricle.) V d Right parasternal longitudinal scan. There is no right pulmonary artery visible behind

the ascending aorta (Ao) (see also Fig. 12.1e)

members of the malformation continuum (Bratu et 

al. 2001; Newman 2006).

12.5.1.2 

Congenital Lobar Emphysema

Congenital lobar emphysema (CLE), also called con-

genital lobar overinflation, is a condition characterized fl

by hyperinflation of a lobe without destruction of al-fl

veolar septa (Berrocal et al. 2004). Although CLE has 

specific imaging characteristics in neonates it is not a fi

specific disease. Several intrinsic and extrinsic patho-fi

logic causes are described in detail in other chapters 

of this issue. CLE either shows a normal number of 

hyperinflated alveoli or an increased number of nor-fl

mally inflated alveoli (polyalveolar lobe). Immediately fl

after birth fetal lung fluid may be trapped in the af-fl

fected lobe producing an opaque hemithorax on chest

radiography and a homogenous, hypoechoic lobe with

enhanced sound transmission on ultrasound.

a

b

d c
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12.5.1.3

Bronchogenic Cyst

Bronchogenic cysts are the commonest intra-tho-

racic cysts and are thought to arise secondary to

abnormal budding of the primitive ventral foregut.

Most commonly bronchogenic cysts are incidental

fi ndings. Symptoms depend on the location and fi

size of the cysts and may be severe or entirely ab-

sent. They are usually located in the mediastinum 

close to the carina, but may be found in the right

paratracheal region, alongside the oesophagus, the

hilum of the lung or even within the lung paren-

chyma (Berrocal et al. 2004; Mayden et al. 1984; 

Young et al. 1989). Apart from these locations,

where the aerated lung blocks sound transmission, 

ultrasound delineates the cyst as a round or oval 

mass with sharply marginated smooth walls. The 

internal appearance varies according to its content.

Most cysts are fluid fifl  lled and do not connect with fi

the bronchial tree. Predominantly fluid-fifl lled cysts fi

are hypoechoic. A complex pattern with hypoechoic

and echoic reverberations suggests a combination

of fl uid and air. Bronchogenic cysts are differenti-fl

ated from other foregut malformation cysts by his-

tological evaluation (Fig. 12.7). The appearance of 

CCAM may be mimicked when the cyst compresses 

a bronchus and the sound transmission through the

adjacent hypoinflated lung is increased.fl

12.5.1.4 

Bronchial Atresia

Bronchial atresia seldom presents in the neonatal 

period (Schuster et al. 1978). This congenital con-

dition results from failure of a segmental or subseg-

mental bronchus to develop or maintain its com-

munication with the central airways. Subsequently 

the bronchus distal to the obstruction becomes di-

lated and mucus-impacted and the affected lung is 

overaerated due to collateral air drift. Ultrasound is 

limited due to this hyperinflation but, after infectionfl

has occurred, may demonstrate a consolidated lobe

with dilated hypoechoic bronchi filled with moving fi

mucus.

12.5.1.5 

Pulmonary Sequestration

Pulmonary sequestration consists of non-func-

tioning lung tissue that does not communicate 

normally with the tracheobronchial tree and is sup-

plied by an anomalous systemic artery (Fig. 12.18).

Most of the masses occur at the lung bases. The

two types of pulmonary sequestration described 

are intralobar sequestration (contained within 

visceral pleura) and extralobar sequestration (cov-

ered by their own pleura) (Berrocal et al. 2004;

Rosado-De-Christenson et al. 1993). The feeding

artery usually arises from the descending aorta.

The draining vein connects to systemic veins in 

extralobar sequestration and to pulmonary veins 

in intralobar sequestration. Overlaps of both types

are described. The sonographic appearance of the 

pulmonary parenchyma depends on the degree of 

aeration of the sequestered lung. A sequestration 

that does not communicate with the airway appears

as a rather homogeneous echogenic mass contain-

ing vessels of various sizes. When the sequestration 

communicates with the remainder lung, a com-

plex or cystic mass with reverberation artefacts 

is found usually after being infected. Small fluid-fl

filled bronchi or cystic areas may be noted on occa-fi

sion. Doppler demonstration of the systemic artery 

feeding the lesion from the descending aorta is 

diagnostic. Neuroblastoma, however, may mimic 

this sonographic finding by encasing a regionalfi

vessel, which then appears as a systemic feeding

artery. Therefore, one has to further investigate

any questionable findings (fi Manson and Daneman

2001).

12.5.1.6

Scimitar Syndrome

Scimitar syndrome or congenital venolobar syn-

drome is a form of hypoplasia of the right lung in as-

sociation with anomalous ipsilateral venous return,

commonly into the inferior vena cava (Fig. 12.19)

(Berrocal et al. 2004; Holt et al. 2004). Other pos-

sible terminations are the right atrium, superior

vena cava, azygos vein, portal vein, or hepatic vein.

Anomalous arterial supply from the abdominal aorta

to part or all of the hypoplastic lung, cardio-vascular

or ipsilateral diaphragmatic anomalies, pulmonary 

isomerism resulting in a left bronchial branching 

pattern, or horseshoe lung may be seen (Dikensoy

et al. 2006). Ultrasound demonstrations of a slender 

right pulmonary artery, anomalous venous drain-

age and a feeding artery commonly arising from

the abdominal aorta are indicative of the diagnosis.

Any patient who presents with an unexplained shift 

of the mediastinum to the right should carefully be

examined for the presence of a scimitar vein.
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 Extralobar pulmonary sequestration in a 4-

week-old boy. a AP chest radiograph demonstrates a well-

defi ned left lower lobe opacity (fi arrows) that silhouettes the

medial aspect of the left hemidiaphragm. b, c Subcostal

transverse scans with the transducer angled cephalad: echo-

genic area with large vessels at the base of the left hemitho-

rax (arrows). The veins join into one common trunk (arrow-

heads) crossing in front of the aorta (A) and draining into the 

azygos vein. d, e Longitudinal scans show d the large azygos 

vein (AV) and e the large arterial feeding vessel (arrowheads)

from the thoracic aorta (Ao) with diminution in calibre of 

the distal aorta. (RA Right atrium, SVC superior vena cava) C

a
b

c

d

e
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12.5.2 

Pleura

12.5.2.1

Pleural Fluid

The main role of ultrasound in the study of pleural 

fluid is to document whether a collection is simple orfl

complicated (Fig. 12.14). An anechoic free-flowingfl

appearance is considered to be simple. An effusion is 

complicated when features such as echogenic debris, 

mobile fibrin strands, septations or a honeycombfi

appearance are present.

The sonographic appearance of pleural fluid canfl

be related to the biochemical division of pleural 

fluid into exudate or transudate. On sonography fl

both transudate and exudate can be anechoic, but 

collections presenting features of complicated effu-

sions are always exudates or haemorrhages.

Pleural effusions are rare in the neonate and usu-

ally occur as hydrops or congenital chylothorax 

(Riccabona 2003). Isolated pleural effusion, so-

called primary pleural effusion, denotes a pleural

effusion without documented aetiology. Chromo-

somal anomaly such as Down syndrome and Noonan

syndrome may be associated. The content of the iso-

lated pleural effusion is mostly chylous. Secondary 

pleural effusion is associated with several clinical 

conditions such as cardiac, infl ammatory or iatro-fl

genic problems, disorders of connective tissue or fe-

tal hydrops. On ultrasound most neonatal effusions 

appears as anechoic collections just above the dia-

phragm and adjacent to it which alter with changes

in the patient’s position (Rocha et al. 2006).

Useful sonographic signs described in literature

are the “displaced crus sign” and the “bare area sign”.

Interposition of the fluid between the crus and the fl

vertebral column displaces the crus away from the 

spine (“displaced crus sign”). The posterior aspect

of the right lower lobe of the liver is directly attached

to the posterior diaphragm without peritoneum. In

contrast to pleural fluid, ascites cannot extend be-fl

hind the liver at the level of the bare area (“bare area 

sign”) (Halvorsen and Thompson 1986).

Due to compression, the underlying lung is usually 

atelectatic. With atelectasis vessels become crowded 

together and have a more parallel orientation. Their

orderly linear and branching structure, however, is

preserved. Abdominal ultrasound should always be 

performed to reveal associated ascites.

Pneumonia in its early stages often causes a small

pleural transudate. If antimicrobial therapy fails 

the effusion subsequently develops features of com-

plicated pleural fluid collection. Purulent as well as fl

haemorrhagic fluid collection is a rare fifl  nding in thefi

neonatal period. Colour fl ow Doppler signals are seenfl

within the effusion (“fluid colour sign”) related to thefl

moveable debris in both entities (Wu et al. 1995).

12.5.2.2 

Pneumothorax

When air is introduced into the pleural space a gap

is created between the two pleural layers disrupt-

ing the normal acoustic interface. On ultrasound 

the gliding sign can no longer been seen, and the

normal reverberation as well as comet tail artefacts

are replaced by static posterior acoustic shadowing. 

The pneumothorax has a defined volume, however,fi

and a point of sudden change to normal pleural fea-

tures has to be expected, unless the pneumothorax 

is major leading to a total collapse of the lung. This 

point of change moves with inspiration and expira-

tion and can be documented with ultrasound. The 

sonographic sign that documents a sudden change 

of pattern suggestive of pneumothorax into a pat-

tern of lung gliding and comet tail artefacts during 

inspiration and a return to pneumothorax pattern

on expiration is named “lung point” (Lichtenstein

et al. 2000). All above-mentioned features together

allow the reliable diagnosis of even a very small

pneumothorax and we, therefore, favour ultrasound 

as the method of choice for examining neonates with

questionable pneumothorax in the intensive care 

setting. One must always be aware, however, that

intrapleural air will always be located at the highest 

level in the thorax.

12.6
Use of Chest Ultrasound in
Neonatal Intensive Care

Ultrasound can be used to detect the endotracheal 

tube position (Hsieh et al. 2004). The non-intubated

airway produces a broken linear dense echo whereas

the endotracheal tube produces a continuous linear

density. The tip of the tube can easily be identified.fi

Optimal tube position is obtained when the tip is 

1 cm above the aortic arch.

Sonography is an excellent method for guiding 

pleural fluid aspiration. It is particularly helpful fl
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 Scimitar Syndrome in a 1-day-old 

girl. a AP chest radiograph shows a small right

hemithorax with mediastinal shift to the right,

haziness of the right cardiac border and right

diaphragmatic elevation. b Transsternal slightly 

oblique axial scan. Decreased size (hypoplasia)

of the right pulmonary artery (RP). (LP Left pul-P

monary artery.) c Transverse cranially angulated

scan of the upper abdomen shows the scimitar 

vein (arrow) draining into the inferior vena cava

(IVC), and the systemic artery (arrowhead). d Up-

per abdominal longitudinal and e upper abdomi-

nal transverse scans demonstrate the systemic

arterial supply from the celiac trunk (arrow)

a

c
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in determining whether a fluid collection will re-fl

spond to drainage (anechoic, without septation) or 

not. The gliding sign changes into a “curtain sign”

in hydropneumothorax, created by movement of an

air-fluid level.fl

The placement of a venous catheter has become 

an integral component of neonatal intensive care.

Peripheral intravenous lines can provide the major-

ity of fluid and nutritional needs. However, neonates, fl

who require higher caloric supplementation, need 

central venous access achieved by peripherally in-

serted central venous catheters or standard central

venous lines. Insertion of a venous catheter has been

associated with both immediate and long-term com-

plications (Fig. 12.20). The immediate complications 

include catheter malposition, extraluminal place-

ment with infusate extravasation, pneumothorax, 

and haemothorax usually secondary to the insertion

procedure. Late complications are occlusion, throm-

bosis, sepsis and catheter tip migration. Catheter tip

migration may lead to pericardial effusion, cardiac

tamponade, or hydrothorax. Various explanations 

have been given for the leakage of fl uid through the fl

vessel or the very thin atrial wall, such as perforation 

or endothelial damage and the subsequent increase

in permeability caused by hyperosmolar parenteral 

infusate (Hogan 1999; Kidney et al. 1998). Ultra-

sound may be used to guide insertion through direct

visualization and allows documentation of optimal

tip placement. Any chest radiograph that reveals 

an unusual catheter position or a catheter position 

that is closer to the midline than expected should be

further analysed by ultrasound to exclude catheter

malposition in the aorta (Sridhar et al. 2005). Fur-

thermore catheter malposition should be suspected

if an acute pleural collection is seen on the same side

as the catheter. Malfunction of the central line may 

be due to incorrect catheter position, clot formation

around the catheter or thrombosis of the subclavian 

vein or superior vena cava. Thrombosis of the supe-

rior vena cava may lead to lymphatic duct blockage 

and subsequently chylothorax. Thrombosis of the 

inferior vena cava may extend into the renal veins, 

causing symptoms such as haematuria, hyperten-

sion or renal failure (Cartwright 2004).

Ultrasound may visualize the location of the cath-

eter tip close to the vessel wall, an echogenic clot

around or at the end of the catheter, or an echogenic 

clot within the vein and the lack of a normal response 

of the vein to respiratory movements. A fibrin depositfi

around the catheter is frequently formed, but does

not necessarily cause malfunction of the catheter.

Ultrasound evaluation after catheter removal may 

show the remaining fibrin sheath which may mimic fi

a catheter fragment (Fig. 12.20c) (Konen et al. 2004).

Doppler ultrasound can be used to demonstrate the 

lack of jet flow in an obstructed catheter and the lack fl

of blood flow in an obstructed vessel.fl
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13.1
Introduction

Over the last two to three decades with the advent 

of two-dimensional echocardiography and colour 

Doppler, echocardiography has evolved as the pri-

mary imaging modality in the evaluation of children 

with congenital heart disease (Snider et al. 1997; 

Allen et al. 2000). Increasingly cardiac catheter-

ization is solely used for interventional purposes 

and although cardiac magnetic resonance imaging

is increasingly utilized, echocardiography remains

the primary imaging modality (Boxt 1996). The 

echocardiogram in children with congenital heart 

disease is not complete until the segmental anatomy 

has been fully delineated.
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13.2
History of Ultrasound

Pierre and Jacques Curie discovered the piezoelectric 

effect, namely that mechanical distortion of crys-

tals produces electric potential and conversely that

stimulation of crystals results in tissue distortion, 

130 years ago. Although early pioneers developed 

amplitude-mode (A-mode) imaging and brightness-

mode (B-mode) imaging, Edler and Hertz of Lund 

University in Sweden were first credited with the ap-fi

plication of ultrasound to cardiac diagnosis in 1953 

(Goldberg and Kimmelman 1988). They developed

continuous moving images of the heart in M-mode 

echocardiograms. Subsequently two-dimensional 

(2-D) echocardiography allowed the complete evalu-

ation of cardiac anatomy in a segmental logical ap-

proach (Geva 1975).

13.3
Physics of Ultrasound

If one applies an electric current to a piezoelec-

tric crystal this generates ultrasound waves which 

will travel through tissue at 1540 m per second or

through air at 330 m/s. The echocardiographic probe

emits rapid frequent pulses of ultrasound and subse-

quently acts as a receiver of the same emitted pulses.

Some of the energy of the pulse will be reflected back fl

to the transmitter depending on the characteristics 

of the tissue from which it is refl ected. The axialfl

resolution along the axis of the ultrasound beam is

equivalent to its wavelength and the lateral resolu-

tion is the ability to differentiate objects perpen-

dicular to the axis of the beam, equivalent to the 

beam width. 

13.4 
Echocardiographic Planes in
Congenital Heart Disease

13.4.1 

Subcostal Views

The subcostal coronal imaging plane (Figs. 13.1, 

13.2) first defifi  nes the cardiac situs (fi Silverman

1983). The heart should occupy the left side of the

chest, termed levocardia. In cases where it occupies 

the right side of the chest with the apex pointing

to the right this is dextrocardia. A central location 

of the cardiac mass within the thorax is termed 

mesocardia. Visceral situs solitus is defi ned by the fi

stomach and aorta to the left of the spine and the 

liver and inferior vena cava (IVC) to the right of the

spine. Situs inversus represents the opposite posi-

tion of these structures. Situs ambiguus, usually in 

the setting of isomeric hearts, may demonstrate an

interrupted IVC with azygous continuation to a per-

sistent left superior vena cava (SVC) (Ruscazio et al.

Fig. 13.1. Subcostal coronal view 

demonstrating hypoplastic left heart

syndrome
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1998). The sagittal subcostal view demonstrates the

SVC and IVC draining to the right atrium and the 

aorta along its length. Demonstration of normal pul-

satility in the descending aorta is an important find-fi

ing when one is concerned about the possibility of 

coarctation of the aorta. Further scanning along the

subcostal coronal plane from posterior to anterior 

will demonstrate the atrio-ventricular connections,

ventriculoarterial connections and allow evaluation

of both the inflow and outflfl  ow tracts. The subcostal fl

views are among the most important in defi ning the fi

cardiac segmental anatomy.

13.4.2 

Four-Chamber View

This view (Figs. 13.3, 13.4, 13.5) allows clear delinea-

tion of the atria, ventricles, and inflow and outflfl  ow fl

tracts. Scanning from posterior to anterior defines fi

the coronary sinus within the right atrium, the mi-

tral and tricuspid valves, the ventricular septum,

the left ventricular outfl ow tract and fifl nally the right fi

ventricular outfl ow tract. Two-dimensional imag-fl

ing, colour Doppler imaging and pulse wave (PW)

or continuous wave (CW) Doppler interrogation of 

the tricuspid, mitral, aortic and pulmonary valves 

is mandatory for complete echocardiographic evalu-

ation. Mitral or tricuspid stenosis may be missed

unless Doppler interrogation is performed at the an-

nulus, at the leafl ets tips and below the leaflfl et tips fl

in the atrioventricular valves. Likewise Doppler in-

terrogation across the aortic and pulmonary valves 

is important to assess the presence of a significant fi

gradient and outflow tract obstruction.fl

13.4.3 

Parasternal Views

For the parasternal long-axis (Figs. 13.6, 13.7) imag-

ing plane, the probe transducer is lined up along the

long axis of the heart. Slight movements of the echo-

cardiographic transducer anterior and posterior al-

low interrogation of several structures in this region. 

The mitral valve, aortic valve and interventricular 

septum should be studied first. Tilting the trans-fi

ducer anterior will demonstrate the right ventricular

outfl ow tract. Posterior movement of the transducer fl

allows assessment of the tricuspid valve.

For the parasternal short-axis (Fig. 13.8) imag-

ing plane the transducer is positioned 90º or per-

pendicular relative to the parasternal long-axis 

plane. This allows clear assessment of the aortic 

valve morphology, interventricular septum and 

right ventricular outflow tract. The atrial septum fl

can also be studied in this plane. Posterior scan-

ning will reveal the interventricular septum down 

to the apex of the heart. The location and number 

of mitral valve papillary muscles and the presence 

of a mitral cleft or regurgitation can be evaluated 

in this plane. Anterior scanning will reveal the 

branch pulmonary arteries and the presence of a 

patent ductus arteriosus (PDA).

Fig. 13.2. Subcostal coronal view using

color flow Doppler demonstrating a fl

secundum atrial septal defect
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Fig. 13.4. Apical four-chamber view 

demonstrating an inlet ventricular 

septal defect

Fig. 13.3. Apical four-chamber view in 

a normal patient

Fig. 13.5. Apical four-chamber view 

with color fl ow Doppler demonstrat-fl

ing a mid-muscular ventricular septal 

defect (VSD)
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Fig. 13.6. Parasternal long axis view 

in a normal patient

Fig. 13.8. Parasternal short-axis view 

demonstrating a bicuspid aortic valve

Fig. 13.7. Parasternal long axis view 

demonstrating moderate malalign-

ment VSD with aortic override in a 

patient with Tetralogy of Fallot
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13.4.4 

Suprasternal Views

The suprasternal coronal view is a useful view for 

evaluating aortic arch sidedness. Typically, in the 

absence of an aberrant left subclavian artery, the

first branch arising from the aorta represents the fi

innominate artery, which passes in the opposite di-

rection to that of the arch. The pulmonary veins can 

be seen to drain to the left atrium in the suprasternal

short-axis view also. If all four pulmonary veins are 

not seen to drain to the left atrium, the course of 

each one must be investigated.

In the suprasternal sagittal views (Fig. 13.9) the

aortic arch is scanned along its length in the so-

called candy-cane view. This is a useful scanning

plane to defi ne coarctation of the aorta and the pres-fi

ence of a PDA or aorto-pulmonary collaterals.

13.4.5 

Right Parasternal Window

(the Fifth Imaging Plane)

This is used with the patient in a right lateral de-

cubitus position and allows estimation of a gradi-

ent across the left ventricular outfl ow tract. This fl

window is also excellent to image the atrial septum, 

especially in adult patients with poor subcostal win-

dows.

13.5 
Segmental Cardiac Anatomy

The performance of an echocardiogram is incom-

plete until the entire cardiac segmental anatomy has

been defined. In order to do so the logical sequen-fi

tial approach outlined above needs to be adhered to 

rigidly in each patient studied. The following com-

ponents of segmental anatomy require definition.fi

Thoraco-abdominal situs is solitus, inversus or am-

biguus. Cardiac location is levocardia, dextrocardia

or mesocardia. Atrial location is solitus, inversus or

isomeric (right or left atrial isomerism). The relation

of the atria to the ventricles, termed the atrioventric-

ular connection, is either concordant, discordant,

atresia of one or other atria, double inlet, straddling

or rarely criss-cross. The ventricles are termed D-

looped or L-looped. The position of the conus is

either subpulmonic, subaortic, bilateral or rarely ab-

sent. The relationship of the ventricles to the outlet

chambers is concordant, discordant, double outlet

or single outlet (Icardo and Sanchez de Vega

1991). Finally the great vessel arrangement is solitus,

inversus, transposed or side-by-side great vessels. 

Only when all these details have been clearly definedfi

is the echocardiographic study complete. Persons

not trained in cardiology or echocardiography risk 

missing crucial cardiac details. Incomplete interro-

gation of the heart in children and particularly sick 

Fig. 13.9. Suprasternal sagittal view 

demonstrating the normal aortic arch 

“candy-cane” view
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neonates may give rise to poor patient management 

and potentially morbidity and mortality.

13.5.1 

Abdominal Situs – Cardiac Location

Transverse scanning directly inferior to the xiphi-

sternum allows delineation of the stomach, liver and

cardiac mass. In abdominal situs solitus the stomach

is left-sided, the liver right-sided. In visceral situs

inversus the stomach is right-sided and the liver left-

sided. Ambiguus visceral situs describes a midline

liver and the stomach may be left, right or central in

position. Levocardia describes the heart in the left

chest; dextrocardia, in the right chest with the apex 

pointing to the right; and mesocardia describes the

heart in the centre of the chest. Dextroversion is a

term used for the heart being positioned in the right 

chest with the apex pointing to the left. Levocardia 

with visceral situs inversus is associated with a high 

prevalence of congenital heart disease (90%) while

situs inversus totalis with dextrocardia is associated 

with a much lower incidence of congenital heart dis-

ease (10%) (Anjos et al. 1990).

13.5.2 

The Cava and the Atria 

The IVC when intact nearly always drains to the 

right atrium; the SVC, however, may drain to ei-

ther the left or right atrium, or both in cases with

persistence of a left SVC. The IVC is interrupted 

with an absence of the hepatic portion of the IVC 

in left atrial isomerism. In this instance there is an 

azygous continuation of the IVC which typically 

drains to the left SVC.

Identification of the atria may prove a chal-

lenge. Specific morphological features however 

define each atrium. The right atrium is charac-

terized by the eustachian and thebesian embry-

onic valves, a broad short atrial appendage and 

the presence of musculi pectinati. The left atrium 

has a long narrow atrial appendage. However, the

atrial appendages may be juxtaposed and append-

age identification may not help define the atria in 

such instances (Bevilacqua et al. 1991). In left 

atrial isomerism there are two left atria; in right 

atrial isomerism, two right atria. The atrioven-

tricular valve does not help identify the atrium

above it as it remains faithful to the ventricle it

fills rather than the atria it drains. In cases of ven-

tricular inversion this would result in a misinter-

pretation of the anatomy.

13.5.3 

Caval Veins and Right Atrium

The right SVC, innominate vein and when present

the left SVC can be imaged in the suprasternal short-

axis views. A bridging vein should be looked for in 

cases with bilateral SVCs. The IVC is best viewed in

the subcostal long-axis and coronal views. When the

IVC is absent the azygous continuation is best viewed

from the transverse abdominal views. The coronary 

sinus may be seen posteriorly passing through the

left atrium and draining into the right atrium.

13.5.4 

Atrial Septum 

The subcostal sagittal and coronal views provide the

best views for examining this structure. The para-

sternal short-axis view may also provide images of 

the septum. Multiple views should be used to assess 

the size and location of atrial septal defects (ASDs). 

The presence of a superior or inferior sinus venosus

defect is best detected from the sagittal subcostal

images. Primum ASDs are typically seen in the four-

chamber apical view.

13.5.5 

Left Atrium and Pulmonary Veins

The pulmonary venous drainage is best viewed from

a combination of suprasternal short-axis, apical

four-chamber and subcostal views. All four pulmo-

nary veins should be detected to rule out a partial

anomalous pulmonary venous drainage. Partial

anomalous drainage is common in the setting of 

a sinus venosus ASD, isomeric hearts and Scimitar

syndrome. Total anomalous pulmonary drainage 

may be supracardiac (most commonly to the in-

nominate vein), cardiac (to the coronary sinus) or 

infra-cardiac (draining to the inferior vena cava).

Defi ning the pulmonary venous conflfi uence and the fl

drainage pattern of an anomalous connection may 

require novel views. The left atrium is best identified fi

from the apical four-chamber and the parasternal 

long-axis views.
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13.5.6 

Atrioventricular Arrangement

The atrioventricular valve defi nes the ventricle to fi

which it is attached. The tricuspid valve has three 

leafl ets, is hinged more apical than the mitral valve, fl

and is septophilic, i.e. has septal attachment to 

the interventricular septum. In contrast the mitral

valve has two leaflets and is septophobic, i.e. only fl

has attachments to the left ventricular free wall.

The mitral valve is more apical in location. The 

prominent moderator band also defi nes the right fi

ventricle.

AV concordance describes when the atrium is 

attached to the corresponding ventricle, i.e. right

atrium attaches to right ventricle and left atrium to

left ventricle, and discordance when the atrium at-

taches to the contralateral ventricle, e.g. left atrium

to right ventricle. Double inlet occurs when both

AV valves drain into one ventricle, either double 

inlet left or right ventricle (Rice et al. 1985). Atre-

sia describes an absent AV valve connection, either

tricuspid or mitral atresia. A straddling AV valve 

describes when one AV valve traverses a ventricular

septal defect and has attachments into the contra-

lateral ventricle (Danielson et al. 1979). Criss-cross 

AV connection describes when each AV valve drains 

into the contralateral ventricle, often seen in asso-

ciation with superior-inferior orientation of the ven-

tricles (Soto et al. 1980).

13.5.7 

Ventricular Morphology 

The right ventricle has a prominent moderator band,

is triangular in shape and has coarse trabeculations. 

The left ventricle is ovoid in shape with an absence of 

trabeculations. D-looping of the ventricles describes

the rightward anterior relation of the right ventricle, 

and L-looping describes leftward and anterior right

ventricle. The RV has three components: inlet, tra-

becular and outlet portions.

13.5.8 

Ventricular Septum

The interventricular septum consists of the mus-

cular and membranous septum (Anderson and

Freedom 2005). Muscular ventricular septal de-

fects (VSDs) comprise inlet, trabecular and outlet

VSDs. Inlet VSDs typically occur in association with 

atrioventricular septal defects and often are asso-

ciated with clefts in the mitral valve. Trabecular

VSDs are within the muscular septal wall extending

from the membranous to the apical septum. Outlet

defects may be sub-aortic, subpulmonary or dou-

bly committed subarterial defects. The membranous 

portion of the septum is between the tricuspid and 

aortic valves and is located directly below the aor-

tic valve. This region is clearly seen from the para-

sternal long-axis view. Delineation of the location,

number and size of VSDs is crucial particularly prior

to surgical intervention.

13.5.9 

Conal Morphology

The segment or space connecting the ventricles to 

the great arteries is termed the infundibulum or the 

conus. Several cardiac defects including tetralogy 

of Fallot and transposition of the great arteries are 

associated with abnormalities in conal development 

(Anderson et al. 2001). The subpulmonary conus is

present in the normal heart and best viewed from

the subcostal views. In tetralogy of Fallot there is a

narrowing of the conus although debate continues

as to whether the conus is lengthened or shortened.

In d-transposition of the great arteries there is a su-

baortic conus. Double outlet right ventricle is char-

acterized by bilateral subarterial coni. 

13.5.10 

Ventriculo-Arterial Relationship

The aortic annulus is rightward and posterior rela-

tive to the pulmonary annulus, termed situs solitus 

of the great vessels. When the aortic annulus is left-

ward and posterior to the pulmonary annulus this

is situs inversus of the great vessels and occurs in

dextrocardia. When the aorta arises from the right

ventricle and the pulmonary artery from the left

ventricle this is termed ventriculo-arterial discor-

dance as opposed to ventriculo-arterial concordance

in the normal heart. When both great vessels arise

from the right ventricle, this is termed double-out-

let right ventricle (DORV) (Hatle and Angelsen

1995). DORV is also associated with fibrous disconti-fi

nuity between the mitral valve and aorta in normally 

related great vessels or between the mitral valve and 

pulmonary artery in DORV with the aorta anterior
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and rightward. Transposition of the great arteries 

may be termed d-transposition when the aorta is

anterior and rightward, and l-transposition with the 

aorta leftward and anterior. The orientation of the 

great vessels is best appreciated from the parasternal

short-axis views.

13.5.11 

The Aortic Arch and Coronary Arteries

The aortic arch is best viewed from the supraster-

nal and subcostal views. The arch sidedness is de-

termined from the side of the trachea over which

the aorta passes. In the normal left aortic arch, the 

innominate artery branches to the right. The supra-

sternal long- and short-axis views allow delineation

of coarctation, PDA and aorto-pulmonary collater-

als.

The origins of both left and right coronary arter-

ies are viewed arising from the appropriate coronary 

sinuses in the parasternal short-axis and the apical

four-chamber views.

13.6
Doppler Echocardiography

Christian Johann Doppler first described the fact fi

that the frequency of transmitted sound is altered 

when the source of sound is moving (Snider and 

Ritter 2000). The Doppler equation describes the 

relationship between shift in frequency, velocity and

direction of blood, angle of intercept of the ultra-

sound beam and velocity of sound in tissue:

f
fo

c
Vdff

2
cos

where fd = observed Doppler velocity shift, fo =

the transmitted frequency, c = the velocity of sound

in tissue, V = velocity of sound in human tissue

(1560 m/s), and H"= the intercept angle between ul-

trasound beam and blood fl ow (fl Henry et al. 1980).

There are three types of Doppler flow mapping: fl

pulse Doppler (PW), continuous wave Doppler (CW)

and colour Doppler mapping. Pulsed wave Doppler 

is characterized by a single ultrasound crystal al-

ternately transmitting and receiving the ultrasound

signal. A short burst of ultrasound is transmitted to a 

selected depth called the pulse repetition frequency 

(PRF). PW Doppler has range resolution but limited 

maximum frequency shifts that can be unambigu-

ously displayed at a given depth. The maximum

detectable frequency is called the Nyquist limit and

this is equal to ±PRF/2. In CW Doppler there are two 

crystals, one which transmits the ultrasound signal

and the other receiving the signal. There is no range 

resolution but its advantage is there are no limits to 

the velocities that can be mapped. Colour fl ow map-fl

ping is based upon the reflected ultrasound pulses fl

being separated into two parts, the first to form a fi

conventional 2-D echocardiogram and the second

composed of reflections from the blood flfl  ow. Meanfl

velocity is calculated by autocorrection and then

converted into a colour display. Typically 120 time 

gates are sampled along the scan plane. Accurate

determination of Doppler frequency shifts requires

multiple successive sampling interrogations. Auto-

correlation is a computational technique that allows

an estimate of the mean Doppler shift. Flow pixels

are assigned a colour based upon direction and ve-

locity of fl ow: red being towards the transducer and fl

blue away from the transducer. Aliasing may occur 

at higher Doppler velocities. 

13.7 
Echocardiographic Tools Available for
Analysis of Ventricular Function

Accurate assessment of ventricular function is cru-

cial in children with and without congenital heart

disease. There are inherent differences between 

such echocardiographic assessments in adults and

children with acquired or congenital heart disease.

Age and body size spectrum in children is consid-

erably larger and this creates inherent difficulties fi

in assessing myocardial function, as changes oc-

cur during maturation of the heart (Cintron et al. 

1993). Most children with congenital heart disease 

and palliative or corrective repair of such lesions 

(such as patches for VSD) often have ventricles with 

a nongeometric shape, which makes assessment of 

right and left ventricular function more difficult. fi

Postoperative residual physiologic abnormalities

may complicate the echocardiographic evaluation.

Lastly, many children have only one functional ven-

tricle, which hampers serial assessment of myocar-

dial performance. 
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Although Doppler ultrasound is the mainstay of 

diagnostic examinations for assessing ventricular

function, a preliminary thorough two-dimensional 

examination with colour Doppler interrogation is 

essential to assess congenital cardiac anatomy and 

evaluate postoperative residua. As systolic dysfunc-

tion is often preceded by diastolic dysfunction, 

quantitative assessment of diastolic function may be 

predictive of eventual systolic dysfunction in these 

patients. 

13.8
Left Ventricular Systolic Dysfunction

Left ventricular dimensions are often abnormal 

in children with congenital heart disease, and in 

patients with associated heart failure there is an

increase in end-diastolic as well as end-systolic di-

mensions. It is important to understand the patho-

physiology of various lesions in the interpretation 

of both increased dimensions as well as shorten-

ing fraction. For example, a shortening fraction in

the normal range in a patient with aortic or mitral 

regurgitation would be indicative of deteriorating 

function (as one would expect such a patient to pos-

sess a supranormal shortening fraction). The pro-

gression of fi ndings in regurgitant lesions prior to fi

heart failure is usually an increase in end-diastolic

dimension, followed by an increase in end-systolic 

dimension, and lastly a decrease in shortening frac-

tion as the heart decompensates and fails. 

Left ventricular (LV) systolic dysfunction has long

been recognized to be a powerful predictor of the 

development of cardiac symptoms and poor long-

term outcome in adults with heart failure (Cohn et

al. 1993; Rowland and Gutgesell 1995; Corti et 

al. 2001). In children with congenital heart lesions 

decreased LV systolic function has also been shown 

to predict poor outcome in many disease states 

(Haendchen et al. 1983; Jindal et al. 2000). Echo-

cardiographic measures of LV systolic function in-

clude M-mode and two-dimensional examinations

for dimension and volume changes as well as Dop-

pler-derived ejection indices (Raines et al. 1976). 

Quantitation of blood flow such as cardiac outputfl

and stroke volume, however, has generally not been 

used for assessment of cardiac performance as car-

diac output can be preserved until myocardial dys-

function is severe.

The majority of echocardiographic measures of 

LV systolic function represent ejection phase indices

such as shortening fraction, ejection fraction, veloc-

ity of circumferential fibre shortening, peak dP/dt,fi

and systolic time intervals that rely upon geometric

assumptions inherent in the elliptical shape of the 

LV. These measurements are signifi cantly inflfi uencedfl

by a variety of hemodynamic factors including al-

tered ventricular preload and afterload, heart rate,

LV mass and myocardial contractility. Unfavourable 

loading conditions can therefore mimic depressed

contractility and, conversely, contractility can be 

falsely assessed to be normal in certain situations.

The emergence of Doppler-derived measures of ven-

tricular performance has circumvented many of the 

geometric challenges inherent in the global assess-

ment of ventricular performance, especially in the 

evaluation of right ventricular (RV) performance as

well as quantitative assessment of systolic function

in patients with complex ventricular morphologies

(Jiang et al. 1994; Tei et al. 1996a; Eidem et al. 1998;

Sebbag et al. 2001). 

13.8.1 

Dimension-Derived Indices

One-dimensional wall motion analysis, or M-mode

echocardiography, has traditionally been the most 

common method used to measure the extent of LV

shortening fraction. There are limitations with this

relatively crude methodology of assessing ventricu-

lar function. First, contraction of the left ventricle 

cannot be assumed to be entirely uniform or sym-

metrical. In addition, regional differences in wall

motion and wall thickening should be taken into

account in the interpretation of shortening fraction. 

Lastly, a flattened interventricular septum (as ob-fl

served in patients with a right ventricular volume 

or pressure overload) invalidates such a measure-

ment. 

Shortening fraction represents the change in LV 

short axis diameter (with the cursor between the 

papillary muscles apical to the mitral valve leaf-

lets):

SF
LVEDD

(%)
[ ]LVEDD LVESD

= ×100

where LVEDD represents the LV end-diastolic minor 

axis dimension and LVESD represents the LV end-

systolic minor axis dimension. Normal values for
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shortening fraction range between 28% and 44% 

with variation for age.

Determination of LV ejection fraction is some-

what more tedious than the calculation for LV short-

ening fraction described above but recent improve-

ments in technology, including automated border

detection or acoustic quantifi cation, have simplififi ed fi

this procedure. Two-dimensional echocardiography 

allows measurement of LV ejection fraction (LVEF) 

by quantifying changes in ventricular volume dur-

ing the cardiac cycle. The geometric model most

commonly used to measure LV ejection fraction is

the modified Simpson’s biplane method. By utiliz-fi

ing orthogonal apical four-chamber and two-cham-

ber views of the LV, this geometric model calculates

LVEDV and LVESV by summing equal sequential 

slices of LV area from each of these scan planes 

(Fig. 13.3). LVEF can then be calculated as:

EFEE
LVEDV

(%)
[ ]LVEDV LVESV

100

Recent studies have validated the ability of 3-D

echocardiography to obtain accurate and reproduc-

ible estimates of LV and RV volumes and ejection

fraction (Isaaz et al. 1989a). Normal values for LV 

ejection fraction range between 56% and 78%. Simi-

lar to shortening fraction, LV ejection fraction has 

been shown to be dependent on changes in ventricu-

lar loading conditions.

13.8.1.1 

Doppler-Derived Indices 

Much information can be derived from the aortic 

velocity curve including peak aortic velocity, ac-

celeration time, ejection time, velocity time inte-

gral, peak rate of acceleration, mean acceleration, 

and the acceleration-to-ejection time ratio. Because

these indices are dependent on load conditions, they 

have the same limitations as shortening and ejection

fraction determinations described above.

Non-invasive Doppler measurements of peak

aortic velocity and peak aortic acceleration time 

have been shown to correlate with other measures of 

LV systolic function. Previous studies have demon-

strated that LV ejection force correlated better than 

peak aortic velocity and peak aortic acceleration time 

with invasive angiographically derived LV ejection 

fraction in patients with heart failure (Sahn et al. 

1974; Stoddard et al. 1989). Serial changes in peak

aortic acceleration time have also shown promise in 

demonstrating the extent and rate of recovery of LV

systolic function in patients after an acute myocar-

dial infarction and were predictive of the develop-

ment of congestive heart failure in these patients 

(Gardin et al. 1983). In patients with dilated cardio-

myopathy, peak aortic Doppler velocity, aortic time 

velocity integral, and aortic acceleration time have 

all been shown to be decreased compared to normal 

controls (Harrison et al. 1989a). Both aortic time

intervals and Doppler peak velocities, however, are

impacted by heart rate and loading conditions; stud-

ies have documented decreased peak aortic acceler-

ation time and peak aortic velocity with increased

heart rate as well as increased afterload (Bargiggia

et al. 1989; Harrison et al. 1989b).

Mitral regurgitation (MR) is a common fi nding fi

in patients with heart failure; if mitral regurgitation 

is present, the peak and mean rate of change in LV

systolic pressure can be derived from the ascending

portion of the continuous-wave MR velocity curve 

signal (Bessen and Gardin 1990). Utilizing the sim-

plified Bernoulli equation, two velocity points along fi

the MR Doppler envelope during the isovolumic

contraction period are selected from which a corre-

sponding LV pressure change (rate of pressure rise) 

can be derived. This change in LV pressure can then

be divided by the change in time between the two

Doppler velocities (1 and 3 m/s) to derive the LV dP/

dt [so that LV dP/dt=(4×32–4×12)/time in seconds or 

32 mmHg/s]. Normal mean dP/dt is >1200 mmHg/s.

While more time consuming to perform, the MR 

velocity curve and the calculated peak dP/dt corre-

late accurately with invasive cardiac catheterization 

measurements (Chen et al. 1991). To ascertain peak 

LV dP/dt noninvasively, the MR signal is digitized 

to obtain the fi rst derivative of the pressure gradi-fi

ent curve (Gonzalez-Vilchez et al. 1999). Similar 

to other ejection phase indices, LV dP/dt is affected

by changes in loading conditions, most notably by 

increased afterload.

13.8.2 

The Stress–Velocity Index

There are considerable limitations to the Doppler-de-

rived ejection indices in estimating myocardial per-

formance. Possible sources of error include equating 

the anatomical area with area of flow, circular or ellip-fl

tical cross-section models, temporal constancy of the 

areas as well as the velocities, and lack of correction 

for angular deviations (Schiller et al. 1989).
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The rate of LV fibre shortening (average rate of fi

change of the left ventricular circumference in di-

ameters per second) can be noninvasively assessed 

by M-mode echocardiography. This measurement,

termed the mean velocity of circumferential fibrefi

shortening (Vcf), is normalized for LV end-diastolic 

dimension and can be obtained from the following 

equation: 

Vcf
[ ]LVEDD LVESD

[ ]LVEDD LVET

where LVEDD represents LV end-diastolic dimen-

sion, LVESD represents LV end-systolic dimension,

and LVET represents LV ejection time. It can be

simplified to: fi

Vcf
SF

LVET

Reported normal values for mean Vcf are 1.5±0.04 cir-

cumferences/s for neonates and 1.3±0.03 circumfer-

ences/s for children aged 2–10 years (Sahn et al. 

1974; Rubay et al. 1997). 

To normalize Vcf for variation in heart rate, LVET 

is divided by the square root of the R–R interval to 

derive a rate-corrected mean velocity of circumfer-

ential fi bre shortening (Vcffi cff ). Normal Vcfcff  has been 

reported to be 1.28±0.22 and 1.08±0.14 circum-

ferences/s in neonates and children, respectively 

(Colan et al. 1984). Because Vcfcff  values are cor-

rected for heart rate, a significant decrease in Vcffi cff

between neonates and children has been attributed

to increased systemic afterload with advancing age.

Thus, shortening fraction alone may underestimate

ventricular function in newborns. In patients with 

congenital heart lesions resulting in LV volume

overload, mean Vcfcff has been shown to increase,

most likely secondary to increased LVEDD as well

as augmented LV contractility with increased LV

preload. In contrast, patients with dilated cardio-

myopathy with decreased LV systolic function have 

been reported to have signifi cantly decreased Vcffi cff .

The majority of ejection phase indices, including 

shortening fraction, ejection fraction and Vcfcff , are

dependent upon the underlying loading state of the

LV. Colan and colleagues (1984) have previously de-

scribed a stress–velocity index which is an inverse 

linear relationship between Vcfcff and end-systolic 

wall stress (which most accurately measures left

ventricular afterload) (Lipshultz et al. 1991). The

stress-velocity index, unlike shortening/ejection 

fractions or Doppler-derived blood flow velocities, isfl

independent of preload, is normalized for heart rate,

and incorporates afterload resulting in a noninvasive

measure of LV contractility which is independent of 

ventricular loading conditions. Since contractility 

is the intrinsic ability of the myofi bres to generatefi

force, this stress-velocity index can therefore differ-

entiate states of increased ventricular afterload from

decreased myocardial contractility. The stress-veloc-

ity index has demonstrated significant increases infi

LV afterload with concomitant decreases in myocar-

dial contractility in patients receiving doxorubicin

for treatment of childhood leukaemia (Thomas and

Weyman 1991). More recently, this index has dem-

onstrated improved LV contractility and decreased

end-systolic wall stress with amrinone infusion in

neonates with postoperative congestive heart failure

(Calabro et al. 1999).

Although this methodology is theoretically sound 

and scientifically valid, it is somewhat more tediousfi

to perform compared to other methodologies since

the ejection time needs to be obtained from an indi-

rect carotid or brachial artery pulse tracing ( Crepaz

et al. 1998; Myreng and Smiseth 1990; Garcia et

al. 1996a, 1996b; Sabbah et al. 1987; Watanabe

et al. 2003). In addition, its interpretation needs

to take age into account (as the neonatal myocar-

dium exhibits a higher basal contractile state and a

greater sensitivity to changes in afterload) (Zoghbi

and Quinones 1986; Sabbah et al. 1987; Myreng

and Smiseth 1990; Garcia et al. 1996a, 1996b;

Watanabe et al. 2003). 

13.8.3 

Doppler Tissue Imaging (DTI) and

Strain Rate Imaging

Quantitative assessment of regional LV function has

centred upon evaluation of segmental endocardial 

excursion and LV wall thickening (Garcia et al.

1996b). These semi-quantitative methods often fail 

to discriminate between active and passive myocar-

dial motion. Newer echocardiographic modalities 

such as Doppler tissue imaging (DTI) and strain 

rate imaging offer a potentially more quantitative 

and accurate approach to the assessment of regional 

myocardial contraction and relaxation and can cor-

relate with myocardial performance (Zoghbi and

Quinones 1986; Sabbah et al. 1987; Pinamonti

et al. 1993; Garcia et al. 1996; Watanabe et al.

2003;).
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Doppler tissue imaging (DTI) is a relatively novel

method of assessing quantitative longitudinal ven-

tricular function by measuring pulsed wave Doppler

velocities directly from underlying myocardium. It

is load independent and has systolic and diastolic 

components. The systolic velocity (S) is always posi-

tive and starts with the first heart sound but ends fi

before the second heart sound. The velocities are 

heterogeneous depending on ventricular wall and 

position. The diastolic fi lling waves, therefore, con-fi

sist of the early fi lling wave (Ea) and the late fifi  lling fi

wave (Aa) of mitral inflow. Finally, there are alsofl

isovolumic Doppler signals that are low-velocity 

biphasic waves during isovolumic contraction and 

relaxation. These velocities are infl uenced by samplefl

location as velocities tend to be higher in lateral left 

ventricular wall and at the base (compared to the 

apex).

In assessing systolic function, an increase in ino-

tropic state increases DTI velocities while impaired

systolic function is manifested by decreased DTI ve-

locities. The rate of annular descent of the atrioven-

tricular valve and the degree of long-axis ventricular

shortening have been shown to be sensitive echocar-

diographic indices of ventricular function (Snider

et al. 1985; Alam et al. 1992; O’Leary et al. 1998; 

Nii et al. 2002). Recent studies have demonstrated 

significant changes in mitral annular DTI velocities fi

in adult patients with LV dysfunction and elevated

LV filling pressures (fi Quinones et al. 1981; Mori et 

al. 2000). There are changes in these LV wall motion

velocities with heart rate and age in the paediatric

population. Marked differences in velocities in chil-

dren with dilated and hypertrophic cardiomyopathy 

have allowed discrimination between patients with 

poorer clinical outcomes (McMahon et al. 2004a, 

2004b).

The deformation or strain of a myocardial tissue

segment occurs over the cardiac cycle and the rate of 

this deformation is termed the strain rate. Strain rate 

imaging is also a new echocardiographic technique

used to measure regional elongation and shortening

of myocardial tissue segments (Heimdal et al. 1998). 

Preliminary studies have demonstrated regional

differences in strain rate in adult patients after myo-

cardial infarction and measurements of radial and 

longitudinal strain rate have also recently been re-

ported in normal children (Weidemann et al. 2002). 

In addition, quantification of regional right and leftfi

ventricular function by ultrasonic strain rate and

strain indexes after surgical repair of tetralogy of 

Fallot in children demonstrated that RV deforma-

tion abnormalities are associated with electrical de-

polarization abnormalities (Xie et al. 1994). Further 

studies are needed to identify potential applications 

of strain rate imaging in the regional assessment of 

myocardial function of both right and left ventricles 

in children with heart failure.

13.9
Left Ventricular Diastolic Dysfunction

Because diastolic dysfunction often precedes sys-

tolic dysfunction, careful quantitative assessment of 

LV diastolic function is mandatory in the noninva-

sive diagnosis and serial evaluation of patients with 

heart failure. LV diastolic dysfunction is associated

with abnormalities of ventricular compliance and 

relaxation and can be demonstrated by character-

istic changes in both mitral infl ow and pulmonary fl

venous Doppler flow patterns as well as newer mo-fl

dalities including Doppler tissue imaging and co-

lour Doppler fl ow propagation velocity (fl Nishimura

et al. 1989; Vignon et al. 1996; Nagueh et al. 1997;

Rubay et al. 1997; Vasan et al. 1999). There are

inherent limitations with these methodologies that 

continue to be refi ned and studied to yield the mostfi

accurate evaluation of diastolic function.

13.9.1 

Doppler-Derived Indices

Mitral infl ow Doppler, obtained from the apical four-fl

chamber view by positioning a pulse-wave Doppler 

sample at the leaflet tips of the mitral valve (in order fl

to obtain signals for maximal transvalvar velocity), 

represents the diastolic pressure gradient between

the left atrium (LA) and left ventricle. Among indi-

ces studied are peak fi lling velocities, acceleration fi

and deceleration rates and times, velocity ratios, and 

areas under the diastolic fi lling curve.fi

The early phase of diastole is based on active re-

laxation. The early diastolic filling wave, or E-wave, isfi

the dominant diastolic wave and represents the peak 

pressure gradient between the LA and LV at the onset 

of diastole. This E-wave portion of the diastolic curve

is usually 65±4% of the total area of the diastolic curve

but is less in disease states that lead to LV noncom-

pliance (Sahn et al. 1997). The deceleration time of 

the mitral E-wave reflects the time period needed for fl
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equalization of LA and LV pressure. The late phase of 

diastole is the passive fi lling phase. The late diastolic fi

filling wave, or A-wave, represents the peak pressure fi

gradient between the LA and LV in late diastole at the

onset of atrial contraction. 

Normal mitral infl ow Doppler is characterized by fl

a dominant E-wave, a smaller A-wave, and a ratio of 

E and A waves (E:A ratio) between 1.0 and 3.0. The 

normal duration of mitral deceleration as well as

isovolumic relaxation time vary with age and have 

been reported in both paediatric and adult popula-

tions (Byrg et al. 1987; Bessen and Gardin 1990;

Ota et al. 1999). For assessment of diastolic func-

tion, mitral infl ow Doppler velocities are not only fl

impacted by changes in relaxation and compliance

components of diastolic function but also by a vari-

ety of additional anatomic and physiologic factors

including loading conditions, contractility, heart 

rate, interventricular interaction, valve mobility, 

respiratory phase and age (Stugaard et al. 1994).

Interpretation of characteristic patterns of mitral

infl ow must be carefully evaluated with particularfl

attention given to the potential impact of each of 

these factors on mitral inflow Doppler velocities.fl

Diastolic dysfunction is manifested by charac-

teristic mitral inflow Doppler patterns. The earliest fl

stage of LV diastolic dysfunction demonstrated by 

mitral infl ow Doppler is termed abnormal relax-fl

ation. Factors that affect relaxation include loading

conditions, contractile state and elastic recoil prop-

erties of the ventricle as well as age, hypertrophied 

ventricles, myocardial ischaemia, or infiltrative car-fi

diomyopathy with normal atrial pressure. Abnormal

relaxation, therefore, is characterized by a reduced 

E-wave velocity, increased A-wave velocity, reversed 

E:A ratio (<1.0), and a prolonged mitral deceleration 

time and isovolumic relaxation time (IVRT).

As diastolic dysfunction progresses, further 

changes in both ventricular relaxation and compli-

ance occur, leading to an increase in LA pressure.

Factors that affect compliance include myocardial 

properties, interventricular interaction and ventricu-

lar geometry. Increased LA pressure normalizes the 

initial transmitral gradient between the LA and LV

producing a transitional “pseudo-normalized” mi-

tral inflow Doppler pattern with increased E-wave fl

velocity and E:A ratio and normalized mitral decel-

eration and isovolumic relaxation time intervals. The 

pathophysiology is abrupt cessation of early fi llingfi

as the left ventricular diastolic pressure is increased.

This pseudo-normal Doppler pattern may be difficult fi

to distinguish from normal mitral inflow Doppler;fl

additional evaluation of pulmonary venous inflow fl

Doppler, however, can be complementary in helping

to unmask this advanced degree of LV diastolic dys-

function since the pulmonary venous pattern will be 

abnormal (i.e. forward flow in systole is decreased, fl

forward flow in diastole is increased, and atrial dia-fl

stolic reversal is also more significant).fi

Further deterioration of LV diastolic function

results in restrictive ventricular fi lling with an ad-fi

ditional increase in LA pressure and a concomitant 

decrease in ventricular compliance. The Doppler

pattern of restrictive LV fi lling is characterized by fi

additional increases in E-wave velocity, reduction 

in A-wave velocity, an increased E:A ratio >2.0, and 

signifi cant shortening of both mitral decelerationfi

time and IVRT.

Adult studies have demonstrated that heart fail-

ure patients with altered mitral infl ow Doppler, andfl

most importantly a restrictive filling pattern, havefi

signifi cantly increased morbidity and mortality fi

(Yamamoto et al. 1997). Reversal of this restric-

tive fi lling pattern with medical therapy to a pat-fi

tern characteristic of either abnormal relaxation or

pseudo-normalization has correlated with improved

long-term survival in adult heart failure patients 

Teshima et al. 2002). 

Pulmonary venous Doppler, combined with mitral 

infl ow Doppler, provides a more comprehensive as-fl

sessment of LA and LV fi lling pressures (fi Klein and

Tajik 1991; Oki et al. 1997). Pulmonary venous inflow fl

consists of three distinct Doppler waves: a systolic

wave (S-wave), a diastolic wave (D-wave) and a rever-

sal wave with atrial contraction (Ar-wave). In normal 

adolescents and adults, the characteristic pattern of 

pulmonary venous inflow consists of a dominant S-fl

wave, a smaller D-wave and a small Ar-wave of low 

velocity and brief duration. In neonates and younger 

children, a dominant D-wave is often present with a 

similar brief low-velocity, or even absent, Ar-wave.

With worsening LV diastolic dysfunction, LA 

pressure rises, leading to diminished systolic for-

ward flow into the LA from the pulmonary veinsfl

with relatively increased diastolic forward flow re-fl

sulting in a diastolic dominance of pulmonary ve-

nous inflow. More importantly, both the velocity fl

and duration of the pulmonary venous atrial rever-

sal wave are increased. Paediatric and adult studies

have demonstrated that an Ar-wave duration >30 ms 

longer than the corresponding mitral A-wave dura-

tion or a ratio of pulmonary venous Ar-wave to mi-

tral A-wave duration >1.2 is predictive of elevated

LV fi lling pressure. fi
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Early diastolic DTI velocities (Ea) at the lateral

mitral annulus have demonstrated clinical utility 

in patients with LV dysfunction. With increasing 

diastolic dysfunction, LA and LV filling pressures fi

rise, leading to an increased mitral E-wave veloc-

ity; however, these same changes have been shown 

to have little impact on DTI E-wave velocity at

the mitral annulus. DTI velocities have also been

demonstrated to be less signifi cantly impacted by fi

changes in ventricular fi lling pressure and loading fi

conditions compared to mitral infl ow Doppler ve-fl

locities (Choong et al. 1988; Spencer et al. 1999). 

While mitral E-wave velocity alone is less reliable as 

an index of abnormal diastolic function, a ratio of 

mitral E-wave to DTI E-wave velocity (E/Ea) >15 has

been shown to be more predictive of elevated pul-

monary capillary wedge pressure in adult patients. 

In addition, early diastolic myocardial velocity was

found to be the single best discriminator between 

control subjects and patients with diastolic dysfunc-

tion (Farias et al. 1999). Lastly, this methodology 

to assess diastolic dysfunction needs to consider

that there is substantial heterogeneity in measured

velocities within individual myocardial segments 

consistent with known spatial distribution of myo-

cardial fi bres (fi Galiuto et al. 1998). In addition to 

DTI, a continuous-wave Doppler velocity profile of fi

mitral regurgitation can yield negative LV dP/dt and 

thus the time constant of relaxation (τ) (Chen et al. 

1994). Lastly, pulsed Doppler detection of abnormal 

LV posterior wall diastolic motion dynamics (by 

placing the sample volume apical to the mitral valve

sulcus and within the LV endocardium) can also 

gain insight into global LV diastolic performance 

(Isaaz et al. 1989b).

13.9.2 

Color M-Mode Flow Propagation Velocity (Vp)

Recently, colour M-mode Doppler echocardiogra-

phy has been demonstrated to provide information 

about diastolic function by measurement of sequen-

tial mitral infl ow fifl  lling waves during propagationfi

from base to apex (Border et al. 2003). Specifi cally,fi

the flow propagation velocity of early transmitralfl

flow from colour M-mode recordings inversely fl

correlated with the time constant of relaxation τ

(Moller et al. 2000). As opposed to mitral inflow fl

Doppler, this propagation velocity has been shown to 

be less dependent on changes in heart rate, LA pres-

sure and loading conditions and may therefore more

accurately refl ect changes in myocardial relaxation. fl

Numerous studies have demonstrated a significant fi

decrease in flow propagation velocity in patientsfl

with diastolic dysfunction of varying aetiology. The 

ratio of the mitral annular Doppler tissue E-wave 

velocity to fl ow propagation velocity is a signififl cant fi

predictor of outcome in patients after myocardial

infarction (Moller et al. 2001). This ratio of flow fl

propagation and DTI velocity may also be helpful in

distinguishing a normal mitral inflow pattern fromfl

one of pseudo-normalized mitral inflow.fl

13.10 
Global Left Ventricular Dysfunction

Systolic and diastolic dysfunction may coexist, so

a combined measure of LV performance may be

more refl ective of overall ventricular dysfunction. fl

The myocardial performance or Tei index (MPI) is

a Doppler-derived quantitative measure that incor-

porates both systolic and diastolic time intervals.

This index measures the ratio of total time spent

in isovolumic activity divided by the time spent in 

ventricular ejection. The MPI is defined as the sumfi

of isovolumic contraction time (ICT) and isovolu-

mic relaxation time (IRT) divided by ejection time 

(ET):

MPI
ET

( )ICT IRT

The components of this index are measured from

routine pulse-wave Doppler signals at the atrioven-

tricular valve and ventricular outflow tract of either fl

left or right ventricle. To derive the sum of ICT and

IRT, the Doppler-derived ejection time for either 

ventricle is subtracted from the Doppler interval 

between the cessation and onset of the respective 

atrioventricular valve inflow signal (from the end of fl

the Doppler A-wave to the beginning of the Doppler 

E-wave of the next cardiac cycle). The Doppler time 

intervals should be obtained as close to simultane-

ously as possible and consecutive Doppler intervals 

should not vary by more than 5–15 ms. This measure 

is invalid in the setting of arrhythmias. 

A validation study demonstrated that the MPI

(and especially the ratio of shortening fraction/MPI) 

closely correlate with dP/dt over a range of haemo-

dynamic conditions in animal models (Broberg
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et al. 2003). The higher the MPI (or Tei) value the 

greater the global ventricular dysfunction. In adults, 

normal LV and RV MPI values are 0.39±0.05 and

0.28±0.04 respectively, while in children similar val-

ues for the LV and RV are reported to be 0.35±0.03

and 0.32±0.03 respectively (Tei et al. 1996b). This 

index is relatively load independent making it par-

ticularly appealing in this patient population. 

13.11
Right Ventricular Dysfunction

Echocardiographic assessment of ventricular func-

tion in the morphological right ventricle is important 

for several paediatric patient populations, including 

patients with transposition of the great arteries who

had an atrial switch (Senning or Mustard), those 

with tetralogy of Fallot who have pulmonary insuf-

ficiency, and patients with single ventricle anatomy fi

of right ventricular morphology. 

The asymmetric and crescentic geometric shape 

of the right ventricle complicates echocardiographic 

assessment of ventricular function. Doppler echo-

cardiography has historically been useful in the non-

invasive prediction of RV systolic and pulmonary 

artery pressures. Quantification of RV systolic func-fi

tion by M-mode or 2-D echocardiography has relied 

on a qualitative assessment of relative RV wall mo-

tion or semiquantitative measurements of fractional 

area change in RV dimension or volume (Kaul et al.

1984). Newer echocardiographic modalities, which 

show promise in quantifying RV function, include 

additional Doppler measures of RV performance 

(myocardial performance index, RV dP/dt, and DTI) 

as well as acoustic quantification and 3-D echocar-fi

diography.

As described previously, the MPI is a Doppler-

derived measure of global ventricular function that 

can be applied to any ventricular geometry. The MPI 

has demonstrated prognostic power in discriminat-

ing outcome in patients with either RV or LV failure

(Yu and Sanderson 1997). In patients with congeni-

tal heart disease with altered RV preload or after-

load, the RV MPI has been shown to be relatively in-

dependent of changes in loading conditions making 

it particularly appealing in this subset of patients.

Similar to the MR and calculation for LV dP/dt, 

the RV dP/dt or the rate of RV pressure change over

time can also be used as a measure of RV systolic 

function in patients with tricuspid regurgitation. 

The change in RV pressure can then be divided by 

the change in time between the two Doppler veloci-

ties (1 and 2 m/s) to derive the RV dP/dt [so that RV

dP/dt=(4×22–4×12)/time in seconds or 12 mmHg/

time in seconds]. (Note that 2 m/s is used as the sec-

ond Doppler velocity rather than 3 m/s as with the

LV.) RV dP/dt has been shown to have correlation

with invasive measures of RV performance and is

helpful in the serial assessment of RV function in

children with hypoplastic left heart syndrome. 

A relatively new addition to the quantitative 

evaluation of RV function is Doppler tissue im-

aging (DTI). Tricuspid annular motion has been

shown to correlate with RV function in several

studies (Frommelt et al. 2002). DTI has been

shown to be a reproducible noninvasive method of 

assessing systolic and diastolic annular motion and

RV function. Unlike conventional Doppler inflow fl

velocities, preliminary studies with DTI in adults

and children have demonstrated these velocities 

to be relatively independent of loading conditions

(Mori et al. 2002). Comparative measurements of 

annular and infl ow velocities reveal that the ratiofl

of late-to-early diastolic tricuspid annular velocity 

showed a higher correlation with RV end-diastolic 

pressure. 

Acoustic quantification utilizes automated bor-fi

der detection techniques to measure the absolute

change and rate of change in RV volume. This mo-

dality has been shown to correlate with other inva-

sive methods of RV functional assessment in adults 

with abnormalities of global RV function. Auto-

mated border methods have shown good correlation 

with MRI in assessing changes in RV volume and 

systolic function. Feasibility of acoustic quantifica-fi

tion in the noninvasive evaluation of RV function in

normal children has also been reported. This tech-

nique needs to be studied further in the identifica-fi

tion and serial evaluation of RV dysfunction in heart 

failure.

The recent advent of 3-D echocardiography has 

enabled noninvasive evaluation of RV volume and

function. Because 3-D echocardiography can evalu-

ate RV geometry in multiple spatial planes, accurate

assessment of changes in RV volume during the

cardiac cycle is possible. Such data collection needs 

to be rapid, efficient and automated with minimal fi

motion effects. Application of this new modality to

the evaluation of RV systolic failure in adults and 

children has not yet been reported but appears to be

promising.
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13.12
Univentricular Hearts and Assessment of 
Ventricular Function

Quantitative echocardiographic assessment is lim-

ited by complex ventricular geometry often with

associated abnormalities of wall motion. Similar

to novel techniques used to assess RV function, 

Doppler echocardiography holds promise in the

potential evaluation of global single ventricle func-

tion. However, only limited studies to date have

addressed either dP/dt or the MPI in patients with

functional single ventricles. One study showed im-

proved function after cavopulmonary anastomosis 

in single-ventricle patients when the operation is

performed at less than 1 year of age when using MPI

as a measurement of ventricular function. Although 

there are limited data on these new Doppler indices 

to predict outcome in patients with complex single-

ventricle anatomy, early studies demonstrate the 

feasibility of Doppler-derived indices for assessment

of single-ventricle function. 

13.13 
Tissue Harmonic Imaging

This technique enhances image clarity by focusing

transducer frequencies on higher harmonic frequen-

cies rather than lower frequencies (McMahon et al. 

2001). This results in a significant improvement in fi

image resolution.

13.14 
Fetal Echocardiography

This is more challenging than conventional echo-

cardiography as the fetus is often in motion and fetal

positioning with the spine upwards may make im-

age acquisition diffi cult. The segmental cardiac ap-fi

proach should be applied as in the child ( Garland

et al. 1991; Lang et al. 1991; Allan 1993). The de-

termination of cardiac situs, an apical four-chamber

view, imaging of the systemic and pulmonary venous 

drainage, the atrioventricular valves, interventicu-

lar and atrial septa, outflow tracts, the aortic archfl

and ductus arteriosus are then sequentially scanned. 

Fetal ventricular function is assessed using M-mode 

to determine LV shortening fraction. The presence

of tachyarrhythmias or AV block is recorded using

M-mode (Tworetsky et al. 2001).

13.15 
Transoesophageal Echocardiography

Transoesophageal echocardiography (TOE) allows 

imaging clarity rarely offered by transthoracic views 

(Yang et al. 2000). The basal long-axis, mid-oesoph-

agus long-axis and transgastric long-axis views are 

initially obtained. Rotation of the probe in each of 

these views allows complete intra-cardiac evalua-

tion. Imaging of the aortic arch may be limited using 

TOE. TOE is primarily used in the postoperative

setting but also has a clinical role in the intensive

care setting and in patients with poor echocardio-

graphic windows.

13.16
Conclusions

Ultrasound of the heart has progressed to be the 

primary imaging modality for assessing cardiac

anatomy in children with congenital and acquired 

heart disease. A sequential logical approach is man-

datory in all patients to avoid errors in diagnosis and 

consequently patient management. Increasingly new 

noninvasive imaging tools are becoming available to

provide further data regarding ventricular function.
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14.1 
Introduction

Congenital heart disease (CHD) occurs in 7–9 per

1000 live births (Pradat et al. 2003) with the more 

complex anomalies often presenting during the 

newborn period. Initial investigation of neonates 

with CHD requires imaging for defi ning the car-fi

diovascular anomalies and planning further clini-

cal management. Echocardiography provides a full 

morphologic and functional evaluation in most neo-

nates, but sometimes the acoustic windows may be

insufficient for defifi nite delineation of all vascular fi

abnormalities. Further investigation has tradition-

ally been performed by angiocardiography, which is

invasive due to radiation exposure and catheteriza-

tion with a considerable complication rate in neo-

nates (Vitiello et al. 1998). Although computed 

tomography angiography (CTA) with current mul-

tirow-detector technology allows excellent assess-

ment of the extracardiac thoracic vasculature, it still

poses a substantial radiation exposure that should 

be avoided in neonates.

In current practice, cardiovascular magnetic res-

onance (MR) is an established noninvasive imaging 

modality for assessing the morphology and physiol-

ogy of specific heart defects and vascular anomaliesfi

in older children and adults (Pennell et al. 2004). 

With the necessary adjustments of the technique to 

the small size and fast heart rates of babies, MR can 

also provide valuable complementary morphologic 

and functional information in neonates and repre-

sents a veritable alternative to angiocardiography 

and CTA (Kastler et al. 1990; Kellenberger et 

al. 2007; Tsai-Goodman et al. 2004). In this chap-

ter the current techniques and common indications 

of cardiovascular MR in neonates with CHD will be 

discussed.

14.2 
Techniques

14.2.1 

General Setting

The MR scanner can be considered a hostile envi-

ronment for a sick neonate and therefore the MR 

study should be as short as possible, tailored to the

specifi c questions that need to be answered. The fi

vital functions of the baby must be ensured by moni-

toring the heart rate, blood pressure, blood oxygen 

saturation, respiration and body temperature. As

neonates are at risk of becoming hypothermic dur-

ing an MR study, we place commercially available 

hotpacks, preheated to body temperature, around

the head, pelvis and legs, and cover the baby with 
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a blanket. A constant body temperature can be en-

sured by monitoring the skin temperature with a 

sensor or by measuring the ear temperature before

and after the imaging. In order to avoid motion ar-

tefacts, neonates have to be immobilized for an MR 

study. Our and other paediatric anaesthesiologists 

and intensive care physicians prefer general anaes-

thesia with intubation to sedation in sick neonates

with complex CHD, because the vital functions 

can be better controlled within the scanner (Tsai-

 Goodman et al. 2004). In addition, the combination

of intubation and relaxation allows the induction

of short periods of apnoea which are important for 

achieving the best image quality without degrada-

tion by respiratory motion.

Adequate spatial resolution of the MR imaging 

sequences is another essential factor for obtaining 

diagnostic image quality in neonates. The small size

of the heart and vessels in a baby requires a high spa-

tial resolution (in-plane resolution ~1 mm2), which

is achieved by using a relatively small field of view fi

(FOV = 18–20 cm), a sufficiently large matrix, andfi

thin slices. In order to receive enough signal from 

the resulting small voxels, appropriate coil selec-

tion is crucial. The best coil for imaging the neona-

tal chest is the smallest coil that covers the entire 

chest and provides the highest signal-to-noise ratio 

(SNR). A small phased-array coil with a maximum

FOV of approximately 20–25 cm and multi-element 

design allowing parallel imaging would be optimal 

for improving spatial resolution or shortening im-

aging time. Unfortunately, such coils are not yet

widely available. Depending on the MR system, an 

adult phased-array shoulder coil, a multi-channel 

knee coil, or a head coil into which the neonate fi ts,fi

can be alternatives. On our system, we achieve the 

best results with a transmit/receive quadrature head

coil (Fig. 14.1).

14.2.2 

Pulse Sequences

With the advent of strong and fast gradient sys-

tems, various pulse sequences that allow detailed

anatomic and functional assessment of CHD have

become routinely available on most MR systems 

(Chung 2000; Fogel 2000; Powell and Geva 2000).

The following discussion reflects the author’s clini-fl

cal experience using a 1.5 T Signa MR/i Twinspeed 

scanner (General Electric Medical Systems, Milwau-

kee, Wis., USA) at the University Children’s Hospi-

tal in Zurich, Switzerland. Table 14.1 shows typical

selected technical parameters for a cardiovascular

MR study in neonates at our institution.

Every cardiovascular MR study is started with the 

acquisition of non-gated steady-state free precession 

(SSFP) sequences in the coronal, axial and sagit-

tal planes covering the entire chest. These bright-

blood SSFP images are acquired in less than 2 min 

and serve as localizers for the subsequent imaging. 

They also provide a basic overview of the situs, the 

cardiac and vascular anatomy. Since the cardiac 

anatomy has usually already been well defined by fi

echocardiography before the MR study, we seldom

perform further more detailed morphologic imag-

ing of the heart.

In earlier days of cardiovascular MR imaging,

both intracardiac and vascular anatomy used to be 

assessed with black-blood imaging using conven-

tional spin-echo T1-weighted sequences with elec-

trocardiographic (ECG) gating and multislice acqui-

sition (Chung 2000; Kastler et al. 1990). Shorter 

scan times can today be achieved with hybrid T1-

weighted spin-echo sequences and echoplanar read-

out. Higher spatial resolution can be obtained with

the more recently available ECG-gated double inver-

sion recovery fast spin-echo sequences with single 

slice acquisition. Fast spin-echo sequences also allow 

different image contrasts (T1-weighted, proton den-

sity, T2-weighted) by using one or two RR intervals 

as repetition time (TR) and varying the echo time

(TE). Fat saturation is possible by adding a third in-

version pulse (triple inversion recovery) or a spec-

Fig. 14.1. Adult quadrature head coil used for cardiovascular

MR imaging of a neonate. The intubated baby is positioned 

in the middle of the coil. The baby is covered with a blan-

ket and preheated hot packs wrapped in a sheet (arrows) are

placed around its body to prevent hypothermia
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tral saturation pulse. T1-weighted, T2-weighted and 

T1-weighted images following intravenous admin-

istration of gadolinium are valuable for evaluation

of the extent and tissue characteristics of a tumour. 

Black-blood images are also useful for delineating 

the anatomy of the central airways. Slice thickness 

should not exceed 3 mm and black-blood imaging 

can be performed during free breathing with mul-

tiple signal averages.

In our experience, contrast-enhanced MR an-

giography (MRA) and cine imaging have replaced 

static black-blood imaging for morphologic evalu-

ation in all patients with CHD except for those with

tumours. Contrast-enhanced MRA is the most effi-fi

cient sequence for a detailed study of the entire tho-

racic vasculature. Three-dimensional (3D) image 

data is acquired in continuous partitions with a 3D 

fast spoiled gradient echo sequence (FSPGR) after

intravenous administration of gadolinium. From 

the 3D data set, it is possible to display a specific fi

vessel in any oblique plane with sub-volume maxi-

mum intensity projection (MIP) reconstructions 

and to accurately measure the vessel dimensions 

( Valsangiacomo Buchel et al. 2005). For illustra-

tion purposes, 3D volume-rendered MRA images 

can excellently demonstrate the often complex vas-

cular anatomy in patients with CHD.

For MRA in neonates, we use a double or triple

dose of gadolinium (0.2–0.3 mmol/kg bodyweight). 

Because of the small contrast volumes, we usually 

dilute the contrast with saline up to a total volume 

of 2 ml and inject manually through any available 

peripheral intravenous line. The diluted contrast 

bolus is injected over 6–8 s and is followed by the 

Table 14.1. Selected technical parameters for cardiovascular MR in neonates. (2D Two-dimensional, 3D three-dimensional, ECG electro-
cardiogram, FIESTA fast imaging employing steady-state acquisition, FSPGR fast spoiled gradient echo, FSE fast spin-echo, SSFP steady-
state free precession, T1w T1 weighting, T2w T2 weighting)

Localizers Black-blood imaging Cine imaging Flow
measurement

MR
angiography

Pulse sequence SSFP 
(2D FIESTA)

Double inversion recovery 
FSE

SSFP
(2D FIESTA)

Fast gradient
echo
(Fast cine)

Phase contrast
(Fast cine PC)

3D FSPGR

Gating None ECG ECG ECG ECG None

Repetition time 3.5 ms 1–2 RR intervals 4 ms 8.3 ms 8 ms 3.3 ms

Echo time 1.4 ms 5 ms (for T1w)
85 ms (for T2w)

1.6 ms 3.7 ms 3.6 ms 1.0 ms

Bandwidth ±100 kHz ±62.5 kHz ±100 kHz ±31.25 kHz ±31.25 kHz ±62.5 kHz

Flip angle 45° 90° 45° 20° 15° 30°

Field-of-view 25 cm 18–20 cm 22 cm 18–20 cm 18–20 cm 18–20 cm

Phase fi eld-of-view 0.75 0.8 0.75 0.75 0.75 0.8fi

Matrix 160×192 320×224 192×224 256×160 256×160 256×160

Slice thickness 5 mm 3 mm 5 mm 3 mm 4 mm 1.2–2.0 mm

Other parameters – Echotrain length 32
± fat saturation

– – – 40 partitions
Zero interpo-
lation

Number of signal 
averages

0.75 3–4 1 2–3 2 1

Views per segment 
adjusted to heart 
rate

– – 12
(<100 bpm)
10
(100–120 bpm)
8 (>120 bpm)

6 (<80 bpm)
4 (80–120 bpm)
2 (>120 bpm)

2 (<120 bpm)
1 (>120 bpm)

–

Scan time (s) ~60 s
(three
planes)

~15–20 s/slice ~10 s/slice ~30–60 s/slice ~80–160 s/slice ~15 s/
dynamic
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same volume of saline. In order to achieve a suf-

ficient injection rate, the contrast and saline bolus fi

cannot be administered through an air filter. Hence, fi

great care has to be taken to not inject any air. Ex-

act timing of the MRA image acquisition is crucial 

for obtaining angiographic images with a high SNR. 

In our experience, the best results are achieved 

with an automated bolus detection method such

as Smartprep (Foo et al. 1997) or MR fl uoroscopic fl

triggering (Riederer et al. 2000) combined with 

elliptic-centric k-space filling. Because the neona-fi

tal aorta and pulmonary trunk are too small, we

place the region of interest for detecting the con-

trast bolus arrival in the right ventricle and initiate 

the MRA image acquisition after a delay of 5 s. If 

no real-time triggering method is available, image

acquisition can be performed with sequential k-

space fi lling and started together with the contrast fi

injection. To ensure that all vessels including the 

systemic veins are opacifi ed, the image acquisitionfi

is repeated twice. The need for bolus timing can be

eliminated by using “time-resolved” MRA, which

consists of a series of consecutive short 3D volume 

acquisitions (dynamics) (Chung 2005). With paral-

lel imaging or advanced k-space fi lling schemes, it fi

has become possible to obtain one dynamic in less

than 3–5 s. However, with current “time-resolved”

MRA techniques, the improved temporal resolu-

tion is traded for a lower true spatial resolution 

(~ 1.5 × 1.5 × 2–3 mm3) than is possible by means

of conventional MRA techniques with an imaging 

time of 10–20 s. With a conventional 3D FSPGR se-

quence, we achieve a sub-millimetre spatial resolu-

tion by using a section thickness of 1.2–2 mm, a FOV 

of 180–200 mm, a matrix of 256 × 160, and zero in-

terpolation resulting in a reconstructed voxel size of 

0.45 × 0.55 × 0.3–0.5 mm3 (true spatial resolution

0.9 × 1.1 × 1.2–2 mm3). The larger thoracic vessels

such as the aorta and normal-sized pulmonary ar-

teries are shown suffi ciently during free breathing,fi

but accurate delineation of hypoplastic pulmonary 

arteries, pulmonary veins and aortopulmonary col-

lateral arteries requires image acquisition during 

breath-holding. An apnoea of 30–45 s is sufficientfi

for running two to three dynamics and is usually 

well tolerated after a short period of hyperoxygen-

ation before the image acquisition.

Cine imaging with ECG-gated SSFP or fast gra-

dient echo sequences provides bright-blood mul-

tiphase images that show cardiac contraction and

valvular motion in multiple frames throughout the 

cardiac cycle. We occasionally use cine SSFP se-

quences in the axial plane for a better assessment of 

the cardiac anatomy than is achieved with the non-

gated SSFP localizers. In neonates with tumours, 

cine SSFP sequences in various planes aligned to the 

heart (short-axis plane, vertical or horizontal long-

axis planes, and ventricular outflow tract planes) are fl

used to assess impairment of the cardiac function.

For assessing ventricular function, cine imaging is

performed in the short-axis plane covering the heart

from the base to the apex. Ventricular function can

be quantifi ed by measuring the ventricular volumesfi

and ejection fractions with commercially available 

post-processing software. For accurate volume mea-

surements of the small neonatal ventricles, we prefer 

the cine fast gradient echo sequence as it allows ac-

quisition of thinner slices (3 mm) than the cine SSFP

sequence (5 mm). Cine imaging is usually performed 

during free breathing with multiple signal averages

(two to four) for cancellation of respiratory motion

artefacts and achieving adequate SNR.

Velocity encoded cine phase-contrast (PC) se-

quences allow quantitative measurements of blood

fl ow volumes. Differential blood flfl ow to the lungsfl

can be assessed by measuring the flow volume infl

the right and left pulmonary arteries (Powell and

Geva 2000; Roman et al. 2005). Intracardiac or ex-

tracardiac shunts can be quantified by the systemic-fi

to-pulmonary flow ratio (Qfl P/QS), which is calculated

from flow measurements in the pulmonary trunkfl

and the ascending aorta. If the anatomy is complex 

with vascular or valvular atresia, a patent ductus

arteriosus, systemic pulmonary blood supply, or

anomalous pulmonary venous connections, addi-

tional flow measurements in systemic or pulmonary fl

veins, in the ductus arteriosus, or in collateral arter-

ies may be necessary to determine the QP/QS and the

blood supply to each lung.

The fast heart rates in neonates (100–150 bpm)

require a high temporal resolution (20–40 ms) to

obtain a suffi cient number of frames per heart beat.fi

For accurate ventricular volume measurements and

fl ow measurements we want to acquire more than 15fl

frames per heart beat. If a segmented k-space tech-

nique is used for cine imaging or cine PC, it is neces-

sary to adjust the number of lines or views per seg-

ment (LPS/VPS) to the heart rate and TR to obtain 

the desired temporal resolution. The temporal reso-

lution is calculated as TR × VPS for cine imaging, 

and 2 × TR × VPS for a PC sequence with one flow fl

encoding direction. Table 14.1 shows how we adjust

the VPS to the heart rate for the cine imaging and PC 

sequences with different repetition times.
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14.3
Clinical Indications

14.3.1 

Thoracic Vasculature

Patients with CHD frequently have complex abnor-

malities of the thoracic vasculature. Accurate de-

lineation of the vascular anatomy is essential for

diagnosis and surgical planning. Although the me-

diastinal vessels in neonates are usually well visu-

alized by echocardiography, vessels surrounded by 

aerated lung cannot be assessed and sometimes the 

acoustic windows may be insufficient for defifi nite de-fi

lineation of all vessels in complex congenital anoma-

lies. Investigation of the thoracic vasculature is now 

a major indication for MR imaging in neonates with 

CHD, due to the ability of contrast-enhanced MRA

to noninvasively visualize all thoracic vessels with a

single intravenous injection of Gadolinium (Masui

et al. 2000; Tsai-Goodman et al. 2004).

In patients with anomalies of the aorta, includ-

ing vascular rings, coarctation (Fig. 14.2) and inter-

rupted aortic arch (Fig. 14.3), the anatomy and size 

of the aortic arch, the branching pattern of the head

and neck arteries, and the patency of the ductus ar-

teriosus can be clearly shown by MRA (Eichhorn et 

al. 2004; Roche et al. 1999). Identification of the an-fi

atomic details is important for selecting the proper 

operative approach and, in our experience, 3D illus-

tration of the aortic arch morphology with volume-

rendered images is of great help to the surgeon for 

planning the reconstruction of the aortic arch.

In tetralogy of Fallot and in pulmonary atresia 

with ventricular septal defect, the size of the pulmo-

nary arteries results from the amount of pulmonary 

blood flow during the prenatal period. If there is fl

severe obstruction of the right ventricular outflow fl

tract, such as in pulmonary infundibular stenosis

or pulmonary valve atresia, the pulmonary arter-

ies may be hypoplastic or atretic and blood flow fl

to the lungs can be maintained through persistent

embryonic vessels arising from the thoracic aorta, 

so-called major aortopulmonary collateral arteries 

(MAPCAs). The anatomy of the pulmonary arteries,

of a patent ductus arteriosus and of the MAPCAs

determines if repair with a right ventricle-pulmo-

nary artery shunt or unifocalization of the MAPCAs 

is feasible. Precise knowledge of the anatomy of all 

blood supply to the lungs is crucial for the choice

of the appropriate surgical technique, and accurate

preoperative mapping of the MAPCAs can reduce

cardiopulmonary bypass time. When the pulmo-

nary arteries are severely hypoplastic and not well

visualized on echocardiography, MRA is useful to 

delineate the presence, size and continuity of the

mediastinal pulmonary artery segments, the pres-

ence of a patent ductus arteriosus and the exact 

anatomy of MAPCAs (Fig. 14.4) (Geva et al. 2002; 

Holmqvist et al. 2001).

In truncus arteriosus a single arterial vessel arises

from the heart and supplies the systemic, coronary 

and pulmonary circulations. Based on the origins of 

the pulmonary arteries and anatomy the aortic arch,

truncus arteriosus is grouped into three categories

that affect the approach of surgical repair (Jacobs

2000). In the fi rst category, the pulmonary arteries fi

arise together or separately from the truncus. In the 

second category, one pulmonary artery arises from

the descending aorta or a patent ductus arteriosus. 

In the third category, the aortic arch is interrupted

or there is severe coarctation. When both pulmo-

nary arteries are visualized, evaluation with echo-

cardiography is usually suffi cient. If one pulmonary fi

artery is not visualized at echocardiography or there

is interruption of the aortic arch, MRA may be nec-

essary to delineate the origins of the pulmonary ar-

teries and morphology of the aortic arch (Fig. 14.5).

Accurate visualization of abnormal pulmonary 

veins is challenging and delineation of all pulmo-

nary veins may be incomplete by using both echocar-

diography and angiocardiography. MRA has been 

shown to be the most accurate imaging modality for

visualizing the entire course of all pulmonary veins

in the mediastinum as well as in the lungs (Greil et

al. 2002; Valsangiacomo et al. 2003). Anomalous 

connections of a single, multiple or all pulmonary 

veins to a supracardiac or infracardiac systemic vein 

or the portal venous system are well shown by the

large FOV provided by MRA (Figs. 14.2, 14.6). The 

presence of pulmonary venous obstruction can be 

assessed and intrinsic congenital stenosis can be 

differentiated from extrinsic compression by an-

other vascular structure or the diaphragm.

Patients with visceral heterotaxy syndrome (poly-

splenia and asplenia) may have an associated compli-

cated heart anomaly with unusual veno-atrial con-

nections that need to be accurately delineated before

surgery or catheter-guided intervention. With MRA 

identifi cation of the hepatic, systemic and pulmo-fi

nary veins, their relationship to both atria is usually 

better shown than with echocardiography or angio-

cardiography (Fig. 14.6).
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Fig. 14.2a–e. Aortic coarctation in a

3-week-old girl with atrioventricular 

septum defect (AVSD). Pulmonary vein 

anomalies were suspected at echocar-

diography. a Horizontal long-axis cine a

image shows the AVSD (**). (LA=Left

atrium, LV=left ventricle, RA=right

atrium, RV=right ventricle.) b,c Pos-c

terior volume-rendered magnetic 

resoance angiography (MRA) images

show a patent ductus arteriosus, a 

hypoplastic aortic arch and the coarc-

tation (arrow in w b). The anatomy of the

pulmonary veins is clearly defined as a fi

common orifice of the left-sided pul-fi

monary veins, which is also stenotic 

(arrow in w c), and partial anomalous

drainage of the right upper pulmonary 

vein (*). (AO=Aorta, LPA=left pulmo-

nary artery, RPA=right pulmonary 

artery.) d Coronal oblique sub-volume d

maximum intensity (MIP) MRA im-

age demonstrates the connection of 

the right upper pulmonary vein to the 

superior vena cava (arrow). (RA=Right

atrium.) e Magnitude images, phase 

images and graphs demonstrate how 

fl ow volume measurements are ob-fl

tained perpendicular to the ascending 

aorta (AO), pulmonary trunk (MPA),

and right and left pulmonary arteries

(RPA, LPA). The flow measurements fl

show a significant left-to-right shunt fi

with a pulmonary-to-systemic flow fl

ratio (QP/QS) of 3.3 and asymmetric

blood flow to the lungs with a right-fl

to-left ratio of 66%:34%. In this case 

with a patent ductus arteriosus the

QP/QS is calculated from the flow vol-fl

umes in the aorta (QAOQ ), pulmonary 

trunk (QMPA) and pulmonary arteries 

(QRPA, QLPA). QP is QRPA+QLPA and QS is

(QAOQ +QMPA)–(QRPA+QLPA). On the basis

of the MR fi ndings the coarctationfi

was repaired first with closure of the fi

ductus arteriosus, and 3 weeks later, 

at the time of the AVSD repair, the

pulmonary veins were augmented or 

reimplanted into the left atrium

a
b

c
d

e
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Fig. 14.3a–d. Interrupted arch in a 3-day-old girl with transposition of the great arteries, ventricular septum defects 

(VSDs) and an atrial septum defect (ASD). Severe aortic coarctation and hypoplasia of the right ventricle were suspected

at echocardiography. a,b Posterior (a) and anterior (b) volume-rendered MRA images show interruption of the aortic

arch distal to the left subclavian artery (type A). The descending aorta is supplied by the patent ductus arteriosus 

(PDA). The gap that needs to be reconstructed between the ascending aorta (AAO) and the descending aorta (DAO) is 

well illustrated. Transposition of the great arteries, with the aorta arising from the right ventricle (RV) and the pul-

monary trunk (MPA) from the left ventricle (LV), is clearly shown. c Horizontal long-axis cine image shows multiple 

VSDs (arrows) and the ASD (**). d Short-axis cine images with measurement of the end-diastolic ventricular volumes 

demonstrate equally sized ventricles. On the basis of the MR fi ndings reconstruction of the aortic arch and pulmonary fi

banding were performed on day 4. Biventricular repair including arterial switch operation and closure of the ASD and

VSDs was performed 3 weeks later

c d

a b
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Fig. 14.4a,b. Multicentric pulmonary blood supply in a 3-week-old

girl with pulmonary atresia and ventricle septum defect. a Sub-vol-

ume maximum intensity (MIP) MR angiographic images in different 

oblique planes demonstrate multiple major aortopulmonary collat-

eral arteries (MAPCAs) arising from the descending aorta (AO) and

supplying both lungs. The native pulmonary arteries (RPA, LPA) are

confl uent and there is a stenosis at the origin of the left pulmonary fl

artery (arrows). (MPA=Patent distal portion of the pulmonary trunk,

RV=infundibulum of the right ventricle.). b A composite drawing of 

the MAPCAs and native pulmonary arteries, derived from viewing 

the 3D MRA dataset with sub-volume MIP images on the worksta-

tion, can be helpful to the surgeon for planning the unifocalization 

procedure. (S1–10=Pulmonary segments)

a

b

Fig. 14.5a-c. Truncus arteriosus in a 1-day-old boy. a Anterior, b right posterior oblique and c posterior volume-rendered 

MRA images show a single arterial vessel arising from the heart. The ascending aorta (AO) originates from the base of the

truncus. The right and left pulmonary arteries (RPA, LPA) arise separately and widely spaced from the posterior wall of 

the truncus. The aortic arch is interrupted beyond the left carotid artery (type B) and the descending aorta is supplied by 

a patent ductus arteriosus (PDA)

a b c
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Fig. 14.6a–c. Total anomalous pulmonary venous drainage in a 3-day-old girl with right isomerism, pulmonary atresia and 

atrioventricular septum defect. a Anterior and b posterior volume-rendered MRA images show a transverse liver and asple-

nia. The aorta (AO) is in a right anterior position arising from the right ventricle (RV). The pulmonary arteries are supplied

by bilateral patent arterial ducts with the left arterial duct arising from the aortic isthmus and the right arterial duct arising 

from the right brachiocephalic artery. The individual pulmonary veins connect to a retrocardiac venous confluencefl (**) that 

drains unobstructed into the portal venous system. c Sub-volume maximum intensity projection (MIP) images in different

planes demonstrate that all hepatic veins drain into the left atrium (LA). The venous confluence fl (**) is separated from the 

left atrium. Note the patent ductus venosus Arantii (arrow). (LV=Left ventricle,VV RA=right atrium, RV=right ventricle)VV

ba

c
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14.3.2 

Ventricular Size

In patients with a small right or left ventricle, the

size of the smaller ventricle determines prognosis 

and is an important parameter for deciding on bi-

ventricular repair or single ventricle palliation (De

Oliveira et al. 2005; Schwartz et al. 2001). MR

cine imaging in short-axis view is considered more 

accurate than echocardiography for assessing the 

ventricular size, as it provides a 3D measurement 

of the ventricular volumes and does not rely on 

geometrical assumptions. Exact measurement of 

the ventricular volumes by MR cine imaging has

been recommended in patients with a borderline

small ventricle, such as in hypoplastic left heart 

complex or unbalanced atrioventricular septal 

defect, because the results are so crucial for fur-

ther management. In our experience, volumetry 

of the ventricles by MR cine imaging has modi-

fi ed decisions that were based on echocardiogra-fi

phy (Fig. 14.3).

14.3.3 

Tumours

Primary cardiac tumours are uncommon in neo-

nates and mostly of benign histology (Beghetti

et al. 1997; Freedom et al. 2000). However, car-

diac tumours may cause signifi cant morbidity fi

due to blood fl ow obstruction, ventricular dys-fl

function or arrhythmia. The most common tu-

mour is rhabdomyoma, which is often associated

with tuberous sclerosis. Other tumours include

fibroma, haemangioma and pericardial teratoma. fi

A rhabdomyoma is usually well characterized as

a hyperechoic mass on echocardiography, which

is superior to MR if the tumour is small and in-

tramural (Fig. 14.7). If the tumour is larger, MR is

useful in defining the anatomy, involvement and fi

functional impairment (Fig. 14.8). Black-blood im-

aging with different weightings and following in-

travenous application of gadolinium demonstrates 

tumour extension and may help identify the likely 

tissue type of the tumour (Kiaffas et al. 2002).

Further, gadolinium-enhanced sequences can dif-

ferentiate enhancing tumour from non-enhancing 

thrombus. Cine imaging is used for assessing the 

presence of inflow or outflfl  ow obstruction, com-fl

pression of adjacent vascular structures and ven-

tricular function.

14.4
Conclusion

Cardiovascular MR is a powerful imaging tool pro-

viding morphologic, functional and haemodynamic

information which can be decisive for the manage-

ment of neonates with CHD. Excellent quality images

can be obtained when the MR techniques are adjusted 

to the small size and fast heart rates of the neonates. 

In our experience, MR is the noninvasive imaging

modality of choice for neonates with CHD in whom

echocardiography fails to fully depict the necessary 

clinically relevant information. The ability of MR to

accurately demonstrate complex abnormalities of the

entire thoracic vasculature can obviate potentially 

harmful cardiac catheterization in many cases.
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15.1
Introduction

Modern radiological imaging has opened up new ar-

eas for precise diagnosis of congenital heart disease. 

The most important and most frequently performed

radiological examination is still chest radiography, 

but magnetic resonance imaging and multislice spi-

ral computed tomography have gained much ground 

over the more invasive angiocardiography. Invasive 

studies are still needed in the more complex condi-

tions or as postoperative controls, and also as part

of the increasingly performed interventional pro-

cedures. In this chapter, the approach to interpret-

ing the chest radiograph of patients with congenital 

heart and great vessel disease will be presented. 

The incidence of congenital heart disease (CHD) 

is reported to be between 3 and 12 per 1000 live

births (Hoffman 1995; Samanek and Voriskova

1999). Most investigators report a higher incidence

after echocardiography with colour Doppler mak-

ing it feasible to detect and characterize asymptom-

atic lesions. This has been paralleled by the access to 

trained paediatric cardiologists for a larger percent-

age of the population in many regions of the world. 

The more recent reports are therefore more accurate

than old estimates based on severe symptoms and

invasive studies used selectively in the more obvi-

ous cases. This is also refl ected in the fact that no fl

significant change in the incidence of the severefi

forms of CHD has been found. A number of factors 

greatly influence the reported incidence in the dif-fl

ferent studies, and two will be mentioned here. If 

asymptomatic and mild forms of ventricular septal

defects (VSD) are detected and included, this will

significantly inflfi uence the whole picture. The same fl

is true for patent arterial duct (PDA) which will be

reported very differently depending on inclusion 

or not of the increasing number of premature low-

birth-weight infants with PDA and minute ducts as a

surprise fi nding in children with physiological mur-fi

murs examined with colour Doppler.

In a study including more than 800,000 live born

children in Bohemia, Samanek and Voriskova

(1999) found that the most frequent conditions were

VSDS (41.6%), atrial septal defect (8.7%), aortic (7.8%) 

and pulmonary (5.8%) stenoses. Transposition of the 

great arteries was found in 5.4%, coarctation of the 

aorta in 5.3% and persistent arterial duct in 5.1%.

Many syndromes are associated with congenital 

heart or great vessel disease, and a few of the best 
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known will be briefl y mentioned. Patients withfl

Down’s syndrome may have 11 pairs of ribs and a

double manubrial centre, and close to 50% are re-

ported to have cardiac lesions such as atrioventricu-

lar septal defect, VSD or tetralogy of Fallot. Golden-

har syndrome is also seen in patients with tetralogy 

of Fallot. Turner’s syndrome is associated with co-

arctation of the aorta or aortic or pulmonic stenosis. 

Fewer than half the patients with Williams-Beuren

syndrome with the characteristic “elfin face” havefi

supravalvular aortic stenosis and/or peripheral pul-

monary stenosis; Alagille’s syndrome patients also 

may have peripheral pulmonary stenosis and verte-

bral anomalies. In DiGeorge syndrome abnormali-

ties of the large vessels such as conotruncal mal-

formation or interrupted aortic arch may be found. 

Hurler syndrome is associated with cardiomyopa-

thy. In Holt-Oram syndrome septal defects may 

be found between the atria or the ventricles. The

CATCH-22 syndrome consists of cardiac defects, 

abnormal facies, thymic hypoplasia, cleft palate 

and hypocalcemia from deletions in chromosome 

22 (O’Brian 1985). Only 8% of the congenital heart 

defects are believed to be caused by chromosome or

single-gene defects, 2% are caused by environmen-

tal teratogens, and 90% are unknown or multifacto-

rial (Nora 1993). 

Many of the important congenital heart defects

are better understood by studying the embryology 

behind the malformation.

15.2
Clinical Information

Every referral for a chest radiograph of a patient 

suspected of congenital heart and/or great vessel 

disease to the radiological department should in-

clude adequate clinical information. Are there signs 

of poor weight gain and failure to thrive? Is the child 

cyanotic? Are there respiratory problems such as 

tachypnoea? Is the liver enlarged?  Is there a blood 

pressure difference between arms and legs? Does

the child lie in opisthotonus, stretching and thereby 

stiffening the trachea?

One very common reason for suspicion of con-

genital heart defect is a heart murmur. The loca-

tion and character may give important clues as to 

whether the murmur is physiological or caused by 

heart disease. It is also well known that the com-

plex changes that take place in the circulation of 

the newborn may give rise to loud/pronounced

murmurs without clinical importance, while on the 

other hand serious congenital heart defects may be

completely “silent”. If there is a clinical suspicion of 

CHD in a newborn, the patient is frequently seen by 

a paediatric cardiologist who will add a diagnosis or 

important information based upon echocardiogra-

phy including Doppler recordings of the heart and 

great vessels.

The age of the child when the clinical symptoms

become obvious may give some clue to the underly-

ing lesion. The most frequently encountered lesions

manifest within the first few days of extrauterine life fi

include coarctation of the aorta or critical aortic val-

vular stenosis, complete transposition of the great

arteries and hypoplastic left heart syndrome, in ad-

dition to some very complex conditions. In a patient 

aged 1–4 weeks, heart failure as the presenting prob-

lem is most likely caused by complete transposition

of the great arteries, a large left-to-right shunt, car-

diomyopathy or coronary artery anomalies.

15.3
Chest Radiography

The first radiological study performed in a newbornfi

is usually chest radiography. It is readily available, 

and still serves as one of the basic screening tests. The 

digital era has replaced the nicely tuned traditional 

film/screen combinations, which were excellently fi

suited for their purpose. Phosphor plates are being

used on an increasing scale as picture archiving and 

communication systems (PACS) take over more and

more in modern hospitals. Direct digital radiography 

has the advantage over phosphor plates in that cas-

sette handling is eliminated. However, even in the 

most modern environment, phosphor plates are still

very important for chest radiography of infants in

incubators and for bedside studies.

15.3.1 

Technical Considerations

Special precautions for obtaining high-quality radio-

graphs from premature babies in incubators include

special wrapping for the cassette and the infant in

commercially available covering known not to inter-



  Chest Radiography in Congenital Heart Disease 263

fere with diagnostic quality. It is essential that the 

quality of the chest radiograph allows differentia-

tion of very fine details, and the resolution needed fi

in premature babies could easily be compared to the 

resolution needed for mammography. A direct digi-

tal radiography system should perform better than

3.5 line pairs per mm. The radiation dose must be 

kept as low as possible, and if possible it should be 

recorded and documented. Under- and overexposed

films have become a much smaller problem since thefi

introduction of digital radiography. Still a few basic 

principles must be adhered to: the exposure must be

made during suffi cient inspiration, indicated by thefi

projection of the right hemidiaphragm below the

posterior eighth rib; the child must not be rotated;

in the anterio-posterior (AP) projection, which is

routinely used in neonates and small children, the

bony ends of the ribs must be as symmetrical as 

possible, and in the lateral view the distance be-

tween the posterior margins of the right and left

ribs must be small. Another good indicator is to look 

for symmetry in the medial ends of the clavicles. A

good example of a chest radiograph well suitable 

for interpretation is shown in Figure 15.1. Excessive

lordosis as shown in Figure 15.2. or kyphosis will 

also influence the appearance of the heart contours fl

and must be avoided. Again, it is important to look 

at the clavicles. If they are projected high above the

first ribs, the radiograph is made in lordosis, and a fi

projection well below the thoracic aperture means 

kyphosis. Some controversy still exists about the

number of exposures, but there are reasons to ad-

vocate the “old” cardiac series in some cases, with

frontal, lateral and two oblique films, all with bar-fi

ium in the oesophagus. In older children, a poste-

rio-anterior fi lm should be preferred in accordancefi

with the European guidelines on quality criteria 

for diagnostic radiographic images in paediatrics 

(Kohn et al. 1996).

15.3.2 

Evaluation

The evaluation of the heart and lungs is much more 

difficult in a neonate or premature baby than in anfi

older child. There is no co-operation, and the fre-

quency of respiration is much higher. Respiratory 

assistance such as respirators or high-frequency os-

cillators and central arterial and venous lines and

feeding tubes may interfere with adequate projec-

tion and positioning of the patient.

Careful interpretation of the chest radiograph in 

a neonate suspected of having cardiovascular dis-

ease includes the following well-known points of 

interest: lung vessels, aeration, the heart, lung pa-

renchyma, large airways, oesophagus, aorta and 

pulmonary trunk, the skeleton and arrangement of 

the organs.

Fig. 15.2. A 10-day-old boy. Postoperative chest radiograph 

exposed with the patient in lordosis. The anterior rib ends 

curve cranially instead of caudally. The heart contours are 

different from a normal projection, with the apex lifted. Note 

the clavicles projected high above the first ribsfi

Fig. 15.1. A 1-day-old girl. Correct chest radiograph. The 

clavicles and ribs are symmetrical, and the diaphragm is at

the level of the ninth posterior costae. Gastric air is seen in 

normal position
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15.3.2.1

Lung Vessels

Are the lung vessels large, small, normal or uneven? 

There is no exact objective way of assessing the 

size of the lung vessels, so experience and caution

are very important to make this part of the inter-

pretation useful. Nevertheless, it is important that

radiologists make their opinion on these difficultfi

issues outspoken should they wish to be of help to

the clinician. Especially in the neonate, the evalua-

tion of lung vessels is extremely difficult before thefi

pressure in the lung vessels is normalized after a 

few days. In persistent fetal circulation, the shunt 

is from right to left through the open arterial duct

until the resistance in the pulmonary vascular bed

drops.

If the chest radiograph indicates a left-to-right

shunt with enlarged lung vessels, the relation be-

tween pulmonary and systemic blood flow is usually fl

larger than 2:1 (Fig. 15.3). Increased blood volume 

in the lungs is caused either by difficulties of getting fi

blood out of the lungs (as in mitral stenosis or con-

gestive heart failure) or because there is an excessive

volume of blood passing through the lungs (left-to-

right shunt). The fi rst situation will affect mainly the fi

pulmonary veins (congestion), the latter more the

arteries (plethora).

Heart failure in the neonate may be caused by 

such different conditions as volume overload of the 

left ventricle from a large right-to-left shunt, incom-

petent aortic or mitral valves, coarctation of the 

aorta, peripheral arteriovenous malformations and 

iatrogenic fluid overload. Abnormal myocardium fl

with ischaemia or myocarditis or myocardial fail-

ure caused by an anomalous coronary artery, Kawa-

saki’s disease or glycogen storage disease may also 

give rise to the signs of distended pulmonary vessels

and interstitial and alveolar oedema (Markowitz

and Fellows 1998).

Is there congestion or pleural or pericardial ef-

fusion? If the problem is pulmonary venous ob-

struction, the picture may be more blurred, with 

increased interstitial markings, perivascular and al-

veolar oedema and pleural effusion. The underlying 

cause may be total anomalous pulmonary venous

drainage, especially the infradiaphragmatic type, 

stenosis of pulmonary veins (Fig. 15.4) or cor tria-

triatum (Fig. 15.5) and different forms of restriction

in the mitral valves.

Hypoperfusion of the lungs may occur in pulmo-

nary atresia or the more severe forms of tetralogy of 

Fallot. Tricuspid atresia and other heart malforma-

tions with restrictive access to the pulmonary artery 

will also result in reduced fl ow through the lungs. Asfl

was the case with increased lung perfusion, there is 

Fig. 15.3. A 3-week-old girl with atrial and ventricular septal

defects and an open arterial duct. The heart is enlarged, and

the lung vessels markedly increased

Fig. 15.4. A 5-month-old boy with stenosis of the lung veins 

from the right side. The patient had a single right ventricle

with double outlet and a hypoplastic aortic arch. At re-op-

eration the marked stenosis of the veins from the right lung 

at the entrance to the left atrium were described
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no objective way of making the diagnosis of oligae-

mia, and again experience is important for a reliable

assessment. Pronounced hypoperfusion is usually 

quite evident, as shown in Figure 15.6.

Patients with atresia of the pulmonary artery may 

sometimes have very uneven vascular patterns in 

the lungs, with marked asymmetry, reflecting asym-fl

metric artery distribution, e.g. caused by collaterals

from systemic to pulmonary arteries (Fig. 15.7). 

They are frequently stenotic either at their origin

from the aorta, or at the connection to the pulmo-

nary artery. This may result in a mixture of hypo-

perfusion and plethora.

15.3.2.2

Aeration

Another feature that must be taken into account is

aeration of the lungs. Reduced lung size may be the 

result of ipsilateral atresia or severe hypoplasia of 

the pulmonary artery (Fig. 15.8). In some patients

with enlarged heart or with large vessels compress-

ing airways, atelectasis of segments or lobes may 

occur, and in the postoperative period, nerve injury 

may result in paralysis of the hemidiaphragm and

subsequent atelectasis (Fig. 15.9).

It is important to differentiate true oligaemia

from hyperlucency caused by hyperinfl ation. Hy-fl

perinfl ation may be general or local affecting a lobefl

or even the whole lung. This may be caused by a 

valve mechanism resulting from vessels compress-

ing the airway. Hyperinflated lungs may also befl

seen associated with a signifi cant left-to-right shunt fi

causing enlargement of the pulmonary arteries and 

perivascular oedema compressing the smaller air-

ways (Fig. 15.10). This will result in retention of air

and a compensatory increase in respiratory work 

which manifests itself by an increase in respiration 

rate and shallow fast breathing with greater effort

and sometimes wheezing: cardiac asthma.

Fig. 15.5. A 4-month-old girl with cor triatriatum. Chest

radiograph shows marked bilateral pulmonary venous con-

gestion

Fig. 15.7. A 1-day-old boy with pulmonary atresia and a

large ventricular septal defect (VSD). Chest radiograph 

shows elevated apex and concave contour at the level of the

pulmonary artery. The pulmonary arteries turned out to be

missing completely, and three MAPCAs were going from the 

descending aorta to the right lung and one to the left. The

patient was operated with unifocalization of the MAPCAs. 

These arteries were fed from the aorta through a 4-mm cen-

tral Gore-Tex shunt

Fig. 15.6. A 3-month-old girl with tetralogy of Fallot, and

levocardia in situs inversus. There is obvious pulmonary 

hypoperfusion with very small lung vessels
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Fig. 15.8a,b. A 14-month-old boy with hypoplasia of the left lung. Chest radiograph shows small left hemi-thorax and very 
small lung vessels. Angiography with injection of contrast medium into the main pulmonary artery shows large vessels in
the right lung, and only one very small branch to the left lung

Fig. 15.9. A 5-month-old girl with Down’s syndrome,

atrioventricular septal defect (AVSD), anomalous pul-

monary venous drainage, tracheal stenosis and Mb. 

Hirschsprung. A pigtail catheter drains pleural effusion on

the right side, and there is atelectasis of the right upper lobe

Fig. 15.10a,b. A 1-month-old girl with Down’s syndrome and AVSD. The heart is enlarged and the lung vessels increased,

indicating a large left-to-right shunt. The lungs are hyperinflatedfl

a b

a b
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15.3.2.3 

The Heart

What are the size, shape and position of the heart?

The appearance of all these variables depends heav-

ily on projection criteria. Assessment of the heart

size may be difficult, and it is even more diffifi cult infi

neonates than in older children. Some institutions

use the cardiothoracic ratio as a guide: if the trans-

verse cardiac diameter to maximum internal diam-

eter of the thorax ratio exceeds 60% in an infant,

the heart is considered enlarged. Cardiomegaly is a 

useful sign in detecting CHD, but highly unspecific fi

(Fig. 15.11).

All of the following criteria depend upon the nor-

mal presence and orientation of the large vessels and 

the heart chambers. An increase in the size of the 

left atrium is often detectable on plain chest radio-

graphs with barium in the oesophagus. In the lateral 

view, the oesophagus is displaced posteriorly at the 

level of the left atrium. The left main bronchus may 

be displaced superiorly and posteriorly. Left ventric-

ular enlargement displaces the oesophagus dorsally 

on the lateral fi lm, and the cardiac apex downward fi

and to the left in the frontal projection. However, 

oesophageal displacement can also result from a

normal left ventricle being pushed by a big right 

ventricle, thus mimicking left ventricular enlarge-

Fig. 15.11a–d. A large heart is suggestive of congenital heart disease, but unspecific. fi a A 14-day-old boy with pulmonary 

atresia, and dysplastic tricuspid valve. At surgery, a central shunt from the aorta to the pulmonary arteries was established.

Note the oblique sternal sutures due to osteomyelitis of the sternum. b A 1-day-old boy with enlarged but otherwise normal 

heart. There was a large arteriovenous malformation in the left leg. c An 18-day-old girl with pericardial effusion. Enlarged 

heart with prominent right contour and straightening of the normal angle between the diaphragm and the heart. d An 11-

month-old boy with enlarged heart due to Ebstein’s anomaly

c

ba

d



268 B. Smevik 

ment. Right atrial enlargement may cause a promi-

nent right heart contour. A large right ventricle will

lift the cardiac apex because the left ventricle is dis-

placed, and in the lateral fi lm, the heart is in greaterfi

than usual contact with the sternum.

The shape of the heart contours is frequently not 

a very useful sign, especially in the more complex 

lesions, like the patient shown in Figure 15.12. The

main task of the radiologist fi rst encountering such fi

a patient is to report haemodynamic information

and to initiate further studies such as echocar-

diography and possibly heart catheterization. In

tetralogy of Fallot, the “classical” boot shape of the

heart may be seen, but the heart may just as well 

look perfectly normal. This is illustrated in Fig-

ure 15.13. The appearance of a heart with an atrial 

septal defect (ASD) depends of course on the size 

of the shunt. In some patients the heart has a broad

base, like a sand-bag placed on the diaphragm

(Fig. 15.14). This is mainly due to dilatation, and 

not a sign of hypertrophy. Cardiomegaly is not very 

apparent unless there is coexistent mitral regurgi-

tation, sometimes in conjunction with mitral valve 

prolapse. In atrioventricular septal defect (AVSD) 

most patients have enlargement of the heart with 

dominance on the right side. The right atrium is

enlarged, resulting in an angular contour of the 

right atrium in a frontal projection (Fig. 15.15).

The right ventricle is also enlarged, giving rise to 

a large area of contact between the heart and the 

sternum in the lateral projection. Vascular mark-

ings in the lungs are usually markedly increased, 

and the lungs may be hyper-infl ated. The “typi-fl

cal” shape of different congenital anomalies of the

heart listed in the literature is not seen very often, 

especially not in the neonate. In chest radiographs

of patients with complete transposition of the great 

arteries the classical appearance of “egg on side”

with a narrow superior mediastinum (Fig. 15.16) is

not so frequently seen anymore, probably because 

the narrow pedicle depends on involution of the

thymus caused by severe stress, and this is coun-

teracted by early palliation. Still, some knowledge 

about the different shapes associated with the heart

defects may be helpful.

15.3.2.4

Lung Parenchyma

In the premature, changes caused by respiratory 

distress syndrome (RDS) will frequently dominate 

the appearance of the lungs with micro-atelectases 

Fig. 15.12. A 6-month-old boy with prominent left heart 

contour and small pulmonary arteries. The final diagnosisfi

was double-outlet right ventricle, hypoplastic left ventricle,

valvular pulmonic stenosis, and anomalous pulmonary ar-

tery with the right pulmonary artery branching off the main

pulmonary artery immediately above the stenotic valves

and more or less white lungs. Changes brought on

by cardiac failure or an open arterial duct may be 

very diffi cult to detect. One sign may be that lungs fi

that had started to clear as the production of sur-

factant increases opacify again as the left-to-right

shunt through the open duct increases.

A sequester will be seen as a density close to the

spine (Fig. 15.17).

15.3.2.5

Large Airways

Does the trachea look normal, or is there dislocation 

or compression? Are the main bronchi visible, and 

is there a short right and long left main stem bron-

chus? Is the calibre of the trachea and of the bronchi

normal? Tracheobronchomalacia may of course be 

the reason for breathing difficulties in the neonate, fi

and high-quality pulsed fluoroscopy will usually fl

confi rm the diagnosis. On rare occasions, bronchos-fi

copy in combination with bronchography may be

necessary to reveal a vascular compression or short 

stenosis, but in most cases the less invasive modali-

ties of computed tomography or magnetic resonance

imaging will provide the necessary information. On 

the other hand, if a patient with a history of respira-

tory symptoms is undergoing heart catheterization

under general anaesthesia anyway, a small amount

of nonionic contrast medium in the airways may be

a simple and quick way to clarify the situation, as 

shown in Figure 15.18.
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Fig. 15.13a,b. Two patients with tetralogy of Fallot illustrating the different presentations on plain chest radiography.

a “Classical” boot shape of the heart in a 3-month-old boy. b Normal heart contour and prominent right lobe of the thymus 

in a 4-month-old boy

Fig. 15.14. An 18-month-old boy with atrial septal defect in

the oval fossa. The enlarged heart “sits” broad-based on the 

diaphragm

Fig. 15.15a,b. A

10-month-old girl 

with atrioventric-

ular septal defect.

The enlarged

right atrium gives

a shelf-like up-

per right contour 

(arrows)

a b

bbbbbbaaaaaaaaaaa
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Fig. 15.16. A 2-month-old boy with transposition of the great

arteries. Chest radiograph shows narrow superior mediasti-

num and the egg-like appearance of the heart

Fig. 15.17. A 2-year-old boy with a sequester. Chest radio-

graph shows a large mass close to the spine in the lower right

lung

Fig. 15.18. A 6-month-old boy with pulmonary sling and tra-

cheomalacia (arrowheads). The left pulmonary artery passes

between the trachea and the oesophagus at the level of the

arrows
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15.3.2.6

Oesophagus

The oesophagus should preferably be visualized in 

at least two projections at the fi rst study. This can fi

give important clues to the diagnosis of vascular

anomalies in the mediastinum, and the costs and 

the discomfort to the patient are negligible. When-

ever suspicion of heart or great vessel disease is 

accompanied by respiratory distress, it should be

obligatory to perform an oesophagogram. Patho-

logic conditions in need of surgical relief, such as

a double aortic arch (Fig. 15.19) or Kommerell’s di-

verticulum, could easily be picked up on the basis

of such a study. The impression from arteria lusoria 

(Fig. 15.20) is usually much smaller than the double

aortic arch, and this anomaly does usually not re-

quire surgery.

15.3.2.7

Aorta and Pulmonary Trunk

Is the aortic arch on the right or on the left side? Is

the normal contour of the pulmonary artery pres-

ent? In newborn babies, the thymus frequently ob-

scures the view of the great arteries, and this is il-

lustrated in Figure 15.21. The most important clue to

determine the position of the aorta may sometimes 

be the distance from the lateral border of the trachea

to the mediastinal contour. It is largest at the side

where the aorta is located. A right-sided aortic arch 

is frequently associated with tetralogy of Fallot with 

severe stenosis of the pulmonary artery (Fig. 15.22). 

Uneven distribution of lung vessels in combination 

with a concave left heart contour raises the suspi-

cion of pulmonary atresia with collateral circula-

tion from the aorta to the pulmonary arteries. Both

absent and prominent pulmonary trunk must be 

related to the clinical information of cyanosis and

the appearance of the pulmonary vasculature before 

the true meaning of this sign can be evaluated. In

postoperative patients, asymmetric lung vessels may 

be caused by iatrogenic occlusion of parts of the 

pulmonary artery tree (Fig. 15.23).

15.3.2.8

Skeleton

Are vertebral anomalies or bony abnormalities of 

the chest wall visible? In Alagille’s syndrome but-

terfly vertebrae and peripheral pulmonary stenosisfl

frequently coexist (Fig. 15.24). Scoliosis is reported

in 6% of children with cyanotic congenital heart 

defects as opposed to 0.4% in the general popula-

tion (Luke and McDonnell 1968). The well-known 

rib notching in coarctation of the aorta is a rela-

tively late sign, rarely encountered in children below 

8 years of age. Widened, tortuous subcostal arteries 

eroding the ribs (Fig. 15.25) is the causing factor.

Two manubrial centres and 11 pairs of ribs are asso-

ciated with Down‘s syndrome, which is one of many 

syndromes associated with CHD.

Fig. 15.19a,b. A 6-month-old boy with marked impression in

the oesophagus and trachea from a double aortic arch

b

a
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Fig. 15.20a,b. A 3-month-old boy with typical impression in the oesophagus caused by an aberrant subclavian artery.

a Frontal chest radiograph shows compression of the oesophagus from the vessel coming from the left side and crossing the 

oesophagus as it courses upwards to reach the right arm as the right subclavian artery. b Lateral chest radiograph shows an

impression in the posterior aspect of the oesophagus

Fig. 15.21. A 3-month-old boy with valvular pulmonic ste-

nosis. The large thymus makes assessment of the aorta and

central pulmonary arteries virtually impossible

Fig. 15.22. A 3-month-old girl with right-sided aortic arch 

(arrowheads) in tetralogy of Fallot

a b
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15.3.2.9

Arrangement of the Organs

Where are the liver, spleen and the stomach located?

What is the position of the heart and the descending 

aorta, and are the bronchi visible? The atria may be

considered the key cardiac structures, and must fit fi

with the situs determined for a particular patient. In 

situs solitus (usual position), the heart as well as the 

viscera have normal morphology as well as normal 

position. This also means that the right atrium is

on the right side with its characteristic broad-based 

triangular appendage.  In situs inversus, the arrange-

ment of all viscera is completely mirror-imaged both

in the thorax and the abdomen. In situs inversus the 

risk for cardiac anomalies is doubled compared to the 

normal arrangement. When the patient does not con-

tain both a left and right half, the term situs ambiguus

Fig. 15.23a,b. A 14-month-old girl after shunt operation for tetralogy of Fallot. a Asymmetrical lung vasculature with small 

lung vessels on the left side. b Angiography after injection into the right ventricle shows occlusion of the left pulmonary 

artery. There were no visible collaterals from the systemic circulation to the pulmonary arteries in the left lung

(indeterminate) has been used. In such a case that

patient is either double-left or double-right. This has

implications for unilateral organs: sinus node (right)

and spleen (left). Since the former has two sinus 

nodes and the latter none, both are prone to rhythm

disturbances. It has been advocated to replace the

“ambiguous” term by naming the condition in accor-

dance with the atrial morphology: left atrial isomer-

ism is also known as the polysplenia syndrome, and

right atrial isomerism is termed asplenia syndrome 

( Anderson and Ho 1990).

The position of the apex of the heart can also vary. 

In the usual arrangement the apex is on the left side 

(levocardia), and in the mirror-image arrangement 

it is on the right (dextrocardia) (Fig. 15.26). Some-

times the apex is in the midline (mesocardia). It is

good advice to look for the position of the apex as 

well as the position of the gastric air (Fig. 15.27).

a b

Fig. 15.24. Alagille’s syndrome (arteriohepatic dysplasia). 

Peripheral pulmonary artery stenosis and butterfl y verte-fl

brae (arrowheads)

Fig. 15.25. A 9-year-old boy with coarctation of the aorta and

rib notching (arrowhead)
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15.4 
Conclusion

As a rule a definite diagnosis of a specififi c heartfi

malformation should not be based upon the chest 

radiograph alone. However, this does not mean that 

the different signs should be ignored. The main task

of the radiologist interpreting the chest radiograph 

is to raise suspicion of a possible CHD based upon 

the criteria mentioned in this chapter. Most expe-

rienced paediatric radiologists will use heart size 

and the appearance of lung vessels as the strongest 

indicators of pathology, but, as Laya et al. (2006) 

reported, the chest radiograph alone is not diagnos-

tic of specific congenital cardiac lesions, and has a fi

low accuracy of 71%. Our approach to patients with 

CHD has changed profoundly over the last 20 years,

with a much stronger impact from echocardiog-

raphy and magnetic resonance imaging (Higgins 

2006). Multislice computed tomography with an-

giography and 3D reconstruction is increasingly 

important.  Still, chest radiography is frequently 

performed, and may give essential haemodynamic

information. Further, it is necessary both in the

differentiation between heart and lung disease and

in the postoperative period.
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The heart is a complex three-dimensional organ

with walls, valves and vessels, all in different shapes of 

curved surfaces positioned at some angle to each one

of the other parts of the heart. In the end, visualiza-

tion with whatever method should result in a virtual 

three-dimensional picture displayed in the examiner’s 

brain, be it M-mode or two-dimensional echocardiog-

raphy, chest radiography, angiocardiography or two-

or three-dimensional reconstruction from computer-

ized methods. This requires a deep understanding of 

the cardiac anatomy in the normal and malformed

heart and the capability to direct the planes of the

investigating tool to optimize the visualization of the 

part of the heart in question. The days have passed

when it was possible to perform every single angiocar-

diographic recording in two planes: the anterior-pos-

terior and the lateral ones. Today the X-ray tubes in a 

catheterization laboratory may be rotated and angled 

in a multitude of ways to best outline the structure of 

interest. This feature gives us the possibility of mak-

ing pictures that enable us to understand the nature

of the malformation and to demonstrate it to others. 

But the many possibilities of projection also require 

an understanding of the cardiac structures, their spa-

tial orientation and interrelationship. Only with such 

an understanding may the tubes be steered into the

optimal position for angiocardiography and fluoros-fl

copy. This means that workers in the field need a high fi

degree of three-dimensional thinking and imagina-

tion as well as detailed anatomical knowledge and fa-

miliarity with all the different imaging modalities and 

their advantages and disadvantages.

16.2 
Dif erent Modes of Visualizationf

16.2.1 

Ultrasonography

Ultrasonographic imaging has evolved over the lat-

est three to four decades and now echocardiography 

is an indispensable tool in diagnostics and interven-

tions in cardiac disease. The heart can be viewed

from all available “windows”, i.e. from all positions 

where air in the lungs or the thickness of bone do 

not prevent visualization of cardiac structures. The 

possible positions may be on the chest, in the jug-

ular or supraclavicular fossae or even within the 

oesophagus. Such examinations are in most cases 

performed by paediatric cardiologists or their tech-

nicians. The transducer emits and receives ultra-

sound waves either in a single beam or with multiple 

beams in a waveform, the former producing a time/

distance curve, the latter a moving two-dimensional 

picture. The recordings display cardiac motion and

distances between the different structures. Thus one 

may measure cavity dimensions and wall thickness

and even their rates of change. Echocardiography 

has become increasingly important, and the dy-

namic presentation of studies from easily available 

digital storage has made a big difference in the as-

sessment of congenital heart disease. Application

of the Doppler principle yields information about 

velocity and direction of blood fl ow that may be re-fl

corded. Colour-fl ow Doppler imaging enables us to fl

visualize flow related to structures in a two- or one-fl

dimensional display. Flow away from the transducer 

is normally coded in shades of blue, flow towards fl

the transducer in shades of red. Abnormal flow willfl

easily be demonstrated in such a system. Blood flow fl

velocity measured by Doppler ultrasound has a con-

stant relation to systolic pressure gradients across

short stenoses. The fl ow velocity through a steno-fl

sis is mirroring the drop in pressure. The systolic 

pressure gradient is calculated from the simplifiedfi

Bernoulli equation which says that the gradient (in 

mmHg) is 4×v², where v is the trans-stenotic velocity 

in metres per second. It may be given as peak gradi-

ent (peak instantaneous gradient) or mean gradient. 

Such gradients are different to the invasive measure-

ment of peak-to-peak gradients: the peak gradient 

shows the gradient at peak fl ow, which is early infl

systole, and the mean gradient incorporates each 

gradient throughout the whole ejection.

Ultrasonography is routinely performed in the

radiological department to study the preoperative 

intracranial status prior to heart surgery in neo-

nates. In the fi rst postoperative days the study may fi

be repeated whenever clinical suspicion of intracra-

nial pathology arises. Also ultrasonographic ab-

dominal screening is frequently performed in such 

patients. Many well-known syndromes include sig-

nifi cant abdominal pathology, and this ranges from fi

mirror-image orientation of organs with asplenia

or polysplenia to changes in the appearance of the 

abdominal aorta (e.g. Kawasaki disease) and the

absence of a normal right-sided inferior vena cava.

Patients with congenital cardiac malformations also

have a higher incidence of abnormalities in the renal 

system. Enlargement of the liver and distension of 

liver veins and the inferior vena cava may indicate
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right-sided heart failure. Screening of the internal 

jugular vein and other large peripheral veins before 

placement of central venous catheters is recom-

mendable, especially if the patient has had a pre-

vious central venous line. Ultrasonography is also 

used in patients with congenital heart disease for the 

evaluation and, if needed, drainage of pleural and 

pericardial effusions, which may occur in the post-

operative period after heart surgery. Some patients

may have signifi cant production of ascites that may fi

be monitored and sometimes drained under ultra-

sonographic guidance. Ultrasonography may also

be used to evaluate the movement of both hemidia-

phragms, particularly in the postoperative patient.

Finally, ultrasonography is used as an imaging

guide to puncture veins and arteries not easily ac-

cessible in obese patients and in patients after mul-

tiple previous procedures, or where the pulse is very 

weak. The vessel is imaged in colour Doppler mode

and, after fi nding the exact course longitudinally, thefi

puncture is performed with the vessel in transverse 

section. This enables evaluation of where the needle 

is entering the circumference of the vessel, but the

drawback is that the needle is not visible before it is 

close to the vessel wall. By using this technique to en-

ter the internal jugular vein, puncture of the main ca-

rotid artery may be avoided. Such an error is reported 

to happen in approximately 10% of cases, even with 

trained operators, if the “landmark” method is used.

16.2.2 

Fluoroscopy

During catheter intervention fluoroscopy plays an fl

important role. Catheters are moved around and ma-

nipulated into proper positions under fl uoroscopicfl

guidance. In most cases it will be recommendable, if 

not mandatory, to have a biplane catheter laboratory 

to create the virtual three-dimensional display in the

operator’s mind. There have been reports on inter-

ventions having taken place without any X-ray being

involved; for example, atrial septal defects (ASDs) 

being closed solely on the basis of echocardiogra-

phy. This shows it is possible but in our opinion it is

not recommendable as additional information and

thus increased safety are derived from concomitant

fluoroscopy. The introduction of pulsed flfl  uoroscopy fl

with as few as three frames per second has led to a

significant reduction in radiation dose to the pa-fi

tient. Experience shows that for the bigger part of 

the invasive study this rate is sufficient. This dose fi

reduction is of course important in all invasive stud-

ies, but particularly for the sometimes very long and

complicated interventional procedures.

16.2.3 

Angiocardiography

Most patients with congenital heart disease will be

adequately handled on the basis of the knowledge

derived from clinical and biochemical studies, elec-

trocardiography (ECG), echocardiography including 

Doppler and chest radiography. This will suffice to fi

determine whether to treat conservatively, to perform 

an intervention or to operate and, if so, when that 

operation should be performed. Conditions usually 

managed along these lines include both simple and

complex malformations, such as persistent arterial 

duct, atrial and ventricular septal defects (VSDs),

transposition of the great arteries, tetralogy of Fal-

lot, and hypoplastic left heart syndrome.

Heart catheterization with angiocardiography is 

still frequently needed in more complex lesions. It is

important to record pressure and oxygen saturation 

in different locations in the heart and great vessels

and to compare the physiologic values with the ana-

tomic information from the recorded injections of 

contrast medium.

Although it is fashionable to state that angiocar-

diography is being replaced by echocardiography,

magnetic resonance imaging (MRI) with cine- and

angio-sequences with and without gadolinium con-

trast media, as well as multislice computed tomog-

raphy (MCT), it is still a fact that some of the more

complex situations need all available modalities. 

Even after all modalities have been used unsolved 

questions may remain.

Furthermore, the number of catheter-based in-

terventions is increasing, even within a few days or 

weeks after birth (Kretschmar et al. 2000). In fact, 

the intervention first introduced was just in neo-fi

nates. The growing population of adults with late ef-

fects and complications after surgery also makes it

necessary to maintain skills in angiocardiography.

The reasons for performing heart catheterization in 

patients with congenital heart disease have changed. 

Because the number of catheter-based interventions

has increased at the same rate as purely diagnostic

catheterizations have decreased, the total number of 

procedures in our institution has remained remark-

ably stable at about 300 per year. This covers the

needs of a population of about 4.5 million people.
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16.2.3.1

Technique

Modern digital equipment allows up to 50 frames per

second in biplane to be recorded, and this competes

favourably with the old cine-angiography systems that 

performed at 75 frames per second. Post-processing

possibilities are especially important in extracting as 

much information as possible from the study, and in 

addition to measurements of sizes and ejection frac-

tion of the ventricles, change of window/level, bright-

ness and contrast, inversion and edge enhancement

should be used actively. The use of modern low-osmo-

lar contrast media ensures high-quality angiocardio-

grams and minimal discomfort to, and complications

for, the patient. As a rule of thumb, the total amount of 

contrast medium injected for each series is 1.5 ml per

kilogram body weight in the large cavities on the left 

side of the heart, and this is increased to 2 ml per ki-

logram body weight on the right side. In vessels such

as the aorta, pulmonary arteries or smaller branches,

the amount must be adapted to the calibre of the ves-

sel and the neighbouring vascular bed. The volume

may even be increased beyond this when the contrast 

medium is diluted into the volume of two circuits, as

in the common arterial trunk. Opacification dependsfi

on how much contrast medium is injected per second 

as well as the concentration of the contrast medium. 

The concentration is usually 300 mg I/ml, and the 

flow rate is set to inject the volume indicated above in fl

about 1.5 s. It is obviously important to use the least 

toxic contrast media available (Stake et al. 1991). 

The projection is adjusted according to the suspected

lesion, and the size of the patient. The information 

obtained from echocardiography is used to individu-

alize the projection.

A VSD in the membranous portion of the septum 

may be best visualized in the “four-chamber view”, 

which is a left anterior oblique view with a 75° left

and 25° cranial angulation. If it is located in the outlet

portion of the septum, a true lateral view may localize

it best. Inlet portion defects are best shown in a mod-

est left anterior oblique projection with 25° left and at

least 45° cranial angulation. In the newborn, the aor-

tic arch frequently runs in the sagittal plane, and con-

sequently it may be best seen in a lateral projection. In

older children, the best projection for the aortic arch

is as a rule a left anterior oblique view. As can readily 

be seen from a lateral view of the main pulmonary 

artery, it runs at an angle of approximately 45° to the 

sternum, and hence the frontal projection should be 

angled accordingly in the cranial direction.

16.2.3.2

Complications

The complications that may occur in an invasive 

study such as angiocardiography include injury to the 

vessel of entry. These include compression from hae-

matomas after removal of vascular sheaths, spasm

and occlusion of the femoral artery or vein. Guide

wires and catheters may perforate the heart or great 

vessels (Fig. 16.1). Vessels may be occluded through 

damage of the vessel wall or by emboli, resulting in

ischaemic injury to organs such as the brain or the

heart. A combination of ischaemia and the toxic effect 

of contrast media may cause substantial damage to

the kidneys. Extrasystoles occur in most procedures,

but real problems with arrhythmia through manipu-

lation of catheters or the infl uence of contrast me-fl

dium injections are rarely seen. Allergic reactions to 

the contrast medium used have been reported, as well

as complications caused by sedation, general anaes-

thesia or the different drugs used for various tests.

Fig. 16.1. A 2-month-old girl with coarctation of the aorta.

After perforation contrast medium has collected in the peri-

cardial cavity. The patient did not have clinical symptoms, 

and the study could be completed with visualization of the

coarctation and the hypoplastic posterior aortic arch after

inflation of a balloon in the descending aortafl
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16.2.4 

Other Imaging Modalities

MRI and MR angiography (MRA) as well as MCT 

and CT angiography (CTA) are not included in this

chapter, but clearly these modalities are very help-

ful in the planning of interventional procedures.

MRI with fl ow measurements will be able to esti-fl

mate the gradient in stenotic lesions not very well

seen by echocardiography and thus help to decide 

if intervention is appropriate. Both MRA and CTA

are very useful in planning balloon size and stent

size in vascular stenosis before the interventional 

procedure (e.g. peripheral pulmonary stenosis, re-

coarctation of the aorta). Both modalities may also 

provide a useful map of collaterals that may need 

embolization.

16.3 
Intervention in Congenital Heart Disease

The introduction of transcatheter interventional 

procedures has saved an increasing number of pa-

tients the burden of thoracotomy, sternotomy and 

heart operation. But also the catheter-based and 

much less invasive procedures do require manual

training and skills as well as angiographic training

and optimal radiological equipment. An interven-

tion is monitored with fluoroscopy, angiocardiog-fl

raphy and in many cases also echocardiography, 

most often with the transoesophageal, but some-

times with transthoracic or even intracardiac ap-

proach.

Practice differs from one institution to another,

depending on the personal views and skills amongst 

the different members of the team taking care of 

children with congenital heart disease. There is no

uniform approach and much is decided on personal

preferences. The goal is to propose the best solution 

for each individual patient based on the experience 

in each single centre. The catheter-based treat-

ment is normally performed instead of a surgical

operation. In premature and low-body-weight in-

fants, however, the goal of transcatheter interven-

tion is frequently to postpone rather than replace 

surgery or to stabilize the haemodynamic situa-

tion prior to surgery, as illustrated in Figure 16.2. 

From analysis of material consisting of 27 trans-

catheter interventions performed in 24 patients

with a body weight under 2.5 kg, Kretschmar 

et al. (2000) reported that surgery was effectively 

postponed in nine patients with pulmonary steno-

sis, valvular aortic stenosis and aortic coarctation. 

Only three patients had no benefit from the inter-fi

vention. Femoral arterial complications occurred

in 30% of arterial catheterizations. There has been

a steady increase in the number of catheter-based 

options for definite treatment of congenital heartfi

defects. This development has been paralleled by 

a significant improvement in the safety and effifi -fi

cacy of the methods. In practice, the closure of the 

open duct, excluding premature babies, has been

completely taken over by the catheter methods,

thus saving thoracotomy in all these children. Bal-

loon treatment of valvular pulmonic stenosis is the

method of choice. A few valves, however, are resis-

tant to such treatment and heart surgery must be 

performed. Atrial septal defects in the oval fossa

can be closed with catheter-based techniques in 

75% of cases. Closure of VSDs is increasingly be-

ing performed with catheters. Extracardiac appli-

cations of catheter-based methods include closure

of surgical shunts and aorticopulmonary or venous 

collaterals. The introduction of different types of 

retrievable coils has made such procedures much

safer and accessible to new groups of patients. For

widening of narrow passages in veins, arteries or

surgical channels balloons may be used, but more

often it is recommendable to use some kind of a 

stent to maintain the opened area even after the

balloon has been defl ated.fl

Every interventional procedure carries some

risk of injury to the patient. Balloon dilatations

may cause rupture, avulsion of valves and injury 

to surrounding tissue (e.g. lung parenchyma) if the 

balloon bursts. Sometimes a balloon will rupture

transversely and may have to be removed surgically. 

Embolization may cause the post-embolization syn-

drome consisting of leucocytosis, hyperpyrexia, and

pain or discomfort. Implants may be misplaced, dis-

lodge or embolize. In many cases, though, such ma-

terial can be retrieved with different types of snares

or forceps.

The following sections deal with situations within 

congenital heart disease where intervention may be

considered, is used occasionally, or even represents 

the preferred treatment.
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16.4
Transposition of the Great Arteries

In complete transposition of the great arteries (TGA) 

the aorta arises from the anterior right ventricle, and

the pulmonary artery from the posterior left ven-

tricle. Because the superior and inferior vena cava,

the pulmonary veins, the atria and the ventricles are

normally connected, blood returning from the lungs

to the left atrium re-enters the pulmonary artery 

from the left ventricle. Blood returning from the

body through the inferior and superior caval veins

returns to the body via the right ventricle and the

aorta. Thus two independent circuits exist. Survival 

is only possible if mixing between the two paral-

lel circulations occurs, most commonly through a 

patent oval foramen and/or an open arterial duct. 

Desoxygenation is always present, but may be less 

visible if a VSD is present.

Echocardiography establishes the diagnosis and 

demonstrates associated lesions. The patient will be 

referred for a switch procedure: the great arteries 

are transected, switched and sutured to the stump 

of the artery leaving the ventricle from which they 

Fig. 16.2a–d. Premature 1-month-old girl with a body weight of 2400 g at the time of the study. The patient had severe pul-

monic stenosis with a gradient of 50 mmHg. Intervention was considered necessary to stabilize the clinical condition before

operative measures could be undertaken. a Lateral view shows stenosis of the pulmonary artery (arrow). b Balloon dilata-

tion with a balloon of 6 mm diameter. c Coil occlusion of large collateral from the aorta to the pulmonary artery. d Another 

collateral was the only feeding artery to the left lower lobe

a

b

c d
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were supposed to originate. Also the origin of the 

coronary arteries is moved and reimplanted into

the aorta to be. If the coronary artery anatomy is

unclear from echocardiographic studies, it should 

be studied by angiocardiography. A balloon sep-

tostomy (Rashkind’s procedure) may be performed

at the same time, but this procedure is now mostly 

performed with echocardiographic support alone. 

Abnormalities of the coronary arteries may occa-

sionally make a switch operation difficult or im-fi

possible. Angiography may also be appropriate to 

rule out stenosis of the coronary arteries after a 

switch procedure (Fig. 16.3). The earlier operations

for complete TGA, the Mustard or Senning proce-

dure, both essentially switched the circulation at

the atrial level leading red blood from the pulmo-

nary veins into the right ventricle giving rise to the 

aorta and leading desoxygenated blood into the left

ventricle from which the pulmonary artery would 

lead it to the lungs for reoxygenation. The Mustard

operation used Dacron patches; the Senning op-

eration used the atrial walls for this re-routing. 

These operations are still occasionally used in spe-

cial patients.

16.4.1 

Transcatheter Intervention

In addition to the Rashkind procedure already de-

scribed, the postoperative patient may need inter-

vention for stenosis in the venous channels follow-

ing an atrial switch operation. In such cases, balloon 

dilatation followed by stenting is the preferred pro-

cedure. After an arterial switch operation the suture 

site may become stenotic, especially in the new, low-

pressure pulmonary artery. Such stenoses may be 

effectively treated with balloon dilatation.

16.5
Tetralogy of Fallot

The tetralogy of Fallot consists of a subaortic VSD 

and obstruction of the right ventricular outflow fl

tract. The infundibular septum is displaced ante-

riorly and causes the subpulmonic obstruction and

an “overriding” of the aorta. The degree of over-

Fig. 16.3a,b. A 20-month-old boy operated for transposition of the great arteries (TGA) with a switch procedure of the great 

arteries. Angiography of the ascending aorta. The anastomosis between the pulmonic root and the ascending aorta as well

as the appearance of the implanted coronary arteries is inconspicuous

a

b
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riding has no influence on haemodynamics. Thefl

degree of cyanosis depends solely on the degree of 

obstruction. The thickened right ventricular wall is 

a normal reaction to the systemic pressure in the 

right ventricle. The aortic arch is right-sided in one-

quarter of cases. The narrow outflow tract from the fl

right ventricle may involve the whole infundibulum, 

and in addition the pulmonary valve may be stenotic

with a small annulus. Supravalvular and branch ste-

noses are also often found. General hypoplasia of the

pulmonary tree or unilateral agenesis of the pulmo-

nary artery may be encountered. Pulmonary atresia

with VSD can be considered the ultimate form of 

tetralogy. The classical Fallot is rarely diagnosed

before 3 months of age, the ones with earlier diag-

nosis often present with the more complex lesions 

and multi-level stenoses.

In the regular case echocardiography makes the 

diagnosis, measures the size of the defect and is

able to visualize the outfl ow tract obstruction and fl

the proximal pulmonary arteries. For detailed im-

aging of the pulmonary tree and possible collateral 

arteries angiocardiography or CTA is needed. Also

angiocardiography shows the right ventricle and the 

degree and level of stenoses. Special attention is paid

to the angiocardiographic presentation of the coro-

nary arteries. Coronary artery anomalies occur in 

4%–5% of patients. The most important one is the 

right coronary artery giving rise to the left anterior 

descending branch, which crosses the infundibulum

of the right ventricle. This is the region where cor-

rection of the outflow tract obstruction may occur,fl

and such a course of the artery may prohibit com-

plete repair. The cardiac surgeon at least should be 

forewarned. It is important to visualize the infun-

dibulum of the right ventricle and the pulmonary 

arteries (Fig. 16.4). The pulmonary valve annulus as

well as any stenosis in the pulmonary tree is mea-

sured. If the pulmonary arteries are small, the Na-

kata index should be reported (Nakata et al. 1984).

This is the sum of the area of the right and left pul-

monary arteries divided by body surface area. The

Nakata index is an indication of whether the patient 

will tolerate repair or first must be treated with afi

shunt from a systemic artery to the pulmonary tree 

to allow the pulmonary arteries to grow. The pallia-

tive treatment mostly used today is the central pros-

thetic shunt between the ascending aorta and the 

main stem of the pulmonary artery or a modifiedfi

Blalock-Taussig anastomosis. This involves placing

a tube of synthetic material between the subcla-

vian artery and the right or left pulmonary artery 

(Fig. 16.5). Potts’ and Waterston’s anastomoses are 

obsolete.

Fig. 16.4a,b. A 3-year-old girl with tetralogy of Fallot. The main pulmonary artery is hypoplastic and the right and left 

pulmonary arteries are small. a Angiocardiography of the right ventricle shows hypertrophy with a dynamic infundibulum

contracting markedly in systole (arrow). b Infundibulum relaxing in diastole (arrowhead)

a

b
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Repair involves patch closure of the VSD and

relief of the obstruction(s). The outflow stenoses fl

may be resected, the valve opened and often left 

with a slight stenosis. The outflow tract and/or fl

pulmonary artery may be enlarged with a patch,

sometimes transannular, and left with or without 

a valvular structure in the passage. Last, the out-

flow tract and proximal pulmonary artery may befl

exchanged with a conduit with a valve or a homo-

graft.

There have been attempts to repair the Fallot with

interventional techniques (Sideris et al. 2005). As 

yet this is not an established treatment. But opera-

tive treatment may sometimes be successfully post-

poned by balloon dilatation of the infundibulum

and the pulmonary valve. Some patients with severe 

pulmonic stenosis develop collaterals that may need

transcatheter closure after surgical repair of the 

pulmonary artery.

16.6
Pulmonary Atresia with
Ventricular Septal Defect

The difference between pulmonary atresia with VSD

and tetralogy of Fallot is the lack of continuity be-

tween the right ventricle and the pulmonary artery.

The blood supply to the lungs is through a patent

arterial duct, major aorticopulmonary collateral

arteries (MAPCAs), or a surgically created anas-

tomosis in isolation or combination. The internal 

mammary artery on both sides and the bronchial 

arteries may also contribute. The central pulmonary 

arteries have variable presentations, and the main

pulmonary artery, the confluence and the right or fl

left pulmonary artery may be absent, hypoplastic

and/or stenotic.

Angiocardiography is frequently the only modal-

ity allowing complete visualization of all the differ-

ent large and small branches supplying the pulmo-

nary artery circulation, although preoperative MCT

may also be a valuable tool. Figure 16.6. illustrates a 

case where a multitude of small vessels supplies the 

pulmonary circulation. When the various collater-

als are considered disadvantageous to the patient, 

they may be embolized.

16.7 
Pulmonary Atresia with
Intact Ventricular Septum

The heart is nearly always in a normal left position 

with a left-sided aortic arch. The right ventricle is

usually hypoplastic, but may, at least initially, be 

quite sizeable. The tricuspid valve may be both ab-

normal and obstructive. Persistent right ventricu-

lar myocardial sinusoidal-coronary artery connec-

tions are frequently reported in association with

this condition (Cornell 1966; Freedom and Moes

1985). The flow is usually from the ventricle to thefl

coronary artery through these sinusoids as shown 

in Figure 16.7. The blood returning from the body 

enters the right atrium and must be able to shunt 

over to the left side of the heart if the patient is to

survive. This is most frequently through an ASD 

but also in part through existing sinusoids. The 

lungs must be perfused through an open arterial 

duct. The diagnosis can often be reliably estab-

lished with echocardiography, but angiocardiogra-

phy will be better able to exclude or depict in detail

fi stulous connections from the right ventricularfi

cavity through the sinusoids to the coronary ar-

teries. The pulmonary arteries may be visualized 

through an injection in the aortic arch or – enter-

ing from the left ventricle and through the aortic 

arch – into the descending aorta with an inflated fl

balloon blocking its lumen and forcing the contrast

medium up the aorta, through the arterial duct and 

into the pulmonary arteries. Efforts must be made 

to ensure pulmonary blood fl ow either through a fl

surgical shunt or by placing a stent to keep the 

duct open.

Fig. 16.5. A 4-year-old boy. Angiography shows open bilat-

eral modifi ed Blalock–Taussig shunt (fi arrows)
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Fig. 16.6a,b. A 3-day-old girl with pulmonary atresia and ventricular septal defect (VSD). 

a Angiocardiography shows right-sided aorta and collaterals to the lungs. b Numerous small 

collaterals from the descending aorta and the left subclavian artery become evident after the 

run-off of contrast medium is blocked by infl ating a balloon in the descending aortafl

a b

Fig. 16.7a–c. A 13-month-old girl operated with semi-Fon-

tan procedure. Sinusoids are shown to communicate with

the left coronary artery. a Injection of contrast medium into 

the right ventricle fills multiple small channels (sinusoids). fi

b Retrograde filling of the left coronary artery (fi arrowheads)

and the ascending aorta (A) via the sinusoids. c Injection in 

the ascending aorta verifies the appearance of the left coro-fi

nary artery

a b

c
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Another approach is to try to open the pulmonary 

valve provided it is a valvular atresia and the pul-

monary artery is intact all the way from the atretic 

valve. Such valves may be opened by means of radio-

frequency energy applied through special catheters

(Rosenthal et al. 1993). After having established 

an opening of the valve a guide wire is introduced 

through it into the pulmonary artery. This wire is 

used as a guide for the following balloon-tipped

catheter that will be infl ated in the usual way to di-fl

late the now severely stenotic valve. Often it is pos-

sible to achieve quite good results from such ther-

apy without surgical intervention and the use of the 

heart lung machine.

16.8 
Tricuspid Atresia

One important point in the classification of tri-fi

cuspid atresia is to decide if the tricuspid valve 

is atretic or absent. If the valve is present, albeit

imperforate, it is theoretically possible to create a

connection from the right atrium to the right ven-

tricle. Almost exclusively, though, the right ven-

tricle is far too small to accept a sufficient volume fi

and create a relevant output. The most common

form involves absent tricuspid valve with a separa-

tion of the right atrium from the right ventricle by 

a wedge of fatty tissue, frequently also containing

the right coronary artery. The right ventricle is

hypoplastic but contains the three parts of a ven-

tricle: infl ow, sinus and outflfl ow parts. The VSD fl

necessary for survival of the patient – if there is no

open arterial duct – may be restrictive. In addition, 

infundibular hypoplasia and/or pulmonary valve 

stenosis may reduce the pulmonary blood flow. The fl

great arteries may be in normal position (70%) or 

transposed (30%).

In a patient with tricuspid atresia the blood re-

turning from the body to the right atrium must pass 

through the atrial septum to the left atrium and into

the left ventricle. A VSD or an open arterial duct is 

necessary for the blood to enter the pulmonary ar-

teries. The right ventricle has no function other than

being a transit chamber for the blood flow through fl

the VSD. The more restrictive the VSD, infundibu-

lum and pulmonary valves, the more dependent the 

patient is on blood fl ow through an open arterialfl

duct.

Angiocardiography with injection of contrast

medium into the right atrium will define the lack of fi

fl ow through the tricuspid valve and mostly show fl

enlargement of the right atrium with back-flow into fl

the inferior vena cava, the hepatic veins and some-

times also into the often widened coronary sinus. 

The left ventricle is enlarged, compensating for the 

hypoplastic right ventricle. Both the size of the VSD 

and the total size of the right ventricle as well as its 

connection to the pulmonary artery must be evalu-

ated, and this is best achieved in the left anterior 

oblique view with left ventricular injection. Most 

important is to accurately define the size of the pul-fi

monary arteries before surgery. Sometimes stenting

of the arterial duct may be considered.

16.9
Single Ventricle

The original “pure” single ventricle is a lesion in 

which the inflow part of one of the ventricles isfl

missing. It may have one or two inlets and one 

or two outlets, and has accordingly been called 

single/double-inlet and single/double-outlet sin-

gle ventricle. The main ventricle is a complete

ventricle, mostly of left (75%) but sometimes of 

right ventricular type (20%). Occasionally, the 

type of ventricle cannot be defined (fi Freedom et 

al. 1984a,b). The malformed, diminutive ventricle

contains just the sinus and outlet portion. It is

deprived of the vicinity to the atrium and is situ-

ated under one of the large arteries as a “rudi-

mentary outflow chamber”. If there is an artery fl

originating from this outlet chamber, it needs a

communication with the main ventricle. Such a 

communication is called the “bulboventricular

foramen” and is in function a VSD. This term of 

“single ventricle” has been contaminated with

other entities and now often includes all situa-

tions with only one functional ventricle. Thus it 

has increasingly become an expression without a 

solid defi nition and often only a convenient term fi

for all types of lesions that cannot be repaired to 

become a four-chambered heart. Such a malfor-

mation may be combined with valvular stenoses 

or regurgitation. Other co-existent malformations 

are abnormal systemic venous connections, and

anomalies of the atrial septum and appendages 

and the atrioventricular junction.
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Echocardiography should define both the anat-fi

omy and the haemodynamic characteristics of the

single ventricle. Connections are seen, the number of 

valves counted and their size measured. Their posi-

tion is being visualized and the degree of stenosis or 

regurgitation is measured. If possible, the different 

veins and their draining site should be documented. 

Even trained echocardiographers will sometimes be 

unable to visualize all the details in such a complex 

structure, and will ask for complementary support

from angiocardiography or MCT and MRI.

Angiocardiography should at least demonstrate the

ventricular anatomy, the position of the outlet cham-

ber, and the type of ventriculoarterial connection. The

pulmonary artery and the aortic arch as well as the 

coronary arteries must be visualized, and the venous 

drainage must also be included in the study. CT and

MRI may be superior to other techniques in defi ningfi

the systemic and pulmonary venous drainage.

16.10 
Hypoplastic Left Heart Syndrome (HLHS)

This syndrome is a complicated entity with the main 

functional feature of a left heart of insufficient size tofi

allow adequate systemic circulation. This was origi-

nally termed the hypoplastic left ventricle syndrome 

by Sinha et al. (1968). The central anatomical features

are atresia or severe stenosis of the aortic and/or mi-

tral valve and a very small or absent left ventricle.

Right-sided heart structures will be correspondingly 

enlarged. The blood from the left atrium will escape

the left atrium by a communication through the atrial 

septum. The systemic circulation is supplied from the 

right side of the heart through the arterial duct and 

distributed both to the descending aorta and through 

the arch into the ascending aorta which is very small, 

functioning as “common coronary artery” (Fig. 16.8).

The patients typically present with mild cyanosis, 

tachypnoea and tachycardia. Peripheral pulses may 

be normal, diminished, or absent. The liver is en-

larged. With closure of the arterial duct, the patient 

dies. If the duct does not close, the patients die from 

severe pulmonary hyperfl ow and reduced coronary fl

blood fl ow paralleling the fall in pulmonary vascu-fl

lar resistance. Patency of the duct is achieved with 

continuous infusion of prostaglandin E1.

Echocardiography is the diagnostic tool of choice 

for hypoplastic left heart syndrome, and both intra-

cardiac anatomy and the anatomy of the ascending 

aorta and aortic arch are usually well depicted. Co-

lour Doppler imaging will give important informa-

tion regarding regurgitation through the tricuspid 

valve, which is reported in more than 50%. Initial

treatment is surgical with the so-called Norwood 

procedure (Norwood and Jakobs 1994). The ulti-

mate goal is the Fontan procedure because there is 

only one functioning ventricle. The initial Norwood

palliation must ensure that: (1) the aorta has a direct 

and unobstructed connection from the right ventri-

cle through the proximal pulmonary artery, (2) pul-

monary blood flow is adequate with a suffifl cientfi

aorticopulmonary shunt, and (3) free flow out of the fl

pulmonary circuit is provided by creating a large 

interatrial connection. A few centres performed this 

fi rst step with either purely catheter-based tech-fi

niques or with hybrid procedures. Such treatment

will include stenting of the open duct and implanta-

tion of flow-reducing devices in the side branches of fl

the pulmonary artery or bands applied around the

side branches by the thoracic surgeon.

Angiocardiography is not routinely used for the 

initial diagnosis in hypoplastic left heart syndrome, 

but is very important during follow-up. Not infre-

quently, stenosis at the anastomosis between the

neo-aorta and the posterior native aorta develops,

and this may be treated with balloon dilatation.

Fig. 16.8. A 3-day-old girl with hypoplastic left heart syn-

drome. Angiography through the patent ductus arteriosus 

(PDA) shows retrograde fi lling of a thin ascending aorta act-fi

ing as a connection to the two coronary arteries
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16.11
Balloon Dilatation of Valvar Stenoses

16.11.1 

Pulmonary Valve Stenosis

The pulmonary valve may be stenotic as an iso-

lated lesion or as part of more complex anomalies. 

The valve is as a rule tricuspid, but both bicuspid 

valves and four leaflets have been described. Whenfl

the cusps are fused, they form a dome with a cen-

tral opening that varies in size. Sometimes the 

leaflets may be dysplastic and thicker than normal. fl

This is frequently seen in patients with Noonan’s

syndrome. Because of the extra workload against

the stenotic valves, the right ventricle will develop

hypertrophy, and this may be very pronounced in 

the infundibulum, sometimes resulting in an ad-

ditional, secondary stenosis. The jet of blood com-

ing through the narrow opening tends to dilate the

main pulmonary artery, frequently also involving 

the left pulmonary artery, a direct continuation

of the main trunk. The initial diagnosis is made 

by echocardiography but the visualization of the 

stenosis and detailed anatomy of the stenosis and

the adjacent structures is made by angiocardiog-

raphy with injection of contrast medium into the 

right ventricle. For optimizing the information

through precise angulation of the X-ray tubes one

has to recall the orientation of the right ventricular 

outflow tract and the pulmonary artery indicated fl

above. The branching of the pulmonary artery 

originates from the same region at the same level, 

but the left branch courses more dorsally and a 

little higher than the right branch. This has to

be refl ected in the angulation in two planes: thefl

lateral view should be almost perpendicular to the 

outflow tract of the right ventricle and align well fl

with the pulmonary valve ring. If the visualization

also must separate the side branches, the lateral 

projection should be oblique with its axis closer to 

the right shoulder on the right side, more caudal

on the left. For the inspection of the dilatation 

itself, the lateral projection is the one most often

preferred.

The first report of a successful balloon dilatation fi

of pulmonic stenosis was from Semb et al. (1979). 

The modern technique for treating congenital pul-

monary-valve stenosis was presented by Kan et 

al. (1982). Balloons were constructed to create de-

fined radial forces within defifi  ned diameters. The fi

fi rst results were promising and after some years fi

balloon treatment of stenosed pulmonary valves 

became the method of choice. The catheter must 

have a balloon of appropriately selected width,

and the length is usually 2 cm in the neonate and 

small infant, 3 cm in the bigger child and up to

4 cm in an adult. Such a catheter is placed over a 

guide wire so that the middle of the balloon is at 

the site of the stenosed valve. The width of the bal-

loon should exceed the diameter of the valve ring

by 25%–40%. In a successful case one would ap-

preciate on fluoroscopy or on recorded fifl lm how fi

the stenosed valve produces a waist in the balloon

filled with diluted contrast medium. This waistfi

suddenly disappears as the balloon forces the ste-

nosed valve open (Fig. 16.9). As soon as the valve 

has been seen to open, the balloon is deflated as fl

rapidly as possible. The interruption of the pul-

monary circulation during the time of dilatation

results in reduced filling of the left ventricle and a fi

drop in the systemic blood pressure. For this lim-

ited period of time such an alteration is normally 

very well tolerated.

The results are typically good. As early as 1986

Radtke et al. reported a 74% reduction in gradi-

ent. But even after a successful dilatation, the im-

mediate gradient reduction may be disappointing, 

because a dynamic subpulmonary stenosis is trig-

gered by the relief of the stenosis. The complica-

tion rate has been low, and Stanger et al. (1990) 

reported a mortality rate of 0.2% and only three

other major complications (0.4%) among 822 pro-

cedures. In infants with critical pulmonary valve 

stenosis such a balloon procedure can be life sav-

ing. In some of these cases it may be difficult to

access the pulmonary artery with a wire and a

catheter. In such cases the balloon treatment may 

be performed as a hybrid solution with surgeons 

in the operating theatre gaining access to the pul-

monary artery through the right ventricular out-

f low tract without using the heart-lung machine

(Fig. 16.10).

16.11.2 

Aortic Valve Stenosis

In children, this is a congenital lesion. The aortic

valve is stenotic, but the narrowing is caused by 

a malformed valve. If the stenosis is relieved, be

it by surgery or by catheter intervention, the valve

is still malformed. Clinical symptoms vary with 
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the severity of the lesion, but in the newborn a

critical aortic stenosis may present with dramatic, 

sometimes life-threatening, symptoms. If the left 

ventricle is not able to deliver sufficient systemic fi

cardiac output through the aortic valve the new-

born is dependent on additional blood from the 

pulmonary artery through the arterial duct. If the 

duct then reacts normally and closes shortly after 

birth, symptoms will be severe. Occasionally, such 

neonates may have enormously enlarged heart con-

tours and cardiac failure (Fig. 16.11). The diagnosis

is made with echocardiography, and the severity 

estimated with Doppler ultrasonography velocity 

measurements. Echocardiography does not always

give the detailed anatomy of the aortic valve. The 

number of cusps and the degree of dysplasia may be 

diffi cult to depict. The accompanying hypertrophy fi

of the left ventricle and sometimes fi broelastosis of fi

the endocardium are usually well appreciated with

ultrasound imaging.

Today angiocardiography of the left ventricle 

and the aorta is only performed as part of neces-

sary balloon dilatation. The angiocardiograms 

are also able to visualize the hypertrophy of the 

left ventricle and a valve with reduced movement 

(Fig. 16.12). A jet of contrast medium is often seen

through the narrow opening. Some of these pa-

tients, especially neonates, are defi nitely high-riskfi

candidates for surgery and dilatation with a bal-

loon catheter may be a good alternative. Exposing 

a very sick neonate to an open heart operation with 

the use of the heart-lung machine carries a signifi-fi

cant risk, and an opening of a stenosis in a mal-

formed valve is in any case palliative treatment. 

The indication for treatment should not be linked 

to a certain level of pressure gradient over the valve.

A pressure gradient depends on the capacity of the 

ventricle to eject blood out through the stenosis.

A failing ventricle will result in falling gradients, 

thus sometimes the sickest patient will be the one 

with the smallest gradient. The indication should

be based on a sum of all available parameters from 

the clinical status and the different examinations.

Producing aortic insuffi ciency will be a risk factor fi

for any treatment.

The aortic valve can be accessed in two differ-

ent ways: either retrogradely from an artery in

the groin or on the neck, or with access from the 

femoral vein through the right atrium, foramen

ovale, left atrium, mitral valve, left ventricle and

the aortic valve into the ascending aorta. The ste-

notic opening is easier to pass from the ventricle,

but to make the turn in the ventricular apex may 

be a problem in a small ventricle. With the arterial

approach it is often difficult to pass the small or fi

minute opening on the top of the cone formed by 

the stenotic valves. The femoral artery is small in 

the newborn and sometimes premature babies, but

in the regular case the modern balloon catheters

will create no access problem. Such an access may,

though, lead to occlusion of the used artery. Using 

the larger right common carotid artery to insert 

a balloon of proper size is an alternative. Borghi

et al. (2001) have found that the right common ca-

rotid artery was well preserved after neonatal sur-

gical cutdown in 17 patients, with only occasional

asymptomatic obstruction present. One problem

with the balloon is the tendency of ventricular sys-

tole to eject the balloon before it is fully inflated.fl

The diameter of the balloon should not exceed the

diameter of the aortic annulus, and the length of 

the balloon must be appropriate to the size of the

patient.

The results following dilatation will mainly de-

pend on the valvular anatomy (Pedra et al. 2004).

One complication feared more than in angioplasty 

of valvular pulmonic stenosis is the creation of se-

vere regurgitation. It may happen if a tear or avul-

sion of a cusp occurs and in the neonate the only 

solution will be to perform a Ross operation.

16.11.3 

Mitral Valve Stenosis

Congenital mitral stenosis is most frequently as-

sociated with anomalies of the subvalvular appa-

ratus of chordae and papillary muscles. It may be 

very well described with echocardiography. Such 

a stenotic valve is not accessible to dilatation tech-

niques. In rheumatic mitral stenosis, though, there 

is a normally constructed but diseased valve with

fusions of the leafl ets. Such a valve, also diagnosedfl

with ultrasound, may be treated very well with 

the Inoue balloon technique (Flores et al. 2006).

The Inoue balloon catheter is entered by the ve-

nous route into the left ventricle over a guide wire.

The left atrium is accessed either by transseptal

puncture or through the atrial septum’s open fo-

ramen.

The most distal balloon is inflated and pulledfl

back until it stops in the mitral opening. Then the

proximal balloon is infl ated quickly and both bal-fl

loons deflated.fl



  Angiocardiography and Intervention in Congenital Heart and Great Vessel Disease 289

Fig. 16.9a,b. A 6-month-old boy with valvular pulmonary stenosis. a The thickened valves open incompletely, and the jet

through the narrow opening has contributed to the widening of the main pulmonary artery (arrows). b Balloon dilatation

with two balloons to avoid introducing sheaths and catheters that are too large for the femoral vein

a b

Fig. 16.10. Intra-operative balloon dilatation in a newborn

with extremely narrow pulmonary stenosis. The catheter 

was inserted with the Seldinger technique through the wall

of the right ventricle, and the balloon inflated while proper fl

positioning was ascertained by palpation. A small haema-

toma is visible just beneath the valves (arrowheads)
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16.12
Treatment of Stenoses in Arteries or Veins
– Balloons and Stents

16.12.1 

Pulmonary Artery Banding

In patients with a large VSD the treatment is mainly 

surgical with closure of the defect itself, but there

are alternatives in certain cases. If the patient is too 

sick to tolerate repair, at least the pulmonary arter-

ies should be protected from the high pressure and

the left ventricle from an intolerable volume load by 

performing a banding procedure on the pulmonary 

artery. As the patient grows a stepwise debanding

may be performed by balloon dilatation (Fig. 16.13)

if the initial procedure prepared for this possibility 

(Bjørnstad et al. 1993).

Fig. 16.11. A 1-day-old triplet with valvular aortic stenosis.

Note enlarged heart and severe congestion. Echocardiogra-

phy revealed poor function of the left ventricle

Fig. 16.12a,b. Severe valvular aortic stenosis in a 7-day-old girl. a Angiography depicted the stenotic valve and allowed pre-

cise measurements. The left ventricle had very poor contractions. b Balloon infl ated within the stenotic areafl

a b
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16.12.2 

Peripheral Pulmonary Artery Stenosis

The pulmonary arteries may be stenotic as a result 

of congenital heart disease, or following surgery. 

Sometimes neighbouring structures compress the 

artery and create a localized stenosis. Many groups

have been reluctant to treat peripheral pulmonary 

artery stenosis with balloon dilatation alone, be-

cause the recommended balloon diameter is so

much larger than the diameter of the stenosis and 

adjacent vessel. Stents may be of advantage in this

situation, and preferably a type of stent that allows

re-dilatation if needed (Fig. 16.14). Modern stents

have sizes that may fi t the biggest vessels in adult fi

patients.

Fig. 16.13a,b. Stepwise balloon debanding of the pulmonary artery. a The principle of staged debanding is based upon the 

double 5.0 prolene sutures (arrows) that keep the band together. b In time, the inner suture may be burst by a balloon with

the proper size, without bursting the outer suture, as shown in this 3-month-old boy

a b

Fig. 16.14a,b. Peripheral pulmonary artery stenosis. a Marked narrowing in the central part of the left pulmonary artery.

a Stent that may be re-dilated if needed is placed in the stenotic area

a b
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16.12.3 

Supravalvular Aortic Stenosis

The most common association with supravalvular

aortic stenosis is the Williams-Beuren syndrome,

but it may also be seen in other patients. The loca-

tion of the stenosis is at, or distal to, the origin of 

the coronary arteries. Three different types have 

been described: the hourglass, the membranous and 

the hypoplastic type (the whole of the aorta and its

branches are hypoplastic). Dysplastic changes in the 

aortic leaflets are seen in about one-third of patients fl

(Freedom et al. 1984a,b). In some patients, particu-

larly those with Williams-Beuren syndrome, accom-

panying stenoses of the pulmonary artery branches 

and other major arteries may be seen. Also the os-

tium of the coronary arteries may be affected.

Angiocardiography with an injection into the 

aortic base should also depict the aortic arch. In

addition, the abdominal aorta should be studied to 

rule out abdominal coarctation or stenosis in major

conducting arteries, provided MCT or MRA did not 

rule out this possibility. At present there is no indi-

cation for catheter-based treatment.

16.12.4 

Coarctation of the Aorta

The narrowing in coarctation of the aorta is regu-

larly located at the aortic isthmus between the left

subclavian artery and the level of the arterial duct. A

ridge-like, eccentric infolding of aortic tissue causes

the stenosis. Distal to the coarctation the aorta may 

be dilated. In infants, the posterior arch is frequently 

hypoplastic, and the arterial duct is open (Fig. 16.15). 

The length of the hypoplastic segment varies, but it 

may cover the whole distance back to the innominate

artery. The aetiology is still debatable. One theory 

suggests that a sling of ductal tissue extends into

the aortic wall and contracts after birth (Ho and

 Anderson 1979). Others suggest that a vessel injury 

before birth results in smooth muscle and fi brous tis-fi

sue proliferation (Balis et al. 1967). Collaterals may 

develop even in utero if the coarctation lies distal to

the arterial duct. In infancy, large collaterals may 

sometimes be encountered if the coarctation is severe

and is the only lesion (Mathew et al. 1972).

The coarctation may become evident as the duct 

closes in the neonate with a collapse as the firstfi

Fig. 16.15. a A 3-month-old girl with post-ductal coarctation

of the aorta and marked hypoplasia of the posterior aortic 

arch. In addition, the patient had a double-outlet right ven-

tricle. b A 2-month-old girl with coarctation of the aorta lo-

cated at the orifi ce of the left subclavian artery. The posteriorfi

arch is slightly hypoplastic, and the catheter has been passed

from the right atrium and right ventricle through the main

pulmonary artery and the open ductus arteriosus into the

descending aorta

a

b
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symptom. There may be severe congestive heart 

failure, and the patient may be critically ill and res-

cued with prostaglandin infusion opening the duct.

Typically, the radial pulses will be prominent and

the femoral pulses weak or absent. Blood pressure

differences are present and measurements in all ex-

tremities indicate the localization of the stenosis.

The diagnosis is made on clinical suspicion and 

echocardiographic fi ndings. In several instances, fi

however, echocardiographic images are insufficient fi

for detailing the anatomy, especially in the compli-

cated case. Doppler studies for calculation of the 

gradient across the stenosis are inaccurate, since 

the type of stenosis does not conform to the theo-

retical base for gradient calculations. Nevertheless,

echocardiographic examinations may be sufficient fi

to prepare the patient for treatment.

Either angiocardiography or three-dimensional 

reconstructions from CTA or MRA may present

detailed images of the lesion. Frequently the coarc-

tation occurs as part of very complex intracardiac

malformations and angiocardiography needs to be

performed. On properly angulated angiocardiog-

raphy varying from a lateral view to a left anterior 

oblique projection the coarctation is usually very well

seen (Fig. 16.16). Frequently the coarctation occurs

as part of very complex intracardiac malformations

and angiocardiography needs to be performed. On

properly angulated angiocardiography varying from 

a lateral view to a left anterior oblique projection the 

coarctation is usually very well seen. In infants, we 

recommend performing the study by the venous ap-

proach. The open arterial duct will in most cases al-

low a balloon-tipped catheter with side holes proxi-

mal to the balloon to pass into the descending aorta. 

Inflating the balloon will force the injected contrastfl

volume to fl ow in a retrograde fashion both into thefl

aortic arch and the pulmonary arteries. Also the left 

ventricle should be visualized in the same study. This 

may typically be achieved by passing the catheter 

through the open oval foramen into the left atrium 

and proceed through the mitral valve into the left 

ventricle. If one – second best – has to rely on imag-

ing of the left ventricle after recirculation through the

lungs, modern digital angiographic equipment with 

subtraction will frequently allow sufficient detail of fi

the left ventricle and its outflow tract to be seen.fl

It is rare to encounter coarctation of the aorta 

in other locations. However, it has been described

proximal to the innominate artery, in the descend-

ing thoracic and in the abdominal aorta. In the abdo-

men, gas may sometimes make ultrasound difficult fi

or impossible, but CTA or MRA with three-dimen-

sional reconstruction will give the diagnosis.

Treatment of coarctation of the aorta is still con-

troversial. Surgical techniques include resection and 

end-to-end anastomosis, the obsolete subclavian fl ap fl

techniques, extended anastomosis of the distal aorta

to the under-surface of the aortic arch if the aortic 

arch is hypoplastic, and patch graft aortoplasty. The

Fig. 16.16a,b. A 5-day-old boy with marked coarctation and elongated, tortuous aortic arch. a Angiocardiography in frontal

projection. b Angiocardiography in left anterior oblique projection

a b
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results after surgery depend on the method used and 

the surgeon’s skill. Aneurysm formation has been

seen after patch graft aortoplasty. Generally, the

mortality and morbidity of surgical repair of native

coarctation is very low, and the main complication

is re-coarctation. This may be seen after all surgi-

cal techniques, and is more common in patients who

were operated on in infancy. Its incidence has been

reported to be between 11% and 42% (Stark 1994). 

Intervention is considered necessary if the gradient

is 30 mmHg or more. Balloon dilatation of native co-

arctation is controversial, as reported by Patel et al. 

(2001). Some centres will reserve balloon dilatation 

for patients at high risk for surgical repair or even

implant a stent as a palliative measure. Tynan et al. 

(1990) reported results after dilatation of native co-

arctation remarkably similar to those who had an-

gioplasty for re-coarctation.

As surgery of re-coarctation may be technically 

diffi cult, and as balloon dilatation generally is con-fi

sidered a safer procedure in re-coarctation than in

native coarctation, transcatheter techniques are

usually preferred.

After prior diagnostic measurements and imag-

ing through the femoral artery, the technique is to 

cross the coarctation with a soft guide wire followed 

Fig. 16.17a,b. A 3-month-old boy with re-coarctation of the aorta. a The smallest diameter was 2 mm before dilatation. b The

balloon was inflated to 6 mm diameter, and the diameter increased to 4 mm after dilatationfl

ba

by a suitable catheter with a balloon as short as pos-

sible to avoid unnecessary stretching and straight-

ening of the posterior aortic arch. The diameter 

should be 3–4 times the diameter of the coarctation, 

but not much more than the diameter of the nor-

mal adjacent aorta. The balloon is inflated until thefl

waist disappears or maximum inflation pressure is fl

reached. The diameter of the dilated stenosis is mea-

sured before and after the procedure (Fig. 16.17).

Residual peak-to-peak gradients demonstrate a sig-

nifi cant reduction, as reported by fi Hellenbrand et

al. (1990). Growth of the dilated segment with the 

patient has been observed. After this intra-arterial

procedure, about one-third of the patients lose the

pulse in the lower extremity. Anticoagulants and 

thrombolysis will restore the blood flow in mostfl

patients. Another feared complication is the devel-

opment of aneurysms, and the reported incidence 

varies between 0% and 40%. Tynan et al. (1990)

reported 8 aneurysms in 93 patients. Neurological 

complications have also been reported.

Sometimes it may be necessary to place a stent af-

ter balloon dilatation if the re-coarctation is recoil-

ing (Fig. 16.18). If no significant additional growth isfi

expected, the method of choice probably should be

to use a covered stent.
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16.12.5 

Stenosis in Veins

16.12.5.1

Vena Cava

Stenosis in the superior or inferior vena cava is 

mostly encountered after surgery in children. Both 

the Fontan repair in single ventricle situations and 

the Mustard and Senning procedure in patients with

TGA may occasionally give rise to stenoses. These 

are now preferably treated with stents (Fig. 16.19).

16.12.5.2

Pulmonary Vein Stenosis

In this rare congenital anomaly, the stenosis may be 

localized at the venoatrial junction, or more proxi-

Fig. 16.19a,b. Narrowing of the inferior vena cava after a Fontan operation. a Stenosis within the atrial tunnel (arrow). b Stent 

properly placed to relieve the narrowing

a b

Fig. 16.18a,b. A 12-year old girl with re-coarctation of the aorta. a Angiography of the aortic arch shows kinking and nar-

rowing of the aorta. b Stent distended within the re-coarctation

a b
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mal into the lung vein(s). The narrowing may be

long or short, a true stenosis or a diaphragm. Some-

times the pulmonary vein(s) may be hypoplastic and 

even atresia may occur. In atresia, large lymphatic 

channels persist from fetal life and helps to clear

interstitial fl uid. Such a stenosis will not create afl

pressure gradient or increase the pressure in the

pulmonary arteries, but will redistribute flow to thefl

non-stenosed area. The patients may have pulmo-

nary symptoms.

Echocardiography may not be able to visualize the

stenoses, especially the longer ones or the generally 

hypoplastic veins. Angiocardiography may be used 

to outline the full extent of the stenosis. Injection 

into the pulmonary artery with the subtraction tech-

nique will show delayed venous return from the af-

fected segments and may show the unequal distribu-

tion of fl ow. Injection into the pulmonary vein itself fl

may depict the detailed anatomy. Poor visualization 

or no opacifi cation of the affected veins strengthensfi

the suspicion of severe stenosis or atresia. In mild to 

moderate stenosis the subtraction angiography will 

be able to demonstrate the lesion directly. The best

visualization of the length of the stenosis is usually 

achieved after entering the vein in question from the

left atrium and injecting contrast material directly. If 

the pulmonary veins are extremely hypoplastic, the 

ipsilateral pulmonary artery is usually small as well.

Pulmonary artery wedge injection may demonstrate 

the veins in such a situation (Kingston et al. 1983).

Also CT with three-dimensional reconstruc-

tion may give valuable anatomical information 

(Fig. 16.20). In the postoperative patient, venous 

stenosis may be dilated and stented as shown in Fig-

ure 16.21. The vein is entered from the left atrium 

and a stent of appropriate size is implanted over a 

guide wire under fl uoroscopic and angiocardio-fl

graphic control.

16.12.6 

Stent in Ductus Arteriosus

Some patients have a circulation depending on the

presence of an open arterial duct. The duct is impor-

tant for pulmonary blood fl ow in pulmonary atresia fl

or severe stenosis, but on the other hand also for the

systemic circulation in cases with severe left ven-

tricular outfl ow obstructions. Under such duct-de-fl

pendent circumstances stenting of the arterial duct

prevents it from closing (Schneider et al. 1991).

This will in the former group allow the lung ves-

sels to be perfused and to grow; in the latter, a duct 

kept open by a stent will improve systemic cardiac

output. This forms an alternative to a surgical shunt. 

The stent alternative will allow more defi nite surgery fi

to be undertaken at a later stage without the difficul-fi

ties created by a previous operation.

If the pulmonary artery is not open the easiest ac-

cess to the duct in most cases will be through the

left subclavian artery originating close to the duct. 

Sometimes the access is easier from the femoral ar-

tery. After angiocardiographic imaging and mea-

surements a coronary stent of appropriate length is 

Fig. 16.20a,b. CTA shows a hypoplastic and stenotic upper right lung vein in a 3-month-old girl. a Coronal reconstruction

shows the stenosis very well (arrow). b Three-dimensional reconstruction gives a very precise impression of the anatomy.

This model may be rotated to better show the interrelationship with important neighbouring structures

a b
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precrimped on a balloon catheter of chosen width 

and introduced over a guide wire into the right

pulmonary artery. Its position is documented with

hand injections. When in proper position the bal-

loon is infl ated and the stent placed. Care must be fl

taken not to displace the stent during retraction 

of the balloon. After initial problems (Gibbs et al.

1999) it seems that the results now are acceptable for 

offering this method to selected patients (Gewillig 

et al. 2004).

16.13 
Closure of Atrial Septal Defects

Atrial septal defects are divided into three sub-

groups. The most common defect is the one in the

region of the oval fossa. It is not an excessively open 

foramen allowing a left-to-right shunt, but a malfor-

mation with defi cient creation of the interatrial wall. fi

The second most common is the so-called primum 

ASD, a defect with no distance to the atrioventricu-

lar valves. In fact, it is an atrioventricular malforma-

tion with involvement of the atrioventricular valves 

themselves. The third group of ASD is the sinus 

venosus defects either close to the inferior vena cava

and tricuspid valve or high up towards the superior 

vena cava and right pulmonary artery, always in-

volving drainage of at least one pulmonary vein to

the wrong side of the circulation. A patient with ASD

is frequently asymptomatic, and the diagnosis may 

be delayed for months or years, even sometimes first fi

recognized in old-aged patients. On the other hand 

it may in certain cases create respiratory problems 

and lead to failure to thrive even in the first yearfi

of life.

In childhood transthoracic echocardiography 

will suffi ce for a complete understanding of the de-fi

fect’s anatomy, and together with chest radiography 

it will reflect the haemodynamic load. Catheteriza-fl

tion and angiocardiography for the diagnosis of ASD

is no longer performed. Treatment of ASDs has for 

half a century been surgical. It still is for the sinus

venosus defects and the incomplete atrioventricular

septal defect. For the defects in the oval fossa, how-

ever, percutaneous closure has become the method

of choice.

Catheterization is now exclusively performed 

with the aim of therapeutic closure. Such a proce-

dure is offered if, by transthoracic or transoesoph-

ageal echocardiographic criteria, the size, shape 

and location of the ASD are considered suitable

for transcatheter treatment. This is the case for

approximately three-quarters or more of all such 

patients. Several devices are currently on the mar-

ket. By far most chosen device for such closures 

Fig. 16.21a,b. A 22-month-old boy has a severe stenosis at the common opening into the left atrium of both lung veins on the

left side. a Contrast medium injected into the left lung artery shows the very stenotic entrance of the vein to the left atrium 

(arrow). b Stent placed within the stenosis effectively relieved the stenosis

a b
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is the Amplatzer Device® (Bjørnstad et al. 1997; 

Masura et al. 1997; Fischer et al. 2003) but the 

StarFLEX® (Carminati et al. 2001) and Helex®

(Latson et al. 2000, 2005) devices are alternatives.

Some implant without using angiography at all, 

some inject into the upper right pulmonary vein in 

four-chamber view to get an overview of the atrial 

septum and the shunt localization, and some per-

form an angiocardiogram of the pulmonary artery 

to exclude anomalous pulmonary venous return

which may be missed on echocardiography alone.

The closure procedure is monitored with fluoros-fl

copy and transoesophageal echocardiography. The 

two methods supplement each other; echocardiog-

raphy with distinct imaging of walls and devices 

in the two-dimensional plane, fl uoroscopy with itsfl

overall view. It has been possible to perform the

sizing and closure procedure based on echo alone, 

but the combination of the two imaging methods 

enhances the control over the procedure and im-

proves safety.

The sizing of the defect is more critical with the 

Amplatzer Device® than with the two others. The 

Amplatzer Device® may close defects up to 40 mm 

across. One-third of ASDs in paediatric patients ex-

ceed 20 mm. The dimension of the defect is either

measured directly on echocardiography or by inflat-fl

ing a soft balloon within the defect and measuring it

on echocardiography or fluoroscopy. Some stop thefl

inflation when no more flfl  ow is seen on echocardiog-fl

raphy; some prefer an indentation in the contours 

of the balloon (Fig. 16.22). The measurements are

compared. A third possibility is to note the volume

within the balloon, and inject the exact same volume 

into the balloon after its removal from the patient.

By matching the diameter with the holes in a plastic

board, yet another indication for the proper diam-

eter of the device is found. In the umbrella-type de-

vices the measurement is doubled to select their size.

Using the Amplatzer Device® the connecting waist 

is selected with the measured diameter. Thus its cy-

lindrical core will fill the defect for complete closure fi

and provide a self-centring function during place-

ment. There are really no practical size or age limits 

for the use of such methods, but most patients will 

be treated after their first year of life. In many placesfi

closure is recommended only in patients above 4 or

5 years of age.

Fig. 16.22a,b. Procedure for measuring ASD before selecting 

the proper size of the Amplatzer® ASD occluder. a Balloon

sizing of ASD by measuring the waist in the balloon. b Am-

platzer® device in proper position after release

b

a
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16.13.1 

Fenestrations in Fontan’s Operation

When the surgeons perform total cavopulmonary 

connections – the so-called Fontan operation – they 

often, for the safety of the patient, leave an opening

between the venous channel leading to the lungs and 

the right atrium. This leaves the possibility for the

patient to have some blood to bypass the lung circuit 

if the volume should become critical in the period of 

adaptation to the new flow situation. But such a com-fl

munication is also a source of desoxygenation. Some

of these so-called fenestrations close spontaneously. 

Others stay open and may counteract a good opera-

tive result, leaving the patient cyanotic. After some 

time it may be decided to close such communica-

tions with catheter-based techniques. Depending on 

the size and localization of the defect several devices

may be used, but usually a device designed for ASD

closure is selected. The size of the communication is

decided from an angiocardiographic frame, often by 

measuring the jet of contrast medium passing from 

one side to the other. The role of echocardiography 

in such a case is limited. The procedure will differ 

depending on the device selected, but in principle 

the device is left with parts on either side of the 

surgical wall and thus obstructs and closes the com-

munication (Fig. 16.23).

16.14 
Closure of Ventricular Septal Defects

The interventricular septum consists of two main 

parts: the membranous and the muscular compo-

nent. The membranous septum is located imme-

diately beneath the aortic valve at a distance of 2–

3 mm and just above the tricuspid valve. The area 

of the membranous septum is relatively small with 

a diameter of 5 mm in an adult (Soto et al. 1985). 

The muscular part of the ventricular septum is di-

vided into the inlet septum, the trabecular portion

and the outlet septum. Based on the anatomy of the

septum, a VSD may be perimembranous, muscular 

or in the outlet septum. The latter is committed to

both arteries and therefore sometimes called “dou-

bly committed” but also called a “subpulmonic” or 

“supracristal” defect. It is characterized by the sepa-

ration from the membranous septum of the muscu-

lar supraventricular crest. The muscular defect may 

be situated in different parts of the muscular sep-

tum, sometimes in the middle, sometimes more to 

its margins. The perimembranous (or membranous)

VSD used to be called “subaortic” because it sits 

below the aortic valves, but in fact the outlet septum 

defect is closer to the aorta than the perimembra-

nous “subaortic” one. An important trait with the 

Fig. 16.23a,b. Open fenestration after Fontan operation. a Angiocardiography in inferior vena cava shows jet of contrast medium 

through the fenestration (arrowheads). b A coil intended for closure of the arterial duct effectively closes the connection

a b
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perimembranous defects is its close vicinity with the 

conduction system. This runs in the caudal part of 

the defect on the left side of the septum. Surgeons

know this and try to avoid injury during repair, but 

this anatomical feature may be a limiting factor for

the use of present devices to close such defects.

Symptoms of a VSD may be severe or absent, 

depending on the size of the left-to-right shunt. In

utero, the circulation in a fetus with VSD is not af-

fected. After birth the left-to-right shunt in a non-

restrictive VSD will increase as the pulmonary ar-

tery resistance decreases. The degree of volume load

to the left heart and pulmonary circuit decides the 

severity of the malformation.

Echocardiography and chest radiography assess 

the shunt volume and thus the load to the heart. The 

“fl ow ratio” is a term dating back to catheterization fl

measures with relatively inaccurate oximetry calcu-

lations. Now better ways should be found to assess 

the severity of a VSD. For the diagnosis of the VSD

both heart catheterization and angiocardiography 

at present play a very limited role. Still angiocardi-

ography may sometimes be performed if the situa-

tion is complicated by other defects and therefore

less well shown by echocardiography. Depending

on where the defect is located, a left anterior oblique 

projection may depict the perimembranous defects 

and most of the muscular defects (Fig. 16.24). A pure

lateral view or sometimes a right anterior oblique

view may show the doubly committed/supracris-

tal/subpulmonic/outlet septum VSD (Fig. 16.25).

If the defect is to be closed by intervention, one has 

to bear in mind that not every hole is circular. Only 

one of the diameters – top/bottom – is measured on

angiocardiography, whereas the echocardiographic

picture may be rotated in several projections, thus

giving a series of different diameters.

The majority of VSDs are still closed surgically. 

Late effects of untreated VSD include aortic regur-

gitation caused by prolapse of a valve, endocarditis 

and congestive heart failure. Some 8% of patients

with a large VSD are reported to develop stenosis of 

the right ventricular outflow tract (fl Soto et al. 1985)

caused by hypertrophy of the infundibulum.

Transcatheter closure for VSD has been a challenge

to interventionists, both in the muscular and the 

membranous portions of the septum. A series of dif-

ferent devices have been used since Rashkind’s fi rstfi

attempts: Lock’s Clamshell®/CardioSEAL®LL /STARflexfl ®

umbrellas (Lock et al. 1988; Knauth et al. 2004), the

buttoned device (Sideris et al. 1997), the Rashkind 

Ductal Umbrella® (Vogel et al. 1996) and Gianturco

Fig. 16.24. A 14-year-old girl with VSD. Left anterior oblique

projection showing subaortic diverticulum measuring 11 mm 

at the base and a VSD of approximately 2 mm at the top

Fig. 16.25. A 5-year-old girl. Right anterior oblique projec-

tion showing subpulmonic VSD. This defect is located above

the crista supraventricularis, and the fl ow is directed up-fl

wards into the pulmonary artery. Note that almost no con-

trast medium flows down into the right ventriclefl
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Coils® (Latiff et al. 1999) have been used for closure 

of VSDs of different kinds. The common denominator

for all these devices is that they have not been designed

for the specific anatomy of a VSD. A breakthrough fi

came with the specially designed Amplatzer® devices 

created for both muscular and perimembranous 

VSDs. The muscular defect devices are symmetrical 

with a central core of 7 mm length and different di-

ameters according to the defect’s width. The discs on

both the right and left sides have a diameter of 6 mm

more than the waist. The device for the membranous 

VSD is asymmetrically made with the left-sided disc

almost in flush with the core of the device in the partfl

facing the aortic valve, and the “shirt” facing the apex 

is 6 mm long. The length of the core of the device also 

pays respect to the much thinner membranous sep-

tum and is only 1.5 mm long.

The implantation procedure is technically more 

demanding than the closure of ASDs and is even

more dependent on imaging support. Both angiocar-

diography and transoesophageal echocardiography 

are necessary for localizing and sizing the defect as

well as for defining correct position of the device dur-fi

ing implantation and before release. The procedure is 

normally carried out with access from both the artery 

and the vein in the inguinal region. For some mus-

cular defects the implantation is easier if the venous 

access is from the right jugular vein. The retrograde 

catheter from the femoral artery is brought into the

left ventricle, through the defect and into the right 

ventricle. A long exchange wire is passed through the 

catheter either into the pulmonary artery or one of 

the caval veins. The guide wire is snared after trans-

venous access and pulled out of the femoral vein.

Thus a guide loop is created where both ends of the

guide are outside the patient: one end out of the vein,

the other out of the artery. This wire passes through

two valves and is always covered by a catheter to 

avoid injury. Then, the delivery sheath is passed from

the femoral vein, through the defect and manipulated

into the apex of the left ventricle. The retention shirt

is unfolded, and pulled back towards the septum

under echocardiographic and fluoroscopic control.fl

When the left-sided disc has reached the septum, the

central core and the right-sided disc are exposed. At 

this point another angiocardiography with injection

into the left ventricle is performed. The angle of the

projections is often adjusted according to the projec-

tion of the device still fixed to the delivery cable. Only fi

after having confirmed the right position both withfi

angiography and echocardiography will the device be 

released (Fig. 16.26).

The method is used in many centres (Bass et al.

2003), but not yet generally accepted, especially not

for the membranous VSD because of concerns that

the procedure may cause heart blocks (Butera et 

al. 2006).

16.15
Closure of Arteries and
Arteriovenous Connections

16.15.1 

Persistent Arterial Duct

The open arterial duct is a necessary prerequisite for

a normal circulation and heart development prior to 

birth. It normally closes during the first weeks of lifefi

through muscular contraction and obliteration with

tissue. Small premature babies lack such muscles and

thus the duct will remain open as a part of their pre-

maturity. Some newborns with duct-dependent cir-

culation because of congenital heart disease may be

helped by infusions of prostaglandin. In some chil-

dren the duct remains open and causes pulmonary 

overfl ow. Then it represents a malformation withfl

effect on the central circulation and is considered a

heart disease. Surgeons have been closing such defects 

Fig. 16.26. Angiography of a 12-year-old boy with a muscular 

VSD. The injection in the left ventricle shows that the defect 

is completely closed and that the VSD plug is in the proper 

position (arrow)
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with continuous murmur since 1938 (Gross and Hub-

bard 1939). Through the years all diagnosed ducts

have been closed, but only ducts having a continuous 

murmur were diagnosed. The problem of indication

for closure did arise the moment a lot of small ducts 

were diagnosed because colour-flow Doppler became fl

available. These were “silent” and were not diagnosed 

before the mid 1980s. There is no common policy on 

whether such ducts should be closed or not. The argu-

ment for increased risk of endocarditis in such ducts 

is questioned (Van der Meer 2002).

The patent duct is usually a short connection

between the distal aortic arch and the pulmonary 

tree. It typically starts with a cone from the aorta

and drains with a much narrower part into the roof 

of the pulmonary artery near the origin of the left

branch. There are, however, lots of variations in 

sizes, shapes and lengths. It may even be bilateral, 

refl ecting its origin from the sixth brachiocephalicfl

arch. Its course is sometimes in the sagittal plane 

but often it may point to the left or, less often, to the 

right from its origin in the aorta.

Through this communication part of the saturated

blood from the aorta flows back to the pulmonary ar-fl

tery. The amount of flow is determined by the size of the fl

duct and the resistance in the pulmonary circuit. De-

pending on these factors the overfl ow and symptoms fl

related to the increased volume load are very different

from patient to patient. The size of the pulmonary ar-

teries and the left-sided heart chambers reflect the vol-fl

ume load. The bigger the duct, the bigger the shunt and 

the more pronounced the fi ndings. The shunt pattern fi

differs from the situation in ASD and VSD since the

shunt though a duct is both systolic and diastolic, and

the duct is the only shunt lesion affecting the aorta.

Angiocardiography is no longer performed to 

establish the primary diagnosis, but interventional 

closure of the open arterial duct with coils or other

devices needs fluoroscopy and angiocardiography. fl

Echocardiography is important for the primary di-

agnosis, but has no place during intervention. When 

the main direction of the duct is in the sagittal plane, 

a pure lateral projection will give good visualization 

of the shape of the duct and the size of the different 

portions. The more the main direction is deviating

from the sagittal plane, the less reliable the infor-

mation. Usually a straight lateral projection and the

frontal plane rotated 20° to the right will be a good 

choice. In most cases this will give a good view in 

one of the two planes. The “easiest” ducts are the

ones with a well developed cone towards the aorta

and a distinct opening into the pulmonary artery.

The fi rst commercial available device for duc-fi

tal closure was the Rashkind Ductal Umbrella®

( Rashkind et al. 1987). It had a significant number of fi

residual shunts, especially in the bigger ducts. When 

the “un-controlled” Gianturco Coils® and the Cook

Detachable Coils® – screwed on to the delivery wire 

– were introduced (Galal et al. 1996; Tometzki et

al. 1996) the use of the Rashkind Umbrella® declined.

The smaller ducts are effectively closed by coils 

(Fig. 16.27). The main problem was initially the big-

ger ducts above 2.5–3 mm minimal width. Several 

solutions were launched, mostly based on the use 

of multiple coils (Grifka et al. 1995). Other types of 

coils were also suggested (Grabitz et al. 1998). The

problem with the bigger ducts was solved with the

Amplatzer Duct Occluder®, where one plug effectively 

closes even the largest ducts (Fig. 16.28) (Masura et

al. 1998). The shallower the ampulla, the more critical

the size of the part of the device left there. In such a 

case devices not made for ductal closure may be con-

sidered (Fig. 16.29). Another problem is the tubular,

long duct, sometimes with sequential narrowings 

along its course. In such a case a coil may be put into 

the middle of the tubular part.

By the end of the millennium the closure of ducts 

had been completely transferred from the operation

theatre to the catheterization laboratory except in 

premature babies. In small premature babies, extra-

pleural surgical closure with clips on the duct is still

the preferred method.

Fig. 16.27. Closure of PDA with detachable coil. After release

of the coil the duct is occluded
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Fig. 16.28a,b. Closure of PDA with Amplatzer® plug in a 5-month-old boy. a Correct position is verified before release of the fi

plug. b Follow-up the day after closure shows plug in good position

a b

Fig. 16.29a,b. A 5-year-old boy referred for closure of an arte-

rial duct. a Open arterial duct with shallow aortic ampulla

will make the plug or coil normally used protrude too much 

into the lumen of the aorta. b Closure with device intended 

for VSD closure

a

b
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16.15.2 

Systemic to Pulmonary Artery Shunts and

Collaterals

The lungs receive all their blood from systemic arter-

ies in pulmonary atresia. As a rule, the largest feeding 

arteries originate directly from the aorta, and this is 

also the case in truncus arteriosus and hemitruncus.

In lung hypoplasia, dual lung arterial supply often 

occurs. A systemic artery may feed a segment, lobe or 

entire lung, and the supply of blood may come entirely 

from the systemic side or from both the pulmonary 

artery and the systemic collateral. This is frequently 

seen in patients with tetralogy of Fallot and severe 

pulmonary artery stenosis, and other complex lesions

with seriously impaired fi lling of the pulmonary ar-fi

tery. Many of these patients are operated with a con-

duit from the right ventricle to the native pulmonary 

artery bifurcation. Instead of extending the operation

in order to fi nd and ligate all systemic feeding arteries fi

the patient is referred for trans-catheter embolization.

After Fontan operation or Norwood operation, col-

laterals to the lung and pleura may develop, caus-

ing pleural and pericardial effusion as well as ascites 

caused by protein-losing enteropathy.

16.15.2.1

Surgical Shunts

The modified Blalock-Taussig anastomosis may be fi

embolized by coils or vascular plugs when surgi-

cal correction has been performed (Fig. 16.30). Also 

direct surgical anastomoses between the ascending

aorta and the main stem of the pulmonary artery 

may be closed with devices.

16.15.2.2

Systemic MAPCAs

MAPCAs are persistent segmental arteries that de-

velop by the 40th day of fetal life and normally dis-

appear 10 days later. They may persist and enlarge

when the normal blood supply to the lungs is absent

or too small. After creating a connection from the

right ventricle to the pulmonary artery, MAPCAs

may be closed either surgically or by embolization.

Because the origin may be from the aorta both above

and below the diaphragm, they may be difficult or fi

impossible to reach for the surgeon performing the 

correction, and the logical approach will be emboli-

zation after ascertaining that the vessel has a com-

munication with the pulmonary artery (Fig. 16.31).

16.15.2.3

Arteria Mammaria Interna

When the arteria mammaria interna develop sig-

nifi cant collaterals to the pulmonary artery beforefi

surgical correction, the surgeon may treat by plac-

ing a clip on the artery during the same operation

because they are easily reached from the same inci-

Fig. 16.30a,b. Closure of surgical shunt by emboliza-

tion. a Selective angiography demonstrates open modifiedfi

Blalock–Taussig shunt. b Complete occlusion after coil em-

bolization

a

b
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sion. Occasionally, the arteries are embolized during

diagnostic angiography or at a later stage postopera-

tively if they become significant contributors to the fi

left-to-right shunt (Fig. 16.32).

16.15.2.4 

Bronchial Arteries

Bronchial collateral circulation develops mainly 

after birth in cyanotic patients. There may be 

indication for embolization on rare occasions 

(Fig. 16.33).

16.15.3 

Anomalies of the Coronary Arteries with a Shunt

Coronary artery fistulas are defifi  ned as abnormal fi

coronary-cameral communications that may in-

volve any chamber and one or all coronary arter-

ies. Abnormal connections from the coronary arter-

ies have been described not only to the four heart 

chambers, but also to the pulmonary artery and the 

superior vena cava. The right coronary artery is in-

volved more than the left, and more than 90% of the

fi stulae drain into the right side of the heart. Suchfi

Fig. 16.31a–c. Major aorticopulmonary arteries (MAPCAs) 

present in a wide variety of shapes and sizes. a A complete 

map is made covering the aortic arch, the descending tho-

racic and the upper abdominal aorta. b Selective injec-

tion shows the sometimes long and tortuous course of the

MAPCAs. c Embolization, in this case by coilsb

c

a
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communications are often asymptomatic, but may 

cause ischemia and ST changes during a stress test.

Echocardiography may be able to define the commu-fi

nication, its localization and its draining site, but is

in most cases insuffi cient for detailed planning andfi

performance of its closure. In many cases the treat-

ment may be catheter based, by placing a type of de-

tachable coil (Fig. 16.34) or sometimes other devices

to close the communication. If catheter access is

technically difficult to achieve because of tortuous-fi

ity of vessels, if the device may occlude an important

coronary artery branch or may have a non-obstruc-

tive opening into the right heart giving no support to

a device making device embolization an imminent

risk, surgery may be a better solution.

16.15.4 

Lung Sequester

A lung sequester is a congenital anomaly with

nonfunctioning lung tissue. The arterial supply 

is through one or more arteries originating from

the aorta or its branches. In most cases, the venous 

drainage is into a systemic vein, but drainage into

the pulmonary veins is also seen (Corbett and

Humphrey 2004; Curros et al. 2000). Treatment

may be surgical or interventional by embolization

of the feeding arteries (Fig. 16.35).

16.15.5 

Intrapulmonary Arteriovenous Fistula

This is a fi stula from the pulmonary artery to thefi

pulmonary veins, draining into the left atrium with-

out appropriate oxygenation of the blood. It is fre-

quently called pulmonary arteriovenous malforma-

tion. The lesion may be isolated or multiple fistulaefi

may be found. It is associated with syndromes such

as hereditary haemorrhagic telangiectasia (Rendu-

Weber-Osler syndrome). These patients frequently 

also have other lesions located mainly in the gastro-

intestinal canal and in the skin. Depending on the

Fig. 16.32a–c. A signifi cant shunt to the pulmonary circulation from afi

very large arteria mammaria interna on the right side in a 14-month-

old girl after semi-Fontan operation. a Selective injection into right

arteria mammaria interna shows communication to the pulmonary 

circulation in the frontal projection. b Lateral view shows even better 

the arterial branches (arrows) connecting to the pulmonary artery.

c Closure by a vascular plug

a

b

c
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Fig. 16.33a,b. A 13-month-old girl with shunt from the systemic to the pulmonary circulation after a surgical connection of 

the superior vena cava to both pulmonary arteries. a Angiography of the descending aorta with balloon occlusion technique

shows bronchial arteries connecting to the pulmonary arteries. b Control angiography shows occlusion after coil emboliza-

tion of three bronchial arteries and the arteria mammaria interna on the right side

a b

Fig. 16.34a,b. A 4-year-old girl with coronary artery fistula.fi a A large fi stula from the left coronary artery connects to the fi

right ventricle. b Complete closure after embolization

a b
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size of the right-to-left shunt, the patient will have 

varying degrees of hypoxia or even heart failure. 

Well-known complications are cerebral symptoms 

such as infarcts or abscesses. The lesion is suspected 

from changes in the lung parenchyma on the chest 

radiograph in combination with the clinical symp-

toms. MCT with contrast enhancement may prove

the vascular nature of the lesion and depict cerebral 

lesions, and angiography with selective injection in 

the pulmonary artery will also give a definitive diag-fi

nosis. Because new lesions frequently develop with 

time, surgery with lobectomy is not an attractive al-

ternative, and embolization is now the treatment of 

choice (De Cillis et al. 2006). Since the pulmonary 

artery often has a wide connection to the pulmonary 

vein as shown in Figure 16.36, it is extremely impor-

tant to ascertain that no embolization device passes 

to the left atrium and the systemic circulation. This 

may be achieved by using an occlusion device that 

can be safely placed, checked for stable position, and 

if needed repositioned before release, e.g. Interlock-

ing Detachable Coils® or Jackson® coils.

16.15.6 

Large Arteriovenous Malformations in

Other Locations

Occasionally, a newborn may develop cardiac fail-

ure immediately after birth because of a massive 

Fig. 16.35a–d. A 6-day-old boy with a very large sequester seen in utero. a Chest radiograph shows the sequester occupy-

ing much of the base of the right lung. b One week later selective injection into the feeding artery shows the extent of the 

sequester (arrowheads). c Control angiography during embolization. d Chest radiograph at 4 months of age shows marked

shrinkage of the sequester (arrowheads)

a b

c d
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left-to-right shunt through a large arteriovenous

malformation (Fig. 16.37).The lesion may be lo-

cated in the liver, or associated with the gastro-

intestinal tract. Multiple imaging modalities are 

frequently needed because of the complexity of 

the lesions (Burrows et al. 2001). Sometimes, a 

large number of small feeding arteries may be vi-

sualized, making complete resection impossible.

When the lesion is located in the liver, MCT with 

contrast enhancement demonstrates which liver 

segments are involved and the relationship to the 

liver veins and portal vein branches. Emboliza-

tion may sometimes treat the liver lesion com-

pletely; sometimes its purpose is to facilitate the 

surgical resection and reduce blood loss during

the operation.

Another location of arteriovenous fi stula is the fi

choroid plexus within the roof of the third ven-

tricle. These fi stulae lead to the massive dilationfi

of the vein of Galen (Fig. 16.38). The diagnosis is 

sometimes made by fetal ultrasonography, some-

times by ultrasonography with colour Doppler im-

aging shortly after birth when clinical symptoms 

become manifest. The lesion is difficult to treat, but fi

successful embolization has been reported from 

some centres. Borthne et al. (1997), in a series 

of 14 vein-of-Galen vascular malformations, re-

ported 90% successful embolization in 10 patients

older than 1 year. Of the four patients embolized on

vital indication during the first week of life, only fi

one survived with marked improvement of cardiac 

symptoms.

Fig. 16.36a–c. Patient with pulmonary arteriovenous malfor-

mation. a Injection into the right pulmonary artery shows

aneurysmatic lesion in lower right lung. b Selective injection 

into the feeding artery shows the aneurysm draining into the 

lower right lung vein and left atrium. c Complete occlusion 

after placement of detachable coils

a

c

b
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16.16
Closure of Veins

The embryology of the cardinal venous system is be-

yond the scope of this presentation, but this is clearly 

an area where the embryology helps in understand-

ing the different variants. These abnormalities do 

not usually give any signs on the chest radiograph, 

and are found either at echocardiography or during

heart catheterization.

The right superior vena cava may be absent in

combination with persistence of the left superior

vena cava. It may connect to the left instead of the 

right atrium, and it may enter the right atrium lower 

than normal. The upper left caval vein persists quite 

commonly and drains into the right atrium through

the coronary sinus. It may also drain partly or to-

tally into the left atrium. The coronary sinus may 

be partially unroofed and thus drain also into the

left atrium (left atrial-coronary sinus window). The 

Fig. 16.37a–c. A 4-day-old girl with heart failure and huge 

arteriovenous malformation (AVM) on the left side of the 

neck. a Cardiomegaly (arrowheads) and enlarged left com-

mon carotid artery (arrows) with the same diameter as the

descending aorta. b Selective angiography shows the extent

of the AVM before embolization. c After embolization the

cardiac failure improved quickly, and the patient was doing 

well with no cardiac symptoms on follow-up 15 months after 

the procedure

a b

c
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opening of the coronary sinus into the right atrium 

may be stenotic or atretic.

The inferior caval vein may also show a number 

of anomalies. Infrahepatic interruption with either 

azygos or hemi-azygos continuation is among the 

well-known and not uncommon anomalies. Parallel 

to what is seen in the superior vena cava, the inferior 

vena cava may insert abnormally high in the right 

atrium, or there may be an anomalous connection to 

the left atrium or to the coronary sinus.

The hepatic veins may also connect abnormally to 

the heart in four different ways: the common hepatic 

vein may connect to the right or left atrium, and the

left hepatic vein may enter the left atrium or coro-

nary sinus. Drainage into the right atrium or coro-

nary sinus is of no haemodynamic significance.fi

Veins draining into the wrong side of the heart, 

as mentioned above, leave the patient cyanotic. Such 

communications may be diagnosed with echocar-

diography, but more often cardiac catheterization is

necessary. That gives the possibility of occluding the

communication following its exact diagnosis. Often

a vascular plug is chosen and implanted through a

guiding catheter.

16.16.1 

Postoperative Abnormal Venous Connections

Following the Fontan operation with increased ve-

nous fi lling pressure the venous blood sometimesfi

tries to fi nd an escape route to a lower pressurefi

system. Such a system can be found in the pulmo-

nary venous atrium. Therefore veno-venous collat-

erals may be created connecting mostly the upper 

caval vein to the pulmonary veins. This will result 

in desoxygenation or even cyanosis in such patients.

For the benefi t of the patients such signififi cant com-fi

Fig. 16.38a–c. Newborn boy with serious cardiac failure. 

a Chest radiograph on the fi rst day of life shows enlarged fi

heart and congestion. b Coronal cerebral ultrasonography 

shows large midline vascular structure compatible with vein

of Galen aneurysm. c Mid-sagittal ultrasonography image 

shows aneurysmatic vein of Galen (asterisk)

a

c

b
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munications should be closed if possible (Fig. 16.39). 

Mostly they can be closed with either occlusion coils 

or with vascular plugs. The results are good, but may 

be limited with time as new collaterals may arise.

From time to time, bizarre veno-venous connec-

tions are found in the postoperative patient, and if 

a substantial part of the venous blood drains away 

from a Fontan connection of systemic venous return

to the pulmonary artery, closure may be indicated

(Fig. 16.40).

After the Fontan operation some patients develop

protein-losing enteropathy and ascites. Norwood 

thought that such effusions might be caused by in-

creased liver capsule pressure, and started to let a

part of the liver drain into the functional left atrium 

when completing the Fontan operation. This led to a 

signifi cant intrahepatic right-to-left shunt and the pa-fi

tients became cyanotic. Instead of performing repeat

surgery, such drainage could be closed with catheter-

based approaches: access from the right jugular vein, 

puncturing the venous channel with a trans-septal

needle and introducing a delivery sheath into the ve-

nous drainage into the anatomical right, functional 

left atrium and implanting an occlusion device.

16.17 
Removal of Intracardiac or
Intravascular Foreign Body

From time to time, foreign bodies have to be re-

moved from the cardiovascular system. Fragments

from both diagnostic and therapeutic catheters may 

be found in various parts of the circulation. Guide 

wires and electrodes may break, and of course coils

used for embolization, vascular plugs and other

closure devices and stents may dislodge or be mis-

placed. When removal is possible, usually a snare is 

used (Fig. 16.41). Sometimes a dislodged stent may 

be redilated and fixed to the vessel wall in a position fi

that will not cause any harm. It may also sometimes 

be snared and brought to a position where surgical 

removal is easier. Even large devices, such as the

Amplatzer® ASD occluder, may be retrieved with

double venous access (Fig. 16.42).

Fig. 16.39a,b. A 6-year-old girl with uni-ventricular heart. A Fontan procedure and closure of a fenestration has been per-

formed. a Injection of contrast medium in the inferior vena cava reveals that collaterals have developed between the left renal 

vein and the left atrium (arrows). b After embolization the main shunt is closed, but small collaterals still remain open

a b
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Fig. 16.40a,b. A 4-year-

old girl with significant fi

vein bypassing the Fon-

tan circulation. a Se-

lective injection into 

the vein shows diffuse

drainage into venous 

structures below the 

diaphragm. b Closure 

with coil embolization

Fig. 16.41a–c. A 5-year-old 

girl treated for open arterial 

duct with coil embolization. 

a Chest radiograph 1 day 

after the procedure showed

that the coil had embolized 

into a branch of the left 

pulmonary artery. b Using

a snare through a selective

catheter the coil is caught.

c The coil is removed, and 

the open arterial duct was

closed with a plug in the

same setting

aaaaa bbbbbbb

a
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Fig. 16.42a–d. A 14-month old girl with ASD. a The Amplatzer® ASD closure device was misplaced in the right atrium and

quickly moved with the blood stream into the infundibulum of the right ventricle. b A large long sheath and a catheter with a

snare were brought in via the inferior vena cava, and one end of the device was caught. c Another catheter and snare were intro-

duced through the right internal jugular vein and superior vena cava, and the other end was snared. d The device was stretched, 

brought into the long sheath, and removed. After careful inspection, the device was re-introduced and closed the ASD

c d

a

b
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Table 16.1. Cardiovascular catheter-based therapeutic procedures. (MAPCAs Major aorticopulmonary collateral arteries)

Balloon dilatation Pulmonary stenosis Valvular

Banding of the pulmonary artery

Peripheral (primary or after surgery)

Intraoperative balloon dilatation

Mitral valve stenosis

Aortic stenosis Valvular

Coarctation of the aorta Native

Re-coarctation

Surgical shunts All types

Venous stenosis After surgery

Native

Occlusions Atrial septal defect Defects in the oval fossa

Fontan fenestrations

Ventricular septal defect Perimembranous and muscular

Persistent patency of the arterial duct Native

After previous treatment

Embolization Coronary artery fistulafi

Surgical systemic to pulmonary artery shunts

Systemic to pulmonary artery collaterals MAPCA

Bronchial arteries

A.mammaria interna

Feeding artery to sequester

Pulmonary arteriovenous malformations

Arteriovenous malformation of the liver

Stents Pulmonary artery branches

Stenosis of superior and inferior vena cava

Stenosis after Senning and Fontan procedures

Re-coarctation of the aorta

Balloon rupturing Atrial septostomy (Rashkind procedure) In transposition of the great arteries and
other malformations demanding interatrial 
communication.

Removal of intracar-
diac or intravascular 
foreign body

Catheter fragments

Guide wires

Electrodes

Coils

Plugs
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16.18
Conclusion

The possibilities in cardiovascular diagnosis and in-

tervention have increased considerably over the last 

decade. Transcatheter cardiovascular interventions 

are currently used in a wide variety of lesions sum-

marized in Table 16.1. It is of importance to every 

radiologist reading paediatric chest radiographs to

be familiar with the possibilities that exist today.

The appearance of the various devices on the chest

radiograph should be recognized (Williams et al.

2006). Safe practice in this fi eld requires an experi-fi

enced team and suffi cient volume of procedures tofi

maintain skills.
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17.1 
Introduction

Over the past two decades, technological improve-

ments have signifi cantly advanced the role of mul-fi

tidetector computed tomography (MDCT) in non-

invasive imaging of children with congenital heart 

disease (CHD). From the early use of helical CT for 

imaging congenital anomalies of the extracardiac

thoracic vasculature (Hopkins et al. 1996; Westra

et al. 1999), MDCT has become an important com-

plementary modality to echocardiography and 

magnetic resonance imaging (MRI) for the mor-

phologic evaluation of CHD (Goo et al. 2003). In 

addition, MDCT can now be used to assess coronary 

artery anatomy, measure regional and global car-

diac function (Juergens et al. 2004), and provide

morphologic and functional evaluation following 

operative and catheter intervention for many forms

of congenital heart disease (Kawano et al. 2000). 

MDCT has rapidly evolved to systems which gener-

ate isotropic volume data and there are now much 

improved and faster post-processing techniques for

visualizing the vasculature as compared with previ-

ously used methods. Current MDCT scanners have

gantries that can spin faster than two revolutions per 

second, which further increases the speed of data 

acquisition. The increased speed of scanning can be 

used for increased volume coverage and improved 

longitudinal (z-axis) spatial resolution. The need for 

sedation or anaesthesia when imaging younger chil-

dren who cannot lie still or voluntarily suspend res-

piration has been signifi cantly reduced. In addition, fi

the increased speed of scanning can now be used to

scan faster than the heart rate in order to produce 

motion-free images of the heart and vasculature.

The driving force behind the rapid development of 

MDCT for cardiac imaging has been the noninvasive

detection of adult coronary artery disease using cor-

onary MDCT angiography with electrocardiography 
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(ECG) gating (Schoepf et al. 2004; Schoenhagen

et al. 2004). Dedicated cardiac reconstruction algo-

rithms have been developed that have broadened the

clinical applications for MDCT beyond evaluation of 

extracardiac vascular morphology to the assessment 

of intracardiac morphology and ventricular function. 

In addition, dose modulation techniques (Jakobs et

al. 2002; Goo and Suh 2006) have been developed that 

have signifi cantly reduced radiation exposure duringfi

scanning. This chapter will focus on the technical as-

pects of cardiovascular imaging with MDCT for mor-

phological assessment of CHD. The relative merits of 

cardiovascular imaging with MRI versus MDCT will 

be discussed with regards to specific issues pertain-fi

ing to imaging patients with CHD.

17.2
Technical Considerations

17.2.1 

Spatial and Temporal Resolution

The spatial resolution of a CT image is equivalent 

to the thinnest axial slice that can be reconstructed

based on the CT detector configuration. Current fi

MDCT scanners have improved spatial resolution and

many systems have an in-plane spatial resolution that 

is sub-millimetre depending on the reconstruction al-

gorithm. As compared with prior MDCT systems, the

introduction of 16 MDCT with faster rotation speeds 

resulted in routine imaging with higher, sub-milli-

metre spatial resolution in the longitudinal plane as 

well (Mahesh 2002). For the first time, CT imagingfi

data are being acquired with equal resolution in all 

three imaging planes. Images are therefore comprised 

of isotropic voxels so that there is significantly lessfi

misrecording of the anatomy when the imaging data 

are reconstructed with arbitrary obliquities. Isotropic

cardiovascular imaging with MDCT has led to a vast 

improvement in the quality of processing techniques 

for visualizing the vasculature with multiplanar refor-

matting, maximum intensity projection as well as 3-D 

reconstruction with volume rendering.

Producing motion-free images of the heart and 

coronary arteries with high spatial resolution is one

of the major challenges to be overcome for successful

cardiac imaging, and requires the imaging modality 

to produce images faster than the heart rate, or with an 

increased temporal resolution or frame rate. In MDCT,

the temporal resolution is equivalent to half the gantry 

rotation time, because each reconstructed image re-

quires CT data from half of a complete gantry rotation.

To generate a smooth cine image of cardiac motion 

throughout systole and diastole, the temporal resolu-

tion has to be improved so that more images can be

reconstructed per RR interval with a shorter time be-

tween them. This is accomplished with multisegment

image reconstruction (Horiguchi et al. 2002). Imag-

ing data acquired over several heartbeats is added to 

generate a single image during every half revolution of 

the gantry. Multiple images can then be reconstructed

during systole and diastole and can be displayed as a

cine loop to assess ventricular function.

There are a few drawbacks of multisegment re-

construction which are of particular concern when 

imaging children who have faster heart rates and are 

inherently more susceptible to the effects of ionizing 

radiation. Multisegment reconstruction requires a

much lower CT pitch, which results in greater data

oversampling and a higher radiation dose. Also, since 

multiple heartbeats are used to fi ll the 180º gantry ro-fi

tation necessary for image reconstruction, fluctuationfl

of the heart rate during the scan can cause significantfi

motion artefact in the reconstructed images.

Prospective ECG triggering and retrospective 

ECG gating are two different processing methods for 

synchronizing the patient’s ECG tracing and imaging 

data that are simultaneously acquired with MDCT.

With prospective triggering, the gantry rotation is 

initiated during a predefined moment in the cardiacfi

cycle from the QRS complex when there is less mo-

tion, typically during diastole. This technique deliv-

ers a very low radiation dose because the x-ray tube

is only turned on when data needed for image recon-

struction are acquired. The technique can be used 

successfully when static images of moving structures

are desired, as in confirming anomalous coronary fi

arteries in infants with rapid heart rates.

Retrospective ECG gating is more commonly used 

with current MDCT scanners because it allows mul-

tiple phases to be acquired throughout the cardiac

cycle for more accurate depiction of the coronary ar-

teries and for cine imaging of ventricular function,

wall motion and motion of valves (Achenbach et al. 

2000; Flohr et al. 2005). In order to freeze cardiac 

motion, images are reconstructed retrospectively us-

ing a short temporal segment that is located in the

same position of the RR interval over multiple car-

diac cycles. The duration of the temporal segment or 

phase is equal to the highest temporal resolution of 

the scanner. Reconstructing multiple phases requires 
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oversampling of image data and reducing the pitch to 

0.2–0.35, resulting in longer scan times and increased 

radiation exposure to the patient.

17.2.2 

Radiation Dose Considerations

It is well known that children are more sensitive to 

the effects of ionizing radiation than adults, and have 

a longer life-span with a correspondingly greater po-

tential for the development of radiation-induced ma-

lignancies. It is important to limit the indications for 

cardiac-related MDCT examinations to those in which

the useful diagnostic information cannot be obtained 

from an alternative imaging modality such as echo-

cardiography or MRI. MDCT examinations should be

performed with techniques that provide acceptable 

and diagnostic image quality with the lowest possible

radiation exposure. The use of MDCT for paediatric 

cardiac applications should therefore be approached 

in terms of what needs to be seen, rather than what

can be seen. Important scanning parameters affect-

ing image quality and radiation dose include tube 

current, pitch, beam collimation, tube voltage, table 

speed and gantry rotation time (Donnelly and Frush

2003; Kalra et al. 2004). The most important factor

for reducing radiation exposure is to use techniques 

that adjust the tube current according to the weight of 

the child (Donnelly et al. 2001). In addition, recently 

manufactured MDCT scanners are now equipped with

a dose modulation application that is able to modulate 

the dose based on the size of the patient. Automatic

tube current modulation is a dose-reduction technique

that automatically adjusts the tube current depending

on the size, shape and density of the scanning region

(Kalra et al. 2004) (Fig. 17.1). When scanning the tho-

rax for cardiac applications, excluding the arms from

the scan range in children, and scanning from caudal 

to cranial will allow an even greater tube current re-

duction when using combined tube current modula-

tion (Goo and Suh 2006; Greess et al. 2002).

A reduction in the x-ray tube voltage in contrast-

enhanced MDCT studies in smaller children will 

allow a further dose saving while maintaining im-

age contrast (Siegel et al. 2004). Other important 

measures to decrease radiation dose when scanning

children include confining the study to the anatomi-fi

cal area of interest, avoiding multiphase examina-

tions, using faster gantry cycle times and higher 

pitch (Frush 2002), and restricting the use of ECG-

gated acquisitions to only a few select indications.

Knowing that the use of ECG gating increases ra-

diation dose as much as four- to fivefold over that of fi

routine nongated MDCTA using appropriate weight-

based protocols and tube current modulation, there

are only a few specific indications for cardiovascularfi

imaging in young children in which a gated acquisi-

tion should be considered. Based on these authors’

experience as well as others (Siegel 2003), MDCT 

angiography can be performed without ECG gating

for general evaluation of the extracardiac vascula-

ture, including the thoracic aorta, systemic and pul-

monary veins and arteries. MDCT with prospective

ECG triggering can be used for more precise evalu-

ation of the morphology of the heart chambers,

including assessment of ventricular aneurysms,

cardiac thrombi and tumours, for motionless imag-

ing of the aortic root and ascending aorta if there 

is a suspicion of dissection, or evaluation of small

aortopulmonary collaterals. MDCT for detection of 

anomalous coronary origin can be performed with 

either prospective ECG triggering or retrospective

ECG gating (Fig. 17.2). However, fairly reliable vis-

ibility of the coronary artery origins was shown in a 

study using nongated MDCT angiography with a 16

detector scanner (Goo et al. 2005), and it is conceiv-

able that 64 MDCT with fast gantry rotation times

synchronized to the heart rate will prove even more 

useful in evaluating intracardiac morphology and 

diagnosing anomalous coronary artery origins in 

the future (Fig. 17.3). Therefore, coronary artery im-

Fig. 17.1. Automatic exposure control with multidetector 

computed tomography (MDCT). Lateral topogram (scout

view) for thoraco-abdominal CT in a 6-year-old child. The

curve represents the automatically adapted milliampere-sec-

onds value as a function of z-axis position during scanning 

with spiral CT. Although the standard adult protocol was 

used, the average milliampere-seconds value throughout the

scan was adjusted to 38 mAs with automatic exposure con-

trol (Flohr et al. 2005, used with permission)
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Fig. 17.2a,b. Anomalous left coronary artery. a Axial and b coronal maximum intensity projection (MIP) images obtained

from a retrospectively gated coronary CT angiography (CTA) demonstrate an anomalous left coronary artery (large arrow)

arising from the right coronary sinus and passing between the aorta (AO) and main pulmonary artery (MPA)

Fig. 17.3a–d. Coronary artery origins and ventricular septal defect without gating. a Oblique axial, b coronal and c sagit-

tal MIP images demonstrate a high origin of the left coronary artery (LCA) above the sinotubular junction and a normal

origin of the right coronary artery (RCA) from the right sinus without ECG gating. The origin of the RCA can be definedfi

despite some blurring due to motion artefact. A mid-muscular ventricular septal defect (VSD) closed by right ventricular

trabeculations is also present (arrow in d). Images were acquired with a 64 MDCT system at a heart rate of 150 bpm

a b

ba

c d
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Fig. 17.4a–d. Coronary artery fi stula in a 9-year-old girl with Noonan syndrome. fi a Coronal SSFP MR image demonstrates a 

large imaging artefact due to a stainless steel coil used to occlude a patent ductus arteriosus (PDA). b Oblique coronal and

c, d oblique axial images from a retrospectively gated coronary CTA demonstrate diffuse enlargement of the right coronary 

artery (RCA) with a tortuous distal branch that enters a dilated coronary sinus (CS). Flow through the fistulous connection fi

was coil-occluded to prevent coronary steal. (LAD Left anterior descending coronary artery)

b

d

a c

interpreting the CT examination to review any in-

formation pertaining to the child’s form of CHD 

and surgical repair or palliation prior to scanning.

Patients can have extremely variable sources of pul-

monary blood flow, from pulmonary atresia with fl

aortopulmonary collaterals arising from the de-

scending aorta, to Glenn shunts or a cavopulmonary 

anastomosis between the SVC and the pulmonary 

arteries in patients with single-ventricle physiology. 

The knowledge of the patient’s intracardiac anatomy 

and relevant surgeries will make planning of the 

timing of scanning after contrast administration 

much more accurate in order to effectively opacify 

the extracardiac vasculature, and avoid the mistake

of scanning partially opacified vessels and confus-fi

aging with MDCT angiography with retrospective 

ECG gating and multi sector reconstruction (radia-

tion-intensive approach) can be reserved for indica-

tions which require motionless images with high 

spatial resolution, such as for detection of coronary 

artery fistula (Fig. 17.4) and stenosis (Fig. 17.5) orfi

aneurysms in patients with Kawasaki disease.

17.2.3 

Scanning Technique for MDCT Angiography for 

Infants and Small Children

With the development of faster MDCT scanners,

it is now vital for the radiologist performing and 
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ing them with thrombus. Knowledge of the patient’s

anatomy will help the choice of the best level in 

the chest to image for tracking the bolus prior to 

scanning the entire chest for the angiogram. For ex-

ample, in patients with pulmonary atresia and major

aortopulmonary collateral arteries (MAPCAs), tim-

ing off the ascending aorta should be adequate to 

opacify the collateral vessels, and there is often back

fi lling of the branch pulmonary arteries (if they arefi

present) from the collaterals (Fig. 17.6).

Another important consideration for the timing 

of contrast injection and scanning is in the patient 

who is status post Fontan operation. These patients

have a single functioning ventricle which supports 

the aorta and receives the pulmonary venous re-

turn. The systemic venous return is directly routed 

into the pulmonary arteries without an intervening

ventricular chamber. When performing MDCT an-

giography of Fontan patients, potential aortopul-

monary collateral vessels from the aorta need to 

Fig. 17.5a–d. Compression of the left main coronary artery by a dilated neoaorta following the Fontan operation for hypo-

plastic left heart syndrome. a Coronal oblique MIP images show a markedly dilated reconstructed neoaorta (NA) arising

from the right ventricle (RV) that is connected by a patent Stansel anastomosis to the native aorta (Ao). b A moderately 

compressed proximal left main coronary artery (LCA) passes inferior to the dilated neoaorta. The left main coronary could

not be accessed at cardiac catheterization. c This is a left dominant coronary system with the left anterior descending coro-

nary artery (LAD) giving rise to the posterior descending coronary artery (PDA). d Delayed venous phase coronal oblique

image demonstrates patent Fontan pathway between the inferior vena cava (IVC) and superior vena cava (SVC) and RPA

(not shown) with streak artefacts from closure devices placed for prior baffle leaksfl

a b

c d
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be imaged, as well as the systemic venous pathway 

from the IVC and SVC to the pulmonary arteries. 

One may decide to acquire only one set of images at

50–60 s after initial contrast administration, which

will be in the venous phase with homogeneous but 

relatively less opacification of the entire vascula-fi

ture (Fig. 17.7). Alternatively, one may acquire two

sets of images, the first earlier in the arterial phasefi

at about 20 s to more adequately enhance potential 

aortopulmonary collaterals, as well as for better 

visualization of the pulmonary venous system if 

pulmonary vein stenosis is suspected. In order to 

decrease radiation exposure and acquire images

with more dense and homogeneous opacification fi

of both the pulmonary and systemic vasculature, 

it is best to perform the examination with simulta-

neous injections through catheters placed in both

the upper and lower extremities. This provides a 

better evaluation of the branch pulmonary arter-

ies out to the subsegmental level for possible pul-

monary embolism, since patients with CHD are at 

increased risk for pulmonary embolism (PE), par-

ticularly those with the Fontan circulation (Babyn

et al. 2005) (Fig. 17.8).

Nongated MDCT angiography and gated ac-

quisitions for imaging the coronaries or cardiac 

function are usually performed with dual injec-

tion of nonionic contrast followed by a saline or 

dilute contrast fl ush. Scanning of the heart at peak fl

contrast enhancement during the saline flush re-fl

duces the streak artefact of dense contrast mate-

rial passing through the SVC into the right heart.

Injection rates in children will necessarily be dif-

ferent depending on the size of the catheter able 

to be placed and the amount of contrast to be in-

jected (usually a maximum of 2 ml/kg). Table 17.1.

provides a guideline for contrast injection rates by 

size of catheter. A 24 gauge catheter is satisfactory 

for infants and young children who will receive 

smaller volumes of contrast according to their 

body weight. The injection rate can be adjusted so

that the total volume of contrast is administered 

in 20 s or less.

In the majority of patients with CHD, all of the 

vascular anatomy needs to be evaluated, including

pulmonary and systemic arteries and veins, so that

scanning later into the injection rather than earlier

is generally better for more uniform opacification of fi

the vasculature. Since current MDCT systems can

acquire images through the chest in small children 

quite rapidly, the need for general anaesthesia with 

breath-holding capability is becoming less of a ne-

cessity and excellent imaging can be performed dur-

ing quiet breathing. However, if there is any chance 

that there could be body movement during the ac-

quisition time for MDCT angiography, sedation will 

be necessary. A child who is asleep without seda-

tion may often move during or after the contrast 

injection, and any motion will signifi cantly degrade fi

oblique reconstructions of the 3D data that were ac-

quired.

Fig. 17.6a, b. Pulmonary atresia with major aortopulmonary 

collateral vessels. a Oblique axial image demonstrates hy-

poplastic confl uent central pulmonary arteries (fl arrows). b

Oblique coronal image demonstrates an aortopulmonary 

collateral artery arising from the descending aorta (dA) and 

supplying the right lung

b

a
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Fig. 17.7a–g. Lack of opacification of the Fontan pathway during arterial phase of scanning. fi a Coronal and axial oblique

MIP images demonstrate dense contrast in the LPA via a left-sided SVC after a left arm injection. b, d The Fontan pathway 

from the IVC and the c distal RPA are incompletely opacified. Coronal oblique images reconstructed from the venous phasefi

demonstrate homogeneous opacification of the LPA (fi e) Fontan pathway (f) and RPA (g)

a

d

c

g

e

f

b
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17.3
Complementary Role of MDCT and
MRI for Cardiac Imaging

It is generally preferable to use echocardiography 

and/or MRI as a fi rst approach to obtain adequatefi

morphologic and functional information when im-

aging patients with known or suspected CHD. MRI

is currently superior to MDCT for the evaluation of 

intracardiac anatomy, flow and function. However,fl

there continues to be limited access to MRI scan-

ners for paediatric cardiovascular exams in many 

hospitals and institutions, and the imaging is time 

consuming and requires technical expertise to per-

form routine quality examinations. In addition, in-

fants and young children generally require sedation

or anaesthesia more often for MRI (Odegard et al. 

2004) than for MDCT, and assistance by anaesthesia 

personnel may not be as readily available at a given 

clinical institution. For the initial evaluation of CHD 

in infants and young children, echocardiography 

often provides a complete assessment of intracar-

diac morphology, flow and ventricular function.fl

The remaining clinical questions may only pertain

to the morphology of the extracardiac vasculature, 

including the pulmonary arteries, thoracic aorta

and branches, and pulmonary and systemic veins.

MDCT angiography currently provides accurate im-

aging of the extracardiac vasculature that is clearly 

comparable to MRI with shorter procedure times

and less need for sedation and general anaesthesia 

(Lambert et al. 2005). MDCT angiography is es-

pecially helpful with regards to imaging of airway 

compromise in patients who have suspected vascu-

lar rings or patients who have persistent respiratory 

symptoms or prolonged requirement for mechani-

cal ventilation following cardiac surgery (Kim et al. 

2002).

MRI becomes increasingly utilized in the non-

invasive evaluation of CHD when echocardiogra-

phy becomes more difficult to perform in older andfi

larger children who have had multiple chest sur-

geries. The information provided by MRI can be

used for serial follow-up of post-operative children

who may need further catheter-based or surgical

intervention, and can limit or completely obviate

the radiation exposure required for diagnostic

catheterization. Unfortunately, MR evaluation of 

Fig. 17.8a, b. Coronal reformatted (a) and axial (b) images of a Fontan patient demonstrate extensive thrombus (arrows) ex-

tending from the Fontan pathway into the main and segmental branches of the LPA (courtesy of Rajesh Krishnamurthy)

Table 17.1. Intravenous contrast injection rates

Catheter size (g) Flow rate (ml/s)

18 5–6

20 4–5

22 3–4

24 1–2

a

b
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patients with CHD can become severely compro-

mised by susceptibility artefact if prior treatment 

has required placement of embolization coils, 

stents and occlusion devices (Fig. 17.4). In addition, 

indwelling pacemakers and automatic implantable

cardio-defi brillator (AICD) devices remain contra-fi

indications for MRI.

MDCT is considered to be the best noninvasive

imaging alternative for follow-up of cardiac mor-

phology and function in those patients who have 

poor echocardiographic windows and indwelling 

devices that are contraindications to or would se-

verely limit MRI. MDCT angiography also permits

reliable visualization of the vascular lumen inside 

stents, and provides a noninvasive assessment of 

stent patency (Eichhorn et al. 2006). In the past, 

motion and streak artefacts related to the high-den-

sity material of the stent limited this application. 

The faster tube rotation time of current systems re-

duces the frequency of motion artefacts so that gat-

ing is usually not required. These features allow as-

sessment of stent patency in larger stents with high

confidence (Fig. 17.9).fi

17.4 
Clinical Applications

17.4.1 

Aortic Arch Anomalies

17.4.1.1 

Coarctation

Coarctation is a congenital maldevelopment of the

aorta presenting with variable degrees of hypoplasia

of the distal transverse arch and focal or long seg-

ment narrowing of the aortic isthmus. Similar to

Fig. 17.9a–c. Tetralogy of Fallot and coarctation status post 

repair. a Sagittal oblique MIP image shows recurrent ste-

nosis at the aortic isthmus (large arrow) and proximal left

subclavian artery (small arrow) following an end-to-end

anastomosis for coarctation repair. Oblique axial MIP im-

ages show patent bilateral proximal branch PA stents with 

narrowing of the RPA (arrow in w b) and LPA (arrow in c) distal 

to the stents

a

c

b
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MRI, MDCTA demonstrates the location and length 

of the coarctation segment, the degree of hypoplasia

of the transverse arch and post-stenotic dilatation 

and co-lateralization to the descending aorta. Ac-

curate delineation of the relationship of the origins

of the left and right subclavian arteries to the co-

arctation segment is also defined on MDCT. A focal fi

coarctation at the isthmus and tubular hypoplasia 

of the transverse arch can occur together or inde-

pendently (Figs. 17.9, 17.10). Tubular hypoplasia or 

diffuse, long segment narrowing of the aortic arch

is more often seen in neonates. A diffuse coarctation

is also referred to as complex, due to an increased 

association with intracardiac defects such as VSD, 

ASD, valvar and subvalvar aortic stenosis (bicus-

pid aortic valve) and congenital mitral stenosis. In 

the hypoplastic left heart syndrome, the entire left 

side of the heart and aorta are underdeveloped, and

the mitral and aortic valves are severely stenotic or 

atretic (Fig. 17.11).

17.4.1.2 

Interrupted Aortic Arch

Interrupted aortic arch is defi ned as a completefi

separation of the ascending and descending aorta 

that results from an abnormal involutional pat-

tern of the paired dorsal aorta during embryonic 

development. Type A is an interruption that occurs 

distal to the second subclavian artery that arises 

from the transverse arch; type B occurs between

the second carotid and ipsilateral subclavian ar-

tery; and type C occurs between the two carotid

arteries. Each of these three types is further sub-

divided: subtype 1 has a normal subclavian artery;

subtype 2 has an aberrant subclavian artery; and

subtype 3 has an isolated subclavian artery that 

arises from the ductus arteriosus. To determine

Fig. 17.10. Coarctation of the aorta. Volume rendered image

demonstrates diffuse narrowing or tubular hypoplasia of the

aortic arch and isthmus (arrowhead)

Fig. 17.11a, b. Hypoplastic left heart syndrome. An oblique

axial image (a) demonstrates an enlarged apex forming

right ventricle (RV), and marked hypoplasia of the left atri-

um (LA) and left ventricle (LV). Oblique coronal image (b) 

demonstrates severe hypoplasia of the ascending aorta (aA) 

and an enlarged MPA which is supporting the systemic and 

pulmonary circulation via an enlarged ductus arteriosus 

(not shown)

a

b
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arch sidedness, the usual convention of noninter-

rupted arches is followed with the order of the

branching brachiocephalic vessels: the first branchfi

of the aorta proximal to the interruption contains

the carotid artery opposite the side of the presump-

tive arch, and an aberrant or isolated subclavian ar-

tery is always opposite the side of the presumptive 

arch. The importance of arch sidedness in the set-

ting of an interrupted aortic arch is the association

of DiGeorge syndrome in all cases of an interrupted 

right arch. Type A interruptions tend to occur with 

aortopulmonary window or transposition of the 

great arteries (Fig. 17.12). Type B interruptions are 

much more common than type A and are often 

associated with a VSD and subaortic obstruction. 

Type C interruptions are very rare. In addition to 

characterizing the type of interrupted aortic arch 

and the distance between the interrupted segments, 

left ventricular outflow tract patency and other in-fl

tracardiac abnormalities need to be detected for

appropriate surgical planning.

Following surgical repair of coarctation or inter-

rupted aortic arch, MDCTA can be used to evaluate

for possible complications such as anastomotic ste-

nosis, re-coarctation (Fig. 17.8) or aneurysm forma-

tion at the repair site.

17.4.1.3 

Truncus Arteriosus and Aortopulmonary Window

Truncus arteriosus is characterized by a single arte-

rial trunk that arises from the base of the heart and

gives origin to the systemic, pulmonary and coro-

nary arteries. Truncus arteriosus has a single arte-

rial valve, and this is the feature that differentiates

truncus arteriosus from pulmonary or aortic valve

atresia, which are both conditions in which a single

arterial vessel receives the entire output of both ven-

tricles, but a second atretic semilunar valve is present

(Fig. 17.14). Aortopulmonary window is a defect in the

septum that separates the aorta and pulmonary ar-

tery during embryologic development and the defect

most often occurs midway between the semilunar

valves and the pulmonary bifurcation (Fig. 17.15). 

Both truncus arteriosus and aortopulmonary win-

dow result in large, usually continuous left-to-right

shunts when the pulmonary vascular resistance de-

creases in the newborn period. In hemitruncus, one

of the branch pulmonary arteries (usually the right)

originates from the ascending aorta and one arises

from the main pulmonary artery (Fig. 17.16).

17.4.2 

Coronary Artery Anomalies

17.4.2.1 

Anomalous Coronary Artery

Congenital anomalous coronary arteries, al-

though rare, are a well-recognized cause of myo-

cardial ischaemia and sudden death in children

and young adults, with an increased prevalence in

patients with CHD, especially tetralogy of Fallot 

(TOF), transposition of the great arteries (TGA) 

Fig. 17.12a,b. Interrupted aortic arch. Posterior volume ren-

dered images demonstrate a type A1 arch interruption (a)

just distal to the left subclavian artery (LSCA) and a sec-

ond patient with a type B3 arch interruption between the 

left common carotid (LCCA) and left subclavian artery. An 

isolated right subclavian artery (RSCA) is also seen (b)

a

b
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and congenitally corrected TGA. Coronary artery 

anomalies include anomalous left or right coro-

nary artery from the pulmonary artery, anoma-

lous origin from the contralateral facing sinus

(Fig. 17.2) and coronary artery fistula (Fig. 17.4). 

When one of the coronary arteries arises from 

the contralateral sinus, defining the exact proxi-

mal course of the coronary arteries with respect 

to the aorta and pulmonary artery is essential

because this is the most important indicator of 

risk of ischaemia and determines treatment. The

increased risk of ischemia/infarction in patients 

Fig. 17.14. Truncus arteriosus. Combined oblique coronal

and volume rendered image demonstrates a truncus arte-

riosus (TA) giving rise to the ascending aorta (aA) and the

pulmonary trunk (PT)

Fig. 17.13. Dissection and pseudoaneurysm of the thoracic

aorta following balloon dilatation and stenting of coarctation.

Oblique volume rendered image demonstrates a stent at the 

aortic isthmus with a dissection and large pseudoaneurysm

(arrows) protruding from the aorta. The patient required an 

additional covered stent to be placed which closed the entrance 

of the pseudoaneurysm into the thoracic aorta. The pseudoan-

eurysm was shown to be thrombosed on subsequent imaging

Fig. 17.15a,b. Aortopulmonary window. Oblique axial MIP (a) and VR (b) images demonstrate the abnormal connection (*)

between the ascending aorta (aA) and pulmonary trunk (PT)

a b
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with anomalous coronary arteries is thought to be 

due to the intra-arterial course of the coronary ar-

tery between the aorta and the pulmonary artery 

and/or a tangential origin of the coronary artery 

from the aortic sinus that passes within the aortic 

wall and results in narrowing of the ostium (Kim

et al. 2006). Defining the course and distribution

of the coronary arteries is also important prior 

to repair of CHD, because the surgical approach 

to the repair may have to be altered if a coronary 

artery has an aberrant course that traverses a po-

tential ventriculostomy site.

Echocardiography with colour Doppler has re-

placed cardiac catheterization as the standard

method of visualizing the proximal coronary arter-

ies in infants and children (Satomi et al. 1984), but

visualization can become more limited in adoles-

cents and adults.

MDCT is now widely available and coronary 

CTA is being increasingly performed in many med-

ical centres (Gerber et al. 2002), due to its relative

ease of use and rapid image acquisition times com-

pared with MRI. MDCT coronary angiography can

be used to confirm anomalous coronary origins fi

detected at echocardiography in young children.

MDCT is advantageous for rapid diagnosis in pa-

tients presenting with acute symptoms including

palpitations, dizziness, atypical or typical exer-

tional chest pain, and dyspnoea on exertion, es-

pecially young athletes (Deibler et al. 2004). The 

anomalous origin of the coronary artery arising 

from the contralateral aortic sinus and an interar-

terial course between the aorta and the pulmonary 

artery can be reliably detected on gated coronary 

MDCTA (Fig. 17.2).

17.4.2.2

Kawasaki Disease

Kawasaki disease is an acute vasculitis of un-

known origin that occurs most often in young

children. It begins as a pancarditis with vasculitis

of small vessels (stage 1), progresses to vasculi-

tis of the epicardial coronary arteries (stage 2), 

followed by resolution of vascular inf lammation

with a decrease in size of the aneurysms (stage 3),

and scarring of the coronary arteries with steno-

ses (stage 4) (Fujiwara and Hamashima 1978).

Coronary artery aneurysms can develop in up to 

15%–25% of untreated cases and can be associ-

ated with thrombotic events leading to myocar-

dial ischaemia and infarction in adulthood (Kato

et al. 1996). Although current therapy with in-

travenous gamma-globulin and high-dose aspi-

rin has reduced the mortality rate and incidence

of coronary artery abnormalities, there continue

to be cardiac sequelae in about 13% of patients

with Kawasaki disease (Yanagawa et al. 1999).

An autopsy study has shown an association be-

tween post coronary arteritis lesions, especially 

Fig. 17.16a,b. Hemitruncus or anomalous origin of one pulmonary artery from the ascending aorta. Oblique coronal (a) and axial 

(b) reformatted images demonstrate an anomalous RPA arising from the ascending aorta (aA) and LPA arising from the MPA

a b
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focal aneurysms, and development of premature 

atherosclerosis (Takahashi et al. 2001).

Serial follow-up of patients with Kawasaki dis-

ease is essential because the size of aneurysms and

severity of coronary artery stenosis can change over

time. Transthoracic echocardiography is now used

frequently to follow small children for the develop-

ment of aneurysms, but adequate visualization of the 

proximal coronaries tends to diminish with increas-

ing age and size of the patients. Good correlation of 

the presence of stenosis and size of aneurysms of 

the proximal coronary arteries between MRI and

cardiac catheterization has been reported (Greil et 

al. 2002) but current MRI techniques have limited 

spatial resolution for reliable detection of coronary 

wall thickening, plaque formation, and abnormali-

ties of the distal portions of the coronary arteries 

compared with ECG- gated MDCT. This has clinical 

relevance, as there is evidence of persistent intimal 

thickening at sites of prior aneurysms that have re-

gressed (Iemura et al. 2000), a higher rate of coro-

nary abnormalities and significant cardiovascular fi

complications with recurrent disease (Momenah

et al. 1998), and in older children there have been

documented fatalities due to myocardial infarction 

related to diffuse arteritis in the absence of aneu-

rysms (Burke et al. 1998).

In a study of adolescents with Kawasaki disease 

(Sato et al. 2003), ECG-gated MDCT coronary an-

giography accurately demonstrated all aneurysms, 

complete occlusions and stenosis that were present 

on invasive angiography (Fig. 17.17). In addition, 

MDCT can demonstrate abnormalities of the coro-

nary wall, including diffuse intimal irregularity 

with a “braid-like” or artery-within-artery appear-

ance, calcifi cation and soft plaque, consistent withfi

the sequelae of vasculitis that could lead to prema-

ture atherosclerosis (Goo et al. 2006; Takahashi et 

al. 2001).

17.4.3 

Pulmonary Vasculature

17.4.3.1 

Pulmonary Artery Anomalies

In patients with right ventricular outflow tract ob-fl

structive lesions, such as tetralogy of Fallot and

pulmonary atresia, precise preoperative delinea-

tion of the presence, size and confluency of thefl

pulmonary arteries, and aortopulmonary collat-

eral vessels from the aorta is necessary for surgical 

planning. In recent years, diagnostic cardiac cath-

eterization has been almost completely replaced by 

Doppler echocardiography and cardiac MRI. Slow 

acquisition times and increased motion artefacts,

especially in rapidly breathing infants and young

children, compromised early acceptance of nonhe-

lical CT in the evaluation of pulmonary arteries.

With the development of helical CT, early studies 

showed high specifi city, sensitivity and accuracy in fi

the assessment of stenotic and nonconfl uent cen-fl

tral pulmonary arteries, and revealing the extent of 

aortopulmonary artery collaterals compared with

echocardiography and angiography (Hopkins et al. 

1996; Westra et al. 1999). Current MDCT scanners

now allow higher spatial resolution imaging com-

pared with MRA, and two- and three-dimensional 

reconstruction techniques permit very accurate as-

sessment of the vasculature (Goo et al. 2005; Greil

et al. 2006) (Fig. 17.18). Other abnormalities of the

branch pulmonary arteries that are well depicted on

MDCT include an abnormal origin or course such 

as in truncus arteriosus or pulmonary artery sling

(Fig. 17.19). The branch pulmonary arteries can be 

atretic (Fig. 17.19), stenotic or hypoplastic related to

decreased blood fl ow during growth (Fig. 17.20), duefl

to extrinsic compression or the result of a surgically 

altered course or anastomosis such as a palliative 

shunt between the systemic and pulmonary artery 

circulation. Intrinsic stenosis of the pulmonary ar-

teries can also be associated with genetic syndromes,

such as Williams and Alagille (Fig. 17.21).

17.4.3.2 

Pulmonary Vein Anomalies

Pulmonary venous anomalies include anomalous 

connections, normal connections with abnormal 

drainage and stenotic connections. Anomalous con-

nections of all or some of the pulmonary veins to a 

systemic vein, the right atrium or the portal vein can

occur due to an abnormal persistence of primitive

connections between the pulmonary veins of the de-

veloping lung buds and the cardinal and umbilicovi-

telline venous systems. Total anomalous pulmonary 

venous connection (TAPVC) results when all of the

pulmonary veins connect to a common confluencefl

that then connects to a systemic vein. TAPVC is 

described as supracardiac, intracardiac or infracar-

diac depending on the level of connection to the 

systemic veins, and the abnormal venous connec-

tion can most often be fully characterized on echo-
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Fig. 17.17a–d. Kawasaki disease. Two patients with coronary artery aneurysms and stenosis. Oblique axial (a) and sagittal

(b) MIP images from a gated MDCT angiogram of a 4-year-old girl demonstrate a string of aneurysms (arrows) with inter-

vening areas of stenosis involving the left anterior descending coronary artery (LAD). A hypodense thrombus is present in 

the medial aspect of the aneurysm (arrows and asterisks in a). Oblique axial (c) and sagittal (d) images of a 13-year-old boy 

demonstrate large calcified coronary artery aneurysms of the proximal LAD and right coronary artery (fi RCA). The LAD 

and first diagonal (fi arrowheads in c) are unobstructed. The RCA proximal to the aneurysm is totally occluded by hypodense

thrombus (arrowhead ind d)

Fig. 17.18a,b. Pulmonary atresia with nonconfl uent pulmonary arteries. fl a Axial MIP image demonstrates the absence of 

the confluent portion of the central pulmonary artery (fl asterisk in a) between the branch pulmonary arteries. b Combined

coronal MIP images demonstrate major aortopulmonary collateral vessels (arrows) arising from the descending aorta

(dA) and supplying the branch pulmonary arteries

a b

c d

a b
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LPA sling associated with right lung atresia. 

Coronal minimum intensity projection image (a) and maxi-

mum intensity projection image (b) demonstrate a large left

lung and mediastinal and heart structures shifted into the

right chest. The LPA and left main stem bronchus (LB) are 

normal and the right main stem bronchus (RB) is blind-

ending. Oblique axial image (c) demonstrates the LPA aris-

ing (from MPA and) passing between the trachea (TR) and 

oesophagus (E) and the absence of the distal RPA. Oblique

axial (d) and sagittal (e) images show that the left aortic arch

(ARCH) is located posteriorly in the mediastinum and caus-

es a mass effect on the trachea anteriorly. The LPA courses 

posterior to the trachea (e)e

c
d

a

b
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cardiography. In the mixed form of TAPVC, there 

may be more than one abnormal pulmonary venous 

connection to the systemic veins, or the abnormal 

pulmonary venous channel may course through the

lung (Fig. 17.22). These latter forms of TAPVC may 

not be able to be fully depicted on echocardiogra-

phy, and either MDCT or MR angiography can be 

used as an adjunct for imaging when echocardiog-

raphy is limited in order to identify the number and

course of anomalously connecting or draining veins 

(Kim et al. 2000). In partial anomalous pulmonary 

venous connection, one or more pulmonary veins 

from some of the lobes have an anomalous con-

nection to the systemic veins, most often to the in-

nominate vein on the left and the SVC on the right 

(Fig. 17.23).

Fig. 17.20a–d. Pulmonary artery atresia status post RV to PA valved conduit and unifocalization of the pulmonary arteries.

Reconstructed sagittal oblique MIP (a) and 3D volume rendered image (b) demonstrate a valved conduit arising from the 

RV causing only a mild discrete artefact. Additional 3D volume rendered anterior (c) and posterior (d) images demonstrate

focal stenosis of the LPA

c d

a

b
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Fig. 17.21a,b. Williams Syndrome. Peripheral pulmonary 

stenosis and supravalvular aortic stenosis. Coronal refor-

matted image (a) shows diffuse hypoplasia of the RPA and

multiple stenoses of distal branches (arrows). Coronal ob-

lique image (b) shows an hourglass deformity of supraval-

vular stenosis of the ascending aorta (aA) characteristic of 

William syndrome

a

a

Fig. 17.22a,b. Mixed total anomalous pulmonary venous

connection. Oblique coronal MIP image (a) demonstrates 

the right lower pulmonary vein (RLPV) and the left upper 

and lower pulmonary veins (arrows) joining to an ascending 

vertical vein (VV) which connects to a dilated left innomi-

nate vein to right superior vena cava (SVC). Oblique axial im-

age (b) demonstrates branches of the right upper pulmonary 

vein (arrows) connecting directly into the right SVC

b

b

Fig. 17.23. Partial anomalous pulmonary venous connection (PAPVC): 

coronal oblique image demonstrates the right upper lobe pulmonary vein

(arrowheads) connecting to a right SVC. All other pulmonary veins con-

nected normally to the left atrium (not shown)
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Fig. 17.24a–e. Pulmonary venous compression by a dilated

coronary sinus following the Fontan operation for double-

outlet right ventricle with bilateral SVC. Axial images from

MDCT angiography in the arterial phase (a, b) demonstrate

a dilated coronary sinus containing unopacified blood (fi CS)

compressing the left upper pulmonary vein (LUPV) and

lower pulmonary vein (LLPV). Oblique coronal MIP images

(c–e) from the delayed venous phase demonstrate the right 

superior vena cava (RSVC) which has been anastomosed to 

the RPA (c), and the left superior vena cava (LSVC) which has 

been anastomosed to the LPA (e). The contrast-filled dilated fi

coronary sinus can be followed from the right atrium (RA)

to the under surface of the LPA (d, e)

b

d

a

c

e
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Fig. 17.25a,b. Total anomalous pulmonary venous return status post repair with pulmonary venous stenosis. Coronal oblique

MIP images demonstrate focal stenosis (arrows) of the right (a) and left (b) pulmonary veins. (Courtesy of Sjirk Westra)

When associated with CHD, pulmonary vein ste-

nosis (PVS) is most often extrinsic due to compres-

sion by other vascular structures (Fig. 17.24) or as-

sociated with the site of a prior surgical anastomosis. 

PVS can rarely be intrinsic and rapidly progressive 

and refractory to all forms of surgical (Caldarone

et al. 1998) and/or a catheter-based intervention

(Driscoll et al. 1982). Progressive PVS can occur

as a complicating feature of CHD (Breinholt et al.

1999) (Fig. 17.25) or can occur in isolation in infants

and children with otherwise normal hearts. PVS is

a diagnostic consideration in any patient presenting

with recurrent infection, haemoptysis, unexplained 

pulmonary hypertension, and/or interstitial lung

disease. MDCT can detect the presence of PVS and

the extent of associated involvement of the lung pa-

renchyma and can be used as a noninvasive method 

to follow-up these patients for disease progression.

17.4.4 

Airway Compromise in Patients with CHD

The most common types of vascular anomalies to 

cause symptomatic tracheal and oesophageal com-

pression are the right aortic arch with aberrant left 

subclavian artery and the double aortic arch. In in-

fants and children with these anomalies, symptoms 

can vary from wheezing to frank respiratory failure,

related in part to the direct effect of vascular com-

pression as well as secondary tracheobronchomala-

cia that can result from prolonged compression. If 

the vascular ring exhibits less compression, it may 

be diagnosed in the older child with symptoms pri-

marily of oesophageal compression.

MDCT provides imaging in multiple planes to 

completely characterize the anomalous vasculature

and the extent of airway compression. The current

trend of performing minimally invasive surgery 

for repair of the vascular ring using video-assisted 

thorascopic or robotic endoscopic techniques has 

advantages over lateral thoracotomy including a

smaller incision, improved visualization inside the 

chest cavity, reduced postoperative pain and risk of 

chest wall deformity. These less invasive techniques

require more precise delineation of the size, patency 

and location of the vascular structures preopera-

tively (Lambert et al. 2005), and therefore there is 

now increased utilization of CT or MRI prior to sur-

gical repair.

In addition to the above-described vascular 

anomalies, there are more rare conditions that

can result in symptomatic airway and/or oesopha-

geal compression, including pulmonary artery 

sling (Fig. 17.19), innominate artery compression 

(Fig. 17.26), circumflex aorta and cervical aortic fl

arch. Patients with tetralogy of Fallot and absent pul-

monary valve syndrome can have severe pulmonary 

regurgitation, which can lead to markedly enlarged 

pulsatile pulmonary arteries that can cause severe

bronchial compression associated with bronchoma-

lacia (Ditchfieldfi  and Culham 1995) (Fig. 17.27).

ba
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Fig. 17.26a–c. Innominate artery compression of the tra-

chea following tracheoesphageal fistula repair. Coronal (fi a),

oblique axial (b) and sagittal (c) MIP images demonstrate 

diffuse distension of the oesophagus (ESOPH) with a mild 

narrowing at the site of surgical anastomosis (arrow inw a)

and severe anterior tracheal compression (arrows in b, c) by 

the innominate artery (INA) as it courses from left to right

across the mediastinum

a

b

c

MDCT provides a rapid assessment of the inten-

sive care unit patient for potential causes of failed ex-

tubation in the early postoperative period following 

surgery for CHD (Lambert et al. 2005). The airway 

compression may be related to the patient’s intrinsic 

anatomy, such as in TOF with a right aortic arch and 

markedly dilated ascending aorta ( McElhinney

et al. 1999) (Fig. 17.28), or due to surgically recon-

structed vessels, such as with the arterial switch op-

eration for TGA (Robotin et al. 1996) and aortic arch 

reconstruction following the Norwood operation. 

Other complications that can be rapidly diagnosed 

by MDCT in the early postoperative period include

mediastinitis with abscess, mediastinal haematoma 

(Fig. 17.29) or a seroma, which is commonly associ-

ated with a Blalock-Taussig shunt and can also cause 

airway compression.

MDCT is also helpful to evaluate for airway or

pulmonary parenchymal abnormalities in postop-

erative patients with chronic respiratory symptoms. 

Surgically altered position of the vasculature, con-

duits and vascular stents can cause compression of 

the trachea, main stem and lobar bronchi that may 

lead to chronic symptoms of airway compression

that can worsen over time (Fig. 17.30). Dynamic air-

way studies can differentiate between stenosis re-

lated to vascular compression and intrinsic stenosis

due to tracheal and/or bronchomalacia.

17.4.5 

Postoperative Congenital Heart Disease

The evaluation of surgical results and possible com-

plications involving palliative shunts, conduits and 

intracardiac baffl es and the patency of the pulmo-fl

nary arteries has become a major application of non-

invasive imaging of postoperative CHD. CT is most 

often utilized if a full evaluation of the postoperative

vascular morphology is limited on MRI due to arte-

facts from indwelling ferromagnetic materials such

as stents, coils and occlusion devices or when there
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is patient claustrophobia, which tends to be more of 

an issue with older patients.

Extracardiac conduits are prosthetic or homo-

graft tubes used to create venoarterial, ventricu-

loarterial and arterioarterial connections when

the structures to be connected are too far away 

from each other to allow a direct anastomosis. 

There are three different mechanisms of conduit 

obstruction: formation of a thick endothelial peal,

scarring at sites of anastomosis and relative nar-

rowing of the conduit associated with growth of 

structures at either end. Both MDCT and MR an-

giography allow a more complete visualization of 

conduits in their entirety than echocardiography 

or angiography due to a wide field of view and 3D fi

imaging capability. Right ventricle to pulmonary 

artery conduits are used for repair of tetralogy of 

Fallot in patients who have severe pulmonary ste-

nosis or atresia (Fig. 17.20) or anomalies of the cor-

onary arteries limiting safe access to the right ven-

tricular outfl ow tract, in the Rastelli operation for fl

TGA with pulmonary valve stenosis, and in repair

of truncus arteriosus. MDCTA is especially helpful 

for detection of in-stent stenosis when narrowing

of the conduit has required stenting (Fig. 17.30) 

(Eichhorn et al. 2006).

There are two main types of intracardiac bafflesfl

used to redirect venous blood fl ow through thefl

heart – the atrial inversion procedure (Mustard or 

Senning operations) for transposition of the great

Fig. 17.27a–c. Tetralogy of Fallot with absent pulmonary 

valve syndrome status post repair. Axial (a) and sagittal ob-

lique (b, c) MIP images from a MDCTA demonstrate severe 

dilatation of the main pulmonary artery (MPA) and proxi-

mal branch PAs causing severe compression of the distal

trachea and proximal main stem bronchi (arrows)b

a

c
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Fig. 17.28a–d. Malposition of the aortic arch causing severe airway and branch pulmonary artery narrowing in an infant 

with severe respiratory compromise following repair of tetralogy of Fallot and pulmonary atresia. Coronal (a), axial (b, d)

and sagittal (c) oblique MIP images demonstrate a markedly dilated right aortic arch (RAA) positioned posteriorly within 

the chest, resulting in severe compression of the distal trachea and carina (small arrows), as well as the right pulmonary 

artery (arrow in w d)

c

d

a b
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Fig. 17.29a–c. Mediastinal haematoma. Infant with TGA and

subpulmonary stenosis status post right modified Blalock–fi

Taussig shunt with large hypoechoic fluid collection noted onfl

echocardiography and mediastinal widening on chest X-ray 

(arrows in s a). Axial (b) and coronal reformatted (c) CT images 

demonstrate a large hypodense collection (arrows) with an en-

hancing wall fi lling the anterior mediastinum. A post-operative fi

haematoma was evacuated at surgery. LAA (left aortic arch)

c

aa

Fig. 17.30a–c. RPA stent causing left bronchus narrowing. 

Truncus arteriosus with interrupted aortic arch status post

repair with an RV to PA conduit. Postoperative RPA stenosis 

treated with balloon dilation and stenting followed by devel-

opment of recurrent left lower lobe pneumonia. Coronal (a) 

and axial oblique (b) MIP images demonstrate a patent 

stent in the proximal RPA and moderate narrowing of the

left main stem bronchus (LTBR) as it courses between the

stented portion of the RPA and the descending aorta (DAO). 

Sagittal oblique MIP image (c) demonstrates the RV to PA

conduit with indwelling stent (arrows)

b

c

b
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arteries and the Fontan procedure for functionally 

univentricular hearts. In the Mustard or Senning

operation, the native intra-atrial septum is excised

and a baffl e is inserted to direct superior and infe-fl

rior vena cava blood fl ow to the mitral valve. Thefl

pulmonary venous blood passes around the bafflefl

and is directed towards the tricuspid valve. Both 

systemic and pulmonary venous pathways have the 

potential for obstruction, which can be assessed by 

CT (Fig. 17.31).

In the Fontan operation, a surgically created path-

way reroutes the systemic venous return from the IVC 

and SVC directly to the pulmonary arteries. Possible

complications include pulmonary arteriovenous

malformations and pulmonary venous obstruction

due to extrinsic compression by an intra- or extra-

cardiac baffl e or an enlarged cardiac structure suchfl

as the coronary sinus (Fig. 17.16) used for the Fontan

pathway. Narrowing of the pulmonary artery can 

occur at the level of the cavopulmonary anastomo-

sis or due to distortion from a prior shunt or surgical

pulmonary artery reconstruction. Imaging evalua-

tion is directed to establish the overall patency of the

Fontan pathway. In the early versions of the Fontan

operation, the right atrium is incorporated into the 

systemic venous to pulmonary artery connection, 

and not infrequently patients can develop thrombus

in the pathway due to relative stasis of slow flowing fl

blood (Fig. 17.8).

Many patients with CHD can develop conduction 

abnormalities or arrhythmias related to the surgical 

repair (especially following the Mustard or Senning 

or Fontan operations) or inherent to abnormal in-

tracardiac connections, such as in congenitally cor-

rected TGA. An indwelling pacemaker or retained

pacing leads are contraindications for MR imaging,

and CT can be used as an alternative method for

both morphologic and functional imaging in these 

patients. 

17.5 
Conclusion

In summary, MDCT provides a number of impor-

tant advantages for morphological and functional 

assessment of the cardiovascular system, including 

isotropic high-resolution volume imaging, high vol-

ume coverage, and improved temporal resolution 

with dose reduction methods. MDCT is now a major

Fig. 17.31a–c. D-TGA status post Senning. Sagittal oblique

(a) MIP image demonstrates the characteristic morphology 

of D-TGA with the anterior aorta arising from the RV and

posterior main pulmonary artery arising from the LV. Axial

MIP image (b) demonstrates the pulmonary venous (PV) 

pathway that directs oxygenated blood to the systemic RV

positioned anteriorly. Coronal reformatted image (c) dem-

onstrates the typical “pant leg” confi guration of the IVC and fi

SVC (with stent) pathway directed to the left ventricle sepa-

rated by an intra-atrial baffl e from the PV pathwayfl

b

c

a
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diagnostic tool in children with CHD, and, when 

performed for appropriate indications with proper 

technical parameters, the benefits can far exceed the fi

very small individual risk.
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18.1 
Introduction

Thoracic cage abnormalities may produce respira-

tory problems in the neonatal period. Particularly 

disorders of bone growth and formation, such as in 

skeletal dysplasias, may restrict pulmonary devel-

opment and expansion, or may distort the airways.

The radiographic features of these disorders are di-

verse, but generally include short ribs.

Other disorders, such as neuromuscular disor-

ders, may produce functional impairment of the 

chest wall with secondary respiratory distress. This

latter group includes myotonia congenita, congeni-

tal myasthenia gravis, myotonic dystrophy, and 

Werdnig-Hoffmann disease. These disorders may 

show nonspecific, secondary fifi ndings such as thin-fi

ning of the ribs and clavicles or diffuse pulmonary 

underaeration.

18.2 
Anatomic, Pathophysiologic, and
Nosologic Considerations

Pulmonary hypoplasia is a less common cause for

respiratory distress of the neonate, but it is the com-

monest single abnormality found at autopsy in early 

neonatal deaths (Wigglesworth and Desai 1982). 

Pulmonary hypoplasia consists of an incomplete de-

velopment of the lung. The lung is small in size and 

volume and shows a reduced number of bronchial

branches, alveoli, and vessels. Patients with bilat-

eral lung hypoplasia usually present immediately 

after birth with respiratory distress. They are dif-

ficult to resuscitate and require high inflfi  ating pres-fl

sures. Pneumothorax is a common complication 

( Greenough 1996).
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Pulmonary hypoplasia usually occurs in asso-

ciation with other malformations. Rarely it may be

called primary or idiopathic. Many disorders that

result in a reduction of the intrathoracic space, a 

reduction of fetal breathing movements, or a reduc-

tion of amniotic fl uid volume produce hypoplasiafl

of the lung (Fig. 18.1) (Thomas and Smith 1974; 

Greenough 1996). Reduction of the intrathoracic

space may be caused by skeletal restriction of the 

chest or by intrathoracic space-occupying lesions as 

in diaphragmatic hernias.

Disorders with congenital skeletal restriction of 

the chest are usually classifi ed as skeletal dysplasiasfi

(bone dysplasias or osteochondrodysplasias) (On-

line Mendelian Inheritance in Man; OMIM 2007;  

Superti-Furga et al. 2007). Skeletal dysplasias are 

characterized by a disturbance of cartilage and/or

bone growth and development. They are grouped 

into different families according to their underly-

ing gene or gene product defect, or their phenotypic

presentation. Depending on the severity of the chest

deformity and the presence or absence of additional 

malformations, particularly of the central nervous

system, the spine, the airways, and/or the heart,

some of these disorders almost invariably lead to

death in utero or at birth and therefore are labeled 

as “lethal osteochondrodysplasias” (Spranger and

Maroteaux 1990). Others are compatible with life,

but respiratory distress may be a leading symptom 

and may eventually lead to premature death. The 

chest deformity of osteochondrodysplasias is pre-

dominantly due to insuffi cient growth of the ribs fi

(Fig. 18.2). Alternatively it may be due to decreased 

rib stability, as in osteogenesis imperfecta and hy-

pophosphatasia (Figs. 18.3, 18.4). Other parts of the

skeletal system are often affected as well. Usually 

the patients are small, may have a narrow chest, 

and may show variable shortening, and/or bowing

deformity of the limbs, spine, and a “dysmorphic”

head (Fig. 18.5) (Lachman 2006).

The lethal osteochondrodysplasias consist of a 

heterogeneous group of disorders and are recognized

with a frequency between 1:5000 and 1:11,000. Than-

atophoric dysplasia, achondrogenesis-hypochondro-

genesis, and osteogenesis imperfecta (type II) are 

amongst the most prevalent disorders, while others 

are less frequent (Orioli et al. 1986). Spranger and

Maroteaux (1990) in their review of lethal osteo-

chondrodysplasias have listed 11 groups of disorders

that contain 61 individual conditions, some of which

are well recognized, while others are rare or repre-

sented by isolated cases. Lethal osteochondrodys-

plasias belong to the “severe” end of the spectrum of 

abnormalities found in the different bone dysplasia 

families. Most lethal osteochondrodysplasias have 

moderate to marked shortening of the ribs in com-

mon, associated with lung hypoplasia. A lethal skel-

etal dysplasia condition may be suspected antenatally 

in fetuses that exhibit moderate or severe shortening

and/or bowing of the long bones, a decreased crown-

rump length, and decreased thoracic dimensions on 

ultrasound examination. Polyhydramnios and fetal

hydrops are frequent additional features of lethal 

osteochondrodysplasias. Intrauterine radiographs

are helpful in making a specifi c diagnosis and in dif-fi

ferentiating between lethal and nonlethal disorders

 (Sharony et al. 1993), particularly in the third tri-

mester. Prompt confi rmation of the diagnosis of a fi

lethal osteochondrodysplasia at birth is mandatory 

because of ethical implications. A multidisciplinary 

approach with close collaboration between the obste-

trician, neonatologist, pediatrician, geneticist, and 

Fig. 18.1. Oligohydramnios-associated pulmonary hypopla-

sia (Potter). The full-term female infant was born with oli-

gohydramnios, low birth weight, and microcephaly. Delivery 

was performed by caesarean section. The face and extremi-

ties were deformed. The patient was intubated because of 

asphyxia. She died after 3 h. The radiograph shows a small, 

bell-shaped chest. The tracheal tube is low in position. Bi-

lateral pneumothorax is present. The ribs are thin. Autopsy 

confi rmed hypoplastic lungs and cystic dysplasia of the kid-fi

neys. Decreased production of fetal amniotic fluid can be fl

due to a renal pathology (Potter syndrome), or a uteroplacen-

tal insuffi ciency. The mechanism by which oligohydramnios fi

induces pulmonary hypoplasia is not yet understood
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pediatric radiologist is important for preparation for

the delivery, postnatal care, and for giving informa-

tion to the parents. Usually a radiographic survey of 

the neonate will readily allow the distinction between 

lethal and nonlethal skeletal dysplasias and is the ba-

sis for the diagnosis of the disorder. A proper catego-

rization is essential not only for prognostic purposes, 

but also for counseling of the involved family.

The following paragraphs illustrate the most

common skeletal dysplasias that have restriction 

of the chest and hypoplastic lungs, and that are fre-

quently associated with respiratory distress at birth

and with death in utero or in early infancy. An en-

cyclopedic coverage is not attempted. Other skeletal 

dysplasias that cause respiratory distress and early 

death due to hypoplasia and/or chondromalacia of 

the larynx and tracheo-bronchial tree are not in-

cluded (e.g. campomelic dysplasia).

18.3 
Thanatophoric Dysplasia (OMIM 187600)

Thanatophoric dysplasia is the most frequent le-

thal skeletal dysplasia with a reported prevalence 

rate of approx. 1:50,000 (Orioli et al. 1986). It is 

Fig. 18.2. Thanatophoric dysplasia type I. This infant boy 

was born in the 34th gestational week. Polyhydramnios had 

been diagnosed by prenatal ultrasound. In addition a large 

head, short limbs, and short ribs had been shown. The infant

was observed in a neonatal clinic. He received oxygen by 

nasal administration only. Death occurred after 48 h. The 

postmortem radiograph shows a narrow chest with short 

ribs. The vertebral bodies are flat and the interpediculatefl

distance of the lumbar spine is narrow. The pedicles and

vertebral bodies resemble an “H” or “U.” The ilia are small 

and squared with horizontal, trident-shaped acetabula, and 

small sacrosciatic notches. The tubular bones are short, 

broad, and bowed with flared metaphyses. The proximalfl

portions of the femora are oval shaped and less dense than 

the shafts

Fig. 18.3. Osteogenesis imperfecta type II A. A term born 

boy showed short and deformed limbs at birth. His weight, 

length, and head circumference were below the 3rd cen-

tile for age. Respiratory insufficiency led to his death fi

3 hafter birth (Hawkins 1991). The postmortem radio-

graph shows generalized osteopenia. The ribs are short, 

thick, and beaded. The vertebral bodies are fl at, and the fl

tubular bones are short, wide, and deformed simulating 

an accordion. Note the left inguinal hernia containing an 

air-fi lled loop of bowel
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due to an autosomal dominant mutation of the 

FGFR-3 (fibroblast growth factor receptor) gene

and belongs to the achondroplasia group. The 

patients have short extremities, a relatively long 

trunk, and a large head with a prominent forehead 

and a depressed nasal bridge. The chest is narrow 

and the abdomen protuberant. Malformation of 

internal organs includes megalencephaly, migra-

tion disorders of the brain, hydrocephalus, and

hypoplastic lungs. The patients usually are still-

born or die shortly after birth from respiratory 

distress (Fig. 18.5). The rare patients that survive

for a longer period of time show profound de-

velopmental delay and growth failure (Lachman

2006; OMIM 2007).

Fig. 18.4. Hypophosphatasia. This male infant was born at

35 gestational weeks. Polyhydramnios had been noted in 

utero. Postnatal asphyxia led to his immediate death. The

postmortem radiograph shows osteopenia with deficient andfi

irregular ossification of the skeleton. The ribs are short andfi

thin. The vertebral bodies are unossified in the cervical andfi

thoracic region. The sacrum, the pelvis, the scapulae, and

the tubular bones are also partially unossified. The femorafi

are bent and have wide metaphyses with large ossification fi

defects. Image courtesy of Dr. Erler, Neuchatel

Fig. 18.5. Thanatophoric dysplasia. This infant boy was born

in the 36th gestational week. Polyhydramnios, a large head,

and short limbs had been shown by prenatal ultrasound.

Caesarean section was performed. The boy presented with 

respiratory distress at birth. He was intubated and trans-

ferred to a neonatal clinic. Physical examination revealed

short stature, very short limbs, a narrow chest, a relatively 

large head with a prominent forehead, and a depressed nasal

bridge. The radiographic survey confi rmed the diagnosis of fi

thanatophoric dysplasia (not shown). The child was extu-

bated after 12 h because of the dire prognosis and died im-

mediately in the arms of his parents

The radiographic features of type I thanatophoric

dysplasia consist of a narrow chest with short ribs.

The vertebral bodies are flat and the interpediculatefl

distance of the lumbar spine is narrow. The pedicles

and vertebral bodies resemble an “H” or “U.” The ilia 

are small and squared with horizontal, trident shaped 

acetabula, and small sacrosciatic notches. The tu-

bular bones are short, broad, and bowed with flaredfl

metaphyses. The proximal portions of the femora

are oval shaped and less dense than the shafts. The 

femora characteristically resemble a French telephone

receiver (Fig. 18.2). Type II thanatophoric dysplasia is

less common than type I. It usually is associated with a

cloverleaf skull, milder skeletal changes than in type I,

and milder or absent curvature of the long bones.
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elevated levels of phosphoethanolamine in the urine 

(Shohat et al. 1991; OMIM 2007).

Radiographs show osteopenia with deficient andfi

irregular ossification of the skeleton. The ribs are fi

short and thin. The calvaria, vertebrae, pelvis, and

the tubular bones are partly unossified. The tubular fi

bones have wide metaphyses with large ossification fi

defects and may be bent (Fig. 18.4). Spur-like struc-

tures may be located symmetrically on the midshaft 

of the long bones and underlie skin dimples, or they 

may be located near the knee and elbow joints. If 

present, these spurs are thought to be pathogno-

monic for hypophosphatasia.

18.6
Short-Rib Dysplasia Group

The short rib dysplasia group is a heterogeneous 

group of skeletal dysplasias that are characterized

by short ribs and short limbs. Polydactyly and vis-

ceral abnormalities are variable additional features. 

The short-rib dysplasia group comprises the follow-

ing disorders: chondroectodermal dysplasia (CED,

Ellis-van Creveld, OMIM 225500), short-rib-poly-

dactyly syndrome (SRP) type 1/3 (Saldino-Noonan/

Verma-Naumoff, OMIM 263510), SRP type 2 (Ma-

jewski, OMIM 263520), SRP type 4 (Beemer, OMIM

269860), oral-facial-digital syndrome type 4 (Mohr-

Majewski, OMIM 258860), asphyxiating thoracic 

dysplasia (ATD, Jeune, OMIM 208500), and thora-

colaryngopelvic dysplasia (TLPD, Barnes, OMIM

187760) (Superti-Furga et al. 2007). Autosomal

recessive inheritance is recorded in all except for 

thoracolaryngopelvic dysplasia.

The nosology of the short-rib-polydactyly syn-

dromes (SRP type 1–4) is still in debate, since no gene 

defect has yet been found. The common morpho-

logic denominators of these disorders are variably 

short ribs and polydactyly; however, polydactyly is 

not present in all patients. Different numbering sys-

tems have been used in the past, and modifications fi

will occur in the future. It is likely that at least part 

of the SRP group is caused by a single gene defect 

with variable expression. The perinatal lethality is 

related to the severity of chest constriction by the 

short ribs. The ribs are very short in the SRP syn-

dromes that are invariably lethal at birth. The SRP

syndromes exhibit changes in the size and shape

of the tubular bones (“torpedo” and “banana peel”

18.4 
Osteogenesis Imperfecta (OMIM 166210)

Osteogenesis imperfecta (OI) is a disorder with a

defi cient synthesis of collagen type 1 mostly due tofi

a mutation of the COL1A1 or COL1A2 gene. Auto-

somal dominant transmission is the rule. The spec-

trum of possible phenotypes is wide. OI II represents 

the severe end of the spectrum and belongs to the 

perinatally lethal osteochondrodysplasias. A further 

subdivision according to radiographic and prog-

nostic features into types II A, B, and C was made, 

type II A bearing the worst prognosis. Patients with

OI II are small, the skull is soft, the sclerae are blue, 

the extremities are short and bowed, and the chest

is narrow. Hernias are frequent. The limbs or the 

head may become avulsed at birth (Lachman 2006; 

OMIM 2007).

Radiographs in OI show generalized osteopenia. 

The skull in OI II A is minimally ossified with multi-fi

ple wormian bones, and the ribs are short, thick, and

beaded. The vertebral bodies are flat, and the tubularfl

bones are short, wide, and deformed simulating an

accordion. Beading and deformity of the bones is due

to countless fractures (Fig. 18.3). Type II B shows sim-

ilar features to those in type II A, but usually no bead-

ing of the ribs. Type II C shows thin, fractured long

bones and mildly beaded ribs. Postnatal conversion

from thin to thick bones with beading can occur.

18.5 
Hypophosphatasia (OMIM 241500)

Hypophosphatasia is a heritable metabolic bone

disease characterized biochemically by deficient fi

activity of the tissue-nonspecific isoenzyme of al-fi

kaline phosphatase due to a mutation in the alkaline 

phosphatase gene (ALPL). Hypophosphatasia results 

in impaired skeletal mineralization that clinically 

resembles rickets or osteomalacia. The spectrum of 

manifestation is wide. The perinatally lethal and in-

fantile forms have an autosomal recessive trait. The

length of survival is inversely related to the severity 

of the bone changes. At birth the patients appear 

short with short and deformed extremities and a 

soft skull. Affected newborns usually die of respira-

tory distress. Laboratory studies show a low serum 

alkaline phosphatase activity, normal calcium, and
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shape), the pelvis, and the spine (Fig. 18.6). Mal-

formation of internal organs is frequently present,

particularly pulmonary hypoplasia, congenital

heart defects, malformation of the intestinal and

urogenital tract, cleft lip and palate (Spranger and

Maroteaux 1990; Lachman 2006; OMIM 2007).

Asphyxiating thoracic dysplasia (ATD) is usually 

recognized at birth in babies with a narrow chest

that are in respiratory distress of variable degrees. 

Many patients are stillborn or die shortly after birth.

Less severely affected patients survive infancy and

may reach adulthood. Long-term survivors with

ATD may suffer from chronic renal insuffi ciency re-fi

lated to tubulo-interstitial nephritis. Cystic changes 

can occur in the kidneys, liver, and pancreas. Poly-

dactyly may be present. The limbs are short. Infants

show the following variable radiographic features:

short and horizontally oriented ribs, small iliac 

bones with horizontal and trident-shaped acetabula 

and small sacrosciatic notches, short limbs with

mild or absent metaphyseal spurs (Fig. 18.7). The 

pelvic and thoracic changes regress with advancing

age, but brachydactyly with cone-shaped epiphyses 

becomes evident in the majority of cases (Lachman

2006; OMIM 2007).

Chondroectodermal dysplasia is caused by a muta-

tion of the EVC gene. It shares many radiographic fea-

tures with asphyxiating thoracic dysplasia (Fig. 18.8).

However, postaxial polydactyly is a constant feature,

as is mesomelic shortening of the limbs (lower legs

and forearms). Ectodermal abnormalities such as

dystrophic teeth and nails, and multiple frenula are

invariably present. Many patients with CED suffer

from congenital heart disease, particularly atrial and

ventricular septal defects. The narrow chest can lead

to neonatal respiratory distress and may contribute 

to early death. Ossifi cation of epiphyses, particularly fi

of the proximal femur, may be apparent at birth in 

patients with CED as with ATD. CED typically is asso-

ciated with accessory carpals, fusion of carpal bones, 

and cone-shaped phalangeal epiphyses with resultant 

brachydactyly. Valgus deformity of the knees and an 

exostosis at the medial aspect of the proximal tibial 

metaphysis is also characteristic for CED (Lachman

2006; OMIM 2007).

Thoracolaryngopelvic dysplasia (TLPD) is an-

other disorder with a narrow chest, and appears 

similar to ATD on radiographs. TLPD, however, does 

not exhibit the typical iliac and acetabular features 

of ATD, or cone-shaped epiphyses, and is inherited 

with an autosomal dominant trait. Laryngeal steno-

sis in association with short ribs may contribute to

respiratory failure (Bankier and Danks 1983; Burn

et al. 1986; OMIM 2007).

18.7 
Metaphyseal Dysplasia with Pancreatic 
Insui  ciency and Cyclic Neutropeniai
(Shwachman-Bodian-Diamond, OMIM 260400)

The Shwachman-Bodian-Diamond Syndrome is 

caused by a mutation in the SBDS gene. The salient

clinical features of this syndrome with an autosomal

recessive trait are failure to thrive due to exocrine

Fig. 18.6. Short-rib-polydactyly syndrome type 3 (Verma-

Naumoff). This girl was born with 30 gestational weeks. Poly-

hydramnios was present. Macrocephaly, a cleft lip and palate, 

and postaxial hexadactyly were noted at birth. She suffered

from perinatal asphyxia. Resuscitation was not performed. 

Death occurred during the first day of life. The postmortemfi

radiograph shows very short ribs. The iliac bones are small

with horizontal acetabula and small sacrosciatic notches.

The tubular bones are short with spurs extending longitudi-

nally at the metaphyses of the femora and humeri (“banana

peel” appearance). Note the early ossification of the proximal fi

epiphyses of the humeri. The spine is normal. Autopsy re-

vealed hypoplastic lungs and duplication of the vagina and 

uterus. Image courtesy of Dr. Duckert, Reutlingen
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pancreatic insufficiency with intestinal malabsorp-fi

tion, cyclic neutropenia with frequent infections,

and a body height at or below the third centile. The

patients may present at birth with respiratory dis-

tress. Varus deformity of the hips and mild psy-

chomotor delay are frequent additional features

(Lachman 2006; OMIM 2007).

The radiographic features at birth may include 

moderately short ribs with wide anterior ends

(Fig. 18.9). Irregular ossifi cation of the metaphyses fi

usually becomes apparent by 3–4 years. Typically the

proximal femoral metaphyses are most severely af-

fected. Coxa vara and slipping of the capital femoral

epiphysis may complicate the metaphyseal dysplasia.

18.8 
Achondrogenesis II and
Hypochondrogenesis (OMIM 200610)

Achondrogenesis II and hypochondrogenesis are 

part of the type II collagenopathies. These form a 

group of disorders with variable clinical and radio-

logical presentation, but with a common biochemi-

cal defect of the collagen type II due to a mutation of 

the COL2A1 gene. Collagen type II is a glycoprotein 

that is a major constituent of cartilage and of the 

vitreous body. This may explain the association of 

growth failure and ocular abnormalities within this

Fig. 18.7. Asphyxiating thoracic dysplasia (Jeune). This boy 

died of postnatal asphyxia on the fi rst day of life. On inspec-fi

tion the chest was narrow, the extremities were short, the 

skin was normal, and polydactyly was absent. The postmor-

tem radiograph shows a narrow chest with short ribs. The 

spine is normal. The ilia are small and squared with horizon-

tal, trident-shaped acetabula and small sacrosciatic notches. 

Early ossifi cation of the proximal epiphyses of the humeri fi

and bent femora with small metaphyseal spurs are noted

Fig. 18.8. Chondroectodermal dysplasia (Ellis-van Creveld).

The boy was born at 28 gestational weeks. Death occurred 

after 1 h. Clinical examination showed a narrow chest, short 

extremities, small nails, and polydactyly (pre- and postaxial). 

The postmortem radiograph shows short ribs, small ilia with 

horizontal acetabula and small sacrosciatic notches. The tubu-

lar bones are short with spurs extending longitudinally at the 

metaphyses of the distal femora. The metaphyses otherwise are

smooth. The spine is normal. Autopsy revealed small lungs and

bicuspid aortic valves. Image courtesy of Dr. Eklöf, Stockholm
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group. The trait is autosomal dominant. The type II 

collagenopathies exhibit a clinical and radiographic

spectrum, the severe end of which is represented

by achondrogenesis II and hypochondrogenesis 

that belong to the lethal osteochondrodysplasias.

Kniest dysplasia and spondyloepiphyseal dysplasia 

congenita become apparent at birth and may also 

cause respiratory distress. Other disorders usually 

become manifest later in life. Achondrogenesis II 

and hypochondrogenesis are characterized by short 

limbs and a short trunk. The head is relatively large,

the face is flat, and cleft palate is usually present fl

(Lachman 2006; OMIM 2007).

The radiographic features of achondrogenesis II 

and hypochondrogenesis consist of absent or partial 

ossifi cation of small vertebral bodies. The ribs arefi

short and horizontally oriented. The ilia are small

with horizontal acetabula. The pubic bones are not 

ossifi ed. The tubular bones are moderately or se-fi

verely short with wide metaphyses. Metaphyseal

spurs may be present (Fig. 18.10).

Fig. 18.9. Metaphyseal chondrodysplasia with exocrine

pancreatic insufficiency and cyclic neutropenia (Shwach-fi

man-Diamond). Chest radiograph of a 3-day-old boy who 

presented with respiratory distress at birth. The ribs are 

moderately short and their anterior ends are widened. The

spine is normal. Metaphyseal dysplasia became apparent at

3 years

Fig. 18.10. Hypochondrogenesis. Soon after birth at term

with polyhydramnios this girl died of asphyxia. The patient

was short with short extremities, a narrow chest, and a large

head. The postmortem radiograph shows short and horizon-

tal ribs (11 pairs). The vertebral bodies are small and are

unossifi ed in the lower sacral and the cervical area. The ilia fi

are small with horizontal acetabula. The pubic bones are not 

ossifi ed. The tubular bones are short with wide metaphyses. fi

Metaphyseal spurs are present in the distal femora. Autopsy 

confirmed hypoplastic lungsfi

18.9
Cerebro-Costo-Mandibular Syndrome 
(OMIM 117650)

Cerebro-costo-mandibular syndrome is a mostly spo-

radic disorder that is characterized by chondro-os-

seous defects in the posterior portion of the ribs and 

in extreme cases almost complete absence of rib os-

sification. Respiratory distress and micrognathia are fi

also constant features. Cleft palate and glossoptosis

in addition to the fl ail chest contribute to neonatal re-fl

spiratory distress. Mental delay probably is a frequent 

consequence of neonatal respiratory distress with as-

phyxia. Spinal dysraphism may be an associated fea-

ture. Prenatal ultrasound can show micrognathia and

absent or short ribs (Smith et al. 1966; OMIM 2007).

Radiographs show mandibular hypoplasia and

bilateral gaps of the posterior portion of the ribs

(Fig. 18.11). Ribs 3–7 are the most commonly involved. 

The gaps may later become ossified in survivors.fi
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18.10
Dyssegmental Dysplasia

Dyssegmental dysplasia is a lethal skeletal dysplasia

with short limbs and trunk and a narrow chest. The

disorder is inherited with an autosomal recessive

trait. Cleft palate, occipital encephalocele, cardiac 

and urogenital malformations are recorded. There

are different forms of dyssegmental dwarfism: a le-fi

thal Silverman-Handmaker type (OMIM 224410), 

which is caused by mutation in the perlecan gene 

HSPG2, and a less severe Rolland-Desbuquois type 

(OMIM 224400) in which survival beyond the new-

born period is frequent. Perlecan is a large heparan

sulfate proteoglycan that is present in all basement 

membranes and in other tissues such as cartilage, 

and is implicated in cell growth and differentiation 

(Fasanelli et al. 1985; OMIM 2007).

The radiographic hallmark of dyssegmental 

dysplasia is differences in the size and shape of the

vertebral bodies (anisospondyly) that may be recog-

nized on prenatal ultrasound examination. The ribs

are short. The iliac wings are flared and the iliac fl

bodies and sacrosciatic notches are small. The pubic 

and ischial bones are broad. The tubular bones are 

short and bowed with wide metaphyses (Fig. 18.12).

18.11 
Spondylocostal Dysostosis (OMIM 277300)

Spondylocostal dysostosis belongs to a heterogeneous 

group of dysostoses with predominant vertebral and 

costal involvement. These disorders exhibit short

stature with a short trunk, a nonprogressive kypho-

scoliosis, segmentation defects of the spine, and rib 

fusions. Both autosomal dominant and autosomal

recessive inheritance have been reported. Clinical

examination shows a short thorax and neck with

Fig. 18.11. Cerebro-costo-mandibular syndrome. The full-

term male neonate required intubation for asphyxia. Death 

occurred after 8 h because of increasing respiratory failure. 

The radiograph shows a narrow chest with deficient ossi-fi

fi cation of all ribs. Ossififi cation of the ribs is present only fi

adjacent to the spine. Histologic examination showed gaps

between the posterior, ossified portions and the anterior car-fi

tilaginous but unossified portions (fi Smith 1966)

Fig. 18.12. Dyssegmental dysplasia (Silverman type). Post-

mortem radiograph of a boy born in the 37th gestational week 

that had died 8 days after birth of asphyxia. The ribs are 

short. The ossifi cation of the vertebral bodies is irregularfi

and unequal with absent ossifi cation in some (anisospon-fi

dyly). The iliac wings are flared and the iliac bodies and fl

sacrosciatic notches are small. The pubic and ischial bones

are broad. The femora are short and bowed with wide me-

taphyses. Image courtesy of Dr. Gassner, Innsbruck
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limited mobility, winged scapulae, and scoliosis or 

kyphoscoliosis. Affected individuals may die in in-

fancy of respiratory failure or survive into adulthood

with minimal symptoms. Associated anomalies are 

not common (Mortier et al. 1996; OMIM 2007).

Radiographs show vertebral anomalies, including

hemivertebrae, wedge-shaped vertebrae, butterfly fl

vertebrae, and vertebral fusions affecting segments or 

the entire spine. The ribs may be partially fused and 

show variable thickness, size, and number. The most

severe, lethal, autosomal recessive Jarcho-Levin type 

spondylocostal dysostosis exhibits a typical “crab-

like” appearance of the thoracic skeleton (Fig. 18.13).

References

Bankier A, Danks DM (1983) Thoracic-pelvic dysostosis: a
“new” autosomal dominant form. J Med Genet 20(4):276–
279

Burn J, Hall C, Marsden D, Matthew DJ (1986) Autosomal 
dominant thoracolaryngopelvic dysplasia: Barnes syn-
drome. J Med Genet 23(4):345–349

Fasanelli S, Kozlowski K, Reiter S, Sillence D (1985) Dysseg-
mental dysplasia (report of two cases with a review of the
literature). Skeletal Radiol 14(3):173–177

Greenough A (1996) Pulmonary hypoplasia. In: Greenough
A, Milner AD, Roberton NRC (eds) Neonatal respiratory 
disorders. Arnold, London, pp 436–447

Hawkins JR, Superti-Furga A, Steinmann B, Dalgleish
R (1991) A 9-base pair deletion in COL1A1 in a le-
thal variant of osteogenesis imperfecta. J Biol Chem
266(33):22370–22374

Fig. 18.13. Spondylocostal dysplasia (Jarcho-Levin type). 
The infant girl presented with respiratory distress at birth 
that required intubation. Death occurred after 44 min. The 
postmortem radiograph shows bilateral pneumothorax,
pneumomediastinum, and distension of the abdomen. Nu-
merous segmentation defects of the spine and ribs are pres-
ent. The lower ribs are fused posteriorly and are arranged
in a fan-like (crab-like) fashion. Autopsy revealed bilateral 
lung hypoplasia, a unilobar left lung and partial fusion of 
the lobes of the right lung. Additional features consisted
of anal atresia with recto-vaginal fi stula, cystic dysplasiafi
of the left kidney with atresia of the ureter, and mild right 
hydroureteronephrosis. Image courtesy of Dr. Brühwiler,
Münsterlingen

Lachman RS (2006) Taybi and Lachman’s radiology of syn-
dromes, metabolic disorders and skeletal dysplasias, 5th
edn. Mosby, St. Louis, Mo.

Mortier GR, Lachman RS, Bocian M, Rimoin DL (1996) Mul-
tiple vertebral segmentation defects: analysis of 26 new 
patients and review of the literature. Am J Med Genet
61(4):310–319

Online Mendelian Inheritance in Man, OMIM (TM) McKu-
sick-Nathans Institute for Genetic Medicine, Johns Hop-
kins University (Baltimore, MD) and National Center for
Biotechnology Information, National Library of Medi-
cine (Bethesda, MD), Available at http://www.ncbi.nlm.
nih.gov/omim/ [accessed 25 January 2007]

Orioli IM, Castilla EE, Barbosa-Neto JG (1986) The birth
prevalence rates for the skeletal dysplasias. J Med Genet
23(4):328–432

Sharony R, Browne C, Lachman RS, Rimoin DL (1993) Pre-
natal diagnosis of the skeletal dysplasias. Am J Obstet 
Gynecol 169(3):668–675

Shohat M, Rimoin DL, Gruber HE, Lachman RS (1991) Peri-
natal lethal hypophosphatasia; clinical, radiologic and 
morphologic findings. Pediatric Radiol 21(6):421–427fi

Smith DW, Theiler K, Schachenmann G (1966) Rib-gap de-
fect with micrognathia, malformed tracheal cartilages, 
and redundant skin: a new pattern of defective develop-
ment. J Pediatr 69(5):799–803

Spranger J, Maroteaux P (1990) The lethal osteochondrodys-
plasias. Adv Human Genet 19:1–103

Superti-Furga A, Unger S, and the Nosology Group of the 
International Skeletal Dysplasia Society (2007) Nosology 
and classifi cation of genetic skeletal disorders: 2006 revi-fi
sion. Am J Med Genet A 143A:1–18

Thomas IT, Smith DW (1974) Oligohydramnios, cause of the 
nonrenal features of Potter’s syndrome, including pulmo-
nary hypoplasia. J Pediatr 84(6):811–815

Wigglesworth JS, Desai R (1982) Is fetal respiratory func-
tion a major determinant of perinatal survival? Lancet 
1(8266):264–267



  Subject Index 357

Subject Index

A

Absent pulmonary valve syndrome   187
Accessory cardiac bronchus   192
Achondrogenesis II   353
Air leaks   73
Airway  
– anatomy   7
– embryology   1
Alveolar capillary dysplasia   144
Angiocardiography
– complications   278 
– technique   278
Aorta 
– arch   235
– arch anomalies, CT in   328
– chest radiography in   271
– coarctation, CT in   328 
– interrupted arch, Ct in   329
Arteries & arteriovenous connections, closure of
– anomalies of coronary arteries with a shunt   305
– arteria mammaria interna   304
– bronchial arteries   305
– intrapulmonary arteriovenous fistula   306fi
– lung sequestration   306
– persistent ductus arteriosus   301
– surgical shunts   304
– systemic major aorticopulmonary arteries (MAPCA)  

304
– systemic to pulmonary artery shunts & collaterals   304
Atelectasis   74
Atria   233
Atrial development   4
Atrial septum   4, 233
Atrioventricular arrangement   234
Atrioventricular valve development   5

B

Balloon dilatation  of valvular stenoses
– aortic valve   287 
– mitral valve   288
– pulmonary valve   287
Bronchial atresia   147,192,218
Bronchogenic cyst   153, 218
Bronchopulmonary dysplasia   76

Bronchopulmonary malformations
– antenatal imaging   117
– postnatal imaging   154

C

Cardiac anatomy   232
Cardiac tumours
– MRI   258 
– ultrasound   208
Caval veins   233
Central airway disorders
– chest radiography in   268
– clinical   178
– CT   179
– Non CT Imaging   178
Cerebro-costo-mandibular syndrome   354
Chest drains   53
Chest malformations
– classification   115fi
– nosology   115
– pathogenesis   115
– postnatal   139
Chest radiograph
– artefacts   53
– evaluation   263
– normal variants   53
– technical   262
Chest wall 
– anatomy   9, 347
– nosologic considerations   347
– pathophysiology   347
Chylothorax   156
Chronic lung disease   76
Computed radiography(CR)   54
Computer aided diagnosis   63
Conal morphology   234
Congenital bronchial anomalies   191
Congenital cystic adenomatoid malformation
– antenatal   115
– postnatal 147, 194, 215
Congenital diaphragmatic hernia
– antenatal   126
– Bochdalek   156
– Morgagni   159
– postnatal ultrasound   208



358 Subject Index

Congenital heart disease
– airway compromise in   339
– angiocardiography in   277
– chest radiography   262
– clinical indications for MRI in   253
– clinical information   262 
– CT in   319
– technical considerations   320
– clinical applications   328
– echocardiographic planes   228
– fl uoroscopy in   277fl
– intervention in   279
– MRI in   249
– postoperatice, CT in   340 
– ultrasound in   227, 276                      
Congenital lobar emphysema   146,217
Congenital lobar overinflation   118,193fl
Congenital lung lesions
– classifi cation   114, 115fi
– management of asymptomatic patients   129
– postnatal investigation   129
Congenital tracheal stenosis   172
Congenital vascular anomalies   207
Coronary arteries   235, 330

D

Dermis development   7
Diaphragm
– accessory   160
– anatomy   9
– embryology   5
– eventration   159, 215
– imaging approach   200
– palsy   215
– ultrasound   208
DICOM   56
Digital image optimisation
– image display   55
– image processing   57
– strategies for   63
Digital image
– quality   60, 61
– radiation dose considerations   61
– strategies for dose reduction   63
Digital radiography acquisition techniques   53
Digital system matrix size   57
Digitising analogue images   54
Direct digital radiography (DR)    55
Doppler echocardiography   235
Double aortic arch   181
Dyssegmental dysplasia   355

E

Enhancement
– edge   58
– non linear grey-scale   58

Extracorporeal membrane oxygenation (ECMO)
– clinical   22, 92
– catheters   52
– technique   93
Extrinsic airway compression
– non-vascular   188
– vascular   179

F

Fenestration in Fontan’s operation   299
Fetal chest sonography   115
Fetal echocardiography   243
Fetal lung development   113

G

Great vessel 
– anatomy   7
– ultrasound   205
– MRI   253

H

Heart
– anatomy   7
– chamber formation   3
– chest radiography in   267
– embryology   3
– folding   4
– primitive   3
– ultrasound   205
– wall development   4 
High frequency ventilation   71, 92
Hyaline membrane disease   67
Hypochondrogenesis   353
Hypophosphatasia   351
Hypoplastic left heart syndrome (HLHS)    286

I

Innominate artery compression   185
Intercostal muscle development   7
Intracardiac & Intravascular foreign body   312
Intrinsic airway abnormalities   188

K

Kawasaki disease, CT in   332

L

Laryngeal malformations   165
Laryngomalacia   165



  Subject Index 359

Lung 
– aeration   265
– agenesis   143  
– anatomy   7
– aplasia   143  
– blood supply   3
– embryology   113  
– horseshoe   146
– imaging approach   200
– maturation   2
– parenchyma   268
– ultrasound   215
– vessels   264

M

Major aortico-pulmonary collateral artery(MAPCA)    187
MDCT & MRI in congenital heart disease, complimentary 

role of   327
Meconium aspiration syndrome
– clinical features   89
– inflammation associated with   88fl
– longterm sequelae of   94
– pathophysiology   86
– radiographic features   89
– treatment of   91
Mediastinal abnormalities
– antenatal   126
– imaging approach   200
– ultrasound technique   197
Monitor matrix size   57

N

Nasal anomalies   163
Neurenteric cyst   155
Nitric oxide   34, 92
Nosocomial infections   108

O

Oesophagus
– atresia   139
– chest radiography in   271
– embryology   5
– ultrasound   203
Oesophageal bronchus   153
Oral airway anomalies   164
Organ arrangement, chest radiography in   273
Osteogenesis imperfecta   351

P

Patent ductus arteriosus   70, 301
Perinatal infections   103
Pleural effusion

– antenatal   118
– postnatal ultrasound   220
Pneumomediastinum   73
Pneumopericardium   73
Pneumonia 
– associated with hyaline membrane disease   75
– bacterial   104
– chlamydia trachomatis   106
– clinical   99
– cytomegalovirus   101 
– group B streptococcus   104
– herpes   105
– listeria monocytogenes   102
– radiological features   100, 104
– rubella   102
– staphylococcus aureus   108
– streptococcus epidermidis   108
– syphilis    102
– TORCH   101, 103
– tuberculosis   103
– ureaplasma urealyticum   107
– varicella   105
– viral   105
Pneumothorax   73, 220
Postnatal infections   108
Prenatal medicine   37
Pulmonary artery 
– absent   144
– anomalies, CT in   333
– chest radiography in   271
– sling   144
Pulmonary atresia   283
Pulmonary haemorrhage   75
Pulmonary hyperplasia (CHAOS)    118
Pulmonary hypoplasia
– antenatal   129
– postnatal   143
Pulmonary interstitial emphysema   73
Pulmonary sequestration   150, 218, 306
Pulmonary sling   185
Pulmonary vascular malformations   155
Pulmonary veins   233, 333
Pulmonary venolobar syndrome (Scimitar)    144, 218

R

Radiographic technique (CR)    48
Rib development   6
Right aortic arch with left-sided ligamentum   183

S

Septal defect closure
– atrial   297
– ventricular   299
Short-rib dysplasia group   351
Skeleton                                                           
– chest radiography in   271



360 Subject Index

Spondylocostal dysostosis   355
Stent in ductus arteriosus   296
Sternum development   6
Surfactant   67
Surfactant, artificial                                           fi
– clinical use   29, 69 
– radiographic features   69
– in meconium aspiration syndrome   92
Shwachman-Bodian-Diamond syndrome   352

T

Tetralogy of Fallot   281
Thanatophoric dysplasia   349
Thoracic wall embryology   6
Thymus
– anatomy   8
– ultrasound   200
Tissue harmonic imaging   243
Tracheal bronchus   191
Tracheal stenosis   189
Tracheal ultrasound   201
Tracheo-oesophageal fistula   139fi
Tracheomalacia   170, 189
Transient tachypnoea of newborn   81
Transoesophageal echocardiography   243
Transplacental infections   101
Transposition of the Great Arteries   280
Treatment of arterial stenoses
– coarctation of the aorta   292 
– peripheral pulmonary artery   291
– supravalvular aortic   292
Tricuspid atresia   285
Tubes
– endotracheal   50
– nasogastric   50
– replogle   50

U

Ultrasound
– history   228
– physics   228
Umbilical catheters
– arterial   52
– venous   52
Univentricular hearts   243
Upper airway
– cysts   167
– masses   167

V

Vascular rings
– anatomy   179
– classifi cation   181fi
– complete   181

– embryology   179
– incomplete   184
Veins, closure of   310
Venous stenosis
– pulmonary vein   295
– vena cava   295
Ventilation
– continuous mandatory ventilation   14
– continuous positive airway pressure   12
– high frequency ventilation   18
– liquid ventilation   26
Ventricles 
– development   5
– single   285
Ventricular dysfunction
– left diastolic   239 
– global left   241
– right   242
Ventricular function 
– analysis   235
– systolic, left   236
Ventricular morphology   234
Ventricular septum   234
Ventricular size, MRI in   258
Ventriculo-arterial relationship   234
Vertebrae development   6



  List of Contributors 361

List of Contributors

Per G. Bjørnstad, MD, PhD
Section of Paediatric Cardiology
Department of Paediatrics
Rikshospitalet Radiumhospitalet HF
The National Hospital
Sognsvannsvn 20
0373 Oslo
Norway

Alistair Calder, FRCR

Department of Radiology
Great Ormond Street
Hospital for Sick Children
NHS Trust
London WCIN 3JH
UK

Veronica Donoghue, MD

Consultant Paediatric Radiologist
Departments of Radiology
Children’s University Hospital
Temple Street
Dublin 1
Ireland
and
The National Maternity Hospital
Holles Street
Dublin 2
Ireland

Georg F. Eich, MD

Division of Pediatric Radiology
Kantonsspital
5001 Aarau
Switzerland

Ben Eidem, MD, FAAC

Department of Paediatric Cardiology
Mayo Clinic
Rochester, Minnesota
USA

Laurent Garel, MD

Clinical Professor of Radiology
University of Montreal
Hopital Sainte-Justine
3175 Cote Sainte-Catherine
Montreal, Quebec H3T 1C5
Canada 

Ingmar Gaßner, MD

Department of Paediatrics
University Hospital Innsbruck
Anichstr. 35
6020 Innsbruck
Austria

Theresa E. Geley, MD

Department of Paediatrics
University Hospital Innsbruck
Anichstr. 35
6020 Innsbruck
Austria

Hyun Woo Goo, MD

Department of Radiology
Asan Medical Centre
University of Ulsan College of Medicine
388–1 Songpa-gu Poongnap-2dong
Seoul
Korea

Christian J. Kellenberger, MD

Department of Diagnostic Imaging
University Children’s Hospital
Steinwiesstrasse 75
8032 Zurich
Switzerland

David Manson, MD, FRCP

Department of Diagnostic Imaging
Hospital for Sick Children
and
Assistant Professor and Division Head
Pediatric Radiology
Department of Medical Imaging
University of Toronto
555 University Avenue 
Toronto, Ontario, M5G IX8
Canada

Colin McMahon, FRCPI, FAAP

Department of Paediatric Cardiology
Our Lady’s Hospital for Sick Children
Crumlin
Dublin 12
Ireland



362 List of Contributors

Amaka C. Offi ah, fi BsC, MBBS, MRCP, FRCR, PhD
Consultant, Academic Paediatric Radiology
Great Ormond Street Hospital 
for Children
Great Ormond Street
London WC1N 3JH
UK

Catherine M. Owens, FRCR

Department of Radiology
Great Ormond Street Hospital 
for Children
NHS Trust
London WC1N 3JH
UK

Stephanie Ryan, MD

Department of Radiology
Children’s University Hospital
Temple St.
Dublin 1
Ireland
and
The Rotunda Hospital
Parnell Square
Dublin 1
Ireland

Laureen Sena, MD

Department of Radiology
Children’s Hospital, Boston
300 Longwood Avenue
Boston, MA 02115
USA

Bjarne Smevik, MD

Section of Paediatric Cardiology
Department of Radiology
Rikshospitalet Radiumhospitalet HF
The National Hospital
Sognsvannsvn 20
0373 Oslo
Norway

Anne Twomey, MD

Consultant Neonatologist
The National Maternity Hospital
Holles Street
Dublin 2
Ireland
and
Children’s University Hospital
Temple St.
Dublin 1
Ireland



 


	Radiological Imaging of the Neonatal Chest, 2nd Revised Edition
	Front-matter
	Title Page
	Copyright Page
	Foreword
	Preface
	Table of Contents (with page links)

	1 Embryology and Anatomy of the Neonatal Chest
	1.1 Embryology
	1.1.1 Introduction
	1.1.2 Early Embryonic Development
	1.1.3 Embryology of the Airway and Lungs
	1.1.3.1 The Maturation of the Lungs
	1.1.3.2 The Blood Supply of the Lungs

	1.1.4 Embryology of the Heart
	1.1.4.1 The Primitive Heart Tube
	1.1.4.2 Early Chamber Formation
	1.1.4.3 Development of the Heart Wall
	1.1.4.4 Folding of the Heart
	1.1.4.5 Development of the Atria
	1.1.4.6 Development of the Atrial Septum
	1.1.4.7 Development of the Ventricles, the Atrioventricular Canals, the Valves and the Outflflow Tracts

	1.1.5 Embryology of the Oesophagus
	1.1.6 Embryology of the Diaphragm
	1.1.7 Embryology of the Thoracic Wall
	1.1.7.1 Vertebrae
	1.1.7.2 Ribs
	1.1.7.3 Sternum
	1.1.7.4 Intercostal Muscles and Dermis


	1.2 Anatomy of Neonatal Chest Radiology
	1.2.1 Introduction
	1.2.2 Airway and Lungs
	1.2.3 Heart and Great Vessels
	1.2.4 Thymus
	1.2.5 The Chest Wall and Diaphragm

	References

	2 Update on Clinical Management of Neonatal Chest Conditions
	2.1 Introduction
	2.2 Ventilatory Support
	2.2.1 Continuous Positive Airway Pressure
	2.2.2 Continuous Mandatory Ventilation
	2.2.3 High Frequency Ventilation
	2.2.4 Extracorporeal Membrane Oxygenation
	2.2.5 Liquid Ventilation

	2.3 New Drug Therapies
	2.3.1 Surfactant
	2.3.2 Nitric Oxide

	2.4 Prenatal Medicine
	2.5 Conclusion
	Reference

	3 Computed and Digital Radiography in Neonatal Chest Examination
	3.1 General Considerations
	3.1.1 Indications
	3.1.2 Radiographic Technique
	3.1.3 Expected Findings, Normal Variants and Artefacts
	3.1.3.1 The Normal Neonatal Chest Radiograph
	3.1.3.2 Nasogastric, Replogle and Endotracheal Tubes
	3.1.3.3 Umbilical Arterial/Venous Catheters
	3.1.3.4 Extracorporeal Membrane Oxygenation Catheters (ECMO)
	3.1.3.5 Chest/Mediastinal Drains
	3.1.3.6 Normal Variants and Artefacts


	3.2 Digital Radiographic Systems
	3.2.1 Acquisition Techniques
	3.2.1.1 Introduction
	3.2.1.2 Digitising Analogue Images
	3.2.1.3 Computed Radiography (CR)
	3.2.1.4 Direct Digital Radiography (DR)


	3.3 Digital Image Optimisation
	3.3.1 Image Display
	3.3.1.1 Hard Copy Versus Soft Copy
	3.3.1.2 DICOM
	3.3.1.3 Matrix Size of Digital Systems and Monitors

	3.3.2 Image Processing
	3.3.2.1 Introduction
	3.3.2.2 Pre-processing
	3.3.2.3 Post-processing
	3.3.2.3.1 Non-Linear Grey-Scale Enhancement
	3.3.2.3.2 Edge Enhancement



	3.4 Digital Image Quality
	3.4.1 Introduction
	3.4.2 Image Quality and Radiation Dose Considerations
	3.4.3 Strategies for Dose Reduction andImage Optimisation

	3.5 Computer-Aided Diagnosis
	References

	4 Hyaline Membrane Disease and Complications of Its Treatment
	4.1 Introduction
	4.2 Pathophysiology
	4.3 Radiographic Findings and New Treatments
	4.4 Air Leaks
	4.5 Atelectasis
	4.6 Pneumonia
	4.7 Pulmonary Haemorrhage
	4.8 Neonatal Chronic Lung Disease
	4.9 Conclusion
	References

	5 Transient Tachypnoea of the Newborn
	5.1 Introduction
	5.2 Pathophysiology and Clinical Course
	5.3 Radiographic Findings
	5.4 Conclusion
	References

	6 Meconium Aspiration
	6.1 Introduction
	6.2 Pathophysiology of Meconium Passage
	6.3 Pathophysiology of Meconium Aspiration Syndrome
	6.4 Infl ammation
	6.5 Signs and Symptoms
	6.6 Management of the Infant with Meconium Aspiration Syndrome
	6.6.1 Conventional Mechanical Ventilation
	6.6.2 High-frequency Ventilation
	6.6.3 Surfactant Therapy
	6.6.4 Inhaled Nitric Oxide
	6.6.5 Extracorporeal Membrane Oxygenation
	6.6.5.1 ECMO Technique
	6.6.5.2 Duration of ECMO Support


	6.7 Long-term Pulmonary Sequelae of MAS
	6.8 Conclusion
	References

	7 Diagnostic Imaging of Neonatal Pneumonia
	7.1 Introduction
	7.2 Clinical Considerations
	7.3 Radiological Considerations
	7.4 Aetiologic Agents
	7.4.1 Transplacental Infection
	7.4.2 Perinatal Infections
	7.4.2.1 Clinical Considerations
	7.4.2.2 Radiological Considerations
	7.4.2.3 Specififi c Agents
	7.4.2.3.1 Bacterial
	7.4.2.3.2 Viral
	7.4.2.3.3 Others
	Chlamydia Trachomatis
	Ureaplasma Urealyticum



	7.4.3 Postnatal/Nosocomial Infections

	7.5 Conclusion
	References

	8 Antenatal Imaging of Chest Malformations
	8.1 Introduction
	8.2 General Concepts
	8.2.1 Basics of Lung Embryology, Fetal Lung Development and Pathology
	8.2.2 Pathogenesis, Nosology and Classifi cation

	8.3 Prenatal Imaging
	8.3.1 Sonography of the Fetal Chest
	8.3.2 Bronchopulmonary Malformations
	8.3.3 Pulmonary Hyperplasia (CHAOS)
	8.3.4 Congenital Lobar Overinfl ation
	8.3.5 Pleural Eff usion
	8.3.6 Mediastinal Abnormalities
	8.3.7 Congenital Diaphragmatic Hernia (CDH)
	8.3.8 Pulmonary Hypoplasia

	8.4 Post-Natal Issues
	8.4.1 Post-Natal Investigations
	8.4.2 Management of Asymptomatic Patients with Prenatally Recognized CLL

	8.5 Conclusion
	References

	9 Postnatal Imaging of Chest Malformations
	9.1 Abnormalities of Oesophageal Development
	9.1.1 Oesophageal Atresia and Tracheo-Oesophageal Fistula
	9.1.2 Postoperative Imaging after Repair of Tracheo-Oesophageal Fistula

	9.2 Abnormalities of Lung Bud and Vascular Development
	9.2.1 Agenesis and Aplasia of the Lung
	9.2.2 Pulmonary Hypoplasia
	9.2.2.1 Alveolar Capillary Dysplasia
	9.2.2.2 Absent Pulmonary Artery
	9.2.2.3 Absent Pulmonary Vein
	9.2.2.4 Pulmonary Artery Sling
	9.2.2.5 Pulmonary Venolobar Syndrome (Scimitar Syndrome)

	9.2.3 Horseshoe Lung
	9.2.4 Congenital Lobar Emphysema (CLE)
	9.2.5 Bronchial Atresia
	9.2.6 Congenital Cystic Adenomatoid Malformation (CCAM)
	9.2.7 Sequestration
	9.2.9 Oesophageal Bronchi
	9.2.10 Bronchogenic Cysts
	9.2.11 Hybrid lesions–Bronchopulmonary Foregut Malformation
	9.2.12 Neuroenteric Cysts
	9.2.13 Pulmonary Vascular Malformation
	9.2.14 Chylothorax
	9.2.15 Abnormalities in Situs

	9.3 Abnormalities of the Diaphragm
	9.3.1 Congenital Diaphragmatic Hernia: Bochdalek Type
	9.3.2 Congenital Diaphragmatic Hernia: Morgagni Type
	9.3.3 Eventration of the Diaphragm
	9.3.4 Accessory Diaphragm

	References

	10 Congenital Anomalies of the Neonatal Upper Airway
	10.1 Introduction
	10.2 Nasal Anomalies
	10.3 Oral Airway Anomalies
	10.4 Laryngomalacia
	10.5 Laryngeal Malformations
	10.6 Upper Airway Cysts/Masses
	10.7 Tracheomalacia
	10.8 Congenital Tracheal Stenosis
	10.9 Conclusion
	References

	11 Computed Tomography of the Central and Peripheral Airways
	11.1 Introduction
	11.2 Central Airways
	11.2.1 Indications and Clinical Presentations
	11.2.2 Purposes of Imaging
	11.2.2.1 Non-CT Imaging Techniques
	11.2.2.1.1 Chest Radiography
	11.2.2.1.2 Contrast Oesophagography
	11.2.2.1.3 Bronchoscopy
	11.2.2.1.4 Contrast Bronchography
	11.2.2.1.5 Magnetic Resonance Imaging

	11.2.2.2 CT Techniques


	11.3 Extrinsic Airway Compression:Vascular Rings
	11.3.1 Anatomical and Embryological Considerations
	11.3.2 Classifi cation and Terminology
	11.3.3 Complete Vascular Rings
	11.3.3.1 Double Aortic Arch
	11.3.3.2 Right Aortic Arch with Left-Sided Ligamentum
	11.3.3.3 Other Complete Rings

	11.3.4 Incomplete Vascular Rings
	11.3.4.1 Pulmonary Sling
	11.3.4.2 Innominate Artery Compression
	11.3.4.3 Other


	11.4 Extrinsic Airway Compression: Other Vascular Anomalies
	11.4.1 Absent Pulmonary Valve Syndrome
	11.4.2 Major Aortico-Pulmonary Collateral Artery (MAPCA)

	11.5 Extrinsic Airway Compression: Non-Vascular
	11.6 Intrinsic Airway Abnormalities
	11.6.1 Tracheobronchomalacia
	11.6.2 Tracheal Stenosis
	11.6.2.1 Congenital Tracheal Stenosis
	11.6.2.2 Acquired Tracheal Stenosis


	11.7 Peripheral Airway
	11.7.1 Congenital Bronchial Anomalies
	11.7.1.1 Anatomical Variants
	11.7.1.1.1 Tracheal Bronchus
	11.7.1.1.2 Accessory Cardiac Bronchus

	11.7.1.2 Bronchial Atresia

	11.7.2 Lung Malformations
	11.7.2.1 Congenital Lobar Overinflflation
	11.7.2.2 Congenital Cystic Adenomatoid Malformation


	11.8 Conclusions
	References

	12 Ultrasound of the Neonatal Thorax
	12.1 Introduction
	12.2 Technique
	12.2.1 Imaging Approach to the Mediastinum
	12.2.2 Imaging Approach to Pleura, Diaphragm and Lung

	12.3 Mediastinum
	12.3.1 Thymus, Trachea, Oesophagus
	12.3.1.1 Thymus
	12.3.1.2 Trachea
	12.3.1.3 Oesophagus

	12.3.2 Heart and Great Vessels
	12.3.2.1 Imaging Approach
	12.3.2.2 Congenital Vascular Anomalies
	12.3.2.3 Cardiac Tumours


	12.4 Diaphragm
	12.4.1 Diaphragmatic Hernias
	12.4.2 Diaphragmatic Eventration
	12.4.3 Diaphragmatic Palsy

	12.5 Lung and Pleura
	12.5.1 Congenital Lung Disease
	12.5.1.1 Congenital Cystic Adenomatoid Malformation
	12.5.1.2 Congenital Lobar Emphysema
	12.5.1.3 Bronchogenic Cyst
	12.5.1.4 Bronchial Atresia
	12.5.1.5 Pulmonary Sequestration
	12.5.1.6 Scimitar Syndrome

	12.5.2 Pleura
	12.5.2.1 Pleural Fluid
	12.5.2.2 Pneumothorax


	12.6 Use of Chest Ultrasound in Neonatal Intensive Care
	References

	13 Ultrasound in Congenital Heart Disease
	13.1 Introduction
	13.2 History of Ultrasound
	13.3 Physics of Ultrasound
	13.4 Echocardiographic Planes in Congenital Heart Disease
	13.4.1 Subcostal Views
	13.4.2 Four-Chamber View
	13.4.3 Parasternal Views
	13.4.4 Suprasternal Views
	13.4.5 Right Parasternal Window (the Fifth Imaging Plane)

	13.5 Segmental Cardiac Anatomy
	13.5.1 Abdominal Situs – Cardiac Location
	13.5.2 The Cava and the Atria
	13.5.3 Caval Veins and Right Atrium
	13.5.4 Atrial Septum
	13.5.5 Left Atrium and Pulmonary Veins
	13.5.6 Atrioventricular Arrangement
	13.5.7 Ventricular Morphology
	13.5.8 Ventricular Septum
	13.5.9 Conal Morphology
	13.5.10 Ventriculo-Arterial Relationship
	13.5.11 The Aortic Arch and Coronary Arteries

	13.6 Doppler Echocardiography
	13.7 Echocardiographic Tools Available for Analysis of Ventricular Function
	13.8 Left Ventricular Systolic Dysfunction
	13.8.1 Dimension-Derived Indices
	13.8.1.1 Doppler-Derived Indices

	13.8.2 The Stress–Velocity Index
	13.8.3 Doppler Tissue Imaging (DTI) and Strain Rate Imaging

	13.9 Left Ventricular Diastolic Dysfunction
	13.9.1 Doppler-Derived Indices
	13.9.2 Color M-Mode Flow Propagation Velocity (Vp)

	13.10 Global Left Ventricular Dysfunction
	13.11 Right Ventricular Dysfunction
	13.12 Univentricular Hearts and Assessment of Ventricular Function
	13.13 Tissue Harmonic Imaging
	13.14 Fetal Echocardiography
	13.15 Transoesophageal Echocardiography
	13.16 Conclusions
	References

	14 Magnetic Resonance Imaging in Congenital Heart Disease
	14.1 Introduction
	14.2 Techniques
	14.2.1 General Setting
	14.2.2 Pulse Sequences

	14.3 Clinical Indications
	14.3.1 Thoracic Vasculature
	14.3.2 Ventricular Size
	14.3.3 Tumours

	14.4 Conclusion
	References

	15 Chest Radiography in Congenital Heart Disease
	15.1 Introduction
	15.2 Clinical Information
	15.3 Chest Radiography
	15.3.1 Technical Considerations
	15.3.2 Evaluation
	15.3.2.1 Lung Vessels
	15.3.2.2 Aeration
	15.3.2.3 The Heart
	15.3.2.4 Lung Parenchyma
	15.3.2.5 Large Airways
	15.3.2.6 Oesophagus
	15.3.2.7 Aorta and Pulmonary Trunk
	15.3.2.8 Skeleton
	15.3.2.9 Arrangement of the Organs


	15.4 Conclusion
	References

	16 Angiocardiography and Intervention in Congenital Heart and Great Vessel Disease
	16.1 Introduction
	16.2 Different Modes of Visualization
	16.2.1 Ultrasonography
	16.2.2 Fluoroscopy
	16.2.3 Angiocardiography
	16.2.3.1 Technique
	16.2.3.2 Complications

	16.2.4 Other Imaging Modalities

	16.3 Intervention in Congenital Heart Disease
	16.4 Transposition of the Great Arteries
	16.4.1 Transcatheter Intervention

	16.5 Tetralogy of Fallot
	16.6 Pulmonary Atresia withVentricular Septal Defect
	16.7 Pulmonary Atresia withIntact Ventricular Septum
	16.8 Tricuspid Atresia
	16.9 Single Ventricle
	16.10 Hypoplastic Left Heart Syndrome (HLHS)
	16.11 Balloon Dilatation of Valvar Stenoses
	16.11.1 Pulmonary Valve Stenosis
	16.11.2 Aortic Valve Stenosis
	16.11.3 Mitral Valve Stenosis

	16.12 Treatment of Stenoses in Arteries or Veins – Balloons and Stents
	16.12.1 Pulmonary Artery Banding
	16.12.2 Peripheral Pulmonary Artery Stenosis
	16.12.3 Supravalvular Aortic Stenosis
	16.12.4 Coarctation of the Aorta
	16.12.5 Stenosis in Veins
	16.12.5.1 Vena Cava
	16.12.5.2 Pulmonary Vein Stenosis

	16.12.6 Stent in Ductus Arteriosus

	16.13 Closure of Atrial Septal Defects
	16.13.1 Fenestrations in Fontan’s Operation

	16.14 Closure of Ventricular Septal Defects
	16.15 Closure of Arteries and Arteriovenous Connections
	16.15.1 Persistent Arterial Duct
	16.15.2 Systemic to Pulmonary Artery Shunts and Collaterals
	16.15.2.1 Surgical Shunts
	16.15.2.2 Systemic MAPCAs
	16.15.2.3 Arteria Mammaria Interna
	16.15.2.4 Bronchial Arteries

	16.15.3 Anomalies of the Coronary Arteries with a Shunt
	16.15.4 Lung Sequester
	16.15.5 Intrapulmonary Arteriovenous Fistula
	16.15.6 Large Arteriovenous Malformations in Other Locations

	16.16 Closure of Veins
	16.16.1 Postoperative Abnormal Venous Connections

	16.17 Removal of Intracardiac orIntravascular Foreign Body
	16.18 Conclusion
	References

	17 Computed Tomography in Congenital Heart Disease
	17.1 Introduction
	17.2 Technical Considerations
	17.2.1 Spatial and Temporal Resolution
	17.2.2 Radiation Dose Considerations
	17.2.3 Scanning Technique for MDCT Angiography for Infants and Small Children

	17.3 Complementary Role of MDCT and MRI for Cardiac Imaging
	17.4 Clinical Applications
	17.4.1 Aortic Arch Anomalies
	17.4.1.1 Coarctation
	17.4.1.2 Interrupted Aortic Arch
	17.4.1.3 Truncus Arteriosus and Aortopulmonary Window

	17.4.2 Coronary Artery Anomalies
	17.4.2.1 Anomalous Coronary Artery
	17.4.2.2 Kawasaki Disease

	17.4.3 Pulmonary Vasculature
	17.4.3.1 Pulmonary Artery Anomalies
	17.4.3.2 Pulmonary Vein Anomalies

	17.4.4 Airway Compromise in Patients with CHD
	17.4.5 Postoperative Congenital Heart Disease

	17.5 Conclusion
	References

	18 Chest Wall Abnormalities which Cause Neonatal Respiratory Distress
	18.1 Introduction
	18.2 Anatomic, Pathophysiologic, and Nosologic Considerations
	18.3 Thanatophoric Dysplasia (OMIM 187600)
	18.4 Osteogenesis Imperfecta (OMIM 166210)
	18.5 Hypophosphatasia (OMIM 241500)
	18.6 Short-Rib Dysplasia Group
	18.7 Metaphyseal Dysplasia with Pancreatic Insufficiency and Cyclic Neutropenia (Shwachman-Bodian-Diamond, OMIM 260400)
	18.8 Achondrogenesis II and Hypochondrogenesis (OMIM 200610)
	18.9 Cerebro-Costo-Mandibular Syndrome (OMIM 117650)
	18.10 Dyssegmental Dysplasia
	18.11 Spondylocostal Dysostosis (OMIM 277300)
	References

	Back-matter
	Subject Index
	List of Contributors


